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Abstract. Bacteria concentration is one of the important parameters throughout the
fermentation process, and in the whole process of fermentation it is an important basis for
judging the feeding. Bacteria concentration in the end is the important factor that affects
product concentration, so the appropriate bacteria concentration is a top priority in the
fermentation process. Pichia expression of recombinant protein fermentation process acts as
the research background, and the differential evolution (DE) algorithm is applied to
optimize the feeding. The propose is to get more bacteria concentration by optimizing
glycerol and ammonia feeding rate in bacteria growth stage. The simulation results indicate
that the method is effective in solving the optimization problem of feeding rate, and that the
feasibility of the optimization algorithm in the fermentation process is verified.

Introduction

Optimization problem which we discuss and research is to find the optimal solution in many
scenarios [1]. In the past few years, the interaction of computer science and optimization research
have played an extremely important role in the development of intelligent optimization technology.
Therefore, evolutionary algorithm represents the common areas of optimization and computer
science. The structure of the algorithm is inspired from the mechanism of human evolution, and DE
is the most closed to evolutionary algorithm. Differential evolution algorithm has good performance
to research the solution [2]. The differential evolution algorithm was applied to the fermentation
process in this article, and the mathematical model of the cell concentration and the adding
nutrients was established based on BP neural network.

Fermentation Process Modeling Based on Neural Network

There are four phases in Pichia expression of recombinant protein fermentation process such as
hysteresis phase, bacteria growth phase, inducible expression phase and decline phase. The total
fermentation cycle is 190 hours in actual production process. And the bacteria growth phase is 24
hours. The appropriate bacteria concentration is obtained before inducible expression phase. In the
bacteria growth stage, in order to obtain more cell growth, carbon and nitrogen has been decreased
rapidly. Ammonia as nitrogen adjusts pH, and glycerol as carbon is used as nutrient which is the
need of bacteria growth.

Neural network has highly nonlinear mapping ability [3]. The model can be built only rely on the
input and output. It applies to the complex nonlinear process as the same as fermentation process
[4]. The excellent model which is built need to get the sample, dispose data, design the network
structure, train the network model, and verify the network model.100 batches of data is used in this
article. It is divided in two parts. One is training data, and the other is testing data. 80 batches of
data is used as the training sample, and 20 batches of data is used as the testing sample. The model
of bacteria concentration is built that based on BP neural network. The BP neural network model
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which is simulated by MATLAB can accurately reflect the fermentation process. As the Fig. 1
shown, the bacteria concentration model is based on BP neural network.
O
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Figure 1. Bacteria concentration model based on BP neural network

The model structure is Type 7-9-1. It means that 7 inputs variable afferent the input layer of
neural network, and the number of hidden layer is 9, and one output variable outputs in output layer.
Training sample is used to train the designed network [5]. Threshold and weight are revised
continually until the error precision of network output has been satisfied the error precision of
expectation.

The Feeding Optimization Control of Fermentation Process Based on Differential Evolution

Differential Evolution. The basic operations of differential evolution include mutation, crossover
and selection [6]. A differential vector that results from subtracting two individual vectors. The two
individual vectors are selected by randomly. After the differential vector is multiplied by the weight,
the result added to the third individual vector which is selected randomly. Then the mutational
vector is produced. This operation is called mutation. The parameters of mutational vector and
objective vector are mixed. It will produce experimental vector. This operation is called crossover.
If the fitness of experimental vector is better than the fitness of the objective vector, the
experimental vector replaces the objective vector. So it form the next generation. This operation is
called selection. In the process of the evolution of every generation, each individual vector is
regarded as the target vector one time. Initial population is randomly generated in the search space.
And initial population are required to cover the whole search space. The initial population are
generated by uniformly distributed function.

The Description of Optimization Problem. In the bacteria growth stage, the bacteria
concentration directly influences the fermentation product concentrate [7]. Based on the model
established by neural network, the DE algorithm is adopted to respectively optimize ammonia
feeding rate and glycerol feeding rate of the bacteria growth stage. The objective function is
followed:

J:v1m%2>§t)xl(t+H),O£t§ti (1)
And the constraints are displayed as followed:

X, (t+H)=f (£, T (t), pH(t),DO(t), X (t), v, (t),V, (1)) (2)
vi(t) . <vi(t)<v(t) (3)
V(1) . <V, () <v,(t) (4)
T(t)=30C (5)
pH (t)=5.0 (6)
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DO(t)=75% (7)
Wheret; is the end moment in the bacteria growth stage, X(t)is bacteria concentration, tis

fermentation time, T(t), pH(t), DO(t),v,(t),V,(t) respectively denote temperature, dissolved
oxygen, the ammonia feeding rate and the glycerol feeding rate at the t moment, and
V, (1) ins Vo () nax  respectively denote upper and lower of the ammonia feeding rate(In the actual

