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Introduction

The overuse of chemical pesticides for improving agricultural 
productivity has created numerous problems, including the de-
struction of natural ecosystems and pesticide-tolerant diseases 
and insect pests. In addition, there has been increased interest in 
improving the quality of life by using eco-friendly agricultural 
products. Recently, in Organization for Economic Cooperation 
and Development (OECD) countries, including South Korea, 
the use of chemical pesticides and fertilizers has decreased and 

eco-friendly agricultural businesses have been increasingly pro-
moted, while interest in bio-pesticides is increasing. As a result, 
bio-pesticides using eco-friendly, plant-derived ingredients 
showing broad insecticidal effects with minimal damage to the 
environment have been increasingly developed. Further, eco-
friendly pesticides with plant extracts are used as insecticides, 
insect repellents, and anti-feedants; they target specific diseases 
or insect pests and cause minimal harm to birds, insects, and 
mammals, such as humans, and thus, are useful as insect repel-
lants. In addition, even if used in an open field, they decompose 
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quickly, thereby minimizing the risk of environmental pollution 
or residual toxicity [1]. Plant-derived insecticidal substances 
were first commercialized about 160 years ago. Currently, more 
than 150 related products are produced and sold in 39 countries, 
and the manufacture of such products is expected to increase 
[2]. The research institute involved in the present joint research, 
Environment and Future Ltd., has developed and been selling a 
bio-pesticide (SSAGRI; Nature & Future, Gokseong, Korea) 
with camphor extracted from camphor trees as the major ingre-
dient. Eco-friendly bio-pesticides supposedly differ in their de-
gree of influence according to the chemical structure of the ex-
tract and toxicity expression mechanism and in their toxicity 
and susceptibility according to the type of pesticide and the type 
of organism that is influenced [3,4]. In the “Rural Development 
Administration’s Bio-pesticide Registration Standard and As-
sessment Method,” the regulatory authorities for the registration 
and management of pesticides demand that additional toxicity 
data for aquatic organisms be included, along with Daphnia 
magna (D. magna) toxicity assessment results, for pesticides that 
are considered the most hazardous, to reduce the uncertainty of 
predictions of ecosystem effects because of differences in sus-
ceptibility based on the type of pesticide and organism.

Thus, in the present research, the toxicities to D. magna and 
Danio rerio (D. rerio) were assessed. D. rerio is relatively easy to 
rear, affordable to maintain, and produces 200-300 embryos in a 
single external fertilization, and therefore, are appropriate for 
toxicity assessment [5]. In addition, the assessment period was 
set to 96 hours, allowing quick derivation of toxicity results. 
Moreover, they are commonly used in medical fields as the 
DNA concordance rate with humans is nearly 90%.

In the present research, the acute toxicity of camphor, which is 
one of the major ingredients of bio-pesticides, was assessed as 
the median lethal concentration (LC50) by using the median ef-
fective concentration (EC50) for killing and immobilization of 
water fleas and juvenile D. rerio and its embryos. Additionally, 
simple lethality offers a limit to assessing the effect of toxicity by 
determining the degree of toxicity. To assess the influence of the 
major ingredients of pesticides on the morphologies of different 
organisms, a fish embryo toxicity test [5] was conducted in ad-
dition to the existing toxicity assessment method. For measur-
ing the toxicity in the most sensitive species, the no observed ef-
fect concentration (NOEC) and predicted no effect concentra-
tion (PNEC) [6] were derived from the acute toxicity assess-
ment results for the two study species, which would provide the 
stable concentration range for the ecosystem. The results will al-
low the ecosystem toxicity effect of the plant extracts to be as-
sessed ahead of the development of eco-friendly pesticides with 
plant-derived extracts. Further, this would be helpful for setting 

a usage standard within the stable range.

Materials and Methods

Structure and Physiochemical Characteristics of 
Camphor

Camphor (Sigma-Aldrich Co., Louis, MO, USA; GC level), 
extracted from Cinnamomum camphora, has a molecular 
weight of 152.23, octanol-water partition coefficient of 2.38, 
and a low water solubility but high solubility in ethanol. The 
structure is shown in Figure 1. The concentration of camphor 
reagent used in the present research is ≥ 95.0%.

Rearing Conditions of Target Species for Toxicity 
Assessment

D. magna
D. magna was distributed from a chemical toxicity research in-

stitute and was cultured in accordance with OECD test guide-
line 202 [7]. The rearing condition was set to pH 7.5 ± 0.2, tem-
perature of 20 ± 1°C and photoperiod of 16:8-hour light/dark 
(L/D). For food, 7-10 × 107 cells/L of Chlorella vulgaris was 
provided every day. Rearing water was changed 3 times a week, 
and the number of female parents was set to 10/L. 

