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Preface

2012 International Conference on Applied Biotechnology (ICAB2012) was
organized by Tianjin University of Science and Technology, Tianjin Institute of
Industrial Biotechnology, Chinese Academy of Sciences was held from October
18-19, 2012 in Tianjin, China.

The conference served as a forum for exchange and dissemination of ideas and
the latest findings among all parties involved in any aspects of applied biotech-
nology. The following distinguished professors gave keynote speeches: Hassan
Ashktorab (Howard University, USA), William Carl Skarnes (The Wellcome Trust
Sanger Institute, UK), Hiroyuki Takenaka (Kyushu Kyoritsu University, Japan)
and Xueli Zhang (Tianjin Institute of Industrial Biotechnology, Chinese Academy
of Sciences, China). The conference was complemented by talks given by other 51
professors and investigates.

More than 200 authors from 44 different universities, institutes and companies
submitted conference papers. A lot of fields have been covered, ranging from
fermentation engineering, cell engineering, genetic engineering, enzyme engi-
neering and protein engineering.

Special thanks are given to Academic Committee, Organizing Committee and
Secretary Staff of the conference for the commitment to the conference organi-
zation. We would like also to thank all the authors who contributed with their
papers to the success of the conference.

This Book gathers a selection of the papers presented at the conference; it
contains contributions from both academic and industrial researchers providing a
unique perspective on the research and development of applied biotechnology
from all over the world. The scientific value of the papers also helps the
researchers in this field to get more valuable results.

Tianjin, China Tong-Cun Zhang
Pingkai Ouyang

Samuel Kaplan

Bill Skarnes
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Chapter 1

Application of Kinetic Models and Neural
Networks to Predict the Embedding Rate
During Storage of Fingered Citron
Essential Oil Microcapsules

Hanglin Xu, Jiang Wu, Keren Du, Hongjing Zhou and Gang Deng

Abstract The aim of this work was to develop kinetic models of the embedding
rate during storage of fingered citron essential oil microcapsules and evaluate the
performance of artificial neural network to predict the kinetic parameters. Release
kinetics of microencapsulated (by f-cyclodextrin) fingered citron essential oil was
investigated under a series of temperature levels (10, 25, 40, 55, 70, 85, and
100 °C). In addition, the model was trained using a back-propagation algorithm
and one hidden layer artificial neural network (ANN) was employed. The results
indicated that the optimal ANN model was developed when the optimal number of
neurons in the hidden layer was 19. Additionally, the correlation coefficients
between predicted k, t,,, or D-value and experimental values were greater than
0.9971 in all case. Thus, the overall results showed that ANN could be a potential
tool for quick and accurate prediction of the kinetic parameters.
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Fig. 1.1 The fresh fingered citron cultured in Jinhua, Zhejiang Province, China (29°07' N,
119°35' E, altitude 40 m)

1.1 Introduction

Fingered citron (Citrus medica L. var. Sarcodactylis Swingle) is a variation of
Citrus medica L. belongs to Rutaceae, which is mainly distributed in southeastern
China and Japan [1]. For its unique appearance and pleasant aroma (Fig. 1.1),
fingered citron has highly valued as a decorative plant [2]. In addition, as a
common used Traditional Chinese Medicine, fingered citron had the function of
soothing the liver and regulating the stomach for alleviating pain [3]. Lu et al.
reported citrus species have been cultivated in China for at least 1700 years,
although human studies about fingered citron are rather limited [4].

Nowadays, consumers and research focuses on the versatile bioactivities of
citrus species extracts such as flavonoids and essential oil. The essential oil is one
of the quite well-investigated extracts, within past 20 years, and the antimicrobial
activity of essential oil is well recognized [5, 6]. Thus, the essential oil compo-
sition had been already widely extensive used in the treatment of human diseases
in the prevention of cancer, cardiovascular, antioxidant, and other biological
activity area [7]. Such as Deans and Ritchie reported essential oils of thyme,
cinnamon, bay, and clove have antimicrobial activity [8]. A number of studies had
indicated that essential oil derived from various plants can induce apoptosis in
cancer cells [9-12]. More worth mentioning is that Ma et al. studied effect of
fingered citron essential oil on proliferation of MDA-MB-435 cells in vitro [13].
Because of the safe and nutritious supply, not only unceasingly speeds up in the
medicine domain, the essential oils and their constituents also have been used
extensively as flavoring ingredients in a wide variety of food, beverage, and
confectionery products [14].

Intense interest and high consumption by consumers in essential oil, and wide
availability from inexpensive raw materials in industry in from of peel, juice, and
concentrate. However, like other essential oil, fingered citron essential oil is very
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sensitive to temperature and is readily oxidized in the air. The functional com-
ponents are unstable under nature conditions [15]. Thus, to enhance and improve
stability of fingered citron essential oil is crucial issue for the maximum utilization
rate. Luckily, microcapsule techniques can make essential oil stability and prevent
temperature adverse in nature environment, but also help to build up the further
processing industry and promote the essential oil with economic benefit [16].
Thus, it is advisable to keep essential oil away from external environment by the
wall (usually f-cyclodextrin) after microencapsulation. We can get core materials
(essential oil) by damaging capsule in high temperature and pressing it. In the food
industry, core materials controlled release system is an important index, especially
the release characteristics of core materials from powders, which play an important
role in analyzing storage characteristics. Ideally, some authors have studied that
the kinetics of core materials degradation in capsule during storage and stated that
it follows a first-order kinetic model [17, 18]. However, to our knowledge no
previous research has been reported as the release kinetics of microencapsulated
(by p-cyclodextrin) fingered citron essential oil under different temperature
conditions.

An artificial neural network (ANN) is a biologically inspired form of distributed
computation which is composed of connection nodes. Neuron is the primary
element of neural network that can be thought of as weighted transfer function
[18]. In recent years, interest in using ANN with back-propagation algorithm as a
modeling tool in supervised techniques is increasing, especially in food technology
[19]. ANN has been successfully applied in several areas like microbial predic-
tions, material identifications, and food rheology [20, 21]. Therefore, the aim of
this work was to: (1) evaluate the kinetics of core materials degradation
(embedding rate) during storage of fingered citron essential oil microcapsules and
(2) assess the performance of ANN to predict the kinetic parameters.

1.2 Materials and Methods
1.2.1 Raw Materials Preparation

The fresh fruits used in this study were collected from fingered citron base in
Jinhua, Zhejiang Province, China (29°07' N, 119°35’ E, altitude 40 m). The peel
was separated from endocarp with a hand knife and cut into pieces. The pieces
were smashed by pulverizer (Wenling Aoli Mediciner Machinery co. LTD) and
immersed in distilled water (The ratio of powder to water (w) is 1:3, kg). The
essential oil from fingered citron was extracted by self-made vapor distillation
device for 3 h with multi batches. Each batch oil yield is about 0.8 % (w/w),
density is 0.78 g/ml. The extract was dried over anhydrous sodium sulfate and
stored for subsequent use.
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1.2.2 Fingered Citron Essential Oil Microcapsules
Preparation

150 gram of f-cyclodextrin was dissolved in 1500 ml deionized water, and then
20 ml fingered citron essential oil was added. The kneading was continued for 2 h
at 70 °C. Then the mixture was not placed into fridge under 5 °C and set for 24 h
until the solution has cooled to room temperature. These samples were at final
dried in a vacuum over at 50 °C till constant weight. The microcapsules products
for subsequent use were prepared with multi batches.

1.2.3 Storage Treatments

To develop release kinetic model of the degradation of embedding rate in fingered
citron essential oil microcapsules storage as a function of storage time and tem-
perature, samples were placed in closed Petri dishes and stored in a temperature-
controlled (10, 25, 40, 55, 70, 85, and 100 °C) storage locker for 15 days. The
embedding rate was analyzed every 3 days (0, 3, 6, 9, 12, and 15) during storage.
All treatments were conducted in five replications.

1.2.4 Determination of Embedding Rate

The embedding rate of fingered citron essential oil microcapsules was calculated as
given below:

Sample weight after period of storage time
Initial sample weight

Embedding rate = x 100% (1.1)
The standard equation for a first-order reaction was used to calculate the loss of
embedding rate in microcapsules as follows:

InE =1nE — kt, (1.2)

Here ¢, the storage time (day); E, the embedding rate at time t; E,, the
embedding rate at time zero; k, the first-order rate constant.

Arrhenius equation

The most acceptable expression to explain the influence of temperature on the
kinetic rate constants in food systems, Arrhenius equation, has been widely used.
The Arrhenius relationship for temperature dependence for the rate constant k was
given as follows:

k = Aexp(—E,/RT) (1.3)
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Here, A is the pre-exponential constant, E, is the activation energy of the
reaction, R is gas constant, and 7 is the absolute temperature.

The kinetic parameters including #;, and D-value mean the half destruction
time and the time required for degradation of 90 % embedding rate, respectively:

t1/2 :ln2/k, (]4)
D =1/k, (1.5)

Here, k is the first-order rate constant.

1.2.5 Artificial Neural Network Analysis

Feed forward back-propagation neural network is the most common used one in
recent years, (Fig. 1.2) shows a network structure with input, hidden, and output
layers used in this study. The input layer had one neuron representing the tem-
perature and the output layer consisted of three neurons which corresponded to £,
t12, and D-value. One hidden layer was used in this work. The number of neurons
within each of these layers varies between from 3 to 20 and was empirically
determined by trade-off between mean square error (MSE) and training time. The
transfer function in the hidden layer and output layer was a hyperbolic tangent
sigmoid and Levenberg—Marquardt (LM) algorithm was applied to accomplish the
minimization of error. The input data used were normalized to interval [0, 1]
before training as follows:

(Xn - Xmin)
(Xmax - Xmin)

Here, Xn, Xmin, and Xmax correspond to the normalized values, minimum, and
maximum of the data sample, respectively. Training was based on a supervised

X, - f(X,) = (1.6)

Fig. 1.2 ANN architecture
for k, t;», and D-value
prediction

Temperature (°C)

Input layer Hidder layer Output layer
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method and was finished when MSE converged or less than 0.0001. Training was
completed after 3,000 epochs if the MSE did not go below 0.0001. The BP-ANN
modeling program was realized using MATLAB software (The Mathworks, Inc.,
Natick, MA, USA, version 7.9 R2009b).

1.3 Results and Discussion

1.3.1 Degradation of Average Embedding Rate During
Storage

Originally, the average embedding rate in various temperature treatments was
100 %. The average embedding rate was plotted as a function of storage time at
different temperatures (Fig. 1.3). It was observed that the embedding rate
decreased with the increasing of storage time temperature. Table 1.1 showed the
kinetic parameters of embedding rate degradation at different temperatures and the
R? values of fitted exponential curves ranged from 0.9487 to 0.9993. The Arrhe-
nius plots of embedding rate degradation in fingered citron essential oil micro-
capsules storage was showed in (Fig. 1.4).

1.2
114 B 10°CO 25°CA 407
ol 57 55°cq T0°C[> 85Y
1.0 4 ¢ B | & 10°C
g 094 1 O $ g ;
E] 0.8+ o : &
= 1 i & -
g 0.74 1 A -
S S i
S 0.5 B ‘17 I
7 04 t ——3
= 03] m o ‘
< V77 i B
0.2 % 6
0.1+
0.0 ] T T T T T T d T T T d T T T ¥
0 2 4 6 8 10 12 14 16 18

Time (day)

Fig. 1.3 The average embedding rate during storage of fingered citron essential oil microcap-
sules at different temperatures
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Table 1.1 Kinetic parameters for the thermal degradation of embedding rate in fingered citron
essential oil microcapsules during storage at different temperatures

Temperature (°C) Variation kinetics k (day_l) t1» (day) D-value (day) R?
10 y = 0.9774exp(—0.0088x) 0.0088 78.77 113.64 0.9487
25 y = 0.9816exp(—0.0145x) 0.0145 47.80 68.97 0.9993
40 y = 0.8765exp(—0.0274x) 0.0274 25.30 36.50 0.9756
55 y = 0.8207exp(—0.0467x) 0.0467 14.84 21.41 0.9980
70 y = 0.8040exp(—0.0527x) 0.0527 13.15 18.98 0.9944
85 y = 0.7633exp(—0.0671x) 0.0671 10.33 14.90 0.9972
100 y = 0.7751exp(—0.1070x) 0.1070 6.48 9.35 0.9842

5.0

” /0
4.5 4 e
o
o
4.0
é 3.5 ° y=1.0415x-0.8180 R’=0.9677
1
3.0 4 o o
2.5 - P
o
2.0 +—— : : v T . T T T T T
3.0 35 4.0 4.5 5.0 L

T 10°(°K)

Fig. 1.4 Arrheninus plots of embedding rate degradation in fingered citron essential oil
microcapsules

1.3.2 Optimal Artificial Neural Network Configuration
Jor Kinetic Parameters Prediction

Training speed and MSE were used to compare the performance of various ANN
model. Our results showed that the optimal number of nodes in the hidden layer
used for training ANN model is 19 (Fig. 1.5). Therefore, a 1-19-3 back-propa-
gation network was constructed. The development of the ANN model usually
involves two basic steps including training and test phases. Table 1.2 showed the
training data set and test data set used in this work. Figure 1.6 presented the plots
of the correlations coefficients (R?) between experimentally determined &, 1/, and
D-value and ANN predicted values. In the training step, R? = 0.9999, 0.9999, and
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Fig. 1.5 Mean squared error (MSE) and training time in the prediction of kinetic parameters
with different number of neurons in the hidden layer

Table 1.2 Training data set and test data set used in the development of ANN

Temperature (°C) k (day_l) t1> (day) D-value (day)
Training data set
10 0.0088 78.77 113.64
40 0.0274 25.30 36.50
70 0.0527 13.15 18.98
100 0.1070 6.48 9.35
Training data set
25 0.0145 47.80 68.97
55 0.0467 14.84 21.41

85 0.0671 10.33 14.90
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Fig. 1.6 Correlation of experimental and predicted kinetic parameters with training data sets (a—
¢), and test data set (e—g) for fingered citron essential oil microcapsules during thermal treatments
using the optimal ANN

0.9971 for k, t;,, and D-value, respectively. In the test step, R? = 0.9999, 0.9981,
and 0.9998 for k, t,,, and D-value, respectively.

Unlike in parts of the citrus family species such as the orange, lemon, mandarin,
and lime, where fingered citron is an uncommon group [2]. The unprocessed fresh
fruit is unsuitable to eat and has no seeds. Because of the lemon-like aroma and
unique fingers of appearance, the fingered citron is usually used as an ornamental.
However, the fruit ripens seasonal and not resistant to cold, which lead to only
cultivation in subtropical areas. In addition, potting of fingered citron has not been
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extensively used because the fruits’ of irregular profile are easily squashed in
transit, the fruits seem to fall off quite easily. This makes people in other un-
planted regions do not know this fantasy species. Thus, its potential application
and economic values are not developed abundantly.

More importantly, the volatile oil-related knowledge of fingered citron is sel-
dom studied, though, are some reports of the flavones and coumarins in this fruit
[2, 22, 23]. In this study, we evaluated the kinetics of core materials degradation
(embedding rate) during storage of fingered citron essential oil microcapsules.
Figure 1.3 showed the embedding rate decreased with the increasing of storage
time temperature, the higher the temperature, the embedding rate declined more,
which indicated that the temperature plays an important role in core materials
degradation. The result correlates well with the findings of Slater and Johnson and
Sharma and Stipanovic, who reported that the grease oxidation speed up when
temperature increases [24, 25]. In addition, the temperature affects the core
materials’ Brown movement and microcapsules structure. As the temperature
increases, the Brown movement becomes greater and the aperture of wall (f3-
cyclodextrin) becomes larger simultaneously, which help quicken the oil release
process. What’s more, our results show that fingered citron essential oil micro-
capsules have good temperature-resistance before 40 °C, while the embedding rate
falls dramatically when the temperature is higher than 55 °C. Thus, the fingered
citron essential oil microcapsules should also try to avoid high temperature
environment during storage.

In fact, the first-order kinetic model has been used by numerous researchers in
various areas [26—28]. However, no author proposes mathematical models and
computer simulations to predict core materials degradation during storage of
essential oil microcapsules. As a set of mathematical tool for prediction of non-
linearities, (ANN) attempt to mimic the functioning of human owing to their
excellent pattern recognition capability for approximating any underlying rela-
tionship between the dependent and independent variables, without requiring a
prior knowledge of the relationships of nodes, but learning from examples through
iteration [18, 29]. In this study, we developed a release kinetic model of fingered
citron essential oil microcapsules during storage based on ANN using a back-
propagation algorithm. A standard network with one hidden layer including 19
nodes with additional direct connections from one input neuron (temperature) to
three output neurons (k, t,,,, and D-value) was constructed (Figs. 1.2, 1.5). ANN
could have more than a single hidden layer, however, a large amount of works had
shown that one hidden layer is sufficient to solve any complex nonlinear function
[19, 30-32]. In addition, the optimal ANN provided encouraging results that the
correlation coefficients between predicted k, #1,,, or D-value and experimental
values were greater than 0.99 in all case (Fig. 1.6). Therefore, our results could
provide release kinetics with an alternative way for Kkinetic parameters
determination.
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1.4 Conclusion

In summary, the kinetic models of the embedding rate during storage of fingered
citron essential oil microcapsules were constructed. The ANNs could predict the
kinetic parameters of embedding rate degradation at different temperatures and the

R2

values of fitted exponential curves ranged from 0.9487 to 0.9993. The overall

results indicated that ANN could be a potential tool for quick and accurate pre-
diction of the kinetic parameters.
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Chapter 2
Effects of Medium Components
and Fermentation Conditions on Cytidine

Production by Recombinant Escherichia
coli CYT20

Haitian Fang, Xixian Xie, Qingyang Xu, Chenglin Zhang
and Ning Chen

Abstract Recently, cytidine is gaining more attention as a precursor for antiviral
drugs. Cytidine is produced by some microorganisms fermentation. Cytidine
producing strain Escherichia coli CYT20 was bred in our previous study. Glucose,
(NH4),SO4, and temperature were selected as variables for optimization of
fermentation medium and conditions for cytidine production. Among ingredients,
different concentrations of initial glucose and (NH,4),SO,4 had positive effects on
cytidine production, and pH 7.0 and temperature 36 °C were favoured fermenta-
tion conditions for cytidine production by E. coli CYT20. After shake flask batch
fermentation, production of cytidine was measured by high performance liquid
chromatography. The results showed that it was 1,866 mg/l under optimized
condition and it was 1,115 mg/l under un-optimized condition, cytidine production
was increased by 67.4 %.

Keywords Culture conditions - Cytidine - Escherichia coli - Fermentation -
Optimization

2.1 Introduction

Cytidine is a nucleoside molecule that is formed when cytosine is attached to a ribose
or deoxyribose ring. Cytidine is used as a precursor of a number of commonly used
antiviral drugs. The production of cytidine depends on direct fermentation of car-
bohydrates by auxotrophic and regulatory mutant of Escherichia coli and Bacillus
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subtilis [1, 2]. Among these species, E. coli stains have been developed by
mutagenesis or genetic manipulation for its high growth rate and well-known
physiological characteristics [3]. A mutant of E. coli CYT20, which was released
from the repression and inhibition of two key enzymes by end-products was isolated,
and the concentration of glucose as a carbon source and (NH4),SO, as a nitrogen
source for the production of cytidine by this stain was optimized [4].

It is important to maintain the optimal fermentation conditions throughout the
production process, including temperature, pH and carbon source content, and
nitrogen source content [5-7]. A variable temperature control strategy is an
efficient technique to control the organism’s growth rate and achieves high yields
of biomass and metabolites. The above-mentioned approach has been successfully
applied in the productions of cytidine. In this study, the effects of the nitrogen
source, the initial concentration of carbon source, temperature, and pH during the
fermentation were examined to establish the optimum conditions for the
improvement of cytidine production.

2.2 Materials and Methods
2.2.1 Bacterial Strain and Media

E. coli CYT20 (2-TU" + 5-FU" + 5-FC" + 6-AU") (dcddAthrAAhisG) used in
this study, carrying plasmid pYRI115 containing two fragments of aspartate
carbamoyltransferase and carbamyl phosphate synthase, and plasmid pGPZ15
containing three fragments of glucose 6-phosphate dehydrogenase, phosphoribosyl
pyrophosphate kinase, and gluconate 6-phosphate dehydrogenase, was derived by
repeated compound mutagenesis (DES plus NTG) from Escherichia coli K-12.
The medium used for cell growth and cytidine production contained the following
components (g/1): anhydrous glucose, 100; KH,POy, 2; (NH4),SOy4, 10; MgSOy, 1;
FeSO4-7H,0 0.01, MnSO4-4H,O 0.01. The carbon source was autoclaved sepa-
rately for 15 min at 115 °C and added to the medium under aseptic condition.

2.2.2 Culture Conditions

A single colony of E. coli was inoculated to a 500-ml-baffled flask containing
25 ml growth medium and was cultivated at 37 °C, 220 rpm for 11 h, and then
transferred into a fermentation baffled flask.

Fermentation experiments were performed with 500-ml baffled flask containing
30 ml production medium. The temperature and pH were controlled at 36 °C and
7.0, respectively. Culture time was 40 h in the medium containing 100 g/I glucose.
Agitation speed was adjusted in the range of 220-240 rpm for the 40 h cultivation
in order to maintain the higher dissolved oxygen concentration.
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2.2.3 Analytical Methods

All experiments were conducted in triplicates and data were averaged and
presented as mean =+ standard deviation (SD). One-way analysis of variance
(ANOVA) followed by Dunnett’s multiple comparison test were used to determine
significant differences. Statistical significance was defined as p < 0.05. The
turbidity of cells in the fermentation broth was measured using a spectropho-
tometer at 600 nm. Dry cell weight (DCW) was gravimetrically determined using
the pellet fraction from 30 ml samples, after centrifugation at 12,000 rpm for
10 min and washing twice with distilled water. This was poured into preweighed
aluminium cups and placed overnight in an oven at 80 °C until constant weights
were obtained. Cytidine concentration was analyzed by HPLC [8, 9] (Aglient
1200, Aglient, U.S.A.).

2.3 Results and Discussion

2.3.1 Effect of Initial Glucose Concentration on Cytidine
Production

In order to determine the optimal initial glucose concentration, five medium with
different concentrations of glucose (40, 60, 80, 100, 120 g/1) were used. The
cytidine produced from different concentrations of glucose was determined after
40 h of cultivation in baffled flasks (Fig. 2.1).

Glucose consumption by E. coli CYT20 at different initial glucose concentra-
tions are shown in Fig. 2.1. When the initial glucose concentration was high,
glucose was uptaken slowly in the lag phase of cultivation and quickly after 10 h
of cultivation. When initial concentrations of glucose were 40 and 60 g/, the
glucose was almost used up at 9 and 11 h, respectively. When initial concentration
of glucose was 80 g/l, glucose was depleted after 14 h of cultivation. When the
initial concentration of glucose was 100 g/l, glucose was depleted at 18 h. When
the initial concentration of glucose was 120 g/l, glucose was depleted at 24 h.

Dry cell yield of E. coli at different initial glucose concentrations is shown in
Fig. 2.2. The strain grew faster in the early phase of cultivation when initial
concentrations of glucose were 40 and 60 g/l than when they were 80, 100 g/L,
and the higher the initial glucose concentrations were 120 g/1, the slower the strain
grew at the beginning. There were enough carbon sources in the medium for cell
growth, so the DCW increased during the whole period of cultivation, faster in the
early phase and slower in the late phase. Although the E. coli grew faster at low
initial glucose concentrations, higher dry cell weights were achieved when the
initial concentrations of glucose were 100 and 120 g/L, respectively (Fig. 2.3).

Time courses of cytidine production at different initial glucose concentrations
are presented in Fig. 2.4. When initial concentration of glucose was 40 g/l, the
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Fig. 2.1 Time courses of
glucose consumption by

E. coli at different initial
glucose concentrations. After
the glucose was depleted, a
solution containing 800 g/
glucose was fed into the
baffled flasks until the total
glucose in the medium
reached 10 g/l. The initial
glucose concentrations were:
(M) 40 g/1, (@) 60 g/, (A)
80 g/1, (V) 100 g/1, (&)

120 g/l

Glucose (g/l)

Fig. 2.2 Time courses of
DCW of E. coli CYT20 at
different initial glucose
concentrations. The initial
glucose concentrations were:
(M) 40 g/1, (@) 60 g/, (A)
80 g/1, (V) 100 g/1, (®)

120 g/l

Dry cell weight(g/l)

Time(h)

cytidine production reached its maximum concentration (650 mg/l) at 36 h, which
was obviously lower than that from medium with other glucose concentrations. It
was indicated that the yield of cytidine was determined by the cell growth rate and
the final dry cell weight. When initial concentrations of glucose were 100 and
120 g/1, cytidine increased during the whole period of cultivation. The highest
production and highest productivity of cytidine were obtained when the initial
glucose concentration was 120 g/l, and the highest yield and productivity of
cytidine were achieved at an initial glucose concentration of 120 g/l. It is probably
due to the fact that in the early phase of cultivation, the growth of E. coli CYT20
was inhibited by the higher osmotic pressure of the media containing 100 and
120 g/1 glucose. When the cultivation was proceeding, the consumption of glucose
led to a decrease in the osmotic pressure and resulted in the accumulation of
certain biomass. Within a certain range of osmotic pressures, a higher glucose
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Fig. 2.3 Time courses of
cytidine production of E. coli
at different initial glucose
concentrations. After the
glucose was depleted, a
solution containing 800 g/
glucose was fed into the
baffled flasks until the total
glucose in the medium
reached 10 g/l. The initial
glucose concentrations were:
(M) Cytidine production, (A)
Conversation rate/%

Fig. 2.4 Plots of the cytidine
productions by E. coli at
different initial
concentrations. The initial
glucose concentrations were:
(H) 40 g/1, (@) 60 g/1, (A)
80 g/1, (V) 100 g/1, (&)

120 g/l

Cytidine(g/l)

Cytidine(mg/l)
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concentration promoted the growth of the E. coli strains, which is influential to

cytidine production.

Though maximum cytidine production was obtained after 40 h of cultivation
when glucose concentration was 120 g/l according to above results, the strain grew
slowly at the metaphase of cultivation and DCW was low at the end of fermen-
tation. Therefore, the optimal initial glucose concentration is 100 g/1.

2.3.2 Effects of Temperature on Cytidine Production

In order to obtain higher yields of cytidine, four temperature control strategies
were evaluated in a 500 ml baffled flask. The cell dry weight and cytidine
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Table 2.1 Effect of

" Temperature (°C) 34 36 37 38
temperature on cytidine DCW (g/1) 243 27.2 26.7 273
production Cytidine (mg/L) 687 1,188 1,034 971
Fermentation (h) 40 40 40 40

production were determined every 6 h throughout the whole cultivation process
(Table 2.1). The four temperature control strategies were designed as follows:
temperature of fermentation at 34, 36, 37, and 38 °C for 40 h. The different
temperature control strategy was performed during the fermentation process
because the optimal cell growth temperature was not necessarily the same as the
temperature of product manufacture, especially since the product is not coupled
with cell growth [10, 11]. Therefore, the fermentation temperature control of
cytidine production was of great significance.

2.3.3 Effect of (NH,),SO,4 on Cytidine Production

(NH4),S0y is an important nitrogen source for the increase of cell growth and the
concentration of desired products at the end of fermentation. The fed-batch
fermentations were performed in 500 ml baffled flask with mediums containing
different levels of (NH4),SO4 to investigate the effect of the (NH4),SO4 on cyti-
dine fermentation (Fig. 2.5). The (NH4),SO, concentration was adjusted to
20-150 mmol/L. The optimal concentration of (NH4),SO, was found to be
110 mmol/L. A final cytidine production of 1,115 mg/l was obtained after 40 h of
cultivation.

Fig. 2.5 Fermentation 160 1.4
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2.3.4 Verification of Cytidine Production by Baffled Flask

Using the optimized culture conditions, cytidine was produced by E. coli CYT20
in 500-ml baffled flask for 40 h (Fig. 2.6). As shown in Fig. 2.6, a final cytidine
concentration of 1,866 mg/L was obtained after 40 h, which was 67.4 % higher
than that from control.

In this study, an engineering bacteria, E. coli CYT20, has been successfully
constructed, and the optimized fermentation conditions were determined, which
indicate that the initial glucose concentration is 100 g/, the (NH4),SO4 concen-
tration is 110 mmol/l, and the temperature control is 36 °C at 40 h. Under the
optimized conditions, the production of cytidine reached 1,866 mg/l, which was
increased by 67.4 %. These results suggested that the strain improvement using
genetic strategies and the fermentation conditions including the concentration of
glucose, temperature, and (NH4),SO, were important factors that affected cytidine
production. The optimization of the fermentation process enhanced the cytidine
productivity of E. coli dramatically and consequently lowered the production
costs.

2.4 Conclusion

For cytidine production by microorganisms, an effective culture condition is very
important [12—-14]. The purpose of this study was to develop an optimal culture
condition for the production of cytidine by E. coli CYT20. From a series of
experiments, we determined that the concentration of glucose and (NH4),SO4 of
the medium and temperature are the significant factors that affect the cytidine
production. The optimum concentration of initial glucose and (NH4),SO,4 were
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100 g/1 and 110-150 mmol/l, respectively. Fermentation temperature was 36 °C.
Our results proved that controlling the culture conditions and modifying the
medium can dramatically enhance the production of the cytidine of E. coli CYT20.
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Chapter 3

Application of the Cre-loxP
Recombination System for Two ILV2
Alleles Disruption in an Industrial
Brewer’s Yeast Strain

Jun Lu, Yefu Chen, Deguang Wu and Dongguang Xiao

Abstract Diacetyl has long been considered an unpleasant off-flavor component
in beer. A recombinant industrial brewer’s yeast strain in which two alleles of
a-acetohydroxyacid synthase (AHAS) gene (ILV2) were disrupted using the
Cre-loxP recombination system was constructed to produce the lower content of
diacetyl. The results showed that the diacetyl production of recombinant yeast
strain S-CSL5 is always lower than that of the parental strain S-6 at all stages of
beer fermentation. The total process time (from the beginning of fermentation to
the diacetyl reduction is finished) of beer fermented by the recombinant strain
S-CSLS5 could therefore be reduced to 12 days, in contrast to 15 days required for
the parental strain. The AHAS activity of S-CSLS5 was lowered by 58 % compared
with that of the parental strain. In addition, the real-time PCR results revealed a
low expression level of ILV2 as a potential molecular determinant for low diacetyl
formation.

Keywords Diacetyl - Cre-loxP recombination system « ILV2 - Industrial brewer’s
yeast

3.1 Introduction

Diacetyl (2,3-butanedione) imparts an unpleasant “butterscotch-like” flavor to
beer. It has long been considered a serious off-flavor component in beer. Diacetyl
is a vicinal diketone and formed via a nonenzymatic decarboxylation from
a-acetolactate outside the yeast cell during the main fermentation and removed by
maturation process [1, 2]. It is particularly undesirable in lager beers and the
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threshold for diacetyl is 0.15 ppm or even lowers [3]. Its removal is the rate-
limiting step in the maturation of beer. Diacetyl is a side product of the isoleucine-
valine pathways. And the enzyme acetohydroxyacid synthase (Ilv2p) is of central
importance for diacetyl formation. Concerning the metabolic pathway, an
enhanced conversion of its precursor a-acetolactate to valine can reduce diacetyl
formation. To this end, disruption of ILV2 encoding AHAS has a significant
influence on the diacetyl production. Previous studies showed that disruption of the
ILV2 gene can decrease of diacetyl production by 50-70 % compared to the
control strain and significantly shorten the maturation period during beer pro-
duction [4-6].

Previous studies in lager strains of yeast indicated that their genomes are hybrid
and polyploid in nature and the copy number of certain genes in various strains of
lager yeasts may range from haploid to tetraploid [7, 8]. The Cre-loxP system is a
very versatile tool that allows for gene marker rescue and repeated use of the
KanMX marker gene and will be of great advantage for the functional analysis of
gene families [9, 10].

In this study, Cre-loxP recombination system was applied in efficiently and
consecutively deleting two copies of ILV2 gene in polyploid industrial yeast.
A recombinant industrial brewer’s yeast strain that produces the lower content of
diacetyl was constructed. The enzyme activities of AHAS were determined and
fermentation performances of the recombinant strain were examined under the
industrial brewing conditions. We also explored correlations in the expression
level of ILV2 and AHAS activity.

3.2 Materials and Methods
3.2.1 Microorganisms and Cultivation Conditions

The yeast strains and Escherichia coli DH50 used in this study are listed in
Table 3.1. The industrial brewer’s yeast S-6 was obtained from the Yeast Collection

Table 3.1 Strains used in the current study

Strais Relevant characteristic Reference or source

E.coliDHS5  supE44 AlacU169(¢ 80lacZAM15) hsdR17 recAl endAl  Stratagene
gyrA96 thi-1 relA

S-6 Wild-type industrial brewer’s yeast Our lab

S-L5 ILV2/ilv2A::loxP-KanMX-loxP This work
S-CL5 ILV2/ilv2A::loxP This work
S-SLS5 ilv2A::loxP-KanMX-loxP/ilv2A::loxP This work

S-CSL5 ilv2A::loxPlilv2A::loxP This work
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Center of the Tianjin Key Laboratory of Industrial Microbiology, Tianjin University
of Science and Technology, China. S-6 was used as the control strain.

Yeast strain was grown at 28 °C in YEPD medium (1 % yeast extract, 2 %
peptone, 2 % glucose). For selection of Geneticin (G418) resistance after yeast
transformation, the YEPD plate was supplemented with G418 at a final concen-
tration of 800 mg/L. For selection of Zeocin resistance, Zeocin (500 mg/L, Pro-
mega, Madison, United States) was added to the YEPD plates for yeast. And
YEPG medium (1 % yeast extract, 2 % peptone, 2 % galactose) was used for Cre
expression in yeast transformants. Escherichia coli strain was grown at 37 °C in
Luria—Bertani broth (composed of 1 % NaCl, 1 % tryptone, and 0.5 %yeast
extract) supplemented with ampicillin at a final concentration of 100 mg/L.

3.2.2 DNA Manipulation and Construction of Plasmids

Plasmid DNA was prepared from E. coli as described by Sambrook et al.
[11].Genomic DNA of yeast was prepared from industrial Brewer’s yeast S-6 as
described by Bruke et al. [12]. The primers used for plasmids construction in this
study are listed in Table 3.2.

Table 3.2 The primary primers used in the current study

Primer Sequence (5" — 3')

Primers for plasmids construction and verification®

ILV2-SF AACTGCAGCTTGGCTTCAGTTGCTG
ILV2-SR CGGGATCCCTCTTAGCTCAAAGGGT
ILV2-XF CGGGATCCCGTACAGGCGGTAAGCAC
ILV2-XR GGGGTACCCGAGGTCTCGGAATGG
K-U CGGGATCCCAGCTGAAGCTTCGTACGC
K-D CGGGATCCGCATAGGCCACTAGTGGATCTG
YZ-SFI ACTTTACGAAAGTTTGAGGAGG
YZ-2A ACAACCTATTAATTTCCCCTCG
YZ-AUP TTTTGATGACGAGCGTAATGGC
YZ-XRI CTTTCCAATTGACTCCGTATGTG
ILV2-SSF AACTGCAGCGTTATTACAGTGCGTCTC
ILV2-SSR CGGGATCCGGTTTAGTGCGTTTGATG
ILV2-SXF CGGGATCCAAATGTGGGCTGCTCAAC
ILV2-SXR GGGGTACCCTTAGCGTCCAATTCCTC
Primers for real time PCR

ACTI-F TGGATTCTGAGGTTGCTGCTTTGG
ACTI1-R ACCTTGGTGTCTTGGTCTACCG

ILV2-U CACGGTTGTGCTACTGC

ILV2-D TGCCCAGATTGGTCGT

# The restriction site introduced in each primer is indicated by an underline
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The ILV2 gene, the sequences of which were used for homologous recombi-
nation, was amplified from S-6 genomic DNA using PCR with the primers showed
in Table 3.1. The PCR product was subsequently subcloned into pUCI19 to gen-
erate the plasmid pUC-LSX. The KanMX cassette was amplified via PCR using
plasmid pUG6 as the template with primer pair K-U/K-D and inserted into plasmid
pUC-LSX after the digestion with BamH I, producing the plasmid pUC-KLSX.
Based on the aforementioned strategy, recombinant plasmid pUC-SKLSX was
constructed for the second ILV2 allele disruption. Recombinant fragment was
amplified using retractive primer as described by Hao et al. [13].

3.2.3 Yeast Transformation and Verification

Transformation was performed using the lithium acetate/PEG method [14].
Transformants were screened on YEPD plate containing 800 mg/L G418. The
strategy employed for disruption of the first ILV2 allele is shown in Fig. 3.1. The
strategy employed for disruption of the second ILV2 allele is shown in Fig. 3.2.
PCR was applied to verify the recombinant strains with accurate site integration.
Primer binding region for PCR confirmation of successful homologous recombi-
nation was shown in Fig. 3.3.

3.2.4 Gene Expression Levels via Real-Time PCR

Yeast strains were cultured in YEPD medium for 18 h and collected for RNA
extraction. RT-PCR was performed by use of an RT-PCR kit (CWBIO) according
to the manufacturer’s instructions. The ILV2 gene was amplified using primer
ILV2-U/ILV2-D. And the reference gene ACT1 was amplified using primer
ACTI1-F/ACT1-D. All primers were shown in Table 3.2.

3.2.5 Assay of AHAS Activity

Reaction conditions for enzyme assays in vitro were as follows: o-acetolactate
synthase activity was measured according to [15]. One unit (1 U) of AHAS activity
is defined as the amount of enzyme required to produce 10~® mol of acetolactate in
30 min at 30 °C.
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Fig. 3.1 Strategy employed
for disruption of the first ILV2
allele and kanMX excision in
yeast strains

3.2.6 Fermentation Test

Plasmid pUC-KLSX

[—— —

ILV2-SF ILV2-XR
PCR

AN

Recombination

Lv2

Cre expression and
kanALX excision

Loxp

— [ ——

ILv2

After activation on YEPD slant, the yeast strain was inoculated to 5 mL of 10°P
wort and cultivated at 28 °C (180 rpm) for 24 h, then all the suspension was
inoculated into 50 ml of wort (11 °P) at 16 °C for 48 h. For the main fermentation,
the preculture (50 ml) was transferred into 500 ml of 11 °P wort in conical flask
with fermentation bung resulting in a cell density of ~2 x 107 cells/ml. Main
fermentations were carried out at 10 °C. Apparent extract and CO, reduction of
wort was recorded every day. Diacetyl concentration of beer was assayed at dif-

ferent stage of fermentation.
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Fig. 3.2 Strategy employed
for disruption of the second
ILV2 allele and kanMX Plasmid pUC-SKLSX
excision in yeast strains KanMX
[——3 <=
ILV2-SSF ILV2-5]
PCR LV2-5XR

Recombination and
kanMX excision

— NSy~ ——

Loxp

—— > ———

3.2.7 Measurement Diacetyl and Flavor Component

Before analysis, the samples were heated at 60 °C for 1 h to cause complete
conversion of a-acetolactate into diacetyl. Headspace gas chromatography coupled
with electron capture detection (GC-ECD) was used for the measurement of
diacetyl content [16]. The esters and higher alcohols were measured using head-
space gas chromatography coupled with flame ionization detection.

3.3 Results and Discussion
3.3.1 Construction and Verification of Recombinant Strains

The fragment for replacement was amplified by PCR using recombinant plasmid
pUC-KLSX as the template with primer pairs of ILV2-SF/ILV2-XR (Tabel 3.1).
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Fig. 3.3 Primer binding region for the confirmation of correct integration of the KanMX and

kanMX excision in yeast strains
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Then the fragment was transformed into the industrial brewer’s yeast S-6.
Therefore, one copy of ILV2 deletion strain was constructed via PCR-mediated
homologous recombination, as shown in Fig. 3.1. To verify the correct integration
of the KanMX cassette taking place on the target locus, the transformants were
picked up, and then colony-PCR was carried out using primer pairs YZ-SFI/YZ-
2A and YZ-AUP/YZ-XRI (Table 3.1). Amplified DNA fragments of 1859 bp and
1596 bp were obtained, respectively (Fig. 3.4, lane 1, 2). After the PCR verifi-
cation, one transformant was selected and designated as S-L5. After the single
ILV2 allele deletion strain S-L5 was successfully obtained, the plasmid of pSH-
Zeocin (a Cre expression vector) was transformed into S-L5, so that the drug-
resistance gene of KanMX was excised from the chromosome of the recombinant
strain S-LS5. The primer pairs ILV2-SF/ILV2-XR were used by colony-PCR for the
confirmation of loss of KanMX gene, primer site was shown in Fig. 3.3. The
KanMX removed strain was designated as S-CL5. When analyzing the transfor-
mants by diagnostic PCR with this set of primers, we also observed the presence of
the wild type ILV2 allele in all transformants (Fig. 3.4, lane 3). These results
indicated that more than one copy of the ILV2 gene might be present in the S-6
genome. In order to efficiently repeat deletion of ILV2 allelic genes, the retractive
primer disruption strategy described by [13] was applied, as shown in Fig. 3.2.
After the PCR verification, one verified transformant with the lowest diacetyl
production was selected and was designated as S-SL5. After the two ILV2 allele
deletion strain S-SL5 was obtained, the same method as described above was used
to excise the KanMX of S-SL5. The resulting transformant was designated as
S-CSL5. As diagnostic PCR of the ILV2 double deletion did not reveal any
additional copy of this gene (Fig. 3.4 lane 7, 8), we concluded that strain S-6 was
diploid for ILV2 gene. Therefore, S-CSL5 was an ILV2 completed deletion strain.

Fig. 3.4 PCR analysis of the
yeast recombinant strains.
DNA templates: S-L5 (lane 1,
2, 3); S-CLS5 (lane 4); S-SLS5
(lane 5, 6, 7); S-CSL5 (lane
8). Primers: YZ-SFI/YZ-2A
(lane 1, 5); YZ-AUP/YZ-XRI
(lane 2, 6); ILV2-SF/ILV2-
XR (lane 3, 4); ILV2-SSF/
ILV2-SXR (lane 7, 8)
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3.3.2 AHAS Activity and 1LLV2 Expression Levels

The AHAS activity of recombinant strains S-CLS and S-CSLS5 cultivated in YEPD
medium were measured. The enzyme activity in recombinant strain cells was
lower than that of their host. The AHAS activity of S-CLS5 and S-CSL5 decreased
respectively by 28 and 58 % compared with their parental strain S-6 (Fig. 3.5). In
addition, the expression levels of ILV2 gene were determined by qRT-PCR. The
cDNAs of ILV2 single deletion strain S-CLS5 decreased to 49 % that of its parental
strain S-6 (Fig. 3.5). By contrast, no signal was detected in /LV2 double deletion
strain S-CSLS. These results further proved that two copies of ILV2 gene existed in
S-6 genome. It was noted that when deleting all allele of ILV?2 gene, there was still
AHAS activity detected. Based on this result, it has been assumed that there might
be another isoenzyme of AHAS in this industrial brewer’s yeast. However, further
study is needed.

3.3.3 Diacetyl Content Assay During Beer Fermentation

The diacetyl content of the ILV2 single deletion strain S-CLS5 and the ILV2 double
deletion strain S-CSL5 were measured when wort reached an apparent extract of
8 % (day 3), 6 % (day 7), and 4 % (day 11). In order to compare the time con-
sumption (from the beginning of fermentation to the diacetyl reduction is finished)
for brewing with different strains, diacetyl concentration was also measured every
day (days 12—15) after wort apparent extract reached 4 %. The results showed that
the diacetyl production of recombinant yeast strain S-CL5 and S-CSL5 were
always lower than that of the parental strain S-6 at all stages of beer fermentation
(Fig. 3.6).

