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Abstract The combined toxicity of lead (Pb) and nine

phenols were measured. The result indicated that the

combined toxicity is not only dependent on the Pb con-

centrations but also on the positions of substituted groups

of phenols. Quantitative structure–activity relationship

equations were built from the combined toxicity and

physico-chemical descriptors of phenols in the different Pb

concentrations. The combined toxicity was related to water

solubility and the third order molecular connectivity index

(3X) in low Pb concentration, to solute excess molar

refractivity (E) and ionization constant (pKa) in medium Pb

concentration and to dipolarity/polarizability (S) in high Pb

concentration.

Keywords QSAR � Photobacterium phosphoreum �
Synergism � Antagonism

The toxicity of each chemical is more commonly investi-

gated in the literature (Schultz 1987; Yangjeh et al. 2006).

However, in recent years, there is a growing concern that

many toxic effects are not only caused by a single sub-

stance, but are actually due to the presence of mixtures of a

large number of compounds. These chemical mixtures may

result in different interactions on ecosystems and organ-

isms rather than that, which would be observed from

individual chemical alone (Mochida et al. 2006). In order

to evaluate the risk associated with the pollutants in the real

environment, it is necessary to develop techniques to

understand, analyze and predict the combined effect of

toxic chemicals (Xu and Nirmalakhandan 1998).

Phenols have been used widely as materials in the

manufacture of plastics, as constituents of industrial dis-

infectants and as chemical reagents in industrial processes

(Yangjeh et al. 2006). They are often been found in

industry waste water and very toxic to aqueous organisms.

The heavy metal lead (Pb) was found in the environment as

a consequence of both natural and anthropogenic pro-

cesses, with mining and smelting, coal burning, cement

manufacturing, and use in gasoline contributing most to Pb

contamination of aquatic environments (Grosell et al.

2006). Some studies have been carried out on the combined

toxicity among heavy metals (Shaw et al. 2006; Otitoloju

2002) and combined toxicity among organic pollutants

(Nirmalakhandan et al. 1997; Chen et al. 2005). Fewer

studies have examined the combined toxicity of heavy

metals and organic pollutants, especially phenols and Pb to

aqueous organism. The quantitative structure–activity

relationship (QSAR) of single toxicity of serial organic

pollutants including phenols has been investigated (Schultz

1987; Cronin and Schultz 1996; Yangjeh et al. 2006). Xu

and Nirmalakhandan (1998) used the QSAR model from

single toxicity to predict the combined toxicity of organic

chemicals, whereas those predictions are on the basis of

mixtures causing toxicity by simple addition. In fact,

besides simple addition, some studies indicated that the

combined effects of contaminants can be larger or smaller

than simple addition (Nirmalakhandan et al. 1997). It

means that simple addition, synergism and antagonism may

exist among mixture actions. Building QSAR models to

predict the combined toxicity of chemical mixtures is

currently a major challenge in aquatic ecotoxicology. In
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this paper, we used the Photobacterium phosphoreum as

the tested organism to evaluate the acute toxicity of both

single compounds and mixtures of phenols and Pb.

Because the combined ratios of mixtures might lead to

different toxic properties (Otitoloju 2002), Pb was set in

three levels (low, medium and high concentrations). QSAR

models were developed in different combination levels to

predict the combined toxicity of phenols and Pb.

Materials and Methods

The freeze-dry powder of P. phosphoreum was supplied by

the Nanjing Institute of Soil Science, Chinese Academy of

Science. The tests were performed according to Yuan et al.

(2005). The binary combined toxicity of Pb and nine

phenols to P. phosphoreum were determined on the basis of

single toxicity in three concentrations of Pb (0.2 EC50,

0.5 EC50, 0.8 EC50), respectively. All bioassays were car-

ried out in triplicate for statistical purpose. The median

effective concentrations (EC50) in units of (molL-1) and

the corresponding confidence interval (CI) at 95% were

determined by method of Probit analysis (Thomulka et al.

1996) with the SPSS statistic package (version 11.5, SPSS

Company, Chicago, IL, USA).

