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Genetically modified Caenorhabditis elegans 
may lead to inaccurate toxicity evaluation 
of mixtures
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Abstract 

Background: One of the major challenges in environmental science is how to assess the toxicity and risk of com‑
plex pollutant mixtures. However, only a few studies have pointed out that there is a significant difference between 
the toxicities of chemicals on genetically modified strains and wild‑type organisms and there are few reports of the 
differences in the toxicity of chemical mixtures. Therefore, six chemicals, two substituted phenols (4‑chlorophenol 
and 4‑nitrophenol), two pesticides (dichlorvos and glyphosate) and two ionic liquids (1‑butylpyridinium chloride 
and 1‑butylpyridinium bromide), were selected to construct a six‑component mixture system, the lethality of various 
mixtures on the genetically modified Caenorhabditis elegans strain mtl‑2::GFP (MTL‑2) at 12 and 24 h were determined, 
and differences in toxicity to other strains were compared.

Results: Although the toxicity of 4‑chlorophenol on MTL‑2 was not significantly different from that on N2 wild‑type 
Caenorhabditis elegans (N2), the toxicities of the other five chemicals on MTL‑2 were greater than those on N2. The 
toxicities of six single chemicals and nine mixture rays on MTL‑2 increased with time, which is consistent with the 
effect on N2 and on the genetically modified strain sod‑3::GFP Caenorhabditis elegans (SOD‑3). The toxicological inter‑
actions of various mixtures in MTL‑2 at 12 h were half antagonistic (ANT) and half additive (ADD), while at 24 h, they 
were mainly synergistic (SYN). The toxicological interactions of various mixtures in MTL‑2 change from ANT/ADD to 
primarily SYN with time, which is different from the change from ANT to ADD in SOD‑3 and from SYN to ADD in N2.

Conclusions: The toxicity and toxicity interactions of chemical mixtures on different Caenorhabditis elegans strains 
are different. Therefore, it is necessary to examine the effect of genetic factors on the toxicological interaction of mix‑
tures to avoid underestimating or overestimating the mixture risk.

Keywords: Time‑dependent toxicity, Uniform design ray (UD‑Ray), Mixture risk assessment, Concentration addition, 
Combination index
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Background
With the rapid development of modern times, the num-
ber of chemicals contributing to anthropogenic con-
tamination of the environment is increasing [1]. The 
increasing application of various chemicals often results 

in the formation of complex mixture pollutants. In real-
ity, chemicals that usually occur at low concentrations 
and in mixtures will affect subtle physiological traits 
in organisms and may directly or indirectly cause long-
term adverse ecological effects [2–6]. It is undeniable 
that humans are always exposed to complex mixtures; 
however, current risk assessments commonly focus on 
single chemicals or simple mixtures [7, 8]. Addition-
ally, the mixture studied is often only a mixture ray [9, 
10] in a multicomponent mixture system, which lacks 
representativeness and therefore does not reflect real 
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environmental mixtures. It is necessary to rationally and 
effectively evaluate the combined toxicity of many mix-
tures with diverse concentration compositions [11]. The 
uniform design-based ray design (UD-Ray) developed 
in our laboratory [8, 12] is an effective method for the 
evaluation of combined toxicity. The UD-Ray can select 
some representative mixture rays from a number of mix-
tures for systematic investigation to reveal the toxicity of 
a mixture system [13–16].

The selection of model organism is often as important 
as mixture experimental design. Caenorhabditis elegans 
(C. elegans), due to its many features such as its short life 
cycle, ease of generating mass cultures and low cost, has 
been proven to be a sensitive and valuable bioindicator of 
toxicants [17–20]. In the face of the rapid development 
of transgenic technology, by introducing mutations into 
the green fluorescent protein (GFP) gene [21], C. elegans 
and genetically modified strains have also been used 
widely for ecological risk assessment and environmental 
toxicology [22–25]. For example, researchers evaluated 
the toxicity of heavy metal exposure and the possible 
transferable properties with GFP variants in C. elegans 
[26–29]. McVey et al. [30] studied three different strains 
with GFP-tagged neurons to facilitate visual assessment 
of neurons that were chronically exposed to glyphosate. 
Lenz et  al. [31] used a daf-16::GFP transgenic strain to 
evaluate the potential toxicity of triclosan and triclocar-
ban. A toxicity assessment of nanometer materials was 
performed in vivo using a GFP transgenic strain [32–34].