The time needed for diacetyl reducing to the taste threshold were 13 days and
12 days, respectively, when brewing using S-CL5 and S-CSLS5, in contrast to
15 days required of parental strain S-6. The diacetyl level of the ILV2 double
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deletion strain S-CSLS5 was lowered more significantly compared with that of ILV2
single deletion strain S-CL5, as was shown in Fig. 3.6. The results revealed that
lowering the copy number of /LV2 gene was an effective way to decrease the
diacetyl production of brewers’ yeast strain. Previous studies are mostly deleting
one copy of ILV2 gene to reduce diacetyl production [17-20]. This study report
that the ILV2 complete deleted strain produce even lower content of diacetyl.

3.3.4 The Main Beer Performance Indices

To investigate the impact of the ILV2 gene single deletion or double deletion on
the fermentation performance, real attenuation, real extract, ethanol, pH, esters,
and higher alcohols were measured after the primary beer fermentation (days 15),
as shown in Table 3.3. Compared to the reference beer (S-6 was used in brewing),
a slight increase in production of isobutyl alcohol and ethyl acetate was observed,

Table 3.3 Parameters of fermented liquor

Parameter S-6 S-CL5 S-CSLS

Real attenuation (%) 72.05 £ 0.21 71.25 £ 0.18 71.48 £ 0.22
Real extract (%) 4.38 £+ 0.05 4.26 £+ 0.08 4.18 £+ 0.06
Ethanol (g 17" 40.5 +£ 042 40.2 £ 0.35 39.38 £ 0.25
pH 43 +0.1 44 +£0.1 44+02
Acetaldehyde (mg 17" 6.83 £ 0.14 658 + 0.24 6.96 £ 0.09
Ethyl acetate (mg 17 ") 15.86 £ 0.3 15.67 £ 0.2 18.71 £ 0.4
Propyl alcohol (mg 17" 1592 £ 0.2 1518 £0.3 15.58 + 0.1
Isobutyl alcohol (mg 17 10.15 £ 0.5 1041 £ 0.2 1295 £ 04
Isoamyl acetate (mg 1 1.39 £ 0.15 143 £0.14 1.34 £ 0.25
Tsoamyl alcohol (mg 17") 54.96 + 2.2 53.86 £+ 3.1 4798 + 3.8
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when brewing using ILV2 double deletion strain S-CSL5. Moreover, a slight
decrease in production of isoamyl alcohol was also observed. There was no sig-
nificant difference in fermentation performance between ILV2 gene single deletion
S-CLS5 and S-6.

All the results shown are mean values of three independent experiments
including standard deviations. The parameters were measured after the primary
beer fermentation.

3.4 Conclusion

A recombinant industrial brewer’s yeast strain that produces the lower content of
diacetyl was constructed in this study, in which two alleles of AHAS gene (ILV2)
was disrupted using the Cre-loxP recombination system. The results showed that
the diacetyl production of recombinant yeast strain S-CSL5 is always lower than
that of the parental strain S-6 at all stages of beer fermentation. The time needed
for diacetyl reducing to the taste threshold was reduced from 15 to 12 days. The
AHAS activity of S-CSL5 was lower compared with that of parental strain. In
addition, the real-time PCR results revealed a lower expression level of ILV2 in
recombinant strain compared with that of control. There were no significant dif-
ferences in the appearance and mouth-feel between recombinant strain and the
parental strain.
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Chapter 4

Clone and Expression of High Yield
Recombinant Trehalose Synthase

in Bacillus subtilis

Jing Su, Chunling Ma, Tengfei Wang, Piwu Li and Ruiming Wang

Abstract Trehalose synthase is one kind of intermolecular transglucosylation
enzyme, which catalyzes the conversion of maltose to trehalose. In this study the
trehalose synthase gene was amplified from Pseudomonas putida PO6 genomic
DNA, ligated with pMAS vector, cloned into Bacillus subtilis WB800 and had
good expression with the molecular weight of 77 KD. The recombinant trehalose
synthase expression conditions were performed and enzyme reaction key param-
eters were investigated. The results showed the enzyme had optimal activity when
it reacted for 2 h at 35 °C with pH value of 7.5 and the substrate concentration was
30 %. Trehalose content of samples was detected by HPLC and the enzyme
activity reached to 318.12 U/ml in crude enzyme solution. This study is the first
report about the expression of trehalose synthase in Bacillus subtilis, which lays
the basis for trehalose large scale industrial production.

Keywords Trehalose synthase « Pseudomonas putida - Gene expression -
Bacillus subtilis WB800

4.1 Introduction

Trehalose is a non-reducing disaccharide, which has two glucose molecules linked
in o, o-1, 1-glycosidic linkage. It widely spreads in bacteria, archaea, yeast, fungi,
insects and a number of invertebrates [1]. It has high stability against extreme
environment conditions such as temperature, pH and desiccation. So it plays
important roles, such as a carbon energy reserve [2], a compatible solute under
stress conditions [3-5] and a structural component of the cell wall. On the other
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hand trehalose not only protects biomolecules in vivo but also has the same
protection effect in vitro. This feature of trehalose has opened a new field for its
application in food industry and pharmaceutical manufacturing practice [6, 7].

So far it is generally reported that there are at least three metabolized pathways
for the biosynthesis of trehalose in microorganism. The first pathway is catalyzed
by the trehalose-6-phosphate synthase, in which trehalose is synthesized through
the glucosyl moiety from UDP-glucose to glucose-6-phosphate to form trehalose-
6-phosphate that further dephosphorylated to trehalose by trehalose-6-phosphate
phosphatase [8, 9]. The second pathway involves the rearrangement of internal
glycosidic linkage between the molecules of glucose polymer such as maltooli-
gosaccharides produced from the hydrolysis of starch using a-amylase [10, 11],
which can convert a-(1—4) linkage of the terminal residue of the maltooligosac-
charides into «-(1-1) linkage. The third pathway is also a process of internal
rearrangement of the glycosidic linkage between the molecules. But it can only use
maltose as the substrate, and the enzyme responsible for this process is trehalose
synthase [12—14].

Currently the third pathway has been interested for industry because its sub-
strate is only simple disaccharide (maltose). Trehalose synthase is apt for trehalose
large scale production. But the main problem for trehalose synthase industrial
production depends on its activity improvement. So far there are many reports
about cloning and expression of trehalose synthase in E. coli [15-18]. However,
E. coli is pathogenic and is not safe for food industry production. Compared with
E. coli, Bacillus subtilis is one kind of safe expression system. Since the discovery
of the method of transforming B. subtilis with plasmid DNA, B. subtilis has
become an efficient expression host for the expression of foreign genes. These
features include the non-pathogenic nature, well-established safety record, ability
to secret extracellular proteins directly to culture medium, easy genetic manipu-
lation, non-biased coden usage and fast growth rate [19-22]. Up to now, there is no
report about the expression of the trehalose synthase gene in B. subtilis recom-
binant system. In this study the trehalose synthase gene was amplified from
Pseudomonas putida P06 genomic DNA and was expression in B. subtilis under
the control of the promoter of Hpall. The recombinant enzyme efficiently secreted
into the culture. Trehalose content of samples was detected by HPLC and the
enzyme activity reached to 318.12 U/ml in crude enzyme solution.

4.2 Materials and Methods

4.2.1 Bacterial Strains, Plasmids, Chemicals, Media
and Culture Conditions

Bacillus subtilis WB800 was used as the expression host, which is an eight protease
deficient strain. For protein studies, cell was cultivated in super-rich medium [23]
containing appropriate antibiotics at 37 °C. Pseudomonas putida P06-2 was
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obtained from screening and had been deposited in our laboratory. Expression
plasmid pMAS was obtained from Tianjin University of Science and Technology.
Bacterial Genomic DNA Mini-Preps Kit, LATaq, restriction enzymes, and ligase
were all purchased from Takara. All chemical products used in the experiment were
purchased from Sigma Chemical Co. (St Louis, MO, USA).

4.2.2 Tres Gene Cloning and Expression Vector
Construction

Tres gene was amplified from Pseudomonas putida P06-2 genomic DNA, which
was purified with bacteria genome DNA extracting kit and used as a template for
PCR amplification with the forward primer: 5'-CGGAATTCATGACCCAGC
CCGACC-3, and the reverse primer: 5-CCCAAGCTTTCAAACATGCCCGC
TGC-3'. PCR amplification conditions were: 95 °C for 5 min followed by 30
cycles of 95 °C for 30 s, 54 °C for 30 s, 72 °C for 2 min. The PCR products were
digested with EcoRI and Hindlll restriction cutting sites, and then ligated into
PMAS expression vector, which had been treated with the same restriction
enzymes. All the clones were confirmed by DNA sequencing. The constructed
recombinant vector containing tres gene was named pMAS-tres, and used to
transform B. subtilis WB800.

4.2.3 Tre Gene Expression in Bacillus Subtilis WB800

The pMAS—tres cells and empty vector control were cultured in the LB medium at
37 °C for 24 h. At the end of the culture period, cells were harvested by centri-
fugation at 14,000 x g for 45 min to give the culture supernatant and the cell
pellet. The supernatant was dissolved into 2 x SDS-PAGE loading buffer and
boiled for 10 min, centrifuged at 10,000 rpm for 2 min, and 5 pl supernatant was
analyzed on SDS-PAGE followed by Coomassie blue staining.

4.2.4 Assay of Trehalose Synthase Activity

The activity of trehalose synthase was assayed by measuring the amount of
trehalose produced from maltose. The quantity of sugars after each enzymatic
reaction was measured by High-performance liquid chromatography (HPLC).
The effects of pH on trehalose synthase activity were performed at various pH
5.0-9.0 phosphate buffers. The effects of temperature on the enzyme activity were
determined by setting the reaction temperature from 20 °C to 45 °C. The effects
of reaction time on the enzyme activity were performed at 1, 2, 4, 6, 8, 20 h.
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The effects of the substrate concentration were determined by 5, 10, 20, 30, 40 %
maltose solution. The HPLC system of Shimadzu with NH,-column and aceto-
nitrile phosphate buffer (27:73 v/v, pH 7.0) as the mobile phase was used. The
presence of trehalose as products of the enzyme reaction was identified using
reference standard (Trehalose purity was above 99.5 %) obtained from Sigma.

4.3 Results and Discussion

4.3.1 Tres Gene Cloning and pMA5-Tres Vector
Construction

(Fig. 4.1)

4.3.2 Expression Analysis of SDS-PAGE

Bacillus subtilis WB800 was used as pMA5—tres expression host to express the
tres gene corresponded with about the molecular weight of 77 KD was seen on the
SDS-PAGE (Fig. 4.2).

4.3.3 Trehalose Synthase Activity Measurement

The effects of pH on trehalose synthase were depicted in (Fig. 4.3a). The optimum
pH for the enzyme activity was 7.5, when pH below 6.5 and above 8.0 the enzyme
activity decreased sharply. The effects of temperature on the enzyme were
depicted in (Fig. 4.3b). The optimum temperature was 35 °C, which was close to
room temperature. So the energy consumption in temperature control could be
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Fig. 4.2 Expression of
trehalose synthase in

B. subtilis WB800. The first
and the second were
transformed with pMAS—tres
plasmid. The third was empty
vector control. The arrows
showed the positions of the
target protein which
corresponds to the molecular
weight
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decreased. The effects of reaction time on the enzyme were depicted in (Fig. 4.3c).
The optimum reaction time on the enzyme was 2 h. The reaction time of this
recombinant enzyme decreased more than previous reports. The effects of
substrate concentration on the enzyme were depicted in (Fig. 4.3d). When maltose
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Fig. 4.3 a Optimum pH for the enzyme was investigated by phosphate buffer with pH in range of
5.0-9.0 b Optimum temperature was investigated between 20 °C and 45 °C ¢ Optimum reaction
time of the enzyme was investigated from 1 h to 20 h d Optimum substrate concentration for the
conversion rate and trehalose synthase concentration
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Fig. 4.4 HPLC analysis of the enzyme reaction with 30 % maltose as substrate for 2 h at 35 °C

concentration increased from 5 % to 30 %, the yield of trehalose increased at the
same time. At last the enzyme reaction key parameters were investigated as
follows: the optimum pH was 7.5, reaction temperature was 35 °C, reaction time
was 2 h, and the substrate concentration was 30 %. After 2 h reaction, the
supernatant was inspected for the presence of trehalose using HPLC (Fig. 4.4).
From the chromatography it could be seen that the enzyme activity reached to
318.12 U/ml in crude enzyme solution.

4.4 Conclusions

Trehalose synthase catalyzes the conversion of maltose to trehalose, and several
TreS have been cloned from various bacteria in E. coli. In our study, a TreS was
cloned from Pseudomonas putida P06 used Plasmid pMAS as vector and
expression in B. subtilis W800. B. subtilis as expression host has some advantages
compared with E. coli, such as no toxicity, solubility, secretory expression and so
on. These features make B. subtilis apt for food and pharmaceutical industry. The
recombinant trehalose synthase in our study had good expression in B. subtilis.
The optimum reaction time for the recombinant enzyme was only 2 h, which
decreased the reaction time than previous reports. On the other hand its optimum
temperature was 35 °C, which is close to room temperature. So the energy
consumption in temperature control could be decreased. These characteristics
make it apt for large scale production of trehalose.
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Chapter 5

Expression of the Gene Lg-ATF1
Encoding Alcohol Acetyltransferases
from Brewery Lager Yeast in Chinese
Rice Wine Yeast

Jianwei Zhang, Cuiying Zhang, Jianxun Wang, Longhai Dai
and Dongguang Xiao

Abstract Brewery lager yeast has a homologous gene of ATFI called Lg-ATFI
which encodes alcohol acetyltransferase, the most important enzyme for acetate
esters synthesis. But only ATFI gene exists in Chinese rice wine yeast. In this
study, the Lg-ATF1 gene was cloned from brewery lager yeast S-6, and success-
fully expressed in the JAHI site of Chinese rice wine yeast genome, under the
regulation of the yeast phosphoglycerate kinase I gene promoter (PGKIp) and
terminator (PGKI7). Subsequently, the esters formation of the recombinant and
control strain was monitored by gas chromatography. The results indicated that the
expression of the Lg-ATFI gene could improve the level of ethyl acetate and
isoamyl acetate in Chinese rice wine yeast. The concentration of ethyl acetate and
isoamyl acetate produced by the recombinant increased to 70.91 and 8.66 mg L™ ",
respectively. The observations can lead to the development of new strains of
Chinese rice wine.

Keywords Acetate ester - Alcohol acetyltransferase - Chinese rice wine yeast -
Ethyl acetate - Isoamyl acetate - Lg-ATF1

5.1 Introduction

During fermentation the yeast produces two main categories of volatile esters,
which are responsible for the highly desired fruity, candy, and perfume-like aroma
character of liquor such as beer and Chinese yellow rice wine, including the
acetate esters and the medium-chain fatty acid ethyl esters [1-9].
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The acetate esters, such as ethyl acetate (solvent-like aroma) and isoamyl
acetate (banana flavor) [10-12] are major and important determinant of Chinese
yellow rice wine flavor. These esters are assumed to be simultaneously synthesized
from an alcohol and an acetyl CoA by alcohol acetyltransferase (AATFase)
[13—-15]. There are two main AATase in Chinese rice wine yeast, AATase I and
AATase II, which are respectively encoded by ATFI and ATF2. However, brewery
lager yeast has a homologous gene of ATFI gene called Lg-ATF I, which encodes
another AATase, Lg-AATase I [16-22].

In this study, the Lg-ATF1 gene was cloned from brewery lager yeast S-6, and
successfully expressed in the JAH] site of Chinese rice wine yeast genome, under
the regulation of the yeast phosphoglycerate kinase I gene promoter (PGKIp) and
terminator (PGKI7). The acetate esters concentrations of yellow rice wines pre-
pared with recombinant and control strain were detected. The results showed that
the Lg-ATF1 expression can improve the acetate esters content of yellow rice
wine. The observations can lead to the development of new production strategies
and new yeast strains of Chinese yellow rice wine, allowing further optimization
of Chinese yellow rice wine flavor profiles in order to satisfy the different sensory
preferences of consumers, as well as to a better understanding of the physiological
role of acetate esters synthesis.

5.2 Materials and Methods
5.2.1 Strains, Plasmids, and Culturing Conditions

Saccharomyces cerevisiae RY1 was obtained from Angel Yeast of China.
S. cerevisiae RY1-al and RY1-a3 were haploid yeast strain obtained from RY1. S.
cerevisiae EY3 was a recombinant strain, in which the gene Lg-ATF1 has suc-
cessfully expressed. Escherichia coli DHS5o (F° endAlhsdR17 (tk — mk +)
supE44thi-1recAlgyrA (Nalr) relAl (laclZYA-argF) Ul69deoR [F80dlac DE
(lacZ) M15]) was used as a host for plasmid amplification. Plasmid pUG6 (Kan',
containing loxP-kanMX-loxP gene disruption cassette) was provided by Prof.
Hegemann J. H. (Heinrich Heine University, Diisseldorf). Plasmid pUC-PGK1
(Ap', containing the PGK1,-PGK1, expression cassette, cloning vector) and pUC-
PILgK (Ap", Kan', recombinant plasmid with partial JAHI gene, and containing
PGKIp-Lg-ATF1-PGKI17 gene expression cassette) were constructed by our lab.
Yeast cultures were routinely cultured at 28 °C in a yeast extract peptone
dextrose (YEPD) medium (2 % glucose, 2 % peptone, and 1 % yeast extract) for
growth, in YEPD with adding 100 mgmL~' G418 to a final concentration of
0.24 mg-mL~" for selection of yeast integrated transformants, and in wort medium
(prepared by treating freshly smashed malt with water at 65 °C for 30 min and
adjusting the sugar content of wort to 12 °Bx) for fermentation. E. coli was grown
at 37 °C in a Luria-Bertani (LB) medium containing 1 % Bacto tryptone,
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1 % NaCl, and 0.5 % yeast extract. For selection of E. coli transformants, ampi-
cillin was added into the LB media at a final concentration of 100 pg-mL™". All
solid media used in this study contained 2 % agar.

5.2.2 DNA Manipulations and Plasmid Constructions

Standard procedures for the isolation and manipulation of DNA were used [23].
Restriction enzymes, T4 DNA ligase, LA Taq DNA polymerase, and Expand
highfidelity DNA polymerase (TaKaRa Biotechnol, Dalian, China) were used for
enzymatic DNA manipulations as recommended by the supplier. The following
primers were synthesized to amplify the coding regions of the different genes by
means of the polymerase chain reaction (PCR) technique: the Xhol-Lg-ATF I-ORF-F
(CCGCTCGAGGACATGGAAACAGAAGAAAGCC; the Xhol restriction site is
underlined) and the Xhol-Lg-ATFI-ORF-R (CCGCTCGAGTCAGGGATTTAA
AAGCAGAGCC; the Xhol restriction site is underlined); the BamHI-IAH-ORF-F
(CGCGGATCCTCTTGGAGCCGCATTAGTCAACGAA; the BamHI restriction
site is underlined) and the BamHI-IAH-ORF- R (CGCGGATCCCACCTTCCTG
TTGAAACGCCTTATT; the BamHI site is underlined); the Kpnl-Kan-ORF-F
(CGGGGTACC CAGCTGAAGCTTCGTACGC; the Kpnl restriction site is
underlined) and the Kpnl-Kan-OR F-R (CGGGGTACCGCATAGGCCACTA
GTGGATCTG; the Kpnl restriction site is underlined). Genomic DNA from the
brewery lager yeast S6 was used as template to amplify the coding sequence of the
Lg-ATF1 gene, and the genome of commercial rice wine yeast strain RY1, was used
as template to amplify the homologous sequence of the IJAHI gene, while plasmid
pUG6 was used to amplify the selection marker, kan gene.

The vector pUC19-PGK1, containing the promoter (PGKIp) and terminator
(PGK17) sequences of the yeast phosphoglycerate kinase I gene (PGK1), was used
for subcloning the respective full-length open reading frames (ORFs). PCR-
generated Lg-ATF1, IAH, and Kan fragments were digested with Xhol, BamHI,
and Kpnl, respectively, and subcloned into pUC19-PGKI1, thereby generating
plasmid pUC-PILgK. To identify possible cloning artifacts, all inserts were
sequenced.

5.2.3 Expression and Verification of Lg-ATF1 in Chinese
Yellow Rice Wine

Standard procedures for the isolation and manipulation of DNA were using
Plasmid pUC-PILgK was linearized by Bpul 1021, and integrated into the genomic
of the haploids (a- and a-type) of yellow rice wine yeast strain RY1. Yeast
transformation was carried out by the lithium acetate procedure described
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previously [24]. The recombinant diploid was obtained after the fusion of the
purified a- and a-type haploid recombinants.

Two steps were used to verify the correct integration of the Lg-ATF [ cassette into
the target locus. Firstly, the recombinants were verified via PCR using the primer
pair ILgKI’F (TAGTCTGTTTGAGCAGTCCTACCCT) and ILgKI’R (GA-
ACCTCAGTGGCAAATCCTAACCT), and the primer pair ILgK2’F (GGAGGAG
ACCGAACAC AAGTATC) and ILgK2’R (TGGTTTGGAGGAGAAGATAAC-
GACG). Then, the changes in gene expression were assessed by Real-time PCR
(RT-PCR), when the GAPDH (GPDI) gene was selected as the internal control
gene, using the following primers: TTGCCCCGTATCTGTAGC (GPD1 forward),
AGCACCAACTTCAAAACCC (GPDI reverse), CAACCTGAGCACAATGCC
CTAA (Lg-ATF1 forward), GGAGACAAATCAACCGCCAAGT (Lg-ATFI
reverse). Yeast strains were cultured in YEPD medium for 16 h and collected for
RNA extraction. RNA isolation was carried out using the Yeast RNA Kit (OMEGA,
Norcross, GA, America) as recommended by the manufacturer. cDNA was soon
synthesized from the isolated RNA using the Ultra SYBR Two Step qRT-PCR kit
(with ROX) (CWBIO China, Beijing, China) as recommended by the manufacturer.
The synthesized cDNA can be stored at —20 °C.

5.2.4 Simulated Rice Wine Fermentation Test

Yeast cells were pre-cultured in 5 mL wort medium at 28 °C for 12 h. 1 mL yeast
pre-preculture was transferred into 25 mL fresh wort medium and incubated until
24 h. A 100 g rice was dipped in the water for 72 h at 28 °C, washed, cooked
25 min, and then put into 500 mL flask at last. A 10 g mature wheat Koji, 105 mL
water (including 60 mL clean water and 45 mL serofluid), and 25 ml second-
preculture of yellow rice wine yeast were added.

The mixture was were separately subjected to pre-fermentation at 28 °C for
5 days, then the temperature of rice wine broth was set to 16 °C and post-
fermentation was continued for 30 days. The weight loss, alcohol, and glucose
content of each tested strain were determinated separately after the two fermen-
tation periods (the pre-fermentation that includes 5 days and the total fermentation
that includes 5 days pre-fermentation and 30 days post-fermentation). All fer-
mentations were performed in triplicate.

5.2.5 Analysis of Acetate Esters

Gas chromatography (GC) was used for the measurement of ethyl acetate and
isoamyl acetate. The samples were filtered and distilled for GC analysis after
fermentation. The analysis was performed on an Agilent 7890C GC. Amyl acetate
was used as the internal standard. The column used was a HP-INNOWax
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polyethylene glycol (higher limit temperature 260 °C; LabAlliance), which is an
organic coated fused silica capillary column with 30 m x 320 pm i.d. and a
0.5 pm coating thickness. Nitrogen was used as the carrier gas and the temperature
of the flame ionization detector (FID) was adjusted to 250 °C. The injector tem-
perature was 230 °C, the split ratio was 25:1, and the injection volume was 1.0 pL.
The oven temperature program was as follows: 52 to 70 °C at 2 °C min~", 70 to
90 °C at 4 °C min™", and 90 to 200 °C at 10 °C min~".

5.3 Results and Discussion

5.3.1 Constructions and Identifications of Recombinant
Yeast Strains

Plasmid pUC-PILgK was linearized and transformed into the haploids (RY1-al
and RY1-«3) of Chinese yellow rice wine yeast RY 1. The resulting recombinants
were verified using the methods described in the Materials and Methods section.
The results (Figs. 5.1 and 5.2) suggested that the Lg-ATFI gene was successfully
integrated into the genome of Chinese yellow rice wine yeast and expressed. The
Lg-ATFI-expressing mutant EY3 (pUC-PILgK) was obtained after the fusion of
the a- and a-type integrated haploid recombinants (EY3-al (pUC-PILgK) and
EY3-al (pUC-PILgK)) and also identified (Data not shown, just like the results of
the haploid strains).

(a)

2000bp
1500bp

1000bp
750bp

Fig. 5.1 The PCR verification results of genetic engineering haploids. a the verification results
of a-type haploid recombinant; b the verification results of «-type haploid recombinant.
M, 5000 bp DNA Ladder Marker, lane 1 was PCR amplification result from the haploid receptors
(a/o) genome by using the forward primer (ILgK1’F) and reverse primer (ILgKI’R), lane 2 was
PCR amplification result from the haploid recombinants (a/o) genome by using the forward
primer (/LgKI’F) and reverse primer (/LgKI’R), lane 3 was PCR amplification result from the
haploid receptors (a/o) genome by using the forward primer (ILgK2’F) and reverse primer
(ILgK2’R), lane 4 was PCR amplification result from the haploid recombinants (a/x) genome by
using the forward primer (ILgK2’F) and reverse primer (ILgK2’R)
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Fig. 5.2 The qRT-PCR results of genetic engineering haploids. Lg-ATF1 mRNA levels were
analyzed by qRT-PCR. The GAPDH (GPDI) gene was used as the internal control genes. Error
bars indicate as the mean £ S.E. from the experiments performed in duplicate, and the
experiments were repeated three times

5.3.2 Effects of Lg-ATF1 Expression on Fermentation
Performance of Rice Wine Yeast

The yellow rice wine yeast strains, RY1 and EY3 (pUC-PILgK), were separately
subjected to the simulated rice wine fermentation (as described in the Materials
and Methods section). The fermentation performance results (Table 5.1) showed
that there was no obvious distinctions could be obtained among the fermentation
characteristics of the tested strains.

Table 5.1 Fermentation performance of test strains®

Parameters After 5 days pre-fermentation
RYI EY3(pUC-PILgK)

Weight loss (g) 28.5 + 035 28.0 £ 0.22

Glucose (%) 0.81 £ 0.01 0.84 + 0.01

Ethanol (%, v/v, 20 °C) 142 + 0.07 14.1 £ 0.14

Parameters After 5 days pre-fermentation and 30 days’ post-fermentation
RY1 EY3(pUC-PILgK)

Weight loss (g) 34.38 + 0.32 34.27 £ 0.33

Glucose (%) 0.32 £ 0.01 0.34 + 0.01

Ethanol (%, v/v, 20 °C) 18.0 + 0.07 17.0 £ 0.21

# Results are averages from three parallel independent experiments. Values are means + stan-
dard deviations from three different tests
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5.3.3 GC Analysis of Acetate Esters in Chinese Yellow Rice
Wines

In order to evaluate the acetate esters production ability of the Lg-ATFI expressing
mutant, the concentrations of acetate esters were determined for the distillates of
Chinese yellow rice wines by GC analysis (Table 5.2). The GC analysis results
confirmed high levels of AATase activity. Specifically, 2.5-fold increase in the
production of ethyl acetate was observed for the yellow rice wine fermented with
EY3 (pUC-PILgK) compared to the wine fermented with RY1, while the isoamyl
acetate increased to 8.66 mg L™ after 5 days of pre-fermentation.

In China, the fermentation period of yellow rice wine consists of two phases,
named, pre-fermentation and post-fermentation. During pre-fermentation, yeast
grows and produces a large amount of alcohol and a small amount of esters and
higher alcohols. At this stage, a normal temperature of 28 °C is required. However,
the concentrations of esters and higher alcohols after pre-fermentation are not
sufficient. A long post-fermentation period (generally 1 to 3 months) at low
temperature (16 °C), known as the “aging period,” is required to promote the
association between alcohol molecules and that between alcohol and water mol-
ecules, as well as the esterification between the alcohols and acid after pre-
brewing. This aging period allows the production of softer, tastier, and more
perfumed yellow rice wine.

To determine the effect of bottle-aging on the ester concentrations, Chinese
yellow rice wines were bottle-aged continuously for 30 days at 16 °C and then
filtered, distilled and also subjected to GC analysis (Table 5.2). After 5 days pre-
fermentation and 30 days post-fermentation, the concentration of ethyl acetate in
the yellow rice wines fermented with the control strain (RY1) drastically increased
t0 39.25 mg L™, during this storage period. But the difference in the concentration
of ethyl acetate produced by the recombinant strain, EY3 (pUC-PILgK), between
the pre-fermentation period with the post-fermentation period was not significant.

Table 5.2 GC measurement of acetate esters produced by each strain®

Esters After 5 days pre-fermentation
RY1 EY3(pUC-PILgK)

Ethyl acetate (mg L™") 28.30 £+ 0.28 7091 £ 0.71

Isoamyl acetate (mg L™") - 8.66 + 0.44

Esters After 5 days pre-fermentation and 30 days post-fermentation
RY] EY3(pUC-PILgK)

Ethyl acetate (mg L™") 39.25 + 0.34 68.64 + 0.73

Isoamyl acetate (mg L™ - -

% Results are averages from three parallel independent experiments. Values are means =+ stan-
dard deviations from three different tests. “—” represents no detected. GC results were statistically
evaluated by a two-tailed test. The results indicated that the values obtained for all the yellow rice
wines for ethyl acetate, isoamyl acetate differed significantly (P < 0.05)
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However, the ethyl acetate concentration still remained 1.7-fold higher in the
yellow rice wines fermented with the recombinant strain than in the control yellow
rice wine. However, the isoamyl acetate content decreased more obviously com-
pared with pre-fermentation period.

Not only does the recombinant strain keep excellent fermentation characteris-
tics as the wild yellow rice wine yeast, but also has good production ability of
esters. Our study lays foundation for screening yellow rice wine yeast strains and
improving the flavor of yellow rice wine in the future.

5.4 Conclusion

In this study, PGKIp and PGKI7 were used as the promoter and the terminator to
express the Lg-ATFI-encoded alcohol acetyltransferase, which can only be cloned
from brewery lager yeast, in Chinese yellow rice wine yeast. The results show that
the acetate esters contents were increased through expression of the gene Lg-ATF1.

The observations of current study can lead to the development of new yeast
strains, allowing further optimization of rice wine flavor profiles, as well as to a
better understanding of the physiological role of ester synthesis.

Acknowledgments This work was financially supported by the program of National High
Technology Research and Development Program of China (863 Program) (Grant No.
SS2012AA023408) and the Cheung Kong Scholars and Innovative Research Team Program in
University of Ministry of Education, China (Grant No. IRT1166).

References

1. Suomalainen H (1981) Yeast esterases and aroma esters in alcoholic beverages. J Inst Brew
87:296-300
2. Nykanen L (1986) Formation and occurence of flavor compounds in wine and distilled
beverages. Am J Enol Vitic 37:84-96
3. Malcorps P, Dufour JP (1987) Ester synthesis by Saccharomyces cerevisiae—localization of
the acetyl-CoA isoamyl alcohol acetyltransferase. J Inst Brew 93:160
4. Peddie HAB (1990) Ester formation in brewery fermentations. J Inst Brew 96:327-331
5. Meilgaard MC (1991) The flavor of beer. MBAA Techn Quart 28:132-141
6. Debourg A (2000) Yeast flavour metabolites. Eur Brew Conv Monogr 28:60-73
7. Cristiani G, Monnet V (2001) Food micro-organisms and aromatic ester synthesis. Sci
Aliments 21:211-230
8. Pisarnitskii AF (2001) Formation of wine aroma: tones and imperfections caused by minor
components (review). Appl Biochem Microbiol 37:552-560
9. Aritomi K, Hirosawa I, Hoshida H et al (2004) Self-cloning yeast strains containing novel
FAS2 mutations produce a higher amount of ethyl caproate in Japanese sake. Biosci
Biotechnol Biochem 68:206-214
10. Meilgaard MC (1975) Flavor chemistry of beer flavor and threshold of 239 aroma volatiles.
MBAA Techn Quart 12:151-168



11.

12.

13.

14.

15.

17.

18.

19.

20.

21.

22.

23.

24.

Expression of the Gene Lg-ATF1 51

Meilgaard MC (1975) Flavor chemistry of beer flavor interaction between principal volatiles.
MBAA Techn Quart 12:107-117

Meilgaard MC (2001) Effects on flavour of innovations in brewery equipment and
processing: a review. J Inst Brew 107:271-286

Nordstrom K (1962) Formation of ethyl acetate in fermentation with brewer’s yeast III:
participation of coenzyme A. J Inst Brew 68:398-407

Nordstrom K (1963) Formation of ethyl acetate in fermentation with brewer’s yeast IV:
metabolism of acetyl coenzyme A. J Inst Brew 69:142-153

Nordstrom K (1964) Formation of esters from alcohols by brewer’s yeast. J Inst Brew
70:328-336

. Yoshioka K, Hashimoto N (1981) Ester formation by alcohol acetyltransferase from brewers

yeast. Agr Biol Chem 45:2183-2190

Malcorps P, Dufour JP (1992) Short-chain and medium-chain aliphatic ester synthesis in
Saccharomyces cerevisiae. Eur J Biochem 210:1015-1022

Fujii T, Nagasawa N, Iwamatsu A et al (1994) Molecular cloning, sequence analysis and
expression of the yeast alcohol acetyltransferase gene. Appl Environ Microbiol
60:2786-2792

Fujii T, Yoshimoto H, Nagasawa N et al (1996) Nucleotide sequence of alcohol
acetyltransferase genes from lager brewing yeast, Saccharomyces carlsbergensis. Yeast
12:593-598

Nagasawa N, Bogaki T, Iwamatsu A et al (1998) Cloning and nucleotide sequence of the
alcohol acetyltransferase II gene (ATF2) from Saccharomyces cerevisiae Kyokai No. 7.
Biosci Biotechnol Biochem 62:1852-1857

Yoshimoto H, Momma T, Fujiwara D et al (1998) Characterization of the ATF] and Lg-ATF]
genes encoding alcohol acetyltransferases in the bottom fermenting yeast Saccharomyces
pastorianus. J Ferment Bioeng 86:15-20

Yoshimoto H, Fujiwara D, Momma T et al (1999) Isolation and characterization of the ATF2
gene encoding alcohol acetyl transferase II in the bottom fermenting yeast Saccharomyces
pastorianus. Yeast 15:409-417

Ausubel FM, Brent R, Kingston RE et al (eds) (1994) Current protocols in molecular biology.
Wiley, New York

Gietz RD, Schiestl RH (1995) Transforming yeast with DNA Methods. Mol Cell Biol
5:255-269



Chapter 6

Improving the Production of Epothilones
by Precursors Addition Based

on Metabolic Pathway Analysis

Lin Zhao, Hai-yan Gao, Ya-Wei Li, Zhen Lu, Xin Sun, Song Zhang
and Xin-li Liu

Abstract Epothilones are a kind of poliketide macrolide with antifungal and
anticancer bioactivity which are attracting more and more attention. However,
despite a growing interest of epothilones, their practical use and research are very
limited owing to the high production cost. Several studies have already demon-
strated that yield of product can be affected by the addition of various precursors.
In this paper, seven precursors of the biosynthesis of epothilones were analyzed by
single-factor test and an Lo 3* orthogonal test. Finally, optimal condition led
1.55-fold of epothilone A and 1.46-fold of B increased in yields over that with the
initial condition. The highest yields of epothilones were obtained in fermented
culture with adding sodium acetate (80 mg/mL), sodium propionate (10 mg/mL),
cysteine (20 mg/mL), and serine (60 mg/mL). The production profile under the
optimized condition revealed that the serine, which could transform into cysteine
and methylmalonyl-CoA, was the most significant precursor on the yields of both
epothilones A and B. The result implied that the transformation of serine might be
one of the key rate-limiting steps in the biosynthesis of epothilones.

Keywords Epothilone - Precursor - Inducing effect - Sorangium cellulosum

6.1 Introduction

Epothilones are a type of polyketide macrolide which are produced by Sorangium
cellulosum (Fig. 6.1) [1]. They were reported having strong stabilizing activities
on polymerized microtubules which mimicked the mechanism by which taxol
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affects tumor cells [2, 3]. This discovery leads to following extensive studies on
epothilones in various aspects [4-6]. A range of synthetic and semi-synthetic
epothilones analogues have been produced to further improve the adverse effect
profile and to maximize the antitumor properties [7-9]. Several epothilones
showed activity against many tumor types in preclinical studies and some of them
have been or being evaluated in clinical trials [10, 11].

According to the epothilones biosynthesis pathway, they are assembled by a
NRPS/PKS hybrid gene cluster in a stepwise polymerization sequence mainly
from carboxylic acid and amino acid precursors such as sodium acetate, sodium
propionate, cysteine, and methionine [12, 13]. Furthermore, sodium pyruvate,
serine, threonine which can be transformed into the compounds above in cells can
also be regarded as pre-precursors of epothilones (Fig. 6.2). There are several
studies already demonstrated that yield of production can be affected by the
addition of various precursors [14—17].

In this paper, we investigated the inducing effect on epothilone synthesis of the
seven precursors in an epothilones high-producing strain Sorangium cellulosum
S02161 and build an optimal method through orthogonal experiment to improve
the fermented yield of epothilones.

6.2 Materials and Methods
6.2.1 Microorganism and Culture Conditions

So02161 is a Sorangium cellulosum strain that was isolated from a soil sample in
our laboratory which has been morphologically and phylogenetically classified
using previously reported methods [18, 19]. It has been routinely cultivated on
solid CNST agar plates and in liquid M26 medium at 30 °C. The pH value of the
medium was adjusted to 7.2 with KOH before autoclaving.

Fig. 6.1 Molecular
structures of epothilones A
and B (R = H, epothilone A;
R = CHjs;, epothilone B)
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Fig. 6.2 Metabolite pathway and precursors for the biosynthesis of epothilones

Table 6.1 Design of the single-factor test in five levels of the seven precursors

Level Sodium  Sodium Sodium Serine  Cysteine  Methionine Threonine
(mg/L) acetate  propionate pyruvate (mg/L) (mg/L) (mg/L) (mg/L)

1 10 2.5 10 20 1 10 5

2 20 5 30 60 10 20 10

3 40 7.5 50 100 20 40 15

4 80 10 100 140 30 60 20

5 160 125 150 180 50 80 25

6.2.2 Fermentation

Strain S02161 was inoculated on the CNST agar plates and cultured for 3—4 days at
30 °C. Then it was evacuated to liquid M26 medium and shook for 4—5 days. Cells
were collected and inoculated into EMP medium with each precursor for epothilone
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Table 6.2 Design of the four .-y A B C D

factors and three levels

orthogonal test 1 Al B 1 Cl1 D1
2 Al B2 c2 D2
3 Al B3 Cc3 D3
4 A2 B 1 CcC2 D3
5 A2 B2 C3 D1
6 A2 B3 Cl1 D2
7 A3 B1 C3 D2
8 A3 B2 Cl1 D3
9 A3 B3 Cc2 D1

producing. The EMP medium contains potato starch 2.0 g; glucose 2.0 g; soy
powder 2.0 g; skim milk powder 1.0 g; MgSO, 1.0 g; CaCl, 1.0 g, and trace
element solution [20] 1.0 mL; VB, 0.5 mg; distilled water 1,000 mL; pH 7.2.
Sterilized XAD-16 resin was added (2 % v/v) into the medium for the products
absorption. Following the addition of resin, cultures were incubated for 6 days for
fermentation. Finally, the resin was collected and the metabolites absorbed in the
resin including epothilones were extracted by methanol for HPLC analysis [21].

6.2.3 Single-Factor and Orthogonal Test

For the single-factor test (SFT) of the seven precursors, the So2161 cells were
inoculated at the final concentration of 2 x10’ cell/mL in EMP medium with
different precursors in a 250 mL Erlenmeyer flask. Each precursor at five con-
centration levels was added into the EMP medium to test the inducing effects on
the production of epothilones (Table 6.1).

An orthogonal L 3 test design in the addition mode was used for optimizing
the production of epothilones. In the single-factor test, four of the seven pre-
cursors that had better inducing effects on epothilone producing were selected
and named A (Sodium acetate), B (Sodium propionate), C (Cysteine), and D
(Serine), which would be used to perform the orthogonal test. Additional levels
were chosen nearby the most proper amount of the single-factor test. Table 6.2
shows the four factors and three levels experimental conditions for the orthogonal
test [22].
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Fig. 6.3 HPLC analysis of epothilones A and B

6.2.4 Detection of Epothilone Production

The XAD-16 resin beads were collected from the cultures, washed with distilled
water, air dried, and extracted with 1 mL methanol, shaking for 2 h at 40 °C.
Extractions were centrifugation at 10,000 x g for 10 min, and then filtrated
through 0.45 pm filter membrane.

Yields of epothilones were detected using HPLC chromatography with a 5 pm
RP-C18 column (4.6 x 200 mm, Shimadzu, Japan). The methanol extract was
eluted with methanol: water (70:30) at 1 mL/min. Epothilones were detected at
249 nm wavelength. Retention times of epothilone A and B were 7.72 min and
8.82 min (Fig. 6.3). The titers were quantified based on a standard curve generated
from purified epothilones A and B.

6.3 Results and Discussion

6.3.1 Optimized Rapid Screening Method for Epothilone B
High-Producing Mutants

Single-factor test was performed to analysis whether or not the precursors could
affect on the biosynthesis of epothilones. Results showed that all of the precursors
we chose induced the synthesis of epothilones in varied efficiencies (Fig. 6.4).
From the perspective of epothilone B, which had better antitumor activity than
epothilone A, sodium acetate (40 mg/mL), sodium propionate (5 mg/mL), serine
(100 mg/mL), and cysteine (20 mg/mL) were more suitable, among which sodium
propionate gave the highest yield, 35.95 % higher than the contrast. From the
epothilone A, sodium pyruvate (30 mg/mL) had the best inducing effect which
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increased 45.13 % than the contrast but with a relatively low yield increasing
(21.96 %) in epothilone B. On the other hand, methionine and threonine did not
show obviously inducing effect, which meant these precursors may not be the
limiting, factor for the epothilone biosynthesis in fermentation medium.

