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Abstract: Quantitative structure–activity relationship (QSAR) models play a 
key role in finding the relationship between molecular structures and the 
toxicity of nitrobenzenes to Tetrahymena pyriformis. In this work, a genetic 
algorithm along with partial least square (GA–PLS) was employed to select the 
optimal subset of descriptors that significantly contribute to the toxicity of 
nitrobenzenes to T. pyriformis. A set of five descriptors, namely G2, HOMT, 
G(Cl···Cl), Mor03v and MAXDP, was employed for the prediction of the 
toxicity of 45 nitrobenzene derivatives and then they were used to build the 
model by the multiple linear regression (MLR) method. It transpired that the 
built model, the stability of which was confirmed using the leave-one-out 
validation and external validation test, showed high statistical significance 
(R2 = 0.963, 2

LOOQ = 0.944). Moreover, the y-scrambling test indicated there 
were no chance correlations in the model. 

Keywords: quantitative structure–activity relationship; multiple linear regres-
sions. 

INTRODUCTION 

Nitrobenzenes are important fine organic intermediates that are widely used 
in many fields, such as the synthesis of pharmaceuticals, dyestuffs and explo-
sives.1,2 Since most of nitrobenzenes and their derivatives are hazardous and 
have high potential to pollute the environment, it is of great significance to study 
their acute toxicity. With the rapid development of industry and agriculture, a 
growing number of nitrobenzenes leak into the environment, especially in aquatic 
ecosystems.3 There is little possibility of testing the acute toxicity of each com-
pound, since it would be time-consuming and expensive. Hence, great attention is 
being paid to finding tools capable of assessing the acute toxicity of nitroben-
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zenes, among which the quantitative structure–activity relationship (QSAR) 
method is the most powerful one.  

The quantitative structure–activity relationship (QSAR) method focuses on 
the motto that the properties of chemical compounds are determined by their 
molecular structures.4 Thus, based on accurate experimental data of only some of 
the chemicals in one group, the activities of chemicals in the whole group can be 
predicted using suitable models, including compounds that have not yet been 
experimentally synthesized.5–9 

For many years, QSARs have been efficiently used in the study of toxicity 
mechanisms of various reactive chemicals. Dearden et al. reviewed the attempts 
to model the acute toxicity of nitrobenzenes.10 Due to the reactive electrophilic 
nature of nitrobenzenes, the global electrophilicity and local maximum philic 
power (

maxmax
CC /ω ω+ − ), along with the total Hartree–Fock energy (EHF), were used 

as independent variables, while the toxicity of 174 selected aromatic compounds 
to T. pyriformis were considered as the dependent variable.11 Roy and Ghosh 
introduced extended topochemical atom (ETA) indices to model the toxicity of 
nitrobenzene derivatives to T. pyriformis.12 Furthermore, quantum chemical 
methods were used to calculate molecular descriptors by Gu et al., making it 
easier to understand the built models.13,14 Estrada and Uriarte obtained a good 
quantitative structure–toxicity model of 42 nitrobenzenes by their original topo-
logical sub-structural molecular design (TOPS–MODE) approach.15 Artemenko 
et al. studied the toxicity of 95 diverse nitroaromatics to T. pyriformis and dis-
cussed possible modes of action by hierarchical technology for quantitative 
structure–activity relationships (HiT QSAR).16 In some of the above-mentioned 
models, external validation and proof of passing the y-scrambling test were 
absent, causing serious doubts about the reliability of the interpretation and 
making it hard to assess their predictive power, which is a very important part of 
QSAR studies. 

