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Abstract
The objective of this research was to evaluate the toxicity of the industial xenobiotic Aroclor 1248 (A) and natural origin 

substances~elemental sulfur (S80) and oleic acid (OA) and their binary mixtures to V. fischeri bioluminescence during the 
prolonged exposure time (up to 60 min). The bioluminescence quenching test was used to determine the toxic effects. Full 
factorial experiment design and multiple regression analysis and the comparison of binary mixture effect with the sum of 
effects of individual chemicals were used for the evaluation of combined effects of toxicants.

The analysis of general trend of mixture toxicity to bioluminescence showed that  mixture toxic effects were reversible up 
to 60 min. Data analysis revealed different joint effects, which were depended on mixture composition. S80 enhanced toxic 
effect of A and acted additively with synergistic interaction. Hydrophobic OA in mixture with A acted antagonistically and in 
mixture with sulfur caused an additive effect with antagonistic component of interaction.

It was concluded that low concentrations of natural toxic substances present in environmental samples as mixtures of 
chemicals can define the toxicodynamic character of industrial xenobiotics.
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1. Introduction1)

The standard Vibrio fischeri bioluminescence quen 
-ching test, MicrotoxⓇ (EN ISO 11348-3:1998) is 
used in ecotoxicological analyses of single chemicals 
and their model or environmental mixtures. For more 
than two decades, the V. fischeri bioluminescence 
inhibition test has been individually or in conjunction 
with other tests utilized as one of the Techniques for 
Early Warning Systems as indicated in US EPA 
(2005). The importance of risk assessment of chemical 

mixtures in environment is accepted by the European 
Commission (EC). It is emphasized that there is a 
demand for analysis of mixtures of chemicals that are 
produced and discharged from industrial processes or 
occur in the same environmental compartment c.f. 
EC report compiled by Kortenkamp et al.(2009). 

The environmental abundance of these three 
chemicals was the reason for the choice for mixture 
toxicity analysis. Aroclor 1248 is a mixture of PCBs 
(polychlorinated biphenyls), which are very bioa 
-ccumulative and very persistent in the aquatic 
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environment (Frame et al., 1996; Henry and DeVito, 
2003). Oleic acid is one of most abundant free fatty 
acids in the aquatic environment particularly in 
sediments and water surface microlayer (Sodergren, 
1987; Četkauskaitė, 2004). Free oleic acid and other 
free fatty acids can originate from many industrial 
processes including paper manufacture as was 
described by Morales et al.(1992). The cyclic form of 
elemental sulfur, S8

0, is found in the aquatic 
environment (sediment, pore water) and its toxicity to 
V. fischeri in organic sediment extract was discussed 
earlier by Svenson et al.(1998). 

The goal of this work was to evaluate the toxicity 
of the industial xenobiotic Aroclor 1248 (A) and 
natural origin substances - elemental sulfur (S8

0)and 
oleic acid (OA) and their binary mixtures to V. 
fischeri bioluminescence during the prolonged expo 
-sure time (up to 60 min).

2. Materials and Methods
2.1. Materials
All the chemicals used in the assays (reagents, 

solvents) were of the highest obtainable purity (Sigma 
-Aldrich, USA; Serva, USA; Merck, Germany), and 
elemental sulfur of analytical grade was obtained 
from Reachim (Russia). Aroclor 1248 was from 
Supelco (USA). Salts (bacterial cultivation media) 
were obtained from Serva (USA) and Roth (Germany). 
The stock solutions of chemicals were prepared in 
ethanol (the final concentration of these solvents in 
the assays was 1% v/v). All growth and reaction 
media were prepared in Milli-Q water.

2.2. Methods
2.2.1. Bioluminescence measurements in bacterial 

cells
A bacterial culture of V. fischeri (NRRL B-11177) 

was prepared, stored and thawed as described earlier  
by Četkauskaitė et al.(2004). Aluminometer Model 

1250 (LKB-Wallac, Sweden) with 1 ml vials was 
used for luminescence measurements. One ml of the 
sample consisted of 50 mM KH2PO4 buffer (940 ㎕), 
containing 2% NaCl (pH 7.0), 50 ㎕ of bacterial 
suspension (OD590 = 0.125) and 10 ㎕ of chemicals 
solution or solvent blank. The measurements of 
bioluminescence were performed after 5, 30, 60 min 
of exposure to inhibitors or their mixtures, respec 
-tively, at room temperature. Experiments with binary 
mixtures of A, OA and S80 were undertaken 
following a two level full factorial experimental 
design. Con -centrations of these chemicals tested in 
all possible binary combinations were as follows: 1) 
A: 2.5 and 5 mg/L; 2) OA: 0.012 and 0.195 mg/L; 3) 
S80: 0.027 and 0.055 mg/L. The reference toxicant 
was 3,5-dichlorophenol. 