The physico-chemical descriptors of phenols were cal-

culated from different computer programs. The logarithm

of n-octanol/water partition coefficient (log Kow) and water

solubility (WS) were calculated with the software

WSKowwin (Version 1.41, EPA, USA). The heat of for-

mation (4Hf), the energy of the highest occupied molec-

ular orbital (EHOMO), the energy of the lowest unoccupied

molecular orbital (ELUMO) and the core–core repulsion

(CCR) were calculated by the quantum chemical method

PM3 in MOPAC 2000 from the Chemoffice 2002 program

(www.cambridgesoft.com). The ionization constant (pKa)

was calculated with the software of Micro QSAR (version

2.0, EPA, USA). Molecular connectivity indexes (2X, 3X,
4X) and Molecular valence connectivity indexes (2Xv, 3Xv,
4Xv) were calculated with the software of Molecular

Modeling Pro (version 3.01, ChemSW Software Inc.,

http://www.chemsw.com). The calculation of dipolarity/

polarizability parameter(S) and solute excess molar

refractivity (E) is referred to Abraham et al. (2000) and

Zissimos et al. (2002).

Results and Discussion

To analyze and quantify the combined effects of Pb and

phenols, additive index (AI; Xu and Nirmalakhandan 1998)

was used in this paper. The combined effects were derived

from AI values as following: AI [ 0, synergism; AI \ 0,

antagonism; and AI = 0, addition. The results are listed in

Table 1. In the Pb concentration of 0.2 EC50, the binary

combined effects of Pb and phenols were antagonism. In

the Pb concentration of 0.5 EC50, the binary combined

effects of Pb and phenols were related to the position of

substituted groups of phenols. The combined effects of Pb

and ortho-substituted phenols were mainly antagonistic.

The combined effect of Pb and meta-substituted phenol (m-

nitrophenol) was synergistic. Whereas the combined

effects of Pb and para-substituted phenols were mainly

close to additive action. In the Pb concentration of

0.8 EC50, the binary combined effects of Pb and phenols

were synergistic. When Pb was combined with p-nitro-

phenol and p-aminophenol, the combined toxicity showed

so strong synergistic action that experimental values (log1/

EC50) can not be obtained. The result indicated that the

ecology risk would be different when Pb concentrations

Table 1 Assessment of combined action of binary mixtures of phe-

nols and Pb

Mixture Pb

(EC50)

Toxicity of phenols

in mixtures and CI

at 95% (log1/EC50)

AI

Pb ? phenol 0.2 2.89 (2.78–2.97) -0.37

0.5 3.22 (3.01–3.38) -0.04

0.8 4.03 (3.79–4.71) 0.13

Pb ? o-nitrophenol 0.2 3.40 (3.34–3.47) -0.28

0.5 3.32 (3.26–3.41) -0.82

0.8 5.01 (4.62–6.08) 0.21

Pb ? m-nitrophenol 0.2 3.23 (3.07–3.39) -0.45

0.5 4.56 (4.40–4.86) 0.79

0.8 6.86 (6.36–7.20) 0.25

Pb ? p-nitrophenol 0.2 3.82 (3.69–3.91) -1.10

0.5 4.88 (4.63–4.90) -0.16

0.8 – –

Pb ? o-aminophenol 0.2 3.97 (3.91–4.09) -1.09

0.5 4.08 (4.00–4.17) -0.97

0.8 5.63 (5.26–6.39) 0.19

Pb ? p-aminophenol 0.2 4.88 (4.80–4.97) -0.11

0.5 5.18 (5.06–5.29) 0.05

0.8 – –

Pb ? 2,4-dinitrophenol 0.2 4.28 (4.21–4.34) -0.08

0.5 4.88 (4.81–4.96) 0.39

0.8 5.83 (5.69–6.11) 0.21

Pb ? o-methoxyphenol 0.2 3.31 (3.24–3.37) -6.16

0.5 3.28 (3.10–3.39) -6.88

0.8 5.35 (4.69–5.95) 0.16

Pb ? p-benzenediol 0.2 5.68 (5.57–5.85) -0.01

0.5 5.98(5.65–6.68) 0.11

0.8 6.70 (6.28–7.30) 0.41
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and the position of substituted groups of phenols were

changed.