The selection of the molecular descriptors most relevant to acute toxicity is 
the key problem involved in the QSAR method, as well as the application of 
appropriate techniques for constructing the models. At present, the genetic algo-
rithm (GA) is well known as an interesting and more widely used variable selec-
tion method.17–19 GA is a stochastic method to solve the optimization problems 
defined by fitness criteria, applying the evolution hypothesis of Darwin and dif-
ferent genetic functions, i.e., crossover and mutation.20 Nowadays, many diffe-
rent techniques, such as multiple linear regression (MLR), partial least squares 
(PLS) and different types of artificial neural networks (ANN), have been widely 
used in building QSAR models.21,22  

The aim of this study was to develop a reliable and predictive QSAR model 
using the MLR method for identifying the factors governing the acute toxicity of 
nitrobenzenes to T. pyriformis and to predict their acute toxicity from their mole-
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cular structures. For this purpose, a group of 45 nitrobenzene compounds having 
the structure of a single nitrobenzene ring with different substituent groups, such 
as nitro-, halogens (fluorine, chlorine, bromine), was chosen as the sample set. 
The leave-one-out cross-validation, a y-scrambling test and outer samples pre-
diction were performed to validate the developed model.  

MATERIAL AND METHODS 

Dataset 

The QSAR modeling was applied on a set of nitrobenzenes (their molecular structures 
are given in Fig. S-1 of the Supplementary Material to this paper). The dataset used in this 
study was extracted from a single literature source.23 It consists of 45 nitrobenzene com-
pounds based on a nitrobenzene ring structure with different halogen substituents. Herein, 
–log IGC50 means the inverse logarithm of the concentration causing 50 % growth inhibition 
of T. pyriformis, which was used as a measure of the toxicity of the compounds. The experi-
mental acute toxicity values of the nitrobenzenes to T. pyriformis are listed in Table I, as well 
as the corresponding names, molecular formulas and CAS numbers. The bigger the value of 
–log IGC50, the higher is the acute toxicity of the compound. 

TABLE I. List of the 45 compounds considered in the study, including corresponding names, 
molecular formulas, CAS numbers and –log IGC50 values 

No. Compound Formula CAS –log (IGC50 / mmol mL-1) 

1 1,3-Dinitrobenzene C6H4N2O4 99-65-0 0.89 
2 1-Bromo-4-nitrobenzene C6H4BrNO2 586-78-7 0.38 
3 1,3,5-Trimethyl-2-nitrobenzene C9H11NO2 603-71-4 0.86 
4 1-Methyl-2,4-dinitrobenzene C7H6N2O4 121-14-2 0.87 
5 1,2-Dichloro-3-nitrobenzene C6H3Cl2NO2 3209-22-1 1.07 
6 1,2-Dinitrobenzene C6H4N2O4 528-29-0 1.25 
7 1,4-Dinitrobenzene C6H4N2O4 100-25-4 1.30 
8 1,3-Dimethyl-2-nitrobenzene C8H9NO2 81-20-9 0.30 
9 1,2-Dimethyl-3-nitrobenzene C8H9NO2 83-41-0 0.56 
10 1,3,5-Trichloro-2-nitrobenzene C6H2Cl3NO2 18708-70-8 1.43 
11 1,2,3-Trichloro-4-nitrobenzene C6H2Cl3NO2 17700-09-3 1.51 
12 4-Chloro-1-methyl-2-nitrobenzene C7H6ClNO2 89-59-8 0.82 
13 1,4-Dichloro-2-nitrobenzene C6H3Cl2NO2 89-61-2 1.13 
14 1-Chloro-2,4-dinitrobenzene C6H3ClN2O4 97-00-7 1.98 
15 1,2,3,4-Tetrachloro-5-nitrobenzene C6HCl4NO2 879-39-0 1.78 
16 1-Methyl-4-nitrobenzene C7H7NO2 99-99-0 0.17 
17 1,3,5-Trichloro-2,4-dinitrobenzene C6HCl3N2O4 6284-83-9 2.19 
18 1-Bromo-2,4-dinitrobenzene C6H3BrN2O4 584-48-5 2.31 
19 1,5-Dichloro-2,3-dinitrobenzene C6H2Cl2N2O4 28689-08-9 2.42 
20 1,3-Dichloro-5-nitrobenzene C6H3Cl2NO2 618-62-2 1.13 
21 1-Fluoro-3-nitrobenzene C6H4FNO2 402-67-5 0.20 
22 1-Fluoro-2-nitrobenzene C6H4FNO2 1493-27-2 0.23 
23 1-Ethyl-4-nitrobenzene C8H9NO2 100-12-9 0.43 
24 1,2-Dimethyl-4-nitrobenzene C8H9NO2 99-51-4 0.59 
25 1-Chloro-2-nitrobenzene C6H4ClNO2 88-73-3 0.68 
26 1-Chloro-2-fluoro-3-nitrobenzene C6H3ClFNO2 21397-07-9 0.80 
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TABLE I. Continued 

