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Abstract - Chemotaxis is the ability of bacteria to sense chemical concentration gradients in their environment and selectively migrate
to chemical concentrations. By enhancing bacterial mixing within contaminated sites, this mechanism may enhance the efficiency of
groundwater remediation technologies. Chemotaxis phenomena are complex in nature, and their effectiveness depends on the
chemotactic sensitivity and the chemotactic receptor constant which depends on both the chemical attractant and the bacterial type. In
this study we investigate the applicability of machine learning method for identification of chemotaxis parameters. To this end first a
simplified mathematical model of the chemotaxis behaviour for a microchannel is extracted and it studied using both simulation
software and numerical results. The synthetic data from simulation is then used for training a neural network with bacterial
concentration along the microchannel as the input and two chemotaxis parameters as the outputs. The result of our study shows the
suitable performance of the machine learning methods for identification of the chemotaxis parameters.

Keywords: Bioremediation, Chemotaxis, Bacterial population, Chemical attractant

1. Introduction

In bioremediation, living organisms are used to break down contaminants, particularly petroleum hydrocarbons, in the
presence of ideal environmental conditions and sufficient nutrients. The process involves degrading or detoxifying
substances hazardous to human health or the environment by utilizing naturally occurring bacteria and fungi or by using
plants. Microbial metabolism is now considered a better, safer, and less expensive method for pollutant abatement than
physicochemical methods. Chemotaxis is the ability of bacteria to sense chemical concentration gradients in their
environment and selectively migrate to chemical concentrations [1]. The process of chemotaxis plays an important role in
many physiological processes, including cancer metastasis, wound healing, embryogenesis, tissue morphogenesis, and so
on [2, 3]. By enhancing bacterial mixing within contaminated sites, this mechanism may enhance the efficiency of
groundwater remediation technologies. Many types of native soil-inhabiting bacteria exhibit chemotaxis toward common
environmental pollutants. The chemosensory pathways and genes of different bacterial species are different, but
chemotaxis as a whole is almost the same across species [4]. Bacteria show pathogenicity and symbiosis through
chemotaxis to maintain an optimal niche in the environment. In addition to seeking food, bacteria use chemotaxis to
survive in a constantly changing environment [5]. Bacteria consume simple sugars and/or amino acids as their source of
energy. Chemotaxis uses these chemicals to move toward the food source by performing random walks and biased walks.
Bacteria respond positively to the chemoattractants (attractants) and negatively to chemorepellents (repellents). Flagellar
rotation is responsible for chemotaxis, which is a response to molecules that are sen by the receptors within the flagella.

Chemotaxis phenomena are complex in nature, and their effectiveness depends on the chemotactic sensitivity and the
chemotactic receptor constant, which depends on both the chemical attractant and the bacterial type [3]. The knowledge of
these parameters helps for the efficient design of the bioremediation process using living organisms [3]. To this end, first,
we first discuss the governing equations of chemotaxis phenomena. Chemotaxis is described by a set of coupled partial
differential equations, which represents the concentration of bacterial populations in the presence of chemical attractants in
three dimensions as a function of time [4]. For the identification of chemotaxis parameters, we consider a microchannel
with a bacterial population at one end and a chemical attractant at the other end. For such a microchannel, the governing
equations for the chemotaxis can be simplified in one-dimensional form. To this end, we extract the simplified equation
and carry out a thorough analysis of the effect of chemotactic sensitivity and the chemotactic receptor constant on the
distribution of the bacterial population in steady state for the certain concentrations of the chemical attractant and bacterial
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population. Additionally, we have also developed a digital twin of the microchannel in COMSOL Multiphysics
software to simulate the bacterial distribution through time and position along the microchannel. For the validation of
the COMSOL model, the steady-state response of the simulated model is compared with that of the mathematical
model, showing consistency in the results.

We also investigate the possibility of artificial neural networks for the identification of chemotaxis parameters
through synthetic data obtained from the mathematical model. By considering the mathematical model as a substitute
for the experimental setup, thousands of simulations are done for various combinations of chemotaxis sensitivity and
chemotactic receptor constant, and the concentration of bacterial population within a microchannel is obtained. The
data for the concentration of the bacterial population is considered as the input of the neural networks, and the
normalized chemotactic sensitivity and chemotactic receptor constant are considered as the output of the network. The
result of our study shows that neural networks can be a strong candidate for chemotactic parameter identification.

2. Chemotaxis modelling

The chemotactic phenomena are governed via two diffusion partial differential equations. The diffusion equation is
a partial differential equation that describes density fluctuations in a material undergoing diffusion. Diffusion equations
are used to model changes in concentration of a quantity of interest inside a specified region with respect to spatial and
temporal variables [6]. The equation can be written as:
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where ¢(r,t) is the density of the diffusing material at location r and time ¢t and D (¢, r) is the collective diffusion
coefficient for density ¢ at location r, V represents the vector differential operator, and R; is the effects of biological
sources/sinks. If the diffusion coefficient depends on the density, then the equation is nonlinear, otherwise it is linear.
Equation (4) describes the diffusion in three-dimensional space through time. When dealing with microchannels, it can be
simplified in a one-dimensional form. The one-dimensional form the diffusion equation is given by:
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The solution of the above equation requires knowledge of the boundary condition. For a microchannel with a chemical
attractant at one boundary and a bacterial population at the other end, the boundary conditions for the concentration profile
in time and space, ¢(x, t), are ¢(0,t) = ¢, and ¢ (L, t) = ¢;, where L is the maximum length, and ¢, and ¢,; are known
values for both attractant and bacteria; the initial condition is ¢(x, 0) = 0.
Considering the general form of the diffusion equation in a one-dimensional form, the concentration of the chemical
attractant a can be represented using the following equation:
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Additionally, the concentration of the bacterial population b can be expressed via:
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in which R; is found using the chemotactic activity of the bacterial population using:
a
Ri = = (vcnb) (5)

where v, is the directional migration of the bacterial population due chemotaxic that is calculated using the following
relation [6]