The toxicology data of phenols combined with Pb in the

concentrations of 0.2 EC50 Pb, 0.5 EC50 Pb and 0.8 EC50

Pb were analyzed with 15 physico-chemical descriptors of

phenols using the stepwise linear regression method in the

statistic package SPSS11.5, respectively. Model quality

was characterized by the number of observations (n), the

square of correlation coefficient (R2), standard error of

estimate (SE), mean square ratio (F) and a significant level

(p). The different linear structure-toxicity models were

obtained in different combinations of Pb and phenols.

When Pb was set in the concentration of 0.2 EC50, the

QSAR equation built from the toxicology data of phenols

in mixtures and descriptors was expressed as Eq. 1:

log 1=EC50 ¼ 0:808þ 2:207� 10�5 WSþ 0:8533X ð1Þ

n = 9, R2 = 0.961, SE = 0.201, F = 74.802, p = 0.000.

Equation 1 explains most of the variance (0.961) with

maximum F value (74.802) and minimum standard error of

estimate (0.201). There are two descriptors (WS and 3X) in

Eq. 1. The first parameter entering the equations is WS, the

water-solubility of a molecule with units of (mg L-1). The

second is the third order molecular connectivity index (3X).

It encodes topological information of a molecule and

reflects the size of a molecule and the influence of substi-

tuted group position. Schultz (1987) had found that the

single toxicity of phenols was related to ionization constant

(pKa). Lu et al. (2007) have studied the combined toxicity

of phenols and anilines to algae and found that the com-

bined toxicity was related mainly to their electronic prop-

erties and hydrophobicity. Those results were not

consistent with that of in this paper properly. The reason

maybe is that the combined systems (combination of

organic and inorganic chemicals) and the combined actions

(antagonism in low Pb concentration) are different.

When Pb was set in the concentration of 0.5 EC50, the

QSAR equation built from the toxicology data of phenols

in mixtures and descriptors was expressed as Eq. 2:

log 1=EC50 ¼ �12:039þ 12:315E þ 0:502 pKa ð2Þ

n = 9, R2 = 0.884, SE = 0.381, F = 22.906, p = 0.002.

It was shown from Eq. 2 that the toxicology data of

phenols in mixtures were well correlated to E and pKa with

square of correlation coefficient (0.884), F value (22.906)

and standard error of estimate (0.381). E is the solute

excess molar refractivity in units of (cm3 mol-1)/10 and

can be obtained by the summation of fragments or sub-

structure (Zissimos et al. 2002). The ionization constant

(pKa) reflects the proton releasing ability of a compound.

Lower the pKa value, stronger the proton releasing ability,

and stronger the electrophilic ability; while higher the pKa

value, weaker the proton releasing ability, and thus stron-

ger the nucleophilic ability (Yuan et al. 2005). In this

combined level of phenols and Pb, the combined actions

changed with the position of substituted groups of phenols,

antagonism, addition and synergism all exist, so the

descriptors in Eq. 2 are not common with those in low Pb

concentration.

When Pb was set in the concentration of 0.8 EC50, the

QSAR equation built from the toxicology data of phenols

in mixtures and descriptors was expressed as Eq. 3:

log 1=EC50 ¼ 2:221þ 2:882S ð3Þ

n = 7, R2 = 0.634, SE = 0.647, F = 8.658, p = 0.032.