6.3.2 Orthogonal Test

Orthogonal test with four factors and three levels (Lo 3*) was performed to analyze
the optimal parameters of epothilones yields. And the Lo 3* table was designed to
detect the most suitable adding conditions of the four precursors we chose that
with better inducing effect which were sodium acetate, sodium propionate, cys-
teine, and serine. According to the values of range RA (R value of epothilone A)
and RB (R value of epothilone B) in Table 6.3, ratio of serine (factor D) showed
the most significant effect on the yields of both epothilone A and B, and the order
of importance that influenced yields of epothilones was found to be serine (D)
>sodium propionate (B) >sodium acetate (A) >cysteine (C). The optimal com-
bination parameters of the adding condition were A,B;C,D; for epothilone A, and
A3B3C2Dl1 for epothilone B, namely, sodium acetate (40 mg/mL), sodium pro-
pionate (10 mg/mL), cysteine (20 mg/mL), and serine (60 mg/mL) reached the
maximum of epothilone A and sodium acetate (80 mg/mL), sodium propionate
(10 mg/mL), cysteine (20 mg/mL), and serine (60 mg/mL) gave the highest yield
of epothilone B.
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Table 6.3 Result of the orthogonal test

Trial A B C D Yield of epo A Yield of epo B
Sodium Sodium Cysteine Serine (mg/L) (mg/L)
acetate propionate  (mg/L) (mg/L)

(mg/L)  (mg/L)

1 1 1 1 1 9.59 6.13

2 1 2 2 2 9.13 5.71

3 1 3 3 3 9.36 5.70

4 2 1 2 3 9.44 5.82

5 2 2 3 1 10.28 6.02

6 2 3 1 2 10.04 6.45

7 3 1 3 2 9.29 5.80

8 3 2 1 3 8.55 5.76

9 3 3 2 1 10.36 6.93

Kl 28.07 28.31 28.18 30.22

K24 29.76 27.96 28.93 28.46

K34 28.19 29.75 28.92 27.35

kla 9.36 9.44 9.39 10.07

k24 9.92 9.32 9.64 9.49

k3a 9.40 9.92 9.64 9.12

Ra 0.563 0.597 0.249 0.959

AF in 3 2 4 1

epo A
OP for A2 B3 Cc2 D1
epo A

Klg 17.54 17.75 18.337 19.08

K2p 18.29 17.48 18.46 17.96

K3p 18.49 19.08 17.53 17.28

klg 5.85 5.92 6.11 6.36

k2gp 6.10 5.83 6.15 5.99

k3p 6.16 6.36 5.84 5.76

Rp 0.315 0.533 0.311 0.599

AO in 3 2 4 1

epo B
OC for A3 B3 Cc2 D1
epo B

6.3.3 Validation of the Optimal Condition

Then, the strain S02161 was inoculated into the fermentation medium with adding
sodium acetate (80 mg/mL), sodium propionate (10 mg/mL), cysteine
(20 mg/mL), and serine (60 mg/mL) to verify the conclusion of orthogonal test.
Result showed that when we fermented the strain in optimal condition, the yields
of epothilones A and B increased 55.23 and 45.95 % than the origin (Fig. 6.5).
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6.4 Conclusions

Precursor is one of the most important factors affecting the yield of production.
Many studies demonstrated the influence of the precursors on various products. In
this paper, seven precursors of the biosynthesis of epothilones were analyzed by
single-factor test and orthogonal test. Finally, optimal condition led 1.55-fold of
epothilone A and 1.46-fold of B increased in yields over that with the initial
condition. The highest yields of epothilones were obtained in fermented culture
with adding sodium acetate (80 mg/mL), sodium propionate (10 mg/mL), cysteine
(20 mg/mL), and serine (60 mg/mL). The production profile under the optimized
condition revealed that the serine was the most significant factor on the yields of
both epothilones A and B. According to the metabolite pathway, serine can
transform into propionyl-CoA or cysteine, both of which were precursors of
epothilones. In our laboratory, Expression of each modular in the epothilone
biosynthesis gene cluster was analyzed by quantitative PCR (data not shown).
Result showed that the expression of the NRPS modular which accept cysteine as
precursor and some of the PKS modulars which accepted propionyl-CoA as pre-
cursor were all at a obvious low level. It might because the concentrations of
cysteine and propionyl-CoA were much lower than acetyl-CoA in cells, so adding
these precursors affected more to the yields of epothilones. In summary, as sec-
ondary metabolism, biosynthesis of epothilones is a branch metabolic pathway
competing with others in the whole cell which consumes various precursors.
Additional supplement of these precursors, especially the limiting factors, could
significantly improve the yields of epothilones. Consequently, these findings can
provide a basis for enhancing the industrial fermentation of epothilones.



6 Improving the Production of Epothilones 61

Acknowledgments The work was financially supported by No. 2012GGA14017 of Province
Science and Technology Development Project and grants ZR2011CQO006 of Shandong Provincial
Natural Science Foundation.

References

10.

11.

12.

13.

15.

16.

17.

18.

19.

. Gerth K, Bedorf N, Hofle G et al (1996) Epothilons A and B: Antifungal and cytotoxic

compounds from Sorangium cellulosum (Myxobacteria) -production, physico-chemical and
biological properties. J Antibiot 49:560-564

. Bollag DM, McQueney PA, Zhu J et al (1995) Epothilones, a new class of microtubule-

stabilizing agents with a taxol-like mechanism of action. Cancer Res 55:2325-2333

. Goodin S, Kane MP, Rubin EH (2004) Epothilones: mechanism of action and biologic

activity. J Clin Oncol 2:2015-2025

. Reichenbach H, Hofle G (2008) Discovery and development of the epothilones: a novel class

of antineoplastic drugs. Drugs R D 9:1-10

.Zhao L, Li PF, Lu CH et al (2010) Glycosylation and production characteristics of

epothilones in alkalitolerant Sorangium cellulosum strain So0157-2. J Microbiol 48:438-444

. Coderch C, Klett J, Morreale A et al (2012) Comparative binding energy (combine) analysis

supports a proposal for the binding mode of epothilones to f-tubulin. Chem Med Chem
7:836-843

. Altmann KH (2003) Epothilone B and its analogs - a new family of anticancer agents. Med

Chem 3:149-158

. Watkins EB, Chittiboyina AG, Jung JC (2005) The epothilones and related analogues-a

review of their syntheses and anti-cancer activities. Curr Pharm Des 11:1615-1653

. Fornier MN (2007) Ixabepilone, first in a new class of antineoplastic agents: the natural

epothilones and their analogues. Clin. Breast Cancer 7:757-763

Dorff TB, Gross ME (2011) The epothilones: new therapeutic agents for castration-resistant
prostate cancer. Oncologist 16:1349-1358

Araki K, Kitagawa K, Mukai H et al (2011) First clinical pharmacokinetic dose-escalation
study of sagopilone, a novel, fully synthetic epothilone, in Japanese patients with refractory
solid tumors. Invest New Drugs 29:1149-1458 (Epub ahead of print)

Julien B, Shah S, Ziermann R et al (2000) Isolation and characterization of the epothilone
biosynthetic gene cluster from Sorangium cellulosum. Gene 249:153-160

Molnér I, Schupp T, Zirkle R et al (2000) The biosynthetic gene cluster for the microtubule-
stabilizing agents epothilones A and B from Sorangium cellulosum So ce90. Chem Biol
7:97-109

. Seo MJ, Kook MC, Kim SO (2012) Association of colony morphology with coenzyme

Q(10) production and its enhancement from Rhizobium radiobacter T6102 W by addition of
isopentenyl alcohol as a precursor. J Microbiol Biotechnol 22:230-233

Saudagar PS, Singhal RS (2007) A statistical approach using L,5 orthogonal array method to
study fermentative production of clavulanic acid by Streptomyces clavuligerus MTCC 1142.
Appl Biochem Biotechnol 136:345-359

Dai WL, Tao WY (2008) Preliminary study on fermentation conditions of taxol-producing
endophytic fungus. Chem Ind and Eng Progress 27:883-886

Niliifer C (2002) Stimulation of the gibberellic acid synthesis by Aspergillus niger in
submerged culture using a precursor. World J Microbiol Biotechnol 18:727-729

Jiang DM, Zhao L, Zhang CY et al (2008) Taxonomic analysis of Sorangium species based
on HSP60 and 16S rRNA gene sequences and morphology. Int J Syst Evol Microbiol
58:2654-2659

Yan ZC, Wang B, Li YZ et al (2003) Morphologies and phylogenetic classification of
cellulolytic myxobacteria. Syst Appl Microbiol 26:104-109



62

20.

21.

22.

L. Zhao et al.

Reichenbach H and Dworkin M (1992) The myxobacteria. In: Balows A, Truper HG,
Dworkin M, Harder W and Schleifer KH, (eds)The prokaryotes, 2nd edn. ASM press,
Herndon

Gong GL, Sun X, Liu XL et al (2007) Mutation and a high-throughput screening method for
improving the production of Epothilones of Sorangium. ] Ind Microbiol Biotechnol
34:615-623

Li FL, Li QW, Gao DW et al (2009) The optimal extraction parameters and anti-diabetic
activity of flavonoids from Ipomoea batatas leaf. Afr J Tradit Complement Altern Med
6:195-202



Chapter 7

A Rapid and Specific Method to Screen
Epothilone High-Producing Strain

with Spectrometry and its Application

Lin Zhao, Xin Sun, Yawei Li, Haiyan Gao, Qiang Ren, Yongwei Hao,
Song Zhang and Xinli Liu

Abstract Epothilones are a kind of poliketide macrolide with strong stabilizing
activities on polymerized microtubules which mimicked taxol. Microbial fer-
mentation of Sorangium cellulosum is still the main way to produce epothilones
with strain continuously improving by mutation. In general, yields of epothilones
were detected by HPLC or LC-MS, which were time-consuming and not suited for
high-throughput screening. In this paper, we described an efficient high-throughput
method for epothilones high-producing strains with 96-well micro titer plate
spectrometry combined with CCl, extracting. In this method, the purity of epo-
thilones was 22 times higher than methanol extract. So the OD,49 Was much less
disturbed by the impurities. Stabilization experiment and SPSS analysis of the
relationship between the yields of epothilones detected by HPLC and the OD,49 of
the CCly extracts of 192 mutated strains showed that our method was practical,
accurate, and much more efficient.

Keywords Epothilones « Sorangium cellulosum - Rapid screening - Spectrometry

7.1 Introduction

Epothilones are a kind of poliketide macrolide with strong stabilizing activities on
polymerized microtubules which mimicked taxol [1, 2] (Fig. 7.1). They are bio-
synthesized by a NRPS/PKS hybrid gene cluster in a stepwise polymerization
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sequence in the genome of Sorangium cellulosum. Until their anticancer bioactivity
was reported, more and more following extensive studies on epothilones in various
aspects were performed, and many synthetic and semi-synthetic epothilone ana-
logues have been produced to further improve the adverse effect profile and to
maximize the antitumor properties [3, 4]. Several epothilones and chemically
modified derivatives of epothilones are being used in clinical anticancer trials [5-7],
and ixabepilone (16-aza-epothilone B, developed by Bristol-Myers Squibb) was
authorized for clinical use by the Food and Drug Administration of the United States
in 2007 [8].

For lacking of efficient molecular techniques, genetic engineering is hardly
performed in Sorangium cellulosum. Microbial fermentation is still the main way
to produce epothilones with strain continuously improving by mutation. In general,
yields of epothilone were detected by HPLC or LC-MS [9-11], which were time-
consuming and not suited for high-throughput screening [12, 13].

In this paper, we described an efficient high-throughput method for screening of
overproduction of epothilone B with spectrum. Characteristic absorption under
249 nm wavelength was used as the basis for this method.

7.2 Materials and Methods
7.2.1 Microorganism and Culture Conditions

So02161 is a Sorangium cellulosum strain that was isolated from a soil sample in
our laboratory which has been morphologically and phylogenetically classified
using previously reported methods. It could be cultivated on solid CNST agar
plates with filter paper and in liquid M26 medium at 30 °C. Submerged (liquid
state) fermentations have been carried out for the preparation of the inoculums in
liquid M26 medium (pH 8.0).

7.2.2 Mutation with Ultraviolet Radiation

Sorangium cellulosum So02161 was mutagenized with UV irradiation. First, the
strain was inoculated into 50 mL M26 medium, shaking in liquid M26 medium for
4—5 days at 30 °C. Cells were collected, washed with water, and gently scattered
with sterilized glass beads. Before irradiation, the cells were suspended and
adjusted to titers of 10® cells/mL. 1.5 mL of the diluted cells were placed in a
9 mm petri dish and under a 30 W UV lamp at a distance of 30 cm for 3 min with
a kill rate of 95—98 %, vigorously shaking during exposure, and immediately
removed after the appropriate dose. Then they were harvested and spread on solid
VY/2 agar and cultured for 7 days at 30 °C.
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Fig. 7.1 Molecular R
structures of epothilones A Qu,
and B (R = H, epothilone A; S H p
R = CHj, epothilone B) f
<\N WOH

7.2.3 Optimized Rapid Screening Method for Epothilone B
High-Producing Mutants

Two aseptic 96-well microtiter plates, named A and B, were chose to incubate the
mutants. Each of them was filled with 0.2 mL sterile EMP medium containing
1.5 % agar. Clones of 191 Mutant strains and the wild strain S02161 that grew on
solid VY/2 dish described above were transferred into corresponding wells of both
the plates. After incubated at 30 °C for 4 days, sterilized XAD-16 resins were
added into the wells of one of the plate (A) and go on culture for 6 days, while the
other one (B) was stored at 4 °C for culture preservation. When the cultivation was
ended, plate A was heated at 40 °C to dry the medium column and 250 pL CCly
was added into each well of the plate A and shaking for 8 h at 60 rpm to extract
the epothilone B absorbed by the XAD-16 resins and let it sit for 10 min. 200 pL
of each extracts were transferred into corresponding wells of a new aseptic 96-well
microtiter plate. Then the plate was placed in a Sigma SPECTRAmax190
microplate spectrophotometer (St. Louis, MO, USA), and the absorption value
under characteristic wavelength of epothilone B were read and recorded.

7.2.4 Relationship Between the Yield of Epothilone B
and the OD,,9 of the Extract

To validate the high-throughput method, all the extracts including 191 mutant strains
and the wild So2161 was analyzed by HPLC. Yields of epothilone B were detected
using HPLC chromatography with a 5 um RP-C18 column (4.6 x 200 mm,
Shimadzu, Japan). The extract was eluted with methanol: water (70: 30) at 1 mL/min.
Epothilone B was detected at 249 nm wavelength with a retention time at 8.82 min.
The titers were quantified based on a standard curve generated from purified epo-
thilones B.

Relationship between the yield of epothilone B and the OD,49 of the extract was
analyzed using regression analysis with SPSS statistical software.
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7.2.5 Stabilization of the Extract

To observe the time base stability of epothilone during extracting, we chose 0, 5,
10, 15, 20, 25 h six point to analyze the degradation of epothilone B in 25 °C by
HPLC and OD,49 described above.

7.2.6 Shake Flask Cultures

Mutant strains screened by the high-throughput method was fermented carrying out
in 250 mL shake flask filled with 50 mL liquid EMP medium with 2 % XAD-16
resin at 30 °C for 7 days. After fermentation, the XAD-16 resin beads were col-
lected from the cultures, washed with distilled water, air dried, and extracted with
I mL methanol, shaking for 2 h at 40°. Extractions were centrifuged at 10,000 g for
10 min, and then filtrated through 0.45 pm filter membrane for HPLC analysis.

7.3 Results and Discussion

7.3.1 Optimized Rapid Screening Method for Epothilone B
High-Producing Mutants

Whole wavelength scan from 200—800 nm results showed that the epothilones
had a maximum adsorption at 249 nm, which was chosen for the characteristic
wavelength (Fig. 7.2).

After 3 cycles UV irradiation, 191 mutated strains were selected to analyze the
relationship between the yield of epothilone B and the OD,49. In the optimized
rapid screening method (Fig. 7.3a), we chose CCl, for the extract solvent, whose
recovery rate and purity were much more than methanol (Fig. 7.3b). In this
method, the purity of epothilones was 22 times higher than methanol extract. So
the OD,49 was much less disturbed by the impurities which showed more
dependency with the concentration of epothilones.

7.3.2 Relationship Between the Yield of Epothilone B
and the OD,y9 of the Extract

All the 191 mutated strains and the wild S02161 strain were fermented on solid
EMP medium in 96-well microtiter plates and the CCl, extracts were detected by
HPLC and microplate spectrophotometer at 249 nm wavelength. SPSS statistical
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analysis of all the 192 strains showed that the OD,49 and yield of epothilone B
were closely related (Fig. 7.4). Regression equation was generated as follows:

Y = 0.088X + 0.074;

7.1
R? = 0.558; (7.1)

Y:0D,y9 detected by microplate spectrophotometer; X:yield of epothilone B
detected by HPLC.

Results showed that when the epothilone B concentration was lower than
10 mg/mL, the top 20 % samples with high OD,49 also contained more epothilone B,
which gave us a new efficient screening method for epothilone B high-producing
strains.

7.3.3 Stabilization of the Extract

In order to visit the stabilization of epothilone B in the CCl, extract, we analyzed
the degradation time of epothilone B in this method. Results showed that
epothilone B had a good stability. In 36 h, there were only 7.7 % epothilone B
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Fig. 7.4 Relationship between the yield of epothilone B and the OD,49 of the extract
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Fig. 7.5 Stability of 5000000 4
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degraded, which could barely affect on the result of the rapid screening method
(Fig. 7.5).

7.4 Conclusions

Epothilones are a kind of poliketide macrolide with strong stabilizing activities on
polymerized microtubules which mimicked taxol. Strain improved by mutation was
still an important way to increasing the yields of production. However, high-
throughput screen method for the over-producing strain was always time-consuming.
In this paper, we described an efficient high-throughput method for epothilones high-
producing strains with 96-well microtiterplate spectrometry combined with CCl,
extracting. In this method, the purity of epothilones was 22 times higher than
methanol extract. So the OD,49 was much less disturbed by the impurities. SPSS
analysis showed that the OD,49 and the yield of epothilone B of the 192 strains were
closely related. This new method was practical, accurate, and much more efficient.
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Chapter 8

Cloning of Glucoamylase Gene

from Aspergillus niger and its Expression
in Saccharomyces cerevisiae W303-1B

Ming Li, Liying Zhou, Xin Sun, Shuya Wang, Hongxin Wang,
Dongxia Li and Fuping Lu

Abstract To further research the heterologous expression of glucoamylase gene,
Saccharomyces cerevisiae W303-1B as host strain to express the glucoamylase
gene from Aspergillus niger was studied. Glucoamylase gene GAL was cloned
from A. niger and analyzed. The results showed the GAL had an open reading
frame of 1923 bp that encoded a protein of 640 amino acids. The glucoamylase-
producing engineering strain W303-1B/pYPGE15-GAL was constructed by
cloning the GAL gene into S. cerevisiae expression vector pYPGE15 and trans-
forming it into S. cerevisiae W303-1B. The results reveal that the recombinant
glucoamylase is expressed and secreted correctly in engineering strain W303-1B/
pYPGEI5-GAL, and its enzyme activity in the medium reaches 212.9 U/ml.

Keywords Glucoamylase -« Clone - Heterologous expression - Saccharomyces
cerevisiae

8.1 Introduction

Glucoamylases (EC 3.2.1.3), also known as amyloglucosidases, glucamylases,
maltases, saccharogenic amylases, and y-amylases, are starch-degrading extra-
cellular enzymes that are synthesized and secreted by some microorganisms [1]. It
may hydrolyze o-1, 4 glycosidic bond from the non-reducing end of starch,
dextrin, and glycogen, resulting in the production of glucose. Meanwhile, it also
has the ability to digest a-1, 6 and o-1, 3 glycosidic bond, which makes it to have
the same effect on the hydrolysis of amylopectin [2—4]. Generally, glucoamylase
can hydrolyze all starch into glucose [5, 6]. Therefore, glucoamylase is the most
important enzyme widely used in the industrial production related to starch,
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especially in the fermentation of Saccharomyces cerevisiae when using starch as
raw material [7-11], where starch saccharification is an essential process because
S. cerevisiae do not contain the glucoamylase gene [7], which requires to have to
add a large number of enzymes into fermentation broth to catalyze starch into
available glucose, resulting in the increased costs.

With the identification of glucoamylase molecular structure, it is possible to
construct the engineering strain glucoamylase-producing by transforming the gene of
glucoamylase into S. cerevisiae to express high-level glucoamylase. Moreover,
S. cerevisiae as a eukaryotic engineering host has many advantages such as well
studied genetic background, high fermentation rate, and easiness to manipulate [12,
13], which are in favor of the manipulation and expression for the gene of glucoam-
ylase in S. cerevisiae, further improving the glucoamylase production. All these lay a
foundation for the directed evolution and industrial application of glucoamylase.

The glucoamylase gene usually exist in many filamentous fungi and certain
strains of yeast [14—16]. In recent years, there has been a keen interest in the
production of heterologous glucoamylase by the introduction of the gene of
glucoamylase into the S. cerevisiae that do not contain the glucoamylase gene. In
Long’s study [17], Aspergillus awamori glucoamylase gene was integrated into the
genome of S. cerevisiae and the gene was successfully expressed in the S. cerevisiae.
Yang et al. [7] had been reported that an isolated R. arrhizus glucoamylase gene was
introduced into S. cerevisiae to construct amylolytic yeast strains, which were able
to grow on raw starch and to secret glucoamylase enzyme in the culture supernatant.
In Sakai’s [18] study, the Saccharomyces pastorianus STA1 gene was introduced
into S. cerevisiae, and the resulted transformants successfully expressed glucoam-
ylase enzyme, which led to the amount of dextrin in the medium decrease by 22 %.

However, the vector pYPGE15 from yeast and S. cerevisiae W303-1B chosen
as the vector and host strain for expression of the glucoamylase gene from A. niger
has been not reported so far. In this paper, the gene GAL encoding glucoamylase
obtained by RT-PCR technology from A. niger was cloned into the pYPGE1S5
vector containing a constitutive promoter PKG, which could make the producing
strain synthesize and secret glucoamylase without addition of inducer, to construct
the expression vector pYPGE15-GAL. The pYPGE15-GAL was then transformed
into S. cerevisiae W303-1B to obtain the engineering strain W303-1B/pYPGE15-
GAL, which could express and secret correctly glucoamylase in the medium with
enzyme activity 212.9 U/ml.

8.2 Materials and Methods
8.2.1 Strains, Plasmids, and Media

Aspergillus niger TCCC 41,056 was used as honor of glucoamylase gene and
cultivated in PDA medium. Escherichia coli DH50 was used as a host for
recombinant DNA manipulation and S. cerevisiae W303-1B was used as a host
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strain for expression of the glucoamylase gene, which was grown in LB medium
and YPD medium, respectively.

The pUCm-T vector was purchased from TaKaRa (Dalian) and YPGELS5 vector
was provided by East China Normal University. SC-U plate containing 0.67 %
YNB, 0.115 % the mixture of essential amino acid and adenine without uracil,
2 % glucose and 2 % agar were used for selecting recombination yeast clones.
YWSX (SC-U without glucose, 0.5 % soluble starch, 0.05 % trypan blue) plate
was used for testing the expression of transformants.

8.2.2 Method

8.2.2.1 Extraction of Total RNA from A. niger and Clone
of Glucoamylase Gene

A. niger was cultivated in 50 ml PDB medium at 28 °C for 3 days. Total RNA
from A. niger was extracted by Trizol method using TRIquick reagent, DEPC and
phenol/chloroform. Agarose gel electrophoresis was then conducted to verify the
extracted RNA. The cDNA was obtained by reverse transcription using RNase
Inhibitor, dNTP, M-MLV with the primers, ANF (5-ATGTCGTTCCGA
TCTCTACTCGCC-3') and ANR (5-TCACAGTGTACATACCAGAGCGGG-3'),
which was designed and synthesized according to the mRNA sequence of
glucoamylase gene from A. niger in NCBI database (GenBank Accession
No.HQ537427.1).

The glucoamylase gene GAL was synthesized by PCR using obtained cDNA as
a template. The amplification was carried out under the following condition: the
first step was initiated at 95 °C for 5 min, followed by 30 cycles of 95 °C for 45 s,
57 °C for 45 s, and 72 °C for 100 s, and the final extension was carried out at
72 °C for 10 min. A 1.9 kb PCR product was recovered from the agarose gel,
which was then ligated to pUCm-T by T4 DNA Ligase at 16 °C for 10 h to obtain
the recombinant Vector pUCm-T-GAL, which was transformed into E. coli DH5ua
by CaCl, transformation. The transformants were picked up by the Blue spot
method and then sequenced by Shenggong Biotech Company (Shanghai).

8.2.2.2 Construction of pYPGE15-GAL and Sequencing

The GAL was amplified by PCR using the plasmid pUCm-T-GAL as a template,
ANWF (5-CGGAATTCATGTCGTTCCGATCTCTACTCGCC-3') as forward
primer and ANWR (5-CCGCTCGAGTCACAGTGACATACCAGAGCGGG-3)
as reverse primer with restriction site EcoR 1 and Xho 1 (the underlined),
respectively. PCR product (GAL gene) of 1.9 kb was digested with EcoR I and
Xho 1 and was ligated into pYPGE15 digested by the same enzymes to construct
the recombinant vectors pYPGE15-GAL, followed by transforming into E. coli
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DH50. The transformants were selected by PCR and pYPGE15-GAL was iden-
tified by digestion of EcoR I and Xho I and sequencing by Shenggong Biotech
Company (Shanghai).

8.2.2.3 The Construction of Engineering Strain
W303-1B/pYPGE15-GAL

The engineering strain W303-1B/pYPGE15-GAL was constructed by
transforming pYPGE15-GAL with electroporation method into the S. cerevisiae
W303-1B. W303-1B/pYPGE15-GAL was screened by culturing the transformants
on the SC-U medium for 3-5 days and was identified by extracting the expression
vectors pYPGE15-GAL in them.

8.2.2.4 Expression and Assays of Glucoamylase

The engineering strains W303-1B/pYPGE15-GAL were cultured on YWSX plate
for 60 h at 30 °C and hydrolysis circles on YWSX plate were examined for the
analysis of enzyme activity. In order to determine enzyme activity of glucoamy-
lase, the engineering strains with bigger hydrolysis circle on YWSX plate were
picked up and inoculated in SC-U medium and cultivated for 90 h at 30 °C.
Assays of glucoamylase were conducted according to Sakai’s method [18].

8.3 Results
8.3.1 Extraction of Total RNA from A. niger

The appropriate amount of spores of A. niger was inoculated into fermentation
medium and cultivated for 3 days at 28 °C, 180 r/min. The mycelium of A. niger
accumulated in the fermentation broth was collected by filtration and washed. The
total RNA of A. niger was extracted from the collected mycelium by TRIZOL
reagent method. The results (Fig. 8.1) showed that the bands of 28S rRNA and 18S
rRNA from total RNA were bright and clear and the band of 28S rRNA was

Fig. 8.1 The extraction 1 2
results of total RNA of
A. niger

2883

185
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almost twice as bright as that of 18S rRNA, which indicated RNA was
successfully extracted from the donor strain.

Moreover, the quantitative analysis of RNA samples on purity (OD,60/OD5go
between 1.9 and 2.0) also showed that the sample had a higher purity, and was not
degraded by ribonuclease and not contaminated by DNA and proteins, indicating
that it could meet the next requirement of experiments.

8.3.2 Cloning of Glucoamylase Gene GAL

The cDNA was amplified by reverse transcription using the total RNA from
A.niger as a template. The GAL was cloned using template cDNA and primers
ANF and ANR (Fig. 8.2a), then ligated to pUCm-T and transformed into E. coli
DH5o. The recombinant plasmid pUCm-T-GAL was identified by digestion with
restriction enzymes Nco I and Hind III (Fig. 8.2b) and GAL was sequenced. The
results of sequencing showed that the cloned GAL was 1923 bp, which was the
same as the mRNA of A.niger’s glucoamylase reported (GenBank Accession
No.HQ537427.1), and encoded a protein of 640 amino acids. These results
demonstrated that GAL was cloned correctly.

8.3.3 Construction of the Express Vector pYPGE15-GAL

The GAL was amplified from plasmid pUCm-T-GAL using primers ANWF and
ANWR, and then digested by EcoR I and Xho I and ligated into plasmid pYPGEI1S5

1 M

(a) (b)
6000bp 6000bp
3000bp 2800bp —> 3000bp
1900bp —> 1900bp ——>

1000bp

500bp

1000bp

500bp

Fig. 8.2 Identification of the vector pUCm-T-GAL. a The results of PCR (M:10 kb DNA ladder,
1 The PCR results of the plasmid pUCm-T-GAL), b The results of enzyme digestion (M:10 kb
DNA ladder, / The products of the pUCm-T-GAL digested with Nco I and Hind III)
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to construct expression vector pYPGE15-GAL. The ligation products were
transformed into E. coli DH5« and identified by digestion with EcoR I and Xho 1
and sequenced. A 1.9 kb and a 6.4 kb fragments were produced by the digestion,
which matched our expect (Fig. 8.3). The sequencing results showed that the GAL
sequence and open reading frame were right, confirming that the expression vector
pYPGE15-GAL was constructed rightly (Fig. 8.4).

8.3.4 Construction of the Engineering Strain
W303-1B/pYPGE15-GAL

The express vector pYPGE15-GAL was introduced into W303-1B by electro-
transformation to construct the engineering strain W303-1B/pYPGE15-GAL. The
transformants were cultured on SC-U plates without uracil and were screened
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vector pYPGE15-GAL.
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(Fig. 8.5). The plasmids were extracted from the transformants and identified by
digestion with EcoR I and Xho 1 (Fig. 8.6). The results showed that pYPGE15-
GAL has been introduced into W303-1B, confirming that W303-1B/pYPGE15-
GAL was generated.

8.3.5 Screen of the Engineering Strain
W303-1B/pYPGE15-GAL Producing-Glucoamylase
and Assays of Glucoamylase

The W303-1B/pYPGE15-GAL was inoculated on YWSX plates containing trypan
blue and starch (without glucose) plates, respectively, and cultured for 3d at 30 °C.
Transparent hydrolysis circles were observed on the YWSX plates (Fig. 8.7) and
the starch-iodine starch plates (when iodine was added) (Fig. 8.8), while there was
no hydrolysis circle on the plates (control) where the strain W303-1B containing
plasmids pYPGEIS were inoculated. These results showed that the engineering
strains W303-1B/pYPGE15-GAL could express and secret glucoamylase.

Fig. 8.5 Transformed plate
of S.cerevisiae W303-1B/
pYPGE15-GAL

Fig. 8.6 Identification of the
vector pYPGE15-GAL.
M: 10 kb DNA ladder; I The

result of the plasmid 8300bp—>

pYPGElS-GAL digested 6400bp————> 6000bp
with EcoR 1; 2 The result of
the plasmid pYPGE15-GAL 0006R
digested with Xho I; 3 The 1900bp——> 2000bp
result of the plasmid 1000bp
pYPGE15-GAL digested

500bp

with EcoR 1 and Xho 1
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Fig. 8.7 The result of the

transformants W303-1B/ l
pYPGE15-GAL on the plate
containing Trypan-blue

Fig. 8.8 The result of the
transformants W303-1B/
pYPGEI15-GAL on the plate
containing starch and iodine

In order to determine expression level of glucoamylase in W303-1B/pYPGE15-
GAL, the enzyme activity of glucoamylase was measured. The bigger the ratio of
hydrolysis circle diameter to colony diameter was, the higher the expression level
of glucoamylase in W303-1B/pYPGE15-GAL was. The engineering strains
producing high-level glucoamylase were picked up, inoculated in SC-U medium
and cultivated for 90 h at 30 °C. The enzyme activity of glucoamylase was then
determined. The results showed that its enzyme activity in the medium reached
212.9 U/ml.

8.3.6 Stability Analysis of the Engineering Strain
W303-1B/pYPGE15-GAL

In order to analysis the stability of the engineering strains W303-1B/pYPGE15-
GAL, they were inoculated and cultured for 20 generations continuously in YPD
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medium, and enzyme activity of glucoamylase was then determined according to
the above method. The results showed that the enzyme activity in the medium
almost had no change, confirming that the engineering strain W303-1B/pYPGE15-
GAL was stability.

8.4 Discussion

In this study, the total RNA was extracted from A. niger and the glucoamylase
gene GAL obtained after the reverse transcription was cloned into the vector
pYPGEIS to achieve pYPGE15-GAL, where the PKG promoter is a constitutive
promoter, which can express the glucoamylase in W303-1B/pYPGEI15-GAL
without addition of inducer compared with the inducible promoter. Moreover, the
PYPGEI5-GAL in S. cerevisiae was free plasmid with a higher copy, which
contributed to improve the expression of interested genes. In this study, enzyme
activity of glucoamylase in the medium reached 212.9 U/ml, and the engineering
strains W303-1B/pYPGE15-GAL kept stability when inoculated and cultured for
20 generations continuously. The transformants might be screened easily using the
trypan blue method and the screened transformants could be picked up for the
subsequent experience while not using the starch-iodine plate method. Therefore,
the trypan blue method was easier and faster for the screening than the starch-
iodine plate method.

To improve catalysis ability of glucoamylase, directed revolution was a major
genetic engineering method. This paper laid a foundation for screening interested
glucoamylase gene by directed revolution.
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Chapter 9

Effects of Environmental Conditions

on Synthesis of the Mycosporine-Like
Amino Acid in Nostoc flagelliforme Cells

Rong Liu, Haifeng Yu and Yuxia Sa

Abstract Nostoc flagelliforme is a terrestrial cyanobacterium distributed in arid or
semiarid area, which has the capability of nitrogen-fixing and photosynthesis. The
multifunction of MAAs is of great significance for N. flagelliforme to adapt to abiotic
stresses. The changes of mycosporine-like amino acids in N. flagelliforme cells with
UV-B radiation and salt stress were studied. The results showed that MAAs con-
centrations reached 32.26 mg/g after 12 h under UV-B radiation (5 W/m?). After
2 days cultivation, MA As synthesis was up to the maximum with the BG11 medium
containing 50 mM NaCl and 50 mM NH4CI, and their concentrations were 45.09
and 35.14 mg/g respectively. HPLC analysis revealed the control sample contained
nine MAAs. Ten MAAs were observed after UV-B treatment, and two new MAA
compounds were found but one MAA disappeared. With the treatment of NaCl and
NH,Cl for 2 days, only seven MAAs were discovered and no new MAAs appeared.

Keywords Environmental conditions - Mycosporine-like amino acid : Nostoc
flagelliforme - Synthesis

9.1 Introduction

Solar radiation plays an important role in life activity, especially for photosyn-
thetic organisms. Nowadays with the depletion of stratospheric ozone concentra-
tion over the polar region, the intensity of UV-B radiation reaching the biosphere
increases, which presents potential negative impacts on organisms [1]. Some
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physiological and biochemical processes, such as photosynthesis, respiration,
growth, and reproduction, will be inhibited or ended [2]. Therefore, the synthesis
of UV-absorbing compounds is a vital adaptive mechanism for organisms sur-
viving under the high intensity of UV-B.

Mycosporine-like amino acids (MAAs) are small, colorless, water-soluble
substances. They are characterized by a cyclohexenone or cyclohexenimine
chromophore conjugated with the nitrogen substituent [3]. MAAs can be synthe-
sized in fungi, marine heterotrophic bacterium, cyanobacterium, and eukaryotic
algae. So far, more than 30 MAAs have been elucidated [4]. MAAs considered as
UV-absorbing compounds were first detected in the 1960s [5]. Numerous evi-
dences indicate that MAAs could provide protection for radiation-sensitive
organisms in biosphere [6]. They have absorption maxima ranging from 310 to
360 nm and high solar extinction coefficients (e = 28,100-50,000 Mflcmfl).
And most of MAAs compounds have their max absorption in the UV-B region [7].
In addition, MAAs can effectively absorb the high energy photons and dissipate
the radiation as heat energy instead of producing reactive oxygen species [8].

In addition to UV radiation, the synthesis of MAAs may be affected by salt
stress [9]. In order to keep the osmotic balance, organisms will accumulate some
osmo-regulation substance characterized by uncharged organic molecules. In
saline environments, cyanobacteria often contain high concentrations of MAAs
[10]. Like other osmotic compounds, they must be contributed to a certain intra-
cellular osmotic pressure.

Nostoc flagelliforme is a terrestrial filamentous cyanobacterium, which distrib-
utes in the northern and northwestern of China, thrives in arid or semiarid area
characterized by high altitude, salinity environment, and intense solar radiation. It is
reported that the UV-B level is about from 0.77 to 5.33 W/m?in Yinchuan, Ningxia,
China [11, 12]. Because of rain shortage, the climate of Yinchuan is arid and the salt
concentration is high. In recent years, the factors and functions of MAAs accumu-
lation have been known in many cyanobacteria. However, there is a lack of study on
the correlation between the content and components of MA As and impact factors in
liquid suspension cultured N. flagelliforme cells. Therefore, the effects of UV-B and
salt stress on synthesis of the MAAs in N. flagelliforme cells were investigated.

9.2 Materials and Methods
9.2.1 Algal Material

The N. flagelliforme was collected in the east of the Helan Mountain in Yinchuan,
Ningxia, China, and was stored in dry conditions at room temperature for
36 months before being used in experiments. The dissociated cells were obtained
according to the methods previously reported [13]. Axenic cells were screened and
cultured in BGl11, (free of nitrogen) medium. They were cultured in BG11
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medium in 500 mL shake-flask containing 200 mL medium at 25 °C under con-

tinuous illumination of 60 pwmol photon m™2s~".

9.2.2 UV Treatment and NaCl Treatment

A total of 50 mL culture of N. flagelliforme from their exponential growth phase
was irradiated under UV-B lamps (313 nm), using UV light meters to insure the
intensity of UV-B were 1 and 5 W/m?”. The culture suspension was placed in open
glass Petri dishes of 90 mm diameter and irradiated for 3, 6, 12, 24, 36, 48 h,
respectively. Cultures maintained under continuous illumination of 60 pmol
photon m~%s~" were treated as control. Deionized water was added in order to
avoid volume changes due to evaporation.

NaCl or NH4Cl solution was added to the BG11 medium with a concentration of
25,50, 100, 200, 400, or 600 mM and exposed to continuous illumination of 60 pumol
photon m~2s~! for 2 days, respectively. The control culture of N. flagelliforme
without NaCl or NH4CI was cultured under the same conditions.

9.2.3 Extraction and Estimation of MAAs

Cells were collected by centrifugation and extracted for 30 min in 5 mL of 30 %
methanol (v/v) at 50 °C water bath in darkness. Extracts were clarified by cen-
trifugation at 3000 rpm for 5 min. MAAs in supernatant were estimated at 338 nm
in a UV-VIS spectrophotometer [14].

9.2.4 HPLC Analysis of MAAs

The methanol extract was further purified and analyzed by HPLC equipped with a
Venusil XBP-C18 (5 pm; 250 x 4 mm L1.D.). The extract was evaporated to
dryness in a vacuum evaporator at 45 °C and re-dissolved in 2.5 mL double dis-
tilled water. A total of 7.5 mL chloroform was added to this solution and the
supernatant was taken out carefully after centrifugation. The supernatants were
evaporated to dryness and re-dissolved in 0.2 % acetic acid (v/v). The samples
were filtered through 0.45 pm membrane filter for partial purification and 20 pL
was used in this experiment. The mobile phase, consisting of 90 % aqueous
methanol and 0.2 % acetic acid (v/v), run at a flow rate of 1 mL min~!, and the
MAAs were detected at 338 nm at a column oven temperature of 25 °C [15, 16].
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9.2.5 Statistical Analysis

Statistical analysis was made by two-way analysis of variance (ANOVA): SPSS
18.0 and Origin 8.0. The data were carried out in triplicates and results were
presented as mean + standard deviation (SD).

9.3 Results and Discussion
9.3.1 Effect of UV-B Radiation and Salt Stress

Effect of UV-B radiation on the synthesis of MAAs content in N. flagelliforme
cells was shown in Fig. 9.1. The production of MAAs increased slowly and
reached the maximum after 12 h with 31.32 and 32.26 mg/g under UV-B exposure
at 1 and 5 W/m? After 24 h, MAAs content decreased. This result suggested that
the UV-B could induce the synthesis of MAAs in a very short period of time (less
than 12 h). The high intensity of UV-B had a greater effect on the synthesis of
MAAs content than the lower level.

Under the treatment of NaCl and NH,4CI, changes of MAAs content showed the
same trend (Fig. 9.2). They increased significantly with the lower concentrations
of NaCl and NH,CI, respectively. After 2 days, MAAs content increased to the
maximum treated by 50 mM NaCl and NH4CI, and the results were 45.09 and
35.14 mg/g, respectively. After that, MAAs content began to decrease with the salt
concentrations increased. The above results indicated that the synthesis of MAAs
could be induced by suitable concentrations of salt and ammonium, but inhibited
by high salt and ammonium concentrations.
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9.3.2 HPLC Analysis

Figure 9.3 demonstrated the components of MAAs produced by N. flagelliforme.
There were nine MAAs in control N. flagelliforme cells in HPLC profiles. After
12 h of UV-B exposure at 1 W/m?, seven MAAs increased and little change was
observed in the first and third ones. In addition, two new MAAs appeared, but the
sixth and seventh disappeared. The components of MAAs had the same changes
expect for the sixth MAAs at the exposure level with 5 W/m?. But the contents of
MAAs were different in samples treated with different intensity of UV-B. The
second, tenth, and eleventh MAAs in treatment of 5 W/m? were higher than the
lower level. On the contrary, the fifth and eighth MAAs were lower. The above
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result indicated that 5 W/m? had more significant effect on the synthesis of MAAs
compared to the result in the lower level after 12 h.

The obtained results (Fig. 9.4) revealed that the content and components of
MAAs were influenced by salt stress. Contrary to the control experiment, the third
and fifth MAAs disappeared in both treatments, but the total MAAs content was
higher. The second, sixth, seventh, and ninth MAAs increased under the treatment
with 50 mM NaCl for 2 days. However, the other MAAs decreased. Four different
MAAs appeared a rise trend in NH4Cl media, which were the fourth, sixth, sev-
enth, and ninth one. At the same time, the other MAAs showed lower than the
control in HPLC chromatograms.

MAAs exist in N. flagelliforme cells under natural habits. MAAs content
changed obviously under UV-B treatment and its production could be effectively
responded by the UV-B dose. It was supposed that MAAs could serve as
absorbing/screening compounds to avoid lethal doses of UV-B. The analysis of
HPLC showed that some MAAs were increased or appeared. It is evident that
MAAs had a photoprotective role. MAAs as sunscreen compounds could be found
in many organisms exposed to high light intensities. In addition, the correlation
between MAAs and UV-B has been observed in a wide variety of organisms.
Study about light intensity could induce MAAs synthesis had been carried out in
the cyanobacteria Anabaena sp., N. commune, and Scytonema sp [17]. However,
after a long time of UV-B exposure, some MAAs content decreased or disap-
peared. It may be because DNA and some physiological and metabolic processes
were damaged by UV-B [18].

In addition to the photoprotective role of MAAs, many studies have shown that
they are also considered as osmotic regulation compounds [19]. In our study, the
synthesis of MAAs was also influenced by osmotic stress (either salt or ammonium
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solutes). It is reported that MAA-producing cyanobacteria are abundant in
hypersaline environments [20]. But it is opposite to this phenomenon in our work,
and this might be because high concentration salt solutes destroy the balance in N.
flagelliforme cells and change some metabolic activities. Although significant, it is
still far from the concentrations required to balance the salinity, so that additional
osmotic solutes, such as glucosylglycine [21], cerol trehalose, and glycine betaine
[22], must be present in cells.

The obtained results imply that the two factors could cause the response of
MAAs biosynthetic pathway, but the synthesis of particular metabolites is dif-
ferent, leading to different changes. In this study, UV-B could affect the production
of MAAs, whereas osmotic stress would also induce the synthesis of MAAs.

9.4 Conclusions

As a terrestrial cyanobacterium, N. flagelliforme survived in arid or semiarid
environment, exposed to intense solar radiation and salt environment. In the
evolution of environmental conditions, MAAs play an important role in adaptive
mechanism of N. flagelliforme for series of abiotic stresses. In this study, the
results detected by spectrophotometry and HPLC show the content and compo-
sitions of MAAs have significant changes under the treatment of UV-B in the first
12 h, and the high-intensity (5 W/m?) UV-B is more effective in inducing the
synthesis of MAAs. Obvious changes also appear in N. flagelliforme cells treated
with NaCl and NH4Cl. The effects of 50 mM NaCl and NH4CI on MAAs pro-
duction are significant than other concentrations. In addition, UV-B radiation and
salt have different effects on the synthesis of MAAs in N. flagelliforme cells.
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Chapter 10

Study on the Fermentation Conditions
and the Application in Feather
Degradation of Keratinase Produced
by Bacillus licheniformis

Yu Li, Shuai Fan, Sheng Chen, Hao Er, Jianjie Du and Fuping Lu

Abstract The submerged fermentation medium was optimized in order to
improve the keratinase activity produced by Bacillus licheniformis TCCC 11593.
The keratinase showed maximum activity 98.0 U/mL after 48 h fermentation in
50 °C when adding 1 g/L maltose and 1.5 g/LL NH,Cl as the supplement of carbon
and nitrogen sources. The optimal feather quantity was 20 g/L in fermentation.
Ca®* and Mn>* inhibited the keratinase activity in fermentation medium, while
keratinase activity was improved by adding 0.3 g/L Mg** to fermentation medium.
At the same time, it was found that the complement of alkaline protease and
neutral protease further improved the feather degradation in fermentation process.
The total amino acid yield can reach 167.43 mg/g.