No. Compound Formula CAS –log (IGC50 / mmol mL-1) 

27 1-Chloro-3-nitrobenzene C6H4ClNO2 121-73-3 0.84 
28 1-Bromo-3-nitrobenzene C6H4BrNO2 585-79-5 1.22 
29 1,2,4,5-Tetrachloro-3-nitrobenzene C6HCl4NO2 117-18-0 1.47 
30 1-Fluoro-2,4-dinitrobenzene C6H3FN2O4 70-34-8 1.71 
31 1,2,3,5-Tetrafluoro-4-nitrobenzene C6HF4NO2 314-41-0 1.87 
32 1,5-Difluoro-2,4-dinitrobenzene C6H2F2N2O4 327-92-4 2.03 
33 1,2,3,4,5-Pentafluoro-6-nitro-

benzene 
C6F5NO2 880-78-4 2.43 

34a Nitrobenzene C6H5NO2 98-95-3 0.14 
35a 1-Chloro-4-nitrobenzene C6H4ClNO2 100-00-5 0.43 
36a 2,4-Dichloro-1-nitrobenzene C6H3Cl2NO2 611-06-3 0.99 
37a 1,2-Dichloro-4-nitrobenzene C6H3Cl2NO2 99-54-7 1.16 
38a 1,4-Dibromo-2-nitrobenzene C6H3Br2NO2 3460-18-2 1.37 
39a 1-Chloro-2-methyl-3-nitrobenzene C7H6ClNO2 83-42-1 0.68 
40a 1,2,4-Trichloro-5-nitrobenzene C6H2Cl3NO2 89-69-0 1.53 
41a 1,2-Dichloro-4,5-dinitrobenzene C6H2Cl2N2O4 6306-39-4 2.21 
42a 1,2,4,5-Tetrachloro-3,6-dinitro-

benzene 
C6Cl4N2O4 20098-38-8 2.74 

43a 1-Fluoro-4-nitrobenzene C6H4FNO2 350-46-9 0.25 
44a 1-Bromo-2-nitrobenzene C6H4BrNO2 577-19-5 0.86 
45a 1,2,3-Trifluoro-4-nitrobenzene C6H2F3NO2 771-69-7 1.89 
a
Test set 

The compounds in Table I were sorted from low value to high value of their acute 
toxicity. Then, the first, the fifth, the ninth sample, etc. were chosen to create a test set, and 
the remaining 33 samples were regarded as the training set. The 33 training samples were 
utilized to construct the model. The other 12 samples were utilized to evaluate the predictive 
ability of the obtained model. 

Molecular descriptor calculation and selection 

Constructing numerical descriptors of a set of molecules is necessary for QSAR models. 
Descriptor reflects some of molecular properties, which can then be related with biological 
activity. For the compounds studied in this article, up to 1644 molecular descriptors were 
calculated using DRAGON software, which is a sophisticated program for the calculation of 
molecular descriptors.24,25 To date, a wide variety of descriptors have been reported for QSAR 
analysis, such as topological descriptors, constitutional descriptors, geometric descriptors and 
charge related descriptors.26,27 The geometries of all molecules were optimized by MM+ force 
field and then by the AM1 semi-empirical method with an SCF convergence of 10-5 and a 
RMS gradient of 10-2 kcal* Å-1·mol-1.28 The DRAGON software users’ guide can be referred 
to for a detailed description on the types of the molecular descriptors that DRAGON can 
calculate as well as the calculation procedures.29 

The molecular descriptors that remained constant or near constant for all molecules were 
removed from the descriptor pool, since such descriptors could not encode the structural 
differences between the compounds, which account for the differences between their acute 

                                                                                                                    

* 1 kcal = 4184 J 

___________________________________________________________________________________________________________________________

(C) 2014 SCS. All rights reserved.