fermentation process, where v, (t)min =0,v, (t)max =6(L/h)), v, ('[)min v, (t)max respectively denote
upper and lower of the glycerol feeding rate(In the actual fermentation process, where
v, (1), =0,v,(t), , =UL/h)),H is prediction cycle(in this article, H =4h),and the temperature,
dissolved oxygen and pH are constant. Based on the model by neural network the ammonia feeding
rate and the glycerol feeding rate are calculated, and the optimal solution is solved. The
optimization process in bacteria growth stage is followed. First of all, the neural model is
established and the bacteria concentrate is the Objective function. It can simulate the fermentation
process. Second, the optimal ammonia feeding rate and the optimal glycerol feeding rate are
calculated by differential evolution algorithm. And the bacteria concentrate is obtained at t instant.
Finally, the feeding rate is optimized at t+H ,t+2H instant, and bacteria concentrate is calculated.
It is controlled by this method until the end of bacteria growth stage. The optimal feeding rate and
bacteria concentrate can be concluded at each instant, and compared bacteria concentrate before and
after optimization whether it satisfies the number of cells of expression of recombinant protein,
whether it saves the total feeding, and whether it decreases the consumption of energy.

Simulation Results

Neural network is used to model in the bacteria growth stage, and DE is used to solve the optimal
control. For a trained neural network, when a input has been given arbitrarily, a corresponding
output will be received. Differential evolution algorithm can use this function to construct the
fitness function. With rapidly reaching the bacteria concentration requirement for target, the
optimization control mode which is proved to obtain the biggest bacteria concentrate at the end of
bacteria growth stage in each period is established [8]. The feeding optimization of the twelfth to
the sixteenth hour is used as an example, and the number of individuals in the population is 40. The
initial population distribution of the twelfth to the sixteenth hour is shown in Fig. 2.

In Fig. 2, the initial population distribution is uniform, and it is representative. Therefore, it can
be used for the initial population distribution of DE. The optimization process of DE is described in
Fig. 3.

10.5

11.2 o
101 11 gv—"’_/'/
10.8 [
XS PRETS Ry
9.5} 106 o N
%
10.4
ol i)
10.2
8
10
8.5 [¢]
9.8 &
9.6

sl

{ O the change of the population average
9.4 ‘ the change of the optimal solution

s . , , . . . . 02 T T 1 1 7T
0 5 10 15 20 25 30 35 40 0 10 20 30 40 50 60 70 80 90 100

Figure 2. Initial population distribution [12h-16h] Figure 3. the evolution of the population[12h-16h]

As the picture shown, we discovered that the optimal individual is obtained in the 30 generations.
The optimal gene decodes as followed.
X =11.1240(g / mL) v, =4.5094(L/h) v, =0.5040(L/h)
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It means that during the twelfth to the sixteenth hour when the glycerol feeding rate is

0.5040(L/h) | the ammonia feeding rate is 4.5094 (L7 and this moment the bacteria concentration
is 11.2640(9/mL)

And so on, the evolution is carried every four hours, and the feeding rate of each period of time
and bacteria concentrate at that moment are acquired. In Tablel, Table2, the before optimization and
after optimization are compared. And we choose the maximum of all data without optimization for
‘before optimization’.

As the Tablel,Table2 shown, we can get that before optimization glycerol is consumed 41.2L
and ammonia is consumed 7.2L,and after optimization glycerol is consumed 38.8L and ammonia is
consumed 4.2L . The bacteria concentrate after optimization is greater than that before optimization,
and the consumption of glycerol and ammonia is respectively below the consumption of before
optimization.

Table 1 The comparison of glycerol and ammonia feeding rate before and after optimization

glycerol feeding rate ammonia feeding rate
fermentation [L/h] [L/h]
time before after Before After
[h] optimization ~ optimization ~ optimization  optimization
0 0 0 0 0
0-4 0 0 0 0
4-8 0.2 0.2 0 0
8-12 14 1.2 0 0
12-16 4.6 4.5 0.6 0.5
16-20 3.1 3.0 0.6 0.5
20-24 1.0 0.8 0.6 0.05

In order to make the optimized ammonia, glycerin loading trajectory more convenient and
intuitive, we make the chart in Fig. 4 as the theoretical guidance of the actual fermentation industry.

Table 2 The comparison of bacteria concentration before and after optimization

fermgntation bacteria concentration [g/L]
time before after
[h] optimization optimization

0 0 0

4 0.401 0.561

8 2.803 2.995

12 5.934 6.326

16 11.002 11.264

20 14.013 15.747

24 18.375 19.686

As can be seen from Fig. 4, in the bacteria growth stage the basic process of Pichia expression of
recombinant protein fermentation process is occurred in hysteresis phase. In the bacteria growth
stage cells grow in geometric progression and the consumption of nutrient is increased, so the
feeding is increased.
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Figure 4. Optimal control curve of glycerol and ammonia feeding rate
in the bacteria growth stage

Summary

Fermentation engineering technology promotes the industrialization of fermentation products [9].
The accurate control strategy can greatly improve the fermentation products [10]. The differential
algorithm is a random heuristic search algorithm. It is not only simple but also stable. What’s more,
the ability of optimization in global is powerful. The differential evolution algorithm was applied to
the fermentation process in this article. DE is applied the feeding rate to optimization. Compared
the bacteria concentration before optimization to after optimization, it proved the effectiveness of
differential evolution algorithm in optimization.
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