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Time-fractional numerical modelling
applied to diffusion-wave processes
of bacterial biomass growth

A time-fractional model of diffusion-wave processes is considered to describe the
bacterial growth phenomenon. The 2D model is specified as an initial boundary
value problem for a system of semilinear time-fractional partial differential equa-
tions. A computational scheme is based on a combination of a splitting finite differ-
ence method and an iterative procedure. Simulations are performed with the use of
Matlab programming. Computational experiments allow one to examine the inter-
actions of nutrient availability and biomass production under variation of dynamical
modes of the biological system.
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Introduction

Modelling of many reactive-diffusive phenomena, representing spatial and temporal chan-
ges in concentrations of substances or accompanying transfer processes often do not agree
with real observations for a number of amorphous structures, porous media, liquid crys-
tals, biopolymers, proteins, biosystems, ecosystems, etc. Such processes can be accom-
panied by significant gradient changes in analyzed characteristics or a very long waiting
time for aftereffects. One of the promising approaches to derive models of nonstandard
diffusion and transport phenomena in heterogeneous, complex-structured, and hereditary
systems is based on the apparatus of fractional calculus [1].

Mostly, biological objects exhibit heterogeneity and self-similarity of structures, for-
mation of fractal patterns, irregularity and scalability properties, nonlinear, stochas-
tic, and time-delay dynamics [2-6]. For example, time-fractional differential equations
allow one to describe time memory effects which are common for different bacterial
species [5,7-9]. In addition, bacterial biofilms as complex self-similar structures can be
under consideration. Biofilms are aggregations of microorganisms growing at interfaces
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embedded in a polymer matrix. The formation of such structures plays a vital role in
medicine, because biofilms involved in bacterial infections can become resistant to an-
tibiotics [10,11].

A well-known deterministic approach has been successfully applied to explore bac-
terial population dynamics [13]. Specifically, a model of growth of microorganisms for-
malized by a system of ordinary differential equations has been proposed by J. Monod,
considering the saturation of the growth rate of a culture on a nutrient substrate. Fur-
ther, M. Droop has described the dependence of biomass on the cell quota growth of
microalgae cultivated in a photobioreactor based on the logistic model. Later, various
modifications of the model of bacterial biomass growth have been developed. Nowadays,
models also consider the spatial heterogeneity of biofilms and can be formalized with
partial differential equations (PDEs). Moreover, for modeling biofilms growth, a hybrid
approach has been proposed that combines a stochastic — cellular automaton model and
a deterministic model to estimate nutrient concentration [2].

For instance, the model proposed in [10,12] can be considered as a modification of
the Monod model, taking into account space-time distributions of the biomass as well
as the nutrient concentration. For this study, due to bacterial dynamics exhibiting self-
similar character and time memory effects, it was of interest to investigate the capability
of a time-fractional modification of the reaction-diffusion model to explore the complex
dynamics of bacterial biomass. It should be mentioned that a fractional approach has
also been previously applied to modify the chemostatic model to describe time memory
effects in bacterial populations [7]. The overall goal of the present study is to develop the
2D time-fractional reaction-diffusion model of bacterial biomass growth with a focus on
the application of numerical methods.

1 The mathematical model

As above, the considered model describing the dynamics of nutrient concentration and
bacterial biomass density is governed by an initial-boundary value problem for a sys-
tem of semilinear PDEs [10,12]. In the framework of this study, we suggest modifying
this model by means of the introduction of the time-fractional differential operators to
mathematically generalize the complex dynamics of the bacterial biomass as well as the
nutrient concentration:
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where 0 < «a, 8 < 2 are the orders of time-fractional derivatives in the Riemann—
Liouville sense, ¢(x,y,t) is the nutrient concentration in g/m?; m(z,y,t) is the biomass
density in g/m?® ; D., Dy, ki, ko, k3, ka, co, mg, C are the model parameters; L, L,
define the size of a solution domain in m; 9N is the boundary of the solution domain;
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0 = t-t* is the time in days; t* is the characteristic time in days; tg and T are the initial
and the observation time in days.

The solvability of considered types of problems is rather well studied in the classical
case. Notably, existence and uniqueness of solution for nonlocal nonlinear evolution equa-
tions arising in population dynamics has been supported by [14]. In [15], the Monod model
for biochemically reacting contaminant transport in the subsurface regarding higher or-
der regularity of solutions has been analyzed. Basically, a specific model (1)—(4) requires
further additional theoretical study. As far as the construction of analytical solutions for
fractional PDEs results in serious difficulties, using numerical methods is justified. In
particular, to solve 2D problem, here we apply a finite difference splitting method.

