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in the comet length and olive tail moment at all concentrations of both pesticides, either used alone or as mixture, 
in whole exposure period, thus suggesting that pesticides exposure did not cause genetic toxicity (DNA damage) 
in the earthworms.

It is noted that we don’t have any information about the mode of action (additivity, synergy, and antagonism) 
of pesticides mixture in chronic toxicity experiment, therefore, we are unable to provide any logical explanation 
why pesticides mixture failed to induce initially assumed effect on earthworms. According to Hernández et al.37, 
interaction of pesticides to organisms does not occur in combined toxicity when the concentration was at or 
below adverse effect level. Therefore, the results from pesticides mixture experiment may be attributed to low con-
centrations used in this study. Actually, the concentrations of both pesticides adopted in this study were relatively 
higher than initial residues of TBM and TEB in natural soils reported by previous studies which reported that 
initial concentrations of TBM and TEB in soils under field conditions were about 0.3 and 0.7 mg kg−1 at 1.5 times 
of recommended dosage42,45. Thus, based on the results of this study, we suggest that both pesticides either alone 
as mixture in wheat rhizosphere are safe and acceptable if used in field at the recommended dose unless otherwise 
their ecological concerns are properly addressed with respect to other soil biota.

Methods
Pesticides and earthworm. Both pesticides TBM (purity 95.6%) and TEB (purity 97.5%) were of analytical 
grade and obtained from Hansen Biologic Science Co., Ltd., Qingdao, China. The earthworm E. fetida (weigh-
ing between 350 and 500 mg) with well-developed clitella was purchased from an earthworm culturing farm in 
Qingdao, China. The earthworms were maintained in the natural soil (mixed 5‰ decomposed cattle manure, 
35% of moisture) at 20 ± 1 °C for at least two weeks prior to use in the experiments. Before toxicity experiments, 
earthworms were incubated for 24 h on moist filter paper at 20 ± 1 °C in the dark to empty their gut contents.

Acute toxicity test on E. fetida. Both contact filter paper and artificial soil tests were performed following 
the OECD guideline31. For contact filter paper test, a 9 cm Petri dish was lined with a piece of filter paper without 
overlapping. The pesticides used alone or as mixture were dissolved in acetone and loaded on the filter paper 
(2 mL solution per dish). The control treatments were also run in parallel with acetone only. After the acetone was 
evaporated in an airing chamber, filter was remoistened with 2 mL of distilled water. One earthworm was placed 
on the dish, and each dish was covered with plastic lid with small holes and incubated in the dark at 20 ± 1 °C. 
The mortality was recorded on 24 and 48 h. Ten earthworms were set for each treatment. In the artificial soil test, 
soil consisted of 70% quartz sand, 20% kaolin clay, 10% sphagnum peat. We added a small amount of calcium 
carbonate to adjust soil pH at 6.0 ± 0.5 whereas distilled water was added to adjust the water content to 35%. 

Figure 3. Effects of tribenuron-methyl (A), tebuconazole (B), and mixture of both pesticides (C) on cellulase 
activity in E. fetida. Each column represents the mean of three replicates, and the error bars represent the 
standard deviations (SD). Different letters above bars are significantly different at the confidence level of 0.05 
between treatments at the same time.
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About five-hundred grams of artificial soil were added into 1 L glass beaker, and the desired amount of pesticide 
solutions was thoroughly mixed into soil to allow a homogeneous distribution of the pesticides. Ten earthworms 
were placed into each beaker and were covered with plastic lid with small holes to allow aeration. The control 
soil treatments were prepared similarly but macrocosms contained only solvent. Each treatment was performed 
in three beakers. The earthworms were incubated at 20 ± 1 °C in a 12:12 h light-dark regime. The mortality was 
monitored on day 7 and 14 after application.

In each toxicity test, preliminary experiments were conducted to determine the range of concentrations that 
resulted in 0–100% mortality for each pesticide. Then, six test concentrations in a geometric series and a control 
were used to obtain the LC50 value of each pesticide. The combined toxicity of TBM and TEB were conducted at 
an equal-toxic ratio (1:1) based on the observed LC50 values, and the test method was same to the single acute 
toxicity test.

