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Abstract In this study, the toxicity of 49 mixed haloge-

nated benzenes to Dicrateria zhanjiangensis was determined

and the partition coefficient of these mixtures was described

by using the C18-EmporeTM disks/water partition coefficient

(Kmix). According to these data, a simple Kmix-based QSAR

model was successfully used to correlate the toxicity of the

mixed halogenated benzenes to D. zhanjiangensis.

Keywords QSAR models � Mixture toxicity �
Halogenated benzenes � Dicrateria zhanjiangensis

In recent decades, researchers have usually focused on the

effects of joint toxicity. The major aims of these studies

were to explore ways to predict and to identify hazardous

combinations of chemicals relevant to the environment.

The octanol–water partition coefficient (Kow) is one of

the most effective parameters of QSAR in the field of

single chemical (K}onemann 1981). If the partition coeffi-

cient of mixtures can be used to predict the toxicity of

mixtures, it would be a good way to develop models for

mixtures. Therefore, Verhaar et al. (1995) first extended

Kow to the field of mixture in 1995 and he described the

partition coefficient of a mixture as follows:

Kmix ¼
W

V
�

Pn
i¼1

Q0
water;i

1þ W
VKDi

Pn
i¼1 Qo

water;i �
Pn

i¼1

Q0
water;i

1þ W
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ð1Þ

where Kmix is the C18-EmporeTM disk/water partition

coefficient for a mixture, KDi is the partition coefficient of

individual chemical i, W is the volume of solution, V is the

volume of hydrophobic phase, Qwater
0 is the initial amount

of chemical i in water and n is the total number of indi-

vidual chemicals in the mixture. The value of W/V is

suggested as 6.8 9 105.

Based on the methods described by Verhaar et al.

(1995); Lin et al. (2002) obtained the Kmix of 74 mixed

halogenated benzenes, determined the relationship between

the Kmix and their corresponding toxicity to Photobacte-

rium phosphoreum, and therefore successfully developed a

simple QSAR-based approach to predict the toxicity of

mixtures.

log 1=EC50M ¼ 0:928 log Kmixþ 0:224 ð2Þ

n = 74, r2 = 0.953, SE = 0.130, F = 1,461.932,

p \ 0.0001.

However, it is uncertain whether the method described

by Verhaar et al. (1995) can be applied to other organism,

such as algae. Algae are sensitive indicators of environ-

mental change due to their key position as primary
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producers in aquatic ecosystem. They are widely used in

the assessment of risk. The purpose of this study therefore

are, first to determine the toxicity of 49 mixed halogenated

benzenes to Dicrateria zhanjiangensis; second to develop a

simple QSAR-based approach to predict the toxicity of

mixtures by using the relationship between the toxicity of

these mixtures and their partition coefficients (Kmix);

finally to compare the model of this study with the one of

Lin et al. (2002).

Materials and Methods

Seven halogenated benzene chemicals (Table 1) were used

without repurifying (purity C 99%). They were purchased

from Sinopharm Chemical Reagent Co., Ltd. (ShangHai,

China).

D. zhanjiangensis, marine, single-celled, golden algae,

was supplied by South China Sea Institute of Oceanology.

It was employed for toxicity testing because it is very

common in China and never used in mixture toxicity

testing. According to the OECD guideline 201 (Organiza-

tion for Economic Cooperation and Development. OECD

Guideline for Testing of Chemicals: Freshwater Alga and

Cyanobacteria, Growth Inhibition Test. Draft Revised

Guideline 201. OECD, Paris 2002), the culture was main-

tained in f/2 marine medium. A six-step concentration

series in geometric grade ranging from no effect to 100%

growth inhibition concentration were planned after range-

finding experiments. The chemicals found at elevated

concentrations were Chlorobenzene (1.81–2.62 mmol/L),

Bromobenzene (0.84–1.03 mmol/L), 1,2-Dichlorobenzene

(0.49–0.75 mmol/L), 1-Bromo–2,3-dichlorobenzene (0.04–

0.06 mmol/L), 1-Bromo-4-chlorobenzene (0.31–0.56

mmol/L), 1,2,4-Trichlorobenzen (0.11–0.14 mmol/L), 1,4-

Dibromobenzene (0.19–0.4 mmol/L). The alga in the loga-

rithmic growing period was inoculated into 100-mL

Erlenmeyer flasks, which amounted to 30 mL of the culture

media, the compound, and the alga. And pH was at

7.8 ± 0.2. The culture media without test compounds served

as the control solution. The culture was incubated at

27 ± 1�C (Sun et al. 2005), with a 12:12 h light/dark cycle

at 2,000–3,000 lux. All experiments were performed with

three replicates of each treatment run simultaneously and

expressed as effective concentration and its 95% confidence

intervals at 50% response.