Available online at: www.shd.org.rs/jscs/



 TOXICITY OF NITROBENZENES TO T. pyriformis 1115 

toxicity. Further reduction of the descriptor pool was attained by examining pair-wise 
correlations between descriptors so that only one descriptor was retained from a pair con-
tributing similar information (correlation coefficient > 0.95 in this study). Finally, a total set 
of 521 remaining descriptors was achieved and used to select the optimal subset of descriptors 
that significantly contribute to the acute toxicity. 

The selection of molecular descriptors plays a significant role in QSAR analysis. With 
hundreds of descriptors remaining, a more powerful optimization method was required to find 
the optimum quantitative relationships between the molecular descriptors and the acute 
toxicity. The genetic algorithm (GA), which was developed to simulate processes observed in 
natural evolution, is a popular solution to solve this problem.30 In this study, the GA, a 
powerful optimization method, along with the partial least square method (PLS), which is a 
robust statistical method for variable selection, was used to find the molecular descriptors 
closely related to acute toxicity. The GA–PLS programs were implemented using the software 
package PLS–Algorithm Toolbox written by Leardi and Lupiáñez.31 A detailed description of 
how to use GA–PLS and the parameters required can be found in the literature.31 In this work, 
all calculation programs implementing GA–PLS were written in M-file using the MATLAB 
package.32 

MLR method  

MLR is a widely-used statistical analysis method to model the relationship between a 
scalar dependent variable Y and several explanatory variables denoted X, which can build a 
simple and interpretable model.33 In multiple linear regression, n compounds with a known 
dependent variable (acute toxicity) and independent variables (molecular structure descrip-
tors) are used for building the model. It is assumed that the acute toxicity of each compound 
can be represented as: 

 1 ,1 2 ,2 ,...i i i m i m iy b b x b x b x ε= + + + + +  (1) 

where yi is the ith acute toxicity (i = 1,2, …, n), xi,k is the value of kth descriptor for compound 
i (k = 1,2,…m) and εi is the ith residual and with b as the vector of the regression coefficients. 
In matrix notation: 

 b= +y X ε  (2) 

where y is the vector of the toxicity values for different compounds, X is the matrix of 
descriptors for different compounds and ε is the vector of the residuals. 

When the matrix XTX is non-singular, the least square estimate of b is therefore obtained 
as: 

 T 1 T( )b −= X X X y  (3) 

The estimated acute toxicity value can be calculated as: 

 ˆŷ b= X  (4) 

In this work, the multiple linear regressions were performed using the statistics software 
SPSS.34 The linear relationship between the acute toxicity data of the compounds and their 
structure parameters was fitted by the multiple stepwise regression method in 95 % 
confidence intervals. The qualities of the statistics of the MLR equation were judged by para-
meters such as the R2 value (coefficient of determination), the F value (Fischer statistics) and 
the S value (standard deviation).  
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Model validation 

In order to check the reliability and the stability of QSPR model elaborated by MLR 
method, both the internal and external validations were conducted. The goodness of the fitting 
was firstly characterized by the coefficient of determination (R2) and the root mean squared 
error (RMSE) between calculated and experimental values for the molecules of the training 
set. The two formulas are given by Eqs. (5) and (6), respectively: 
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where yi, iy′  and y  are the observed property, calculated property and mean value of the 
property, respectively, and N is the number of observations. 

Cross-validation is one of the most popular methods of estimating the robustness of a 
model. In this work, the internal predictive capability of the model was evaluated by the 
leave-one-out cross-validation 2( ),LOOQ following the mathematic form: 
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A good 2
LOOQ  often indicates a good robustness and high internal predictive power of a 

QSPR model. The cross-validation coefficient between predicted and observed values of the 
test set 2

extQ  was used to verify the external predictive ability of the MLR model, which can 
be calculated at the model development step by properly employing a prediction set for 
validation as follows: 
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where xi, ix′ , and try  are the observed property, the calculated property in the test set and the 
mean value of the property in the training set, respectively. 