Biochemical assays. The exposed concentrations were according to LC50 of acute toxicity of artificial soil 
test on day 14. For individual toxicity, the concentrations of TBM were set as 0 (Control), 0.025 LC50 (13 mg kg−1), 
0.05 LC50 (26 mg kg−1), and 0.1 LC50 (52 mg kg−1), and the concentrations of TEB were set as 0 (Control), 0.025 
LC50 (7 mg kg−1), 0.05 LC50 (14 mg kg−1), and 0.1 LC50 (28 mg kg−1). The concentrations of join toxicity of TBM 
and TEB were also conducted at an equal-toxic ratio (1:1) and were set as 0 (Control), 0.025 LC50, 0.05 LC50, 
and 0.1 LC50. But in this section, natural soil was used as natural habitat of the earthworms. The natural soil was 
collected from the surface (0–20 cm) in a Peony Garden (with no history of pesticide application) located in 
Qingdao Agricultural University, China. Its chemical properties were: pH 6.8, organic matter 25.3 g kg−1, avail-
able nitrogen 143 mg kg−1, available phosphorus 32 mg kg−1, and available potassium 168 mg kg−1. The exposed 
method of earthworm was same to acute toxicity of artificial soil test. Each treatment was in triplicate. After 3, 
7, 14, 21, and 28 days of exposure, two earthworms were collected from each soil and rinsed with distilled water 
and then placed on the petri dish with moistened filter paper to purge their gut contents for 24 h. The gut-cleaned 
earthworms were transferred into a pre-chilled vitreous tissue homogenizer with 5 ml homogenization buffer 
(50 mM Tris pH 7.5, 250 mM sucrose, 1 mM DTT, and 1 mM EDTA). The homogenates were centrifuged at 4 °C 
for 20 min at 9000 g. The supernatants were collected to determine the enzyme activity, malondialdehyde (MDA), 
and protein content.

The protein concentration in supernatants was determined using dye-binding method described by 
Bradford46. The activity of SOD was assayed by measuring the inhibition of photochemical reduction of nitro blue 
tetrazolium as described by Durak et al.47. One unit (U) of SOD activity was defined as the quantity of enzyme 

Figure 4. Effects of tribenuron-methyl (A), tebuconazole (B), and mixture of both pesticides (C) on 
malondialdehyde (MDA) content in E. fetida. Each column represents the mean of three replicates, and the 
error bars represent the standard deviations (SD). Different letters above bars are significantly different at the 
confidence level of 0.05 between treatments at the same time.
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that caused 50% inhibition of nitro blue tetrazolium, and the results were expressed as U mg−1 protein. The 
activity of CAT was determined following the method of Xu et al.48. One unit of CAT was defined as the enzyme 
amount required to degrade half of H2O2 at 25 °C in 100 s, and the results were expressed as U mg−1 protein. The 
activity of cellulase was measured using a carboxymethyl cellulose assay described by Ghose49, and the enzyme 
activity was expressed as mg glucose mg−1 protein h−1. The content of MDA was determined by thiobarbituric 
acid assay according to the method of Miller and Aust50 with the exception that amount of MDA formed was 
calculated using the absorbance coefficient 1.56 × 105 M−1 cm−1.

Extraction of earthworm coelomocytes and comet assay. In this assay, the experimental design 
of exposure concentration and sample time were same to the biochemical assay. The extraction of earthworm 
coelomocytes and comet assay were performed following the methods of Eyambe et al.51 and Singh et al.52, respec-
tively with some modifications as described by Lin et al.53. The processed samples were viewed by a fluores-
cence microscope (Leica DM2500, Germany) equipped with a digital imaging system. For each sample, one 
hundred of non-overlapping cells were randomly selected to score, and the captured images were analyzed by 
CASP software54.

Statistical analysis. All date were presented as mean ± standard deviation (SD) and analyzed by SPSS 18.0 
software (SPSS, Chicago, USA). The probit analysis was performed to assess the acute toxicity of TBM and TEB 
on earthworms. The Marking additive index (AI) method55 was used to analyze the joint effects of TBM and TEB 
mixtures. The toxic summation of combined compound (S) was calculated by the equation S = Am/A + Bm/B, 
where A and B are medium lethal concentration (LC50) values of TEB and TEB alone, respectively. But the Am 
and Bm are LC50 values of the pesticides mixture. The AI can be calculated as follows: if S ≤ 1.0, AI = 1/S − 1, and 
if Så 1, AI = 1 − S. The joint toxicity was characterized as the following: if AI = 0, additive effect, if AIå 0, syner-
gistic effect, and if AI < 0, antagonistic effect. For biochemical test and comet assay, one-way analysis of variance 
(ANOVA) was performed to determine statistical differences among treatments followed by the Dunnett t-test at 
a confidence level of 0.05.

Data availability. The datasets generated in this study are available from the corresponding author on rea-
sonable request.
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