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A B S T R A C T   

As new agrochemicals are continuously introduced into agricultural systems, it is essential to investigate their 
uptake and metabolism by plants to better evaluate their fate and accumulation in crops and the subsequent risks 
to human exposure. In this study, the uptake and elimination kinetics and transformation of a novel insecticide, 
cyetpyrafen, in two model crops (lettuce and rice) were first evaluated by hydroponic experiments. Cyetpyrafen 
was rapidly taken up by plant roots and reached a steady state within 24 h, and it was preferentially accumulated 
in root parts with root concentration factors up to 2670 mL/g. An uptake mechanism study suggested that root 
uptake of cyetpyrafen was likely to be dominated by passive diffusion and was difficult to transport via xylem 
and phloem. Ten phase I and three phase II metabolites of cyetpyrafen were tentatively identified in the 
hydroponic-plant system through a nontarget screening strategy. The structures of two main metabolites (M-309 
and M-391) were confirmed by synthesized standards. The metabolic pathways were proposed including hy
droxylation, hydrolysis, dehydrogenation, dehydration and conjugation, which were assumed to be regulated by 
cytochrome P450, carboxylesterase, glycosyltransferase, glutathione S-transferases and peroxidase. Cyetpyrafen 
and its main metabolites (M-409, M-309 and M-391) were estimated to be harmful/toxic toward nontarget or
ganisms by theoretical calculation. The high bioaccumulation and extensive transformation of cyetpyrafen 
highlighted the necessity for systematically assessing the crop uptake and metabolism of new agrochemicals.   

1. Introduction 

The development and application of new pesticides not only provide 
more options for plant disease/insect control but could also mitigate 
pesticide resistance development in agricultural practices. However, 
after release into the environment, the potential risks of these new 
chemicals to human health and ecosystems are rising great public con
cerns (Naidu et al., 2021). For instance, Shao et al. (2022) recently re
ported that the novel vanillin-derived pesticide vanisulfane could cause 
hepatic steatosis in both sexes of rats and mild gonadal effects in males. 
The novel neonicotinoid cycloxaprid was found to be extensively 
transformed in crops and the environment (Cheng et al., 2022; Shen 
et al., 2021), where its main metabolite 2-chloro-5-[(2-(nitromethy
lene)-1-imidazolidinyl)methyl]pyridine possessed higher toxicity to
ward honeybees and mice than its parent form (Shao et al., 2013). 
Cyetpyrafen (Fig. S1) is a novel pyrazole insecticide with a broad 
spectrum of insecticidal/acaricidal activity that can effectively control 

pests such as Thrips hawaiiensis, Tetranychus cinnabarinus and Tetra
nychus urticae in horticultural and agricultural crops (Li et al., 2020a; Lin 
et al., 2021; Ouyang et al., 2018). Similar to the pyrazole insecticide 
cyenopyrafen, cyetpyrafen inhibits complex II of the mitochondrial 
electron transport chain after hydrolysis of its ester bond to the bioactive 
product in pests (Khalighi et al., 2014). As a new pesticide, the existing 
research on cyetpyrafen mainly focused on its bioactivity (Yu et al., 
2016), toxicity to natural predators (Feng et al., 2021), resistance to 
spider mites (Chen et al., 2019) and exposure risk assessment for 
occupational handlers (Wang et al., 2020). The effective and safe 
application of a new pesticide demands thorough knowledge of its fate 
and metabolism in plants, as these are essential information in evalu
ating food safety and potential human exposure via dietary intake. 
However, to date, there are no data available concerning the uptake and 
metabolism of cyetpyrafen in plants. 

A large proportion of pesticides (e.g., > 80 %) enter the soil and 
water after application (Aktar et al., 2009). Understanding plants take 

* Corresponding author. 
E-mail address: liyuanbo@caas.cn (Y. Li).  

Contents lists available at ScienceDirect 

Environment International 

journal homepage: www.elsevier.com/locate/envint 

https://doi.org/10.1016/j.envint.2022.107522 
Received 21 March 2022; Received in revised form 19 August 2022; Accepted 12 September 2022   

mailto:liyuanbo@caas.cn
www.sciencedirect.com/science/journal/01604120
https://www.elsevier.com/locate/envint
https://doi.org/10.1016/j.envint.2022.107522
https://doi.org/10.1016/j.envint.2022.107522
https://doi.org/10.1016/j.envint.2022.107522
http://crossmark.crossref.org/dialog/?doi=10.1016/j.envint.2022.107522&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


Environment International 169 (2022) 107522

2

up and transport a new pesticide from soil (or water) is important in 
assessing its potential accumulation and in-plant distribution (Ju et al., 
2020). Pesticides in soils move into plants primarily through root uptake 
and are subsequently transported to other parts through xylem and 
phloem (Miller et al., 2016; Sicbaldi et al., 1997). Root uptake of pes
ticides is mainly recognized as a passive diffusion process (Malchi et al., 
2021). However, some studies also found that active uptake (e.g., 
protein-mediated energy-dependent uptake) might also be involved in 
the root uptake of pesticides and might coexist with the passive uptake 
process. For example, Fu et al. (2016) demonstrated that a transporter- 
mediated active uptake process was involved in the uptake of roxarsone 
by wheat seedlings. Nevertheless, few studies have tried to elucidate the 
uptake pathways of new pesticides by plant roots. In addition, phloem 
transport is an important pathway in distributing pesticides throughout 
plant tissues from leaves to roots, fruits and buds (Chen et al., 2021; Liu 
et al., 2019). For example, glyphosate was found to be effectively 
transported in the phloem of castor bean plants (Bromilow et al., 1993). 
The phloem mobility of pesticides in crops affects their efficacy and the 
potential edible part accumulation (e.g., fruits). However, the role of 
phloem in the translocation of pesticides has also not been well 
explored. Therefore, a mechanistic understanding of the uptake and 
transport of a new pesticide (e.g., cyetpyrafen) is needed to predict plant 
accumulation. 