Keywords Bacillus licheniformis - Keratinase - Submerged fermentation -
Feather degradation

10.1 Introduction

Chicken feather as the waste byproduct of commercial poultry processing plants
and chicken slaughter industries is accumulating at a higher rate [1]. The accu-
mulation of feathers can eventually lead to environmental pollution and can also be
considered as a waste of feather protein [2]. Traditional ways to degrade feathers
such as alkali hydrolysis and steam pressure cooking to produce feather meal may
destroy amino acids and they also consume large amounts of energy [3]. Microbial
keratinases mainly target the hydrolysis of highly rigid, strongly cross-linked
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structural polypeptide keratins, which are insoluble proteins, extremely resistant to
degradation by common proteolytic enzymes [4]. Keratinases were found in
bacteria, actinomycetes, and fungi, while keratinases from Bacillus sp., particu-
larly Bacillus licheniformis (B. licheniformis) [S5] and Bacillus subtilis (B. subtilis)
[6] have been extensively studied due to their effectiveness in terms of feather
degradation [7].

In our previous study, a feather degraded bacteria from chicken feces had been
isolated and was identified as B. licheniformis by amplification of 16S rDNA. The
bacteria was very effective in degradation of chicken feather and this appeared to
be related to activity of the extracellular keratinase and disulfide reductase
enzymes [8]. The keratinase showed maximum activity 24.0 U/mL after 48 h
fermentation in 50 °C without optimizing the constitution of submerged fermen-
tation medium.

So the constitution of submerged fermentation medium optimizated may
improve enzyme activity of keratinase produced by B. licheniformis TCCC 11593.
Feather keratin contains a large number disulfide bond which is hydrolyzed dif-
ficultly by general enzymes. In the study of Shohei Yamamura, the disulfide
reductase has been research as disulfide bond-reducing enzyme [14]. As a con-
sequence, alkaline protease and neutral protease were blended with fermented
supernatant fluid in feather degrading process in order to investigate the potential
role of disulfide reductase deeply and improve the efficiency of the feather
degradation.

10.2 Materials and Methods
10.2.1 Microorganism and Inoculum

B. licheniformis TCCC 11593 used throughout this work, was isolated from
chicken feces at hennery. The strain was maintained on the medium containing
(g/L) yeast extract 5, peptone 10, NaCl 10, agar 20, pH 7.5.

10.2.2 Submerged Fermentation

The basal medium was prepared with the composition of (grams per liter) NaCl
0.4, K,HPO, 1.0 KH,PO,4 0.4, and chicken feather 20.0 for submerged fermen-
tation at pH 7.0. The fermentation was carried out in 250 mL Erlenmeyer flasks
with addition of 2 % inoculum (10° CFU/mL) at 50 °C and 130 rpm for 48 h.
After fermentation, the fermented broth was centrifuged at 7000 rpm for 10 min,
and the supernatant was analyzed for keratinase activity.
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10.2.3 Keratinase Assay

The keratinase activity was assayed with keratin (keratin powder) as a substrate
with slight modification of the method previously used [9]. Keratin powder as
substrate mixed with 2 mL of 50 mM Tris-HCI, pH 8.0, and 1 mL of enzyme
solution (diluted 2-fold by buffer solutions) were incubated for 60 min at 50 °C
with constant agitation at 130 rpm in a water bath. The reaction was terminated
with 2 mL 10 % trichloroacetic acid and incubated at 4 °C for 10 min. Then, the
reaction mixture was centrifuged at 12000 rpm for 10 min, and the supernatant
was used to measure the absorbance at 280 nm using spectrophotometer. One
unit(U/mL) of keratinolytic activity was defined as an increase of corrected
absorbance of 280 nm (A280) [10] with the control for 0.01 per hour under the
conditions described above.

10.2.4 Feather Degradation

To improve the proteolytic efficiency of feather meal by B. licheniformis TCCC
11593, feather degradation was carried out as follow: 250 mL erlenmeyer flask,
containing 1 g feather meal was moistened with 9 mL of culture fluid (showed in
2.2). Each erlenmeyer flask was inoculated with B. licheniformis TCCC 11593
inocula or B. licheniformis TCCC 11593 cell-free culture filtrate. They were then
incubated in relative humidity of 87 %, at 37 °C for 12 h, complemented with
alkaline protease and neutral protease accordance with the mode of Fig. 10.8.
Feather hydrolysis rate was determined after 48 h by the method of 2.5.

10.2.5 Free Amino Acid Determination

The free amino acid concentration was measured as described by Moore [11].
Samples (fermented product dissolved in 100 mL sterile water) 100 pL were
added to 2 mL 0.1 mol/mL phosphate buffer pH 7.2, then 500 pL of these samples
were mixed with 500 pL. of 50 mg/mL ninhydrin. The mixture was incubated at
100 °C for 15 min followed by an ice bath to reach room temperature. Then, 5 mL
of 40 % (v/v) ethanol was added to the tubes. The analysis was performed in
triplicate and the absorbance at 570 nm was measured in spectrophotometer. The
control was prepared simultaneously using distilled water (100 pL) instead of the
sample. The standard curve was prepared with glycine.
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10.2.6 Effect of Culture Condition on Keratinase Activity

Keratinase activity of B.icheniformis TCCC 11593 in the submerged medium
containing different additional carbon sources (glucose, maltose, dextrin, bran,
corn starch and sweet potato starch) at 1 g/l was investigated, and the optimal
carbon source was added to the levels of 0.5-3 (g/L). The different additional
nitrogen sources (yeast extract, tryptone, NH,4Cl, urea, KNO3) were added sepa-
rately to the medium at a concentration of 1 g/L, and the optimal nitrogen source
was added in the range of 0.5-3 (g/L). The effect of different chicken feather
concentrations 0.5-3 (g/100 mL) on the keratinase activity was also investigated.
Additional minerals (MnSO,, CaCl,, MgSO,, FeSO,), each was added separately
to the submerged medium at a final concentration of 0.1-0.5 M.

10.3 Results and Discussion

10.3.1 Effect of Feather Concentration on Keratinase
Activity

The effect of different feather concentration on keratinase activity was shown in
Fig. 10.1. The keratinase activity reached 28.8 U/mL, while the optimal feather
concentration was 2 %, after fermentation for 48 h. When the feather concentra-
tion was added higher than 2 %, keratinase activity decreased. This high con-
centration of feather may cause substrate inhibition or repression of keratinase
activity [12].
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10.3.2 Effect of Different Carbon and Nitrogen Sources
on Keratinase Activity

The affection of extracellular keratinase activity by different carbon and nitrogen
supplementations has been researched. After 48 h incubation, maltose as the
supplemented carbon sources showed a promoting effect on keratinase activity
(80.2 U/mL) (Fig. 10.2). The yield of keratinase increased up to 4.5-fold with the
addition of 1.0 % maltose in the fermentation media (Fig. 10.3). Addition of
simple carbohydrates like glucose partially inhibited keratinase activity by
B.licheniformis TCCC 11593. The keratinases produced by strain Aspergillus
fumigatus fresenius [13], Thermoactinomyces candidus [14], and Stenotrophomonas
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sp.D-1 [15] were also partially inhibited by glucose. The results indicated that
glucose had negative effects on microbial protease activity, which may be due to
catabolic repression on the enzyme activity [16].

The effects of nitrogen sources on keratinase activity varied. Among the dif-
ferent organic and inorganic nitrogen sources, the supplementation of NH4Cl
(1.5 %) resulted in maximal keratinase activity (93.0 U/mL) (Figs. 10.4, 10.5).
This pattern was explained by Abdel-Fattah et al. [17], who suggested that the
nitrogen limiting conditions might lead to an overall drop in the energy pool of the
cell due to the consumption of intercellular ATP and/or GTP via the purine salvage
and/or degradation pathways.
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10.3.3 Effect of the Mg**, Ca’*, Mn**, Fe**on Keratinase
Activity

The results in Figs. 10.6 and 10.7 showed the effect of different salts on the
keratinase activity. The addition of Mg** led to a marked increase in enzyme
activity (98.0 & 0.7 U/mL), while the addition of Fe**, Mn**, and Ca*" brought
definite inhibitions to the keratinase activity.
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10.3.4 Feather Degradation in Fermentation Process

Cell-free culture filtrate did not completely degrade feather even after prolonged
incubation [18]. It was verified that complete feather degradation occurred only
when B. licheniformis TCCC 11593 cells existed in the improved medium. So it
was very important to verify whether the keratinolytic enzymes could accomplish
keratin degradation alone or B. licheniformis TCCC 11593 cells contribute to
keratinolysis. The production of amino acids indicated a synergistic increase of
nearly 2-fold when B. licheniformis TCCC 11593 inocula was inoculated in the
medium (74.04 mg/g) compared with the cell-free culture filtrate alone (36.85 mg/g).
The result suggested that bacterial cells played a important role in the feather
degradation. The bacteria cell is superior to the cell-free culture filtrate in feather
degradation because of the existence of intracellular disulfide reductase. Disulfide
reductase is a cell-bound enzyme in prokaryotes [19]. Cell adherence will be
important for complete feather degradation. The important role of the reduction of
disulfide bonds on keratin degradation was further supported by the fact that keratin
degradation by purified keratinases in vitro was only accomplished by the addition of
reducing agents that help in sulfitolysis [4].

The result of Fig. 10.8 indicated that other protease lead to further degradation
of keratin when the disulfide bond has been broken by disulfide reductase. Other
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researches also suggested that the keratinolytic production of the protease D-1,
proteinase K, subtilisin, and trypsin were increased 50-fold, 2-fold, 17-fold, and
6-fold, respectively compared with the lack of disulfide reductase, when the
disulfide reductase-like protein was added [14]. In our study, alkali protease and
neutral protease combination proved a strong ability of the degradation of feather
(100.66 mg/g production of amino acids,the mode 9), even higher than
B. licheniformis TCCC 11593 alone (Fig. 10.8). So alkali protease and neutral
protease were mixed with B. licheniformis TCCC 11593 in the process of feather
fermented. It was found that the production of amino acids reached 167.43 mg/g,
2-fold more than for B. licheniformis TCCC 11593 alone fermentation after 60 h.
In this fermentation process, the important role of B. licheniformis TCCC 11593
was to release disulfide reductase to break the disulfide bond of keratin. Then
denatured keratin was transformed into amino acids through the further hydrolysis
by alkali protease and neutral protease, which showed a strong capacity in feather
degradation.

10.4 Conclusion

The B. licheniformis TCCC 11593 may be considered as microorganism which has
a large prospect of application for overproduction of keratinase in statistically
optimized medium. The feather degradation result suggested that future applica-
tion of mixing alkaline protease and neutral protease in B. licheniformis TCCC
11593 fermentation process is very promising. The hydrolyzed feather can be used
as a low cost ingredient in animal feed formulation, and can also be developed as
an organic fertilizer as an eco-friendly alternative to chemical fertilizer.
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Chapter 11
Hydroponic Culture of Chamaedorea
elegans

Wuyuan Deng

Abstract Solution culture experiments were carried out to study effect of naph-
thylacetic acid (NAA) on formation of aquatic root system of Chamaedorea ele-
gans. The influences of various nutrient solutions and different venting modes of
plant root on growth and development of this hydroponic plant were also
researched. The results showed that 2 mg/L. NAA could increase number of roots,
0.1 mg/L NAA could speed up root formation and promote growth of root.
Nutrient solution D was the most favorable culture solution for growth of
Chamaedorea elegans, and this plant grew well when its venting mode of roots
was full root length soaked in culture solution.

Keywords Chamaedorea elegans - Hydroponic culture - NAA - Nutrient solution -
Venting mode

11.1 Introduction

Hydroponic culture of flowers is a innovative cultural model, which has changed
the traditional mode of pot culture into water-cultivated model to achieve more
artistic effects [1, 2]. The advantages of this method are simple, clean, and man-
ageable [3]. Chamaedorea elegans was often grown as a houseplant because of its
graceful shape and characteristic of being shade tolerant [4, 5]. In this paper, to
provide scientific basis for water culture of C. elegans, we explored the hydro-
ponics technology of C. elegans.
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11.2 Materials and Methods
11.2.1 Experiment Materials

C. elegans and special glass containers used for water culture were purchased from
a local flower market in Yibin city of China.

11.2.2 Root Induction Test of Hydroponic Chamaedorea
elegans

The tested trees of C. elegans, all of which were robust, equal in size and had
graceful shape, no insect pests and plant diseases, were taken from soil and rinsed
with water. Then sterilized in 1 % potassium permanganate, and all roots of them
were removed. The experiment plants of above were put into some special glass
containers containing aqueous solution with different naphthylacetic acid (NAA)
concentrations and were fixed by a special-purpose plastics basket with mesh
holes. In this experiment, five different concentrations of NAA were tested that
were 0.1, 0.5, 1, 2, and 15 mg/L, respectively. Clean water (0 mg/L NAA) was
used as control. There were three replicates per treatment and two sample trees of
C. elegans per replicate (the following experiments were the same). Test tem-
perature was 20-25 °C, the relative humidity of the atmosphere was 70-80 %.
Throughout the test period, aqueous solutions of NAA were changed every 3 days
before the new root appeared and every 7 days after the plants had taken new root.
The experiments were halted after 63 days. The state of root system formation in
the duration of experiments, including time of root formation, quantity of new
roots per plant, length of roots, etc., were recorded. All experimental datas were
analyzed by the statistical methods and every final value was three times repetitive
average (the following experiment data processing was the same).

11.2.3 Screening Test of Nutrient Solutions

The tested trees of C. elegans, which were equal in size, were cleaned with water.
The damage of their roots should be minimized in the operating process. These
plants mentioned above were cultured in clean water for a week after sterilization
to allow their roots to adapt to water training environment. Then put into the
following nutrient solutions to conduct solution culture experiments. Four kinds of
nutritional solution A [6], B [7], C [8], D [7] are selected in this experiment and
clean water was used as control. Culture solution was stirred twice a day, morning
and night, to maintain the dissolved oxygen content in the culture solution.
Moisture on leaf surface was kept by sprinkling water over the plant. The
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experiments were halted after 43 days and the culture solutions must be replaced
weekly (Table 11.1).

11.2.4 The Effects of Different Venting Modes of Roots
on Growth of Hydroponic Chamaedorea elegans

In this experiment, the nutritional solution used was nutrient solution D, three
kinds of venting mode were respectively full length, 1/2 length and 1/3 length of
root of C. elegans soaked in culture solution. The growth of plants was recorded,
including the quantity of the new roots, rotten roots, new leaves, and yellow
leaves. The experiments were halted after 21 days.

11.3 Results and Discussion

11.3.1 Root Induction Test

As we can know from Table 11.2, All C. elegans trees could take new roots when
concentration range of NAA was 0-5 mg/L, the rooting rate was 100 %. However,
the influences of NAA in different concentrations on formation of aquatic root
system of C. elegans were extremely different (F > F ;). The mean number of
new roots per plant was the most when concentration of NAA was 2 mg/L and the

Table 11.1 Formulas of different nutritional solutions (mg/L)

Composition of nutrient solution Kinds of nutrient solutions

A B C D
KH,PO4 156 200 136
FeSO,4-7TH,O 27.8
H;BO, 5.8 1.24
Ca(NOs3),-4H,0 800 1,150 945
MgSO,4-7H,0 246 200 493 246
(NH4).SO4 187
KNO; 200 809 505
NH,H,PO, 153
NH4NO; 80
MnSO,4-4H,0 2.23
ZnS0,4-7TH,0O 0.864
CaCl, 333
Na,FeEDTA 24
CuSO,4-5H,0 0.125

H2M004'4H20 0.117
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Table 11.2 The influences of NAA in different concentrations on formation of aquatic root
system of Chamaedorea elegans

Concentration Rooting Number of new The longest Mean length Time of root
of NAA (mg/L) rate (%) roots per plant root length of roots (cm) formation®
(piece) (cm) (day)

0 (CK) 100 11 32 2.1 25

0.1 100 21 5.1 3.6 18

0.5 100 16 0.8 0.4 22

1 100 15 0.9 0.5 23

2 100 25 0.3 0.2 32

5 100 8 0.2 0.1 60

% The time was the duration of new roots sticking out cortex tissue

new roots were 25 pieces per tree. Both the longest root length and the mean root
length were the longest and the duration of root formation was the shortest when
concentration of NAA was 0.1 mg/L, they were 5.1, 3.6 cm, and 18 days,
respectively. With NAA concentration increased, growth speed of root system of
C. elegans presented downtrend basically. In a certain range of concentration,
NAA could promote formation or growth of the roots, which agree with the other
experiments [9], if the concentration is too big, it could inhibit the development of
root system.

11.3.2 Screening Test of Nutrient Solutions

Table 11.3 shows growth of C. elegans was obviously better in various nutrient
solutions than in clean water (CK), especially nutrient solution D could markedly
promote growth or development of C. elegans and increases in total root length,
total fresh weight and plant height were the largest. This demonstrated that various
nutrient solutions of the above could promote growth or development of C. ele-
gans at the different levels, this was the same as other hydroponics experiment of
Doritis pulcherrima [10], Cattleya hybrida [11], and Phalaenopsis [12]. This
could be accounted for the fact that nutrient solutions contain enough nutrient
content that help plants grow [13, 14]. Moreover, there were significant difference
in growth and development between different groups of nutrient solutions
(F > Fy01)- This may be that the components and concentration of nutrient
solution directly affected nutrient absorption and growth of plant [15], so the
growth of plant cultivated in different nutrient solutions would be different
[16, 17].
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Table 11.3 The growth of Chamaedorea elegans cultivated in various nutrient solutions

Nutrient solutions Increase in total Increase in total Increase in plant
length per plant of fresh weight height per
root system (cm) per plant (g) plant (cm)

A 29.4 1.9 1.4

B 30.6 2.1 1.8

C 327 33 2.3

D 45.9 4.2 32

Clean water (CK) 26.1 1.2 0.8

Table 11.4 The growth of hydroponic Chamaedorea elegans in different venting modes of root

Venting modes (root  Number of new Number of Number of new Number of
length soaked in roots per plant rotten roots per leaves per plant yellow leaves per
culture solution) (piece) plant (piece) (piece) plant (piece)

Full root length 12 3 3 0

1/3 root length 6 1 1 3

1/2 root length 5 0 0 5

11.3.3 The Effects of Different Venting Modes of Roots
on Growth of Hydroponic Chamaedorea elegans

It can be seen from Table 11.4, C. elegans in different venting modes of root differ
markedly in its growth (F > F0.05, F > F0.01). The mean numbers of new roots,
rotten roots ,and new leaves per plant were the largest when venting mode was full
root length soaked in culture solution. C. elegans had the most yellow leaves under
venting condition that its 1/2 root length was soaked in culture solution. This was
perhaps because the deeper the roots was soaked in culture solution, the more
nutrient content they absorbed, so the growth of plants was also better [18]. At the
same time, the oxygen content in the deep part of culture solution is lower than in
shallows and air [19], moreover; the culture solution was accessible to microbe
[20], so it would cause more rotten roots when root length soaked in culture
solution was longer. However, on the whole the optimum venting mode for
hydroponic C. elegans was full root length soaked in culture solution.

11.4 Conclusion

NAA of definite concentration could promote root formation or growth of
C. elegans, If NAA was used beyond suitable concentrations, it was shown to
inhibit the root growth. C. elegans grew better in nutrient solution than in clean
water, especially in nutrient solution D. Moreover, the optimum venting mode of
roots for hydroponic C. elegans was full root length soaked in culture solution.
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Chapter 12

Optimization of Diosgenin Production

by Mixed Culture Using Response Surface
Methodology

Jinxia Xie, Xing Xu and Songtao Bie

Abstract Optimization of four process parameters was attempted using
Box-Behnken design for production of diosgenin by a mixed culture with
Aspergillus oryzae, Phanerochaete chrysosporium, and Aspergillus niger. Maxi-
mum diosgenin yield of 42.89 + 0.53 mg/g was obtained after optimization of
culture conditions such as Dioscorea zingiberensis C.H.Wright (DZW) concen-
tration 42.98 g/l, inoculum size 1.73 ml of spore suspension (1: 2: 3 ratio of
A. oryzae, P. chrysosporium, and A. niger), initial pH 5.0, and cultivation time
5.27 days (127 h) and incubated at 30 °C on a rotary shaker set at 180 r/min as
mixed culture.

Keywords Response surface optimization - Diosgenin - Mixed culture - Asper-
gillus oryzae - Phanerochaete chrysosporium - Aspergillus niger

12.1 Introduction

Diosgenin (CAS number 512-04-9) is an important steroidal precursor in phar-
maceutical industry [1, 2] and used for the synthesis of adrenal cortex hormone,
sex hormone, progestational hormone, and anabolic steroid [3, 4]. The tubers of
some species of Dioscorea are important sources of diosgenin, early investigation
showed that Dioscorea zingiberensis C.H.Wright (DZW) was one of the species
containing high concentration of diosgenin [5]. DZW tubers contain 1-2 %
diosgenin, 30—40 % starch, 10—15 % lignin, and 40-50 % cellulose [6, 7]. Saponin
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is diosgenin and attachment of glucose or rhamnose to aglycone by C-O gluco-
sidic bonds, which in plant cells are wrapped by the starch, cellulose, hemicel-
lulose, and lignin [8]. So extraction of diosgenin needs separation of starch and
others from Saponin and destroying C—O glucosidic bonds.

The conventional extraction of diosgenin from DZW tubers predominantly uses
hydrochloric or sulfuric acid directly for acidic hydrolysis to decompose saponins
and starch and so on [9]. As reported by the previous studies [10], the conventional
acid approach could produce about 1.20 % diosgenin with high concentration of
COD (about 120 g/L) in wastewater and acidic hydrolysis could generate a
byproduct 25-spirosta-3, 5-dienes [11]. In addition, many cellulose and starch of
DZW were conversed into sugar and discarded together with wastewater, resulting
in wasting of resources. Several clean and new technological processes were
reported to solve the problem about wastewater and lower yield. For instance, Qiu
et al. [12] used ultrasound-assisted extraction for diosgenin. Although this tech-
nology for diosgenin production yield could achieve 2.30 %, the process was
complex that included ultrasound extraction of the crude material fermented by
yeast and then acidic hydrolysis, which is hardly applied in diosgenin industry.

Biotransformation approach is a well-known environmentally friendly technol-
ogy due to their high selectivity and mild reaction conditions [13]. Zhang [14]
applied polyethylene glycol (PEG) to modify cellulase, a-amylase and f5-glycosidase
were used to hydrolyze the DZW and Liu [15] screening kinds of enzymes draw a
conclusion that the cellulase showed the highest efficiency of diosgenin yield. It is
reported that the glucosyl residue at C-3 sugar chain of steroidal saponins hardly be
hydrolyzed by some enzymes preparations such as ff-glucosidase, amylase, and
cellulase [16—-18]. So acid hydrolysis was still used after enzyme hydrolysis to further
improve diosgenin yield. In other hand, the cost of enzyme is expensive.

Microbial hydrolysis was an economic alternative [19, 20], nevertheless, the
lower diosgenin yield limited its industrial development. So far, there were few
references regarding an approach of microorganism, where mixed culture was used
for hydrolyzing starch, lignin, and cellulose of the DZW and used for transforming
saponin to diosgenin. Complex mixed cultures are widely used in biotechnology for
many processes, e.g., for the production of antibiotics, enzymes, fermented food,
composting, dairy fermentation, bioconversion of apple distillery, and domestic
wastewater sludge [21]. Application of mixed fermentation to natural product drug
discovery seems an obvious extension, but lack of reproducibility [22].

In this work, three fungi Aspergillus oryzae, Phanerochaete chrysosporium, and
Aspergillus niger were used by mixed culture to degrade starch, lignin, and cel-
lulose of DZW, biotransformation of saponins to diosgenin, and optimization of
process parameters for the production of diosgenin by a mixed culture with these
three fungi was carried out using a response surface Box-Behnken design.
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12.2 Materials and Methods
12.2.1 Microorganism

P. chrysosporium (TCCC41024) was preserved in Tianjin University of Science
and Technology Microbiological Culture Collection Center. A. niger (CICC2475)
and A. oryzae (CICC40353) were purchased from China Center of Industrial
Culture Collection (Beijing, China). These strains were stored at 4 °C on potato
dextrose agar slant and subcultured routinely every 2 weeks. To prepare the
inocula, spores in a 7-day-old agar slant were, respectively, suspended in 0.01 %
Tween 80 solution (107 spores/ml), then mixed spore suspension with 1:2:3 ratios
of A. oryzae, P. chrysosporium, and A. niger.

12.2.2 Materials and Fermentation Condition

The dried DZW tubers were supplied by Kangsheng Company, Qingyang, Gansu,
China. The materials were ground by a pulverator (DJ-048 Pulverator, Beijing
Huanya Tianyuan Co. Ltd., Beijing, China) and the powder was screened through
a 40-mesh stainless steel sieve (0.2 cm). All culture and biotransformation
experiments were performed in 250 ml Erlenmeyer flasks. Fermentation medium
consisted of the powder DZW and tap water, sterilized by autoclaving for 20 min
at 121 °C, inoculated mixed spore suspension, and incubated at 30 °C on a rotary
shaker set at 180 r/min for diosgenin production.

12.2.3 Optimization of Culture Conditions for DZW
Concentration, Inoculum Size, Initial pH,
and Culture Time

Effect of DZW concentration, inoculum size, initial pH, and culture time were
studied, primarily, one variable at a time (date not shown). Based on these
experiments, these four independent variables were chosen for the further opti-
mization studies for maximum yield of diosgenin using a response surface
methodology (RSM). Variables were coded as —1, 0, and +1 as presented in
Table 12.1, which corresponded to the lower, middle, and higher values, respec-
tively. The software Design-Expert (Version 8.0.4, Stat-Ease Inc., Minneapolis,
USA) was used for experimental design, the treatment schedule for the model is
given in Table 12.2. The response value (Y) in each trial was the average of
duplicates.
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Table 12.1 Experimental range and levels of the four independent variables used in RSM in
terms of actual and coded factors Variables Levels

Variables Levels

-1 0 +1
Concentration of DZW (g/l) 33.33 50.00 66.67
Inoculation size (ml) 1.5 2.0 2.5
pH 4.5 5.0 5.5
Culture time (day) 4 5 6

Table 12.2 Experimental design used in the RSM studies of four independent variables with
three center points for diosgenin yield by mixture fermentation

runs A Concentration of B Inoculation C pH D Cultrue Diosgenin
DZW (g) size (ml) time (day) yield (mg/g)
1 -1 -1 0 0 38.15 £ 0.53
2 1 —1 0 0 17.88 + 0.78
3 -1 1 0 0 20.57 £ 0.67
4 1 1 0 0 25.36 &+ 0.04
5 0 0 -1 -1 12.51 £ 0.23
6 0 0 1 -1 11.39 £+ 0.02
7 0 0 -1 1 20.07 £+ 0.34
8 0 0 1 1 18.21 +£ 0.34
9 -1 0 0o -1 21.17 £ 0.78
10 1 0 0 -1 1597 +£ 0.23
11 -1 0 0 1 2591 £ 0.21
12 1 0 0 1 19.28 £ 0.16
13 0 -1 -1 0 21.34 £ 0.19
14 0 1 —1 0 34.73 £ 0.87
15 0 -1 1 0 3322 £ 041
16 0 1 1 0 10.33 £ 0.17
17 -1 0 —1 0 34.48 £ 0.90
18 1 0 -1 0 14.06 £+ 0.98
9 -1 0 1 0 17.03 £+ 0.37
20 1 0 1 0 23.17 £ 0.23
21 0 -1 0o -1 11.81 £+ 0.49
22 0 1 0 -1 23.78 £+ 0.56
23 0 -1 0 1 34.58 £ 0.13
24 0 1 0 1 18.88 + 0.23
25 0 0 0 0 40.79 £+ 0.67
26 0 0 0 0 40.07 £+ 0.48
27 0 0 0 0 40.32 £ 0.14

The general equation of the second degree polynomial is as follows (12.1):

Y = By + ZPix; + ZPix; + 2B xix; (12.1)
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where Y is the predicted response for diosgenin yield; fy, f;, fi, and B; are
constant regression coefficient; and x; and x; (i = 1, 3; j = 1, 3, i # j) represent
the independent variables in the form of coded values.

12.2.4 Extraction and Analysis Diosgenin

At the end of culture, the steroidal saponins extraction was according to zhu et al.
[20], the fermentation sample was centrifuged, dried at 60 °C, extracted with
chloroform, and ultrasonicated for 30 min (KQ3200B ultrasonicator); centrifuged
and analyzed on Agilent 1100 Multi-solvent Delivery System equipped with a
Phenomsil C;g column, 250 x 4.6 mm (5 um), the injection volume for all
samples was 20 pl. The mobile phase column temperature of 30 °C.

diosgenin content(mg)
DZW (g)

Yield of Diosgenin (mg/g) =

12.3 Results and Discussion

Interactive effects of the factors, concentration of DZW, inoculation size, pH, and
culture time, were examined by RSM using Box-Behnken design. The actual yield
of diosgenin yield (response) obtained is presented in Table 12.2. The ANOVA
analysis yielded the following regression Eq. (12.2) in terms of the levels of
diosgenin yield (Y) as a function of concentration of DZW (A), inoculation size
(B), pH (C), and culture time (D).

Diosgenin yield (mg/g) =+ 41.06 —3.47«A —1.94%B —1.99 %« C +3.36 x D
+627«A*xB+664xAxC—036%xA%xD
—907«BxC—692xBxD—0.18xCxD
—8.23 %A% — 6.03 % B> — 11.04 x C* — 13.16  D?

(12.2)

The subsequent analysis of variance showed aptness of the model for diosgenin
production. The computed F-value of 52.00 implies significance of the model.
There is only a 0.01 % chance that a model F-value this large could occur due to
noise. The lack-of-fit F-value is not significant, and there is only a 6.28 % chance
that a lack-of-fit F-value this large could occur due to noise. The model was found
to be highly significant and occur due to noise. The lack-of-fit F-value is not
sufficient to represent the actual relationship between the response and the
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significant variables as indicated by the small model P value (<0.0001), large lack-
of-fit P-value (0.0628), suitable coefficient of determination (R2 = (0.9811), and
adjusted coefficient of determination (R%adjusted = 0.9623) from ANOVA
(Table 12.3). The predicted sum of squares (PRESS) of 314.23 indicated fit of
each point in this design. Signifiance of seven model terms (A, B, C, D, A2, Bz, Cz,
and D?) and an adequate precision of 20.624 indicated low signal-to-noise ratio
(Table 12.4).

Response surface contour plots graphically represented regression equations and
were generally used to demonstrate relationships between the response and exper-
imental levels of each variable in case of diosgenin yield (Fig. 12.1a—d). The points
on the corners and center of the figure represent experimental design points. The
point with number five in the center contour plots indicates the highest predicted
value of selected variable with other variables constant at centra level.

Our results showed that the DZW concentration in the medium was the most
significant single parameter which influenced diosgenin yield followed by culture
time, inoculum size, and initial pH (Table 12.2). The interactions between DZW
concentration and inoculum size, DZW concentration and pH, inoculum size and
culture time, and that between pH and inoculum size also had significant effects.

Table 12.3 Analysis of variance for the fitted second-order polynomial model and lack of fit for
diosgenin yield as per Box-Behnken design

Source Sum of squares df Mean sum of F-value Prob > F Significance
squares

Model 2992.31 14 213.74 52.00 <0.0001 Significant

Concentration of  144.14 1 144.14 35.07 <0.0001

DZW (4)
Inoculation size 45.36 1 4536 11.04 0.0050
(B)

pH (O) 47.36 1 4736 11.52 0.0044

Cultrue time (D) 135.34 1 135.34 3293  <0.0001

AB 157.00 1 157.00 38.20 <0.0001

AC 176.36 1 176.36 4291 <0.0001

AD 0.51 1 0.51 0.12 0.7296

BC 329.06 1 329.06 80.06 <0.0001

BD 191.41 1 19141 46.57 <0.0001

CD 0.14 1 0.14 0.033  0.8578

A? 439.30 1 439.30 106.88  <0.0001

B? 235.82 1 23582 57.38 <0.0001

c? 790.70 1 790.70 192.38  <0.0001

D? 1123.94 1 1123.94 273.45 <0.0001

Residual 57.54 14 4.11

Lack of Fit 53.44 10 5.34 5.21 0.0628 Not

significant
Pure Error 4.10 4 1.03

Cor Total 3049.85 28




12 Optimization of Diosgenin Production by Mixed Culture 111

Table 12.4 Analysis of

. Parameter Value

variance (ANOVA) Table for —

response-surface quadratic Standard deviation 2.03

model Mean 25.14
R? 0.9811
Adjusted R? 0.9623
Predicted R* 0.8970
F-value 52.00
PRESS 314.23
Adequate precision 20.624

Diosdenin yield (mglg) Diosdenin yield (malg)
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Fig. 12.1 a Response surface contour plots showing effect of concentration of DZW and
inoculation size on diosgenin yield in mixed culture with other variables constant at centra level.
b Response surface contour plots showing effect of concentration of DZW and pH on diosgenin
yield in mixed culture with other variables constant at centra level. ¢ Response surface contour
plots showing effect of inoculum size and culture time on diosgenin yield in mixed culture with
other variables constant at centra level. d Response surface contour plots showing effect of
inoculum size and pH on diosgenin yield in mixed culture with other variables constant at centra
level

The results presented in Fig. 12.1 indicated that the DZW concentration
influenced diosgenin yield independent of the inoculum size. A 50 g/l concen-
tration of DZW was selected as appropriate level since any further increase in
concentration resulted in an undesirable increase of viscosity of the medium,
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causing negative effect of the growth of fungi and decreasing diosgenin yield per
gram of the DZW. Higher concentration of DZW always necessitated the
requirement of a higher inoculum size, while at lower levels of DZW concen-
tration, the yield increased initially with increase in inoculum size and then
decreased. When there is lesser DZW in the medium, the addition of more inoc-
ulum probably result in a competition, with the result that growth and produc-
tivities might be affected which could be the reason for this observation [23]. The
effect of pH and concentration of DZW on diosgenin yield, and the effect of pH
and inoculum size on diosgenin yield were presented in Fig. 12.1b and d. Dios-
genin yields increased with increasing pH up to a value of 5.0 pH influenced
enzyme activity which play leading role for hydrolysis saponin. The appropriate
pH of cellulase [24], glucoamylase [17], and S-glycosidase [25] is about 5. The
yields of diosgenin were determined to be maximum at culture time of 5 days, no
increase beyond culture time (Fig. 12.1c¢).

Analysis of response-surface curves and contour plots indicated optimum levels
of the variables necessary to achieve better results. The results predicted by
Box-Behnken design showed that a combination of concentration of DZW
42.98 g/, inoculation size 1.73 ml, pH 5.0, and cultivation time 5.27 days (127 h),
the diosgenin yield was 42.77 mg/g. A repeat fermentation of DZW for highest
production of diosgenin by mixed culture under optimal conditions was carried out
for verification of the optimization. Maximum diosgenin production was
42.89 4+ 0.53 mg/g closely agree with the predicted value. The final diosgenin
yield of optimization process increased by 61.18 % compared to the acid hydro-
lysis of DZW (26.61 £ 0.78 mg/g).

12.4 Conclusion

We report a study involving A. oryzae, P. chrysosporium, and A. niger for the
production of diosgenin from DZW by mixed culture. Response-surface meth-
odology was adopted to optimize the variables and to study their influence on
diosgenin yield. The results predicted by Box-Behnken design showed that a
combination of concentration of DZW 42.98 g/1, inoculation size 1.73 ml, pH 5.0,
and cultivation time 5.27 days (127 h), which would yield a maximum yield of
42.77 mg/g diosgenin. Evaluation experiments carried out to verify the predictions
revealed that three fungi yield 42.89 + 0.53 mg/g closely agree with the predicted
value.
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Chapter 13
Effect of LEU2 Gene Deletion on Higher
Alcohols Production of High Adjunct Beer

Yanwen Liu, Jian Dong, Yefu Chen, Mingyue Wu, Xiaopei Peng
and Dongguang Xiao

Abstract With the increase of the proportion of beer adjunct, the concentration of
higher alcohols in the final product is high, resulting to a heavier beer flavor. In our
previous work, we constructed a LEU2-deleted strain S6-2 to reduce the higher
alcohol production. This study focuses to further reduce the production of higher
alcohols, especially isoamyl alcohol, in high adjunct beer via disrupting a second
copy of LEU2 gene in the host strain S6-2. We constructed a recombined plasmid
vector pUC-LBKA, from which the LA-KanMX-LB cassette was cloned through
PCR amplification. The cassette was subsequently transformed into $6-2, creating
the mutant strain S6-3 with disruptions of two LEU2 gene copies. Finally, we
examined the f-isopropylmalate dehydrogenase (f-IPM) activity and the production
of higher alcohol. Our results indicate that LEU?2 deletion can significantly reduce
the f-IPM activity as well as the total higher alcohol production in high adjunct beer.

Keywords f-isopropylmalate dehydrogenase - Gene disruption - High adjunct
beer - Higher alcohols - LEU2 gene

13.1 Introduction

With the rapid development of beer industry in recent years, competitions among
beer enterprise in beer quality, price, and market were intense increasingly.
Therefore, how to utilize the superiority of agricultural resources reasonably,
increase the ratio of auxiliary raw materials, and reduce the dosage of malt have
attracted more and more attention of researchers. Using rice as raw materials, not
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only the brewed beer pale in color, pure in taste, a typical light flavor beer was
obtained. However, the low amount of malt results in a series of problems, such as
the shortage of nitrogen source, filter difficulties, high content of higher alcohols
etc.

During beer fermentation, Saccharomyces cerevisiae produces a range of minor
but sensorially important volatile metabolites that gives beer its vinous characters
[1]. The primary volatile metabolites produced by yeast include esters, higher
alcohols, and fatty acids [2]. In beer fermentation, the total content of higher
alcohols, which are important compounds for beer flavor, is usually controlled in
the range of 50-90 mg/L. Therefore, regulating the biosynthetic pathway of higher
alcohols through genomic regulation of the related genes is an effective manner to
control the higher alcohol production of beer.

The higher alcohols are formed via the Ehrlich pathway [3] or anabolically via
the biosynthetic route from the carbon source [4]. In the Ehrlich pathway, the
branched-chain amino acids are converted to their corresponding a-keto acids by
transamination, and then processed into higher alcohols by decarboxylation and
reduction [5]. In the third step of the biosynthesis of leucine, the enzyme
f-isopropylmalate dehydrogenase, which is encoded by the LEU2 gene in yeasts
[6], is responsible for dehydrogenation and decarboxylation of f-isopropylmalate
leading to the formation of a-ketoisocaproate [7]. The S. cerevisiae LEU2 gene has
been widely used as a transformation marker and its regulation has been well
studied [8, 9]. Such leucine synthesis capacity is one of the obstacles to decrease the
productivity of higher alcohols especially isoamyl alcohol. Numerous recent
researches have focused on how to block the synthesis of leucine. It is reported that
deletion of BAT2 gene could greatly reduce the production of higher alcohols,
especially the content of isoamyl alcohol [10]. However, there is still no research on
the influence of the LEU2 gene on beer quality parameters especially higher
alcohols.

In this study, we constructed a recombined plasmid vector pUC-LBKA to
disrupt a second copy of LEU2 gene in the host strain S6-2, in which one copy of
LEU? was deleted from the host strain S6 in our previous work. We investigated
the 5-IPM activities and the higher alcohols production of strains S6, $6-2, S6-3.
Our data proved a positive effect of LEU2 disruption in reducing the content of
high alcohols.

13.2 Materials and Methods

13.2.1 Strains, Plasmids, Reagents, and Cultivation
Conditions

The relevant genotypes of all strains and plasmids used in this study are listed in
Table 13.1. The host industrial Brewer’s yeast S6 was obtained from the Yeast
Collection Center of the Tianjin Key Laboratory of Industrial Microbiology.
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Table 13.1 Strains and plasmids used in this study

Strain or Relevant characteristic Reference or
plasmid source
Strains

Escherichia supE44AlacU169(¢80lacZAM15)hsdR17recAl endAl gyrA96  Stratagene
coli DH5a thi-1 relA

S6 Wild-type industrial brewer’s yeast This study
S6-2 LEU2(n—1)/leu2A::1oxP This study
S6-3 LEU2(n—2)/leu2A::10xP/leu2 A::1oxP-KanMX-loxP This study
Plasmids
pUCI19 Ap", cloning vector Invitrogen
pUG6 E. colilS. cerevisiae shuttle vector, containing Amp+, Giildner et al.
loxP-kanMX-loxP disruption cassette 2002
pUC-BKA Apr, Kan" containing loxP-kanMX-loxP gene expression This study
cassette

Tianjin University of Science and Technology, China. Antibiotic G418 and
ampicillin (Amp) were bought from Promega (Shanghai, China). dANTP, Taq
polymerase, restriction enzymes, T4 DNA ligase were purchased from Takara
Biotechnology Co., LTD (DaLian, China).

Escherichia coli strain was grown at 37 °C in Luria—Bertani brothand supple-
mented with 100 mg/L. ampicillin. Yeast strain was grown at 28 °C in YEPD
medium. 800 mg/L G418 was added in YEPD plate for the selection of Geneticin
(G418) resistance after yeast transformation.

13.2.2 Recombinant DNA and Plasmids Construction

All the primers used for the construction were listed in Table 13.2. A 287 bp
LEU?2 upstream fragment LA with restriction site EcoR I and BamH 1 was
amplified by PCR with LA-U and LA-D primers. Meanwhile, a 510 bp LEU2
downstream fragment LB with restriction site BamH I and Hind III was amplified
with LB-U and LB-D primers. After the PCR products were obtained, LA and LB
fragments were cloned into pUC19 successively to construct plasmid pUC-LBA.
A 1631 bp KanMX fragment containing G418 resistance obtained from pUG6
plasmid with KU and KD primers was finally inserted into the BamH I site of
pUC-LBA to generate plasmid pUC-LBKA.

13.2.3 Yeast Transformation Strategy and PCR
Identification

Generally, a majority of industrial brewer’s yeast strains are polyploidy, at present
the genetic background of host strain S6 was not clear. LA -KanMX -LB
disruption cassettes were cloned from pUC-LBKA by PCR and transformed into



118 Y. Liu et al.

Table 13.2 Oligonucleotide primers used in PCR amplification

Primers Sequence (5" — 3') Restriction site
For plasmid construction

LA-U CCGGAATTCAATTGGTTGTTTGGCCGA EcoR 1
LA-D CGCGGATCCATTTAGTCATGAACGCTT BamH 1
LB-U CGCGGATCCATAATAGAAACGACACGA BamH 1
LB-D CCCAAGCTTAAGGATGATGCATTAGCC Hind III
KU CGCGGATCCCAGCTGAAGCTTCGTACGC BamH 1
KD CGCGGATCCGCATAGGCCACTAGTGGATCTG BamH 1
For PCR verification

L-A-S TACAGAAGCAGAAATACACGCAGTC -
L-K-S AAGAAGAACCTCAGTGGCAAATCCT -
L-K-X ATGCGAGTGATTTTGATGACGAGC -
L-B-X TACGGTTGGGAAACAAATACTGCTG -

S6-2 mutants by LiAC/SS Carrier DNA/PEG method [11]. Primers L-A-S and
L-B-X used for transformation validation are outside the ORF of LEU2 gene,
L-K-S, and L-K-X are positioned in the TEF promoter for KanMX gene. The
electrophoretic diagram for PCR identification was shown in Fig. 13.1.
The method of Cha et al. [12] was adopted to research the genetic stability of the
mutant strain.

