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INTRODUCTION 
 
Tributyltin (TBT) has been extensively used as an antifouling 
biocide in maritime paints to prevent the attachment of fouling 
organisms from the surface of ships and boats [1]. Tributyltin is 
found to be highly persistent especially in sediment and very 
toxic to even non targeted organisms [2]. Use of TBT as marine 
biocide has been barn long ago globally in 2008 by the 
International Maritime Organization (IMO), however due to it 
persistent nature its residue has been reported in many places 
across the world including South Africa, Strait of Johore 
Malaysia, Portugal, Australia [3–6]. High concentrations still 
persistent in fresh water and sediments and can stays up to 30 
years [3,7]. Organotin used in industries have also been detected 
in terrestrial environment [8]. Bacteria have been well-known to 
degrade organic pollutants [9]. Martin et al. [10] studied the 

interactions between Bacillus stearothermophilus with different 
TBT concentrations (0, 100, 200, 300, 400 and 500 nM). As the 
TBT concentration increases, the growth of Bacillus 
stearothermophilus was severely inhibited. The bacterium, 
Bacillus stearothermophilus have been used as suitable model for 
drug and pesticide toxicity assessment [11]. 
 

In this study, numerous models such as  the modified Han-
Levenspiel  [12], Wang , Liu [13], modified Andrews [14], Amor 
[15] have been utilised [16] to evaluate the result of TBT toxicity 
on B. stearothermophilus bacterium [17]. From these models 
inhibition related constants, which include C, Ccrit, µ, µmax, Kc, 
Ks, Ki and m which represent TBT concentration (nM), critical 
TBT concentration (nM), initial growth rate (nM h), maximum 
growth rate (nM h), inhibition constant (nM), Monod constant 
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 ABSTRACT 
The growth of the bacterium, Bacillus stearothermophilus was intensely inhibited by tributyltin 
(TBT). As the TBT concentration increases, the overall specific growth rate was inhibited. The 
growth rates obtained were then modelled according to the modified Han-Levenspiel, Wang, Liu, 
Shukor and modified Andrews. Among the five models, Wang shows the best fitting while the 
Andrew model shows poor fitting. Results of the statistical analysis showed that the Wang model 
was the best model based on the lowest values for RMSE and AICc, highest adjusted correlation 
coefficient (AdR2) and values of AF and BF closest to unity. The parameters obtained from the 
Wang model, which are Ccrit, µmax and m which represent critical TBT concentration (nM), 
maximum growth rate (nM h) and empirical constant values were 177.99 (95%, confidence 
interval 144.26 to 211.71), 2.41 (95%, confidence interval of 2.17 to 2.64) and 2.76 (95%, 
confidence interval of 1.44 to 4.07) respectively. 
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(nM), TBT inhibition constant (nM) and empirical constant 
values, respectively, can be found. 
 

To date aside from these reports, there are almost no other 
reports on the kinetic  model effect of TBT toxicity on the growth 
rate of microorganisms as most reports were on the effect of 
heavy metals on the primary models of the growth of 
microorganisms and not on secondary models [18,19]. The aim 
of this work is to model the effect of tributyltin on the growth rate 
of Bacillus stearothermophilus through the use of several 
inhibition models.  ` 

 
MATERIALS AND METHODS 
 
Data source 
Data from Table 1 of Martins et al was processed using the 
software Webplotdigitizer 2.5 [22] which digitizes the scanned 
figure and has been utilized by many researchers and 
acknowledged for its reliability [17,23–25]. 
 
Effect of TBT on growth rate of B. steearothermophilus 
The models utilized in this study is as follows; 
 

Models Equation Ref 
Modified Han-
levenspiel 𝑟𝑟 = 𝑢𝑢𝑚𝑚𝑚𝑚𝑚𝑚 �1 −

𝐶𝐶
𝐶𝐶𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

�
𝑚𝑚

 
[12] 

Wang 𝑟𝑟 =
𝑢𝑢𝑚𝑚𝑚𝑚𝑚𝑚

1 + � 𝐶𝐶𝐾𝐾𝐶𝐶
�
𝑚𝑚 

 

[13]  

Liu 𝑟𝑟 =
𝑢𝑢𝑚𝑚𝑚𝑚𝑚𝑚𝐾𝐾𝐶𝐶
𝐾𝐾𝐶𝐶 + 𝐶𝐶

 [26] 

Modified Andrews 𝑟𝑟 =
𝑢𝑢𝑚𝑚𝑚𝑚𝑚𝑚𝐶𝐶

𝐾𝐾𝑠𝑠 + 𝐶𝐶 + �𝐶𝐶
2

𝐾𝐾𝑖𝑖
�

 

 
 

[14] 

Shukor 
𝑟𝑟 = 𝜐𝜐𝑚𝑚𝑚𝑚𝑚𝑚 �1 − �

𝐶𝐶
𝑆𝑆𝑚𝑚
�
𝑛𝑛
� 

[21] 

 
 
Fitting of the data 
The nonlinear equations were fitted with a Marquardt algorithm 
using CurveExpert Professional software (Version 1.6). The 
algorithm searches the best method that minimizes the sum of the 
squares between predicted and measured values. The software 
calculates the starting values automatically via the steepest ascent 
method. 
 
