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Abstract: In this work, constrained optimization method of the production in metabolic pathway is presented. The
optimization of the production in metabolic pathway is a difficult task due as there are many components in the
metabolic pathway. In addition, the condition of the constraint in improving the production of metabolic pathway
should also be considered. In order to overcome this situation, this study presents an improved method in
constrained optimization of the production in metabolic pathway. The proposed method consists of the Newton
method and Genetic Algorithm (GA). The proposed method works with the Newton method by treating metabolic
pathway as a non-linear equation system. Then, GA was applied to represent the variables in the non-linear
equations system as a chromosome and fine-tune the chromosome to improve the variables. The proposed method
was applied on several metabolic pathways to assess its performance. Several comparisons were conducted to
evaluate the performance of the proposed method, and it was shown that the proposed method works well compared
to the other methods.
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process of the metabolic pathway components with
the aim of improving the production.
The
optimization
process
becomes
complicated as it involves a large of metabolic
pathway that contain many components, therefore
making the fine-tuning process becomes complicated.
Besides that, steady-state constraints and metabolic
pathway component constraints need to be
considered (Link, Vera, Weuster-Botz, Darias, &
Franco-Lara, 2008). In dealing with this situation,
this study introduces an improved method that
combines the Newton method and Genetic Algorithm
(GA). The proposed method works with the Newton
method views the metabolic pathway as a non-linear
equation system. Then, GA is utilized to represent the
variables in the metabolic pathway as a chromosome,
and consequently fine-tune the variables in order to
search for the best set of solution.

1. Introduction
In order to reduce the dependence on limited
biomass resources, many researchers focused on
microbial production to produce renewable biomass.
This is due to the lower cost and time involved in
producing renewable biomass. A way to produce
renewable biomass from microbial production is by
extracting the biomass from metabolic pathway. In
general, metabolic pathway can be defined as a series
of chemical reactions that can be found in
microorganism cell. However, there is a limitation in
extracting renewable biomass from metabolic
pathway, which is low production (Zheng et al.,
2009). Therefore, many researchers studied the
optimization of the production of metabolic pathway
(Marin-Sanguino, Voit, Gonzalez-Alcon, & Torres,
2007; Rodriguez-Acosta, Regalado, & Torres, 1999;
Vera, Gonzalez-Alcon, Marin-Sanguino, & Torres,
2010; Xu, 2013).
The optimization of the production of
metabolic pathway can be performed as metabolic
pathway can be represented by a mathematical
model. The mathematical model that represents
metabolic pathway is known as ordinary differential
equation (ODE) (Voit, 2013). In ODE model, all the
components in metabolic pathway are represented by
numerical values. These values can be manipulated
and changed. As a result, the optimization of
metabolic pathway production involves a fine-tuning

2. Modeling of metabolic pathway
Within ODE, there are two types of models
in representing metabolic pathway into a
mathematical model, which are S-system and
generalized mass action (GMA) model. This work
focuses on GMA because of its performance (MarinSanguino et al., 2007). The representation of
metabolic pathway within GMA model is as follows:
dy
(1)
 Sv(x)
dx
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In Equation 1, S is the stoichiometric matrix of the
GMA model, while v(x) is the vector that contains
reaction rate. The vector v(x) is in a linear form,
which is shown as follows:
f
(2)
vi   i  x j ij

For the constraint of the components in
metabolic pathway, the components must remain in
the optimal range to ensure the survival of the
microorganism cell (Link et al., 2008). The
constrained optimization method of the production of
metabolic pathway can be formulated as follows:
(7)
max f (v)
s.t. satisfying
(8)
sv( x)i  0,
i  1, 2, , n

j

In Equation 2, there are two coefficients that are
derived from the Taylor series in the logarithmic
space around a steady state (Marin-Sanguino &
Torres, 2003; Xu, 2013). These coefficients are
denoted by and fij, and these coefficients represent
the rate constant and kinetic order for constant vi,
respectively. These coefficients are in the following
form:
 i  vi 0
(3)

fij 

 vi x j
 xj vj

x Lj  x j  xUj
j  1, 2, , m
(9)
where Equation 7 is the production of metabolic
pathway (objective function). The steady state
constraint is given by Equation 8. Meanwhile,
Equation 9 is the constraint of the metabolic pathway
component, where it denotes the specific range. L
denotes the lower range while U represents the upper
range.