After being taken up, pesticides can be transformed by plant meta
bolic processes and exist in the form of metabolites. Metabolic trans
formation of pesticides by plants usually reduces their toxicity (Van Eerd 
et al., 2003). However, in some cases, plant transformation may yield 
metabolites that are even more toxic than parent pesticides (Miller et al., 
2016; Shen et al., 2021; WildemanNazar, 1982). For instance, 
prothioconazole-desthio is a main metabolite of prothioconazole in 
plants, which is 3.5 times more toxic than prothioconazole to zebrafish 
and exhibits higher reproductive toxicity to mammals (Xie et al., 2019; 
Zhang et al., 2020). In general, the metabolism of pesticides in plants 
consists of three phases: reactions of phase I metabolism include 
oxidation, hydrolysis and reduction, which usually generate more 
water-soluble and reactive products; conjugation reactions with 
endogenous components in plants (e.g., glutathione, sugar, and amino 
acids) occur in phase II metabolism; phase III metabolism leads to 
further compartmentalization of conjugates into the vacuole and apo
plast (Coleman et al., 1997; Riemenschneider et al., 2017; Van Eerd 
et al., 2003). Many plant enzymes participate in catalyzing pesticide 
metabolism, including cytochrome P450 (CYP450), peroxidase (POD), 
carboxylesterase (CarE), glycosyltransferase (GT) and glutathione S- 
transferases (GST). (Van Eerd et al., 2003). As a result, plant trans
formation of pesticides may impact their efficacy, extent of plant uptake, 
and potential human exposure. However, the metabolic pathways of 
many novel pesticides in plants are still largely unknown and poorly 
predicted (Hurtado et al., 2016). Therefore, elucidating the main me
tabolites and understanding the mechanism of metabolism of pesticides 
in plants is essential for accurate risk assessment, registration and risk 
control of a new pesticide such as cyetpyrafen. 

Due to the lack of understanding of the fate of the new pesticide 
cyetpyrafen in crop systems, it is difficult to predict effective plant 
accumulation and overall toxicity which are important in assessing its 
potential environmental and health risks. To fill the information gap, the 
uptake, bioaccumulation and transformation of cyetpyrafen in two 
model crops (lettuce and rice) as well as the relevant mechanism were 
investigated. The plant uptake and translocation mechanisms were 
explored by adding different inhibitors and performing a split-root test. 
A total of 13 new metabolites were first identified in the hydroponic- 
plant system through a nontarget screening strategy by using liquid 
chromatography (LC) with high-resolution mass spectrometry (HRMS), 
and the metabolic pathways and plant enzymes involved in the pro
cesses were further explored. Moreover, the nontarget toxicities of 
cyetpyrafen as well as the identified metabolites were assessed by a 
computerized predictive system. The results from this study could 

contribute mechanistic insight into the uptake and metabolism of novel 
pesticides in plants, which provide basic information for safety assess
ment and further registration of these chemicals, such as cyetpyrafen. 

2. Materials and methods 

2.1. Chemicals and reagents 

Cyetpyrafen (purity: 98.4 %) was supplied by Shenyang Sinochem 
Agrochemicals R&D Co., Ltd. (Shenyang, China). Authentic standards of 
metabolites, including M-391 (purity: 99.5 %) and M-309 (purity: 99.5 
%), were synthesized by our lab. Plant CYP450 enzyme-linked immu
nosorbent assay (ELISA) kit, plant POD ELISA kits, plant CarE ELISA kits, 
plant GT ELISA kits and plant GST ELISA kits were purchased from 
Shanghai Enzyme-linked Biotechnology Co., Ltd. (Shanghai, China). 
Other details of the chemicals and reagents are shown in S1 in the 
Supplementary material. 

2.2. Plant uptake and depuration experiments 

Rice (Oryza sativa Japonia cv. Nipponbare) and lettuce seeds (Lactuca 
sativa) were sterilized in 2–3 % sodium hypochlorite solution for 10 min. 
Afterward, the seeds were washed with deionized water three times. 
Seed germination was performed in seeding plates at 23–25 ◦C. Then, 
uniform-size seedlings were transferred into 1 L glass containers (each 
container had 24 rice seedlings or 2 lettuce seedlings) with Yamazaki’s 
nutrient solution (pH = 5.8). The glass containers were all wrapped with 
foil paper to avoid potential photolysis. The relative humidity was 
maintained at 60–70 % with a light:dark cycle of 14:10 h. After 30 days 
of growth, the plants were transferred to 1 L glass containers containing 
1 L of nutrient solution. The nutrient solution was fortified with cyet
pyrafen at 1 mg/L (actual measured concentration was 1.12 mg/L) for 
the exposure experiment. Two controls were included: a plant-free 
control (solution with cyetpyrafen only) to monitor the loss of cyet
pyrafen and a pesticide-free control (plant only). All exposure and 
control experiments were performed in triplicate. During the exposure 
experiment, 40–90 mL fresh nutrient solution (without cyetpyrafen) was 
added to each container daily to compensate for the plant transpiration 
loss (Fig. S2). 

To assess the plant accumulation kinetics, plant (24 rice seedlings or 
2 lettuce seedlings were collected as one sample) and nutrient solution 
samples were collected at 1, 3, 6, 10, 24, 48, 72 and 96 h. At the end of 
the exposure, all the remaining plants were removed from the con
tainers, and the roots were thoroughly washed with deionized water. 
Then, the plants were transferred into new glass containers containing 1 
L of nutrient solution without pesticide. During the depuration stage, 
plant and nutrient solution samples were collected at 3, 6, 10, 24 and 72 
h after transplanting. The plant samples were rinsed with deionized 
water, wiped with filter paper, weighed, and separated into shoots and 
roots. The potential hydrolysis of cyetpyrafen was evaluated by sam
pling the nutrient solution samples from plant-free containers across the 
uptake and depuration stages at time intervals of 0, 3, 6, 10, 24, 48, 72, 
96, 120 and 168 h. All collected samples were stored at − 20 ◦C prior to 
analysis. 

To assess the plant enzyme response in the plant metabolic process, 
extra plant samples were collected from the exposure experiment at 24, 
48 and 96 h during the plant uptake stage and 72 h the during depu
ration stage to measure the enzyme activity. Plant samples were stored 
at − 80 ◦C after quick freezing with liquid nitrogen. Briefly, 1 g of root 
samples (fresh weight) was homogenized on ice with 9 mL phosphate 
buffered saline (PBS) solution (0.01 mol/L, pH = 7.2–7.4). The ho
mogenate was centrifuged at 4000 rpm for 15 min (4 ◦C), and the su
pernatant was collected for analyzing enzyme activities by plant enzyme 
ELISA kits. CYP450, CarE, GT, GST and POD enzyme activities were 
measured using a spectrophotometer (RT-6100 Microplate Reader, 
Rayto) at a wavelength of 450 nm. The enzyme activities were denoted 
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as U/g protein. Details of the enzyme assays are shown in S2. 