Our research group explored the toxicities and toxi-
cological interactions of a six-component mixture sys-
tem of two pesticides (dichlorvos (DIC) and glyphosate 
(GLY)), two substituted phenols (4-chlorophenol (4-CP) 
and 4-nitrophenol (4-NP)) and two ionic liquids (1-butyl-
pyridinium chloride ([bpy]Cl) and 1-butylpyridinium 
bromide ([bpy]Br)) on sod-3::GFP transgenic C. elegans 
(SOD-3) [35] and wild-type C. elegans (N2) [20]. It was 
shown that the toxicities of the six components were 
greater on genetically modified strains (SOD-3) than on 
N2. The toxicological interactions of various mixtures on 
SOD-3 and N2 were different. For example, at 12 h, the 
interactions of most mixtures on SOD-3 were antago-
nistic (ANT) and those on N2 were synergistic (SYN) 
or additive (ADD). However, whether other genetically 
modified nematodes have similar toxicity characteristics 
and interaction patterns needs more in-depth study and 
more cases.

Since the expression of the metallothionein genes, mtl-
1 and mtl-2, is very low in wild-type C. elegans, the genes 
can significantly induce the transcriptional expression 
of metallothionein in intestinal tissues when C. elegans 
are exposed to heavy metals [36]. Based on this, the mtl-
2::GFP genetically modified C. elegans (MTL-2) could 

reveal the influence of genetically modified factors on 
the toxicities and toxicological interactions of nonmetal-
lic mixtures. In our initial experiments, some nonmetal-
lic compounds such as DIC and 4-CP exhibited obvious 
lethal toxicity to MTL-2 and had good concentration–
response relationships, which implies that MTL-2 can be 
a sensitive biomarker of lethal toxicity.

In this paper, using six chemicals DIC, GLY, 4-CP, 
4-NP, [bpy]Cl and [bpy]Br as the mixture components 
to construct a six-component mixture system and using 
UD-Ray to select nine representative mixture rays from 
the system, the toxicities of six chemicals and nine rays 
at two exposure times on MTL-2 were determined, and 
toxicological interactions were systematically analyzed. 
Thus, the toxicity information of individual chemicals 
and various mixture rays in different genetically modi-
fied strains was obtained, and the toxicity interactions 
between different genetically modified strains were 
revealed, which provided a reference for mixture risk 
assessment.

Methods
Test chemicals
Two substituted phenols, 4-chlorophenol (4-CP) and 
4-nitrophenol (4-NP), two pesticides, dichlorvos (DIC) 
and glyphosate (GLY), and two ionic liquids, 1-butylpyri-
dinium chloride ([bpy]Cl) and 1-butylpyridinium bro-
mide ([bpy]Br), were selected as mixture components to 
construct a six-component mixture system. DIC, GLY, 
[bpy]Cl and [bpy]Br were purchased from Sigma (USA), 
and 4-CP and 4-NP were purchased from CATO (USA). 
All solutions were prepared with Milli-Q water and 
stored at 4 °C before testing.

Nematode culture
The genetically modified C. elegans, strain CL2120 con-
taining the mtl-2::GFP-linked reporter (MTL-2), was 
a generous gift from Prof. DaYong Wang of Southeast 
University (Nanjing, China), and the wild-type strain 
N2 (N2) and their food, E. coli OP50, were originally 
obtained from the Institute of Medicine of Tongji Uni-
versity (Shanghai, China), for use in this experiment. The 
detailed process of age synchronization, E. coli OP50 cul-
ture, nematode culture, subculture, blank and treatment 
group design, and lethality autoscaling are the same as 
the literatures [20, 35].

