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Diquat (DQ) is a non-selective, fast-acting herbicide that is extensively used in aquatic systems. DQ
has been registered as the substitute for paraquat due to its lower toxicity. However, the widespread
presence of DQ in aquatic systems can pose an ecological burden on aquatic organisms. In addition,
DQ can degrade into its metabolites, diquat-monopyridone (DQ-M) and diquat-dipyridone (DQ-

D) in the environment, while the ecological risks of the metabolites remain uncertain. Herein, the
aquatic ecological risks of DQ and its metabolites were compared using zebrafish as model non-target
organisms. Results indicated that DQ and its metabolites did not induce significant acute toxicity to
zebrafish embryos at environmentally relevant levels. However, exposure to DQ and DQ-D resulted

in oxidative stress in zebrafish larvae. DQ treatment led to increased levels of reactive oxygen species
(ROS), malondialdehyde (MDA), and glutathione (GSH) in the larvae, while DQ-D increased internal
MDA and GSH levels. Moreover, the activities of the antioxidative enzymes, superoxide dismutase
(SOD) and catalase (CAT) were significantly suppressed by DQ and DQ-D. Besides, the expression levels
of oxidative stress-related genes (Mn-SOD, CAT, and GPX) were disturbed accordingly after DQ and
DQ-D treatments. These findings highlighted the importance of a more comprehensive understanding
of the ecological risks of agrochemical substitutions as well as agrochemical metabolites. Such
knowledge is crucial for significant improvements in agrochemical regulation and policy-making in the
future.
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Diquat (DQ) is a fast-acting, non-selective herbicide widely used for controlling vegetation in both terrestrial
and aquatic environments'. DQ has been widely used throughout the world due to its excellent herbicidal
performance?. DQ has gained popularity due to its efficacy in weed control and its lower toxicity compared
to paraquat, leading to its replacement and widespread use as an agricultural and household herbicide®*. As
one of the few herbicides registered for direct application in aquatic systems, DQ inevitably ends up in aquatic
ecosystems by transfer processes such as run-off, drainage, and leaching, after repeated applications near or in
aquatic environments*°. Previous study has reported that the detected concentrations of DQ in 114 surface
water samples ranged from 0.002 to 0.038 mg/L°. Environmental levels of DQ, after applications in agricultural
fields or water bodies to control weed growth usually remain between 0.1 and 1.0 mg/L and often exceed
recommended limits due to misuse or improper application practices’. Besides, DQ has also been found to be
persistent in the water with a dissipation time (DT;) of 1000 days®. In some cases, the DQ concentrations may
maintain stable in the hydrosphere for a long period of time. In addition, DQ residues in aquatic systems tended
to accumulate in weeds within a range of 0.6-2.4 mg/g (dry weight)°®. Consequently, the presence of DQ residues
in aquatic environments would most likely pose an ecological burden to aquatic organisms!’.
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Despite the lower toxicity compared to paraquat, DQ would still pose unexpected adverse effects on the
aquatic ecosystem. Sanchez et al. reported that hepatic enzymes responsible for xenobiotic metabolism in three-
spined stickleback (Gasterosteus aculeatus L.) were altered after treatments with DQ of 222 and 444 pg/L!'". DQ
also induced disturbance in the protein profiles in the liver of rainbow trout (Oncorhynchus mykiss)'2. It was
reported that DQ significantly inhibited the growth of adult freshwater snails (Lymnaea stagnalis) and impaired
the development of their offspring at the concentration of 222.2 pg/L'*. DQ could also disrupt the normal
developmental stages of Xenopus metamorphosis, resulting in reduced fore and hind limb lengths'*. In addition,
Wang et al. reported that DQ would disrupt the behavior of zebrafish (Danio rerio) larvae'®. In general, the
complex exposure to DQ induced intricate response patterns in aquatic organisms and led to more uncertainties
and conflicts regarding its ecotoxicity.