2.3. Effect of inhibitors on plant uptake 

To clarify the uptake mechanisms, the influences of metabolic, 
aquaporin, and anion-channel inhibitors on root uptake of cyetpyrafen 
were evaluated. Six groups of tests were performed, which were similar 
to the plant uptake experiment. Each group contained three replicates, 
and the exposure concentration of cyetpyrafen was set at 1 mg/kg. A 
group without inhibitors was used as a control. Briefly, 0.5 mmol/L of 
sodium vanadate (NaV3O4) was applied as a metabolic inhibitor (Li 
et al., 2017), 1 mmol/L of glycerol and 1 μmol/L of AgNO3 were selected 
as aquaporin inhibitors, and 10 μmol/L of anthracene-9-carboxylic acid 
(9-AC) and 5 μmol/L of 4, 4′-diisothiocyano-2,2′-stilbenedisulfonate 
(DIDS) were used as anion channel inhibitors (Gong et al., 2020). After 
6 h of exposure, all plant roots were rinsed with deionized water, wiped 
with filter paper, collected and stored at − 20 ◦C. 

2.4. Split-root exposure test 

To test whether phloem transport plays a role in the long-range 
translocation of cyetpyrafen in plants, a split-root test was performed 
for rice seedlings, as they have fibrous roots compared with lettuce. The 
split-root exposure test was performed in two PTFE tubes marked as tube 
A and tube B. Tube A contained 50 mL of nutrient solution with spiked 
cyetpyrafen at 5 mg/L, and tube B contained the same amount of fresh 
nutrient solution without cyetpyrafen. The rice seedling roots were 
separated into two parts, which were linked to the same shoots. The two 
parts of the roots were put into tube A and tube B separately. Rice 
seedlings were sampled at 3, 6, 10, 24, 48, 72 and 96 h. Concentrations 
of cyetpyrafen in the roots and nutrient solutions from both tubes A and 
B as well as in the shoots were measured. The blank control group was 
set, and all treatments were conducted in triplicate. The collected 
samples were stored at − 20 ◦C prior to analysis. 

2.5. Sample analysis 

The plant samples were freeze-dried at − 40 ◦C for 2 days and ho
mogenized. Initially, 0.2 g of shoots (0.1 g for roots, dry weight) or 1 mL 
of solution samples were weighed into 10 mL polytetrafluoroethylene 
(PTFE) centrifuge tubes. Then, 2 mL of ACN was added and vortexed for 
10 min with an oscillation frequency of 2500 min− 1. Afterward, 0.5 g of 
NaCl was added to the tubes and vortexed for another 5 min. Subse
quently, the tubes were centrifuged at 4000 rpm for 5 min. For nutrient 
solutions, the upper layer was directly transferred into an autosampler 
vial by passing through a 0.22-μm PTFE membrane filter. For shoot and 
root samples, 1.2 mL of the upper layer was transferred into a 2 mL 
centrifuge tube containing 150 mg anhydrous MgSO4 and sorbents (50 
mg PSA + 10 mg GCB for shoots and 50 mg PSA for roots). The tubes 
were then vortexed for 1 min and centrifuged at 5000 rpm for 5 min. The 
upper layer was also filtered through a 0.22-μm PTFE membrane filter. 
The samples were stored at − 20 ◦C before analysis. 

2.6. Quantitative analysis and metabolites screening 

The cyetpyrafen concentration was quantified using UHPLC-MS/MS; 
more details are described in S3 and Table S1. Quality control was 
performed by regular analyses of procedural blanks, and solvent blanks 
were injected after each batch of 20 samples to monitor the background 
and instrumental contamination. The matrix-matched calibration stan
dard curves were applied for quantification to minimize the matrix ef
fects (− 12.5–12.5 % for all matrices, Table S2). The matrix-matched 
solutions were prepared at 1, 5, 10, 50, 100, 500 and 1000 μg/L by 
adding stock solution to blank matrix extractions. The linearity of the 
calibration curves in the matrix and solvent ranged from 1 μg/L to 1000 
μg/L, with correlation coefficients (R2) ≥ 0.995 (Table S2). The 

recoveries and relative standard deviations (RSDs) of the tests were 
80.4–108 % and 0.74–15.5 % for all matrices, respectively (Table S3). 
The method detection limit (MDL) represents the concentration with a 
signal-to-noise ratio (S/N) equal to 3. The method limit of quantification 
(LOQ) was determined at the lowest spiked level of the validation 
meeting the method performance acceptability criteria according to the 
European Union SANTE/11312/2021 regulatory guidelines. As shown 
in Table S2, the MDLs and LOQs of cyetpyrafen in all matrices were 
0.00526–0.0142 and 1–10 μg/kg (or μg/L), respectively. Other details of 
the quality assurance and quality control are shown in S4. 

To identify possible metabolites, plant and nutrient solution extracts 
were analyzed on an ExionLC™ AD System coupled with a TripleTOF® 
5600+ System (AB SCIEX, United States). The system was equipped with 
an electrospray ionization (ESI) source which was operated in positive 
ion mode. Chromatographic separation was accomplished on an ACQ
UITY UPLC HSS T3 column (2.1 mm × 100 mm, 1.8 µm) with a gradient 
elution program using Milli-Q water (containing 0.1 % of formic acid) 
and acetonitrile as the mobile phase. The main TOF-MS parameters are 
provided in S5. The acquired data, including mass spectra (MS) and MS/ 
MS information, were analyzed by MetabolitePilot™ 2.0 software (AB 
SCIEX, United States). A binary comparison strategy was adopted to 
screen the potential metabolites, and chromatograms of cyetpyrafen and 
metabolite candidates were identified in cyetpyrafen-treated samples by 
comparison with controls in terms of sample/control ratios higher than 
3. The minimum peak intensities of TOF MS and TOF MS/MS were set as 
5000 and 1000 counts per second (cps), respectively. The MS m/z 
tolerance was set lower than 5 parts per million (ppm). The MS library of 
cyetpyrafen was established containing the structure and its character
istic fragments. Phase I and phase II metabolic pathways, such as 
oxidation, hydrolysis and conjugation reactions, were added to the 
software. Then, the structures of potential transformation products were 
deduced based on the individual accurate mass (m/z), fragment ions, 
fragmentation patterns and biotransformation knowledge of 
xenobiotics. 

2.7. Ecotoxicity evaluation 

The chronic and acute ecotoxicity of cyetpyrafen and its metabolites 
were evaluated by ECOSAR (Ecological Structure Activity Relationships) 
(Version 1.11). The program was developed by the United States Envi
ronmental Protection Agency (EPA) and Syracuse Research Corporation 
(SRC). The acute toxicity of cyetpyrafen and its metabolites to fish was 
represented as the median lethal concentration (LC50), and toxicity to 
daphnid and green algae was expressed as the median effective con
centration (EC50). The classification of ecotoxicity is described in S6. 

