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ABSTRACT Dimethachlor is a synthetic herbicide, belonging to the chloroacetanilide
group, that inhibits the undesirable growth of weeds via the suppression of very longchain fatty acid synthesis. Although dimethachlor has been shown to run off from
agricultural fields into aquatic ecosystems, the toxicity of dimethachlor on aquatic
invertebrates and vertebrates is unknown. In our study, we assessed the toxicity of
dimethachlor on developing zebrafish embryos by analyzing viability, hatching ability,
and phenotypic changes. Embryonic viability decreased from 48 h post-fertilization (hpf)
at the highest concentration of dimethachlor. Decreased hatching ratio, shortened
body length, and pathological changes in the eye, heart, and yolk sac were observed
at sub-lethal concentrations. Additionally, dimethachlor increased the number of
apoptotic cells and level of reactive oxygen species 120 hpf. Our results indicate that
dimethachlor may act as an anti-developmental toxicant when accumulated in an
aquatic environment.
Keywords: agriculture, apoptosis, embryonic structures, reactive oxygen species,
zebrafish

INTRODUCTION

have caused environmental pollution by leaching. For
example, other chloroacetanilides, such as acetochlor,

Dimethachlor is a chloroacetanilide herbicide that in-

alachlor, and metolachlor, are detectable in surface water

terferes with the synthesis of very long-chain fatty acids

samples from rivers and streams (Battaglin et al., 2000). In

(VLCFAs) in target plants (Yang et al., 2010). Because VL-

the case of dimethachlor, its water solubility is 2,300 mg/

CFAs are important lipid components in seeds and surface

L; thus, a large amount of dimethachlor dissolves in water

covering materials, such as plant waxes (von Wettstein-

(Lewis et al., 2016). As the exposure of aquatic ecosys-

Knowles, 1993; Cassagne et al., 1994), compounds of the

tems to dimethachlor is highly probable because dissolved

chloroacetanilide family have been used in crop produc-

herbicides can leach with water flow (Ferreira Mendes et

tion for more than 50 years (Junghans et al., 2003). Al-

al., 2020), it is necessary to identify whether dimethachlor

though these herbicides effectively increase agricultural

has a harmful effect on aquatic organisms.

productivity via the regulation of unwanted weeds, they

To examine the potential risk of a pollutant to aquatic
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organisms, the zebrafish (Danio rerio ) is a widely utilized model organism owing to its high convenience. The

Evaluation of morphological changes in zebrafish
embryos

high fecundity of zebrafish enables the cheap, rapid, and

Viability, hatching, and morphological changes of em-

large-scale toxicity assessment of acute and chronic ex-

bryos in response to dimethachlor exposure were ob-

posure to chemicals (He et al., 2014). Additionally, this

served under a LEICA DM 2500 microscope (Leica, Ger-

model is used for developmental studies because zebraf-

many). Total body length and the relative size of the eye,

ish embryos develop outside the maternal body and are

yolk sac, and pericardial edema were quantified using

transparent (McCollum et al., 2011). For example, zebraf-

ImageJ software (NIH, USA).

ish embryos have been used to test the toxicity of butachlor, which is in the chloroacetanilide family. Butachlor

Detection of apoptotic cells in zebrafish embryos

exerts developmental toxicity via interference with the

The presence of apoptotic cells in zebrafish embryos

endocrine and immune systems in the embryonic stage (Tu

was investigated after 120 h of exposure to dimethachlor.

et al., 2013).
In this study, we used zebrafish embryos to determine

We added 5 μg/mL acridine orange (AO; Cat No. A3568,
Life Technologies, USA) to dimethachlor-treated media

whether dimethachlor affects embryonic development.

and incubated with embryos at 28℃ for 1 h. Then, the

We analyzed changes in the viability, hatching, and or-

AO-stained embryos were washed twice and anesthetized.

ganogenesis of zebrafish embryos following dimethachlor

Images of apoptotic cells in embryos were captured un-

exposure. Additionally, to elucidate the molecular mecha-

der the green fluorescent protein channel of an upright

nism of that induces developmental toxicity by dimetha-

fluorescence microscope (ZEISS, Germany). The number

chlor, we observed apoptosis and reactive oxygen species

of apoptotic cells was determined using ImageJ software

(ROS) generation in zebrafish embryos. In summary, our

(NIH, USA).

research shows the toxicity of dimethachlor, which increases mortality in zebrafish embryos and suppresses
normal organ development at non-lethal concentrations.