Lethal toxicity test
Age-synchronized nematodes were acquired so that the 
nematodes were at the same growth starting point, until 
the nematodes grew to the L4 stage for toxicity exposure. In 
the experiment, 96-well microplates were used as exposure 
vectors, and each well corresponded to one concentration. 



Page 3 of 11Huang et al. Environ Sci Eur           (2020) 32:63  

Each chemical treatment included 12 concentration gra-
dients, and each concentration consisted of four parallel 
controls. Each plate included 6 blank controls (100 µL of 
ultrapure water and 100 µL of nematode diluent). A total 
of 200 µL of exposure solution (treatment group: 100 µL 
of chemical solution and 100 µL dilution of L4 C. elegans 
medium) and 15 L4 larvae were added into each well. To 
explore the effects of different exposure times on lethality, 
we used two different exposure times of 12 and 24 h in the 
absence of food in this work.

Mixture design and curve fitting
Notably, there are countless mixture rays with different 
concentration ratios in the six-component mixture system 
(SM) of [bpy]Br, [bpy]Cl, 4-CP, 4-NP, DIC, and GLY. There-
fore, it is impossible to experimentally test the toxicities of 
all mixture rays and select representative mixture rays by 
means of optimal experimental designs, such as UD-Ray 
[15, 16]. The uniform table  U9(96), where superscript 6 
refers to components that have nine concentration levels 
 (EC5,  EC10,  EC15,  EC20,  EC25,  EC30,  EC35,  EC40, and  EC45) 
and the subscript 9 refers to nine representative rays (SM-
Ri, i = 1, 2, 3, …, 9) [8], was used to design the basic con-
centration compositions (BCCs) of nine mixture rays (see 
Additional file 1: Table S1). The mixture ratios (p) of com-
ponents in various mixture rays calculated by the BCCs are 
listed in Table 1. For each mixture ray, 12 different concen-
tration levels were specified by the fixed ratio ray design 
(FRRD) procedure [8].

To obtain the concentration-effect relationship of single 
components and mixture rays, the toxicity data at differ-
ent concentrations were fitted to the Weibull function with 
two parameters (location α and shape β) by nonlinear least 
squares [11, 13]:

where x is the lethality to C. elegans and c the concentra-
tion of a single component or that of the mixture ray.

(1)X = 1− exp
(

− exp
(

α + βlog10(c)
))

,

Identification of toxicological interactions
In this study, the CA model [8, 37] and improved com-
bination index  (CIimp, 95% observation-based confidence 
intervals (OCIs) were introduced into the combination 
index) [38] were used to qualitatively and quantitatively 
evaluate the toxicological interactions in the six-com-
ponent mixture system. If the toxicity predicted by the 
CA model is located between the confidence intervals 
of experimental toxicity or the numerical value of 1 is 
located between the OCIs of  CIimp, the toxicity interac-
tion of the mixture is additive (ADD). Synergistic (SYN) 
action refers to a toxicity predicted by CA that is less 
than the lower limit of the OCIs of experimental toxicity 
or by an upper confidence limit of  CIimp of less than 1. 
Antagonistic (ANT) action refers to a toxicity predicted 
by CA that is larger than the upper limit of the OCIs of 
experimental toxicity or by a lower confidence limit of 
 CIimp of larger than 1. The expression formulas of CA and 
CI shown in Eq. 2 [14] and Eq. 3 [38], respectively:

where n is the number of mixture components, ECx,i is 
the concentration of the ith component that induces an 
x percent effect when applied individually, and ci is the 
concentration of the ith component in the mixture that 
induces x % lethality.