2.8. Data analysis 

The dissipation dynamics of cyetpyrafen in nutrient solution were 
estimated by the first-order kinetic equation (Ju et al., 2020): 

Ct = C0×e− k1t (1)  

where C0 and Ct are the concentrations (μg/L) of cyetpyrafen in the 
nutrient solution at time 0 h and t, respectively, and k1 is the dissipation 
rate constant (per hour). 

The accumulation kinetics of cyetpyrafen by plants in 96 h plant 
uptake experiments were fitted according to the first-order one- 
compartment model with the following equations (Liu et al., 2019): 

Ct = Ceq(1 − e− k2t) (2)  

where Ceq and Ct are the concentration (μg/kg, dw) of cyetpyrafen in 
plant tissues at uptake equilibrium and time t, respectively, and k2 
represents the uptake rate constant (per hour). 

The elimination kinetics of cyetpyrafen by plants in 72 h depuration 
experiments were measured by the pseudo-first-order decay model (Liu 
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et al., 2019): 

Ct = (C0 − Y)e− k3t +Y (3)  

where C0 and Ct are the concentrations (μg/kg, dw) of cyetpyrafen in 
plant tissues at time 0 h and time t during the depuration stage, 
respectively; k3 represents the elimination rate constant (per hour); and 
Y is the plateau concentration (μg/kg, dw). 

The dissipation half-life (T1/2) of cyetpyrafen in nutrient solution 
(k1) during 96 h plant uptake experiments and elimination half-lives of 
cyetpyrafen in roots/shoots (k3) during 72 h depuration experiments 
were calculated as follows (Liu et al., 2019): 

T1/2 = ln2/k (4) 

The root concentration factor (RCF) and translocation factor (TF) 
were calculated by the following equations: 

RCF = Croot/Csolution (5)  

TF = Cshoot/Croot (6)  

where Croot, Cshoot and Csolution represent the concentrations of cyet
pyrafen in root (μg/kg, dw), shoot (μg/kg, dw) and nutrient solution 
(μg/L), respectively. Statistical analysis was performed by SPSS Statis
tics (version 17.0, IBM Corp., Armonk, NY). One-way analysis of vari
ance (ANOVA) followed by Duncan’s test was used to analyze the 
significant difference between the data of two groups at three signifi
cance levels (*P < 0.05, **P < 0.01, ***P < 0.001). 

3. Results and discussion 

3.1. Accumulation and elimination kinetics of cyetpyrafen in rice and 
lettuce 

As shown in Fig. 1A, the accumulation kinetics of cyetpyrafen by 
both plant roots were well fitted to a first-order kinetic model (R2 ≥

0.716, Table S4). The kinetic rate constants originated from both the 
uptake and transformation processes of cyetpyrafen. The uptake process 
could be separated into two phases, that is, a fast process reaching steady 
state within 24 h followed by a lag phase (24–96 h) (Fig. 1A). Cyet
pyrafen exhibited a faster uptake rate in lettuce roots (k2, roots, 0.301 
h− 1) than in rice roots (k2, roots, 0.218 h− 1), and its concentration in 
lettuce roots was greater than that in rice roots at each sampling point 
during 96 h of exposure (Fig. 1A). In addition, the results indicated that 
cyetpyrafen was highly accumulated in plant roots with average RCFs of 
1290 mL/g and 1730 mL/g in rice and lettuce, respectively (Table S5, 

Fig. S3A), during the uptake equilibrium stage (24–96 h). Again, the 
bioaccumulation potential of cyetpyrafen in lettuce roots was greater 
than that in rice roots, suggesting plant species-dependent uptake and 
bioaccumulation. In contrast, the cyetpyrafen concentrations in both 
plant shoots followed a very different trend from those in roots, 
increasing over the 96 h of exposure and not reaching steady state as 
roots did (Fig. 1B). In addition, cyetpyrafen exhibited much less accu
mulation in shoots than in roots, as evidenced by the extremely low TFs 
(e.g., TF ≤ 5.37 × 10− 4 for rice and ≤ 4.29 × 10− 5 for lettuce), indi
cating its poor translocation ability and preferential accumulation in 
roots (Table S5, Fig. S3B). Cyetpyrafen is a highly lipophilic pesticide 
(log Kow = 6.1, estimated by ECOSAR Version 1.11), which is expected 
to cross the plasma membrane and sorb to the roots easily, while its 
translocation to the upper part is difficult (Romeh and Hendawi, 2013; 
Trapp, 2000). Additionally, the relatively large-sized molecule (molec
ular weight of cyetpyrafen: 393.5218 g/mol) may also limit its transport 
from roots to aboveground tissues via the xylem system (Chen et al., 
2020; Chuang et al., 2019). Thus, it might take a longer time for cyet
pyrafen to reach accumulation equilibrium in shoots. 

During the 72 h of depuration period, the quick elimination of 
cyetpyrafen from roots followed a pseudo-first-order decay model, and 
the elimination rate in lettuce roots (T1/2, 13.5 h) was approximately 
4.40 times slower than that in rice roots (T1/2, 3.07 h, Fig. 1A). The faster 
uptake and slower elimination rate may account for the greater accu
mulation of cyetpyrafen in lettuce than that in rice. Two main pathways 
could be relevant for root elimination: transformation and mass transfer 
from roots to aboveground parts or growth media (Qiu et al., 2016). 
Since the translocation of cyetpyrafen to shoots was extremely limited, 
its rapid elimination in plant roots was mainly a result of biotransfor
mation and/or release to the surrounding solution. The elimination of 
cyetpyrafen in both plant shoots exhibited a faster rate (T1/2, 
0.812–1.00 h) than that in roots (Fig. 1B), suggesting its rapid 
biotransformation in shoots. 

3.2. Uptake mechanism 

3.2.1. Effects of inhibitors on root uptake of cyetpyrafen 
The uptake mechanism of cyetpyrafen was explored by adding 

metabolic (NaV3O4), aquaporin (glycerol and AgNO3) and anion chan
nel inhibitors (9-AC and DIDS) into the hydroponic system (a detailed 
discussion is presented in S7). Compared to the control group (without 
inhibitor), the concentrations of cyetpyrafen in treatment plants by 
adding the five inhibitors were not significantly reduced (Fig. S4). The 
results indicated that the root uptake of cyetpyrafen was possibly 
through a passive diffusion process, in which aquaporin and anion 

Fig. 1. Concentrations of cyetpyrafen in roots (A) and shoots (B) during the uptake and depuration period, where dw represents the dry weight. The blue and green 
dotted lines represent the fitting curves; the blue straight line is the point connection, and the gray dotted line indicates the switch between the uptake and 
elimination stages. 
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channels might not participate (Yu et al., 2021). The passive diffusion of 
organic compounds mainly relies on three interdependent properties: 
lipophilicity, polarity and molecular size/weight (Camenisch et al., 
1998; Camenisch et al., 1996; Tommasini et al., 1998). Lipophilic xe
nobiotics with net neutral charge and molecular weight lower than 450 
g/mol are supposed to cross lipid bilayers by passive diffusion (Kumar 
and Gupta, 2016; Sterling, 1994; Trapp and Mcfarlane, 1995). Based on 
the experimental results and chemical properties, the lipophilic and 
neutral uncharged cyetpyrafen (molecular weight: 393.5218 g/mol) was 
likely to be dominated by a passive uptake (energy-independent) 
process. 