Pesticide residues in the environment are subsequently broken down into various metabolites by a variety of
processes, including hydrolysis, photolysis, oxidation, and biodegradation'®. Interestingly, some metabolites of
pesticides are more abundant in the environment than their parent compounds!”. More worryingly, pesticide
metabolites tend to exhibit increased environmental mobility and persistence with the occurrence of degradation,
which in return would result in more potent adverse effects on human beings and ecosystems compared to their
parent compounds'®!°. Zhang et al. reported that the hydroxylated metabolite of chlorothalonil induced more
potent toxicity and endocrine disrupting effects'”. Ji et al. also compared the endocrine-disrupting effects of four
commonly used pesticides (benalaxyl, fenoxaprop-ethyl, malathion, and pyriproxyfen) and their 21 metabolites
and found that about half of the metabolites exhibited stronger endocrine-disrupting effects'®. Unfortunately,
the risk assessments of the agrochemical metabolites are still given too little attention in the registration and
authorization of agrochemicals, making the risks associated with agrochemical metabolites an emerging issue
and a scientific blind spot. To data, only a few studies have reported the presence of DQ metabolites, and the
detection of DQ metabolites in tissues revealed that diquat-monopyridone (DQ-M) and diquat-dipyridone
(DQ-D) were the main metabolites in biological materials?>*!. Unfortunately, few studies have addressed the
toxicity of DQ-M and DQ-D, despite the prevalence of adverse effects induced by DQ. Due to the extensive
use as a contact herbicide for aquatic weeds control, there is a high probability that aquatic organisms will be
exposed to DQ and its metabolites?. Therefore, there is an urgent need to conduct the risk assessments of DQ
and its metabolites in aquatic organisms.

Zebrafish has been widely used as a vertebrate model to assess the adverse effects of contaminants due to its
unique advantages in high throughput screening, high fecundity, short reproductive cycle, rapid development,
transparency during embryonic stages, orthologous genes with human beings, etc?>. In addition, the Organization
for Economic Cooperation and Development (OECD) has achieved great progress in standardizing test
guidelines for the zebrafish embryo toxicity (FET) test (OECD 203, OECD 236)**. In addition to the primary
developmental endpoints, external contaminants would induce more profound adverse damage in organisms.
Exposure to xenobiotics or toxic environmental contaminants may induce an imbalance between reactive oxygen
species (ROS) generation and antioxidant defenses, resulting in oxidative damage in organisms®. Therefore, the
assessment of oxidative stress has become an important endpoint in aquatic toxicology®.

Herein, valuable morphometric endpoints (body length, heart rate, mortality, and malformation rate) at
different stages along zebrafish embryo development as well as additional types of data on the molecular and
biochemical responses (contents of oxidative damage biomarkers, activities of enzymatic antioxidants, and
expression levels of related genes) to DQ and its metabolites (DQ-M and DQ-D) were collected to compare
their aquatic toxicity. These findings may contribute to a more comprehensive understanding of the potential
ecological risks of DQ and its metabolites to aquatic organisms and provide essential data to guide the scientific
use of DQ.

Materials and methods

Materials and reagents

Diquat (DQ, CAS#: 85-00-7, > 95.0% purity), diquat-monopyridone (DQ-M, CAS#: 54016-01-2, > 95.0%
purity), and diquat-dipyridone (DQ-D, CAS#: 35022-72-1, > 95.0% purity) were purchased from Toronto
Research Chemicals Co., Ltd (Canada). Diquat-D4 (DQ-D4, CAS#: 347841-65-0, > 95.0% purity) was purchased
from Tianjin Alta Technology Co., Ltd (China). Detailed information regarding DQ, DQ-M, DQ-D, and DQ-D4
are listed in Table S1. DQ, DQ-M, and DQ-D were dissolved in Milli-Q water with a stock concentration of 107!
M and then diluted to working concentrations for subsequent assays.

Fish handling and exposure

The adult-wild type AB zebrafish used in the present study were purchased from the Institute of Hydrobiology,
Chinese Academy of Sciences. Zebrafish husbandry, management, embryo collection, and all experimental
protocols (developmental toxicity parameter statistics, oxidative damage biomarkers measurements, enzymatic
antioxidants assessments, oxidative damage-related genes transcription evaluations) were in strict accordance
with the ARRIVE Essential 10 guidelines and approved by the Institutional Animal Care and Use Committee
of Zhejiang Shuren University. The authors confirm that all methods were performed in accordance with the
relevant guidelines and regulations. To distinguish the toxic effects between DQ and its metabolites, twenty
zebrafish embryos (0.5-1.0 hpf) were randomly divided into 24-well plates containing 2 mL exposure solutions
(3 replicates). The exposure concentrations were Hank’s embryo culture media (negative control), and three
environmentally relevant concentrations for DQ, DQ-M, and DQ-D (1077-10~° M)®°. The exposure solutions
were renewed on a daily basis, followed by a semi-static scenario to prevent concentration fluctuations®’.
The hatching of the embryos was recorded on a daily basis, commencing at 48 hpf, with observations being
documented at 24 h intervals. At the end of exposure period (96 hpf), the developmental toxicity parameters
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including survival rates, deformity rates, body length, and heart rate were calculated. Following the exposure
period, the larvae were anesthetized using MS-222 and flash-frozen in liquid nitrogen for subsequent assays.