The APTox (assessment and prediction for the toxicity 
of chemical mixtures) program developed in our labora-
tory [13] was used to perform all computations includ-
ing autoscaling treatment, mixture design, CRC fitting, 
CA, CI and their confidence intervals. The difference 
significance test (Origin Pro 7.5, Origin Lab Corp., USA) 
was carried out among the results from independent 

(2)
n

∑

i=1

ci

ECx,i
= 1,

(3)CIx =

n
∑

i=1

ci

ECx,i
,

Table 1 The mixture ratios (p) of six components in the nine mixture rays to MTL-2

Ray P[bpy]Cl P[bpy]Br P4-CP P4-NP PDIC PGLY

SM‑R1 1.8740E − 03 7.7090E − 03 1.1800E − 01 1.7600E − 01 2.1745E − 01 4.7897E − 01

SM‑R2 8.7420E − 03 3.0065E − 02 2.1394E − 01 8.9636E − 02 1.6593E − 01 4.9169E − 01

SM‑R3 2.1428E − 02 6.8045E − 02 1.1924E − 01 2.3461E − 01 9.8319E − 02 4.5836E − 01

SM‑R4 4.2802E − 02 1.3164E − 01 2.2037E − 01 1.4233E − 01 3.3179E − 02 4.2968E − 01

SM‑R5 6.1113E − 02 2.6830E − 03 8.7740E − 02 2.3992E − 01 2.9103E − 01 3.1751E − 01

SM‑R6 1.0365E − 01 1.9670E − 02 1.9245E − 01 1.6920E − 01 2.2613E − 01 2.8889E − 01

SM‑R7 1.6371E − 01 5.4617E − 02 7.1703E − 02 3.1670E − 01 1.5420E − 01 2.3907E − 01

SM‑R8 2.3823E − 01 1.1020E − 01 1.9477E − 01 2.2393E − 01 7.5659E − 02 1.5722E − 01

SM‑R9 1.3761E − 01 7.9974E − 02 1.2421E − 01 1.5122E − 01 1.8419E − 01 3.2279E − 01
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experiments, and the statistic (p) less than the signifi-
cance levels given (α = 0.05) was considered to be statisti-
cally significant.

Results
Toxicities of six chemicals to MTL‑2
The CRCs of six chemicals at 12 and 24 h in MTL-2 (as 
well as those in N2 from our previous report [35]) were 
well fitted by the Weibull function (see Fig.  1). From 
Fig.  1, apart from the overlap of the two 4-CP CRCs in 
MTL-2 and N2 at 24 h, the other CRCs in MTL-2 were 
located to the left side of those in N2 at the two exposure 
times, which implies that the toxicity on MTL-2 at any 
concentration level at the same time is larger than that on 
N2. The results of the toxicity index (pEC50) from Addi-
tional file 1: Table S2, validate this finding very well. On 
the other hand, the CRCs of the six components at 24 h 
were located to the left side those at 12 h in either MTL-2 
or N2, which indicates that the toxicity of the component 
at 24 h is larger than that at 12 h.

By using the pEC50 value on MTL-2 as the toxic-
ity index, the most toxic compound at 12  h was GLY 
(pEC50 = 2.758), and the least toxic compound was [bpy]
Br (1.679). However, at 24 h, the most toxic compound at 
24 h was [bpy]Cl (3.338), and the least toxic compound 
was GLY (2.796). The relative toxicity on MTL-2 at 24 h 
was [bpy]Cl (3.338) > 4-CP (3.216) > 4-NP (3.136) > [bpy]
Br (3.082) ≈ DIC (3.016) > GLY (2.796) while that at 12 h 
was GLY (2.758) > DIC (2.692) > 4-CP (2.597) ≈ 4-NP 

(2.542) > [bpy]Cl (1.747) > [bpy]Br (1.679), which illus-
trates that the orders are different at the two times and 
indicates that the CRCs of the same compounds at differ-
ent times are not completely parallel.