3.2.2. Phloem transportation pathway of cyetpyrafen 
A split-root experiment was conducted to evaluate the phloem 

transport of cyetpyrafen in plants. The results indicated cyetpyrafen was 
either not detected in the rice roots growing in the unspiked solution or 
not found in unspiked solution (Fig. S5), demonstrating that it is difficult 
for cyetpyrafen to migrate from roots to shoots, and from shoots to other 
parts of plants via the phloem transport pathway. The strong lip
ophilicity of cyetpyrafen (log Kow = 6.1) may lead to its fast diffusion to 
pass through biological membranes (Sterling, 1994); however, it could 
also have strong binding affinity with root lipid constituents and was not 
readily transported upward through the xylem system (Miller et al., 
2016). 

3.3. Nontarget screening and identification of cyetpyrafen metabolites 

The mass distribution in the hydroponic-plant system was calculated 
and is presented in Fig. 2. Within 96 h of exposure, 42.3 % of spiked 
cyetpyrafen was lost in the plant-free controls (Fig. S6), and 69.7 % (or 
61.8 %) of the total input of cyetpyrafen was depleted in the hydroponic- 
rice (or lettuce) system, indicating the substantial metabolism of cyet
pyrafen in the hydroponic-plant system. Plant and solution extracts were 
thus analyzed by LC-HRMS/MS, and the acquired data were exploited by 
suspect and nontarget screening strategies to identify the unknown 
metabolites of cyetpyrafen. A total of 13 novel metabolites (M-409-1, M- 
409-2, M-409-3, M-409-4, M-325-1, M-325-2, M-391, M-407, M-309, M- 
264, M-471, M-614, and M-102) were proposed after 96 h of exposure 
and were not present in the control hydroponic-plant system (Table 1). 
All the metabolites were measured in ESI+ mode and had shorter 
retention times than cyetpyrafen (except for M-391), indicating an in
crease in their polarity relative to the parent compound (HuynhRein
hold, 2019). M-409-1/2/3/4 (m/z 409.2365) was identified as a phase I 
hydroxylation metabolite. The characteristic fragment ions of M-409-1 
and M-409-2 were basically the same (Fig. S7). The fragments (m/z 
57.0718, 137.0703) of M-409-1/2 were identical to those of cyetpyrafen 
(Fig. S8). However, the characteristic fragments (m/z 270.1230, 
326.1859) differed from that of the parent cyetpyrafen (m/z 254.1280, 

310.1907) by 15.995 Da (oxygen atom), indicating hydroxylation at the 
benzene ring. Similarly, the hydroxylation site was confirmed in M-409- 
3/4 by analyzing the structure of characteristic fragment ions (Figs. S9 
and S10). Similarly, the structures of another two hydrolyzed metabo
lites (M-325-1/2) were deduced (Fig. S11 and Fig. S12). M-391 showed a 
loss of H2 in comparison with cyetpyrafen, indicating the formation of a 
double bond. The characteristic fragments (Fig. S13) of m/z 57.0717, 
109.0398, 252.1117, 290.1638 and 308.1743 elucidated its structure, 
which was probably formed by a dehydration reaction from M-409-4. 
Two characteristic fragments of m/z 57.0723 and 268.1112 were 
observed for M-407, and the proposed structure is shown in Fig. S14. 

M-309 (Fig. S15) had the same fragments (m/z 57.0719, 109.0400, 
137.0708, 183.0909, 226.0972, 254.1285) as cyetpyrafen (Fig. S8), 
which revealed the loss of C5H8O from the parent compound. The two 
fragments (m/z 145.0492, 163.0609) of the anhydroglucose moiety of 
M-264 (Fig. S16) subsequently corresponded to O-glycosylation of M- 
102. Fragmentation of M-471 (Fig. S17) exhibited five identical frag
ments with M-309 and cyetpyrafen. In addition, the accurate mass (m/z 
471.2369) of M-471 was greater than that of M-309 by 162.053 Da 
(anhydroglucose moiety). Therefore, M-471 was identified as another 
glycosylated metabolite. M-614 (Fig. S18) was likely to be conjugated 
with glutathione because it has a mass difference of 305.068 Da 
(glutathione) with M-309. However, no characteristic fragments were 
found to support the proposed structures of M-614 and M-102 (Fig. S19), 
and they were marked as level 4 in terms of the reported framework 
(Table 1) (Schymanski et al., 2014). The structures of M-309 and M-391 
were finally confirmed by synthesized standards (Figs. S20 and S21), 
and the retention time and characteristic fragments for synthesized 
standards basically coincided with those for identified metabolites in 
plant and solution samples. 

3.4. Major transformation pathways and metabolism rules of cyetpyrafen 

3.4.1. Biotranformation of cyetpyrafen in rice and lettuce 
Generally, eight common transformation products (M-409-1, M-409- 

2, M-409-3, M-409-4, M-309, M-391, M-407 and M-102) were identified 
in rice roots, lettuce roots and hydroponic solutions (plant-free control). 
M-325-1 and M-471 were found both in rice and lettuce roots, while M- 
325-2, M-264 and M-614 were only detected in lettuce roots (Table 1). 
The metabolic pathways of cyetpyrafen in lettuce and rice roots are 
proposed in Fig. 3, in which ten phase I and three phase II metabolites 
were elucidated. Hydroxylation on different sites of cyetpyrafen led to 
the formation of four hydroxylated products (M-409-1/2/3/4). Subse
quently, M-391 was probably generated from M-409-3 via a dehydration 
reaction. The formation of M-407 might originate from the intermediate 
of the hydroxylated metabolite (M-409-5), which was further oxidized 
to yield a ketone. Hydrolysis of the ester bond resulted in the generation 
of M-102 and M-309, where M-102 was further transformed into 

Fig. 2. Mass distribution of cyetpyrafen in hydroponic-rice (A) and hydroponic-lettuce (B) systems during 96 h of the uptake experiment.  
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Table 1 
Structure and mass-spectral information for cyetpyrafen and its metabolites.  