Verification of exposure concentration

In order to circumvent fluctuations in exposure concentrations, exposure solutions in all experimental
groups were collected for verification of exposure concentration every 24 h following renewal of the water.
The verification of the exposure concentrations of the target chemicals was conducted using ultraperformance
liquid chromatography (UPLC) in tandem with a micromass triple quadrupole detector (MS/MS) according to
previous studies®®?. Briefly, 1 mL of the exposure solutions, collected at different time points (0 h, 24 h, 48 h,
and 72 h) were spiked with 20 pL internal standard (500 ng/mL) and underwent centrifugation at 14,000 rpm
for 20 min. Then, the supernatants were filtered through 0.22 um aqueous filter membrane prior to analysis. The
supernatants were subjected to quantify target compounds using Agilent 1290 UPLC-MS/MS (Agilent, USA).
The MS/MS was equipped with an electrospray ionization source (ESI) operating in the positive-ion mode. The
column employed was an UPLC Hilic Z column (2.1 mm X 100 mm, 2.7 um, Agilent, USA) and maintained at
a temperature of 35 °C. The mobile phase comprised a solution of acetonitrile and water with the addition of
20 mM ammonium formate as well as 0.1% formic acid. The gradient elution was conducted as follows: 80%
organic phase (0-1.0 min), 80-73% organic phase (1.0-3.0 min), 73-80% organic phase (3.0-4.0 min), 80%
organic phase (4.0-5.0 min). An injection volume of 2 mL was employed with a flow rate of 0.3 mL/min. The
temperature of the source gas (nitrogen) was 350 °C with a flow rate of 8 L/min; the sheath gas temperature was
380 °C with a flow rate of 12 L/min; the nebulizer pressure was set at 55 psi; the capillary voltage was 1.0 kV. The
samples were analyzed using full scan and product ion monitoring mode with a multiple reaction monitoring
(MRM) method used for quantification. The acquisition of data was controlled using the Agilent Masshunter
Software. The limit of detection (LOD) for DQ, DQ-M, and DQ-D were 0.3, 0.3, and 0.9 ng/mL, respectively.
The optimized mass parameters for the determination of DQ, DQ-M, DQ-D, and DQ-D4 in positive ion mode
are shown in Table S2.

Contents of oxidative damage biomarkers

The embryonic levels of ROS, malondialdehyde (MDA), and glutathione (GSH) were analyzed to reveal the
oxidative stress to zebrafish according to our previous study?’. The levels of ROS were quantified using the Reactive
Oxygen Species Assay Kit (BOXBIO, China). One hundred zebrafish larvae were pooled and homogenized in
PBS buffer (500 uL, equal to 0.1 g/mL) and subsequently subjected to a two-step centrifugation process. The
sediment was resuspended in the DCFH-DA probe (1 pmol/L) and incubated in the dark at 37 °C prior to
measurement with a microplate reader (excitation 488 nm, emission 525 nm). The internal MDA levels were
quantified using the Malondialdehyde Assay Kit (BOXBIO, China). Briefly, two hundred zebrafish larvae were
pooled and homogenized with MDA Extracting Buffer (1 mL, equal to 0.1 g/mL) in an ice bath. The supernatant
was mixed with the Working Solution and incubated in a boiling water bath for 1 h. Then, the mixture was
cooled in an ice bath and the supernatant was collected in order to record absorption values at 450 nm, 532 nm,
and 600 nm. The GSH levels in zebrafish larvae were analyzed using the Reduced Glutathione Content Assay
Kit (BOXBIO, China). Generally, one hundred zebrafish larvae were pooled and homogenized in the Extracting
Buffer (500 pL, equal to 0.1 g/mL) and the supernatant was collected and incubated at room temperature for
2 min prior to measuring the absorption values at 412 nm. The total protein contents in zebrafish larvae were
initially quantified using Enhanced BCA Protein Kit (BEYOTIME, China) to normalize the actual levels of these
oxidative damage biomarkers.