D. rerio 
The D. rerio used in acute fish toxicity assessment was distrib-

uted from Kyungpook National University. Rearing conditions 
were set to a temperature of 28 ± 1°C and photoperiod of 16:8-
hour L/D; rearing water was dissolved with 0.065 g/L of sodium 
bicarbonate (Daejung Chemicals & Metals Co., Ltd., Siheung, 
Korea; extra pure level), and the pH was set to pH 7.5 ± 0.2 with 
12% sodium phosphate monobasic anhydrous (Daejung Chem-
icals & Metals) solution, while the conductivity was set to 0.39-

Figure 1. Chemical structure of camphor.
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0.43 mS/cm with 0.16 g/L of sea salt (Aquarium Systems, 
France). As for food, small tropical fish feed (Guppy BOb; Jeil 
Feed Co., Ltd., Daejeon, Korea) was provided 3 times a day, and 
Ocean Star International Brine Shrimp (Snowville, UT, USA) 
was provided once a week. 

Toxicity Assessment Method

Preparation of toxicity substance
Camphor was dissolved using ethanol (Junsei Chemical Co., 

Tokyo, Japan; extra pure level) as a volatile essential oil of the 
plant. Then, 3.125 g of camphor was taken and dissolved in the 
ethanol and standardized to a total of 50 mL to prepare a 0.395 
M of stock solution. In order to turn this crude liquid into a con-
centration for the actual experiment, the liquid was diluted with 
rearing water before using it. 

Acute toxicity assessment of D. magna
The D. magna used in the test were young, healthy individuals 

aged less than 24 hours. Camphor was prepared in concentra-
tions beakers of 49.4, 98.8, 197.5, 395.0, and 790.0 μM; 10 D. 
magna were put into each concentration beakers. In addition, 
during the experimental period, oxygen and food were not pro-
vided, and death and immobilization between 24 and 48 hours 
were observed. Every experiment was repeated three times, and 
SigmaPlot 12.0 (Systat Software Inc., San Jose, CA, USA) was 
used for statistical evaluations.

Egg production of D. rerio
During spawning, male and female D. rerio are easily distin-

guishable, because male D. rerio have an orange body with a sil-
ver belt whereas female D. rerio have a red body and swollen ab-
domen.

The night before the spawning, male and female D. rerio in a 
2:1 ratio were transferred to the darkened mating cage. During 
the copulation, spawning, and fertilization, light was emitted 
and eggs were produced within 30 minutes. D. rerio tends to eat 
their eggs; hence, and the adults were separated from the eggs 
[8]. The collected eggs were washed with methylene blue solu-
tion and egg water. The fertilized and unfertilized eggs were 
separated using an optical microscope (Eclipse E200; Nikon, 
Tokyo, Japan), and only the fertilized eggs were used for further 
observations.

Acute toxicity assessment and embryo toxicity assessment of 
D. rerio

Camphor was prepared in 395, 790, 1,580, 3,160, and 6,320 
μM concentrations by diluting with the D. rerio rearing water. 

Then, 2.5 mL of camphor was put in each concentration in 24-
well plates, and three sets of experiments were repeated 10 
times. During the test, the temperature was set to 28 ± 1°C, pH 
was set to 7.5 ± 0.2, conductivity was set to 0.4 mS/cm, and 
photoperiod was set to 16/8-hour L/D. Individuals that died or 
showed morphological abnormalities were observed with a mi-
croscope and numbered within 0-96 hours, for every 24 hours, 
and statistical analyses were carried out through SigmaPlot. Em-
bryo toxicity was assessed with 30 replicates per concentration, 
and the incidents of every abnormality were cumulatively re-
corded and expressed as a percentage. As there were cases where 
multiple incidents occurred for a single embryo, the total 
amount could be over 100%.

Estimation of No Observed Effect Concentration and 
Predicted No Effect Concentration 

If only limited toxicity data were obtained from the toxicity as-
sessment of chemical substances in the OECD, a constant as-
sessment factor was used in each extrapolation stage to predict 
the PNEC of the ecosystem. The acute toxicity assessment re-
sults for the two species of subject organisms were adjusted to a 
constant assessment factor of 100 to derive the PNEC and 
NOEC [6,9]. 