Name Metabolic 
reaction 

Source Predicted 
formula 

Retention 
time (min) 

Accurate 
mass 
(observed 
[M + H]+) 
m/z 

Deviation 
(ppma) 

Structure proposed Characteristic 
fragments m/z 

Confidence 
levelb 

Cyetpyrafen — Nutrient 
solution (plant- 
free control, 
hydroponic 
rice/lettuce 
system), rice/ 
lettuce roots 

C24H31N3O2 9.87 393.2416 
(394.2480) 

− 2.3 310.1902, 
294.1589, 
254.1275, 
226.0971, 
184.0764, 
137.0710, 
109.0397, 
57.0721 

Level 1 

M-409-1/2 Hydroxylation Nutrient 
solution (plant- 
free control, 
hydroponic 
rice/lettuce 
system), rice/ 
lettuce roots 

C24H31N3O3 8.82/9.53 409.2365 
(410.2428) 

− 3.4 ~ 
− 2.4 

326.1859, 
270.1230, 
160.0385, 
137.0703, 
57.0718 

Level 3 

M-409-3 Hydroxylation Nutrient 
solution (plant- 
free control, 
hydroponic 
rice/lettuce 
system), rice/ 
lettuce roots 

C24H31N3O3 8.48 409.2365 
(410.2435) 

− 0.7 392.2274, 
326.1849, 
308.1748 

Level 2b 

M-409-4 Hydroxylation Nutrient 
solution (plant- 
free control, 
hydroponic 
rice/lettuce 
system), rice/ 
lettuce roots 

C24H31N3O3 9.78 409.2365 
(410.2440) 

0.5 310.1861, 
294.1580, 
184.0739, 
109.0390 

Level 2b 

M-309 Hydrolysis Nutrient 
solution (plant- 
free control, 
hydroponic 
rice/lettuce 
system), rice/ 
lettuce roots 

C19H23N3O 8.61 309.1841 
(310.1908) 

− 1.9 254.1285, 
226.0972, 
183.0909, 
137.0708, 
109.0400, 
57.0719 

Level 1 

M-391 Hydroxylation, 
dehydration 
reaction 

Nutrient 
solution (plant- 
free control, 
hydroponic 
rice/lettuce 
system), rice/ 
lettuce roots 

C24H29N3O2 10.05 391.2266 
(392.2323) 

− 2.5 308.1743, 
290.1638, 
252.1117, 
109.0398, 
57.0717 

Level 1 

M-407 Hydroxylation, 
ketonization 

Nutrient 
solution (plant- 
free control, 
hydroponic 
rice/lettuce 
system), rice/ 
lettuce roots 

C24H29N3O3 9.65 407.2209 
(408.2275) 

− 1.7 268.1112, 
57.0723 

Level 2b 

M-325-1 Hydrolysis, 
hydroxylation 

Nutrient 
solution 
(hydroponic- 
lettuce system), 
rice/lettuce 
roots 

C19H23N3O2 7.46 325.1790 
(326.1854) 

− 2.8 270.1188, 
216.1004, 
137.0673, 
109.0400 

Level 3 

M-325-2 Hydrolysis, 
hydroxylation 

Lettuce roots C19H23N3O2 8.52 325.1790 
(326.1860) 

− 0.9 254.1274, 
183.0893, 
137.0704, 
109.0402 

Level 2b 

M-471 Hydrolysis, 
glycosylation 

Rice/lettuce 
roots 

C25H33N3O6 6.62 471.2369 
(472.2441) 

− 0.2 310.1905, 
254.1281, 
226.0999, 
183.0973, 
137.0696, 
109.0368 

Level 2b 

M-264 Hydrolysis, 
glycosylation 

Lettuce roots C11H20O7 4.29 264.1209 
(265.1282) 

0.0 163.0609, 
145.0492 

Level 2b 

(continued on next page) 
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Table 1 (continued ) 

Name Metabolic 
reaction 

Source Predicted 
formula 

Retention 
time (min) 

Accurate 
mass 
(observed 
[M + H]+) 
m/z 

Deviation 
(ppma) 

Structure proposed Characteristic 
fragments m/z 

Confidence 
levelb 

M-102 Hydrolysis Nutrient 
solution (plant- 
free control, 
hydroponic 
rice/lettuce 
system), rice/ 
lettuce roots 

C5H10O2 4.75 102.0681 
(103.0751) 

− 2.6 59.0504 Level 4 

M-614 Hydrolysis, 
glutathione 
conjugation 

Lettuce roots C29H38N6O7S 9.48 614.2523 
(615.2604) 

0.7 351.1218 Level 4  

a ppm represents parts per million. 
b Confidence levels: level 1, the structure is confirmed by a reference standard; level 2a, the spectrum data of the structure can match the data in literature or library; 

level 2b, the structure fits diagnostic evidence and no other structure conform with the experimental information, but the reference standard and reporting data are not 
available for confirmation; level 3, the evidence is not enough for one exact structure only; level 4, the formula is confirmed but the structure cannot be assigned with 
insufficient evidence; level 5, exact mass is obtained but the formula cannot be confirmed (Schymanski et al., 2014). 

Fig. 3. Proposed transformation pathways of cyetpyrafen in the hydroponic-plant system. The blue arrow and pink arrow represent phase I and phase II reactions, 
respectively. The red arrow represents the reaction that produces the probable intermediate product. Compounds with the green background were only detected in 
lettuce, compounds with the yellow background were found in both rice and lettuce, and compounds with the gray background were discovered in hydroponic 
solutions in the plant-free control, rice and lettuce. 
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glycosylated conjugate M-264 (only in lettuce), and M-309 was further 
transformed into glycosylated conjugate M-471 and glutathione conju
gate M-614 (only in lettuce). Conjugation with glycosides catalyzed by 
GT and glutathione via GST belongs to the phase II reaction, which is the 
main detoxification pathway of pesticides in plants (He et al., 2017). M- 
309 might additionally be converted to M-325-1 and M-325-2 (only in 
lettuce) through hydroxylation. In addition, M-325-1/2 might also be 
formed from M-409-1/2/4 by a hydrolysis reaction. As M-325-1/2 could 
only be detected in plant tissues, the reaction was possibly induced by 
oxidase and/or hydrolase in plants. In summary, hydroxylation, hy
drolysis, dehydration, ketonization/dehydrogenation and conjugation 
reactions are the main transformation reactions in plants. These results 
indicated that the metabolic behavior of cyetpyrafen might vary be
tween rice and lettuce in terms of the possible differences in pathways 
and metabolites, or probably the levels of M-325-2, M-264 and M-614 in 
rice roots were too low to be detected. 