1 2 345 6M

——5000bp——
—3000bp——
—2000bp——
——1500bp ——
——1000bp ——

Fig. 13.1 PCR analysis of yeast recombinants and their hosts. a DNA templates: M, maker
DL5000; lane /, lane 3, and lane 5, PCR product from host strain S6 and two transformations
S6-3a, S6-3b with primer pair L-A-S and L-K-S; lane 2, lane 4, and lane 6, PCR product from
host strain S6 and two transformations S6-3a, S6-3b with primer pair L-K-X and L-B-X. b PCR
verifications of deletion the second LEU?2 allele: M, maker DL5000; lane /, lane 2, lane 3 and
lane 4, PCR product from S6, S6-2, S6-3a, and S6-3b with primer pair LA-U and LB-D
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13.2.4 B-isopropylmalate dehydrogenase Activity

Extraction of f-IPM was performed by high-pressure homogenization, and the
activity of f-IPM used the assayed method described by Sarah et al. [13]. One unit
of S-IPM activity was defined as the amount of enzyme that catalyzes the
formation of 1 micromole of NADH per minute. Protein concentration was
determined with a protein assay kit (Bio-Rad Laboratories).

13.2.5 Fermentation Test

The use of rice as an adjunct to barely malt was at a level of 60 %. The specific
saccharification process was shown as below.

Mash kettle (barley malt) Rice cooker (rice flour)
52°C (40min) 50°C (35min)
l 93°C (40min)
65°C (T0min) «—"30  100°C (15min)
combination

72°C (15min) —— 78°C (10min)

The pitching rate was 2 x 107 viable cells/mL, all fermentations were carried
out in duplicate, in 300 mL coke bottle, containing 200 mL sterile 12°P wort. The
fermentations were performed at 10 °C for 10 days. Higher alcohols and esters
were determined by headspace gas chromatography.

13.3 Results and Discussion

13.3.1 Construction of Recombinant Plasmid Vector
and LEU2 Gene Disruption

The LA-KanMX-LB deletion cassette with homologous regions for target gene
was amplified by PCR form pUC-LBKA to delete the LEU2 gene encoding f3-IPM
enzyme, and transformed into S6-2 mutants in which one of the copies of LEU2
gene was disrupted using lithium acetate method. Transformants with G418
resistant were selected on YEPD plates with 800 pg/mL G418, according to the
gene sequences which located at two ends of the FLP recognition target, two
primer pairs L-A-S/L-K-S and L-K-X/L-B-X were designed to verify the correct
integration of the cassette into S.cerevisiae S6-2 by PCR diagnostic. As expected,
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1700 bp and 2100 bp gene segments were amplified by primer pairs L-A-S/L-K-S
and L-K-X/L-B-X, respectively (Fig. 13.1). The results showed that the
LA-KanMX-LB deletion cassette had transformed into S6-2 accurately, we named
the mutants S6-3.

13.3.2 Determination of the Activity of p-IPM

In S. cerevisiae, leucine is biosynthesized by the actions of four enzymes, -IPM
encoded by LEU2 gene is active in the third step of the biosynthesis of leucine
[14]. The purpose of this research was to study the effect of LEU2 gene disruption
on the product of higher alcohols, the change of S-IPM activity indicate the
synthesis ability of leucine. Chen [15] has shown that the Ehrlich pathway
contributed 85 % to the formation of its corresponding higher alcohols in the case
of leucine. Meanwhile, isoamyl alcohol is reported to be the most quantitatively
significant flavor compound in the higher alcohol groups [16]. The purpose of this
research was to study the effect of LEU2 gene disruption on the production of
higher alcohols. Therefore, it is necessary to further study the effect of LEU2 gene
disruption on the -IPM activity.

The production of NADH at 340 nm was equivalent to the -IPM activity [17].
We determined the activity of S-IPM crude extract as described in materials and
methods. Fig 13.2 shows the activities of the tested strains S6, $6-2, and §6-3. It is
clear that the curve of activity growth of -IPM was flat in earlier stage. However,
at the time of 10 min, the activity of S6 had a spike, the activity of S6-2 was
distinctly increased, and the -IPM activity of $6-3 was no significant variation.
The results showed that the S-IPM activity of recombinant strain S6-3 with two
copies of LEU2 gene disruption have a great degree reduction by 98 % than S6,
and 70.7 % than S6-2 which only one copy of LEU2 gene was disrupted.

Fig. 13.2 The comparison of 0.16 -
p-IPM activity between S6, ——S56-3
S6-2 and S6-3

NADH (0D 340nm)

2 4 6 8 10 12 14
time (min)
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13.3.3 Effect of LEU2 disruption on the characteristics
of beer fermentation

In order to study the effect of LEU2 disruption on the characteristics of beer
fermentation, the growth curve of three strains S6-3, S6-2, and S6 were assessed
and compared first. As expected, we did not obtain any significant distinctions
between the LEU2-deleted strain and the host strains in the growth tendency,
meaning that the disruption of LEU2 gene had no effect on yeast growth. More-
over, we also examined the fermentation rate. Similarly, our data did not display
any obvious distinctions between the LEU2-deleted strain and the host strains.
Sugar reduction tendency indicated that the metabolism of yeast strains was also
normal and the fermentation rate almost the same during fermentation. At the end
of main fermentation, the beer physiochemical indexes were detected. The results
showed that indexes such as apparent degree of fermentation, alcohols, diacetyl,
pH, total acid, etc. were normal (data not shown). Esters, play an important part in
the beer flavor and aroma, are the most relevant family of compounds produced by
yeast [18]. Headspace gas chromatography analysis of ethyl acetate and isoamyl
acetate proved that the deletion of LEU?2 had no affect on their production (data not
shown).

13.3.4 Determination of Higher Alcohols Production
During Beer Fermentation

Barley malt was normally used in traditional beer brewing, rice is widely used as
raw materials in beer brewing and the addition generally more than 50 %,
sometimes 30 % rice as adjunct was added [19]. In order to reduce the cost of
brewing materials, 60 % rice was used in this study. Compared the wort physio-
chemical indexes with normal beer, a great majority of indexes are relatively
similar except that the a-amino nitrogen and total nitrogen were lower, therefore
protease and amylase were added. Furthermore, the brewed beer with 60 % rice as
adjunct is not only pale in color, pure in taste, durable fine and smooth in foam, but
also had a typical style of light beer.

Higher alcohols are the main byproducts in beer brewing, as well as the major
industrial interest because of their contribution to the flavor and aroma of beer [20,
21]. An increase in higher alcohols concentration results in a dry and aroma less
beer character [22]. In order to study the influence of LEU2 disruption on the
production of higher alcohols especially isoamyl alcohol, the content of higher
alcohols was determined by headspace gas chromatography. As the data shown in
Table 13.3, both the n-propyl alcohol and isobutyl alcohol levels of S6-3 after
fermentation were similar to that of S6-2 and S6, indicating that LEU2 gene’s
disruption did not affect them. The isoamyl alcohol content of S6-3, $6-2, and S6
were 60.1, 81.0, 91.5 mg/L, respectively. Compared to S6-2 and S6, the content of
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Table 13.3 Higher alcohols production of S6, $6-2 and S6-3

Yeast strains (mg/L) S6 56-2 56-3

n-propyl alcohol 12.6 = 0.1 11.7 £ 0.2 11.2 £ 0.2
Isobutyl alcohol 227+ 04 23.8 £0.5 21.0 £0.3
Isoamyl alcohol 915+ 19 81.0 £ 24 60.1 £3.2
Total higher alcohols 126.8 £ 2.4 116.5 £+ 3.1 923 £ 3.7

isoamyl alcohol decreased 25.8 and 34.3 %, respectively. The total higher alcohols
were 92.3, 116.5, 126.8 mg/L, respectively. Compared to S6-2 and S6, the content
of total higher alcohols decreased 20.8 % and 27.2 %, respectively. The results
showed that the disruption of the LEU2 gene leaded to the reduction in the
concentration of higher alcohols especially isoamyl alcohol. Interesting that the
total higher alcohols of $6-3 with two copies LEU2 disrupted significantly lower
than S6-2 with one copy was disrupted.

13.4 Conclusion

The enzyme f-IPM, encoded by LEU2 gene, plays an important part in the third
step of the biosynthesis of leucine, and then the amino acid was converted to
isoamyl alcohol by transamination and decarboxylation. To study the effect of
LEU2 gene disruption on the production of higher alcohols especial isoamyl
alcohol, industrial brewer’s yeast strain $6-3 was constructed in this study, in
which two copies of LEU2 gene encoding the enzyme f-IPM were disrupted.
Compared to S6-2, in which one copy of LEU2 was disrupted, as well as the host
strain S6, the S-IPM activity of §6-3 displays a significant reduction by 70.7 and
98 %, respectively. Total higher alcohols and isoamyl alcohol of S6-3 were
decreased by 25.8 and 34.3 %, respectively compared to §6. Our data demon-
strated that LEU2 gene disruption can effectively reduce the production of higher
alcohols especial isoamyl alcohol in high materials beer brewing process.

Acknowledgments This work was financially supported by the program of National High
Technology Research and Development Program of China (863 Program) (Grant No.
SS2012AA023408), the Cheung Kong Scholars and Innovative Research Team Program in
University of Ministry of Education, China (Grant No. IRT1166), and Application Base and
Frontier Technology Project of Tianjin, China (Grant No. 09JCZDJC17900).

References

1. Swiegers JH, Bartowsky EJ, Henschke PA, Pretorius IS (2005) Yeast and bacterial
modulation of wine aroma and flavour. Aust J Grape Wine Res 11:139-173

2. Lambrechts MG, Pretorius IS (2000) Yeast and its importance to wine aroma. S Afr J Enol
Vitic 21:97-129



10.

11.

12.

13.

14.

15.

17.

18.

19.

20.

21.

22.

Effect of LEU2 Gene Deletion on Higher Alcohols Production 123

. Ehrlich F (1904) Uber das natiirliche isomere des leucins. Ber Dtsch Chem Ges

37:1809-1840

. Hammond JRM (1993) Brewer’s yeasts. The yeasts, vol 5. New York, 7-67
. Derrick S, Large PJ (1993) Activities of the enzymes of the Ehrlich pathway and formation of

branched-chain alcohols in Saccharomyces cerevisiae and Candida utilis grown in
continuous culture on valine or ammonium as sole nitrogen source. J Gen Microbiol
139:2783-2792

. Ronald JM, Bergkamp (1991) Cloning and disruption of the LEU2 gene of Kluyveromyces

marxianus CBS 6556. Yeast 7:963-970

. Hsu YP, Kohlhaw GB (1980) Leucine biosynthesis in Saccharomyces cerevisiae. Purification

and characterization of f-isopropylmalate dehydrogenase. J Biol Chem 255:7255-7260

. Hiep TT, Noskov VN, Pavlov YI (1993) Transformation in the methylotrophic yeast Pichia

methanolica utilizing homologous ADE] and heterologous ADE2 and LEU2 genes as genetic
markers. Yeast 9:1189-1197

. Kimura H, Matamura S, Suzuki M et al (1995) Sequencing of the pf-isopropylmalate

dehydrogenase gene (LEU2) from Acremonium chrysogenum and its application to
heterologous gene expression. J Ferment Bioeng 80:534-540

Yoshimoto H, Fukushige T, Yonezawa T et al (2002) Genetic and physiological analysis of
branched-chain alcohols and isoamyl acetate production in Saccharomyces cerevisiae. Appl
Microbiol Biotechnol 59:501-508

Daniel GR, Woods RA (2002) Transformation of yeast by lithium acetate/single-stranded
carrier DNA/polyethylene glycol method. Methods Enzymol 350:87-96

Cha HJ, Chae HJ, Choi SS et al (2000) Production and secretion patterns of cloned
glucoamylase in plasmid-harboring and chromosome-integrated recombinant yeasts
employing an SUC2 promoter. Appl Biochem Biotechnol 87:81-93

Sarah J, Parsons RO, Burns (1969) Purification and properties of p-isopropylmalate
dehydrogenase. J Biol Chem 244:996-1003

Andreadis A, Hsu YP, Hermodson M et al (1984) Yeast LEU2 Repression of mRNA levels
by leucine and Primary structure of the gene Product. Biol Chem 259:8059-8062

Chen EC-H (1977) The relative contribution of Ehrlich and biosynthetic pathways to the
formation of fusel alcohols. J] Am Soc Brew Chem 36:39-43

. Guymon JF, Ingraham JL (1961) The formation of n-propyl alcohol by Saccharomyces

cerevisiae. Arch Biochem Biophys 95:163-168

Parsons SJ, Burns RO (1970) pf-Isopropylmalate dehydrogenase. Methods Enzymol
17A:793-799

Lambrechts MG, Pretorius IS (2000) Yeast and its importance to wine aroma. S Afr J Enol
Vitic 21:97-129

Ting-deng Chen, Ming-hua Ye (2002) Study on the technology of high ratio rice as adjunct in
brewing. Food Sci Technol 11:51-54

Meilgaard M (1975) Flavor chemistry of beer: Part II: Flavor and threshold of 239 aroma
volatiles. MBAA Tech Quart 12:151-168

Swiegers JH, Pretorius IS (2005) Yeast modulation of wine flavor. Adv Appl Microbiol
57:131-175

Annemiiller G (2009) Gérung und Reifung des Bieres: Grundlagen-technologie-
anlagentechnik. VLB, Berlin



Chapter 14

Using Digital Holographic Imaging
Technology to Study the Flocculation
of HAB Organisms (Coscinodiscus sp.)
with Clay

Lujie Cao, Xinying Zhu, Ruofan Pan, Jiawei Chen, Jipeng Yin
and Weihan Li

Abstract Flocculation of organisms with clay is an effective method of harmful
algal blooms (HABs) removal. Exploring the mechanism in detail is necessary but
very challenging. Based on a digital holographic imaging system with objective
lens, we build up the technology for full flocs characterization within a 3D volume
in situ. We recorded and reconstructed the field of fine particles and their aggre-
gates. Furthermore, we directly measured the key parameters of flocculation
procedure, such as flocs concentration, size spectrum, settling velocities, and their
morphology structures. The technology and the algorithm are tested by an
experimental study on the flocculation kinetic of Coscinodiscus sp. with clay. We
optimized the algorithm in size measurement and fractal characterization for flocs
with irregular shape. We confirmed the evolution of flocs in size, settling, and the
fractal dimensions at non-equilibrium state of flocculation. From this experimental
study to directly observe the morphological characteristics of flocs and their
evolution, we pave the road to explore the mechanism of HABs removal.

Keywords Digital holography - Flocculation - Harmful algal blooms (HABs)
removal - Clay - Coscinodiscus sp

14.1 Introduction

The control of Harmful Algal Blooms (HABs) is the intensive concern of public
health and economics. Flocculation of organisms with clay has been proved to be
an effective method of harmful algal blooms removal [1-4]. The underlying
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mechanism is critical to be explored for new low-cost flocculants, dosage esti-
mation, and more efficient applications [5-7].

Flocculation is an effective procedure that can be used to separate suspended
solids from liquid. It involves the collision and adherence processes of small and
destabilized particles to form larger and loosely packed particles [8, 9]. Such
continuously growing, breaking up, and settling aggregates are called flocs. Those
flocs have complex morphology and are expected to be shear resistant and sink
rapidly for a fast separation procedure [8, 9]. It is now accepted that the key
parameters to describe floc properties and the flocculation kinetics are size, con-
centration, settling velocities, and the morphology of aggregates [8—13]. Fractal
dimension has been identified as a valid parameter to quantify the complexity of
the aggregates [10-13].

Unfortunately, there are no general models that can predict the floc properties
yet [8]. Experimental efforts are required to look in detail at both the flocculation
kinetics and other environmental factors [11-13]. This is a challenging mission
because it requires the in situ measurement with resolutions covering both mac-
roscopic and microscopic scales.

Digital holography is the state-of-the-art technology with inherent capability of
3D measurement for particle field [14-21]. It developed rapidly during last
20 years. Now it is a family of technologies with different capabilities. Digital
Holographic Imaging (DHI) is the most frequently used one. Digital Holographic
Particle Imaging Velocimetry (DHPIV) is the technique that addresses on the
measurement of velocity field from tracing particles [14, 15, 21]. Microscopic
Digital holographic imaging (Micro-DHI) is an alternative technique on exploring
characteristics of smaller particles when objective lenses have to be introduced
[15-21]. Particular efforts were put on the measurement of particle size around
tens micrometer, the accuracy was satisfied [20, 21].

In this paper, we designed an experimental study on the flocculation of
Coscinodiscus sp. with clay using a microscopic in-line digital holographic
imaging technology. The evolution of flocs in size, settling velocity, and the fractal
dimensions were obtained and analyzed. Different behaviors of flocs were iden-
tified at the nonequilibrium state. We want to optimize the algorithms for full flocs
characterization.

14.2 Materials and Methods
14.2.1 Digital Holographic Imaging Technology

Figure 14.1 provides a schematic of an in-line digital holographic imaging system.
The flocculation volume is illuminated by a collimated and coherent laser beam.
The scattered light from algal cells, from suspended clay particles or from flocs are
called object wave (O) which will interfere with those original source light (R).
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Fringe patterns are formed and recorded by digital camera located at the same axis.
The information of particle size and position are kept by a hologram as intensity
and phase. The decode procedure of these patterns is called reconstruction and can
be done numerically. Details about the algorithm and accuracy evaluation can be
found in references [15-21].

The collimated laser beam with diameter of 30 mm is formed by a beam
expander (Edmund Optics, 15X); 10 mW diode laser at wavelength of 635 nm is
used as light source (Edmund Optics). The digital recorder is a color CMOS
camera (DLC 500, Patriot, Huaqi digital lab, Beijing) at full resolution of
2592 x 1944 pixel (2.2 pm/pixel), given a 2D recording area of 5.7 x 4.2 mm. A
10X flat field long working distance objective lens is attached in front of the
camera. The final resolution is calibrated as 0.57 pm/pixel, thus the valid
recording area is 1.51 x 1.13 mm. The limitation in the small cross section area of
the test volume can be compensated by the extension in depth as to 10 mm, given
the total test volume (V) of 3.42 ml.

Holograms are reconstructed by two algorithms for double checking, Holoprix
[15, 18] and UU (the Cross-platform image-processing program, the Southeast
University, China). Holoprix has already been applied successfully on the char-
acteristics of variant particle fields [15, 18]. Its particle extraction algorithm, i.e.,
to locate the X, Y, and Z coordinates of each particle, is based on intensity (PEI)
distribution of particles in space [18].

Counting the number of all particles (N) extracted within the fixed volume (V)
will give the number density (n,) as the parameter of particle concentration.
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14.2.2 Aggregate Development Monitoring

For the same floc, there are two holograms recorded at two different moments with
preset time interval (At). By subtracting one hologram from the other, we obtain a
new hologram for the floc movement measurement as shown in Fig. 14.2a.The
morphology of flocs can be obtained directly from the reconstructed in-focus
image Fig. 14.2b. From which the maximum length / of a floc can be measured as
the diameter of its minimum circumcircle. The floc displacement L is defined as
the distance between the centers of these two circles. Different from traditional 2D
imaging technique, L measured with holography is the function of X, Y, and Z.

Particular attentions are paid on particle size measurements using holography
[19-21]. Calibration results are satisfied for sphere particles whose scattering can
be characterized by Mie theory. However, the size measurement is hard to conduct
for live cells which are half transparent, and for flocs which are irregular shaped.
In this study, we developed a hybrid algorithm to solve this problem. First, using
Holoprix and UU to reconstruct and locate the in-focus images of target cells, and
then applying the commercial software pScope (PixeILINK™ for microscopy,
Edmund Optics) to measure the maximum length / in 2D image.

14.2.3 Aggregate Size Measurement

No matter how complex the aggregate is, its area (A;) is obtained directly by
accumulating all pixels belonging to the floc at its in-focus image. Thus the area-
based diameter d, can be calculated as

dy = <4Ai>1/2 (14.2)

Fig. 14.2 Aggregates reconstruction and measurement. a Hologram of floc pairs b Reconstructed
floc pairs
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According to the Nyquist theory, at least 2 pixels are required for an accurate
location of one particle. And at least 3 pixels are necessary for particle area
measurement. When the physical resolution of the microscopic digital holographic
system is set to be 0.57 pm/pixel, the minimum diameter of particle size estimated
from (14.2) will be around 1 micrometer, accurate enough for clay particles
characterization.

14.2.4 Aggregate Velocity Measurement

It is the settling velocity of flocs that we are mostly interested. The calculation is
based on the measurement of the displacement of flocs during time interval At.

AL (AXPH(AY P+ (A2)?
TTA T At

Ax, Ay, and Az are the coordinate differences of the same floc from two
holographic recordings.

(14.3)

14.2.5 Aggregate Fractal Dimension Measurement

It is widely accepted that the random flocs formed during flocculation are of fractal
nature [8—15]. It is the quantification of whether the floc is loose or compact, thus
it is related to the characteristics of shear resistance or drag force.

We calculate the 2D fractal dimension D, from the reconstructed in-focus
image of aggregates.

D, = (14.4)

Where A; is the area of floc and [ is the maximum length scale.

14.2.6 Clay Sample and Cell Culture

The Coscinodiscus sp. was provided by the Institute of Oceanology, Chinese
Academy of Sciences, (IOCAS). The cells were grown in batch culture using f/2
medium at 20° with a 12:12 h light:dark cycle. Flocculation experiments were
performed using cultures in exponential growth. The culture was diluted to
maintain the free floating condition of each cell.
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The unmodified clay sample was also obtained from IOCAS. The main com-
ponents are illite (25 %), montmorillonite (68 %), and kaolinite (5 %) [4, 7]. The
clay was mixed with filtered sea water (<2 pm) and was settled over 24 h. Only
the neutrally buoyant solution is taken for flocculation experiment. The number
concentration of clay particle is calibrated to be 50 particles/ml by holographic
system. We keep particles at low concentration to minimum the self-flocculation
of clay.

14.2.7 Flocculation Experiment

Before conducting a flocculation test of Coscinodiscus sp. with clay suspension,
the number concentration and size information for both cells and clay particles
have been recorded and analyzed. Such information will be used as background of
each test for the calibration and start point of the flocculation evolution.

In this experimental study, we choose to measure the behavior of Coscinodiscus
sp. cells within the suspension of clay particles. We set the number densities of
both cells and clay particles to be low, addressing the interaction between cells and
clay particles, but not within each other. The ratio between the initial cell con-
centration and suspended clay particles is 1:90.

The cell of Coscinodiscus sp. has shape of cylinder. The front view of cell is
circle, and half transparent at center region. The side face view of a cell is rect-
angular with the thickness of 10-20 pm, opaque, and uniform all over. Thus, the
side face view will occupy smaller area on the in-focus image, compared to its
front view results. It causes the deviation in the measurement of area based
diameter. In data processing, we analyze cells separately according to their view
angles to eliminate this bias.

Flocculation experiments were conducted in a specially designed tank made of
polyglass. Two optical windows were used for less distortion to laser beam. The
inner dimensions of the tank were 140 x 40 x 10 mm, given the enough growth
distance for particle aggregates.

Drawing a line of 100 pl liquid of algal cells on a glass slide uniformly, and
then putting it smoothly into the clay suspension, thus we released cells with
minimum mechanical disturbs. Experiments will repeat more than three times
depending on the total number of flocs recorded.

The holographic recording region is 120 mm below the top of flocculation tank,
given an enough distance for the growth of flocs. Total recording time was set to be
more than 10 min at rate of 3 frames/sec, covering the whole procedure of floc-
culation and flocs settlements. Holograms with interested morphology of flocs
were extracted from the video at preset time interval (1 s) for the settling velocity
calculation.

For each data group, the mean, median, maximum, minimum values, and
standard deviation will be calculated for statistics analysis. The histogram is used
for flocs size distribution and comparison.



14 Using Digital Holographic Imaging Technology 131

14.3 Results and Discussions
14.3.1 Reconstruction of Aggregate Structure

Using image subtraction method, two holograms with the same floc recorded at
different moments were processed and analyzed, resulting new holograms shown
in Fig. 14.3 (left). The corresponding reconstructed in-focus images were listed at
the right part. Based on morphology, we identify four different groups of flocs,
which are (1) flocs of pure clay particles, (2) front view recording of single cell
with clay, (3) side face view recording of single cell flocs, and (4) the developed
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Fig. 14.3 Typical flocs morphology (Left holograms. Right Reconstructed in-focus images.)
a Flocs of pure clay particles. b Single cell with clay (side face view). ¢ Single cell with clay
(front view). d Aggregates of multicells
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aggregates of multicells with larger size and loose structures. Each group of flocs
were identified and labeled, for area, size, fractal dimensions, and settling veloc-
ities measurement.

14.3.2 Primary Cell Size Distribution

The cell size of Coscinodiscus sp. was calibrated using microscope (4X, Phoenix
Optics Ins.) and commercial software puScope. A total of 1065 samples from 20
images were measured. Given the mean diameter of 50.4 4+ 4.6 pm, it ranged
from 32.9 to 67.7 pum.

By digital holographic technique, we measured the size of clay particles to
evaluate the effect of self-flocculation. More than 2000 particles were extracted
from 40 holograms for each analysis. We measured the size of clay particles was
3.10 £ 0.85 um at free and low suspension. This value changed to be
3.32 &+ 1.75 pum at the suspension for flocculation test after a while. We conclude
that the self-flocculation of clay particles will not disturb the flocculation of
Coscinodiscus sp.

14.3.3 Evolution of Aggregate Size

Figure 14.4 plots the distribution of area-based diameter of particles before and
after the flocculation. An obvious growth in size and in width exists. However,
compared to the original cell size of 50.4 £ 4.6 um, the area-based diameter of
flocs was 25.7 £ 13.6 pm, which was unreasonable.

From Fig. 14.3 we learned that the cells have two views, their areas from in-
focus images are different. For typical cell thick of 10-20 pm, the side face view
will provide 48-74 % less value in area compared to its front view result.

To solve the problem, we further measured the maximum length of each cells
from their in-focus images, this value should not change from any recording
direction. The flocs size distributions from different parameters were plotted
together in Fig. 14.5 for comparison. In this case, the value of flocs size obtained
from the maximum length is from 20-184 pm, with the mean value of 59.96 um.
It also confirms that the growth of cell due to the flocculation is real.

14.3.4 Settling Velocity of Aggregate

As a preliminary experiment for algorithm development, we extract totally 135
aggregates of cells with clay for analysis. More data are under processing for
further study.
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Fig. 14.4 Size evolution after flocculation
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Fig. 14.5 Comparison on aggregates size distribution characterized by different parameters

Before the flocculation experiment, we have confirmed that the cells of Cos-
cinodiscus sp. were neutrally buoyant and free floating in sea water. When floc-
culation starts, we can attribute the sink of cells to the aggregation with clay
particles. The relationship of floc settling speed with its size and shape were
studied with results shown in Fig. 14.6. We found that larger flocs tend to sink
faster, implying the accumulation of more clay particles.

The morphology analysis confirmed that the flocs were made of single cell
attached by clay particles. Flocs were grouped according to their view direction
and were treated separately to identify the source of bias in size calculation.
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Fig. 14.6 Cells quickly
settling due to aggregates
with clay. a Front view
recording of cells. b Side face
view recording of cells
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14.3.5 Fractal Dimensions of Aggregates
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According to Eq. 14.4, there is a fractal relationship between the areas of flocs
with their typical length scales. In Fig. 14.7 we plotted the values of area and
maximum length for all floc groups in natural logarithm scale, either from single
cell based or from large aggregates of multicells and clay. An obvious linear
relationship exists. By linear interpolating data of multicell aggregates in
Fig. 14.7, we get the slope value of 1.57 which is the value of 2D fractal
dimension (D,), confirming the fractal nature of the flocculating procedure.
However, results from single cell based flocs show the scattered distributions
around the slope indicating that this procedure does not reach the equilibrium state

yet.
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14.4 Conclusions

In this experimental study on the flocculation of Coscinodiscus sp. with clay, we
successfully applied the digital holographic imaging technology to directly mea-
sure key parameters that characterize the flocculation kinetics, particularly at the
non-equilibrium state.

Based on the developed algorithm of small particle characterization from
holography, we further build up a method to study larger and irregular shaped flocs
in detail. Area-based diameter and the maximum length scale of each floc can be
measured as the quantification of particle size. The correlation between floc set-
tling velocity with its size confirms the accumulation of clay particles from
background. The 2D fractal dimensions we obtained is 1.57, which is a smaller
value than those from report [4] indicating that the floc is not fully developed yet,
confirms that the flocculation is at non-equilibrium state.

We proved that the growth of flocs during the flocculating procedure both in
value and in the width of size spectrum is real. We further identified differences of
floc behavior in settling and in morphology at the non-equilibrium state. Such
subtle differences are hard to find using traditional techniques. With digital
holographic imaging technology, we are able to explore the flocculation procedure
in situ and continuously with great details. It paves the road to further explore the
underlying mechanism.
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Chapter 15

Cloning of ATP-Citrate Lyase (acll)
from Aspergillus niger and its Expression
in Escherichia coli

Fang Sun, Hong Chen, Xihong He and Hao Liu

Abstract Aspergillus niger is an important strain used for industrial fermentation
of citrate. The production of citrate is closely related to the growth and metabolism
of A. niger. ATP-citrate lyase (ACL) is responsible for catalyzing the conversion
of citrate into oxaloacetate and acetyl-CoA, which is a bridge between glucose
metabolism and fatty acid synthesis. In A. niger, tandem divergently transcribed
genes (acll and acl2) encode the subunits of ACL, whose physiological function is
unclear. In this study, acll was obtained from A. niger by RT-PCR. The
sequencing result was consistent with the sequence of genome database. We
constructed the expression vector pET28a"-acll-his6 which was suitable for the
efficient expression in Escherichia coli BL21. After purification with Ni** che-
lating chromatography column, SDS-PAGE analysis showed that the molecular
mass of the ACL1 was 66 KDa. The result laid the foundation for further research
about protease characteristics and physiological functions of ACL1 in A. niger.

Keywords Aspergillus niger - ATP-citrate lyase - Acetyl-CoA - Protein
expression - RT-PCR

15.1 Introduction

Aspergillus niger is an important industrial workhorse with extensive application
in the sectors of industrial enzymes, heterogeneous proteins, organic acids, and so
on [1]. A. niger is economically important as a fermentation organism used for the
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production of citric acid. Industrial citric acid production by A. niger represents
one of the most efficient, highest yield bioprocesses in use currently by industry.
At present, the annual output of citric acid is more than 1.5 million tons in the
world, of which 99 % citric acid is fermented from A. niger. The production of
citric acid is closely related to the growth and metabolism of A. niger [2—4]. For a
long time, researchers have focused on the genes related to the metabolism of
A. niger. The researches have clarified the significant roles of the glycolytic
pathway, the tricarboxylic acid cycle, and the glyoxylate cycle in the citric acid
metabolism and revealed that pyruvate dehydrogenase, pyruvate carboxylase, and
citrate synthase directly involved in the function of key enzyme encoding the
genes in the citric acid metabolism [5, 6]. The disclosure of the genomic sequence
to the public brought the study of A. niger into the post-genomic era [7, 8]. The
genome of A. niger ATCC 1015, historic strain was used in research that resulted
in the first patented citric acid process, that was accepted for sequencing through
the US Department of Energy Microbial Genome Program. Acetyl coenzyme A
(CoA) is an important intermediate involved in both intermediary carbon and
energy metabolism as well as in biosynthetic pathways [9]. Acetyl-CoA generated
through the degradation of lipids, carbohydrates, and amino acids is used for the
synthesis of several cellular components, and nucleocytosolic acetyl-CoA is par-
ticularly important in the acetylation of histones [10]. Acetyl-CoA also serves as
an important precursor for several metabolites, such as polyketides, terpenes and
lipids [11]. ATP-citrate lyase is considered to be an essential cytoplasmic enzyme
of the carbon dioxide-fixing reductive tricarboxylic acid cycle, since it catalyzes
the formation of oxaloacetate and acetyl-CoA from the cleavage of citrate. A
survey of a wide variety of oil-producing microorganisms has found a correlation
between those that accumulate high levels of lipids and the presence of ACL
activity. Another important function of the ACL is the regulation of gene
expression. The study found that the ACL activity is required to link growth
factor-induced increases nutrient metabolism to the regulation of histone acety-
lation and gene expression [12]. ACL is present in fungi, plants, animals, and some
prokaryotes [10]. The ACL polypeptides of animal have a molecular mass of
110-120 kDa and are encoded by a single gene [13]. ACL of mammalian posi-
tively regulates the glycolytic pathway by regulating transcriptional activation
through histone acetylation and by inhibiting glycolysis during hypoxic conditions
[14]. In filamentous fungi, ACL is thought to consist of two different subunits of
70 and 55 kDa, respectively [15, 16]. It was reported that in filamentous fungi two
different subunits of ACL are encoded by two separate genes adjacent on a
chromosome, and this is in contrast to animals where ACL is encoded by a single
gene. The 66 kDa ACLI polypeptide of A. niger shows significant homology to
the C-terminal parts of animal ACL polypeptides. A. niger has been shown to have
two adjacent genes (acll and acl2) for different subunits of ACL separated by
2.6 kb, and these are divergently transcribed. The catalytic center is conserved in
both the rat ACL and the fungal ACL1 polypeptides [17]. Analysis of sequenced
fungal genomes indicates that predicted ACL1 encoding genes are present widely
in fungi and have high similarity (Fig. 15.1). The catalytic enter of A. niger ACL1
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Fig. 15.1 Alignment of ACL1 polypeptide sequences from filamentous fungi. Amino acid
residues conserved in all sequences are shown in black. The following sequences were used for
comparison: A. niger (Accession no. xp_001394055); A. kawachii (Accession no. GAA84137);
A. terreus (Accession no. xp_001211553); A. oryzae (Accession no. xp_001820781); A. nidulans
(Accession no. xp_660040)

protein also has a conserved histidine. It is unknown whether autophosphorylation
occurs in the catalytic process.

In this study, we reported cloning and sequence analysis of cDNA that encode
the A. niger ACL1. Moreover, the recombinant fusion protein was expressed and
purified using Ni** chelating chromatography column successfully. The result laid
the foundation for further research of protease characteristics and physiological
functions of ACL1 in A. niger.

15.2 Materials and Methods
15.2.1 Strains

The Aspergillus niger strain ATCC1015 used in this study was held in our labo-
ratory collection and propagated on potato dextrose agar. The E.coli IM109 and
BL21 used for cloning and protein expression were both held in our laboratory
collection.
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15.2.2 Chemicals and Reagents

KOD FX polymerase, all PCR reagents, enzymes for molecular cloning and
PrimeScript RT reagent Kit were purchased from Takara. Gel Extraction Kit and
the rapid plasmid DNA mini-prep kit were from Solaribio. Trizol were purchased
from Invitrogen. His-select Ni-Chelating affinity gel column used for protein
purification was purchased from Novagen.

15.2.3 RNA Isolation and cDNA Synthesis of acll

Mycelia used for genomic DNA and RNA extraction were harvested from cultures
grown in liquid potato dextrose medium at 30 °C for 2 days. Total RNA of A.
niger was extracted using the Trizol method, and the initial mycelia amount was
500 mg [18]. DNA was removed from RNA by scavenger of DNA. Genomic DNA
of A. niger was extracted using the CTAB protocol [19]. The extraction of total
RNA was identified and isolated by agarose gel electrophoresis to check the
integrity.

Fist strand cDNA synthesis was carried out with a PrimeScript RT reagent Kit
Perfect Real Time using Oligo (dT) primers and total RNA as the template.
Reaction condition was as follows: 65 °C 5 min, then chilling on ice 5 min, 37 °C
15 min, 42 °C 15 min, 50 °C 15 min, 85 °C 5 s. The PCR specific primers for
acll were designed according to acll sequence of A. niger published in GenBank.
The two specific primers used were as follow: acll-F: ATGCC TAC-
CTCTGCTCCCCTCGTC; aclil-R: TTAGACGCTGACCTCGACACGACCC. PCR
amplification was performed in 20pL reaction mixture containing 1.6 pL of
cDNA, 10 pL of 2 x PCR buffer, 2 pLL of 2 mM dNTPs, 0.4 pL each of 10 uM
forward and reverse primers, 0.4 pl. of KOD FX. The temperature gradients
(55-72 °C) were used to determine the optimum annealing temperature. The
reaction conditions comprised an initial denaturation of 2 min at 94 °C, followed
by 42 cycles of 98 °C for 10 s, 68 °C for 30 s, and 68 °C for 2 min, with a final
extension at 68 °C for 10 min. After checking the product on an analytical 1 %
agarose gel, the 1.9 kb band was then extracted from the gel by Gel Extraction Kit.

15.2.4 Cloning and Sequencing of the PCR Products

The purified PCR product was then ligated into vector plJ2925 at 16 °C overnight
and transformed. The plJ2925-acll vector was transformed into competent JM109
E. coli cells and plated on LB-ampicillin/IPTG/X-gal plates followed by incubation
at 37 °C for about 20 h. (We prepared plates containing X-Gal and IPTG, 50 pL of
50 mg/mL X-Gal and 100 pL of 0.1 M IPTG onto previously prepared LB plates
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containing ampicillin. Allow these components to absorb for at least 30 min at
37 °C prior to plating cells). The resulting colonies were screened by Colony PCR
using the gene specific oligonucleotide primers. The plasmid DNA was purified
from overnight culture using the rapid plasmid DNA mini-prep kit and the pres-
ence of insert was verified by EcoR I and Pst 1, Sac 1, Xho 1, Mun 1 restriction
digestion of purified recombinant plasmid, respectively. One clone was selected
and sequenced. The sequence of cloned fragment was analyzed using public
domain database of NCBI http://blast.ncbi.nlm.nih.gov/Blast.cgi.

15.2.5 Sub-cloning of acll into Expression Vector pET28a™

The A. niger acll gene was amplified from plJ2925-acll vector using the gene
specific forward and reverse primers: acl/-Nde I: GGGAATTCCATATGCCTAC
CTCTGCTCCCCTCG; acli-EcoR I CGGAATTCTTAGACGCTG ACCTCGA-
CACGAC. The primers containing the restriction enzyme sites in order to generate
the Nde I and EcoR 1 sites in the PCR product. The PCR amplified acll gene and
the pET28a* expression vector was restriction digested, gel purified, and the
digested acll gene product was ligated into the Nde I and EcoR I sites of pET28a"*
expression vector by incubation at 16 °C overnight and the transformation was
carried out by mixing 10 pL of ligation mix to 100 pL. of competent BL21 E. coli
cells following the standard procedure. The transformed cells were plated on LB-
agar plates containing 100 pg-mL~" of kanamycin, and incubated at 37 °C for
about 20 h. The positive clones were selected by Colony PCR and confirmed by
restriction digestion.

15.2.6 Expression and Purification of ACLI in E. coli

For analytical studies, induction was done at different IPTG concentrations (0.1,
0.4, 1 mM), different temperatures (20, 28, 37 °C), and different time intervals
(4, 6, 8, 12 h). After optimizing the expression conditions, a starter culture was set
up by inoculating 3 mL of LB broth containing 100 ug-mL™~" of kanamycin with
single bacterial colony of pET28a"-aclI-his6 plasmid, and the culture was grown
overnight in 37 °C orbital shaker at 200 rpm. The 4 mL of LB broth supplemented
with kanamycin was inoculated with 5 % of the starter culture and allowed to grow
at 37 °C with shaking at 200 rpm till ODgq, reached 0.5-0.6, then induction was
done with 0.1 mM IPTG at 20 °C for 12 h. The cultures were chilled on ice and
the cell pellet harvested by centrifugation at 12000 rpm for 10 min at 4 °C, was
suspended in 1 x bind buffer (50 mM NaH,PO,, 500 mM NacCl, pH 8.9). The cell
suspension was sonicated (4 s each with 6 s cooling between successive bursts in
20 min). The resulting lysate was centrifuged at 12000 rpm for 20 min at 4 °C.
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The supernatant and the pellet obtained from the uninduced and induced cells were
analyzed on SDS-PAGE.

To purify the ACL1 protein, the large amount of pellet obtained as described
above, was resuspended in 1 x Ni-NTA Buffer (50 mM NaH,PO,, 500 mM
NaCl, 5 mM imidazole, 10 % glycerin, pH 8.9). The cell suspension was sonicated
as described above. One milliliters of the supernatant was applied onto a column
filled with His-select Ni-Chelating affinity gel preconditioned with 1 x Ni-NTA
Buffer. The elution was performed with 5 mL of 1 x bind buffer containing
50 mM imidazole and then 5 mL of 1 x bind buffer containing 100 mM imid-
azole and then 5 mL of 1 x bind buffer containing 300 mM imidazole and then
5 mL of 1 x bind buffer containing 500 mM imidazole. The purity of recombi-
nant ACL1 was analyzed on SDS-PAGE.

15.3 Results and Discussion
15.3.1 Isolation and Sequencing of acll in A. niger

It is important to obtain total RNA of high quality and integrity for the further PCR
amplification. The total RNA of A. niger was pure without genome DNA pollution
(Fig. 15.2). The full length of acll cDNA was amplified from total RNA of
A. niger by RT-PCR using gene specific primers corresponding to the acl// cDNA.
The PCR amplification of gene coding for ACL1 using a temperature gradient
from 55 to 72 °C showed maximum amplification of 1.9 kb PCR product at 68 °C.
The amplified acll cDNA showed an electrophoretic mobility on agarose gel
corresponding to about of acl/ cDNA fragment was smaller than the size of acl/
DNA, which confirmed that the total RNA was not polluted by genome DNA
(Fig. 15.3).

Fig. 15.2 Isolation of total (a)
RNA and genome DNA from

A. niger, a total RNA of A.

niger, b genome DNA of A.

niger: Lane /: 1 kb DNA

ladder, Lane 2: Product of

Genome DNA from A. niger

28s ———>
18 ——
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Fig. 15.3 RT-PCR 1 2 3
amplification of acl/l from
A. niger. Lane I: 1 kb DNA
ladder, Lane 2: PCR product
of acll genome DNA
generates fragment of

2139 bp, Lane 3: RT-PCR
product of acll cDNA
generates fragment of

1971 bp

2kb ——>

The PCR product was cloned into plJ2925 vector and its restriction digestion is
shown in Fig. 15.4. The presence of ac/l cDNA fragment was verified by EcoR 1
and Pst I restriction digestion. The plJ2925-acll vector has two Sac I restriction
sites, one is in the acll, and the other is in the multiple cloning site. So the
direction of ligation was verified by Sac I restriction digestion. The full length of
plJ2925-acll vector was verified by Xho 1 single restriction digestion. The Mun 1
restriction digestion confirmed acll cDNA without genome DNA pollution.

The acll cDNA inserted was then sequenced. Nucleotide sequence corre-
sponding 1971 bp was then compared with the nucleotide sequences deposited in
the GenBank database using the BLAST program on the NCBI Blast server. The
isolated acll showed that no mutations were found in the cDNA compared to the
deposited acll sequence from A. niger. The full length cDNA of A. niger acll was
deposited in GenBank under accession number XM_001394018. The open reading
frame of A. niger ACL1 consisted of coding region of 1971 nucleotides and the
deduced amino acid sequence represents 657 amino acid residues with a calculated
molecular weight of 66 KDa.