(4)

4. The hybrid of Newton Method and Genetic
Algorithm
The hybrid of the Newton method and GA is
intended to improve the metabolic pathway
production. The proposed method functions by
treating metabolic pathway as a non-linear equations
system. Then, GA is applied to fine-tune the
variables in the non-linear equations system to search
for the best set of solution. A flow chart of the
proposed method is depicted in Figure 1. The steps of
the proposed method are given as follows:
Step 1: Generating initial chromosome. This step
generates N chromosome randomly in a population.
The chromosome represents all variables in the nonlinear equations system, and the chromosome is in
binary format.
Step 2: Encoding chromosome into variables. In this
step, the chromosome is transformed from the binary
representation into the variables in a nonlinear
equations system. The variables are in a real number
format and known as candidate solution. Figure 2
shows the encoding process.
Step 3: Evaluating with the Newton method. In this
step, all candidate solutions are tested by the Newton
method. A termination condition occurred in this
step, either the candidate solutions are optimized or
not. The termination condition can occur in three
situations, which are when the maximum number of
generations is achieved, the steady state constraint is
fulfilled, and the component constraints are fulfilled.
If all of these situations are achieved, then the
proceeds to the subsequent step.
Step 4: Decoding variables into chromosome. This
step involves the transformation of the variables back
into chromosome form. Figure 3 illustrates the
decoding process of the variables into chromosome
form.

In Equation 3, subscript 0 is assigned to the value at a
steady state condition.
3. Problem statement
The constrained optimization method of the
production of metabolic pathway involves the finetuning process of the metabolic pathway components
in order to improve the production. The fine-tuning
process cannot be done arbitrarily. This is because
there are some constraints that must be followed,
which are the steady state constraint and the
constraint of the metabolic pathway components. The
steady state constraint is a condition where all
components in the metabolic pathway are in static
value. This will make all ODE models (Equation 1)
equal to 0, thus producing the following form of
Equation 1:
dX n
(5)
  sv  x 1 , sv  x n   0
dt
As all ODE models are equal to 0, this leads
to a non-linear equations system. In a non-linear
equations system, all of the equations are equal to 0
(Baghmisheh, Mahmoudi, & Jahangirirad, 2013;
Grosan & Abraham, 2008). This situation is similar
to the constrained optimization of the metabolic
pathway production. As a result, the constrained
optimization of the production of metabolic pathway
can be considered as solving a non-linear equations
system. The system has the following form:
f ( x)   f  x 1 , f  x 2 , f  x 3
f  x n   0 (6)
where x= (x1, x2, x3,... xn) is n equations and n
variables in the non-linear equations system. f(x)1,
f(x)2, f(x)3.... f(x)n are the nonlinear functions within
the system.
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Step 5: Selecting chromosome. This step is about
choosing a pair of chromosome for reproduction. The
selection process is based on the chromosome’s
fitness value, where the highest value will be chosen.
Step 6: Reproducing new generation. In this step, two
genetic operators, crossover, and mutation are
applied to produce a new generation. This step is
intended to improve the quality of the candidate
solution. Then, a new generation goes back to Step 2.
Step 7: Returning the final solution. This step gives
the best set of solution that is achieved during the
optimization process.
Figure 2 : The encoding process
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Figure 3 : The decoding process
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5. Case studies
To illustrate the capability of the proposed
method, the method was tested on two case studies. A
Java program was developed and integrated with
JAMA version 1.3 to test the proposed method.
5.1. Case study 1: Optimization of tryptophan
biosynthesis in Escherichia coli pathway
In this case study, the end product of
Escherichia coli (E.coli), tryptophan (trp) was
optimized. A detailed description of this pathway can
be found in the works done by Xiu and colleagues
(Xiu, Zeng, & Deckwer, 1997). This pathway
formulates the ODE models in the following form:
dX 1
 V11  V12
dt
dX 2
(10)
 V21  V22
dt
dX 3
 V31  V32  V33  V34
dt
At the steady state condition, the rate of all reactions
are as follows:

Optimized
solution?
Yes
Returning the
final solution

End
Figureskips
1 : The
flow7.chart
of the proposed
method
process
to Step
Otherwise,
the process
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4

V11  0.6403 X 35.8710 X 50.8332

dX 1
 Vin  VHK
dt
dX 2
 VHK  VPFK  VCarb
dt
dX 3
(15)
 VPFK  VGAPD  0.5VGro
dt
dX 4
 2VGAPD  VPK
dt
dX 5
 2VGAPD  VPK  VHK  VCarb  VPFK  VATPase
dt
At the steady state condition, all fluxes in Equation
15 have the following rate:
Vin  0.8122 X 20.2344Y1

V12  1.0233 X 1 X 40.0035 X 110.9965
V21  X 1
V22  1.4854 X 2 X 40.1349 X 120.8651

(11)

V31  0.5534 X 2 X 30.5573 X 60.5573
V32  X 3 X 4
4

V33  0.9942 X 37.042610 X 7
6

6

V34  0.8925 X 33.510 X 40.9760 X 8 X 90.0240 X 103.510
In case study 1, the optimization of trp was
given by reaction V34 (Marin-Sanguino & Torres,
2000). Thus, it became the fitness function of the
chromosome in GA. The problem statement for the
optimization for this pathway can be formulated as
follows:
(12)
max F  V34
For the steady state constraint, Equation 8 of case
study 1 is given as follows:
V11  V12  0

V21  V22  0

VHK  2.8632 X 10.7464 X 50.0243Y2
VPFK  0.5232 X 20.7318 X 50.3941Y3
VCarb  8.904  104 X 28.6107Y6
VGAPD  7.6092  102 X 30.6159 X 50.1308Y4
VGro  9.272  102 X 30.05 X 40.533 X 50.0822Y7

(13)

VPK  9.471 102 X 30.05 X 40.533 X 50.0822Y5

V31  V32  V33  V34  0
In this pathway, not all reactions (components) were
tuned. Thus, the constraints for all components were
formulated as follows:
X 0.8
 X j  X 1.2
j  1, 2,3
j
j

VATPase  X 5 X 8
For case study 2, ethanol was given by the flux VPK,
thus it became the fitness function of chromosome in
GA. The optimization for case study 2 was
formulated as follows:
(17)
max F  VPK
At steady state condition, Equation 1 became as
follows:
Vin  VHK  0

0  X 4  0.00624
4  X 5  10
500  X 6  5000
X 7  0.0022 X 5
0  X 8  1000

(16)

VHK  VPFK  VCarb  0

(14)

VPFK  VGAPD  0.5VGro  0

X 9  7.5

(18)

2VGAPD  VPK  0

X 10  0.005

2VGAPD  VPK  VHK  VCarb  VPFK  VATPase  0
In this pathway, the components in
metabolic pathway were divided into two categories;
metabolite concentration and enzyme concentration.
For the metabolite concentration constraint, the
constraint was set to the range of 0.8 to 1.2 (Link et
al., 2008; Rodriguez-Acosta et al., 1999) and given as
follows:
1.2
X 0.8
j  1, 2,3, 4,5
(19)
j  Xj  Xj

X 11  0.9
X 12  0.02
X 13  0
5.2. Case study 1: Optimization of ethanol
production in Saccharomyces cerevisiae pathway
In case study 2, the proposed method was
used to optimize ethanol production that was
produced in Saccharomyces cerevisiae (S. cerevisiae)
pathway. The detail of this pathway can be found in
the work performed by Galazzo and Bailey (1990).
The ODE models of this pathway have the following
form:

For the enzyme concentration constraint, the range
was set to the range of 0 to 50 (Link et al., 2008;
Rodriguez-Acosta et al., 1999). The enzyme
concentration constraint is given as follows:
Yj0  Yj  Yj50
j  1, 2,3, 4,5,8
(20)
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For case study 1, the proposed method was
able to increase the production to 3.96 times
compared to its steady state value. Detailed results,
including the average result and the comparison with
other methods are given in Table 2. These results
were produced by using the parameters in Table 1.
From Table 2, it can be observed that the proposed
method produced the result that satisfied all the
components constraint. Besides that, the average
result also satisfied all the component constraint. It
can be concluded that the proposed method was able
to produce reliable results. In accessing the
performance of the proposed methods, the results
were compared with those obtained in other previous
works. It was shown that the proposed method
outperformed other methods in improving the trp
production.

6. Results and discussions
Several parameters were used in performing
the experiments. Table 1 gives the GA parameters
setting used in producing the best result. For the
Newton method, fixed parameters were used, where
the number of iterations was fixed to 100, and the
tolerance was set to 10-6.
Table 1: GA parameters used to produce the best result
Parameter
Case study 1 Case study 2
No of chromosomes
250
270
No of generations
300
300
Crossover probability
0.4
0.3
Mutation probability
0.1
0.1

Variable
X1
X2
X3
Y1
Y2
Y3
Y5
F

Initial steady
state
0.184654
7.986756
1418.931944
0.00312
5
2283
430
1.310202

Table 2: Detailed results of case study 1
(Marin-Sanguino
The best result of the
Average of the
et al., 2007)
proposed method
proposed method
1.11
1.09
1.99
1.114
1.133
1.148
0.8
0.8
0.8
0.00538
0.00538
0.00414
4.754
4.543
4.000
5000
5000
5000
1000
1000
1000
3.957
3.955
3.062

In case study 2, the production obtained
using the proposed method was 52.57 from its steady
state value. Table 3 gives the best result obtained, the
average result, and the comparison with other
methods. These results were obtained by using
parameters in Table 1. An observation that can be
made from Table 3 is, all components of the best

Variable
X1
X2
X3
X4
X5
Y1
Y2
Y3
Y4
Y5
Y8
F

Initial steady
state
0.0345
1.0110
9.1440
0.0095
1.1278
19.70
68.50
31.70
49.90
3440.00
25.10
30.11

(Vera et al.,
2010)
1.99
1.148
0.8
0.00414
4.000
5000
1000
3.062

(Xu,
2013)
1.20
1.115
0.8
0.00536
4.011
5000
1000
3.946

result fulfill their constraint. Moreover, the
components of the average result also fulfill their
constraint, thus confirms that the proposed method
was able to produce reliable results. Based on the
performance of the method, the proposed method was
able to produce more ethanol compared to other
methods.

Table 3: Detailed results of case study 2
The best result of the
Average of the
proposed method
proposed method
1.11
1.03
1.03
0.95
1.13
1.00
1.18
1.17
1.14
1.01
49.99
49.98
45.83
45.50
49.92
49.92
47.97
47.71
48.30
48.21
49.79
49.88
52.57
52.47

(Rodriguez-Acosta et
al., 1999)
1.14
1.05
1.15
1.17
1.12
49.97
44.77
49.89
47.26
48.00
49.75
52.31

(Xu,
2013))
1.10
1.05
1.14
1.17
1.11
50.00
45.95
50.00
47.77
48.37
50.00
52.38

employed in the optimization of the production of
metabolic pathway. The optimization process
becomes complicated when the steady state

7. Conclusion
In this work, a hybrid of the Newton method
and GA was presented. The proposed method was
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constraint and the constraint of metabolic pathway
component are involved. To overcome this situation,
the Newton method was applied in dealing with
metabolic pathway, and then GA was used to finetune the components in the metabolic pathway. The
proposed method was applied on two case studies,
and it was shown that the proposed method works
better compared to other works. In addition, the
proposed method was also able to produce reliable
results.
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