As reference standards were not available for most of the newly 
identified metabolites, considering their similar core structures and the 
use of the same analytical conditions, peak areas were applied for their 
relative quantification. The relative areas of these metabolites in the 
hydroponic-plant system and plant-free control are presented in Fig. 4. 
The results suggested that M-409 (m/z 409.2365), M-309 and M-391 
were the main metabolites in both the hydroponic solution and roots. 
After 96 h of exposure, the sum of their peak areas accounted for 84.6 % 
of all identified metabolites in the hydroponic solution in the plant-free 
control, 95.9 % (or 84.2 %) and 96.0 % (or 87.9 %) in the liquid phase 
and roots in the hydroponic-rice (or lettuce) system, respectively. 
Although the metabolites in nutrient solutions may be partly enriched in 
roots, the MS response of M-409 and M-309 in solution from the 
hydroponic-plant system was still higher than that from the plant-free 
control after 24 h and 48 h of exposure (Fig. S22). The results further 
proved that oxidation and hydrolysis reactions of cyetpyrafen (M-409 
and M-309) occurred in both the hydroponic solution and plant roots. 
Therefore, abiotic and biological transformation may both be involved 
in the oxidation and ester hydrolysis of cyetpyrafen in plants. In addi
tion, the peak areas of the glycosylated metabolite M-471 decreased 
gradually after 24 h of exposure in lettuce roots (Fig. S22), suggesting 
that it was further converted (e.g., malonylated) or incorporated into 

cell components. However, metabolites were not detected in the shoots 
of rice and lettuce mainly because of the trace accumulation of cyet
pyrafen in shoots as well as the poor translocation capacity of metabo
lites from roots to shoots. 

3.4.2. Transformation of cyetpyrafen in hydroponic solution 
After 168 h of exposure, 44.5 % of the initial input of cyetpyrafen 

declined in the plant-free controls, indicating its substantial abiotic 
transformation in the hydroponic solution (Fig. S6). As shown in Fig. 3, 
eight abiotic transformation products (M-409-1, M-409-2, M-409-3, M- 
409-4, M-309, M-391, M-407 and M-102) were identified in hydroponic 
solutions (plant-free control). Transformation reactions, including hy
droxylation, ketonization/dehydrogenation, dehydration and hydroly
sis, were proposed (Fig. 3). Carbon hydroxylation and ketonization of 
cyetpyrafen might be induced by free radicals (HO⋅ and CO3

⋅− ) in the 
solution, as these radicals were found to mediate the hydroxylation and 
ketonization reactions of pharmaceuticals such as naproxen (Luo et al., 
2018; Zhou et al., 2020). The carbon atom (electrophilic group) con
nected by the ester bond might be attacked by nucleophilic H2O or OH−

in aqueous solution, leading to the hydrolysis of cyetpyrafen through a 
bimolecular nucleophilic substitution reaction (Li et al., 2020b). 

Interestingly, M-325-1 could only be detected in the solution from 
the hydroponic-plant system rather than the plant-free controls 
(Fig. S22). Plant roots can exude enzymes such as POD, dehydrogenase 
and hydrolases that can accelerate the transformation of pesticides, 
which may catalyze the oxidation and hydrolysis reactions of cyetpyr
afen and generate metabolites such as M-325-1 (He et al., 2017; LeFevre 
et al., 2016; Wang et al., 2014). 

3.5. Plant enzymatic response 

To explore the possible biotransformation mechanism of cyetpyrafen 
in plants, the activities of detoxification enzymes including CYP450, 
POD, CarE, GT and GST in the roots of the treated and untreated groups 
were measured. As shown in Fig. 5 and Fig. S23, during 96 h of exposure, 
the activity of CYP450, POD, CarE, GT and GST in cyetpyrafen treated 
rice (or lettuce) roots was up to 1.6 (or 1.7), 1.8 (or 2.3), 1.6 (or 2.1), 1.7 
(or 2.0) and 1.6 (or 1.4) times higher than that in control rice (or lettuce) 

Fig. 4. Relative peak areas of the metabolites of cyetpyrafen in rice roots (A), lettuce roots (B), nutrient solution in hydroponic-rice system (C), nutrient solution in 
hydroponic-lettuce system (D) and nutrient solution in plant-free control (E) at 24 h, 48 h and 96 h of uptake stage and 72 h of depuration stage. 
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roots (without cyetpyrafen), respectively. The increases in enzyme ac
tivities were consistent with the presence of relevant metabolites, indi
cating that these enzymes are probably involved in the plant metabolism 
of cyetpyrafen. CYP450 catalyzes many reactions, including hydroxyl
ation, dehydration, and dehydrogenation (Van Eerd et al., 2003). For 
example, cyenopyrafen is a structural analog of cyetpyrafen, and Riga 
et al. (2015) reported that CYP392A11, a cytochrome P450 in Tetra
nychus urticae, could catalyze cyenopyrafen to hydroxylated cyenopyr
afen. POD is another oxidative enzyme that can mediate ring 
hydroxylation of pesticides (Huang et al., 2013; Van Eerd et al., 2003). 
POD enzymes also participate in phase III metabolism in plants, which 
promote the formation of bound residues (Van Eerd et al., 2003). These 
oxidative enzymes may take part in the formation of M-409-1/2/3/4, M- 
407, M-391 and M-325-1/2. CarE could catalyze the hydrolyzation re
action of the ester bond of the pesticides (Cummins and Edwards, 2004), 
which might be responsible for the generation of hydrolyzed products 
(M-309, M-102 and M-325-1/2). GT and GST could mediate the conju
gation reaction with glycoside and glutathione, respectively 

(Ravichandran and Philip, 2021); accordingly, they may contribute to 
the formation of two glycosylated conjugates (M-471, M-264) and one 
glutathione conjugate (M-614) after phase I reactions. It should be noted 
that the activation of some plant enzymes (i.e., GST and POD) activities 
might also be caused by oxidative stress of cyetpyrafen because GST and 
POD are also considered to participate in oxidative stress responses of 
xenobiotics (Edwards et al., 2000; Passardi et al., 2005). 

3.6. Toxicity prediction of cyetpyrafen and metabolites 

Computerized predictive toxicology is an effective approach for po
tential toxicity screening that can avoid killing animals and has been 
widely used to facilitate the toxicity evaluation of new chemicals (Gao 
et al., 2019; Ma et al., 2021; Maunz et al., 2013). In this study, the 
ecotoxicity of cyetpyrafen and its metabolites were predicted by ECO
SAR based on their structures. According to the classification of eco
toxicity (S6), cyetpyrafen was estimated to be very toxic to fish (chronic 
toxicity: chronic value ≤ 0.01 mg/L, acute toxicity: LC50 ≤ 1 mg/L). The 

Fig. 5. Enzyme activities of CYP450 (A), POD (B), CarE (C), GT (D) and GST (E) in rice roots at different exposure times. The yellow columns represent enzyme 
activities in the control group, and the blue columns represent enzyme activities in the treatment group. Significant differences in enzyme activities between the 
control and treatment groups were compared by one-way ANOVA. Levels of significant difference between the two groups were denoted as: *P < 0.05, **P < 0.01, 
***P < 0.001. 