In addition, the mean absolute error (AAE) was also used to assess the obtained model, 
which was calculated according to the following equation: 
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where yi, and iy′  are the observed property and calculated property, respectively.  
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A y-scrambling test reveals the robustness of a QSAR model, being a measure of the 
model overfit. This test is realized by deliberately destroying the connection between the 
target variable y and the independent variables x (in QSAR: molecular descriptors). Thus, the 
y-data was randomly permuted, while all x data were left untouched. This y-scrambling was 
repeated 100 times. After this procedure, the obtained MLR model must have the minimal R2 
value.  

RESULTS AND DISCUSSION 

Results of descriptors selection 

The GA–PLS procedure was performed to select the optimal set of des-
criptors. A set of five descriptors were finally selected and used to build the fol-
lowing model of MLR. The correlation matrix for these descriptors used in the 
present study is shown in Table II, from which it can be seen that no high correl-
ations existed between these descriptors. 

TABLE II. Correlation matrix between the selected descriptors 

 Mor03v G2 HOMT G(Cl···Cl) MAXDP 
Mor03v 1 –0.094 0.074 –0.209 –0.124 
G2  1 0.195 0.354 –0.019 
HOMT   1 0.006 0.291 
G(Cl···Cl)    1 –0.176 
MAXDP     1 

The physical meanings of these descriptors are interpreted as follows.27 

Mor03v (3D-MoRSE – signal 03/weighted by atomic van der Waals volumes) is 
a 3D-MoRSE descriptor based on the idea of obtaining information from the 3D 
atomic coordinates by the transform used in electron diffraction studies for pre-
paring theoretical scattering curves. A generalized scattering function, called the 
molecular transform, can be used as a functional basis for deriving the specific 
analytic relationship of X-ray and electron diffraction from a known molecular 
structure. 

G(Cl···Cl) is a 3D atom pair descriptor and one of the primary dimensional 
features of chemicals. It is mainly related to the sum of the geometrical distances 
between Cl···Cl. For a compound without a Cl atom, this value will be zero. 

G2 is a gravitational index (bond restricted), defined as: 
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where mi and mj are the atomic masses of the considered atoms, rij is the 
corresponding interatomic distance and B is the number of bonds in the molecule. 
The G2 index is restricted to pairs of bonded atoms and is related to the bulk 
cohesiveness of the molecules, accounting for both atomic masses and their dis-
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tribution within the molecule space and can be extended to any atomic property 
other than the atomic mass, such as atomic polarizability, atomic van der Waals 
volume, etc. The G2 descriptor can be related to the size of the molecule – G2 is 
larger for large molecules. 

Harmonic oscillator model of aromaticity index total (HOMT) is also a geo-
metrical descriptor. It is based on the degree of alternation of single/double bonds 
and is used to measure the bond length deviation from the optimal length attri-
buted to the typical aromatic state. In this work, it depended on the variation of 
the number, position, and nature of the substituents. To illustrate the effects of 
the substituents on HOMT, the title compounds were divided into 17 groups 
according to the type of ring. Table III presents the values of the HOMT indices 
for the 17 groups of differently substituted benzene rings, labeled in column 3. 

TABLE III. HOMT values of the compounds with different types of ring substitution 

Number of 
substituents 

Type of ring Class 
Compound 

number 
HOMT 

1 Unsubstituted nitrobenzene 1 34 5.844 
2 2-Substituted nitrobenzene 2 6 5.944 

22 5.959 
25 5.955 
44 5.955 

3-Substituted nitrobenzene 3 1 5.944 
21 5.959 
27 5.955 
28 5.955 

4-Substituted nitrobenzene 4 2 5.95 
7 5.944 

16 5.944 
23 5.944 
35 5.955 
43 5.961 

3 2,4-Disubstituted nitrobenzene 5 36 5.96 
2,5-Disubstituted nitrobenzene 6 4 5.95 