Growth inhibition was determined after 96 h (Delorenzo

and Serrano 2003; Gatidou and Thomaidis 2007) by

microscope with counting chamber. Based on the decrease

in algal biomass, median effective concentration (EC50) of

the toxicity of a single chemical to D. zhanjiangensis was

calculated according to the OECD guideline 201 (OECD

2002). The mixture toxicity tests were conducted in a

similar manner as the single chemical tests. All the mix-

tures were composed of the seven single halogenated

benzenes randomly and each mixture was almost tested at

three ratios 1:2, 1:1, and 2:1 (identical fraction of EC50)

based on the observed EC50 values. Assumed that the ini-

tial concentration of the mixture was 100%, the decrease in

algal biomass was measured at six different concentrations,

10%, 18%, 32%, 56%, 80%, and 100%, and therefore the

median effective concentration was calculated in the unit of

percentage (%). The mixture toxicity was quantitatively

described by Eq. 3 (Preston et al. 2000) and the results are

given (Table 2).

EC50M ¼
CM

Pi¼1
n Ci=EC50i

ð3Þ

where EC50 is the effective concentration required to

bring about a 50% decrease in growth rate, C is the

concentration of a substance, and the subscripts M and i

are the mixtures and the ith individual chemical in the

mixtures, respectively. Because of the concentration

addition, the concentration of the individual chemical (Ci)

could be calculated according to the median effective

concentration in the unit of percentage (%), that is

Ci = percentage% 9 the initial concentration of individ-

ual chemical.

According to Verhaar et al. (1995), the correlation

between log Kow and log KD (C18-EmporeTM disk/water

partition coefficient of single chemicals) was described by

Eq. 4. In this study, the Kmix and KD were calculated by

Table 1 Results of the

individual toxicity experiment

a Cao and Li (1997)
b Confidence intervals (95%) of

log 1/EC50

No Single chemicals log Kowa log KD log 1/EC50[mol/L]

Obs. Pre. Diff.

1# Chlorobenzene 2.81 3.50 2.66 (2.61–2.71)b 2.69 -0.03

2# Bromobenzene 2.99 3.68 3.03 (2.96–3.10)b 2.84 0.19

3# 1,2-Dichlorobenzene 3.55 4.23 3.23 (3.19–3.27)b 3.31 -0.08

4# 1-Bromo–2,3-dichlorobenzene 4.41 5.09 4.28 (4.26–4.30)b 4.02 0.26

5# 1-Bromo-4-chlorobenzene 3.83 4.51 3.38 (3.36–3.40)b 3.54 -0.16

6# 1,2,4-Trichlorobenzene 4.27 4.95 3.92 (3.89–3.96)b 3.91 0.02

7# 1,4-Dibromobenzene 4.07 4.75 3.54 (3.52–3.56)b 3.74 -0.20
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Table 2 Results of the mixture toxicity experiment

No Individual chemicals in the mixture xEC50:yEC50
a log Kmix log 1/EC50M[mol/L]

Obs. Pre. Diff.