Toxicities of six‑component mixtures
It was shown that the CRCs of nine mixture rays were 
monotonic S-shaped curves effectively fitted by the 
Weibull function (see Fig. 2). The fitted functions (α and 
β) and statistics  (R2 and RMSE) of nine rays are listed in 
Table 2 together with the toxicity index (pEC50). Different 
rays with different mixture ratios had different toxicities 
(pEC50) at the same exposure times. The same mixture 
ray had different toxicities at different exposure times, 
and the toxicity at 24 h was larger than that at 12 h, which 
is consistent with the results from individual compo-
nents. On the other hand, the toxicity (pEC50) of par-
ticular ray on MTL-2 was larger than that on N2, which 
implies that the risk of mixing is greater on the MTL-2 
strain than that on the N2 strain.

From Table 2, by using the pEC50 as the toxicity index, 
the most toxic mixture ray at 12  h was the ray SM-R2 
(pEC50 = 3.164), and the least toxic one was ray SM-R5 
(2.729). However, the most toxic mixture ray at 24 h was 
ray SM-R8 (3.568), and the least toxic was ray SM-R4 
(3.108), which illustrates that the different rays with dif-
ferent mixture ratios have different toxicities in the same 
mixture system of the same components. That is, the 
toxicity of a multicomponent mixture (in fact, a mixture 
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Fig. 1 The fitted concentration–response curves of six chemicals on N2 (black) and MTL‑2 (red)
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system) [8] has diversity, which implies that only the tox-
icity of the mixture ray with a specific mixture ratio can 
be compared with the toxicity of the same component.

Evaluation of toxicity interactions
Qualitative evaluation of toxicity interaction
Various toxicity interactions in mixtures were quali-
tatively evaluated by the concentration addition (CA) 
model [39–42]. The CRCs predicted by the CA model 
are also shown in Fig. 2. From Fig. 2, at 12 h, the CRCs 
of three rays, SM-R4, SM-R5 and SM-R6, predicted by 
CA are located on the left side of the upper limits of 
the OCIs, which illustrates the antagonistic interactions 
(ANT) interactions in the mixture rays, while the pre-
dicted CRCs of the other six rays were mostly located 
between the OCIs, representing additive (ADD) actions. 
However, at 24 h, the predicted CRCs of six rays, SM-R2, 
SM-R3, SM-R6, SM-R7, SM-R8 and SM-R9, were located 
on the right side of the lower limits of OCIs, which illus-
trates the synergistic (SYN) interactions in the mixture 
rays, while the predicted CRCs of the other rays were 
mostly located between the OCIs, representing additive 
(ADD) actions.

Quantitative evaluation of toxicity interaction
To quantitatively describe the toxicity interactions in 
chemical mixtures, the combination index (CI) [20, 38] 
was used, and the interaction results are shown in Fig. 3.

It can be seen from Fig.  3 that at 12  h of exposure, 
three rays SM-R4, SM-R5 and SM-R6 at most concentra-
tion levels exhibited obvious antagonistic (ANT) inter-
actions, the SM-R1 ray displayed slight ANT, and the 
SM-3, SM-R7, SM-R8 and SM-R9 rays are showed addi-
tive (ADD) actions, whereas the SM-3 and SM-R7 rays at 
high concentration levels synergistic (SYN) interactions. 
In other words, half of the mixture rays had ANT interac-
tions and the other half had ADD actions, which is differ-
ent from the major ANT interactions in C. elegans with 
modified SOD-3 [35] and from the SYN interactions of 
most mixture rays and the ADD action of a few rays in 
wild-type N2 C. elegans [20].

At 24 h of exposure, although the SM-R4 ray exhibited 
ADD interactions in MTL-2, the other eight rays mainly 
displayed SYN interactions, which is different from the 
major ADD actions of mixtures in both the SOD-3 and 
N2 strains.

