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Effects of microbial population in degradation
process of xenobiotic polymers
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Abstract
Microbial depolymerization processes of exogenous type are studied for biodegradation of polyethylene glycol. The time factor of a
degradation rate is the microbial population which grows on degraded
monomer units as the carbon source. Numerical simulation shows that
our model is of practical use.
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1

Introduction

Microbial depolymerization processes are classified into two types, exogenous type and endogenous type. In an exogenous depolymerization process,
molecules lose their weight by separation of monomer units from their terminals. Examples of polymers subject to exogenous depolymerization processes
include polyethylene (pe) and polyethylene glycol (peg). The mechanism
of pe biodegradation is based on two essential factors: the gradual weight
loss of large molecules due to the β-oxidation and the direct consumption
or absorption of small molecules by cells. A mathematical model based
on those factors was proposed, and pe biodegradation was studied using
the model [1, 9, 2]. Polyethylene glycol (peg) is another example of polymer subject to exogenous depolymerization processes. The mathematical
techniques originally developed for the pe biodegradation was extended to
cover the biodegradation of peg [4]. Problems were formulated to determine
degradation rates based on the weight distribution of peg with respect to
molecular weight before and after cultivation of a microbial consortium E-1.
Those problems were solved numerically, and the transition of the weight
distribution was simulated. Dependence of degradation rate on time was
also considered in modeling and simulation of depolymerization processes of
peg [5, 7, 6, 8].

2 Modeling exogenous depolymerization processes
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The study on dependence of degradation rate in time in depolymerization
processes of peg is continued. The time evolution of microbial population is
taken into account in modeling of depolymezation process. Experimental data
is introduced into analysis based on a model, and the transition of weight
distribution is simulated.

2

Modeling exogenous depolymerization
processes

In microbial depolymerization of pe, molecules lose weight gradually by
separation of monomer units from terminals by (β-oxidation) until they
become small enough to be absorbed directly into cells. The pe biodegradation
model is based on two essential factors, the gradual weight loss of large
molecules due to β-oxidation and the direct consumption of small molecules
by cells. Let t and M denote the time and the molecular weight respectively.
A molecule with molecular weight M is called an M-molecule. Let L be the
amount of weight loss due to the β-oxidation. Since a pe molecule loses two
carbon units CH2 CH2 , L = 28 . Suppose that w (t, M) represents the total
weight of M-molecules present at time t. Suppose also that ρ (M) represents
the direct consumption rate, and that the function β (M) represents the
β-oxidation rate, which is the rate of the weight conversion from the class of
M-molecules to the class of (M − L)-molecules due to the β-oxidation. Let
α (M) = ρ (M) + β (M). The equation
dx
M
= −α (M) x + β (M + L)
y.
dt
M+L

(1)

was proposed as a model for pe biodegradation processes [1, 9, 2, 10]. Here x =
w (t, M), the total weight of M-molecules at time t, and y = w (t, M + L),
the total weight of M + L-molecules at time t.
The mathematical model (1) is viewed as a general biodegradation model for
exogenous depolymerization processes including biodegradaion of peg. In
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an exogenous depolymerization process of peg, a molecule is first oxidized
at its terminal, and then an ether bond is cleaved. Since the monomer unit
CH2 CH2 O is truncated in one cycle of depolymerization, L = 44 for exogenous
depolymerization processes of peg. The peg molecules studied here are so
large that they cannot be absorbed directly through membranes into cells.
So ρ (M) = 0 , and Equation (1) becomes
M
dx
= −β (M) x + β (M + L)
y.
dt
M+L

(2)

Equation (1) or (2) is adequate for depolymerization processes over a period
in which the microbial population is stationary. However, the change of
microbial population should be taken into account for a period in which it is
developing or diminishing. Then the degradation rate is time dependent, and
Equation (2) becomes
M
dx
= −β (t, M) x + β (t, M + L)
y.
dt
M+L

(3)

Suppose that f (M) is the initial weight distribution. Then Equation (3) is
associated with the initial condition
w (0, M) = f (M) ,

(4)

and given a prescribed degradation rate β (t, M), equation (3) and the initial
condition (4) form an initial value problem.

3

Reduction to time averaged model

Time factors of depolymerization processes, such as microbial population,
dissolved oxygen or temperature, affect molecules regardless of sizes because
depolymerization processes are restricted to terminals. Then the degradation
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rate is separated into a time factor, which we denote by σ (t), and molecular
factor, which we denote by λ (M), and the degradation rate is the product
β (t, M) = σ (t) λ (M) .

(5)

Then equation (3) becomes
dx
M
= −σ (t) λ (M) x + σ (t) λ (M + L)
y.
dt
M+L

(6)

The time factor of the degradation rate is removed from the equation (6) by
the time transformation
Z
t

σ (s) ds .