12 5.955 
13 5.96 
14 5.955 
18 5.953 
30 5.959 
38 5.96 

3,4-Disubstituted nitrobenzene 7 24 5.953 
37 5.963 

3,5-Disubstituted nitrobenzene 8 20 5.96 
2,3-Disubstituted nitrobenzene 9 26 5.962 

39 5.955 
2,6-Disubstituted nitrobenzene 10 8 5.953 
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TABLE III. Continued 

Number of 
substituents 

Type of ring Class 
Compound 

number 
HOMT 

4 2,3,4-Trisubstituted nitrobenzene 11 11 5.964 
45 5.973 

2,4,6-Trisubstituted nitrobenzene 12 3 5.944 
10 5.961 
19 5.96 

2,4,5-Trisubstituted nitrobenzene 13 32 5.969 
40 5.963 
41 5.958 

5 2,3,4,5-Tetrasubstituted nitrobenzene 14 15 5.97 
29 5.97 

2,3,4,6-Tetrasubstituted nitrobenzene 15 31 5.983 
2,3,5,6-Tetrasubstituted nitrobenzene 16 17 5.961 

6 2,3,4,5,6-Pentasubstituted nitrobenzene 17 33 5.988 
42 5.97 

Analyzing the data in Table III, several interesting results could be found. 1) 
Among the compounds with the same nitrobenzene ring, the halogen-substituted 
nitrobenzene compounds had higher HOMT indices than nitrobenzene com-
pounds with alkyl groups; 2) when the H atoms were substituted by F atoms, the 
HOMT index was higher than for compounds with Cl and Br atoms; 3) for the 
isomers, the variance in the HOMT values was subtle.  

The relation between the median HOMT value of each group and the number 
of substituents is illustrated in Fig. 1, from which it could be seen that the HOMT 
index, in general, incrementally increases with the number of substituents attached 
to the ring. As is well known, halogen and nitro groups are electron-withdrawing 
groups that are responsible for a decrease in the electronic density of a benzene 
ring to which they are attached. 

Fig. 1. Plot of the median values of 
HOMT against the number of substi-
tuents. 

___________________________________________________________________________________________________________________________

(C) 2014 SCS. All rights reserved.

Available online at: www.shd.org.rs/jscs/



1120 WANG et al. 

MAXDP is a topological descriptor defined as the maximal electrotopo-
logical positive variation, which can be related to the electrophilicity of a mole-
cule.35 The nitrobenzenes are representatives of electrophilic toxicants in that, 
depending on the substitution pattern, they may undergo a number of different 
electrophilic reactions.36 Due to the reactive electrophilic nature of the nitroben-
zenes, it is not surprising that previous modeling efforts focused on the use of 
electronic molecular descriptors.37–40 The mechanisms of toxic action have been 
simplistic in that toxicity was modeled as a function of the ability of the toxicant 
to reach the active site and its ability to react covalently with some biological 
macromolecule.41 Previous studies proposed a number of mechanisms of toxic 
action.10,42–44 Despite the lack of knowledge regarding specific mechanisms of 
toxic action for some compounds, it was recognized that, while it is not easy to 
qualify, electrophilicity is an important property governing the toxicity of these 
compounds. 

In general, the descriptors that appear in the QSAR model can encode 
different electronic, steric and electrophilic aspects of the molecules, which affect 
the acute toxicity of the compound. 

Multiple linear regressions were found in SPSS in Analyze/Regres-
sion/Linear. The method for the multiple linear regression analysis in this study 
was “Stepwise”, which is an automated procedure used to select the most sta-
tistically significant variables from several explanatory variables. In this study, 
the experimental acute toxicity values of the 33 compounds in the training set as 
dependent variables and the G2, HOMT, G(Cl···Cl), Mor03v and MAXDP as 
independent variables had to be entered into the multiple linear regression model. 
The types and definitions of these descriptors are listed in Table IV. 