Activities of enzymatic antioxidants

The enzyme activities of superoxide dismutase (SOD) and catalase (CAT) were analyzed to evaluate the
neutralizing effects of harmful free radicals in zebrafish larvae according to our previous study?®. The enzyme
activity of SOD was measured using the Superoxide Dismutase Activity Assay Kit (BOXBIO, China). Four
hundred zebrafish larvae were pooled and homogenized in the SOD Extracting Buffer (100 uL, equal to 2 g/mL)
in an ice bath. The supernatant was collected and incubated at room temperature for 30 min prior to measuring
the absorption values at 560 nm. The enzyme activity of CAT was measured using the Catalase Activity Assay Kit
(BOXBIO, China). Briefly, two hundred zebrafish larvae were pooled and homogenized with the CAT Extracting
Buffer (1 mL, equal to 0.1 g/mL) in an ice bath. The supernatant was collected and mixed with 10 uL Crude
Enzyme Solution and 190 uL. CAT Working Solution prior to measuring the absorption values at 240 nm at 5 s
and 65 s, respectively. All results of the enzyme activities were also normalized by the total protein contents.

Transcription of oxidative damage-related genes

The expression levels of oxidative damage-related genes in zebrafish larvae were evaluated to reveal the underlying
mechanism. Briefly, twenty zebrafish larvae from different groups were homogenized with the TRIzol Reagent
(Life Technologies, USA) for total mRNA extraction. The mRNA was used for cDNA reverse transcription using
the PrimeScript RT Master Mix (Takara, Japan). The QRT-PCR procedure was conducted using the Quantstudio
Real-time PCR System (ThermoFisher, USA) with a final volume of 10 uL. The thermal cycling procedure was
set as follows: 37 °C for 15 min and 98 °C for 5 min; 40 cycles of 95 °C for 60 s, 95 °C for 15 s, 60 °C for 60 s.
The relative expression levels were normalized using the 2-24% method with S-actin as the reference gene. The
primer sequences of the target genes are listed in Table S3.

Statistical analysis
The data were analyzed using two sample t-test; normality tests were assessed using Shapiro-Wilk test; tests for
equal variance were conducted using Levene test; post-hoc analysis were conducted using Tukey HSD test with

Scientific Reports |

(2024) 14:31358 | https://doi.org/10.1038/s41598-024-82905-7 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Origin 8.0 software (OriginLab Corporation, USA). Results are presented as the mean + standard deviation (SD)
from 3 independent experiments. The levels of significance were set at *P < 0.05; **P<0.01; ***P <0.001.

Results

Quantification of DQ, DQ-M, and DQ-D in the exposure solutions

Generally, no significant fluctuation was observed in the measured concentrations of DQ, DQ-M, or DQ-D in
the water samples compare to the nominal concentrations. As shown in Fig. 1, the initial mean concentrations of
DQ, DQ-M, and DQ-D were in accord with the nominal concentrations, which were 33.73 + 2.89, 340.05 + 17.35,
3422.10+261.21 ng/mL for DQ (equal to 9.8 X 107% M, 9.9x 107 M, 1.0X 107> M), 27.61 + 1.25, 278.13 + 13.36,
2783.33+201.76 ng/mL for DQ-M (equal to 9.9%10°® M, 1.0x10° M, 1.0x10> M), and 21.02+1.87,
212.22+16.45,2129.20 + 173.42 ng/mL for DQ-D (equal to 9.8 x 108 M, 9.9x 1077 M, 9.9 X 1076 M). The mean
concentrations of DQ in the water samples during the exposure period were 32.78-33.98 ng/mL, 329.34-336.91
ng/mL, and 3283.60-3381.68 ng/mL, respectively. For DQ-M, the mean concentrations in the water samples
during the exposure period were 26.78-26.92, 268.20-275.85, and 2666.90-2751.76 ng/mL, respectively. As
for DQ-D, the exposure concentrations also remained constant with the nominal concentrations, which were
20.88-21.13 ng/mL, 206.32-215.94 ng/mL, and 2071.33-2162.91 ng/mL, respectively.

Developmental toxicity to zebrafish

There may not be much of a difference in the developmental toxicity to zebrafish embryos induced by DQ,
DQ-M, or DQ-D at the tested concentrations. As shown in Fig. 2, no significant difference was observed in the
survival rates, deformity rates, or heart rates of zebrafish larvae after 96 h exposure. However, DQ significantly
suppressed the body length of zebrafish larvae at the concentrations of 107> and 10~¢ M.