2.2.2. Data analysis
Statistical analyses of data were performed using t 

two-way ANOVA, and multiple regression. For all 
statistical methods significance level was 0.05. 
Toxicity data were presented as a mean of three or 
four separate experiments ± standard deviation. 
Sigma Plot10 software was used for statistical 
analysis. 

2.2.3. Sequence of statistical analysis 
The significance of chemicals and their interac 

-tions to overall mixture toxicity was evaluated using 
two-way ANOVA (for 30 min exposure measurements). 
Then a reduced multiple regression polynomial 
models were used to confirm the interaction and to 
define the character of the combined effect 
(antagonistic, additive, synergis -tic). Low and high 
concentrations of chemicals in mixture were coded to 
the values of -1 and +1, res -pectively, according the 
calculations used by Ren et al.(2004) in order to 
avoid multicolinearity using two-way ANOVA and 
multiple regression procedures.

The experimental data were fitted to the reduced 
polynomial model:
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Fig. 1. Effects of Aroclor 1248 and sulfur mixtures to V. fischeri bioluminescence after 5, 30 and 60 min exposure. Results 
are expressed as a mean of three separate experiments ± standard deviation. 

BL(%) = b0+bxCx+byCy+bxyCx´× Cy± ε               (1)

where BL(%) represents the response, i.e. bacterial 
luminescence level; b0 is an intercept; b – regression 
coefficients; C – the coded (calculated) concentration 
of chemical; subscripts x, y represents different com 
-ponents in a mixture (the CA, COA, CS, i.e. coded 
concentration of A, OA, S8

0,respectively);xy is a 
subscript to regression coefficient of Cx´×Cy, which 
denotes interaction between chemicals X and Y, ε –
standard error of estimate (BL).

In order to produce the best quality models, only 
terms with significant regression coefficients were 
retained, terms with insignificant coefficients were 
eliminated from the respective equation. The ade 
-quacy of the models was evaluated considering: 
determination coefficient (R2),Fischercriteria(F) with 
P value. 

3. Results and Disccusion
3.1. Trend of binary mixture toxicity 
Data on toxicity of binary mixtures of A, OA and 

S8
0 to V. fischeri bioluminescence at different expo 

-sure durations are presented in Fig. 1-3. The analysis 
of general trend of toxicity to bioluminescence led to 

conclusion that binary mixtures of low and high 
concentrations of OA and S8

0, A and OA, and even 
many of A and S8

0 concentrations caused the partial 
restoration of bioluminescence function up to 60 min. 

Hence, it was deduced that inhibition of biolumine 
-scence caused by the most part of tested concen 
-trations of A, OA and S80 in mixtures was rever 
-sible. Similar time-dependent effects of hydrophobic 
organic chemicals (non-polarnarcotics) on biolumine 
-scence of V. fischeri (in vivo) were obtained earlier 
by Dawson et al.(2006). 

3.2. Joint effects of  Aroclor 1248, oleic acid and 
sulfur in binary mixtures

Preliminary two- way ANOVA analysis at fixed 
different exposure time revealed, that different combi 
-nations of chemical concentrations almost in all cases 
caused significant different effects and contribution 
of chemicals to mixture toxicity were significant after 
30 min. From the foregoing, 30 min standard expo 
-sure time was selected for further analysis of effects 
of binary mixture on bioluminescence. 

Data presented in Fig. 1 demonstrates that toxic 
effects of binary mixtures of A and S8

0 increase with 
the enhancement of the concentration of any mixture 
component after 30 min exposure. Significant contri 
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-bution to mixture toxicity by A(P < 0.001) and S (P 
< 0.001) and their interaction (P < 0.015) was deter 
-mined by two-way ANOVA. Multiple regression 
analysis of binary mixture toxicity indicated the 
synergistic interaction of A and S (all regression 
coefficients were negative - Table 1; Eqn. 1). Addi 
-tionally, this was confirmed by fact that toxic effect 

Aroclor 1248 and sulfur

1) BL (%) = 50.0 – 6.0 CA– – 17.4 CS –  3.2 CA×CS± 3.6
R2=0.98, F = 165.47, P < 0.001

Aroclor 1248 and oleic acid

2) BL (%) = 83.8 – 5.0 COA± 3.1
R2=0.76, F = 31.15, P < 0.001

Oleic acidand sulfur

3) BL (%) = 41.3 – 18.8 COA – 8.2 CS + 7.3 COA×CS± 4.3
R2=0.98, F = 98.40, P < 0.001

a - descriptions of equation variables q.v. Materials and Methods;
b - where R2(determinationcoefficient), F and P represents ade 