MATERIALS AND METHODS

Analysis of ROS production in zebrafish embryos
The generation of ROS was investigated after 120 h of
exposure to dimethachlor. We added 20 μg/mL dichlorodihydro-fluorescein diacetate (DCFH-DA) to dimethachlor-treated media and incubated with embryos at 28℃

Acquisition of embryos and chemical treatment

for 1 h. After incubation, embryos stained with DCFH-DA

Wild-type (AB strain) zebrafish, obtained from the Ze-

were washed and anesthetized. ROS production was vi-

brafish Center for Disease Modeling (KNRRC, Chungnam

sualized by green fluorescence, detected using an upright

National University, Korea), were utilized for the acquisi-

fluorescence microscope (ZEISS, Germany), and measured

tion of zebrafish embryos. Parent zebrafish were main-

using ImageJ software (NIH, USA).

tained at 28.5℃ in a UV-filtered water system with 12 h
light and dark cycles as described in a previous study (Park

Statistical analysis

et al., 2020). To obtain zebrafish eggs, a pair of parent

Analysis of variance, using the general linear model

zebrafish were incubated in a spawning box overnight

in the Statistical Analysis System software (SAS Institute,

and eggs were laid the next morning after the application

USA), was used to evaluate the significance of data. p -

of a light stimulus. We washed fertilized eggs twice with

values < 0.05 were considered statistically significant. All

an embryo medium and maintained the eggs in a 28℃

experimental data are displayed as means with standard

incubator before chemical treatment. For chemical expo-

deviations.

sure, dimethachlor (Cat No. 45447, Sigma Aldrich, USA)
was dissolved in 0.003% phenylthiourea to avoid pigmen-

RESULTS

tation, which would interfere with the precise detection
of the embryo. Embryos exposed to dimethyl sulfoxide
(DMSO) were used as a solvent control because the dimethachlor stock was diluted in DMSO.

Dimethachlor exerted toxic effects during zebrafish
embryo development
First, we confirmed the viability of zebrafish embryos at
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various concentrations and exposure times of dimetha-

(3.95 ± 0.1 mm) was significantly higher than that in the

chlor (Fig. 1A). The survival rate of embryos was less than

50 μM dimethachlor group (3.61 ± 0.17 mm; p < 0.001),
whereas there was no significant difference between the

20% 48 h post-fertilization (hpf) at 100 μM and 72 hpf
at 75 μM. Embryos treated with dimethachlor (50 μM)

control and 25 μM dimethachlor groups (Fig. 1D).

showed a 70% survival rate 120 hpf. Furthermore, dimethachlor was toxic even below the lethal concentration.
At 48, 72, and 96 hpf, 50 μM dimethachlor-treated eggs
showed a significantly lower hatching ratio than vehicle-

Dimethachlor impaired normal zebrafish
embryogenesis
Next, the effects of dimethachlor on each organ were

treated eggs (p < 0.05, p < 0.01; Fig. 1B). Morphological

analyzed by monitoring the morphological alterations

alterations in response to dimethachlor are shown in Fig.

of the embryo 120 hpf. We analyzed the developmental

1C. The average body length in the solvent control group

impairments of dimethachlor on the embryo based on

0 M
25 M
50 M
75 M
100 M

A

120

60
40

***

20

Hatching ratio (%)

100

***

80

0 M
25 M
50 M
120

*

100

Viability (%)

B

***

80
60
40
20

0

0
24

48

72

96

120

48

Hours post fertilization

C

**

**
*

Danio rerio (120 hpf)

72

96

Hours post fertilization

D

0

4.2

Body length (mm)

25

Dimethachlor (M)

4.0

***

3.8
3.6
3.4

50

3.2
3.0
0

25

50

Dimethachlor (M)

Fig. 1. Adverse effects of dimethachlor on embryo development of zebrafish. (A) Average viability of zebrafish embryos decreased in a

dose-dependent and time-dependent manner following dimethachlor exposure. (B) Daily number of hatched eggs between 48 hpf and 96
hpf at each concentration. (C) Representative bright-field images of overall phenotypic change, captured by LEICA DM 2500. Scale bar:
500 μm. (D) Total body length was quantified using “Length” in ImageJ software, p -values that indicate significant differences: *p < 0.05,
**p < 0.01, and ***p < 0.001.
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Fig. 2. Phenotypic change of embryos exposed to dimethachlor 120 hpf. (A) Magnified images of specific regions show abnormalities in response to different concentrations of dimethachlor. Area of eye (B), pericardiac edema (C), and yolk sac (D) was measured using “Area” in
ImageJ software and is displayed as a percentage relative to the solvent group. Scale bar: 500 μm, p -value that indicates significant difference: ***p < 0.001.
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Fig. 3. Detection of apoptotic cells in dimethachlor-exposed embryos. (A) Apoptosis was highly elevated in the posterior region. Each green

dot, indicated by white arrows, represents an apoptotic cell. Scale bar: 500 μm. (B) Number of apoptotic cells was measured using “Find
Maxima” in ImageJ software, p -value that indicates significant difference: ***p < 0.001.

changes to the eye, heart, and yolk sac (Fig. 2A). Eye deformation was observed in the 25 μM dimethachlor group
(p < 0.001); the size of the eye was 84% and 72% lesser in

Dimethachlor induced apoptosis and ROS in zebrafish
embryos
To clarify the underlying mechanisms of developmental

the 25 μM and 50 μM dimethachlor groups, respectively,
than that in the solvent control group (Fig. 2B). More-

suppression by dimethachlor, zebrafish embryos were

over, the cardiotoxicity of dimethachlor was confirmed

totic cells, visualized with green dots, was highest in the

by measuring the size of the pericardial edema (Fig. 2C).

posterior region of dimethachlor-exposed embryos (Fig.