Levels of oxidative damage biomarkers
DQ, DQ-M, and DQ-D differed in the generation of oxidative damage biomarkers in zebrafish larvae. The ROS
levels in larvae exposed to DQ were 1.07-fold higher than that in the control group, but DQ-M and DQ-D had
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Fig. 1. The contents of the target compounds in the exposure medium at each time point within 72 h after DQ,
DQ-M, and DQ-D violation (change half of the exposure solution every 24 h). (A) The exposure concentration
of 107 M DQ, DQ-M, and DQ-D exposure solution. (B) The exposure concentration of 10~ M DQ, DQ-M,
and DQ-D exposure solution. (C) The exposure concentration of 10-> M DQ, DQ-M, and DQ-D exposure
solution. Results were shown as mean + standard deviation (SD) of at least three independent experiments
(N=9 samples).
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Fig. 2. DQ, DQ-M, and DQ-D induced developmental toxicity to zebrafish embryos. (A) Survival rates of
zebrafish larvae after 96 h exposure to different concentrations of DQ, DQ-M, and DQ-D (N=60 samples).
(B) Deformity rates of zebrafish larvae after 96 h exposure to different concentrations of DQ, DQ-M, and
DQ-D (N=60 samples). (C) Heart rates of zebrafish larvae after 96 h exposure to different concentrations of
DQ, DQ-M, and DQ-D (N=15 samples). (D) Body length of larval zebrafish after 96 h exposure to different
concentrations of DQ, DQ-M, and DQ-D (N =15 samples). Results were shown as mean + standard deviation
(SD) of at least three independent experiments (*P < 0.05, **P < 0.01 and ***P < 0.001).

no significant effects on the internal ROS levels (Fig. 3A). DQ and DQ-D posed similar effects on MDA and
GSH levels. The internal MDA levels in the DQ and DQ-D treated groups were 1.48- and 1.19-fold higher than
the control group (Fig. 3B). As to GSH levels, DQ and DQ-D promoted GSH production by 12.96% and 16.02%,

respectively (Fig. 3C). However, no significant difference was observed in the MDA and GSH levels of DQ-M
treated larvae.

Activities of enzymatic antioxidants

DQ and DQ-D also altered the activities of enzymatic antioxidants except for DQ-M (Fig. 4). For SOD activities,
DQ and DQ-D inhibited the enzyme activities by 11.15% and 14.86%, respectively. DQ and DQ-D treatments
also significantly suppressed the enzyme activity of CAT in zebrafish larvae, which were 19.70% and 17.88%
lower compared with that of the control group, respectively.

Expression levels of oxidative stress-related genes

The expression levels of oxidative stress-related genes were analyzed to monitor the response at transcriptional
level in zebrafish larvae after exposure to the target chemicals. Generally, DQ and DQ-D significantly altered
the transcription of oxidative stress-related genes, while DQ-M did not (Fig. 5). Specifically, DQ and DQ-D
enhanced the transcription of GPX by 1.19- and 1.12-fold, respectively. The expression of CAT and Mn-SOD in
zebrafish larvae were significantly inhibited with DQ treatment, which were 81.32% and 88.48%, respectively, of
the control group. DQ-D also decreased the expression of CAT and Mn-SOD by 13.09% and 15.21%, respectively.

However, none of the target chemicals significantly disturbed the transcription of GPX1a and Cu/Zn-SOD within
the test concentrations.
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Fig. 3. Contents of oxidative damage biomarkers in zebrafish larvae after 96 h exposure to 10~ M DQ, DQ-M,
and DQ-D. (A) Concentration of ROS in zebrafish larvae after 96 h exposure to 10~ M DQ, DQ-M, and DQ-
D. (B) Concentration of MDA in zebrafish larvae after 96 h exposure to 10-®* M DQ, DQ-M, and DQ-D. (C)
GSH levels in zebrafish larvae after 96 h exposure to 10-¢ M DQ, DQ-M, and DQ-D. Results were shown as the
mean + standard deviation (SD) of at least three independent experiments (N=9 samples, *P <0.05, **P <0.01
and ***P<0.001).
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Fig. 4. Activities of enzymatic antioxidants in larval zebrafish after 96 h exposure to 10~ M DQ, DQ-M, and
DQ-D. (A) Enzyme activities of SOD in larval zebrafish after 96 h exposure to 10-* M DQ, DQ-M, and DQ-D.
(B) Enzyme activities of CAT in larval zebrafish after 96 h exposure to 10-* M DQ, DQ-M, and DQ-D. Results
were shown as the mean + standard deviation (SD) of at least three independent experiments (N=9 samples,
*P<0.05, **P<0.01 and **P<0.001).