-quacy and statistical significance of regression equations; 

Table 1. Best fitted multiple regression equationsa,b, describing 
Aroclor 1248, oleic acid and elemental sulfur 
binary mixtures toxicity for V. fischeri after 30 min 
exposure

Concentration, mg/L Bioluminescencea,%
(relatedtocontrol)

AROCLOR 1248

2.5b 84.73±1.70*

5b 78.00±1.00*

Oleic acid

0.024 73.99±1.76*

0.195b 60.33±1.53*

Sulfur

0.027b 86.10±4.28

0.055b 51.53±1.81*

Table 2. Effects of AROCLOR 1248, oleic acid and elemental 
sulfur to the bioluminescence of V. fischeri cells 
after 30 min exposure

a Results are expressed as a mean of four separate experiments 
± standard deviations. The bioluminescence values of exposed 
samples were compared with respective control values (*P 
<0.05)

of mixture was stronger than the sum of toxic effects 
of individual mixture components (Fig. 1; Table 2).  

Mixtures of A and OA caused lower toxicity on 
bioluminescence (Fig. 2) than mixtures of A and S8

0 
(Fig. 1). Insignificant interaction between A and OA 
was indicated by two-way ANOVA (P = 0.71) and 
only OA was significant determinant of mixture 
toxicity (P < 0.001) after 30 min exposure. The best 
fitted multiple regression equation indicated that 
the toxicity of binary mixture was defined only 
by changing concentrations of OA (Table 1; Eqn. 
2). Hence, the effect of A in mixture with OA on 
bioluminescence was reduced, however the same 
concentrations of A in mixture with S8

0 were signi 
-ficant determinant of bioluminescence inhibition. 
Additionally, inhibition caused by OA (195㎕/L) 
individually (by up to 40%; Table 2) was higher than 
inhibition caused by mixture (by up to 23%) of high 
concentrations of A (5 mg/L) and OA (195 ㎕/L) 
after 30 min (Fig. 2). The reduction of OA toxic 
effect (inhibition) in mixture to bioluminescence by 
up to 17%, and the reduction of A contribution to 
overall mixture toxicity led to the deduction that A 
and OA acted with antagonistic character.

Results presented in Fig. 3 showed that the alter 
-native increase in OA or S concentration in mixture 
caused a significant enhancement of mixture toxicity 
after 30 min. However, the increase in both toxicants 
concentrations together did not enhanced mixture 
toxicity significantly. The results of two-way ANO 
-VA showed significant determination of mixture 
toxicity by OA, S8

0and the irinteraction(OA×S8
0)(P < 

0.001 in all cases). Multiple regression equation 
describing toxicity of OA and S mixture (Table 1; 
Eqn. 3) indicated additive toxic effect with component 
of antagonistic interaction. The component of anta 
-gonistic interaction was confirmed by fact that 
combined effect of high concentrations of OA and S 
(Fig. 3) was less than the sum of their individual 
effects (Table 2). 
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Fig. 2. Effects of Aroclor 1248 and oleic acid mixtures to V. fischeri bioluminescence after 5, 30 and 60 min exposure. 
Results are expressed as a mean of three separate experiments ± standard deviation. 
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Fig. 3. Effects of oleic acid and sulfur mixtures to V. fischeri bioluminescence after 5, 30 and 60 min exposure. Results are 
expressed as a mean of three separate experiments ± standard deviation. 

A, OA and S8
0 are hydrophobic substances, whichh 

have the potential to bioaccumulate and cause the 
toxic effect on biological membranes (Svenson, 1998; 
Pardos, 1999; Cetkauskaite et al., 2004). Due to their 
hydrophobic properties all these substances are found 
in polluted sediments. The concentrations of natural 
toxicants (OA and S8

0), which are found in sediments 
are at least ten times higher than concentrations of 
PCBs (μg/kg dry wt.) (Sun et al., 1997; Scrimshaw et 
al., 1994; Jonsson, 2000; Smith and Klug, 1981; 
Cetkauskaite, 2004). Hence, it is realistic, that natural 
toxicants can influence results of sediment toxicity 

tests, especially using V. fischeri assay.

4. Conclusions
The present study demonstrated that environmen 

-tally relevant, low (µg/L) concentrations of natural 
hydrophobic and toxic substances, i.e. S8

0 and OA, 
which can be found in sediments, were more toxic 
than A individually, and they increased toxicity of 
Acontaining binary mixtures to V. fischeri biolumin 
-escence in vivo. It is concluded that low concen 
-trations of natural toxic substances present in environ- 
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mental samples as mixtures of chemicals can define 
the toxicodynamic character of industrial xenobiotics.
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