15.3.2 Cloning of acll into Expression Vector

The isolated DNA was amplified with forward and reverse primers containing the
restriction sites Nde I at 5’ and EcoR I at 3’ (see Materials and methods) for
inserting it in the pET28a" vector which has been previously used for the
expression of proteins [20]. The presence of acl/ cDNA fragment was verified by
Nde 1 and EcoR 1 restriction digestion (Fig. 15.5). The recombinant pET28a*-acll
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Fig. 15.4 Analysis of pl]2925-acll vector by restriction enzyme digestion. Lane /: 1 kb DNA
ladder, Lane 2: PCR amplification of acl/ cDNA generates fragment of 1971 bp, Lane
3: Digestion of plJ2925-acll with EcoR I and Pst I generates fragments of 1971 and 2706 bp,
Lane 4: Digestion of plJ2925-acll with Sac 1 generates fragments of 1597 and 3080 bp, Lane 5:
Digestion of plJ2925-acll with Xho 1 generates fragment of 4677 bp, Lane 6: Digestion of
plJ2925-acll with Mun 1 generates the same fragments as plJ2925-acll vector, Lane 7:
Undigested plJ2925-acll vector

Fig. 15.5 Analysis of
pET28a"-acli-his6 by double
digestion. Lane 7: 1 kb DNA
ladder, Lane 2: PCR
amplification of acl/ cDNA
generates fragment of

1971 bp, Lane 3: Digestion of
pET28a"-acll-his6 with Nde 1
and EcoR 1 generates
fragments of 1971 and

5371 bp 2kb ———>

plasmid, encoding ACL1 fused with the 34 amino acid extra N-terminal sequence
MGSSHHHH HHSSGLVPRGSHMASMTGGQQMGRGS, containing a his6 tag,
was used for heterologous expression and purification of the protein in the E. coli
BL21 by Ni** chelate chromatograph column.
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15.3.3 Expression and Purification of ACLI

To optimize the expression of ACLI, the time after induction by IPTG and growth
temperature were varied. The cell lysates obtained under the different conditions
were separated in the soluble and the insoluble fractions by centrifugation. The
whole extracts, soluble and insoluble fractions of cell lysates were analyzed by
SDS-PAGE. To optimize the expression of ACL1 in E. coli BL21 transfected with
the pET28a"-acli-his6 construct, the IPTG concentration was varied from 0.1 to
1 mM. The best level of expression was obtained at 0.1 mM of the inducer IPTG.
As shown in Fig. 15.6, based on the molecular weight of ACL1 protein, the
expression was notably visible on SDS-PAGE following IPTG induction and
reached its maximum level after 12 h incubation at 20 °C. The apparent molecular
mass was determined on the basis of the molecular mass of marker proteins
(Fig. 15.6 lane 1). Its value was 66 KDa.

The purification of the recombinant A. niger ACL1 was achieved in a single
chromatographic step on Ni** chelate chromatograph column with gradient elution
of 100 mM imidazole, 300 mM imidazole and 500 mM imidazole. Fractions from
the affinity column containing purified ACL1 were pooled together and analyzed
by SDS-PAGE (Fig. 15.6).

SDS-PAGE analyses showed a single protein band of 66 kDa that represent the
molecular weight of the A. niger ACL1 fused to vector specific fusion histidine tag
peptide. The calculated ACL1 molecular weight was in agreement with the
reported molecular weight value for Aspergillus nidulans [21].

116KDa ——

66.2KDa— >
“.- <——66KDa

-

o !!ivw

- e .-

FET =

35KDa ——

Fig. 15.6 Expression of recombinant pET28a*-acll-his6 in E. coli BL21. Lane I: Protein
molecular weight marker, Lane 2: E.coli BL21 transformed with pET28a*, Lane 3: E.coli BL21
transformed with pET28a*-acll-his6 without induction, Lane 4-6: E.coli BL21 transformed with
pET28a"-acll-his6 whole extracts, soluble fractions and insoluble fractions, respectively, induced
at 20 °C by 0.1 mM IPTG for 12 h, Lane 7: The protein purified with Ni?* chelating
chromatography column generates fragments of 66 kDa
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15.4 Conclusion

In the present study, we have amplified and cloned the acll from total RNA of
A. niger using the primer pairs based on the acll cDNA sequence. The sequencing
and characterization of plJ2925-acll vector confirmed the open reading frame of
acll gene was the same as the sequence in GenBank under accession number
XM_001394018. We have cloned acll cDNA into pET28a" expression vector to
construct pET28a"-acll-his6. The ACLI1 fusion protein was expressed and highly
purified in E. coli with IPTG induction. The expression and purity of fusion protein
was analyzed by SDS-PAGE and stained with Coomassie Brilliant Blue. The acl/
gene of A. niger was homologous to the ACL gene of mammalian, suggesting that
it has ACL activity. However, we need further experimental verification to confirm
whether ACL1 protein has the ACL activity. This research has cloned and
expressed acll gene in E. coli to obtain the high purity ACL1 protein. The result
laid the foundation for the activity of ACL1 protein analysis in vitro, to determine
ACL and kinetic characteristics of ACL1 protein.
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Chapter 16
Optimization of Conjugated Linoleic Acid
Production by Lactobacillus planetarum

Fan Li, Xihong He and Hao Liu

Abstract Conjugated linoleic acid (CLA), a mixture of positional and geometric
isomers of linoleic acid (LA)with conjugated double bonds, has been proved to
have a series of physiological functions, including anticarcinogenic activity,
antiatherogenic activity, reducing body fat, and modulating immune system. In
this paper, we focused on the optimization of culture medium, which is used to
convert linoleic acid into CLA by Lactobacillus planetarum. The results showed
that the optimal medium was as follows: glucose 2 %, yeast extract 4,
MgSO0,4-7H,0 0.05, MnSO4-H,0 0.05 CH;COONa 0.2, K,HPO4-3H,0 0.1 %. In
this medium, the yield of CLA has increased to 0.259 g/1, while the transformation
rate is 26 %.

Keywords CLA - LA - Lactobacillus planetarum - Optimization

16.1 Introduction

Conjugated linoleic acid (CLA) is a mixture of positional and geometric isomers of
linoleic acid (18: 2 n-6 or 9, 12-cis, cis-octadecadienoic acid, LA) with conjugated
double bonds [1-3]. The double bonds occur at carbon atoms 7, 9; 8, 10; 9, 11; 10,
12; 11, 13 or 12; and 14 positions, with either cis (c) or trans (t) configuration [4, 5].
Although there are more than 20 different CLA isomers, ¢9, t11-C18:2, and t10,
c12-C18:2 are the two major CLA isomers because of their biological activities [6].
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CLA exists widely in ruminant food products because of the process of the
bacterial biohydrogenation of LA in the rumen [7]. CLA was first discovered
accidentally from fried ground beef by Pariza and Hargraves in 1987 [8]. They
isolated four isomeric derivatives of LA each containing a conjugated double-bond
system (designated CLA), which exhibited anticarcinogenic property. In recent
years, CLA has been recognized as one of the most important polyunsaturated
fatty acids (FUFASs), because some of the isomers are believed to have a series of
physiological functions, such as anticarcinogenic property [9, 10], antiatherogenic
property [11-13], regulating blood glucose and blood fat, reducing body fat
[14-16] and improving immune system [17, 18].

CLA can be prepared commercially through alkaline isomerization or by partial
hydrogenation of LA [19], but complex mixtures of byproductions unexpected are
produced, which do not have beneficial effects. Accordingly, a specific and safe
process is required. Biological transformation is an effective way of CLA pro-
duction. In this paper, we focused on the optimization of culture medium, which is
used to convert LA into specific CLA (c9, t11-C18:2, and t10, c12-C18:2) by
Lactobacillus planetarum. The results showed that the optimal medium was as
follows: glucose 2 %, yeast extract 4, MgSO4-7H,O 0.05, MnSO4-H,0O 0.05,
CH;COONa 0.2, K;HPO4-3H,0 0.1 %. In this medium, the yield of CLA has
increased to 0.259 g/l, while the transformation rate is 26 %.

16.2 Materials and Methods
16.2.1 Materials

Standard samples of LA and CLA (c9, t11-C18:2 isomer/t10, c12-C18:2 isomer)
were purchased from Sigma Chemical Co. Hexane was GC pure and all other
solvents or chemicals used were of analytical grade.

16.2.2 Preparation of Linoleic Acid Emulsions

Five times volume of Tween-80 and appropriate amount of distilled water were
added to LA to make the final concentration 10 mg/ml. Then the solutions were
mixed well by sonicating under supersonic and sterilized by filtration.

16.2.3 Strains and Culture Conditions

Lactobacillus planetarum strain used throughout this study was reserved in our lab-
oratory of biochemical engineering, College of Biotechnology, Tianjin University of
Science and Technology. The strain was activating in De Manr-Rogosa-Sharpe
medium (MRS) containing glucose 2 %, yeast extract 2, MgSO,-7H,O 0.02,



16 Optimization of Conjugated Linoleic Acid Production 151

MnS0O,4-H,0 0.02, CH3COONa 0.5, K,HPO4-3H,0 0.2 % at 42 °C for 24 h before
the experiments. The initial pH was 6.5 and the liquid medium was autoclaved at
121 °C for 20 min. The experiment was divided into two stages, seed culture and flask
culture. The seed culture was incubated statically twice in MRS medium at 42 °C for
12 h. After inoculating with 1 % (v/v) of the inoculums, the flask culture was incu-
bated statically in 250-ml flasks containing 100 ml of the fermentation medium
(0.1 % linoleic acid emulsions were added) at 42 °C for 36 h.

16.2.4 Extraction and Analysis of Lipids

After fermentation, samples of the bacterial suspensions were centrifuged at
4000 rpm for 15 min to discard the bacteria. Fermentation broth was mixed well
with twice volume of chloroform/methanol (2:1) [20, 21]. Then the organic phase,
which containing the lipid acid, was separated and then concentrated under vac-
uum at 30 °C. The sample was added 4 ml chloroform for dissolution again.

GC method was obtained to identity the component of the samples, therefore,
formation of fatty acid methyl esters (FAMEs) was necessary. First, 4 ml sulphuric
acid/methanol (2 % H,SO, was dissolved in methanol) was mixed well with the
lipid acid in the tube with screw cap. The mixture was heated in 75 °C aqueous
bath for 60 min to make the reaction completely and cooled down to room tem-
perature. Then, 4 ml n-hexane was transformed into the above tube and mixed
well. Finally, the upper layer was collected and dehydrated thoroughly with
anhydrous Na;SO,.

FAMEs were analyzed in a GC (Gas Chromatography) system (Agilent 7890A,
USA). Nitrogen was used as a carrier gas through a fused silica capillary column
(CP-Sil88, 50 m x 0.25 mm x 0.2 pm). Injection (1pul) was performed with an
inlet temperature of 250 °C and the flow rate of gas was 1 ml/min with a split ratio of
50:1[22, 23]. The initial temperature was 120 °C for 3 min, and the temperature was
raised to 170 at 10 °C/min, and then the temperature was further raised to 230 at
5 °C/min. Detection was carried out by flame ionization at 260 °C. The composi-
tions of the samples were identified by comparison with relative retention times of
standard LA or CLA. The quantitative of the samples was showed by peak area.

16.3 Results and Discussion

16.3.1 Growth Curve of Lactobacillus planetarum

The biomass of Lactobacillus planetarum was measured the absorbance of the
bacterial suspensions by UV spectrophotometry at 600 nm (ODgg). According to
Fig. 16.1, the growth of Lactobacillus planetarum got into the logarithmic phase at
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6 h and reached its maximum and remained stable at 16 h. The inoculation should
be selected at 10 h, when the growth rate is the highest and the activity of the
strain is the best.

16.3.2 Production Curve of CLA

The standard samples of LA Fig. 16.2a and CLA Fig. 16.2b were separated
properly by the GC system. We analyzed the fatty acid compositions from the
fermentation broth of Lactobacillus planetarum after the flask culture. There was
clear production of CLA including two isomers Fig. 16.2c. As shown in Fig. 16.3,
the lag phase was at 0—4 h, and the exponential phase is at 4-16 h with the highest
growth rates. After 16 h, the growth of the strain reached the stationary phase
because of the stable absorbance. There was a drastic decrease in reducing sugar,
and the biomass increased after entering the exponential phase. CLA cannot be
detected until 8 h, but the quantity of CLA production was little and the rate was
lower relatively. There was a significant increase of CLA production at 12-24 h,
and the maximum CLA concentrations were 0.0455 g/l at 24 h. After 24 h, the
yield of CLA presented a trend of decline, because there is other metabolic
pathway in Lactobacillus planetarum, which can convert LA to other metabolites.

16.3.3 Effect of Carbon Sources on CLA Production

Carbohydrates are an important kind of nutrients for the growth and development
of bacteria, and a major component of the cytoskeleton. The functions of carbon
sources on the metabolism of microorganism are mainly to provide carbon frame
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Fig. 16.2 Gas chromatographic analysis of fatty acid methyl esters (FAMEs). a Shows the
chromatogram of the standard sample of LA: the retention time was 19.107 min. b Shows the
chromatogram of the standard sample of CLA: ¢9, t11-C18:2 was at 31.379 and t10, c11-C18:2
was at 31.620 min. ¢ The lipids were extracted from the fermentation broth of Lactobacillus
planetarum, esterified fatty acids were transmethylated and analyzed by GC as described under
materials and methods

to the cells and the metabolites, in addition to provide the energy to life activities
of cells. In this study, glucose, fructose, sucrose, lactose, maltose, and starch were
added, respectively, to the initial medium as the only carbon source with 2 %
concentration. Figure 16.4 indicates that Lactobacillus planetarum can make use
of glucose, sucrose, and lactose to convert LA into CLA. A highest production of
CLA was obtained when glucose were selected as carbon source, the CLA con-
centration was 0.0639 g/l. In addition, with the advantages of simple component
and low price, glucose was chosen as the carbon source.

16.3.4 Effect of Nitrogen Sources on CLA Production

Microbial growth and product synthesis need nitrogen source. Nitrogen sources are
mainly used to consist of somatic cell material such as amino acids, proteins, and
nucleic acids, and nitrogen metabolites synthesis. Tryptone (T), yeast extract (Y),
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Fig. 16.3 Production of CLA in the fermentation broth of Lactobacillus planetarum. Lactoba-
cillus planetarum was cultured statically in MRS medium in 250-ml flasks at 42 °C. (H) The UV
absorbance of the bacterial suspensions at different times at 600 nm; (@) The concentrations of
CLA; (A) The concentrations of reducing sugar

Fig. 16.4 Effect of carbon
sources on CLA production. 0.06 -
CLA in the fermentation
broth was detected by GC 0.05 4
method when the glucose,
sucrose, or lactose was 0.04 4

selected as the only carbon %
source. The highest 2 0.034
concentration of CLA was 5 )
0.0639 g/1, when the carbon O 0.02-
source was glucose
0.01
0.00
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beef extract (B), corn steep liquor (C), diammonium citrate (D), and (NH4),SO,4
(N) was added, respectively, to the initial medium as the only nitrogen source with
3 % concentration, while MRS medium with the compound nitrogen sources
preformed as a comparison. Figure 16.5 shows that CLA can be produced in the
medium containing whether organic nitrogen source or inorganic nitrogen source.
There is a marked increase in CLA production (0.112 g/I) when yeast extract was
applied as the only nitrogen source. As a result, yeast extract was selected as the
nitrogen source.



16 Optimization of Conjugated Linoleic Acid Production 155

Fig. 16.5 Effect of nitrogen

sources on CLA production. 0.12

CLA can be detected in each

medium and the productions 0.10 4

were improved obviously.

The concentration of CLA 0.08 -

were almost the same =)

(respectively was 0.112 and 5

0.105 g/1) when yeast or < 0.06 1

(NH4),SO, was as the only 5

nitrogen source 0.04 1
0.02 -
0.00 -

T Y B C D N compound
nitrogen sources

16.3.5 Effect of Carbon Nitrogen Ration on CLA Production

A number of researches found that the proper carbon nitrogen ration is beneficial
to microbial fermentation. No matter too low or too high carbon nitrogen ration is
not good for cell growth and exogenous protein expression and accumulation,
because too low leads to autocatalysis early; too high make bacterial metabolism
do not balance, eventually go against the accumulation of products. Based on the
experiments above, glucose was as the carbon source, while yeast extract was as
the nitrogen source. The results were investigated by setting different carbon
nitrogen ration containing 1:1, 1:2, 1:3, 2:1, 2:3, 4:3. Figure 16.6 shows that when
the carbon nitrogen ration is too low (1:3) or too high (2:1), the productions of
CLA decreased correspondingly. The maximum CLA production was 0.1929 g/l,
when the carbon nitrogen ration was 1:2 (glucose 2 % and yeast extract 4 %).

Fig. 16.6 Effect of carbon
. . 0.20 -
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production. When the carbon
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reached the maximum ~
S 012
=
O 0.08 -
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1:1 1:2 1:3 2:1 2:3 4:3
carbon nitrogen ration
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16.3.6 Effect of Inorganic Salts on CLA Production

As most other microorganisms, the participation of inorganic salts was needed in
the process of the growth and metabolism. The orthogonal matrix [L.16 (54)] was
used to study the effect of these important growth factors on CLA production
Table 16.1. A total of 16 experiments were necessary, with 3 parallel ones in each
of them Table 16.2.

According to the experiment results shown in Table 16.3, inorganic salts can
obviously affect the productions of CLA. The effect of factors on CLA concen-
tration could be ordered as A > B > D > C, i.e. MgS0O, > MnSQO, > CH;CO-
ONa > KH,PO,. The optimum composition obtained by range analysis was
A;3B;C;D,. Therefore, MgSO, concentration proved is the most important factor,
the MnSQ, is the second.

Table 16.1 Experimental factors and their levels for orthogonal projects

Experimental MgSO,4 (%) MnSOy4 (%) KH,PO4 (%) CH3;COONa (%) Blank
factors A B C D E

1 0.01 0.01 0.1 0.1 1

2 0.02 0.02 0.2 0.2 2

3 0.05 0.05 0.3 0.5 3

4 1.00 1.00 0.4 0.8 4
Table 16.2 Application of L 16 (5% orthogonal projects to the CLA production

Run A B C D E CLA (g/l)

1 0.1 0.1 1 1 1 0.138 + 0.0026
2 0.1 0.2 2 2 2 0.072 £+ 0.0017
3 0.1 0.5 3 5 3 0.053 £ 0.0029
4 0.1 1.0 4 8 4 0.058 £ 0.0021
5 0.2 0.1 2 5 4 0.041 £ 0.0005
6 0.2 0.2 1 8 3 0.065 £ 0.0017
7 0.2 0.5 4 1 2 0.061 £ 0.0024
8 0.2 1.0 3 2 1 0.134 £+ 0.0019
9 0.5 0.1 3 8 2 0.132 £ 0.0005
10 0.5 0.2 4 5 1 0.205 £+ 0.0017
11 0.5 0.5 1 2 4 0.259 £ 0.0021
12 0.5 1.0 2 1 3 0.151 £ 0.0040
13 1.0 0.1 4 2 3 0.157 £+ 0.0005
14 1.0 0.2 3 1 4 0.092 £ 0.0017
15 1.0 0.5 2 8 1 0.257 £ 0.0012
16 1.0 1.0 1 5 2 0.128 £ 0.0037
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Table 16.3 The range analysis of L 16 (5*) orthogonal experiment of CLA production

A B C D E
M1 0.080 0.117 0.148 0.110 0.183
M2 0.075 0.108 0.130 0.155 0.098
M3 0.187 0.158 0.103 0.107 0.107
M4 0.159 0.118 0.120 0.128 0.112
Rf 0.112 0.050 0.045 0.048 0.085
Optimal level 3 3 1 2

16.4 Conclusions

Through the experiments, the optimum cultivation conditions for CLA production
were determined as: glucose 2 %, yeast extract 4, MgSO,4 0.05, MnSO, 0.05,
CH;COONa 0.2, KH,PO,4 0.1 %. The seed culture was incubated statically twice
in MRS medium at 42 °C for 10 h. The flask culture was incubated statically in
250-ml flasks containing 100 ml of the fermentation medium (0.1 % linoleic acid
emulsions were added) 42 °C for 24 h after inoculating with 1 % (v/v) of the
inoculums at. In this condition, the yield of CLA has increased to 0.259 g/1, while
the transformation rate is 26 %. This paper is an attempt to study different
mediums for CLA production of Lactobacillus plantarum through flask culture
experiments. Of course, during the actual production, there are more factors to
consider, such as the concentration of LA added to the medium. Besides, due to
CLA with conjugated double bonds is not stable, so the protection of nitrogen gas
is necessary in the process of extraction, which is one of issues in the large scale
production.
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Chapter 17
Characterization of a 2,3-Butanediol
Producing Bacterial Strain

and Optimization of Fermentation
Medium

Songsong Gao, Hongjiang Yang and Xuying Qin

Abstract A bacterial strain G12 capable of producing high content of 2,3-
butanediol (2,3-BD, BD) was isolated from raw milk samples. With the analysis of
its 16S rRNA gene sequence, strain G12 was identified as Serratia marcescens.
Carbon source evaluation experiments showed that with glycerol as carbon source,
strain G12 produced relatively high amount of 2,3-BD and the lowest amount of
byproduct acetoin among the tested carbon sources. Furthermore, the optimal
fermentation medium was determined by single factor experiments and orthogonal
experimental design, and it was composed of glycerin 130 g/L, peptone 16 g/L,
yeast extract 5 g/L, K;HPO, 1 g/L, and MnSQO,4-7H,0 0.025 g/L. Confirmation
experiments were also performed. The final yield of 2,3-BD in the shaking-flask
was up to 37.400 g/L, and the substrate conversion rate was 79.62 % of the the-
oretical value.

Keywords 2,3-butanediol - Serratia marcescens - Glycerol - Optimization of
fermentation medium

17.1 Introduction

Nowadays, due to the shortage of oil sources supplies and the rising of petroleum
price, the bulk chemical products manufactured by microbial fermentation would
be the ideal substitutes [1, 2]. In order to meet the future energy needs, it is
necessary to develop the renewable energy sources especially bio-based chemical
compounds such as ethanol, butanol, and butanediol (BD) [3, 4].
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BD could be used in the production of antifreeze agents [5], plastics, solvents
[6], drug carriers [6]. Through dehydrogenation, BD could be converted to acetoin
(AC) and diacetyl, which could be used as flavoring agents in the manufacture of
margarine and cosmetics for daily life [7, §].

Compared with ethanol and butanols, 2,3-butanediol showed relatively low
toxicity to microbial cells during fermentation process [9]. BD was produced from
the condensation of 2 pyruvate molecules. There were many bacterial species
could convert carbon sources to BD, such as Klebsiella pneumoniae [10], Kleb-
siella terrigena [11], Enterobacter aerogenes [9], Bacillus polymyxa [12], Bacillus
licheniformis [13], and Serratia marcescens [14]. Among these microbes, S.
marcescens is a species of Gram-negative bacterium and ubiquitously present in
the environment. It can grow in temperatures ranging from 5 to 40 °C and in pH
values ranging from 5 to 9 [15]. In addition, Serratia marcescens has a wide range
of substrates. S. marcescens strains were often chosen as fermenters for BD pro-
duction studies [16]. In shake-flask fermentation, a S. marcescens strain produced
39.270 g/ BD with sucrose as carbon source [17], while S. marcescens H30
which selected from mutagenesis achieved a BD concentration of 44.790 g/L [18].

In this work, a S. marcescens strain was isolated from fresh raw milk samples
and identified with 16S rRNA gene analysis. Furthermore, the isolate was quan-
titatively characterized with its ability of BD production under various conditions.
The optimal fermentation medium was determined by single factor experiments
and orthogonal experimental design.

17.2 Materials and Methods
17.2.1 Samples and Media

The raw milk samples were collected from Zhangjiakou, Hebei Province. The
samples were stored at 4 °C before analyzing. LB medium was used for routinely
culturing and it was composed of yeast extract 5 g/L, peptone 10 g/L, and NaCl
10 g/L. MR-VP medium is used to screen microbes secreting neutral compounds
[19], it contained glucose 5 g/L, peptone 7 g/L, and K,HPO, 5 g/L. The seed
medium was composed of glucose 40 g/L, yeast extract 10 g/L. (NH4),SO4 1 g/L,
and KbHPO,4 1 g/L. Fermentation medium was composed of glucose 100 g/L, yeast
extract 5 g/L, corn steep liquor 20 g/L, MnSO,4 0.025 g/L, and K,HPO,4 1 g/L.

17.2.2 Isolation of Microbes Producing BD

Milk samples were subjected to 10-fold serial dilutions before spreading on L-agar
plates. The plates were incubated at 35 °C for 24 h.
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Colonies of different morphologies were picked out and inoculated in 5 mL
MR-VP medium for cultivation at 35 °C for 24 h. After incubation, take out 2 mL
fermentation broth and add 5 drops methyl red, the culture will show red or yellow
color depending on what kind of chemicals synthesized by the tested strains. After
recording the colors, add 0.6 mL o-naphthol and 0.2 mL 40 % KOH to the remain-
ing fermentation broth and observe the color change after standing 20 min [19-22].

The strains selected from MR-VP test were continuously cultivated in 5 mL
seed medium at 35 °C to prepare primary and secondary seeding cultures. The
secondary seeding cultures were transferred into 30 mL fermentation medium at
5 % inoculum sizes. After cultivation at 35 °C for 72 h in 250 mL shake flasks,
fermentation samples were centrifuged at 12,000 rpm for 10 min. The superna-
tants were subjected to GC analysis of BD and AC quantitatively.

17.2.3 Gas Chromatography Analysis

Agilent 7890A with column HP-INNOWAX 1909IN-213 (30 m * 0.32 mm *
0.25 pm) was used. Sample preparation includes centrifugation and filtering with
0.25 pm filter. Isoamyl alcohol was used as internal control standard. The main
parameters were set up according to the manual with modifications [18]. Briefly,
for analysis of BC and AC, the temperature of column oven was held at 95 °C for
1 min, and then programmed at 10 °C/min to 150 °C and held for 2 min, and then
programmed at 2 °C/min to 160 °C and held for 2 min; the flow rates of nitrogen
gas, hydrogen gas, and air were 2,30, and 300 mL/min, respectively. The injection
port temperature was maintained at 250 °C and the dual hydrogen flame ionization
detector temperature was 250 °C.

For glycerol analysis, the same column was used and the temperature of column
oven was held at 100 °C for 1 min, and then programmed at 10 °C/min to 220 °C
and held for 3 min; the flow rates of nitrogen gas, hydrogen gas, and air were 4, 30,
and 300 mL/min, respectively. The injection port temperature was maintained at
300 °C and the dual hydrogen flame ionization detector temperature was 320 °C.

17.2.4 Identification of the Isolated Strains with 16S rRNA
Analysis

Bacterial genomic DNA was extracted as described previously [23, 24]. Specific
primers 27F and 1492R were used to amplify bacterial 16S rRNA gene fragment,
and the primers sequences were as follows [25]: 27F. 5-AGAGTTTGA
TCCTGGCTCAG-3’ (corresponding to Escherichia coli positions 8 to 27) 1492R:
5'-GGTTACCTTGTTACGACTT-3’ (corresponding to Escherichia coli positions
1507 to 1492)
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The PCR reaction system was 50 pL. and the parameters include 1 cycle of
denaturation at 94 °C for 5 min,; 33 cycles of denaturation at 94 °C for 40 S,
annealing at 51 °C for 2 min, and extension at 72 °C for 3 min; 1 cycle of
extension at 72 °C for 10 min.

PCR fragments were purified from gel and subjected to sequencing analysis
with the same primers used in PCR. Sequence homology search was carried out
with BLAST provided by NCBI to identify the isolates [26]. The isolates were
grouped to genus level with Classifier program (Ribosomal Database Project II)
[27].

17.2.5 Optimization of Fermentation Medium for the Isolate

For fermentations, the primary seed culture was prepared by cultivation at 35 °C
for 16 h, and then 1 mL culture were transferred to 5 mL fresh seed medium for
continuously cultivation for 8 h at 35 °C. The culture was used as secondary seed
and was transferred to 30 mL fermentation medium at 5% inoculums size in
250 mL shake flask.

Single factor experiments were used to analyze the influences of the types and
concentrations of carbon sources, nitrogen sources, and growth factor, respectively
[28]. In brief, fermentation medium was used as the basic medium. To investigate
the effects of carbon source on BD synthesis, glucose was replaced by maltose,
sucrose, xylose, glycerin, fructose, or sodium citrate in fermentations. To inves-
tigate the effects of nitrogen source on BD synthesis, corn steep liquor was
replaced by peptone, urea, ammonium sulfate, or ammonium chloride in fer-
mentations. The effects of concentrations of the selected carbon or nitrogen source
on BD yields were also analyzed.

Orthogonal experimental design was used to optimize the fermentation medium
to produce the highest level of BD [28].

17.2.6 Other Methods

The biomass of fermentation broth was determined at different times by the optical
density (ODggp) at 600 nm in a spectrophotometer (UV-722). The glucose con-
centration of fermentation broth at different times was determined by the SBA-40C
biosensor.
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17.3 Results and Analysis
17.3.1 Isolation of BD Producing Strains

Colonies with different morphologies were selected from L-agar plates for sub-
sequent screenings. Since AC was the precursor of BD metabolite in most
microorganisms [29], microorganisms synthesizing AC were the screening targets.
Via MR-VP tests, 14 strains (G6, G7, G9, G10, G11, G12, G13, G16, G17, G19,
G22, G23, G31, and G33) were selected. Their fermentation broths turned yellow
when the methyl red was added, indicating only residual amount of acids produced
[22]. With the addition of a-naphthol and KOH, the fermentation broths turned
red, suggesting AC or diacetyl compounds likely produced by the tested strains
(Fig. 17.1) [19-22].

To further confirm if the isolated strains synthesize the neutral compounds, their
fermentation broths were analyzed with GC according to the descriptions in
Materials and Methods. At the end of fermentation, strain G12 produced 26.730 g/
L BD, the highest yield of the 14 strains and selected for subsequent fermentation
processes.

17.3.2 Identification of Strain GI12 by 16S rRNA gene
Sequence Analysis

The amplified 16S rRNA gene fragment was purified and sequenced. As described
in Materials and methods, the obtained sequence was analyzed with BLAST and
Classifier, respectively. The analyses showed that G12 belonged to the genus of
Serratia and was close to S. marcescens Dbl1 [18] with similarity of 98%. Pre-
vious studies have shown that S. marcescens was negative for the methyl red (MR)
test due to their production of 2,3-butanediol and ethanol, but positive for Voges-
Proskauer (VP) test indicating its ability to convert pyruvate to AC.

Fig. 17.1 MR-VP screening test of the isolated strains. Two panels through A to N representing
the cultures of the strains G6, G7, G9, G10, G11, G12, G13, G16, G17, G19, G22, G23, G31, and
G33. A drop of methyl red was added into the left test tubes, fermentation broth showing yellow
color showing neutral chemicals synthesized; o-naphthol and KOH was added into the right test
tubes, fermentation broth showing red color indicating the existence of acetoin or diacetyl
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17.3.3 The Effect of Different Carbon Sources on the BD
Production

Various carbon sources were tested in fermentation processes. BD yields in fer-
mentation broths were analyzed. The results were shown in Fig. 17.2. When
sucrose (100 g/L) was added as sole carbon source, the total amount of BD and AC
reached the highest level 29.365 g/L. However, BD production was only 9.268 g/
L, much lower than the yield 18.986 g/L using glycerin as sole carbon source.
Glycerin was eventually chosen as suitable carbon source for further experiments.

Fermentation medium was modified with adjustment of glycerin to various final
concentrations. The prepared media were used in fermentation processes to
investigate the effects of glycerin concentrations on BD production. When glycerin
concentration was 120 g/L, the yield of BD achieved the highest amount 35.208 g/
L while the byproduct AC was only 2.172 g/L. (Fig. 17.3). The substrate con-
version rate was 71.82 % of the theoretical value. The acidity range of cultures
was narrow in end of fermentations.

17.3.4 The Effect of Different Nitrogen Sources on BD
Production

As described in Materials and methods, nitrogen sources effects on BD production
were tested. The modified fermentation medium with 120 g/L glycerin was used
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Fig. 17.2 The effect of different carbon sources on BD production. BD, 2,3-butanediol; AC,
acetoin; BD+AC, the total amount of BD and AC; pH, the acidity of fermentation broth at the end

of fermentation; ODg, the cell density measured at the wave length 600 nm. Glu, glucose; Mal,
maltose; Suc, sucrose; Gly, glycerin; Fru, fructose; Xyl, xylose; Sct, sodium citrate
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Fig. 17.3 The effects of glycerin concentrations on BD yields. BD, 2,3-butanediol; AC, acetoin;
BD+AC, the total amount of BD and AC; RG, remaining glycerin in fermentation broth; pH, the
acidity of fermentation broth at the end of fermentation; ODg, the cell density measured at the
wave length 600 nm

with various nitrogen sources (10 g/L). The experiment results showed that BD
yield reached the highest level 36.529 g/ when peptone was used as nitrogen
source (Fig. 17.4).

Various concentrations of peptone were used in fermentation processes to
determine the best concentration for BD production. As shown in Fig. 17.5, BD
yield reached the highest level 37.348 g/ when peptone was 14 g/L in the
modified fermentation medium.

17.3.5 Optimization of Yeast Extract Concentration for BD
Production

A series of concentrations of yeast extract were used in fermentation processes to
determine the best concentration for BD production. The yield of BD was highest
37.961 g/L when yeast extract concentration was 7 g/L, however, the yield of BD
was 37.371 g/L. when yeast extract was 5 g/L (Fig. 17.6). Taking in account of
the price of yeast extract, 5 g/l was chosen as the optimal yeast extract
concentration.
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Fig. 17.6 The effect of yeast extract concentration on BD production. BD, 2,3-butanediol; AC,
acetoin; BD+AC, the total amount of BD and AC; RG, remaining glycerin in fermentation broth;
pH, the acidity of fermentation broth at the end of fermentation; ODgy, the cell density measured
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17.3.6 Orthogonal Experimental Design on BD Production

Glycerin, peptone, and yeast extract were selected as three single factors for
orthogonal experimental design, and three levels were taken into considerations
(Table 17.1). The array was shown in Table 17.2.

With the analysis, the effects of the factors on BD synthesis were in a order of
yeast extract> glycerol> peptone, and the best combination was A3B3C2.
Namely, the optimal fermentation medium was composed of glycerol 130 g/L,
peptone 16 g/L, yeast extract 5 g/L, MnSO,4 0.025 g/L, and K,HPO, 1 g/L.
Confirmation experiments were also performed. The final yield of BD in the
shaking-flask was up to 37.400 g/L, and the substrate conversion rate was 79.62%
of the theoretical value. The BD production level was similar to the results
reported previously [17, 18]. In addition, glycerin was adopted as carbon source in
this work, which might be replaced with the byproducts from biodiesel production
[30]. This would decrease the cost for BD production and add value to biodiesel
production process [31].

Table 17.1 Factors and levels for the orthogonal experimental design

Level Factor A glycerol (g/L) Factor B peptone (g/L) Factor C yeast extract (g/L)
1 110 12 3
2 120 14 5
3 130 16 7
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Table 17.2 Orthogonal experiment design for optimization of fermentation medium

Number A B C BD (g/L)
1 1 1 1 26.930
2 1 2 2 35.898
3 1 3 3 31.875
4 2 1 2 33.263
5 2 2 3 37.074
6 2 3 1 32.648
7 3 1 3 35.986
8 3 2 1 27.766
9 3 3 2 39.238
T,\/3 31.568 32.060 29.115

T»/3 34.328 33.579 36.133

Ts/3 34.330 34.587 34.978

R 2.762 2.527 7.018

17.4 Conclusions

In this work, a S. marcescens strain G12 which produced BD was selected from raw
milk samples. Fermentation medium optimization was carried out with single factors
tests and orthogonal experiment design analysis. The final yield of BD in shaking-
flask was up to 37.400 g/L, and the substrate conversion rate was 79.62 % of the
theoretical value. The results suggested that strain G12 could be a good candidates
for BD production. In future, glycerin waste from biodiesel production will be tested
to investigate if it can replace pure glycerin as carbon source in BD production.
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Chapter 18

Effect of GPD1 and GPD2 Deletion

on the Production of Glycerol and Ethanol
in the Yeast Saccharomyces cerevisiae

Jingjing Yu, Jian Dong, Cuiying Zhang, Junxia Li
and Dongguang Xiao

Abstract Glycerol is the main by-product in ethanol production during the very
high gravity (VHG) fermentation process by Saccharomyces cerevisiae. This study
investigates the effect of GPD1 or GPD2 (encoding 3-phosphate dehydrogenase)
deletion on the production of glycerol and ethanol through the VHG fermentation.
We observed that deletion of GPDI1 resulted in 45.30 % reduction in glycerol
production compared with the parent strain, and ethanol production reached the
levels of 15.8 £ 0.03 (v/v), while we failed to observe such a significant decrease
in glycerol production for the GPD2 deletion mutants whose ethanol production
was 15.7 & 0.03 (v/v). It can be concluded that deletion of either GPD1 or GPD2
can elevate ethanol production, and that GPD1 deletion can significantly reduce
glycerol production, suggesting that GPD1 plays a dominant role in regulating
glycerol synthesis during the process of VHG fermentation.

Keywords GPD1 - GPD2 - Ethanol - Glycerol -+ VHG fermentation - Saccha-
romyces cerevisiae

18.1 Introduction

Ethanol, as the high-value renewable energy, plays an important role for the future
[1, 2]. It is produced by anaerobic fermentation of glucose in yeast cells [3, 4].
Under normal anaerobic fermentation of Saccharomyces cerevisiae, in addition to
the biomass, ethanol, and carbon dioxide, a number of other by-products such as
glycerol, organic acids, and amino acids compounds are produced [3, 5]. In these
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by-products, glycerol is produced at up to 5 g/l, which is one of the main by-
products, accounting for up to 5 % of the carbon source in industrial fermentations
[6]. If the target fermentation product is ethanol, then the formation of glycerol is a
kind of waste.

In S. cerevisiae cells, glycerol is synthesized from the reduction of dihy-
droxyacetone phosphate, which is a glycolytic intermediate in two sequential steps
catalyzed by the rate-limiting NAD+-dependent glycerol-3-phosphate dehydro-
genase (Fig. 18.1), and a secondary reaction catalyzed by glycerol-3-phosphatase.
GPD1 and GPD2 encode two isoenzymes of glycerol-3-phosphate dehydrogenase
[6-8]. The main role of glycerol is to balance the intracellular redox and adjust the
osmotic stress within the cells [9, 10].

The purpose of this work was to study the effect of GPD1 and GPD2 deletion
on the production of glycerol and ethanol. We constructed two recombinant
plasmid vectors (pABK-G1 and pABK-G2), which were subsequently transformed
into S. cerevisiae strains (A8AB, a5SAB), generating two GPD1-deleted strains
(ASABAGI1, «5ABAG1) and GPD2-deleted strains (ASABAG2, «5ABAG?2). The
fermentation results revealed that GPDI1 deletion could effectively reduce glycerol
production and enhance ethanol production, while we did not observe such a
significant effect for GPD2-deleted strains.

18.2 Materials and Methods
18.2.1 Strains, Plasmids, and Growth Conditions

The S. cerevisiae strains used in this study were all derived from a8AB and «5AB.
The genetic properties of all strains and plasmids used in this study are listed in
Table 18.1.

S. cerevisiae cells were routinely grown at 28 °C in a yeast extract peptone
dextrose (YEPD) medium containing 2 % peptone [Difco] and 1 % yeast extract
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Table 18.1 Characteristics of strains and plasmids used in this study

Relevant features Reference or source
Strains
A8AB MATa bat24 This Lab
a5AB MATo bat24 This Lab
A8ABAG1 MATa bat2A gpdl::pABK This study
oSABAG1 MATo bat2A gpdl::pABK This study
A8ABAG2 MATa bat2A gpd2::pABK This study
aSABAG2 MATo bat2A gpd2::pABK This study
Plasmids
pUCI19 Apr, cloning vector This Lab
pUG6 Kanr, containing loxP-kanMX-loxP gene = Hegemann JH, Heinrich-Heine-
disruption cassette University Diisseldorf
pABK A-Kan-B This study

[Difco] supplemented with 2 % glucose [Merck]. Escherichia coli was grown at
37 °C in Luria-Bertani broth (10 g 17" tryptone, 5 g 17! yeast extract, 10 g 17!
NaCl) with 100 pg ml~" ampicillin.

18.2.2 Plasmid and Strain Constructions

The primers used in this study are listed in Table 18.2. The pABK-G1 plasmid
used for deletion of GPD1 was created by the following process: an EcoRI and
Kpnl upstream homologous fragment of the GPD1 gene, named GlA and
amplified with G1A-U and G1A-D primers, was cloned into the pUC19 cloning
vector, resulting in the pUC19-A-G1 plasmid. The BamHI and Sphl downstream
homologous fragment of GPDI named G1B, was also amplified by PCR using
A8AB genomic DNA as templates with the GIB-U and G1B-D primers, and
inserted into the BamHI and Sphl sites of the pUC19-A-Gl, resulting in a plasmid

Table 18.2 Primers used in this study (restriction sites are underlined)

Primer name Sequence 5'-3

GI1A-U CCGGAATTCCAAACGCAACACGAAACAAC
G1A-D CGGGGTACCACGAAACTGCCAATACCAAG
Kan-U CGGGGTACCCAGCTGAAGCTTCGTACGC
Kan-D CGCGGATCCGCATAGGCCACTAGTGGATCTG
G1B-U CGCGGATCCCTTTCCCCCACTTTTTTCG
G1B-D ACATGCATGCATTTTCTTAGGACGCCGCA
G2A-U CCGGAATTCCACCCGTTGATGACAGCA
G2A-D CGGGGTACCTGATAAGGAAGGGGAGCG
G2B-U CGCGGATCCCCAGCCACTGACATAAGAGC

G2B-D ACATGCATGCTGGGCAAGAACAAGGGAG
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named pUC19-AB-G1. The marker excised with primers Kan-U and Kan-D from
pUGH as a Kan fragment with the Kpnl and BamHI sites, was inserted into the
pUC19-AB-G1 to obtain a whole plasmid called pABK-G1.

To make the GPD2 gene disruption plasmid, three steps were sequentially
constructed. The first step: pUC19-A-G2 was created by inserted a 588 bp of
chromosomal DNA to pUCI19. The 588 bp fragment was isolated from genomic
DNA of the parent strain «5AB and amplified by PCR using primers G2A-U and
G2A-D that contain EcoRI and Kpnl sites, respectively. Then, the 304 bp frag-
ment, which was also isolated from «5SAB, was amplified through PCR utilizing
primers G2B-U and G2B-D that include BamHI and Sphl sites, respectively. The
second step: pUC19-AB-G2 was built by cloning the 304 bp fragment into the
cloning vector pUC19-A-G2. Finally, the Kan fragment, which used as a marker,
was amplified from pUG6 through PCR with the primer Kan-U and Kan-D.
Subsequently, digestion of the PCR product and pUC19-AB-G2 by Kpnl and
BamHI and ligation resulted in a final step of pABK-G2. Plasmids pABK-G1 and
pABK-G2 were finally transformed into the starting strains of ASAB and a5AB,
resulting in GPDI1- and GPD2-deleted mutants (A8ABAGI1, «5ABAGI,
A8ABAG2, and «5SABAG?2).

18.2.3 Fermentation Conditions

The first stage seed medium was prepared by adding 0.5 % yeast extract to 4 ml 8°
Brix corn hydrolysates. Sterilization was performed with boiling water for 15 min.
The strains were inoculated into tubes containing 4 ml sterilized first stage seed
medium and stationarily cultivated at 30 °C for 24 h. The secondary stage seed
medium containing 0.5 % yeast extract, 36 ml 12° Brix corn hydrolysates in a
150 ml beaker flask was sterilized by boiling water. Activation cells, which were
cultivated in 4 ml first stage seed medium, were all decanted into 36 ml secondary
stage seed medium and then stationarily cultured at 30 °C for 16 h.