Results

Acute Toxicity Assessment of D. magna 

For D. magna, there was no death or immobilization at a con-
centration below 49.4 μM after 48 hours, but immobilization be-
gan at concentrations over 98.8 μM. The survival rate at 48 hour 
at the highest concentration of  790.0 μM (Figure 2A) was 33.3%. 
In the material safety data sheet of ethanol used as a solvent, the 
toxicity effect is described as that could be neglected at concen-
trations below 0.63%. The 790.0 μM camphor concentration in 
the present research contains 0.188% ethanol, and thus, is within 
the stable range as a solvent. In the experimental results, the mor-
tality of  D. magna at this ethanol concentration was 10%, which 
corresponds to the standard OECD guideline 202 [7] of limiting 
the effect to the control group to 10%, and thus, the toxicity ef-
fect of the ethanol can be ignored. As to the acute toxicity assess-
ment result of D. magna for camphor, the EC50 value was 395.0 
μM after 48 hours of exposure (Figure 2A).

Acute Toxic Assessment of  D. rerio Embryos 

For D. rerio embryos, the survival rate rapidly decreased within 
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the range of 395–1,580 μM after 96 hours, and above 1,580 μM, 
the lethality was 100%. To exclude the toxicity of the solvent, 
the effect of the ethanol in each concentration was assessed as 
well. According to the study of Duan et al. [10], where ethanol 
up to 0.1% is present in a solvent, there was no toxicity effect on 
the fertilized eggs of D. rerio. However, according to the present 
research, although there was a concentration of 1.5% ethanol for 
6,320 μM of camphor, 15 times higher than 0.1%, the fertilized 
eggs of D. rerio had 100% survival. Thus, the effect of ethanol 
solvent toxicity on the D. rerio embryos can be excluded. The 
LC50 of camphor at 96 hours for the D. rerio embryo was 838.6 
μM (Figure 2B).

Effects of Elapsed Time on Fertilized Eggs of D. rerio 

Twenty-four hours after fertilization
D. rerio embryos were absorbed inside the egg membrane at 24 

hours after the fertilization after the egg membrane was de-
stroyed due to camphor exposure, and congelation (C) occurred 
at every concentration. Once the embryo of the fertilized egg 
was congealed, development did not proceed further and the 
embryo died. The morphological abnormalities of D. rerio with-
in 24 hours after fertilization are shown in Figure 3 and Table 1.

Forty-eight hours after fertilization
At 395 μM at 48 hourrs after fertilization, there was 10.0% C 

and 3.3% pericardial edema (PE); at 790 μM, there was 20% C, 
23.3% yolk sac edema (YSE), and 20% PE; and at 1,580 μM, 
there was 60% C, 40% YSE, 40% PE, and 30% pigmentation (P) 
(Figure 3, Table 1).

Seventy-two hours after fertilization
At 395 μM at 72 hours after fertilization, there was 10.0% C, 

3.3% YSE, 3.3% PE, and 6.7% bent spine (BS); at 790 μM, there 
was 20% C, 26.7% YSE, 23.3% PE, and 3.3% BS; and at 1,580 
μM, there was 60% C, 40% YSE, 40% PE, 16.7% P, and 3.3% 
head edema (HE) (Figure 3, Table 1).

Ninety-six hours after fertilization
At 395 μM at 96 hours after fertilization, there was 10.0% C, 

6.7% YSE, 3.3% PE, 16.7% BS, and 6.7% abnormalities where 
the form of the fertilized egg tissue showed symptoms of fertil-
ized embryo tissue collapse (NF). At 790 μM, there was 20% C, 
26.7% YSE, 26.7% PE, 3.3% BS, 16.7% ocular defects (OD), 
and 26.7% NF. At 1,580 μM, there was 70% C, 40% YSE, 40% 
PE, 3.3% BS, 3.3% bent tail (BT), 3.3% HE, 26.7% OD, and 
30% NF (Figure 3, Table 1). 

Morphological abnormality changes with concentration and 
time

Based on the observed abnormality rates within 96 hours after 
fertilization, morphological abnormalities in D. rerio embryo 
development increased as camphor concentration increased. 
Bent spine was found in 6.7% and 3.3% of embryos at 395 and 
790 μM, respectively, and the occurrence rate appeared to be 
two times higher at low concentrations. When D. rerio embryos 
were exposed to camphor in high concentrations, the spine was 
formed; thus, C occurs largely within 24 hours, before the gen-
eration of BS incidents, eventually causing a high occurrence of 
BS incidents at low concentration (Figures 3 and 5, Table 1). In 
other words, when D. rerio embryos are exposed to camphor at 
high concentrations, they cannot go through a normal develop-

A B

Figure 2. Acute toxicity of camphor to D. magna (A) and D. rerio embryos (B) at 96 hr (n=30). EC50, median effective concentration; LC50, median lethal con-
centration.
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ment process and show strong toxicity from going through C at 
an early stage. The major toxicity-related symptoms of people 
exposed to camphor are neurasthenia, excessive muscle reflex, 
myotonic myopathy, dyspnea, seizure, and even death in the 
case of an oral administration to a child [11]. After inferring the 
effects to D. rerio embryos based on the symptoms, it is deemed 
that BS occurred as the muscle contracted due to the effect of 
camphor on the muscle.