Integrated with the toxicity interactions at the two 
exposure times, it can be concluded that the toxicity 
interaction of the six-component mixture on MTL-2 
changes from ANT/ADD to primarily SYN with expo-
sure time and that the toxicity interaction is time-
dependent. This transition from ANT/ADD to SYN 

Table 2 The regression coefficients (α and β in  the Weibull function), fitting statistics (R2 and  RMSE), and pEC50 values 
of nine mixture rays on MTL-2 at 12 and 24 h

The values of pEC50 of nine mixture rays on N2 (Li et al. [35])

Mixture ray Time (h) Emax,exp α β R2 RMSE PEC50 PEC*
50

SM‑R1 12 0.7778 9.70 3.59 0.9819 0.0349 2.804 2.294

24 0.9892 10.04 3.31 0.9758 0.0555 3.144 2.559

SM‑R2 12 0.9167 7.10 2.36 0.9725 0.0522 3.164 2.193

24 1.0000 7.10 2.36 0.9703 0.0577 3.321 2.401

SM‑R3 12 0.7500 5.69 2.02 0.9654 0.0501 2.998 2.111

24 0.9375 6.22 1.95 0.9652 0.0576 3.378 2.408

SM‑R4 12 0.7083 7.58 2.89 0.9920 0.0184 2.750 2.018

24 0.9583 8.46 2.84 0.9949 0.0230 3.108 2.277

SM‑R5 12 0.6667 7.33 2.82 0.9776 0.0305 2.729 2.263

24 1.0000 9.60 3.14 0.9960 0.0224 3.174 2.578

SM‑R6 12 0.7059 7.76 2.91 0.9776 0.0340 2.793 2.134

24 1.0000 8.37 2.65 0.9933 0.0306 3.297 2.417

SM‑R7 12 0.7500 4.68 1.67 0.9558 0.0556 3.022 2.156

24 1.0000 6.77 2.10 0.9924 0.0299 3.398 2.407

SM‑R8 12 0.8125 5.15 1.76 0.9638 0.0567 3.134 –

24 1.0000 5.77 1.72 0.9778 0.0499 3.568 2.354

SM‑R9 12 0.7692 4.84 1.67 0.9581 0.0594 3.118 2.116

24 1.0000 5.92 1.80 0.9877 0.0372 3.493 2.318
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with the extension of exposure time is different from the 
transition from ANT to ADD in SOD-3 animals [35] and 
from the transition from SYN to ADD in N2 [20].

Discussion
Showing the different toxicities of six chemicals 
to different strains
The results showed that there were differences in both 
single compound and six-component mixture toxic-
ity between wild-type and genetically modified C. ele-
gans. Considering previous studies, in a mixture system 
composed of the same compounds, different nematode 
strains showed different time-dependent toxicities with 
the extension of exposure time (ANT/ADD to SYN in 
MTL-2, ANT to ADD in SOD-3 [35] and SYN to ADD in 
N2 [20]). These differences indicate that genetic modifi-
cation has an effect on organisms to some extent. There-
fore, we should pay special attention to the selection of 
test organisms in the study of toxicity of mixtures.

The literature about the different toxicological interac-
tions on the same organism sharing one toxic endpoint at 
the same exposure time is limited. The genetically modi-
fied daf-16 CF1038 strain had a shortened lifespan (i.e., 
approximately 70% of the wild-type strain lifespan) under 
exposure to several individual chemicals, and weakly 
increased lethality of N2 animals (or weak tolerance of 
the daf-16 strain) was detected in the presence of 3.1 μM 
dichlorvos [43]. The genetically modified mtl-2 and mev-
1 strains were more sensitive to AgNP exposure than 
were wild-type [44]. Other research has reported that 
compared with wild-type, the genetically modified mtl-
1 and mtl-2 strains had increased sensitivity to stress or 
toxic reactions [45].

