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Abstract. The possibilities of information technologies in the study of 
growth dynamics and development of microbial populations have been 
shown. In the R programming language in the Jupyter Notebooks 
environment, a direct kinetic problem has been solved. Kinetic regularities 
of growth of microbial populations under periodic cultivation have been 
considered within the framework of an approximation based on numerical 
integration of velocity equations. The one-step Runge-Kutta method of the 
fourth order of accuracy has been used as a method for solving a differential 
equation with initial conditions (Cauchy problem). Initial conditions of the 
problem were: the number of time steps n=10,000; initial substrate 
concentration S0=1; the initial concentration of microorganisms has been 
considered in four variants: M0=0.01, M0=0.05, M0=0.1, M0=0.2, which 
correspond to 1%, 5%, 10%, 20% of the inoculum density accordingly; 
affinity ration of the substrate to microorganisms Ks=0.5. The use of modern 
information technologies in the analysis of microbial growth patterns is 
mainly determined by the capabilities of personal computers, software 
environments and shells. The potential of modern software in the 
implementation of applied engineering and research problems in solving 
ordinary differential equations describing the development and course of the 
microbial process over time has been presented. 

1 Introduction  

The basic part of microbiology is related to microbial growth kinetics, i.e. determining the 
ratio between the growth rate of a specific microbial population and the substrate 
concentration. 

To verify any theory, a sufficient amount of good-quality experimental data is needed. 
Conducting a large number of experiments is not always possible. In this case, methods of 
mathematical and simulation (computer) modeling are applicable. Metadata of articles 
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published over the past decades show that simulation is increasingly used in the study and 
perception of microbial cell growth mechanisms. 

Using simulation models that represent the virtual flow of a process, it is possible to solve 
a number of problems from studying the behavior of a complex system with a given set of 
characteristics when changing internal and/or external parameters to solving optimization 
problems. 

This approach 1) allows conducting a fundamental study of complex processes, taking 
into account the diversity of factors, assessing the growth kinetics of not only one, but also 
mixed populations; 2) justifying technological modes for controlling the expiration of the 
microbiological process. 

There are currently quite many publications on mathematical modeling of microbial 
processes: models of biomass accumulation; models of accumulation of other products of 
microbial activity; models that take into account the age structure of the population; models 
of autoselection; models of adaptation of microbial communities [1-14]. The first works on 
optimization and modeling of microorganisms in the USSR are associated with the names of 
such scientists as V. Biryukov, M. Kantere, Yu. Malashenko, G. Yablonsky, and others [15-
17]. It is worth noting that G. Yablonsky was solving the inverse kinetic problem in his 
works. 

Among the approaches to the study of the growth kinetics of microbial populations, the 
most widely used approach is based on numerical integration. First, integration can be 
performed with any accuracy that significantly exceeds the accuracy of the experimental 
study. Second, numerical explicit functions that link experimentally determined quantities 
with time can be obtained. 

The application of modern high-performance computers and information technologies, 
including in solving the Cauchy problem, is particularly indisputable when studying the 
dynamics of complex microbial processes (processes in mixed and symbiotrophic cultures). 
Analytical integration of velocity equations for systems of this type becomes impossible. 

The purpose of this paper is to show the solution of a direct kinetic problem (for example, 
the solution of the Cauchy problem) using simulation and information technologies. 

2 Methods 

Numerical integration of differential equations allows solving most applied problems, 
including equations of mathematical physics, describing the dynamics of growth and 
development of microbial populations, etc., which change over time and/or space. One of the 
solutions for the given initial conditions is related to the Cauchy problem. 

One-step numerical methods are used to solve the Cauchy problem. The algorithm for 
finding the i+1-th (next) point on the y=f (t) curve is related only to the information about 
the previous step. These methods include the Euler method and its modifications, as well as 
improved Runge-Kutta method. An important advantage of the 4th-order Runge-Kutta 
method is the ability to change the integration step at any stage of the calculation, subject to 
compliance with the specified accuracy. These methods are based on the decomposition of y 
into the Taylor series in the vicinity of t0  with the retention of a finite number of terms of 
series [18]. 