Discussion

The massive use of agrochemicals worldwide has posed serious threat to human beings and ecosystems®!. As a
non-selective, fast-acting herbicide, DQ is one of the few herbicides registered for direct application to aquatic
systems, resulting in its inevitable presence in aquatic ecosystems through various transfer processes after repeated
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Fig. 5. Expression levels of oxidative stress-related genes in larval zebrafish after 96 h exposure to 107 M DQ,
DQ-M, and DQ-D. Results were shown as the mean + standard deviation (SD) of at least three independent
experiments (N= 15 samples, *P < 0.05, **P<0.01 and ***P<0.001).

applications®®. Previous studies also have proved that DQ might maintain an integrated state in the hydrosphere
for long periods and tend to accumulate in aquatic organisms®’. Given these, the environmental levels of
DQ in aquatic systems would be quite high and would most likely to become an ecological burden to aquatic
organisms!'?. Besides, DQ undergoes degradation via abiotic processes (including chemical and photochemical
reactions) and biotic transformation processes (mediated by microorganisms, plants, or animals)*. Sufficient
researches have demonstrated that the metabolites of pesticides would pose more potent adverse effect than the
parent compounds'®~'. 1t is therefore of the utmost importance that scientists fully understand the potential
risks posed by DQ and its metabolites to aquatic organisms.

DQ has been widely used as a substitution for paraquat. Substitution, whose actual ecological risks are yet
uncertain, also poses risks when replacing a well-investigated agrochemical. The urgency of recognizing the
profound impacts of agrochemicals in the environment has aggravated as researchers have issued warnings
about the adverse outcomes by applying certain agrochemicals. As an aquatic herbicide, the potential risks posed
by DQ to non-target aquatic organisms are considerable®. The determined 96 h LC, value of DQ for rainbow
trout (Oncorhynchus mykiss) larvae (85 days post-hatch) was 9.8 mg/L'%. Similarly, the 96 h LC, value of DQ
for common carp larvae (Cyprinus carpio L.) was 50 mg/L*. Leblanc reported that the 24 h and 96 h LC, values
of DQ for mosquitofish were even up to 723 and 289 mg/L, respectively®. As a substitution for paraquat, DQ
is known to be significantly less toxic®. The 96 h LC, of paraquat for Mesopotamichthys sharpeyi and catfish
(Clarias gariepinus) were 1.49 and 1.75 mg/L, respectively*>*. In the current study, apart from the suppression
of body length by DQ at 10~ M (equivalent to 3.44 mg/L), no notable toxicity to zebrafish embryos was observed
after exposure to DQ and its metabolites at environmentally relevant levels. However, many pesticides currently
being used have uncertain effects (sub-lethal effects and conventional apical endpoints) on aquatic organisms
compared to those with well-established toxicity profiles. As a low-toxicity substitution for paraquat, DQ has
been widely applied in aquatic systems. However, the sub-lethal effects induced by DQ and its metabolite on
aquatic organisms call for further and more detailed investigation.