A similar conclusion was obtained in other studies that 
reported the related toxicity data of the same chemical in 
different model organisms [46]. Under the current envi-
ronmental concentration of chlortetracycline (0.5 mg/L), 
the percent viability of the initial bacterial inoculum was 
reduced to 0.22% and 0.08% in Gram-positive Bacillus 
thuringiensis and Gram-negative Enterobacter aerogenes, 
respectively [47]. This also illustrates that the same com-
pound can have different toxicities in different strains of 
the same organism even when the toxicity endpoint is 
the same. Either way, the effect of genetic modification in 
the same model organisms or toxic endpoint should be 
considered.

Concentration–response relationships of mixtures
Normally, a lower concentration range is more suit-
able for the real environment; moreover, organisms or 
humans are exposed to complex mixtures of low-dose 
compounds rather than single compounds [3, 48]. With 
the concentration–response relationship, we can find 

the toxic effect of the concentration corresponding to 
the actual environment on the tested organisms, and 
we can preliminarily determine the harmfulness of pol-
lutants mixtures to the organisms in the actual environ-
ment. In the cases of this study, the same organism with 
the same toxic endpoint showed clearly different toxico-
logical interactions of mixtures only because of genetic 
modification. In addition, the toxicity of the mixture 
between different genetically modified strains was also 
different. The same mixture had different toxicity inter-
actions in different strains of organisms, and the toxic-
ity interactions of the mixture were time dependent [20, 
35]. Therefore, risk assessment based on mixture toxicity 
is more important than that based on individual toxicity, 
and risk assessment based on genetically modified organ-
isms should be more cautious than that based on normal 
organisms. Otherwise, these differences may lead to inac-
curate evaluation results.

AOP may solve the mixture toxicological interactions
One of the possible mechanisms that we think may have 
triggered these changes is changing the binding mode of 
the original protein and increasing the protein–protein 
interface with the intervention of GFP. It is assumed that 
CA is based on the premise that all components have 
similar mechanisms of action (MOA) [49, 50]. However, 
how do we define a similar MOA? Except for the selec-
tion of reference models, there is a shortage of explana-
tions for the relevant mechanism of mixture toxicological 
interaction. Moreover, the mechanism of toxicity of a 
single substance may not be suitable for mixtures. The 
exploration of possible mechanisms of mixture toxicity is 
a difficult and complex process. It seems that we could 
solve this issue by researching the adverse outcome path-
way (AOP)—a pragmatic and popular tool in toxicology.

AOP is a conceptual construct that integrates existing 
knowledge concerning the pathway of causal linkages 
between an initiating molecular event and a final adverse 
effect at the individual or population levels [51–54]. In 
addition, AOP can provide a more important starting 
point than MOA when planning an assessment or pre-
dictions regarding the toxicity effects of a mixture on the 
environment [55]. Because the related pathway is a not 
known, there is no means to explain the toxic mecha-
nism even if the initiating molecular events and the final 
results are the same in N2 and MTL-2.

Conclusions
In this study, we combined two C. elegans strain analyses, 
 CIimp and CA, to evaluate the nontarget time-dependent 
toxicities of a six-component mixture system. The results 
showed that although the toxicity of 4-chlorophenol on 
MTL-2 was not significantly different from that on N2, 
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the toxicities of the other five chemicals on MTL-2 were 
greater than those on N2. The toxicities of six single 
chemicals and nine mixture rays on MTL-2 increased 
with time, which is consistent with those on N2 and on 
the SOD-3. At 12 h, half of the toxicological interactions 
of various mixtures on MTL-2 were a half antagonis-
tic (ANT), and half were additive (ADD), while at 24 h, 
the interactions were mainly synergistic (SYN). The 
toxicological interactions of various mixtures on MTL-2 
changed from ANT/ADD to primarily SYN with time, 
which is different from the change from ANT to ADD 
in the SOD-3 strain and different from the change from 
SYN to ADD in N2. Therefore, the toxicities and toxic-
ity interactions of chemical mixtures on different Caeno-
rhabditis elegans strains are different. It is necessary to 
examine the effect of genetic modification on the toxico-
logical interaction of mixtures to avoid underestimating 
or overestimating mixture risk.
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