VHG fermentation medium: 60 g cornmeal was decanted into a 250 ml beaker
flask and 130 ml water of 60-70 °C added. After 20 min, 30 pl (10 U/g) ther-
mostable a-amylase was added to the beaker flask and placed in the water bath
(85-90 °C) for 1.5 h, followed by adding 90 pl (150 U/g) glucoamylase, and the
reactions were allowed to proceed at 55-60 °C for 20 min. Subsequently, 1.2 ml
acid protease (15 U/g) and 1 ml nutrient solution (150 g/l MgSO,, 75 g/l KH,PO,,
81 g/l CON,H,) were added to the beaker flask, and maintained at 55-60 °C for
another 20 min. Finally, 10 % (v/v) precultured secondary stage seed was trans-
ferred to the VHG fermentation medium and stationarily cultured at 30 °C.
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18.2.4 Measurement of CO, Generation, Residual Reducing
Sugar, Ethanol and Glycerol Production

In this study, CO, generation in VHG fermentation was examined every 12 h, and
the ethanol production was determined through distillation. The samples were
centrifuged at 12,000 r/min for 10 min at 4 °C, and the resulting supernatant was
kept at —20 °C for residual reducing sugar and glycerol analysis. The concen-
tration of glycerol was determined via high performance liquid chromatography
(HPLC) analysis. HPX-87H carbohydrate column (Agilent) was used for deter-
mination of glycerol eluted with 0.02 mmol H,SO, at 65 °C. Fehling’s reagent
was used to calculate the levels of residual reducing sugar.

18.3 Results and Discussions

18.3.1 Effect of GPD1 and GPD2 Disruptions
on the CO, Generations

Given that GPD1 and GPD?2 genes, which encode NAD"-dependent glycerol 3-
phosphate dehydrogenase, are involved in mediating the redox balance [11-14],
we expected that disruption of GPD1 or GPD2 might have a negative effect on the
respective mutant strains’ fermentation properties. Construction of GPDI1 or
GPD?2 deletion strains was performed as mentioned in the materials and methods
section. Two A-type deletion mutant strains ABABAG1 and ASABAG2 were
obtained. Moreover, we also constructed two a-type mutant strains «5ABAGI1 and
aSABAG?2. The ability of four mutants to produce CO, was determined. As shown
in Fig. 18.2a, mutants ASABAGI1 and «5ABAGI entered into the main fermen-
tation stage after 12 h. After the main fermentation stage, the fermentation abilities
of the two strains were weakened, and then ASABAG1 and «SABAGI proceeded
to the secondary fermentation stage. The strain ASABAG1 generated slightly
lower levels of CO, compared with the parent strain ASAB at 12 h; when it
entered the main fermentation stage, fermentation was slower and the fermentation
period was longer than ABABAG?2 and its parental strain ASAB. As shown in
Fig. 18.2b, the amount of CO, produced by the «5SABAG2 mutant was similar to
that of the parental strain «5AB under microaerobic conditions. But x5SABAG]I had
a slower fermentation than the parent strain a5AB in terms of CO, generation.
Thus, deletion of GPD1 gene had a significant negative effect on the CO, gen-
eration of S. cerevisiae in VHG fermentation.
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Fig. 18.2 CO, generation in VHG fermentation of different strains were shown in (a) and (b)

18.3.2 Effect of GPDI and GPD2 Disruptions
on the Glycerol Production

It has been reported that glycerol is the primary metabolite accumulated and is
involved in the osmoregulation of S. cerevisiae [12, 13]. Glycerol also plays a role
in maintaining the cytosolic redox balance. Therefore we expected that GPD1 or
GPD?2 deletion might play a positive role in yeast glycerol production. The fer-
mentation properties of ASAB, ASABAGI, and ASABAG2; «5AB, «5ABAGI, and
aSABAG2 were studied under anaerobic conditions. During VHG fermentation,
deletion of GPD1 resulted in a 45.3 % decline in glycerol formation in ASABAGI,
in comparison to the parental strain ASAB. However, ASABAG2 deletion mutant
did not show such a significant decrease in the glycerol production compared with
the parent strain ASAB (Fig. 18.3a). There was a dramatic reduction in glycerol
production in two mutants, *SABAG1 and «5SABAG?2, whose GPD1 or GPD2 was
deleted, resulting in reduction of glycerol production by 48.2 and 7.58 %,
respectively, compared to that of the parent strain «5AB (Fig. 18.3b). The results
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Fig. 18.3 Glycerol production of S. cerevisiae in VHG fermentation of different strains were
shown in (a) and (b)
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Table 18.3 Ethanol production and the residual level of reducing sugar in VHG fermentation
Strains A8AB ASABAG1 A8ABAG2 oSAB aSABAG1  a5ABAG2

Ethanol (v/v) 15.5 £ 0.04 15.8 &£ 0.03 15.7 £ 0.03 15.5 &£ 0.02 154 £ 0.03 15.3 + 0.02
The residual 0.19 £ 0.04 1.45 £ 0.02 1.65 £+ 0.03 0.19 & 0.02 0.19 = 0.01 0.17 & 0.01
reducing
sugar (g/
100 ml)

from this study showed that deletion of GPD1 gene was obviously more effective
than GPD?2 deletion in improving glycerol production with VHG fermentation.

18.3.3 Effect of GPDI and GPD2 Deletion on the Ethanol
Production and the Residual Level of Reducing Sugar

For the purpose of increasing ethanol yield, glycerol formation pathway was
blocked by deletion of either GPD1 or GPD2, which encode the glycerol
3-phosphate dehydrogenase [14, 15]. We expected that deletion of GPD1 or GPD2
(in strains ASABAGI1, a5ABAGI1, ASABAG2, and a5ABAG2) might have a
positive effect on improving ethanol production. In order to determine the degree
of fermentation, we examined the residual of reducing sugar. As shown in
Table 18.3, ethanol production by ASABAG1 and ASABAG?2 reached the levels of
15.8 £ 0.03 (v/v) and 15.7 & 0.03 (v/v) respectively. But the residual levels of
reducing sugar in ASABAGI1 and ASABAG?2 fermentation broth were much higher
compared to that of the starting strain A8AB, indicating that the mutant strains
A8ABAGI and ABABAG?2 showed a declining fermentation capability. For strains
aSABAGI1 and oSABAG2, no significant increase in ethanol production was
observed. However, in comparison to the parent strain «5AB, the residual levels of
reducing sugar in the fermentation broth were similar. These results show that
a-type strain was much better than a-type strain in degree of fermentation with
VHG fermentation. In the yeast cells, the metabolic pathway from glucose to
ethanol is redox neutral, but the formation of other metabolites leads to over-
production of NADH. In order to adapt to the environmental changes, S. cerevisiae
utilize other pathways for reoxidizing NADH to NAD™ [16, 17].

18.4 Conclusion

It has been reported that deletion of GPD1 or GPD2 could result in an increase in
ethanol and a decrease in glycerol production. This could be explained by the fact
that part of the glycerol is rerouted to produce ethanol [18, 19]. In this study, we
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separately disrupted GPD1 and GPD2 genes and investigated their effects on
glycerol and ethanol production, and the fermentation performances of the four
deletion mutants (ASABAGI1, «5ABAG1 and ASABAG2, «5ABAG?2). Our results
show that deletion of GPD]I result in 45.30 % reduction in glycerol production
compared with the parent strain, and the production of ethanol reached the levels
of 15.8 &+ 0.03 (v/v). However, we failed to obtain such a significant decrease in
the glycerol production after GPD?2 deletion and the production of ethanol reached
15.7 £ 0.03 (v/v). Moreover, GPD2 deletion mutants exhibited no significant
effects on fermentation performances. Importantly, our results demonstrate that
GPDI1 plays a dominant role in regulating glycerol synthesis in the conditions of
high osmotic stress during the VHG fermentation process.
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Chapter 19

Screening of the Best Strain for Naked
Oat Fermentation Beverage and its
Production Process Study

Jian Wang, Yuan Liu, Fengying Lan and Jing Wang

Abstract Saccharifying naked oat juice was chosen for fermentation by instant
active dry yeast, lactic acid bacteria, and wine active dry yeast to produce fer-
mentation beverage. Effects of the strains, inoculum size, fermentation time, and
the addition of xylitol and pectin on physical and chemical indexes and sensory
evaluation of the beverage were studied. On the basis of single factor test,
orthogonal experiment of Lo (3*) was used to optimize the technical parameters.
The results indicated that the optimal process conditions were: 4 % wine yeast,
20 h, 7 % xylitol, and 0.45 % pectin. Under these conditions, the obtained bev-
erage was perfectly clear and cream-colored, with its well-distributed constitution
and rich naked oat flavor. Its sensory score reached up to 95.2 and its precipitation
rate 13.5 %. This study aims to provide the theory basis for the development of
highly processed products of naked oat.

Keywords Fermentation beverage - Naked oat - Process parameters - Wine yeast

19.1 Introduction

The nutritional value of naked oat is ranked the first among the cereals. According
to the analysis, it contains 15.53 % protein, 6.35 % fat, 42.44 % linoleic acid of
unsaturated fatty acid [1, 2], and it has eight kinds of essential amino acid with
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their balanced ratio. Its carbohydrate content is the lowest among the cereals, its
dietary fiber content relatively high, and its soluble dietary fiber content obviously
higher than that of rice and wheat flour. It is rich in mineral elements which can
meet the requirements of human body, especially the content of Fe, Zn, and other
trace elements necessary for children’s growth. Besides, naked oat is a good food
source of vitamin [3]. Research shows that naked oat food contributes to people’s
health a lot, such as reducing blood lipid, lowering blood pressure, regulation of
blood glucose, prevention of cardiovascular disease. Therefore, it is acknowledged
as healthy food, especially for diabetic patients [4-7].

At present, the naked oat products in the domestic market generally belong to
instant edible food, such as naked oat instant noodle, naked oat rice, naked oat
pastry and so on [8, 9]. Therefore, the research focus in this field is how to further
improve their nutritional value and economic value [10-12]. Fermented food can
not only enhance the nutritional value of the original food, but also increase its
added value. Thus, if the fermentation technology is used in their exploitation, it
will promote the transformation of the naked oat industry to deep processing
direction [13, 14].

In the research, saccharifying naked oat juice was chosen for fermentation by
different strains with different treatments. According to the fermentation effect, the
optimal strain was selected and one kind of naked oat fermentation beverage with
good flavor was prepared. Then its stability and process were studied in order to
provide the theory basis for the development of new naked oat products.

19.2 Materials and Methods
19.2.1 Test Strains

Instant active dry yeast (Saccharomyces cerevisiae CICC 1616), lactic acid bac-
teria (Lactobacillus delbrueckii subsp.bulgaricus CICC 6064 & Streptococcus
thermophilus CICC 6063), and wine active dry yeast (Saccharomyces logos CICC
32888) in this study were purchased from China center of industrial culture col-
lection (CICC).

19.2.2 Preparation of Saccharifying Naked Oat Juice

The naked oat flour as material was mixed with the self-made malt powder as
enzyme preparation according to the proportion (naked oat flour: malt powder:
water(g/g/mL) = (40: 3: 400). Then the saccharification of the mixture was car-
ried out by constant temperature infusion mashing method [15]. Finally, the sac-
charifying naked oat juice was obtained and sterilized by high pressure steam
(115-117 °C, 25 min) before use.
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19.2.3 Activated Culture of Strains [16, 17]

19.2.3.1 Activation and Domestication of Lactic Acid Bacteria

Activation: at first, lactic acid bacteria were inoculated to the prepared medium,
then filled into the tube sterilized by dry heat air, and cultured at 43 °C for 4-6 h
until the milk became solidified.

Domestication: The activated lactic acid bacteria were inoculated to the mixture
of gradually increasing naked oat juice and skim milk powder.

19.2.3.2 Activation of Instant Active Dry Yeast

In the superclean bench, dry yeast with accuracy of 0.001 g was inoculated to the
sterile tube with 10 mL sterile distilled water. Then it was diluted according to the
ratio of 1071, 1072, and 1073 , and then 1 mL of each concentration was put into
the potato medium to be cultured at 25 °C for 48 h. The well-growing ones were
selected to spread evenly on the surface of potato slant culture, and cultured at
25 °C for 48 h, and then stored in the refrigerator.

Two or three of the above yeast colonies were inoculated to 100 mL conical
flask with 20 mL sterile potato liquid medium, and cultured at 25 °C for 24 h; the
above cultured yeast liquid was dumped into 500 mL conical flask with 100 mL
sterile PDA liquid medium, and cultured at 25 °C for 24 h; then the above yeast
liquid was imported into the conical flask with 120 mL sterile PDA liquid med-
ium, and cultured at 25 °C for 24 h before use.

19.2.3.3 Activation of Wine Active Dry Yeast

Three-four grams of wine active dry yeast were put into 100 mL glucose medium
of 5 % prepared under sterilized condition, then shaken up, filled into 5 large tube
and sealed, cultured at 28 °C for 1-1.5 h, and stored at 2-8 °C after cooling.

19.2.4 Design for Screening the Optimal Strain

Three prepared strains were inoculated to saccharifying naked oat juice according
to the proportion of 3, 4, and 5 %, respectively. And it was repeated three times
altogether. The samples inoculated with lactic acid bacteria, instant active dry
yeast, and wine active dry yeast were incubated respectively at 42—-44 °C, 25 °C,
and 28 °C. After fermentation, the products were estimated by sensory evaluation.
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19.2.5 Design for Optimization of Fermentation Process
Conditions

19.2.5.1 Effects of Inoculum Size on Fermentation Effects

Each group of prepared naked oat juice was inoculated by the selected strain
according to five different ratios (1-5 %) respectively, and incubated at 28 °C for
36 h. Then they were estimated by sensory evaluation.

19.2.5.2 Effects of Fermentation Time on its Effects

Each group of the prepared naked oat juice was inoculated by the selected inoc-
ulum size and inoculated at 28 °C. Their sensory evaluation was conducted and
their sugar degree and acidity were determined at 4, 8, 12, 16, 20, 24, 28 h,
respectively. Sugar degree and acidity were respectively measured by hand-held
saccharimeter mensuration and acid-base titration.

19.2.5.3 Effects of Addition of Xylitol on Fermentation Effects

Because the sour taste of fermented naked oat juice was relatively strong, some
sweetener was essential to be added to conciliate it. On the basis of the principle of
health care, xylitol was chosen as a sweetener in the research. It was added into the
fermented naked oat juice according to six different ratios to season, and their
sensory evaluation was conducted respectively.

19.2.5.4 Effects of Addition of Pectin on Fermentation Effects

Precipitation appears in naked oat fermentation beverage easily, so it is necessary
to add stabilizer to improve the structural state. In the research, pectin was chosen
as a stabilizer and added into the fermented naked oat juice according to six
different ratios, and then the ratio was determined in term of the results of pre-
cipitation rate. It was measured by centrifugal sedimentation method [18].

19.2.6 Quality Analysis of Products

The degustation experiment was carried out among 20 healthy persons (half male
and half female) selected randomly. Every one of them evaluated the quality of
products by grading methods, and the standard of sensory evaluation was shown in
Table 19.1 [19].
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Table 19.1 Standard of sensory evaluation
Index Standard Score
Color (20) Lucent and cream-colored 20-18
Slightly gray 18-16
Gray-yellow 16-14
Light gray <14
Bubble (20) Abundant 20-15
Many 15-10
Very few <10
Taste and flavor (40) Naked oat flavor, moderate and soft taste 40-35
Naked oat flavor, light and uncoordinated taste 35-30
Too light taste, obviously peculiar smell <30
Structural state (20) Clear and transparent, uniform, with a little precipitate 20-18
Slightly turbid, uniform, with a little precipitate 18-16
Comparatively cloudy, with a little precipitate 16-14

19.3 Results and Discussion

19.3.1 Effects of Strains on Fermentation Effects

Different strains prepared were inoculated to the saccharifying naked oat juice for
fermentation respectively, then the fermented naked oat juices were estimated by
sensory evaluation, and the results were shown in Table 19.2.

From Table 19.2, the naked oat juice fermented by activated wine active dry
yeast was 88.2 in sensory score, then the tamed lactic acid bacteria secondly;
whether the instant active dry yeast was amplified and cultured or not, the naked
oat juice by them were both poor in taste and flavor; the naked oat juice by tamed
lactic acid bacteria was better than the juice by untamed one no matter in quality,
or flavor and taste; while the naked oat juice by wine active dry yeast was superior
to others in all the sensory index. Therefore, the activated wine active dry yeast
was chosen for the study of fermentation process conditions.

Table 19.2 Sensory score of fermentation beverage with different strains

Strains Structural state Color Taste Flavor Total
(30) (20) 30) (20) score

Amplified and cultured instant active 18.8 10.3 18.7 9.9 57.7

dry yeast

Activated instant active dry yeast 19.2 9.5 19.3 10.6 58.6

Activated wine active dry yeast 27.1 17.1 27.0 17.0 88.2

Tamed lactic acid bacteria 254 15.5 25.1 16.1 82.1

Untamed lactic acid bacteria 24.0 14.5 23.7 14.9 77.1




186 J. Wang et al.

19.3.2 Determination of Inoculum Size

The activated strains were respectively inoculated to the saccharifying naked oat
juice according to the ratios of 1, 2, 3, 4, and 5 %, and fermented for 26 h. Their
sensory evaluation was implemented on the basis of the standard. As shown in
Table 19.3, when the inoculum size was 4 %, the quality of the product was the
best and the score was highest, so the optimal inoculum size was 4 %.

19.3.3 Determination of Fermentation Time

19.3.3.1 Effects of Fermentation Time on the Sensory Quality
of Products

The saccharifying naked oat juice was inoculated according to the inoculum size
determined, then evaluated respectively at 4, 8, 12, 16, 20, 24, 28 h by sensory
evaluation, and the results were shown in Table 19.4. It indicated that when the
fermentation time was at 20 h, the score was highest and the color, taste, structural
state, and other sensory qualities were better than those at other fermentation
times.

19.3.3.2 Effects of Fermentation Time on the Total Acidity and Total
Sugar Content of Products

The saccharifying naked oat juice was inoculated according to the determined
inoculum size, and the total acidity and total sugar content of the final products
were determined respectively at 4, 8, 2, 16, 20, 24, 28 h, and the results were
shown in Fig 19.1.

From Fig. 19.1, it can be found that the total acidity gradually increased with
the prolongation of fermentation time. When the fermentation time was at 20 h, its
acidity was up to 7.1 %, then went up sharply after 24 h. It suggested that the

Table 19.3 Sensory evaluation results of naked oat juice with different inoculation size

Inoculum Sensory evaluation Total
size score
1 % Lucent, a few bubbles, light taste, slightly cloudy, a little precipitate 77
2 % Lucent, a few bubbles, slight taste, a little precipitate 76
3% Lucent, many bubbles, slight taste, a little precipitate 78
4 % Lucent, abundant bubbles, common taste, a little precipitate 86
5% Slightly lucent, many bubbles, obviously peculiar smell, slightly cloudy, 65

a little precipitate
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Table 19.4 4 Sensory evaluation results of the beverage with different fermentation time

Fermention Sensory evaluation Total
time (h) score
4 Cloudy and yellow, a few bubbles, the little taste of sour and alcohol, 72.5

the little taste of yeast, strongly sweet
8 Slightly cloudy and yellow, a few bubbles, the little taste of sour and 76.0

alcohol, the little taste of sweet and yeast

12 Relatively lucent, light yellow, many bubbles, the little taste of sour, 80.5
alcohol and yeast, slightly sweet

16 Relatively lucent, light yellow, abundant bubbles, the little taste of ~ 85.5
sour, alcohol and yeast, slightly sweet

20 Clear and lucent, light yellow, abundant bubbles, sour and slightly 93.5
sweet, slight yeast taste, strong alcoholic taste

24 Clear and lucent, light yellow, abundant bubbles, the strong taste of  86.5
sour and yeast, slight alcoholic taste, slightly sweet

28 Clear and lucent, light gray, abundant bubbles, the strong taste of sour 81.5

and yeast, slight alcoholic taste, almost hardly sweet

Fig. 19.1 Effects of 20
fermentation time on the total 18 —— Total acidity(%)
acidity and total sugar content
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14 (%)
12
SIS
sl
6
4k
s
0 1 1 1 1 1 1

4h  8h 12h 16h 20h 24h  28h
Fermentation time

strain selected had intense fermentability to naked oat juice at 20 h, because most
of the strains were in the stage of ethanol fermentation, and only partial strains
produced acid, and at that time its sour taste was favorable. If the time prolonged,
most of the strains were in the stage of acid production, which can cause a strong
sour taste [20, 21].

With the prolongation of fermentation time, the sugar consumption increased
continuously, so the total sugar content gradually decreased, which showed that
the strain selected had intense fermentability. At 20 h, the total sugar content was
8.24 %, and the product had a moderate sour and sweet. After 24 h, the total sugar
content was so low that the sweet was too low and the taste was bad.
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Table 19.5 Effects of addition of xylitol on taste of the beverage

Xylitol (%) Sensory evaluation Total score
3 Slightly sweet, strongly sour, a little taste of yeast 78.5
5 Rather slightly sweet, relatively strong sour 85.5
7 Moderately sour and sweet 93.5
9 Rather strongly sweet, rather slightly sour, no peculiar smell 87.5
11 Strongly sweet, nearly seldom sour 84
13 Rather strongly sweet, no other tastes but sweet 81.5

19.3.4 Determination of Addition of Xylitol

Xylitol was put into fermented naked oat juice according to six different ratios
respectively, then the sensory evaluation was conducted in the final product (see
Table 19.5). The results showed that when the addition of xylitol was at 7 %, the
beverage had a mellow and moderate taste which was suitable to the public.

19.3.5 Determination of Addition of Pectin

Pectin was added into fermented naked oat juice according to six different ratios
respectively, and the precipitation rate was determined (see Fig. 19.2).

The results showed that when the addition of pectin was 0.4 %, the precipita-
tion rate was the lowest (0.76 %), and the beverage exhibited its strongest stability;
when the addition was from 0.1 to 0.3 %, the beverage was layered significantly;
when the addition was from 0.4 to 0.5 %, the beverage was very stable. But the
beverage when the addition was from 0.1 to 0.3 % is better than that when it was
from 0.4 to 0.5 %.

Fig. 19.2 Effects of the 257
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Table 19.6 The factors and levels of orthogonal experiment

Levels A inoculum size (%) B time (h) C pectin (%) D xylitol (%)
1 35 15 0.35 6
2 4 20 0.4 7
3 4.5 25 0.45 8

19.3.6 Determination of Optimizing Process Parameters

On the basis of the above single factor experiment, the process parameters were
optimized by orthogonal experiment of Lo (3*). Inoculum size of wine active dry
yeast, fermentation time and the addition of xylitol and pectin were used as
contributing factors, and total sugar content, precipitation rate, and sensory score
as indexes. The specific factors and levels are as follows (Table 19.6), and the
results were shown in Table 19.7.

The results demonstrated that the sequence of effects of four factors on the
indexes was B>D>C>A. The best optimal combination was A2 B2 C3 D2, that is,
on the condition of inoculum size being 4.0 %, fermentation time 20 h, addition of
pectin 0.45 %, addition of xylitol 7 %. On the basis, the verification experiment
was conducted and repeated three times. The mean value of the precipitation rate

Table 19.7 L, (34) Orthogonal design and results

No. Factors (%) Sensory score
ABCD Precipitation rate

1 1 1 1 1 19.45 51

2 1 2 2 2 21.27 92.5

3 1 3 3 3 22.30 83

4 2 1 2 3 14.70 61

5 2 2 3 1 13.60 95.5

6 2 3 1 2 15.63 88.5

7 3 1 3 2 16.69 68.75

8 3 2 1 3 14.76 81

9 3 3 2 1 14.92 75.5

K, 226.5 180.75 220.5 222

K, 245 269 229 249.75

K3 22525 247 24725 225

ky 75.5 60.3 73.5 74

k> 81.7 89.7 76.3 83.3

k3 75.1 82.3 82.4 75

R 6.6 294 8.9 9.3

Optimization levels A2 B2 C3 D2

Note When the pectin is added, the temperature of sample solution should be up to 80 °C and the
solution should be shaken at the same time



190 J. Wang et al.

was 13.5 %, the sensory score was 138.9, which indicated that the results of the
verification experiment were basically identical with them optimized by the
orthogonal experiment.

19.4 Conclusion

(1) By comparing the effects of strains on the sensory score of the naked oat
fermentation beverage, wine active dry yeast was chosen for fermentation.

(2) Through single factor experiment, inoculum size, fermentation time, and the
addition of xylitol and pectin selected respectively were 4 %, 20 h, 7 % and
0.4 %. The final product under these conditions had the best fermentation
effects.

(3) Four significant factors of inoculum size, fermentation time, and the addition
of xylitol and pectin were optimized by orthogonal experiment. The better
fermentation conditions were as follows: inoculum size being 4 %, fermen-
tation time 20 h, the addition of xylitol and pectin 7 % and 0.45 %. Under
these conditions, the product obtained had better sensory score which was up
to 95.2 and its precipitation rate 13.5 %. In order to applied successfully
fermentation technology to the deep processing of the naked oat, increased the
number of the naked oat product categories, the production process should be
further studied.
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Chapter 20

Optimization of Medium Constituents
for Laccase Production by Trametes
Versicolor As 5.48

Liang Huang, Yihan Liu, Yu Wang, Chuang Song, Xiaoyuan Xu
and Fuping Lu

Abstract The present investigation provides a report on statistical optimization of
medium components to improve Laccase production by Trametes Versicolor As
5.48. Glucose and starch were identified as significant components influencing the
biomass and laccase production by 7. Versicolor As 5.48 using orthogonal
experiment design. The higher laccase production could be obtained when nitro-
gen source in the medium was at lower level compared with which was for the
growth of T. Versicolor As 5.48. In accordance with three significant factors,
orthogonal experiment was applied for further optimization to improve the laccase
production by T. Versicolor As 5.48. Based on the further optimization results of
statistical analyses, the concentrations of medium components for improved lac-
case production were as follows: Glucose 5.25 g/L, starch 5 g/, ammonium
chloride 67 mM, guaiacol 0.02 mM, potassium dihydrogen phosphate 1 g/L, trace
elements 7 mL/L, Vitamin B; 8 mg/L, Vitamin C 1.5 mM, and copper sulfate
0.05 mM. Under the optimized medium, the laccase activity of 17.46 U/mL was
attained. From this study, it is evident that orthogonal experiment design can be
used to determine the significant variables and the optimum conditions for laccase
production, respectively. The optimization of the medium resulted not only in one-
fold increase in laccase activity than in the primary optimized medium, but also in
a reduction of the constituent number and constituents costs.
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20.1 Introduction

Laccases (EC 1.10.3.2) are blue multicopper-containing enzymes that catalyze the
oxidation of a variety of organic substances coupled to the reduction of molecular
oxygen to water [1-3]. Because of their broad specificity for the reducing sub-
strates, laccases from white-rot fungi are receiving increasing attention as potential
industrial enzymes in various applications such as pulp delignification, wood fiber
modification, dye or stain bleaching, chemical or medicinal synthesis, and con-
taminated water or soil remediation [4].

However, as constitutive extracellular laccases from basidiomycetes are pro-
duced only in small amounts, the use of laccases for industrial applications has
been limited by low process productivities and, as a consequence, high enzyme
costs [5, 6]. Enhancing laccase production through the use of inducers and dif-
ferent nutritional conditions has been reported [7-10].

Particularly, laccase production is influenced by carbon and nitrogen concen-
trations in culture media [11-14]. The use of enzyme inducers has also been
investigated as they not only influence the type of isoenzymes produced but also
increase volumetric activity. Much attention has been paid to the chemical
induction of laccases by the addition of aromatic or phenolic compounds [15, 16],
copper [17, 18], lignin [19], and ethanol [20], among others.

Laccase production and isoenzyme profile can be modified through medium
composition and the use of inducers [21]. The objective of this work was to
increase laccase production by Trametes versicolor through culture medium
optimization and the use of copper as inducer. It has been shown here that a
combination of CuSQO,4 and trace elements stimulates the synthesis of laccase in
T. versicolor; Different carbon source and nitrogen source may have effect on the
laccase production; also the combination of the carbon and nitrogen concentrations
in medium played an important role on the synthesis of laccase.

20.2 Materials and Methods

20.2.1 Materials

20.2.1.1 Strains

Trametes versicolor was from Chinese Academy of Sciences. The microorganism
was maintained on 2 % (w/v) malt extract-agar slants at 4 °C.
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20.2.1.2 Chemicals

ABTS (2,2'-azinobis [3-ethylbenzothiazoline-6-sulfonic acid]) was from Sigma.
Other reagents used were Analytical reagents.

20.2.1.3 Medium

In the present investigations, 7. versicolor was studied to produce laccase in sub-
merged agitation culture in cotton-plugged 250 mL Erlenmeyer flasks containing
50 mL of production medium. 7. versicolor young culture was grown for 6 days
and the culture was used for biomass measurement and enzyme assay. The initial
medium consisted of (/L of distilled water): 20 g glucose, 1 g corn powder,
12 mmol urea, 15 mmol ammonium chloride, 1 g potassium dihydrongen phos-
phate, 8 mg Vitamin B1, 1.5 mmol Vitamin C, 0.05 mmol copper sulfate and 7 mL
of trace elements liquid. The trace elements liquid consisted of 3.2556 g potassium
dihydrogen phosphate, 0.3931 g copper sulfate, 0.0671 g magnesium sulfate,
0.0043 g calcium chloride, 0.0033 g zinc sulfate; 0.5 g Vitamin C, 0.0038 g ferrous
sulfate heptahydrate, 0.0024 g potassium aluminium sulfate, 0.0222 g sodium
chloride, 0.0145 g Glycine, 0.0028 g ammonium molybdate and Vitamin B; 30 mg
dissolved in 100 mL of distilled water. The pH was adjusted to 5.0 using 3 M HCI
prior to sterilization (15 min, 121 °C).

20.2.2 Biomass Measurement and Enzyme Assay

The biomass concentration was determined by dry weight method. The culture
medium was filtered through 0.45 pm filter paper. Retained biomass was washed
with distilled water and dried at a temperature of 80 °C for 24 h.

Assay of laccase activity culture aliquots (1 mL) were collected and cells were
removed by centrifugation (10,000 g for 15 min). The laccase activity assay
system contained 100 mM sodium acetate (pH 4.5), 0.5 mM ABTS (Sigma), and
100 pL culture supernatant appropriately diluted in a total volume of 1.0 mL. The
reaction mixture was kept at 25 °C for 5 min, and then the change in absorbance at
420 nm was recorded with a spectrophotometer. One unit was defined as the
amount of enzyme which oxidized 1 pmol ABTS per minute. The molar extinction
coefficient for ABTS at 420 nm was taken to be 36,000 M~ cm™! [22].

20.2.3 Experimental Design and Statistical Analysis

In all experiments, orthogonal experimental design was applied, using three rep-
licates per strain and substrate. Symbols, coded and actual level of variables of the
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Table 20.1 Experimental conditions for the first screening study

Level of Symbols

variables Guaiacol Glucose Starch Corn powder Ammonium Urea (F)
(A) mM (B) g/L C) g/l (D) gL chloride (E) mM mM

1 0.01 0 0 0 0 0

2 0.02 5 2 0.1 6 6

3 1.5 5 0.15 12 12

4 10 10 0.2 24 24

Table 20.2 Experimental conditions for the second screening study

Level Glucose (A) Starch (B) Ammonium chloride (C)
(g/L) (g/L) (mM)

1 5.25 2 61

2 7.75 5 67

3 10.25 10 79

screening study are shown in Tables 20.1 and 20.2. Variance analysis was per-
formed by DPS 7.05 statistical package, using the least significant difference
(LSD) test at 5 % level of probability to compare mean values of biomass pro-
duction and laccase activities. Correlations were elaborated between the achieved
values of these parameters and the constituents of the substrates.

20.3 Results and Discussion
20.3.1 The Optimization of the Initial Medium

20.3.1.1 Audio-Visual Analysis of the Orthogonal Experiment One

Orthogonal experimental design (L3>(2' x 4°)) was applied for the optimization of
the initial medium, the results are showed in Table 20.3. Guaiacol, a substrate for
laccase, can be used as an inducer to enhance the laccase production by 7. ver-
sicolor. In this study, two guaiacol concentrations were adopted to play the role of
guide. The other compositions in cultural medium served as carbon source or
nitrogen source. To screening one or two of the five compositions of cultural
medium for being replaced by other compositions, each composition were set at
zero level in this orthogonal experiment to simply the composition of the medium.

Through mathematical analysis of the values of biomass, the results can be
concluded as follows: first, the factor of starch shows the most notable influence,
followed by glucose and urea. Second, the highest yield of biomass occurred using
the medium consists of 0.02 mM guaiacol, 10 g/L glucose, 10 g/L starch, 0.2 g/L.
corn powder, 12 g/LL ammonium chloride, and O g/L urea. Moreover, the average
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Table 20.3 Experimental results of orthogonal experiment one of six factors

Variable A B C D E F Yield of Laccase
code biomass activity
Run mM g/L g/L g/L mM mM g/L U/mL
order

1 1(0.01) 1) 1 (0) 1(0) 1(0) 1 (0) 6.34 0.1
2 1(0.01) 1(0) 2(2) 20.1) 2(6) 2 (6) 7.64 1.14
3 1(0.01) 1(0) 3(5 3(0.15 3@12) 312 8.26 1.45
4 1(0.01) 1) 4(100 402 424 424 9.3 1.49
5 1(0.01) 2(5) 1(0) 1 (0) 2 (6) 2 (6) 7.8 0.88
6 1(0.01) 2(5) 2(2) 2 (0.1) 1 (0) 1(0) 10.9 0.92
7 1(0.01) 2(5) 3(5) 3(0.15) 4(24) 424 1382 4.55
8 1(0.01) 2(5) 4(10) 4(0.2) 3(12) 3(12) 23.96 2.71
9 10.01) 35 10 2 (0.1) 3(12) 424 7.66 1.53
10 10.01) 3.5 2(@2) 1 (0) 4(24) 3(12) 9.8 1.94
11 1(0.01) 3.5 3() 4(0.2) 1 (0) 2 (6) 14.44 1.83
12 1(0.01) 3(7.5) 40 3(0.15 2(6) 1) 2256 1.52
13 1(0.01) 4(10) 1(0) 20.1) 424 312 10.78 2.00
14 10.01) 410 2@® 1 (0) 3(12) 4(24) 14.12 1.05
15 10.01) 410 3 4(0.2) 2 (6) 1(0) 12.72 0.94
16 1(0.01) 4(10) 410 3(0.15 1(0) 2 (6) 19.48 4.01
17 2(0.02) 1) 1(0) 4(0.2) 10 44 434 0.80
18 2(0.02) 1) 2(2) 3(0.15) 2(6) 3(12) 7.62 1.46
19 2(0.02) 10 3(5) 2 (0.1) 3(12) 2(6) 12.72 1.69
20 2(0.02) 1) 4(10) 10 424) 10 15.5 0.33
21 2(0.02) 2(5) 1(0) 4(0.2) 2 (6) 3(12) 7.68 0.41
22 2(0.02) 2(5 2(2) 3.15) 1) 424 45 2.25
23 2(0.02) 2(5 3(5 20.1) 424 10 15.72 1.82
24 2(0.02) 2(5) 4(10) 1) 3(12) 2(6) 18.16 1.97
25 2(0.02) 375 1@ 3(0.15) 3(12) 1(0) 8.46 0.90
26 2(0.02) 3.5 2(@2) 402 424 20 16.08 2.49
27 2(0.02) 375 3 1 (0) 1 (0) 3(12) 11.92 2.85
28 2(0.02) 3(75 4@10) 2@.1) 20 424 1816 1.24
29 2(0.02) 4(10) 1@ 3(0.15) 424 2(6) 13.38 3.29
30 2(0.02) 43100 2(@2) 4(0.2) 3(12) 1(0) 17.68 1.20
31 2(0.02) 4(10) 3(5) 1 (0) 2(06) 424 9.22 3.54
32 2(0.02) 4(10) 410 2.1 1 (0) 3(12) 2198 3.99
I 199.58  71.72  66.44  92.86 93.9 109.88 T = 402.7

jies 203.12 102.54 88.34 10556 934 109.7

JUIEY 109.08 98.82  98.08 111.02 102

1V, 119.36  149.1 106.2 104.38 81.12

R 0.2212 5.955 10.3325 1.6675 22025 3.595

I/ 28.06 8.46 9.91 12.66 16.75 7.73 T'=58.29
169 30.23 15.51 12.45 14.33 11.13 173

IIL5 14.3 18.67 19.43 12.5 16.81

IV, 20.02 17.26 11.87 1791 1645

R’ 0.1356 1.445 1.095  0.945 0.8475 1.1963
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yield of biomass reached 25.42 g/L. under the optimized medium composition
(data not shown).

The following results can also be concluded by analyzing the values of laccase
activity. (1) Glucose which has the largest range R among six factors showed the
greatest influence on enzyme activity, followed by urea and starch. Guaiacol has
the smallest range R; (2) from the table, it is found that the combination of group
seven with guaiacol concentration 0.01 mM, glucose concentration 5 g/L, the
starch concentration 5 g/L, corn powder concentration 0.15 g/L, ammonium
chloride concentration 24 g/L, and the urea concentration is 24 g/L., produced
much more laccase than others. By comparing the magnitudes of I,/, II,/, III;/ and
IV4j’, the optimum combination is : the guaiacol concentration is 0.02 mM, the
glucose concentration is 10 g/L, the starch concentration is 5 g/L, the corn powder
concentration is 0.15 g/L, the ammonium chloride concentration is 24 g/L, and the
urea concentration is 12 g/L. In conclusion, high guaiacol and glucose with lower
urea concentration could promote the production of laccase. The laccase activity
reached its maximum value of 8.21 U/mL under the optimized medium compo-
sition (data not shown).

20.3.1.2 Variance Analysis of the Orthogonal Experiment One

Variance analysis was performed according to the biomass of 7. versicolor and
laccase activity respectively. Results are showed in Tables 20.4 and 20.5. The
F-value and the value of probability showed factors of glucose (B) and starch (C)
were statistically significant at the 95 % confidence level; factor urea (F) was also
significant at the 90 % confidence level. Other factors in the medium such as
guaiacol, corn powder and ammonium chloride did not affect the yield of biomass
significantly. The F-value of factors of guaiacol (A) and corn powder (D) were less
than 1 due to the pure error of the DF. The fundamental way to confirm the
significant of other factors in the medium is to increase the number of the

Table 20.4 ANOVA table for the orthogonal experiment one based on the biomass

Source Sum of df Mean F-value p-value
squares square

A 0.39 1 0.39 0.05 0.83

B 157.71 3 52.57 6.19 0.01%%*

C 459.08 3 153.03 18.01 0.00%*

D 15.27 3 5.09 0.60 0.63

E 27.45 3 9.15 1.08 0.39

F 68.79 3 22.93 2.70 0.08*

Error 127.46 15 8.50

Total 856.14

* Statistically significant at the 90 % confidence level
o Statistically significant at the 95 % confidence level
A:Foos = 4.54, Foo1 = 8.08; B-F:F 5 = 3.29, Fy o1 = 5.42
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Table 20.5 ANOVA table for the orthogonal experiment one based on the laccase activity

Source Sum of df Mean F-value p-value
squares square

A 0.15 1 0.15 0.30 0.59

B 8.50 3 2.83 5.75 0.017%%*

C 6.28 3 2.09 4.25 0.02%%*

D 4.33 3 1.44 293 0.07*

E 4.00 3 1.33 2.71 0.08*

F 7.85 3 2.62 5.31 0.01%%*

Error 7.39 15 0.49

Total 38.50

* Statistically significant at the 90 % confidence level
™ Statistically significant at the 95 % confidence level
A:F()_()S = 454, FO.OI = 808, B—F:Fo_os = 329, FO.OI =542

experiments. Another approach is to combine the SS and DF of factors which
F-value was less than 1 with the SS and DF of error; As a result, the sensitivity of
the hypothesis testing could be increased by increasing the DF of error as well as
decreasing mean square of error. The data have been reprocessed. However, the
results showed little changed (data not shown).

From the ANOVA analysis results (Table 20.5), it can be seen that the F-value
and the value of probability showed factors of glucose (B), starch (C) and urea (F)
were statistically significant at the 95 % confidence level; factors of corn powder
(D) and ammonium chloride (E) were significant at the 90 % confidence level. In
conclusion, glucose and starch could be the best mixed carbon source for the
growth of T. versicolor and the laccase production. Meanwhile urea could be
chosen as the nitrogen source in the medium.

20.3.2 Further Optimization of the Initial Medium

20.3.2.1 Audio-Visual Analysis of the Orthogonal Experiment Two

Table 20.5 shows that glucose and starch are the most significant factors (p < 0.05);
they were selected as mixed carbon source for further optimization. Corn powder
was water-insoluble; it’s not so convenient in flask or fermentation tank culture. To
simply the composition of the medium, the factor of corn powder playing the role of
carbon source was not the most significant. The factor of corn powder was aban-
doned in the further optimization. On the target selection of the nitrogen source,
taking into consideration the fact that urea contains carbon and nitrogen simulta-
neously, ammonium chloride was chosen as nitrogen source of the culture medium
for further optimization. Nitrogen content in the urea was supplemented by
improving the mass of ammonium chloride. Besides these three factors, the con-
centrations of other medium components were as follows: guaiacol 0.02 mM,
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Table 20.6 Experimental results of orthogonal experiment two of three factors

Variable code A B C Laccase activity
Run Order g/L g/L g/L U/mL

1 1 1 1 6.11

2 1 2 2 17.46

3 1 3 3 13.4

4 2 1 2 10.05

5 2 2 3 14.8

6 2 3 1 12.95

7 3 1 3 9.24

8 3 2 1 15.12

9 3 3 2 12.97

Ly 36.97 37.8 37.33 T'=112.1
1L,/ 254 47.38 39.32

1115 34.18 40.48 37.44

R’ 0.28 7.33 2.10

Table 20.7 ANOVA table for the orthogonal experiment two

Source Sum of df Mean F-value p-value
squares square

A 0.12 2 0.06 0.02 0.98

B 82.43 2 41.21 13.14 0.07

C 6.62 2 3.31 1.06 0.49

Error 6.27 2 3.14

Total 95.43

Foos = 19, Foo1 = 99

potassium dihydrogen phosphate 1 g/L, trace elements 7 mL/L,Vitamin B; 8 mg/L,
Vitamin C 1.5 mM and copper sulfate 0.05 mM. Orthogonal experimental design
(Lo(3 x 3)) was applied for the optimization of the primary optimized medium, the
results are showed in Table 20.6. The orthogonal table Ly (3%) are used to arrange
the experiments, three factors are evaluated each time and each factor take three
levels.

Table 20.6 illustrates: (1) starch has the greatest influence on laccase activity,
followed by ammonium chloride, and glucose has the least influence; (2) the
optimized combination of three factors is A;B,C,, where the glucose concentra-
tion is 5.25 g/L, the starch concentration is 5 g/L, the ammonium chloride con-
centration is 67 mM. Moreover, the average laccase activity value reached 17.46
U/mL under the optimized medium composition (group two) (Table 20.7).

20.3.2.2 Variance Analysis of the Orthogonal Experiment Two

Variance analysis was performed according to the laccase activity by 7. versicolor.
Three factors were not significant at the 95 % confidence level either; factors of
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starch (B) were significant at the 90 % confidence level. The concentration of each
factors appeared to reach the right level in present study, interaction of factors
could be investigated in future research.

20.4 Conclusion

Based on above results, the performance of the medium optimization described in
this work was satisfactory. The biomass and laccase activity were both investi-
gated in the optimization experiment. Glucose followed by starch appeared to be
the best carbon sources for the mycelia growth and laccase accumulation by
T. versicolor. As nitrogen source, urea had the greater influence on the mycelia
growth and laccase accumulation by 7. versicolor than ammonium chloride. By
future optimization, the optimum culture components were: glucose 5.25 g/L,
starch 5 g/L, ammonium chloride 67 mM, guaiacol 0.02 mM, potassium dihy-
drogen phosphate 1 g/L, trace elements 7 mL/L,Vitamin B; 8 mg/L,Vitamin C
1.5 mM and copper sulfate 0.05 mM. Under the optimized medium, the laccase
activity of 17.46 U/mL was attained. The optimization of the medium resulted not
only in one-fold increase in laccase activity than in the primary optimized med-
ium, but also in a reduction of the constituent number and constituents costs.
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Chapter 21

The Preparation Methods and Scientific
Development of Metal Nanoparticles

by Microorganism

Pei Gong, Fang Wang and Jingran Liu

Abstract Metal nanoparticles (NPs) have been applied to different scientific
fields. The synthesis of metal NPs is one of the most important research focuses.
Metal NPs are synthesized by microorganism (such as bacteria, actinomyces, and
fungi). It is well accepted that biosynthesis of inorganic NPs by microorganism is
significant for both learning bio-mineralization mechanism and synthesis of
advanced functional materials. The bottle-neck of current studies and the devel-
opment orientation is pointed out by the recent processes.