Statistical analysis 
To choose the best model, numerous statistical methods 
including the corrected AICc (Akaike Information Criterion), 
Root-Mean-Square Error (RMSE), Bias Factor (BF), Accuracy 
Factor (AF), and Adjusted Coefficient of Determination (R2) was 
utilized as before [17,23,25]. 
 
RESULTS AND DISCUSSION 
 
The growth rates at various concentrations of Tributyltin was 
then modelled using the available inhibition models. Out of the 
five models, only Wang, modified Han-Levenspiel and the Liu 
models were able to fit the curve, whilst the modified Andrews 
and Amor models were unable to fit the curves (Figs. 3 to 5). 
Both the Wang and modified Han-Levenspiel models show 
acceptable fitting while the Liu model shows poor fitting. Results 
of the statistical analysis showed that the Wang model was the 
best model based on the lowest values for RMSE and AICc, 
highest Adjusted Correlation Coefficient (AdjR2) and values of 
AF and BF closest to unity (Table 1). 
 

Table 1. Error function analysis of the effect of increasing concentrations 
of tributyltin to the maximum specific growth rate of Bacillus 
stearothermophilus as fitted to various secondary models. 
 

Model P RMSE R2 AdjR2 AF BF AICc 
Wang 3 0.13 0.99 0.97 1.06 0.98 1.97 
Levenspiel 3 0.20 0.97 0.93 1.08 1.01 7.79 
Liu 2 0.42 0.73 0.59 1.12 1.00 3.38 
Andrews 4 1.40 -0.07 -2.22 3.18 0.33 76.81 
Shukor 3 0.25 0.95 0.90 1.11 1.03 10.91 

Note:  
p no of parameter 
AdjR2 Adjusted Correlation Coefficient 
RMSE Root Mean Square Error 
AF Accuracy Factor 
BF Bias Factor 
AICc corrected Akaike Information Criteria 
 

Fig. 1. The effect of increasing concentrations of tributyltin to the specific 
growth rate of Bacillus stearothermophilus as fitted to the Wang model. 
 

 
Fig. 2. The effect of increasing concentrations of tributyltin to the specific 
growth rate of Bacillus stearothermophilus as fitted to the Levenspiel 
model. 

 
Fig. 3. The effect of increasing concentrations of tributyltin to the specific 
growth rate of Bacillus stearothermophilus as fitted to the Liu model. 
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Fig. 4. The effect of increasing concentrations of tributyltin to the specific 
growth rate of Bacillus stearothermophilus as fitted to the Andrews 
model. 
 

 
Fig. 4. The effect of increasing concentrations of tributyltin to the specific 
growth rate of Bacillus stearothermophilus as fitted to the Shukor model. 
 

The parameters obtained from the Wang model, which are 
Ccrit, µmax and m which represent critical TBT concentration 
(nM), maximum growth rate (nM) and empirical constant values 
were 177.99 (95%, confidence interval 144.26 to 211.71), 2.41 
(95%, confidence interval of 2.17 to 2.64) and 2.76 (95%, 
confidence interval of 1.44 to 4.07) respectively. The Wang 
model allows for the prediction of the critical TBT concentration 
which can completely inhibited Bacillus stearothermophilus 
growth. 
 

The use of TBT inhibition models is poorly represented in 
the literature despite the importance of such study in light of the 
fact that TBT are ubiquitously present in polluted waters 
alongside other organic pollutants. A few studies have explored 
on the effect of TBT toxicity on the growth rate of bacteria [6,18]. 
For example, the biodegradation rate of monoaromatic 
hydrocarbons by Bacillus sp. and Pseudomonas sp. was inhibited 
strongly by zinc and nickel and the effect of these heavy metals 
on the degradation rate was successfully modelled using the 
Andrews model [15]. Heavy metals bind to important functional 
groups of enzymes such as the sulfhydryl group that are often 
found at the active sites of enzymes and this is probably the 
mechanism of inhibition [27]. 
 

In conclusion, the use of inhibition models to model the 
effect of toxicity on the growth rate of bacteria is very rare and 
largely ignored despite the importance of such study. In this study 
the effect of TBT toxicity on the growth of B. stearothermophilus 
bacterium was modelled according to several inhibition models, 
with the Wang model discovered as the best model. The Wang 
model allows for the prediction of the critical TBT concentration 

which can completely inhibited the bacterial growth. It is 
expected that in the presence of TBT, the growth rate on toxic 
substance will be even strongly affected as the bacteria have to 
resist the toxicity of both kind of toxicants at the same time. The 
results from this study can be very important in field trial works 
where TBT bioremediation is required. 
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