The software implementation was performed in the Jupyter Notebooks environment in 
the R programming language [19-20]. 
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3 Results 

Differential equations of the growth rate (1) and substrate flow rate (2) in dimensionless 
variables have the following form: 

 
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑 = 𝑑𝑑𝑚𝑚

𝐾𝐾𝑠𝑠 𝑆𝑆0+𝑆𝑆⁄         (1) 
𝑑𝑑𝑚𝑚
𝑑𝑑𝑑𝑑 = − 𝑑𝑑𝑚𝑚

𝐾𝐾𝑠𝑠 𝑆𝑆0+𝑆𝑆⁄        (2) 

𝑠𝑠 = 𝑆𝑆
𝑆𝑆0

;𝑚𝑚 = 𝑀𝑀
𝑀𝑀∞ − 𝑁𝑁∞

; 𝑝𝑝 = 𝑃𝑃
𝑃𝑃∞

;  𝜏𝜏 = 𝜇𝜇𝑑𝑑𝑡𝑡 
 
where s is the substrate concentration in dimensionless quantities; m is the concentration of 
biomass (microorganisms) in dimensionless quantities; S is the concentration of substrate in 
physical (dimensional) quantities; M is the concentration of biomass (microorganisms) in 
physical (dimensional) quantities; S0 is the initial substrate concentration; M0 is the initial 
concentration of biomass (microorganisms); Ks is the constant of affinity of substrate to 
biomass (to microorganism); M∞ is the limiting quantity of biomass (microorganisms) and 
product formed at infinite great time of the process. M∞ is related to initial conditions: 
substrate and biomass (microorganisms) concentrations. 

The following data were taken as initial data of the problem: periodic cultivation; number 
of time steps n=10 000; initial substrate concentration S0=1; the initial concentration of 
microorganisms has been considered in four variants: M0=0.01, M0=0.05, M0=0.1, M0=0.2, 
which correspond to 1%, 5%, 10%, 20% of the inoculum density accordingly; affinity ration 
of the substrate to microorganisms Ks=0.5. Other factors were not taken into account in the 
calculation. The Cauchy problem was solved using the Runge-Kutta method of the fourth 
order of accuracy in the R programming language in the Jupyter Notebooks environment. 
The listing fragment is shown in Fig. 1. 

 
Fig. 1. Software code listing 

Integrated equations (1) and (2) with initial conditions gave the following results (table 1). 

 

Table 1. Fragment of the solution (calculation) result. 

time m s 

0.000 0.01000000 1.0000000 

0.001 0.01000667 0.9999933 

0.002 0.01001334 0.9999867 
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time m s 

0.003 0.01002002 0.9999800 

0.004 0.01002670 0.9999733 

... ... ... 

9.971 1.007990 0.002009697 

9.972 1.007994 0.002005666 

9.973 1.007998 0.002001643 

... ... ... 

9.999 1.008100 0.001899809 

10.000 1.008104 0.001895997 

Along with the table values, dependences of the biomass concentration and initial 
substrate on time for systems with different amounts of the introduced substrate have been 
obtained (Fig. 2-3). 

 
Fig. 2. Diagram of the microorganism concentration dependencies on time in dimensionless units for 
systems with 1% (red line), 5% (yellow line), 10% (green line), 20% (blue line) of the introduced 
substrate 
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Fig. 3. Diagram of the source substrate dependencies on time in dimensionless units for systems with 
1% (red line), 5% (yellow line), 10% (green line), 20% (blue line) of the introduced substrate 

Comparison and analysis of graphical dependencies obtained as a result of the calculation 
(Fig. 2-3) show that the speed of the process depends solely on the amount of substrate 
introduced. As can be seen from figures, when sowing with 0.01 (1%, corresponds to the red 
line) of the culture, the substrate consumption during the process corresponds to 6.2 units at 
the t coordinate. When sowing with 0.2 (20%, corresponds to the blue line) - 2.1. units at the 
t coordinate. The reduction occurs only due to the concentration of the introduced substrate. 

Conclusion 

When conducting scientific research with the use of mathematical apparatus it is necessary 
to use modern information technology. One of its tools is the simulation modeling. The 
solution of an ordinary differential equation with initial conditions (Cauchy problem) in the 
Jupyter Notebooks environment in the R programming language is shown on the example of 
forecasting the dynamics of growth and development of microbial populations. Visual 
representation in the form of tabular and graphical data will help the researcher not only in 
studying the process, establishing patterns and predicting results, but also in making informed 
decisions. 
 
This article is published as part of scientific research theme No. 0585-2019-0008 under the state 
assignment of the federal state budgetary scientific institution ‘V.M. Gorbatov Federal Research Centre 
for Food Systems’ of RAS. 
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