When exposed to 50 μM dimethachlor, the pericardial
edema was twice the size of that in the solvent control

3A), not markedly highlighted in the anterior body (data

group (p < 0.001). Furthermore, the relative area of the

control group (15.25 ± 6.13) was more than 1.5- and 4.0-

yolk sac was approximately 180% higher in the 50 μM dimethachlor group than that in the solvent control group

fold lower than that in the 25 μM and 50 μM dimethachlor
groups, respectively (Fig. 3B). Furthermore, we observed

stained with AO fluorescent dye. The number of apop-

not shown). The number of apoptotic cells in the solvent

(p < 0.001, Fig. 2D). Taken together, these results indicate

organ malformation in eye, heart and yolk sac in the

that dimethachlor disrupts normal organ development in

previous results. Because induction of oxidative stress

the early stage of zebrafish development.

is a major cause of organ malformation, we monitored
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ROS levels in this region. The levels of ROS increased in a

hpf. Furthermore, dimethachlor also reduced hatching

concentration-dependent manner in the anterior region

ability. Normally, zebrafish embryos hatch from the cho-

of dimethachlor-exposed embryos (Fig. 4A). The level of

rion within 48-72 hpf by enzymatic processes and spon-

ROS, indicated by the relative green intensity of DCFH-

taneous movements (Kimmel et al., 1995; Capriello et al.,

DA-stained cells, was 164 ± 32% higher in the 25 μM
dimethachlor group and 252 ± 68% higher in the 50 μM

2019). Therefore, decrease in hatching ratio and delayed

dimethachlor group than that in the solvent control group

velopmental toxicity (Chakraborty et al., 2016; Chahard-

(Fig. 4B). These experiments indicate that the embryotoxicity of dimethachlor is mediated by apoptosis and oxida-

ehi et al., 2020). Zebrafish eggs exposed to 25 μM and 50
μM dimethachlor showed decrease in hatching ability,

tive stress.

suggests that dimethachlor also negatively affected em-

time of hatching is one of the criteria to estimate the de-

bryogenesis at sub-lethal concentrations.

DISCUSSION

Additionally, dimethachlor-exposed embryos displayed
abnormal phenotypic transformation, such as a shortened

Dimethachlor, a chloroacetanilide, selectively exerts

body length, decreased eye size, pericardial edema, and

herbicidal activity on pre-emergent weeds via the in-

increased yolk sac size, that are common characteristics

hibition of FA synthesis (Yang et al., 2010). Because of

in response to toxic substances. First, decreased eye size

its high-water solubility, dimethachlor has the potential

is a representative phenotypic change related to extensive

to unintentionally contaminate the water environment.

eye malformations such as growth retardation of eye and

However, few studies have investigated the non-target

irregular cell death in retinal region during ocular devel-

toxicity of dimethachlor, especially on aquatic organisms.

opment (Malicki et al., 1996). For example, deformation

For this reason, we evaluated the toxicity of dimethachlor

of retinal structure induced by apoptosis in phenanthrene

by analyzing the viability, hatching ability, and morpho-

exposed embryos accompanied with alteration of eye di-

logical alteration of zebrafish embryos. We showed that

ameter (Huang et al., 2013). Pericardiac edema is a repre-

dimethachlor disrupts normal developmental processes

sentative indicator of cardiotoxicity, usually accompanied

via the induction of apoptosis and ROS production.

by an irregular heart rate and deformation of the heart

First, dimethachlor showed acute lethal toxicity. At a

and circulatory system (Liang et al., 2016; Zakaria et al.,

concentration of 100 μM, the death of zebrafish embryos
was observed from 48 hpf and 100% of embryos died 72

2018). The yolk sac is the storehouse of proteins and lip-
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Fig. 4. Detection of ROS in dimethachlor-exposed embryos. (A) ROS levels increased in the anterior region. White arrows indicate regions

where ROS levels markedly increased. Scale bar: 500 μm. (B) Green fluorescence intensity of DCFH-DA was quantified using “RawIntDen”
in ImageJ software and is displayed as a percentage relative to the solvent group. p -values that indicate significant differences: **p < 0.01
and ***p < 0.001. DCFH-DA, dichloro-dihydro-fluorescein diacetate; ROS, reactive oxygen species.
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embryo development before the uptake of external feed.

and its mechanisms in zebrafish embryos.

Therefore, an enlarged yolk sac generally indicates that
the yolk sac is not functioning properly (Sant and Timme-
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