Oxidative stress, resulting from the imbalanced generation of ROS following exposure to contaminants,
has become an important issue in aquatic toxicology®®. ROS are produced by the physiological metabolism
of organisms and play a vital role in regulating physiological functions®. ROS levels typically increase sharply
under environmental stress and abnormal ROS levels are closely associated with pathologic changes such as
inflammation and cell death?**. Herein, ROS levels in zebrafish larvae were significantly promoted after DQ
exposure, suggesting DQ-induced oxidative stress and the possibility of significant embryonic damage. Free
radical attacks on membrane phospholipids caused by excessive ROS generation can lead to the production
of MDA, In the present study, the increased MDA levels induced by DQ and DQ-D treatments hinted the
possibility of oxidative stress. Moreover, the higher MDA levels induced by DQ were in accordance with the
higher internal ROS levels. The abnormal generation of ROS induced by contaminants could subsequently
be eliminated by antioxidant systems in organisms, including non-enzyme inhibitors (GSH) and antioxidant
enzymes (e.g. SOD and CAT)*'. GSH is known to play key role in the detoxification process by forming water-
soluble substances with contaminants to be excreted from the body*2. Therefore, GSH depletion is investigated as
an indicator of oxidative stress. Herein, DQ and DQ-D significantly increased embryonic GSH levels. Pesticides
such as diazinon and diuron have also been reported to increase GSH levels in zebrafish embryos and larvae®®. As
a free radical scavenger, GSH serves as the first line of defense against toxic chemicals and counteracts the effects
of oxidative stress*!. The increased GSH levels implied that DQ and DQ-D caused oxidative damage to zebrafish
and activated the antioxidant defense system. However, GSH levels might decrease in certain situations after
exposure to contaminants. For example, long-term exposure to fluindapyr significantly down-regulated GSH
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levels in earthworms®®. GSH levels in zebrafish increased with exposure to low concentrations of microplastics
(0.1and 1 mg/L), but decreased with exposure to higher concentration (10 mg/L)*. These might be attributed to
the suppression on detoxification process. SOD and CAT are also vital to eliminate excess ROS*!. SOD effectively
sustains the oxidative balance by converting superoxide radicals to H,0,, while CAT subsequently catalyzes
H,0, to water and oxygen to protect against the oxidative damage from ROS***. Results showed that the
enzyme activities of SOD and CAT were significantly suppressed by DQ and DQ-D. The reduction in SOD and
CAT activities suggested the compromised protective system of zebrafish larvae and the increasing susceptibility
of zebrafish larvae to DQ and DQ-D-induced oxidative damage.

Evaluating the transcription of oxidative stress-related genes can help to reflect the antioxidant capacity of
zebrafish. Cu/Zn-SOD and Mn-SOD encode two types of superoxide dismutase in eukaryocytes®®. Herein, the
enzyme activity of SOD is the integrated activity of two enzymes. The downregulated expressions of Mn-SOD
and CAT were in consistence with the suppressed enzyme activities of SOD and CAT. These findings suggested
that SOD and CAT in zebrafish larvae might be impaired by DQ and DQ-D-induced oxidative damage, and
the down-regulated expression of the corresponding encoding genes could account for the suppressed enzyme
activities. Peroxidases (GPX, GPXla) are a family of cytosolic and mitochondrial isoenzymes responsible for
the reduction of fatty acid hydroperoxides and H,0, by using of glutathione?®. It has been speculated that the
up-regulation of GPX was probably to activate antioxidant activities to eliminate free radicals induced by DQ
and DQ-D.

The profits of global agrochemical application come at the cost of their ubiquitous presence in the
environment. Abiotic and biotic transformations efficiently eliminate agrochemicals from the environment
but also trigger potentially hazardous metabolites®. Previous studies have reported the presence of various
pesticide metabolites in aquatic systems with some metabolites exhibiting more frequent detection than their
parent compounds®’. As the global consumption of agrochemicals is anticipated to keep increasing, the issue
of the ecological risks of agrochemical metabolites remains important. For instance, it has been reported that
the metabolite (4-hydroxychlorothalonil) of the fungicide chlorothalonil could induce higher lethal effects to
zebrafish embryos and had more complex endocrine-disrupting effects'®. In addition, Ji et al. reported that about
half of the tested pesticide metabolites exhibited stronger endocrine-disrupting effects than their corresponding
parent compounds'®. In the present study, DQ and its metabolites did not induce significant acute toxicity to
zebrafish embryos, but evident oxidative stress was observed after exposure to DQ and DQ-D. Oxidative stress
is closely involved in developmental toxicity during zebrafish embryogenesis*. Therefore, the aquatic herbicide
DQ and the metabolite DQ-D would inevitably pose ecological risks to aquatic organisms. Though, DQ-D-
induced sub-lethal effects were to some extent lower than those induced by DQ. However, pesticide metabolites
can achieve higher concentrations due to the bioaccumulation process in the terrestrial food chain. Therefore,
even though the initial effects of pesticide metabolites are typically lowered, they may still be a highly relevant
issue of concern®.

Conclusion

Overall, our study demonstrated that despite the low acute toxicity as paraquat substitution, DQ and its
metabolite (DQ-D) still posed oxidative stress to zebrafish larvae by increasing oxidative contents and suppressing
antioxidative enzymes, which would induce unavoidable ecological risks to non-target aquatic organisms. Data
presented here remind us that there are still room for considerable perfection in agrochemical regulation and
related policy-making.

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.
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