τ=

(7)

0

Let
W (τ, M) = w (t, M) ,
Then

X = W (τ, M) ,

Y = W (τ, M + L) .

dx dt
1 dx
dX
=
=
,
dτ
dt dτ
σ (t) dt

and equation (6) becomes
M
dX
= −λ (M) X + λ (M + L)
Y.
dτ
M+L

(8)

Given the initial weight distribution f (M), equation (8) and the initial
condition
W (0, M) = f (M)
(9)
form an initial value problem. Given an additional condition
W (T, M) = g (M) ,

(10)

equation (8) and the conditions (9) and (10) form an inverse problem to
determine the degradation rate λ (M) for which the solution of the initial
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value problem (8) and (9) also satisfies the condition (10). When the solution W (τ, M) of the initial value problem (8) and (9) satisfies the condition (10), the solution w (t, M) of the initial value problem (3) and (4) also
satisfies
w (T , M) = g (M) ,
(11)
for which

ZT
T=

σ (s) ds .

(12)

0

The inverse problem (8), (9) and (10) was solved numerically with techniques
developed in previous studies. High performance liquid chromatography
(hplc) patterns were used in analysis as the weight distribution of peg with
respect to the molecular weight before and after cultivation of a microbial
consortium E1 (Figure 1). Figures 2 shows the degradation rate λ (M) based
on the weight distribution before and after cultivation for three days [6, 8].

4

Time factor of degradation rate based on
microbial population

The microbial population is the only time factor in the depolymerization
process shown in Figure 1, and the monomer units separated from peg
molecules are the sole carbon sources. Then the time factor σ (t) represents
the microbial population, and the total amount of monomer units utilized by
the microorganisms per unit time at time t is
Z∞
A=
σ (t) λ (M) w (t, M) dM .
0

The microbial population increases under sufficient carbon supply when the
ratio of the microbial population to the total amount σ/A falls below a certain
level 1/h where h is a positive constant, and it decreases under insufficient
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Figure 1: Weight distribution of peg before and after cultivation of a
microbial consortium E1 [6, 8].
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Figure 2: Degradation rate based on the weight distribution of peg before
and after cultivation of a microbial consortium E1 (Figure 1) [6, 8].
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carbon supply when σ/A exceeds 1/h. Then the growth rate of microbial
population is proportional to
1−h

h
σ
= 1 − R∞
,
A
(M)
(t,
λ
w
M)
0

and the microbial population σ (t) is a solution of the equation


dσ
1
σ.
= k 1 − h R∞
dt
(M) w (t, M) dM
0 λ

(13)

Equation (13) is associated with the initial condition
σ (0) = σ0 .

5

(14)

Simulation of time transition of weight
distribution and growth of microorganism

Equations (3) and (13) are solved numerically to simulate the transition
of weight distribution of peg and growth of microbial population for σ0 ≈
0.029827 , k ≈ 1.556758 , and h = 500.0 [8]. Here those equations are solved
numerically for σ0 ≈ 0.029827 , and h = 500.0 , and k = 1.9 and k = 2.0 .
Figures 3 and 4 show numerical results and experimental results for weight
distribution after cultivation for three and five days, respectively. Figure 5
shows the corresponding time evolution of σ (t).
The change of microbial population for the mixed culture E-1, S. terrae and
Rhizobium sp. was investigated in a previous study of exogenous depolymerization process of peg 6000 [3], where viable cell concentrations were
determined by colony counting on nutrient agar plates. The population
of viable S. terrae cells increased for the first three days under sufficient
amount of residual peg to sustain the growth, and then started decreasing
rapidly after the consumption of peg, which suggests that S. terrae plays
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WEIGHT DISTRIBUTION AFTER THREE DAYS (h = 500.0, sigma0 = 0.029827)
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Figure 3: Numerical results and experimental result for weight distribution
after three days of cultivation. σ0 ≈ 0.029827 and h = 500.0 , and k = 1.9
and k = 2.0 .
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WEIGHT DISTRIBUTION AFTER FIVE DAYS (h = 500.0, sigma0 = 0.029827)
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Figure 4: Numerical results and experimental result for weight distribution
after five days of cultivation. σ0 ≈ 0.029827 and h = 500.0 , and k = 1.9 and
k = 2.0 .
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Transition of microbial population (h = 500.0, sigma0 = 0.029827)
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Figure 5: Numerical simulation for growth of microorganism. σ0 ≈ 0.029827
and h = 500.0 , and k = 1.9 and k = 2.0 .
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the primary role in the biodegradation process. The change of population
of S. terrae according to the residual amount of peg supports the results
shown in Figure 5. Although some details are different between the results
shown in Figure 5 and the experimental results for peg 6000 since the data
used in the analysis and simulation originate in a different experiment, the
numerical simulation captures the behaviour of the microorganism involved
in the biodegradation of peg.

6

Discussion

Previous models involve no information concerning growth of microbial population on polymers. Growth of microbial population was taken into consideration in modelling assuming its logistic growth with degraded monomer
units as carbon source. Numerical results show that the model is practically
appropriate.
In the environment or in sewer disposal, the time factor should also depend on
other factors such as temperature or dissolved oxygen. Once those essentials
are incorporated into the time dependent factor, the time dependent exogenous
depolymerization model and the techniques based on the model should be
applicable to assess biodegradability of xenobiotic polymers.
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