TABLE IV. Molecular descriptors selected by GA–PLS 

Descriptor Independent variable Type 
Mor03v x1 3D-MoRSE descriptors 
G(Cl···Cl) x2 3D Atom pairs 
G2 x3 Geometrical descriptors 
HOMT x4 Geometrical descriptors 
MAXDP x5 Topological descriptors 

The MLR model built by stepwise regression45 on the training set is given as 
Eq. (10): 

 50 1 2

3 4 5

log 120.042 0.538 0.026

19.745 0.462 0.216

IGC x x

x x x

− = − − − +
+ + −

  

 N = 33, R2 = 0.963, F = 140.273, S = 0.142 (10) 

The model was assessed with the R2 value (coefficient of determination), the 
F value (Fischer statistics), and the S value (standard deviation). The number of 
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observations N was also noted. Generally, the higher the correlation coefficient 
and the lower the standard error, the more reliable is the model. High values of F 
indicate the significance of Eq. (10), which reflects the ratio of variance 
explained by the model and the variance due to the error in the model.  

Based on Eq. (10), the independent variables x3 and x4 were positively cor-
related with the dependent variable acute toxicity, while the independent variable 
x1, x2 and x5 were in negative correlations with acute toxicity. As discussed in the 
section above, this also indicates positive contributions of molecular bulk (size), 
halogen and additional nitro substitutions in the nitrobenzene ring and negative 
contributions of –Cl group and molecular electrophilicity to the toxicity. 

The relative influence of the various parameters on the targeted value were 
determined by their standardized regression coefficients in the equation, which 
were 0.210, –0.282, 0.842, 0.304 and –0.168, respectively. According to these 
values, the importance of the descriptors involved in the model decreased in the 
following order: G2 > HOMT > G(Cl···Cl) > Mor03v > MAXDP. The most sig-
nificant descriptor is the mass distribution G2. The second significant descriptor 
is HOMT. 

Model validation 

In order to check the reliability and the stability of the QSAR model elab-
orated by the MLR method, both internal and external validations were con-
ducted. The leave-one out cross-validation correlation coefficient 2

LOO( )Q was 
0.944, showing the good robustness of the model. Moreover, predictions realized 
on the test set were in good agreement with the experimental values 

2 2
extext ext( 0.927,  0.918,  0.220).R Q RMSE= = =  The value of the cross-validation 

correlation coefficient 2
LOO( )Q  was similar to R2 22

LOO( 0.019),R Q− = which 
disclosed that the linear modeling method had a good generalization perfor-
mance. 

The dependences between the predicted acute toxicity values vs. the observed 
values for both the training and test sets are shown in Fig. 2, which shows good 
correlations between the parameters. In addition, the residuals of the predicted 
values of the acute toxicity against the observed values for the model are shown 
in Fig. 3. As most of the calculated residuals were distributed on both sides of the 
zero line, the conclusion could be drawn that there was no systematic error in the 
development of the developed model.  

Moreover, the obtained model was tested for chance correlations by the 
y-scrambling experiment. In this work, the y-scrambling was conducted using the 
“MLR Y-Randomization Test 1.0” java program.46 This y-scrambling was repeated 
100 times. Every run yielded estimates of R2 and Q2, which are presented in 
Table S-I of the Supplementary Material to this paper. The obtained mean value 
of R2 and Q2 after a 100-time scrambling of the data set and modeling were 
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0.1625 (R2 < 0.3) and –0.2871 (Q2 < 0.0), respectively. It could thus be con-
cluded that chance correlation had little or no effect in the presented model. 

Fig. 2. Comparison between the pre-
dicted and the experimental –log IGC50 
values.

Fig. 3. Plots of the residuals vs. the 
experiment –log IGC50 values for the 
MLR model. 

All the results discussed above showed that the presented MLR model could 
be effectively used to predict the acute toxicity of nitrobenzenes to T. pyriformis. 

Model comparison 

In order to estimate acute toxicity of nitrobenzenes to the T. pyriformis, 
several important relationships were previously proposed, which are reported in 
Table V. 