It was shown from Eq. 3 that the toxicology data of

phenols in mixtures were related to the dipolarity/polariz-

ability (S) of a compound that can be obtained from gas

liquid chromatographic measures on polar stationary pha-

ses, or more generally from water–solvent partition coef-

ficients (Zissimos et al. 2002). Since the toxicities are

synergistic in this combined level, the QSAR model varied

Table 2 The descriptors of phenols and the relative errors from QSAR models

Compounds WS 3X E pKa S Relative error values

Er. (1)a Er. (2)a Er. (3)a

Phenol 26,160 1.89 0.81 9.92 0.89 -3.72 9.44 -18.76

o-Nitrophenol 2,500 3.03 1.02 6.80 1.05 -1.40 -18.55 -4.73

m-Nitrophenol 6,290 2.92 1.05 8.27 1.57 -6.43 -10.60 1.67

p-Nitrophenol 7,507 3.00 1.07 7.15 1.72 7.52 3.13 –

o-Aminophenol 32,360 2.54 1.11 4.84 1.10 7.08 0.48 4.24

p-Aminophenol 101,200 2.30 1.15 5.47 1.20 -2.53 6.00 –

2,4-Dinitrophenol 1,971 4.10 1.20 4.03 1.49 -1.61 2.42 -11.75

o-Methoxyphenol 7,226 2.81 0.84 9.92 0.91 -1.64 -0.17 9.47

p-Benzenediol 129,500 2.30 1.06 9.55 1.27 0.92 2.86 12.22

a Er. (1), Er. (2) and Er. (3) are relative errors from Eqs. 1, 2 and 3 which are defined as the difference between the experimental and predicted

values divided by the experimental values 9 100%
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and the combined toxicity is only related to dipolarity/

polarizability parameter (S).

The combined actions of Pb and phenols were related to

the Pb concentrations in mixtures. It is shown from Eqs. 1,

2 and 3 that different QSAR models were obtained when

Pb was combined with phenols in low, medium and high

concentration. The different combined actions in three Pb

concentrations may be one reason. The descriptors of

phenols in QSAR equations and the relative errors (Yuan

et al. 2005) from Eqs. 1, 2 and 3 are listed in Table 2.

As shown in Table 2, the 80% relative error values are

lower than 10% when predicted by three equations, whilst

all the relative error values remain within 20%. The plot of

the predicted values from Eqs. 1, 2 and 3 versus the

experimental values is shown in Fig. 1. There is a good

agreement between the predicted values and experimental

values with R2 = 0.898.

In conclusion, when Pb was set in different concentra-

tions, the combined toxicity of phenols and Pb was related

to different physico-chemical descriptors. The binary

combined effects of Pb and phenols were antagonistic in

low Pb concentration and the combined toxicity was rela-

ted to WS and 3X. In the medium Pb concentration, the

combined effects were changed with the position of

substituted groups of phenols and the combined toxicity

was related to E and pKa. In the Pb concentration of

0.8 EC50, the binary combined effects were synergistic and

the combined toxicity was related to S.

Acknowledgments This research was financed by the National

Nature Science Foundation of China (40673059) and Science

Foundation for Young Teachers of Northeast Normal University

(20080501).

References

Abraham MH, Benjelloun-Dakhama N, Gola JMR, Acree WE, Cainc

JWS, Cometto-Munizc JE (2000) Solvation descriptors for

ferrocene, and the estimation of some physicochemical and

biochemical properties. New J Chem 24:825–829. doi:10.1039/

b004291i

Chen CY, Chen SL, Christensen ER (2005) Individual and combined

toxicity of nitriles and aldehydes to Raphidocelis subcapitata.

Environ Toxicol Chem 24(5):1067–1073. doi:10.1897/04-

147R.1

Cronin MTD, Schultz TW (1996) Structure-toxicity relationships for

phenols to Tetrahymena pyriformis. Chemosphere 32(8):1453–

1468. doi:10.1016/0045-6535(96)00054-9

Grosell M, Gerdes RM, Brix KV (2006) Chronic toxicity of lead to

three freshwater invertebrates-Brachionus calyciflorus, Chiron-
omus tentans, and Lymnaea stagnalis. Environ Toxicol Chem