1 1#:2# 1:1 3.56 2.79 (2.77–2.80)b 2.66 0.13

2 1#:2# 1:2 3.59 2.86 (2.81–2.91)b 2.69 0.17

3 1#:2# 2:1 3.53 2.62 (2.60–2.64)b 2.64 -0.02

4 1#:3# 1:1 3.78 2.83 (2.79–2.87)b 2.85 -0.02

5 1#:3# 2:1 3.68 2.76 (2.71–2.81)b 2.76 0.00

6 1#:4# 1:1 3.74 2.81 (2.79–2.83)b 2.81 0.00

7 1#:4# 1:2 3.89 3.01 (2.78–3.24)b 2.94 0.07

8 1#:4# 2:1 3.63 2.70 (2.68–2.72)b 2.73 -0.03

9 1#:5# 1:2 4.04 2.84 (2.81–2.87)b 3.07 -0.22

10 1#:6# 1:1 3.85 2.84 (2.81–2.87)b 2.91 -0.06

11 1#:6# 1:2 4.03 3.10 (2.93–3.27)b 3.05 0.04

12 1#:6# 2:1 3.71 2.76 (2.74–2.78)b 2.79 -0.03

13 1#:7# 1:1 3.95 2.92 (2.90–2.94)b 2.99 -0.06

14 2#:3# 1:1 3.98 3.11 (3.09–3.13)b 3.01 0.10

15 2#:3# 1:2 4.06 3.08 (2.95–3.21)b 3.08 0.00

16 2#:3# 2:1 3.88 3.13 (3.06–3.20)b 2.93 0.20

17 2#:4# 1:1 4.00 3.30 (3.25–3.35)b 3.04 0.27

18 2#:4# 1:2 4.18 3.34 (3.30–3.38)b 3.18 0.16

19 2#:4# 2:1 3.87 3.11 (3.04–3.18)b 2.93 0.18

20 2#:5# 1:1 4.12 3.13 (3.04–3.22)b 3.13 0.00

21 2#:5# 1:2 4.25 3.09 (3.07–3.11)b 3.24 -0.15

22 2#:6# 1:1 4.13 3.23 (3.19–3.27)b 3.14 0.09

23 2#:6# 1:2 4.31 3.31 (3.24–3.38)b 3.29 0.02

24 2#:6# 2:1 3.97 3.06 (3.01–3.11)b 3.00 0.05

25 2#:7# 1:2 4.37 3.13 (3.09–3.17)b 3.34 -0.21

26 3#:4# 1:1 4.39 3.48 (3.41–3.55)b 3.36 0.12

27 3#:4# 1:2 4.49 3.50 (3.43–3.57)b 3.44 0.06

28 3#:5# 1:1 4.37 3.23 (3.16–3.30)b 3.34 -0.10

29 3#:5# 1:2 4.41 3.21 (3.19–3.22)b 3.38 -0.17

30 3#:6# 1:1 4.45 3.45 (3.43–3.46)b 3.41 0.04

31 3#:6# 1:2 4.56 3.47 (3.40–3.54)b 3.50 -0.03

32 3#:6# 2:1 4.36 3.32 (3.25–3.39)b 3.33 -0.01

33 3#:7# 1:1 4.47 3.31 (3.24–3.38)b 3.42 -0.11

34 3#:7# 1:2 4.55 3.26 (3.24–3.28)b 3.49 -0.23

35 4#:6# 1:1 4.99 4.07 (4.06–4.09)b 3.86 0.20

36 4#:6# 1:2 4.98 3.99 (3.97–4.01)b 3.85 0.14

37 5#:6# 1:1 4.64 3.53 (3.49–3.57)b 3.57 -0.04

38 5#:6# 2:1 4.59 3.65 (3.58–3.72)b 3.52 0.13

39 6#:7# 1:1 4.81 3.72 (3.68–3.76)b 3.71 0.00

40 6#:7# 1:2 4.79 3.70 (3.66–3.74)b 3.69 0.01

41 5#:7# 1:2 4.66 3.46 (3.37–3.55)b 3.58 -0.13

42 4#:5# 1:1 4.62 3.60 (3.58–3.61)b 3.55 0.06

43 4#:5# 1:2 4.57 3.46 (3.44–3.48)b 3.51 -0.04

44 4#:7# 1:2 4.79 3.68 (3.64–3.72)b 3.69 -0.01

45 1#:5# 2:1 3.75 2.58 (2.56–2.50)b 2.82 -0.24

46 2#:5# 2:1 3.97 2.91 (2.87–2.95)b 3.02 -0.11

47 1#:7# 2:1 3.79 2.66 (2.57–2.75)b 2.86 -0.19
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Eqs. 1 and 4 (Verhaar et al. 1995), respectively. The

results were given in Tables 1 and 2.

log KD ¼ 0:995 log Kowþ 0:70 ð4Þ

n = 18, r2 = 0.93, SE = 0.24.

Statistical analyses were performed with the SPSS 11.50

software (SPSS Inc.) and Sigmaplot 2001 (SYSTAT Inc.).

The square of the correlation coefficient (r2), standard error

(SE), the mean square ratio (F), and p-value were taken

into consideration in testing the quality of the regression.

Results and Discussion

The toxicity of seven individual halogenated benzenes to

D. zhanjiangensis is determined and the results are given in

Table 1. The relationship between log 1/EC50 and log KD

is determined by using Eq. 5.

log 1=EC50 ¼ 0:838 log KD� 0:242 ð5Þ

n = 7, r2 = 0.899, SE = 0.189, F = 44.640, p = 0.001.