As seen from Table V, these models were mainly based on three different 
typologies of descriptors: experimental parameters, quantum-chemical descrip-
tors and molecular structure descriptors. Unfortunately, it is not possible to verify 
whether one model is better than another is; at most, it is possible to discuss the 
quality and the drawbacks of each model, because the size and composition of 
the training sets were usually different. Furthermore, the literature often reports 
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only the fitting power of a model expressed by R2, while the predictive power is 
unknown. A y-scrambling test was not always performed. However, the MLR 
model presented in this paper is derived only from knowledge of molecular 
structure and it shows good predictive ability and strong robustness. 

TABLE V. Comparison of some models for the prediction of nitrobenzenes’ acute toxi-
city to T. pyriformis 

Literature N Model descriptors Q2 a R2 a 
12 42 Cl Br/I NO CH OH2 2[ ] ,  [ ] ,  [ ] ,  [ ]F F F Fη η η η′ ′ ′ ′  0.88 0.920 

15 42 0 1 2 0,  ,  ,  μ μ μ μ  0.901 0.910 
9 42 log KOW, OW LUMOlog ,  K E  0.866 0.881 
13 36 EHOMO, ELUMO, ΔE, P, μ, V, Q-NO2 0.874 0.896 
14 20 LUMOE  – 0.889 
47 97 ( ) (2)min 2 SOMO

0C C ,  ,  ,  ,  en PNSAE E V FNSAχ−  – 0.815 

10 47 LUMO oxlog ,  ,  D E dC  0.826 0.858 
36 50 LUMO,  log ,  logE Pω  – 0.870 
aThe model with best predictive ability in the literature 

CONCLUSIONS 

In this study, GA–PLS was used to search for molecular descriptors closely 
related to the acute toxicity of nitrobenzenes for T. pyriformis. A set of five des-
criptors were finally selected and used to build a model by MLR. The most sig-
nificant descriptor was the G2 molecular descriptor. This descriptor is a geomet-
rical descriptor related to the size of the molecule. Moreover, the number of sub-
stituents on the aromatic ring of the nitrobenzenes, connected with the geomet-
rical descriptor HOMT, also played a key role in the acute toxicity. Furthermore, 
internal and external validations were conducted to check the reliability and the 
stability of the QSAR model elaborated by the MLR method. The results showed 
the established model had a good predictive ability and strong robustness, with 
R2 = 0.963, 2

LOOQ = 0.944 and 2
extQ  = 0.918. Thus, the presented model could be 

efficiently employed for estimating the toxicity of nitrobenzene derivatives for 
which experimental data are unavailable. 

SUPPLEMENTARY MATERIAL 

The molecular structures of the 45 titled compounds (Fig. S-1) and the results of the 
y-randomization validation (Table S-I) are available electronically from http://  
//www.shd.org.rs/JSCS/, or from the corresponding author on request. 
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И З В О Д  
QSAR СТУДИЈЕ АКУТНЕ ТОКСИЧНОСТИ НИТРОБЕНЗЕНА ЗА ПРАЖИВОТИЊУ 

Tetrahymena pyriformis 

DAN-DAN WANG1, LIN-LIN FENG1, GUANG-YU HE2 и HAI-QUN CHEN1 

1School of Environmental and Safety Engineering, Changzhou University, Jiangsu Province, Changzhou, 

213164, China и 2Key Laboratory of Advanced Catalytic Materials and Technology, Changzhou University, 

Jiangsu Province, Changzhou, 213164, China 

Квантитативни модели за релације између структуре и активности (QSAR) имају 
важну улогу у проучавању структурне зависности токсичности нитробензена за 
праживотињу Tetrahymena pyriformis. У овом раду је примењен генетички алгоритам, 
заједно са методом парцијалних најмањих квадрата. Токсичност 45 деривата нитробен-
зена описан је помоћу пет дескриптора, наиме G2, HOMT, G(Cl···Cl), Mor03v и MAXDP. 
Показало се да је добивени модел статистички значајан (R2 = 0,963, 2

LOOQ = 0,944). Осим 
тога, одговарајућим статистичком провером (y-scrambling test) показали смо да у моделу 
нема случајне корелације. 

(Примљено 10. септембра, ревидирано 11. новембра, прихваћено 6. децембра 2013) 
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