25(1):97–104. doi:10.1897/04-654R.1

Lu GH, Wang C, Tang ZY, Guo XL (2007) Quantitative structure–

activity relationships for predicting the joint toxicity of substi-

tuted anilines and phenols to algae. Bull Environ Contam

Toxicol 78:73–77. doi:10.1007/s00128-007-9005-1

Mochida K, Ito K, Harino H, Kakuno A, Fujii K (2006) Acute toxicity

of pyrithione antifouling biocides and joint toxicity with copper

to red sea bream (Pagrus major) and toy shrimp (Heptacarpus
futilirostris). Environ Toxicol Chem 25(11):3058–3064. doi:

10.1897/05-688R.1

Nirmalakhandan N, Xu S, Trevizo C (1997) Additivity in microbial

toxicity of nonuniform mixtures of organic chemicals. Ecotoxi-

col Environ Saf 37:97–102. doi:10.1006/eesa.1997.1530

Otitoloju AA (2002) Evaluation of the joint-action toxicity of binary

mixtures of heavy metals against the mangrove periwinkle

Tympanotonus fuscatus var radula (L.). Ecotoxicol Envrion Saf

53:404–415. doi:10.1016/S0147-6513(02)00032-5

Schultz TW (1987) The use of the ionization constant (pKa) in

selection models of toxicity in phenols. Ecotoxicol Environ Saf

14:178–183. doi:10.1016/0147-6513(87)90060-1

Shaw JR, Dempsey TD, Chen CY, Hamilton JW, Folt CL (2006)

Comparative toxicity of cadmium, zinc, and mixtures of

cadmium and zinc to daphnids. Environ Toxicol Chem

25(1):182–189. doi:10.1897/05-243R.1

Thomulka KW, Abbas CG, Young DA, Lange JH (1996) Evaluating

median effective concentrations of chemicals with biolumines-

cent bacteria. Bull Environ Contam Toxicol 56:446–452. doi:

10.1007/s001289900064

Xu S, Nirmalakhandan N (1998) Use of QSAR models in predicting

joint effects in multi-component mixtures of organic chemicals.

Water Res 32:2391–2399. doi:10.1016/S0043-1354(98)00006-2

Yangjeh AH, Jenagharad MD, Nooshyar M (2006) Application of

artificial neural networks for predicting the aqueous acidity of

various phenols using QSAR. J Mol Model 12:338–347. doi:

10.1007/s00894-005-0050-6

Yuan X, Lu GH, Su LM (2005) Correlation study of toxicity of

substituted phenols to river bacteria and their biodegradability in

river water. Biomed Environ Sci 18:281–285

Zissimos AM, Abraham MH, Barker MC, Boxb KJ, Tam KY (2002)

Calculation of Abraham descriptors from solvent–water partition

coefficients in four different systems; evaluation of different

methods of calculation. J Chem Soc Perkin Trans 2:470–477.

doi:10.1039/b110143a

Fig. 1 Plot of experimental and predicted values of phenols in

mixtures from Eqs. 1 (u), 2 (h) and 3 (4)

314 Bull Environ Contam Toxicol (2010) 84:311–314

123

http://dx.doi.org/10.1039/b004291i
http://dx.doi.org/10.1039/b004291i
http://dx.doi.org/10.1897/04-147R.1
http://dx.doi.org/10.1897/04-147R.1
http://dx.doi.org/10.1016/0045-6535(96)00054-9
http://dx.doi.org/10.1897/04-654R.1
http://dx.doi.org/10.1007/s00128-007-9005-1
http://dx.doi.org/10.1897/05-688R.1
http://dx.doi.org/10.1006/eesa.1997.1530
http://dx.doi.org/10.1016/S0147-6513(02)00032-5
http://dx.doi.org/10.1016/0147-6513(87)90060-1
http://dx.doi.org/10.1897/05-243R.1
http://dx.doi.org/10.1007/s001289900064
http://dx.doi.org/10.1016/S0043-1354(98)00006-2
http://dx.doi.org/10.1007/s00894-005-0050-6
http://dx.doi.org/10.1039/b110143a

	Evaluation of Combined Toxicity of Phenols and Lead to Photobacterium phosphoreum and Quantitative Structure--Activity Relationships
	Abstract
	Materials and Methods
	Results and Discussion
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