Table 2 
Predicted log Kow, chronic and acute toxicity of cyetpyrafen and its metabolites to nontargeted organisms by ECOSAR.  

Compound name log Kow Chronic toxicity (chronic value, mg a.i./L)  Acute toxicity (mg a.i./L) 

Fish Daphnid Green algae  Fish (96 h LC50) Daphnid (48 h EC50) Green algae (96 h EC50) 

cyetpyrafen  6.1  0.01  0.02*  0.12*   0.06*  0.05*  0.19* 
M-391  6.0  0.01  0.02*  0.14*   0.09*  0.07*  0.24* 
M-409-1/2  5.6  0.03  0.04  0.24*   0.18*  0.14*  0.43* 
M-407  5.3  0.05*  0.07*  0.38*   0.37*  0.29*  0.75* 
M-409-3/4  4.7  0.18*  0.19*  0.93*   1.38*  1.00*  2.06* 
M-309  4.3  0.29  0.28  1.19   2.29*  1.60*  2.85* 
M-325-1  3.8  0.77  0.67  2.44   6.50  4.36  6.44 
M-325-2  3.2  2.40  1.82  5.45   21.48*  13.65*  16.19* 
M-471  1.9  47.62*  26.23*  50.48*   493.42*  277.15*  197.43* 
M-264  − 1.3  14714.73  3735.42  2478.93   2.17 × 105  90342.98  18808.54 
M-614  − 1.7  73683.99*  17025.45*  9927.90*   1.13 × 106*  4.55 × 105*  81639.45* 
M-102  1.4  –  –  –   –  –  – 

LC50: median lethal concentration. 
EC50: median effective concentration. 

* : chemical may not be soluble enough to measure this predicted effect. 
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acute toxicity of cyetpyrafen was found to be highly toxic toward 
daphnid and green algae, and its chronic toxicity was observed to be 
toxic and harmful toward these two species (Table 2). Regarding the 
transformation products, M-391, M-409-1, M-409-2 and M-407 showed 
almost the same level of ecotoxicity as the parent cyetpyrafen. The toxic 
levels of M-409-3, M-409-4, M-309 and M-325-1 were classified as toxic, 
and M-325-2 was harmful to aquatic organisms on the basis of acute 
toxicity. Considering the high production of M-409 and M-391 as well as 
their high potential toxicity, these metabolites should also be specif
ically considered when evaluating the ecotoxicity of cyetpyrafen. 
However, their ecotoxicity merits future experimental tests to obtain 
solid data. Three phase II metabolites (M-471, M-264 and M-614) were 
estimated to be not harmful to aquatic organisms, probably because the 
phase II reaction is the main procedure in the detoxification of xenobi
otics (Van Eerd et al., 2003). 

4. Implications 

As new man-made agrochemicals have been kept introduced into 
agricultural environments, they may pose threats to ecosystems and 
human health through food chain transfer after plant uptake. In this 
study, within only 96 h of exposure, the rapid uptake, great bio
accumulation and extensive transformation of the novel pesticide cyet
pyrafen in hydroponic-plant systems further highlighted the importance 
of examining plant uptake and metabolism to comprehensively assess 
the potential risks of new agrochemicals. One limitation of this study is 
that the hydroponic setting may not well reflect the fate of cyetpyrafen 
in the soil–plant system under field conditions. However, these results 
could provide essential data for comprehensively assessing cyetpyrafen 
accumulation and metabolism in crops, and the research strategy could 
also set as an example for exploring the fate of other new agrochemicals 
in crops. 

Transformation of pesticides plays a key role in modulating their 
overall toxicity and accumulation, and ignoring metabolized fractions of 
pesticides in plants may underestimate the extent of human exposure 
and potential adverse impacts. Some metabolites of pesticides possess 
bioactivity/toxicity equivalent or greater than that of their parent (Cui 
et al., 2019; Mahajna et al., 1997; Seifrtova et al., 2017; Xie et al., 2019; 
Zhang et al., 2020; Zhao et al., 2017), and some metabolites can be 
readily back-transformed to their parent via deconjugation/demethy
lation/remethylation reactions (Cheng et al., 2021; Fu et al., 2020; Fu 
et al., 2018; Shi et al., 2009). In this study, as many as 13 biotic/abiotic 
transformation products of cyetpyrafen were identified in hydroponic- 
plant systems for the first time. Interestingly, the most abundant me
tabolites (M-391 and M-409) of cyetpyrafen were estimated to have 
ecotoxicity similar to that of the parent. After human ingestion, glyco
sylated conjugates might be deconjugated via hydrolyzation (Devasena 
and Menon, 2003; Koppel et al., 2017). Therefore, further research is 
warranted to identify the plant transformation products of pesticides as 
well as their fate and toxicity after application, both to more accurately 
evaluate their effects on human health and to develop predictive risk 
assessment models, especially for new agrochemicals. 

CRediT authorship contribution statement 

Runan Li: Investigation, Data curation, Writing – original draft. Sijia 
Wang: Methodology, Validation. Jinhe Chang: Investigation, Writing – 
review & editing. Xinglu Pan: Formal analysis. Fengshou Dong: 
Writing – review & editing, Supervision. Zhiyuan Li: Software. Yong
quan Zheng: Writing – review & editing. Yuanbo Li: Conceptualiza
tion, Writing – review & editing, Project administration, Funding 
acquisition. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 

interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Data availability 

Data will be made available on request. 

Acknowledgments 

This work was financially supported by the National Key Research 
and Development Program of China (2019YFC1604503) and China 
Postdoctoral Science Foundation (2021M703549). 

Appendix A. Supplementary data 

Additional description and data about chemicals and reagents, 
enzyme assays, analysis method, classification of ecotoxicity, effects of 
inhibitors on root uptake, accumulation and elimination parameters, 
BCF values and TF values in the plant uptake experiment, concentration 
and dissipation kinetics of cyetpyrafen in nutrient solution, chemical 
structure of cyetpyrafen, chromatogram and fragmentation spectra of 
cyetpyrafen and its metabolites, temporal variation of the peak areas of 
the metabolites are provided in the supplementary material. Supple
mentary data to this article can be found online at https://doi.org/10.10 
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