2 Computational scheme

The computational scheme for implementing the 2D anomalous diffusion model is based
on the Grunwald — Letnikov formula and a finite difference splitting method (namely,
the Yanenko scheme) Let us introduce a rectangular space-time mesh for two space
coordinates Q ={x;=0G—-Vhy, i=1,N+1, yj =G —Dha, j=1,M+1, tF =
(k=11 k= 1 K 1, K + 1}. Further, we can apply a two-layer scheme for equations (1)—(2).
For the first equation for k 4+ 1/2 layer, we have
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For the first equation at k + 1 layer, we obtain
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The weights are specified as follows g, = It is known that the Grun-
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wald — Letnikov formula can be correctly applied only for problems with homogeneous
initial conditions. In our case we should take into account a correction term v added to

the scheme (5). Since we have a nonlinear function FF. ; depending on the functions k. i g

the general scheme should be supplemented by the iterative procedure
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We can construct the computational scheme for the equation (2) in similar way. For
k + 1/2 time-layer, we have
_Rk gktl2 4 {1+2Rk

o BHk1/2] k12 Fk kL2
xi,j 1 —1,5 wz]_tT(I)i,j m - R

%7 T 1,7 z+1,j -

k— k+1/2
:_Z‘h) p+1+¢+/-



210 L.I. Moroz

Table 1: Model parameters for problem (1)—(4)

Name Parameter Numerical value Unit

1 Parameter for the biomass concentration 10000 g/m?
o Initial value of nutrient medium concentration 1 g/m?
D, Diffusion coeflicient for the substrate 8.107° m? /day
Dy, Diffusion parameter for bacterial cells 10712 m? /day
k1 Power consumption rate 9.52 1/day
) Monod saturation constant 4 g/m?
kiks Maximum specific growth rate 6 1/day
ksky Bacteria outflow rate 0.4 1/day
L, =L, Linear size of the domain 0.1 mm

Hence, for k + 1 time-layer, we obtain
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Diffusion coefficient for bacterial biomass is defined as (Dm)ﬁj = bm(mﬁj) =

= D}, (mF )4/(u my ) for mf; < 0.8y and (Dy,)F; = D, (0.8u1) otherwise. Let us
assume that only one bacterlal colony is located in the center of the computational do-

main at the initial moment m}yj = K',eXp( 2/0) for r < 7 and m} ij = 0 otherwise,
2

where 12 = (z; — 0.5L,)° + (y; — 0.5L,)% 0, K, and 7 are the parameters empirically
estimated. In the same way, an iterative procedure is introduced into the computational
algorithm for each time layer. Noted also that the Yanenko scheme is characterized by
O(h? + h + 1) order of accuracy. We also applied nonsymmetric approximations of the
second order of accuracy for the Neumann boundary conditions.

is set to be ; ; — k3ky.

3 Numerical experiments

To perform numerical experiments we initialize a set of model parameters listed in Ta-
ble 1 previously specified for the “intege” model [12]. Figure 1 shows the time-dependent
distributions of the nutrient concentration and biomass density at the central point of
the computational domain under varying dynamical regimes. We set the boundary value
of the nutrient concentration C =1 g/m?’7 the observation time equals 10 days. The
empirical parameters are set to be o = 107"'m?, x = 0.05 g/mB, and 7 = 0.05L, m.
In terms of the anomalous diffusion process, we can explore the implementation of
three different dynamical regimes of the biosystem: the subdiffusion at o = 0.85, the clas-
sical diffusion at o = 1, and the superdiffusion at o = 1.25. Computational experiments
indicate direct dependence of the velocity of bacteria growth as well of the bacterial nutri-
ent consumption on the order of the time-fractional derivative. When the superdiffusion
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Fig. 1: The temporal profiles of the nutrient concentration — a and biomass density —
b calculated at the central position for different values of orders of fractional derivatives.

regime is realized, the observed processes occur with greater intensity and the absolute
values of the key characteristics reach values deviating by 20 — 30% compared to the
classical case. On the contrary, the implementation of the subdiffusion regime leads to a
slowdown in the dynamics of both growth and nutrient consumption.

Conclusion

In summary, in order to describe the complex growth dynamics of the bacterial biomass, a
time-fractional modification of the 2D model was considered. An implicit computational
scheme was constructed based on the Grunwald — Letnikov formula and an iterative pro-
cedure. The computational algorithm was implemented using Matlab programming. The
considered approach enables one to generalize and significantly expand the class of de-
terministic models used to model a bacterial population due to the possibility of varying
dynamic regimes.

References

[1] A.A. Kilbas, H. M. Srivastava, J. J. Trujillo, Theory and applications of fractional differen-
tial equations, 2006.

[2] C. Picioreanu, M. Loosdrecht, J. Heijnen, “A new combined differential-discrete cellular au-
tomaton approach for biofilm modeling: Application for growth in gel beads”, Biotechnology
and Bioengineering, 57(6), (1998), 718-731.

[3] L. Frunzo, R. Garra, A. Giusti, V. Luongo, “Modeling biological systems with an improved
fractional Gompertz law”, Communications in Nonlinear Science and Numerical Simula-
tion, 74, (2019), 260-267.