Kcxo  Oa
2v(Kc+a)? ax (6)
in which v is the swimming velocity of the bacteria, y, is the chemotactic sensitivity, and K, is the chemotactic receptor
constant. Considering the above discussed equation, the governing equation of the chemotaxis, with the bacterial
population at one side and chemical attractant at the other side can be represented in the following set of equations:

2
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As is clear from the Eq. (7), chemotaxis is function of both time and position. For the steady state analysis, we consider the
time derivatives of the concentrations to be zero for both bacterial population and chemical attractant. In this way we will
have one equation for chemical attractant as:

dZ
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a(0,t) =0 (8)
a(l,t) =a,
from which:
-
a=ay I (9)
Substituting (9) into (4) results:
— d*» _ d 2bv LKcaoXo
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b(L,t)=0
3. Steady state simulation study

For simulation study we consider Chemotactic response of P. putida F1 which is 1 mm apart from a toluene source, where
the required parameters are obtained from [8], summarized as the following table:

Table 1: Chemotaxis parameters for P. putida-toluene

v [ um/s] K. [mM] Dy, [m%s] Da [Mm%s] 2Im?/s]
44 1 3.2e-10 9.5e-10 5e-10

Additionally, the length of the microchannel is L = 1.5 mm, and the concentration of the P. putida F1 is 1 mol/m3. The
simulation study has been carried out for various concentrations of chemical attractant ranging from 0.001 mol/m3 to
5 mol/m3, illustrated in Fig. 5.
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Figure 5: Chemotactic response of P. putida F1 in various concentrations of toluene

As it is clear from this figure, the distribution of P. putida F1 becomes linear for smaller toluene concentrations. To analyze
the effect of chemotactic properties, K., and y,. The chemotactic response with respect to various K, is illustrated in Fig.
6, while other parameters are the same as in the previous study.
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Figure 6: Effect of K. on chemotactic response

As it can be seen from this figure, in the smaller value of K. we observe the accumulation of the bacterial population at the
source and increasing K, leads to the linear distribution of the bacterial along the length. The chemotactic response with
respect to y is illustrated in Fig. 7, with keeping the other parameters the same as in the previous study.
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Figure 7: Effect of y, on chemotactic response
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As it is clear from this figure, increasing the y, brings the bacterial concentration toward the center point.

4. Time-dependant simulation study

For a thorough analysis of the chemotactic response of P. putida F1 in the presence of toluene, we developed a
COMSOL model. This COMSOL model includes two “Transport of Diluted Species” modules, one for the bacteria and
one for the chemical attractant. The simulated system is a miniaturized microfluidic system like the previous study, where
the length of the microchannel is L = 1.5 mm, and the concentration of the P. putida F1 is 1 mol/m3 and chemical
attractant concentration of 5 mol/m3.
Fig. 8 shows the distribution of the chemical attractant through time within the microchannel. As it is clear, it takes about
3000 s the have an even distribution of the chemical and the total amount of concentration increases through time.
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Figure 8: Chemical attractant concentration along the micro-channel

The distribution of the bacterial population is also depicted in Fig. 9. Referring to this figure, it is observed that the
total distribution along the tube increases through time, and the accumulation of the bacteria is close to the source.
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Figure 9: Bacterial population concentration along the micro-channel

5. Parameter identification

The COMSOL model can work as a digital twin of the experimental setup and can be used as a reference to evaluate
the proposed method for the identification of the chemotaxis phenomena. K, and y,. Fig. shows the results obtained from
COMSOL and from the mathematical model for different K. y,. Looking to the steady-state response of the Comsol model
is observed that the maximum distribution of the bacterial population occurs at 0.1 mm along the channel with a maximum
concentration of 1.03 mol/m 3. Comparing the result of the steady-state response from COMSOL with the reference plots
(Figs. 7 and 8), it can be observed that the results best suit the chemotaxis response with K. = 1 mol/m 3 and y, = 5e —
10.
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Additionally, we have developed a neural network system with one hidden layer for identification of the
chemotaxis parameters. The training of the network is done using synthetic data obtained from 1242 simulation with
different values of y, and K, in the range of [0.1 5] and [5 30] e — 10. The input of the network is the concentration of
the bacterial population in 20 different points along the tube in the steady state and the outputs are y, and K. The
performance of the designed neural network in identification of the chemotaxis parameters are depicted in Fig. 10,
which shows a suitable performance.
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Figure 9: Performance of the neural network for estimation of chemotaxis parameters

4. Conclusion

In this study we investigated the effects of chemotaxis parameters on distribution of the bacterial within a
microchannel. The mathematical model of the chemotaxis behaviour was used to obtains synthetic data for training a
neural network for identification of chemotaxis parameter. The result of the study shows the neural network is a
promising solution for identification of chemotaxis parameters. This study can be enhanced via experimental data for
future studies.
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