Change in the congelation rate
The C rate of fertilized eggs up to 24 hours increased at every 

concentration except 1,580 μM, and starting at 48 hours, it 
stayed consistent. In particular, at concentrations of 3,160 and 
6,320 μM, strong toxicity was displayed, with 100% C occurring 
after 24 hours. Also, at every concentration except for 1,580 μM, 
the level was maintained consistently even as time passed (Fig-
ure 4A). 
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concentration, morphological abnormalities such as C, YSE, 
PE, P, and HE occurred, showing incubation delays until 72 
hours, and, at 96 hours, abnormalities such as C and symptoms 
of fertilized embryo tissue collapse occurred and embryos final-
ly died. At concentrations over 3,160 μM, 100% C occurred by 
24 hours, and all subjects died before getting to incubation. 

Safe application concentration of bio-pesticide
D. magna, which showed the most susceptive reaction to cam-

phor, had a NOEC of 55.2 μM (7,156 times more diluted water 
than bio-pesticide), and a PNEC of 3.95 μM (100,000 times 
more diluted water than bio-pesticide) by applying an uncer-
tainty assessment factor of 100 to the EC50 (395 μM) of D. mag-
na [6]. Thus, the bio-pesticide at a concentration range of 500-
1,000 times would toxicity affect the ecosystem in the region 
where it is directly applied.

Discussion

From assessing the acute toxicity of camphor with two types 
of organisms, the 48 hours EC50 for D. magna was found to be 
395.0 μM (1,000 times more diluted water than bio-pesticide), 
and at 96 hours the LC50 for fertilized eggs of D. rerio was 838.6 
μM (471 times more diluted water than bio-pesticide).

There were additional incidents of morphological abnormali-
ties in fertilized eggs of D. rerio. The frequency of congelation 
increased with increasing concentration at 24 hours, and was 
constant at 48 hours. The reason for congelation has not been 
confirmed, but as C occurred at a high rate at 24 hours, which is 
the period of the completion of organs in the embryo, and then 
stayed constant at every concentration except for 1,580 μM, 
camphor appears to cause C in early embryo development. Fur-
thermore, hatching delays, YSE, PE, P, etc. were observed in un-
fertilized eggs where C had not occurred. At 72 hours after fer-
tilization, BS and HE occurred, and at 96 hours, BS, ocular de-
fects, and abnormalities of the form of the fertilized egg tissue 
going through symptoms of fertilized embryo tissue collapse 
were observed. At the present stage, the reason for the occur-
rence of edema has not been revealed, but it is deemed that P 
occurred because the D. rerio turned opaque due to delay in the 
generation of melanocytes in the embryo [12]. 

D. magna, which showed susceptibility to camphor, had a 
NOEC of 55.2 μM (7,156 times more diluted water than bio-
pesticide), and a PNEC assessed to be 3.95 μM (100,000 times 
more diluted water than bio-pesticide). As the results correspond 
to the EC50 value of camphor, the onsite application concentra-
tion, which is a 1,000-fold dilution ratio (395.0 μM), appeared to 
show local toxicity during onsite application. In the actual envi-

ronment, however, the concentration appears to exist below the 
PNEC due to soil infiltration, decomposition by microorgan-
isms, and excellent dilution effects. In addition, since a bio-pesti-
cide is an eco-friendly substance existing in the natural world as a 
plant extract-derived compound, it is predicted that the actual 
situation would not necessarily correspond to the experimental 
results. Observation through more sustainable environment 
monitoring of bio-pesticide use will be necessary to be certain of 
the effects on the ecosystem. Some studies of ecotoxicity assess-
ment have used the entire life cycle of the organism through 
acute, subchronic, and chronic tests, but a previous study report-
ed that the chronic toxicity threshold concentration obtained 
through susceptibility test results for the early life stage is not ma-
jorly different from the toxicity value calculated from the entire 
life toxicity test result [6]. As such, through the ecotoxicity as-
sessment at the early development stage of D. rerio within 96 
hours, the ecosystem toxicity effect could be quickly assessed.
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