[4] R. Ozarslan, “Microbial survival and growth modeling in frame of nonsingular fractional
derivatives”, Mathematical Methods in the Applied Sciences, 44, (2020), 2985-3003.

[5] 1. Bazhlekov, E. Bazhlekova, “Fractional derivative modeling of bioreaction-diffusion pro-
cesses”, AIP Conference Proceedings, 2333, (2021), 060006.

[6] E.-H. Dulf, D. C. Vodnar, A. Danku, C. Muresan, O. Crisan, “Fractional-order models for
biochemical processes”, Fractal and Fractional, 4(2), (2020), 1-13.



212

L.I. Moroz

7]
8]

[9]

(10]

(11]
[12]
(13]

[14]

S.Z. Rida, A.M. El-Sayed, A.A. Arafa, “Fractional-order models for biochemical pro-
cesses”, J Stat Phys, 140, (2010), 797-811.

Ch. Kuttler, A. Maslovskaya, “Hybrid stochastic fractional-based approach to modeling
bacterial quorum sensing”, Applied Mathematical Modelling, 93, (2021), 360-375.

Ch. Kuttler, A. Maslovskaya, L.. Moroz, “Numerical simulation of time-fractional diffusion-
wave processes applied to communication in bacterial populations”, Proc. of the IEEFE,
“Days on Diffraction”, 2021, 114-119.

H.J. Eberl, D.F. Parker, M. C. Loosdrecht, “A new deterministic spatio-temporal con-
tinuum model for biofilm development”, Computational and Mathematical Methods in
Medicine, 3, (2001), 1-15.

D. Sharma, L. Misba, A.U. Khan, “Antibiotics versus biofilm: an emerging battleground
in microbial communities”, Antimicrob Resist Infect Control, 8(76), (2019), 1-10.

B. O. Emerenini, B. A. Hense, C. Kuttler, H. J. Eberl, “A mathematical model of quorum
sensing induced biofilm detachment”, PLOS ONE, 10(7), (2015), e0132385.

O. Wanner, W. Gujer, “A multispecies biofilm model”, Biotechnology and Bioengineering,
28, (1986), 314-328.

A.S. Ackleh, L. Ke, “Existence-uniqueness and long time behavior for a class of nonlo-

cal nonlinear parabolic evolution equations”, Proceedings of the American Mathematical
Society, 128(12), (2000), 3483-3492.

[15] M. Bause, W. Merz, “Higher order regularity and approximation of solutions to the Monod

biodegradation model”, Applied Numerical Mathematics, 55(2), (2005), 154-172.
Received by the editors The work was supported by the Ministry of
June 15, 2022 Science and Higher Education of the Russian

Federation (Project No. 122082400001-8).

Mopos JI. H. Yucnennoe npobuo-nuddepeHimaibHoe MoieIupoBanne 1ud-
b y3MOHHO-BOJIHOBLIX IIPOIIECCOB POCTa OaKTepHaabHOI bmomaccs. /lasbHe-
BOCTOYHBIH MaTeMaTHdeckuit xxypuaJst. 2022. T. 22. Ne 2. C. 207-212.

AHHOTAIINS

PaccmarpuBaercsa apobHo-mud depennuaabaas Moaesb auddy3noHHO-BOJI-
HOBBIX IIPOIIECCOB B MPUJIOKEHNN K OIUCAHUIO SIBJICHUS OaKTEPUAJIHLHOTO PO-
cra. JIBymepHas Mojiesib (DOpMaIu3yercst B BUJIE HAYAJIbHO-KPAEBO 3a/1a91
JUI CUCTEMBI IMOJIYJIUHERHBIX audepeHIMalbHbIX YPaBHEHUN B YaCTHBIX
MIPOM3BOIHBIX C APOOHOM MPOM3BOIHON O BpEMEHH. BhIaucnTenbHasT cxe-
Ma OCHOBAHA Ha KOMOWHAIIMH METO/Ia PACIICIICHUS U UTEePAIMOHHON Ipo-
neypol. KoMbioTepHoe mojiesiupoBanue 1mposeneno B Matlab. Beraucn-
TeJIbHbIE SKCIIEPUMEHTHI [I03BOJISIIOT UCCJIeI0BaTh B3aUMOIefiCTBIE KOHIIEH-
TPaIUU [IUTATEJbHBIX BEIIECTB U POCTa OMOMACChl IIPU BapbUPOBAHUM JIU-
HAMUYECKUX PEXKUMOB (DYHKIMOHUPOBAHUS OMOCUCTEMBI.

Kirouesbie cioBa: dudgpysuonno-eoanosoe ypashenue, npouseodnas 0pod-
H020 NOPAJKG, KOHEUHO-DASHOCTVHAA CTEMA DPACUENAEHUS, MOJEAL DPOCTNG
baxmepuasbHoti GUOMACCHL.
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