Equation 5 explains most of the variance (89.9%), with

maximum F values (44.640) and minimum standard error

of the estimate (0.189). This significance of the log 1/

EC50 - log KD relationship indicates that the toxicity of

these chemicals is dependent on the distribution between

water and organic phases (Lin et al. 2002). And this

dependence shows that the chemicals are nonpolar narcotic

chemicals (Verhaar et al. 1992; Lin et al. 2004; Hsieh et al.

2006). Furthermore, the Eq. 5 shows that individual

chemicals act in the same way, by the same mechanisms,

and differ only in their potencies.

According to the Eq. 5 and Lin et al. (2004), the joint

action of these chemicals is a non-interactive process. It is

therefore assumed that, similarly to the single chemicals,

the mixtures may affect the organism only by interaction

with lipids of biomembranes, and this interaction is

essentially the partitioning behaviors. In other words, the

toxicity of the mixtures may be related to the partition

coefficient of the mixtures. Then, based on the data listed in

Tables 1 and 2, Kmix is calculated by Eq. 1 and the

hydrophobicity-based QSAR model is determined for

mixtures by using Eq. 6.

log 1=EC50M ¼ 0:836 log Kmix� 0:311 ð6Þ

n = 49, r2 = 0.879, SE = 0.124, F = 341.239, p \ 0.001.

The model (Eq. 6) was characterized by a high corre-

lation coefficient (r2 = 0.879) and small standard error

(SE = 0.124). Thus it appears that the log 1/EC50M is well

correlated with log Kmix. When the toxicity of mixture was

tested in various ratios (2:1, 1:1, 1:2, identical fraction of

EC50), the quality of the model was not affected. Obvi-

ously, the correlation in this study is similar to that in Lin

et al. (2002).

However, the model in this study (Eq. 6) is different

from that in Lin’s et al. (Eq. 2, 2002), and this difference

can be seen from Fig. 1. In Fig. 1, line A and line B are

almost parallel, and this parallelism may be due to the

toxicity character of chemicals. Both QSAR models are

derived from the halogenated benzenes, which are con-

sidered to be nonpolar narcotic chemicals (Verhaar et al.

1992; Lin et al. 2004). And the nonpolar narcotic chemi-

cals affect the organism only by interaction with lipids of

biomembranes. Therefore, the mixture toxicity is related to

the partition coefficient of the mixtures. In other words,

both QSAR models belong to hydrophobicity-based ones.

This is why the two lines are almost parallel.

Furthermore, it can also be seen from Fig. 1 that line A

is above line B. In other words, the log 1/EC50M obtained

Table 2 continued

No Individual chemicals in the mixture xEC50:yEC50
a log Kmix log 1/EC50M[mol/L]

Obs. Pre. Diff.

48 2#:7# 2:1 4.05 3.03 (2.99–3.07)b 3.07 -0.04

49 3#:7# 2:1 4.39 3.36 (3.34–3.38)b 3.35 0.01

a Binary mixtures were conducted at three ratios 1:2, 1:1, and 2:1 (identical fraction of EC50) based on observed EC50 values
b Confidence intervals (95%) of log 1/EC50M

log Kmix
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Fig. 1 Comparison of the QSAR of Lin et al. (2002) with the QSAR

in this study
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from Eq. 2 will be greater than that from Eq. 6, provided

that Kmix is the same. And this difference may be due to the

structure of the test organism. P. phosphoreum, which

belongs to Gram-negative bacteria, has an outer membrane

outside of plasma membrane. And this outer membrane is a

hydrophobic one because it is embedded by the hydro-

phobic lipid of an abundant small liporotein (Nicklin et al.

1999). However, for D. zhanjiangensis, there is no outer

membrane and its membrane shows a marked tendency to

became silicified (Morris 1977). Therefore, it can be said

that P. phosphoreum is more sensitivity to hydrophobic

pollutants than D. zhanjiangensi, because the former has a

hydrophobic membrane while the latter only has the silic-

ified one. In other words, it is the outer membrane of

P. phosphoreum that lead to the results that line A is above

line B.

The predictive capability of the regression equation

(Eq. 6) and the statistical validity of the modeling are

confirmed by application of the 10 other related mixtures to

the model (Table 3). The predicted log 1/EC50M are plotted

against the observed ones in Fig. 2, which shows a good

consistency between them, with r2 = 0.967, SE = 0.04683

and F = 235.575 at a level of significance p \ 0.001.

Since the 10 mixtures are randomly composed of the seven

chemicals and the agreement between the observed log 1/

EC50M and that predicted by the model is generally satis-

factory, the model therefore can be used to predict toxicity

of the mixtures.
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