Keywords Metal nanoparticles (NPs) + Microorganisms « Synthesis mechanism

21.1 Introduction

The field of nanotechnology is one of the most active areas of research in modern
materials science. New applications of nanoparticles (NPs) and nanomaterials are
emerging rapidly. There is tremendous current excitement in the study of nano-
scales with respect to their fundamental properties, organization to form super-
structures and applications. The unusual physicochemical and optoelectronic
properties of NPs arise primarily due to confinement of electrons within particles
of dimensions smaller than the bulk electron delocalization length, and this process
is termed quantum confinement [1]. The exotic properties of NPs have been
considered in applications such as optoelectronics [2], catalysis [3], reprography
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[4], single-electron transistors and light emitters [5], nonlinear optical devices [6],
and photoelectro-chemical applications [7].

The synthesis of NPs and their self-assembly is a cornerstone of nanotech-
nology. New methods to manufacture NPs are constantly being studied and
developed. Various strategies are employed to synthesize semiconductor and
transition metal NPs. Foremostly, among these chemical methods because of their
inherent advantage in producing large quantities of NPs is relatively short periods
of time with a fairly good control on the size distribution. Moreover, chemical
synthesis of a variety of shapes of particles can be realized by adjusting the
concentration of reacting chemicals and controlling the reaction environment [8].
Colloidal NPs so formed can be held apart by electrostatic interactions while in
solution. However, upon extraction in powder form, the particles tend to grow and
may lose their characteristic properties. Such a coalescence of the NPs can
inhibited by passivating the particle surfaces either by adding organic/inorganic
‘capping’ molecules or by arresting their aggregation in a matrix of glass [9],
zeolite [10], or organic polymers [11]. Chemically synthesized NPs can be directly
deposited by spin or dip coating methods on suitable substrates. Composite bilayer
or multilayer films of polymer/NPs can also be fabricated [12]. On the other hand,
in physical synthesis of NPs [13], such as sputter deposition, laser ablation, or
cluster beam deposition, thin films are directly grown. However, narrow size
distribution of the particles or clusters is often difficult to achieve. Methods such as
micelles or inverse micelles [14], Langmuir—Blodget films or self-assembled
particles are other attractive possibilities to obtain a variety of NPs [15]. Desired
assemblies of atoms can also be achieved using various scanning probe methods
[16]. However, these methods are time consuming and still under development.

It has been known for a long time that a variety of nanomaterials are synthe-
sized by biological processes in nature. The use of microorganisms in the synthesis
of NPs is an eco-friendly and exciting approach. For example, the magnetotactic
bacteria synthesize intracellular magnetite or greigite nanocrystallites [17]. Simi-
larly, certain yeasts, when challenged with toxic metals such as cadmium, syn-
thesize intracellular CdS nanocrystallites as a mechanism of detoxification [18].

In this chapter, we provide a brief overview of the research efforts worldwide
on the use of microorganisms in the biosynthesis of inorganic NPs.

21.2 Recent Development of Biosynthesis NPs

21.2.1 Bacteria

Silver NPs were synthesized by a silver-tolerant strain Pseudomonas stutzeri
AG259, which was incubated in the flasks at 30 °C and challenged with 50 mM
soluble silver nitrate in dark for 48 h and this is the first report of mental NPs
synthesized by bacteria [19]. Silver NPs were synthesized by a strain of
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Lactobacillus sp. A09 and some characteristics of Ag biosorption and bioreduction
by Lactobacillus sp. A09 were reported subsequently [20]. Single-crystalline gold
nanoplates were produced by treating an aqueous solution of chloroauric acid with
the extract of the unicellular green alga Chlorella vulgaris at room temperature
[21]. The reduction of Pd(Il) to Pd(0) was accelerated by using the sulfate-
reducing bacterium Desulfovibrio desulfuricans NCIMB 8307 at the expense of
formate or H2 as electron donors at pH 2-7, palladium (Pd) NPs were synthesized
[22]. Lactobacillus strains, common in buttermilk, assist the growth of gold, silver,
and gold-silver alloy crystals of submicron dimensions upon exposure to the
precursor ions. Several well-defined crystal morphologies are observed. Crystal
growth occurs by the coalescence of clusters, and tens of crystals are found within
the bacterial contour [23]. Pseudomonas aeruginosa were used for extracellular
biosynthesis of gold NPs (Au NPs). Consequently, Au NPs were formed due to
reduction of gold ion by bacterial cell supernatant of P. aeruginos ATCC 90271,
P. aeruginos, and P. aeruginos [24]. The bacteria Rhodopseudomonas capsulata
was screened and found to successfully produce gold NPs of different sizes and
shapes. The important parameter, which controls the size and shape of gold NPs,
was pH value. It is continuing for the study of the biological mechanism of the NPs
formation and the control of its shapes and sizes [25]. Lactobacillus sp. assisted to
synthesize titanium (Ti) NPs at room temperature. Individual NPs as well as a
number of aggregates almost spherical in shape having a size of 40-60 nm are
found [26]. The silver NPs in size of 40—60 nm was synthesized by the super-
natant of Bacillus licheniformis [27]. The exposure of culture supernatant of
Bacillus subtilus and microwave irradiation to silver ion lead to the formation of
silver NPs. The silver NPs were in the range of 5-60 nm in dimension and stable
for several months [28]. Bacillus megaterium isolated from fluvial zone of North
Bihar has been used for the extracellular synthesis of metal NPs via silver, lead,
and cadmium and the synthesized NPs got accumulated on the surface of the cell
wall of bacteria. Bacillus megaterium was grown aerobically and the cultures were
challenged with the solutions of silver nitrate, lead nitrate, and cadmium nitrate in
requisite ambience of laboratory [29]. The process of synthesis of well-dispersed
NPs using a novel microorganism isolated from the gold enriched soil sample has
been reported, leading to the development of an easy bioprocess for the synthesis
of gold NPs. It is the first in which an extensive characterization of the indigenous
bacterium isolated from the actual gold enriched soil was conducted. Promising
mechanism for the biosynthesis of GNPs by the strain and their stabilization via
charge capping is suggested, which involves an NADPH-dependent reductase
enzyme that reduces Au’™ to Au’ through electron shuttle enzymatic metal
reduction process [30]. The test strains Klebsiella pneumoniae, Escherichia coli,
Enterobacter cloacae were cultivated in their special conventional conditions for
24 h. Silver nitrate at concentration of 107> M was separately added to the each
reaction vessels that contained the supernatants, and the silver NPs were effec-
tively produced and this is the first report on the production of silver NPs by
enterobacteriaceae [31]. Devendra Jain experimented the mixed culture of various
Bacillus thuringiensis to synthesis silver NPs, which were found to be highly toxic
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against different multi drug resistant human pathogenic bacteria, also it is the first
to synthesize NPs using mixed bacteria [32]. It was identified that extracellular
biosynthesis of crystalline silver NPs is a unique biochemical character of all the
members of genus Morganella, which was independent of environmental changes.
Significantly, the inability of other closely related members of the family Enter-
obacteriaceae toward Ag-NPs synthesis strongly suggests that Ag-NPs synthesis
in the presence of Ag" is a phenotypic character that is uniquely associated with
genus Morganella [33].

21.2.2 Actinomycete

Thermomonospora sp. reduced the metal ions extracellularly when exposed to gold
ions, yielding gold NPs with a much improved polydispersity [34]. The gold NPs
of the dimension 5-15 nm were synthesized by an alkalotolerant actinomycete
(Rhodococcus sp.) intracellularly. Electron microscopy analysis of thin sections of
the gold actinomycete cells indicated that gold particles with good monodispersity
were formed on the cell wall as well as on the cytoplasmic membrane. The
particles are more concentrated on the cytoplasmic membrane than on the cell
wall, possibly due to reduction of the metal ions by enzymes present in the cell
wall and on the cytoplasmic membrane. The metal ions were not toxic to the cells
and the cells continued to multiply after biosynthesis of the gold NPs [35]. The
thermoalkalo-tolerant strain Streptomyces sp. and Aspergillus fumigatus were used
for biosynthesis of silver NPs from AgNO; solutions in vitro. NPs formation was
indicated by a change of the solution from colorless or light brown to dark brown
after 24 h or more. The initial formation kinetics was faster with Aspergillus, but
formation continued for a longer period with Streptomyces, resulting in higher
concentrations after 48 h [36]. It is identified that the antibacterial activity of silver
NPs can be synthesized by novel strain of Streptomyces sp., and this is the first
report of synthesis from Streptomyces sp. The silver NPs exhibited a tremendous
potential antibacterial activity against various gram positive and gram negative
bacterial strains which are multi drug resistant [37].

21.2.3 Yeast

Silver NPs in the size of 2-5 nm were synthesized extracellularly by a silver-
tolerant yeast strain MKY3, when challenged with 1 mM soluble silver in the log
phase of growth. The NPs were separated from dilute suspension by devising a
new method based on differential thawing of the sample. Extracellular synthesis of
NPs could be highly advantageous from the point of synthesis in large quantities
and easy downstream processing [38].
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21.2.4 Fungi

When the fungus Fusarium oxysporum was exposed to aqueous AuCl*~ jons, it
reduced the metal ions and extracellularly produced the gold NPs [39]. The fungus
Verticillium sp. reduced Ag™ and AuCI*~ ions, leading to the accumulation of
silver and gold NPs within the fungal biomass [34]. The gold NPs were synthe-
sized by the geranium leaves (Pelargonium graveolens) and its endophytic fungus.
Sterilized geranium leaves and an endophytic fungus (Colletotrichum sp.) growing
in the leaves were separately exposed to aqueous chloroaurate ions. In both cases,
rapid reduction of the metal ions was observed resulting in the formation of stable
gold NPs of variable size. In the case of gold NPs synthesized using geranium
leaves, the reducing and capping agents appear to be terpenoids while they are
identified to be polypeptides/enzymes in the Colletotrichum sp. case. The biogenic
gold NPs synthesized using the fungus were essentially spherical in shape while
the particles using the leaves exhibited a variety of shapes that included rods, flat
sheets, and triangles [40]. The silver NPs were synthesized by Aspergillus fu-
migatus in the extracellular. The synthesis process was so fast that the silver NPs
were formed within minutes of silver ion coming in contact with the cell filtrate.
The process of reduction being extracellular and fast may lead to the development
of an easy bioprocess for synthesis of silver NPs [41]. The intracellular gold NPs
were biosynthesized using three fungi including Aureobasidiumv pullulans,
Fusarium sp., and Fusarium oxysporum after immersion the fungal cells in
AuCl*~ ions solution, active biomolecules of reducing sugar of A. pullulans, and
proteins in Fusarium sp. and F. oxysporum were tested positive of providing the
function of the reduction of AuCI*~ ions and the formation of the gold crystals.
The Au nano-fungal cells ultrathin sections of Fusarium sp. and F. oxysporum
showed that the gold NPs mainly produced in intracellular vacuoles of fungal cells.
The growth of gold NPs in three fungal cells indicated the reducing sugar lead to
the gold NPs in spherical morphology and proteins benefited to the gold aggregates
[42]. Tt is a report on photo-irradiated extracellular synthesis of silver NPs using
the aqueous extract of edible oyster mushroom (Pleurotus florida) as a reducing
agent. The biofunctionalized silver NPs thus produced have shown admirable
antimicrobial effects, and the synthetic procedure involved is eco-friendly and
simple, and hence high range production of the same can be considered for using
them in many pharmaceutical applications [43]. The silver NPs were synthesized
by the cell-free filtrate of Aspergillus flavus NJPO8 when supplied with aqueous
silver (Ag") ions. UV-Visible and Fourier transform infrared spectroscopy con-
firmed the presence of extracellular proteins. SDS-PAGE profiles of the extra-
cellular proteins showed the presence of two intense bands of 32 and 35 kDa,
responsible for the synthesis and stability of silver NPs, respectively. A probable
mechanism behind the biosynthesis is discussed, which leads to the possibility of
using the present protocol in future ‘nano-factories’ [44]. Silver NPs were syn-
thesized extracellularly by a common fungus, Alternaria alternata. These NPs
were evaluated for their part in increasing the antifungal activity. The antifungal
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activity of fluconazole was enhanced in presence of silver NPs against the test
fungi. Fluconazole in combination with Ag-NPs showed the maximum inhibition
against C. albicans, followed by P. glomerata and Trichoderma sp. No significant
enhancement of activity was found against P. herbarum and F. semitectum [45].

21.2.5 Virus

The central channel of the tobacco mosaic virus can be used as a template to
synthesize nickel and cobalt nanowires only a few atoms in diameter, with lengths
up to the micrometer range [46]. Various nanoarchitectures including NPs arrays,
hetero-NPs architectures, and nanowires were assembled by utilizing highly
engineered M13 bacteriophage as templates. The genome of M13 phage can be
rationally engineered to produce viral particles with distinct substrate-specific
peptides expressed on the filamentous capsid and the ends, providing a generic
template for programmable assembly of complex nanostructures. Phage clones
with gold-binding motifs on the capsid and streptavidin-binding motifs at one end
are created and used to assemble Au and CdSe nanocrystals into ordered one-
dimensional arrays and more complex geometries. These NPs arrays can be further
used as templates to nucleate conductive nanowires that are important for
addressing/interconnecting individual nanostructures [47].

21.3 Recent Development of NPs Synthesis Mechanism

Most metal ions are toxic and therefore, reduction of the ions or formation of water
insoluble complexes is a defense mechanism developed by bacteria to overcome
such toxicity. Microorganisms are often exposed to extreme environmental con-
ditions, forcing them to resort to specific defense mechanisms to quell such
stresses, including the solubility and toxicity of foreign metal ions. The toxicity of
metal ions is reduced or eliminated by changing the redox state of the ions or
precipitation of the metals intracellularly, thus forming the basis of many
important applications of microorganisms such as bioleaching, bioremediation,
microbial corrosion, as well as the synthesis of NPs.

It is identified that there are some adsorption groups of metal ions on the
microbial surface, such as carboxyl, amino, phosphate group, sulfate, phenolic
groups, and hydroxyl. Adsorption mechanism includes electrostatic adsorption,
ion-exchange, complexation, sedimentation, and oxidation-reduction. The metal
ions are adsorpted and reduced by enzymes presented in the cell wall leading to the
formation of metal NPs, which subsequently grow by further reduction of metal
ions and accumulation on these nuclei. The metal ions can be chelated by the
amide group and carboxyl in the cell wall; the metal ions can be reduced to metal
atoms by utilizing the electron donor that is from the aldehyde and ketone groups
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of monosaccharides which is hydrolyzed by the polysaccharide compound of
peptidoglycan layer; the protein, and sugars in the cell wall can also adsorb the
metal ions.

The biological reduction mechanism includes enzyme-dependent catalytic
mechanism and enzyme-independent reduction mechanism. Enzyme-dependent
mechanism is considered that the metal ions were reduced by the microorganism’s
biological enzyme, the enzyme reduction sites may be in the cytoplasmic membrane,
cytoplasm periplasmic, or extracellular, and different biological enzyme involved in
different metal ion reduction mechanism. Enzyme-independent reduction mecha-
nism considered that the metal ions were reduced by the functional groups on the cell
wall surface without the biological enzyme. This process includes two steps:
Adsorption to fixed and in situ reduction. Metal particles were restored as single
quality when they were reduced, because the functional groups on the cell wall
surface interfered the aggregation, and the metal particles were in the nanometre size.

The synthesis process of NPs intracellular includes two steps: metal ions were
combined with the protein of cell wall surface and they were reduced to nano-
cluster by the secreted enzyme firstly; then the nanocluster diffuse through the cell
wall and are reduced by enzymes present on the cytoplasmic membrane and within
the cytoplasm.

In contrast, the study on the extracellular synthesis of NPs is more clear. It was
identified that there are three related genes associated with the synthesis of silver
NPs, silE, silP, and silS, encoding periplasmic binding protein, transport P-ATPase
of positive ions, and bicomponent membrane Kinase, respectively. Silver NPs were
synthesized when challenged with silver nitrate because of the three secreted protein.

We speculate that since the NPs are formed on the surface of the mycelia and
not in solution, the first step involves trapping of the Ag" on the surface of the
fungal cells possibly via electrostatic interaction between the Ag” and negatively
charged carboxylate groups in enzymes present in the cell wall of the mycelia.
Thereafter, the silver ions are reduced by enzymes present in the cell wall leading
to the formation of silver nuclei, which subsequently grow by further reduction of
Ag* and accumulation on these nuclei.

In short, a variety of biologically active molecules are used to synthesize metal
NPs by microorganisms, such as reductase, naphthoquinone, anthraquinone,
reducing sugars, reduced glutathione, and proteins. It is believed that the NADH
and NADH-dependent nitrate reductase play an important role in the reduction
reaction.

So far, the synthesis mechanism is not clear, but most speculation are similar.

21.4 Conclusions and Future Directions

In summary, a brief overview of the use of microorganisms, such as bacteria,
actinomycetes, yeasts, and fungi in the biosynthesis of metal NPs has been
described. The biosynthesis of metal NPs by bacteria and eukaryotes has been



210 P. Gong et al.

matured, but actinomycetes are not. The actinomycetes have important feature of
prokaryotes and eukaryotes, which are easy to culture and can secrete a lot of
proteins, therefore, the biosynthesis of metal NPs by actinomycetes should become
an important research direction.

We hope it has been made for the serious study of the synthesis of NPs by
microorganisms as a possible viable alternative to the more popular inorganic
methods. The use of microorganisms as sources of enzyme that can catalyze
specific reactions leading to inorganic NPs is a new and rational strategy. Extra-
cellular secretion of enzyme offer the advantage of obtaining large quantities in a
relatively pure state, free from other cellular proteins associated with the organism
and can be easily processed by filtering of the cells, and isolating the enzyme for
NPs synthesis from cell-free filtrate. The use of specific enzymes secreted by
microorganisms in the synthesis of NPs is exciting. Firstly, the process can be
extended to the synthesis of NPs of different chemical compositions. Secondly,
different shapes and sizes by suitable identification of enzymes can be secreted by
microorganisms. Understanding the surface chemistry of the biogenic NPs would
be equally important.

This would then lead to the possibility of genetically engineering microor-
ganisms to over express specific reducing molecules and capping agents and
thereby, control the size and shape of the biogenic NPs. The rational use of
constrained environments within cells such as the periplasmic space and cyto-
plasmic vesicular compartments to modulate NPs size and shape is an exciting
possibility yet to be seriously explored. The microorganisms-mediated green
approach toward the synthesis of NPs has many advantages such as ease with
which the process can be scaled up, economic viability, and possibility of easily
covering large surface areas by suitable growth of the mycelia. The shift from
inorganic methods to biosynthesis as a means of developing natural ‘nano-facto-
ries’ has the added advantage that downstream processing and handling of the
biomass would be much simpler. Compared to inorganic methods, in which the
process technology involves the use of sophisticated equipment for chemistry
synthesis, microorganisms medium can be easily filtered by filter press of similar
simple equipment, thus saving considerable investment costs for equipment. Fungi
have been found to be extremely efficient secretors of soluble protein and under
optimized conditions of fermentations, mutant strains secrete up to 30 g per liter of
extracellular protein. In the strains selected for enzyme fermentations, the desired
enzyme constitutes the only component or at least form the major ingredient of the
secreted protein with high specific activities. It is this trait of high-level protein
secretion, besides their eukaryotic nature, that has made fungi as favorite hosts for
heterologous expression of high-value mammalian protein for manufacturing by
fermentation. Further, compared to bacteria, fungi and actinomycetes are known to
secrete much higher amounts of proteins, thereby significantly increasing the
productivity of this biosynthetic approach.

Equally intriguing are questions related to the selection of microbial medium,
the control of NPs shapes, the industrial production, the metal ion reduction
process in cellular metabolism and whether the NPs formed as by-products of the
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reduction process have any role to play in a cellular activity. They are expected to
be solved and applied.
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Chapter 22

Increasing Galactose Utilized Ability
of Saccharomyces cerevisiae Through
Gene Engineering

Tong Shen, Xuewu Guo, Jing Zou, Yueqiang Li, Jun Ma
and Dongguang Xiao

Abstract Saccharomyces cerevisiae is capable of fermenting galactose into eth-
anol, but the productivity from galactose is much lower than those from glucose.
An effective approach is undertaken to improve galactose utilized ability and
ethanol productivity through gene engineering of the regulatory network con-
trolling the expression of the GAL genes. The GAL gene regulatory network of
S. cerevisiae is a tightly regulated system. Gal6, Gal80, and Migl are three known
negative regulators of the GAL system. In this paper, Gal6, Gal80, and Migl were
knockout by the way of homologous recombination. This led to a 76 % increase in
specific galactose uptake rate compared with the wild-type strain. And the ethanol
yield has advanced greatly. Further study showed that GAL80 and MIGI played
more important roles in galactose fermentation of S. cerevisiae than GAL6 did.

Keywords Galactose «+ MIGI «- GAL8O « GAL6 - Saccharomyces cerevisiae

22.1 Introduction

Because of increasing oil shortage, fuel ethanol fermentation from different
renewable resource has attracted considerable attention. Galactose is widely
present in the molasses and ethanol bio-fermentation raw materials. Unfortunately,
ethanol yield and productivity from galactose are significantly lower than those
from glucose [1].

An effective approach improved galactose utilized ability and ethanol pro-
ductivity through engineering of the regulatory network controlling the expression
of the GAL genes [2—4]. Previous studies reported that the GAL genes are tightly

T. Shen - X. Guo - J. Zou - Y. Li - J. Ma - D. Xiao (X))

Key Laboratory of Industrial Fermentation Microbiology, Ministry of Education; Tianjin
Industrial Microbiology Key Lab, College of Biotechnology, Tianjin University of Science
and Technology, Tianjin, People’s Republic of China

e-mail: xdg@tust.edu.cn

T.-C. Zhang et al. (eds.), Proceedings of the 2012 International Conference on Applied 213
Biotechnology (ICAB 2012), Lecture Notes in Electrical Engineering 249,
DOI: 10.1007/978-3-642-37916-1_22, © Springer-Verlag Berlin Heidelberg 2014



214 T. Shen et al.

regulated [5, 6]. GAL gene expression requires the well-studied transcriptional
activator protein Gal4, which binds to the GAL gene promoters. Gal4 function is
inhibited by Gal80 [7, 8], which binds directly to Gal4, and by Migl, which
represses expression of GALI and GALA in the presence of glucose [9-11]. GAL6,
which was recently devoted as member of the GAL regulon [12], also played a
negative role in GAL gene expression. In this work, the galactose metabolic flux of
saccharomyces cerevisiae was increased by deleting three negative regulatory
genes (GAL6, GALS0, and MIG1), this led to a 76 % increase in specific galactose
uptake rate compared with the wild-type strain, and the ethanol yield has advanced
greatly. Further study showed that GAL80 and MIGI played more important roles
in galactose fermentation of Saccharomyces cerevisiae than GAL6 did.

22.2 Materials and Methods
22.2.1 Plasmids and Strains

The recombinant plasmid pUC-MABK used for MIG1 deletion provided by Zhang
[13]. The recombinant plasmid pUC-G80ABK and pUC-G6ABK used for GAL80
and GALG6 deletion provided in this study. Yeast strain AY-5a and Escherichia coli
strain DH5« used in this study were obtained from the Yeast Collection Center of
TianJin industrial Microbiology Key Laboratory of Tianjin University of Science
and Technology, P.R. China. The EY-501a, EY-5020, EY-503¢;, FY-5010, FY-
502a, FY-5030, and GY-501a were generated from AY-5«, and the genotype of all
the yeast strains was listed in Table 22.1.

Table 22.1 Yeast strains

- e Strains  Genotype Source
used in this study Y52 X. Guo (5)
EY-5010 migl::KanMX This study
gal80::KanMX This study
EY-50200 gal6::KanMX This study
gal80::loxP::migl::KanMX This study
EY-50300 gal80::loxP::gal6::KanMX This study
FY-501a gal6::loxP::migl::KanMX This study
FY-502a
FY-503a

GY-501a gal80::loxP:: gal6::loxP::migl::KanMX This study
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22.2.2 Media and Cultivation Conditions

Escherichia coli strain DH50 was incubated in Luria—Bertani medium added
ampicillin resistance for plasmid maintenance. Yeast strains were cultured in
YEPD medium at 30 °C. The recombinant strains were screened on YEPD plates
additionally added 1000 pg/mL G418. Galactose medium (galactose 6 %;
(NH4)2S04 0.5 %; KH,PO, 0.1 %; MgSO,4-7H,0 0.05 %; 10 ml/L trace element
solution; 1 mL/L vitamin solution), and mixture sugar media (glucose 3 %, gal-
actose 3 %, (NH4),SO,4 0.5 %; KH,PO,4 0.1 %; MgSO4-7H,O 0.05 %; 10 ml/L
trace element solution; 1 mL/L vitamin solution) is used for the glucose repression
assay [14].

22.2.3 Standard Solutions for the Media Used

The trace-element solution and vitamin solution contained the following compo-
sitions: Trace element solution: 3 g/LL EDTA; 0.09 g/L. CaCl,-2H,0; 0.90 g/L
ZnS0,4-7H,0; 0.60 g/L. FeSO4-7H,0; 200 mg/L H3BOs5; 156 mg/L MgCl,-2H,0;
80 mg/L. Na,MoO4-2H,0; 60 mg/L CoCl,-2H,0; 60 mg/LL CuSO4-5H,0; and
20 mg/L KI. The pH of the trace element solution was adjusted to 4.00 with
NaOH, and autoclaved.

Vitamin solution: 50 mg/L d-biotin; 200 mg/L para-amino-benzoic acid; 1 g/L.
nicotinic acid; 1 g/LL Capantothenate; 1 g/L pyridoxine-HCI; 1 g/L thiamine-HCI,
and 25 g/L. m-inositol. The pH was adjusted to 6.5 and stored at 4 °C after sterile
filtration [15].

22.2.4 Analytical Methods

Glucose and galactose concentrations were determined by high-performance liquid
chromatography [16]. Ethanol concentration was determined by gas
chromatography.

22.3 Results and Discussion

22.3.1 Construction of Recombinant Strains

The recombinant cassette MIGIA-Kan-MIGIB, GALS80A-Kan-GALSOB, and
GAL6A-Kan-GAL6B fragment was amplified by PCR from plasmid pUC-MABK,
pUC-G80ABK, and pUC-G6ABK, respectively, and transformed into the parental
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strains AY-5x by the lithium acetate method [17], resulting three single gene
deletion mutant strains (EY-501a, EY-502¢, and EY-503a). Then the plasmid
pGAPza which expressed the Cre recombinase was transformed into the trans-
formant in order to excise the drug resistance gene of KanMX from the chromo-
some of recombinant strains [18]. After that, by transforming a different
recombinant cassette into the transformant we constructed by the same method,
three successfully double genes deletion mutant strains (FY-501a, FY-502«, and
FY-5030). Repeating the procedures above, the three genes deletion mutant strain
(GY-501a) was constructed finally. In the procession of constructing the trans-
formant mentioned, the loxp-kan-loxp resistant cassette amplified from plasmid
pUG6 (a generous gift from professor Hegemann) was repeatedly used through
transforming the plasmid pGAPza expressing the Cre recombinase [19].

22.3.2 Fermentation on Galactose of all the Strains

In the same culture condition, all the strains were cultured in galactose medium.
The galactose utilized ability and ethanol productivity were compared
(Tables 22.2 and 22.3). The maximum specific galactose uptake rate was shown in
Table 22.4. The rates demonstrated that all the recombinant strains showed an

Table 22.2 Galactose concentration during the fermentation (g/100 ml)
Time(h) AY-5¢ EY-501o EY-502¢ EY-503x¢ FY-501a FY-50200 FY-5030 GY-501«

0 5.71 5.71 5.71 5.71 5.71 5.71 5.71 5.71
12 5.44 5.08 5.05 5.27 4.82 5.09 5.06 4.83
24 4.57 3.94 3.87 4.32 3.57 391 3.89 3.51
36 3.56 2.75 2.64 3.34 2.32 2.53 2.73 2.29
48 2.78 1.93 1.77 2.44 1.13 1.45 1.89 1.22
60 1.97 1.02 0.88 1.54 0.22 0.44 1.01 0.31
72 1.15 0.31 0.13 0.62 0.00 0.00 0.29 0.00

Table 22.3 Ethanol yield (g/100 ml)
Time(h) AY-5a¢ EY-501a EY-5020 EY-5030c FY-501ac FY-50200 FY-503x GY-501c
72 1.62 2.09 2.18 1.88 2.36 2.32 2.09 2.34

Table 22.4 The maximum specific galactose uptake rate® (g gal/g dry yeast/h)
AY-50  EY-50la  EY-5020 EY-503¢ FY-50la  FY-502¢ FY-5030¢ GY-501«
1.24 1.57 1.71 1.35 2.11 1.73 1.57 2.18

? The maximum specific galactose uptake rate was calculated from the biomass yield and the
maximum specific growth rate. The biomass yield was obtained as the slope of the linear curve
when plotting the biomass or metabolite concentration versus the galactose concentration during
exponential growth
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obvious increase in flux through the galactose utilization pathway compared with
the wild-type strain, so was the ethanol yield. Among all the strains, GY-501«
showed a 76 % increase in specific galactose uptake rate [20] compared with the
wild-type strain. The comparisons of the whole fermentation period of all the
strains indicated that GAL80 and MIGI played more important roles in galactose
fermentation of S. cerevisiae than GAL6 did.
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22.3.3 The Curves of Sugar Consumption
in Glucose-galactose Mixture Medium
of Different Carbon Source

The glucose and galactose utilization in the two sugars mixture media of the five
strains AY-5a, EY-501a, EY-502¢, EY-503«, and FY-501« (listed in Fig. 22.1)
were determined. There was glucose repression in all of the strains, the con-
sumption order of glucose and galactose was obvious, but the curves of sugar
consumption of each strains were significantly different. In wild type strain AY-5a
(Fig. 22.1a), during the time of glucose completely consumpted, only a little of the
galactose was consumed. In strain EY-5030 (Fig. 22.1d), the phenomenon was
little less than that in AY-5¢«. In strains EY-501a (Fig. 22.1b), EY-502«
(Fig. 22.1c¢), and FY-501« (Fig. 22.1e), the consumption of glucose and galactose
was simultaneous, while glucose still present in the media, galactose began to be
consumpted, the fermentation time was much shorter than that of AY-5a.

22.4 Conclusion

To increase flux through the galactose utilization pathway of S. cerevisiae, we
constructed mutant strains missing GAL6 and/or GAL80 and/or MIG1. Rates from
the galactose fermentation were gratifying. The AGAL6 mutants, AGALS0
mutants, and AMIGI mutants showed a 9, 27, and 38 % increase in specific
galactose uptake rate, respectively. The maximum increase in flux (76 %) was
achieved by deletion of all three genes. In glucose—galactose mixture medium,
galactose utilization was repressed by glucose. Deletion of GALS0 gene or MIG1
gene had partly relieved glucose repression of galactose metabolism. However,
deletion of GAL6 gene did not have a marked effect.

Acknowledgments This work was financially supported by the program of National High
Technology Research and Development Program of China (863 Program) (Grant No.
SS2012AA023408), the Cheung Kong Scholars, and Innovative Research Team Program in
University of Ministry of Education, China (Grant No. IRT1166), and Application Base and
Frontier Technology Project of Tianjin, China (Grant No. 09JCZDJC17900). The work is sup-
ported by the “2012-2013” Foundation of Laboratory of Tianjin University of Science and
Technology, P.R. China (Grant No. 1204A209).

References

1. Lee KS, Hong ME, Jung SC et al (2011) Improved galactose fermentation of Saccharomyces
cerevisiae through inverse metabolic engineering. Biotechnol Bioeng 108:621-631

2. Replogle K, Hovland L, Rivier DH (1999) Designer deletion and prototrophic strains derived
from Saccharomyces cerevisiae strain W303-1a. Yeast 15:1141-1149



22

10.

11.

13.

14.

15.

16.

17.

18.

19.

20.

Increasing Galactose Utilized Ability 219

. Ostergaard S, Olsson L, Nielsen J (2000) Metabolic engineering of Saccharomyces
cerevisiae. Microbiol Mol Biol R 64:34-50

. Golovleva L, Golovlev E (2000) Microbial cellular biology and current problems of
metabolic engineering. J Mol Catal B-Enzym 10:5-21

. Rubio TM (2005) A comparative analysis of the GAL genetic switch between not-so-distant
cousins: Saccharomyces cerevisiae versus Kluyveromyces lactis. FEMS Yeast Res
5:1115-1128

. Lohr D, Venkov P, Zlatanova J (1995) Transcriptional regulation in the yeast GAL gene
family: a complex genetic network. FASEB J 9:777-787

. Igarashi M, Segawa T, Nogi Y et al (1987) Autogenous regulation of the Saccharomyces
cerevisiae regulatory gene GAL80. Mol Gen Genet 207:273-279

. Gill G, Ptashne M (1988) Negative effect of the transcriptional activator GAL4. Nature
334:721-724

. Nehlin JO, Carlberg M, Ronne H (1991) Control of yeast GAL genes by MIGI repressor: a

transcriptional cascade in the glucose response. EMBO J 10:3373-3377

Treitel MA, Carlson M (1995) Repression by SSN6-TUP1 is directed by MIG1, a repressor/

activator protein. P Natl Acad Sci Usa 92:3132-3136

Keleher CA, Redd MJ, Schultz J et al (1992) Ssn6-Tupl is a general repressor of transcription

in yeast. Cell 68:709-719

. Zheng W, Xu HE, Johnston SA (1997) The cysteine-peptidase bleomycin hydrolase is a

member of the galactose regulon in yeast. J Biol Chem 272:30350-30355

Zhang Y, Xiao DG, Zhang CY (2011) Effect of MIG1 gene deletion on glucose repression in

baker’s yeast. Adv Mater Res 396-398:1531-1535, Advances in chemical engineering:

ICCMME

van den Brink J, Akeroyd M, van der Hoeven R, et al (2009) Energetic limits to metabolic

flexibility: responses of Saccharomyces cerevisiae to glucose—galactose transitions.

Microbiology+ 155:1340-1350

Thomas TD, Turner KW, Crow VL (1980) Galactose fermentation by Streptococcus lactis

and Streptococcus cremoris: pathways, products, and regulation. J Bacteriol 144:672—682

Chen SF, Mowery RA, Castleberry VA et al (2006) High-performance liquid

chromatography method for simultaneous determination of aliphatic acid, aromatic acid

and neutral degradation products in biomass pretreatment hydrolysates. J Chromatogr A

1104:54-61

Gietz RD, Schiestl RH (1995) Transforming yeast with DNA Methods. Mol Cell Biol

5:255-269

Ribeiro O, Gombert AK, Teixeira JA et al (2007) Application of the Cre-loxP system for

multiple gene disruption in the yeast Kluyveromyces marxianus. J Biotechnol 131:20-26

Giildener U, Heck S, Fiedler T et al (1996) A new efficient gene disruption cassette for

repeated use in budding yeast. Nucleic Acids Res 24:2519-2524

Ostergaard S, Olsson L, Johnston M et al (2000) Increasing galactose consumption by

Saccharomyces cerevisiae through metabolic engineering of the GAL gene regulatory

network. Nat Biotechnol 18:1283-1286



Chapter 23

Expression and Characterization

of a Thermophilic Trehalose Synthase
from Meiothermus ruber CBS-01

in Pichia pastoris

Yufan Wang, Wenwen Wang, Jun Zhang, Yueming Zhu,
Yanchao Liu, Laijun Xing and Mingchun Li

Abstract Trehalose synthase (TreS) was proved to catalyze the reversible reac-
tion of maltose into trehalose by intramolecular transglucosylation. In this work, a
yeast expression system was constructed to express TreS from Meiothermus ruber
CBS-01 in the eukaryotic Pichia pastoris expression system. The TreS gene with
6x His tag at the 3" end was subcloned into the eukaryotic expression vector
pPIC3.5K. Then the constructed vector was integrated into Pichia pastoris strain
KM71. The recombinant was induced by sterile methanol and the bioactive TreS
was expressed successfully intracellular. After optimizing culture conditions, we
got approximately 150 mg/L recombinant protein. It was the first time to express
TreS from M. ruber CBS-01 in eukaryotic expression system. The purified TreS

was also characterized in details.
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23.1 Introduction

Trehalose is a non-reducing disaccharide widely found in various organisms [1]. It
has been reported that this sugar is heat- and acid-stable, and can protect organisms
or tissues against environmental stresses such as dryness, osmotic stress, heat or
cold shock, and so on [2, 3]. Hence, trehalose has been widely used in cosmetic
industry, food industry, and in medical industry [4, 5].

Up to now, there are five pathways involved in trehalose biosynthesis [6].
Among all of these, the trehalose synthase (TreS) can convert maltose into tre-
halose in only one-step reaction and the substrate of the enzyme is inexpensive.
Therefore, the enzyme is suitable to produce trehalose in industry. Some TreS
genes have been isolated and cloned from different organisms. Many of them had
been purified and/or expressed in Escherichia coli [7-11]. However, TreSs
reported so far processed a problem of low yield in the original organisms.

Up to the present, some thermophilic TreSs were discovered in some bacteria,
such as Thermus thermophilus [12], Thermus aquaticus [13], and Meiothermus
ruber [14]. They will be more suitable for industrial application because of the
thermophilicity and stability. But there is not any report about the expression of
thermophilic TreSs in eukaryotic expression systems.

The methylotrophic yeast Pichia pastoris is well known for being effective in
producing recombinant proteins. As a eukaryote, P. pastoris can perform some co-
and/or post-translational modifications of foreign proteins. The proteins expressed
in P. pastoris were usually folded with the correct disulfide bonds [15]. Addi-
tionally, P. pastoris needs a low maintenance energy, which was fitted for high
density fermentation.

In our previous research, a TreS gene was obtained from Meiothermus ruber
strain CBS-01 [14]. In this work, a yeast expression system was constructed to
express TreS of M. ruber CBS-01 in eukaryotic expression system. Under optimal
culture conditions, the recombinant protein was expressed and purified. Further-
more, the properties of the enzyme were characterized in details.

23.2 Materials and Methods
23.2.1 Strains, Plasmids, and Regents

E. coli DHSa, P. pastoris KM71 (Darmstadt, German) were used for cloning and
expression, respectively. Intracellular expression vector pPIC3.5K was purchased
from Invitrogen (California, USA).

E. coli DH5a was cultured in LB broth (100 pg/mL ampicillin). The medium
MD was used for selection of transformant, the medium YPD, BMGY, and
BMMY were used for P. pastoris culture and induction, respectively. All the
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media were prepared following the methods mentioned in the introduction of
Pichia Expression Kit (Invitrogen, USA)

Binding buffer and elution buffer were used for protein purification by NTA-Ni
column as described previously [16]. Washing buffer (10 mmol/L. potassium
phosphate buffer (pH 6.5)) was used for protein purification by Hi-trap Q column.

The restriction enzymes and Taq polymerases were obtained from Takara
(Dalian, China). Columns for protein purification were purchased from GE
(Tokyo, Japan). Glucose, maltose, and trehalose were got from Sigma (St.Louis,
MO). The other chemicals and reagents were of analytical grade.

23.2.2 Construction of Expression Plasmid

The TreS gene of M. ruber CBS-01 was amplified from pET21a-TreS with primers
pPICF (5-CGGAATTCGCGAGTATGGGTGTGGATCCTCTTTGG, EcoR 1
restriction enzyme site underlined) and pPICR (AATGCGGCCGCCTA
GTGGTGGTGATGATGGTGGCGGGCCCGTTCCTTCCACC, Not 1 restric-
tion enzyme site underlined and a 6x His tag sequence in bold). The ORF is
2913 bp and encodes 970 amino acid residues. The amplified DNA was ligated
into EcoR I-and Not I-digested pPIC3.5K to produce pPIC3.5K-TreS for intra-
cellular expression.

23.2.3 Pichia pastoris Transformation, Expression,
and Activity Detection of TreS

The purified vector pPIC3.5K-TreS was linearized by Sal 1. The linearized DNAs
were transformed into P. pastoris strain KM71 by electroporation following the
guide of the Pichia expression kit (Invitrogen, USA). Then the positive transfor-
mants were selected on the MD plates. The recombinant strain KM71/pPIC3.5K-
TreS was identified by PCR using primers 5'AOXI and 3 AOXL

Identified transformants were cultured in 5 ml BMGY medium at 30 °C for
2 days. Cells were harvested by centrifugation at 3000 g for 10 min, and then were
resuspended in 5 ml BMMY medium and grown for another 2 days. For inducing
of the expression of TreS, sterile methanol was added into the BMMY medium to
a final concentration of 0.5 % (v/v) every day. After intracellular expression, the
culture was centrifuged at 3000 g for 5 min and the supernatant was decanted. The
cell pellet was suspended in 1 ml washing buffer and cells were disrupted by
shaking with glass beads for 5 times of 1 min shaking, with 1 min intermission on
ice. After incubated at 60 °C for 1 h and centrifuged at 10000 g for 10 min, the
supernatant was analyzed by SDS-PAGE. At the same time, a same volume of
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50 mmol/L. maltose solution in washing buffer was added and the mixture was
incubated at 50 °C for 60 min to detect the activity of TreS.

The activity of TreS was analyzed by measuring the amount of trehalose pro-
duced from maltose. The production was assayed by high performance liquid
chromatography (HPLC). HPLC was performed as follows: Hypersil-NH, column
@ 4.6 * 250 mm; 80 % acetonitrile- 20 % water eluent (v/v); flow rate 1.0 ml/min;
column temperature 30 °C; evaporative light scattering detection.

23.2.4 Optimized Expression of TreS in Pichia pastoris

Each single clone of P. pastoris transformants was cultivated and induced as

described above. To yield a highest level of TreS, the cultivations were carried out

at different conditions including the final concentration of methanol, initial cell

density for induction, the times to add methanol every day, and the induction time.
All data were obtained at least 3 times and were shown as mean + SD.

23.2.5 Purification of TreS and Enzyme Characterization

A single clone of recombinant strain was inoculated in 5 ml BMGY medium,
grown overnight at 3 °C with shaking. A 1 mL of culture was inoculated into
100 mL the same medium and grown at 30 °C for 24 h with 200 r/min. Cells were
then harvested by centrifuging for 5 min at 3000 g. The cell pellets were resus-
pended in 50 mL of BMMY medium in a 500-mL shake flask and cultured under
the optimum condition for TreS expression. At the end of incubation, the culture
broth was centrifuged at 3000 g for 5 min and the supernatant decanted. The cells
were grinded by liquid nitrogen, and then suspended in washing buffer. The
supernatant was centrifuged at 10000 g for 10 min and then filtered through
0.22 um filter. The crude enzyme was purified using NTA-Ni column chroma-
tography as described previously [16]. The eluted solution was loaded on a Hi-trap
Q ion-exchange column (200 * 10 mm) equilibrated with a washing buffer. The
protein was eluted with a linear gradient of 0-1.0 mol/L NaCl in washing buffer.
The active fractions were pooled, then concentrated and desalted by Amicon Ultra-
4 centrifugal filter. The protein concentration was quantified using Bradford’s
method [17]. The purified enzymes were analyzed with 10 % SDS-PAGE. The
kinetic parameters, effect of temperature, and pH on the activity and stability of
TreS were measured by the methods described previously [16].
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23.3 Results

23.3.1 Expression and Activity Detection of TreS in Pichia
pastoris

After induction using methanol, the expression of TreS was analyzed by SDS-
PAGE and the activity of enzyme was detected. In contrast with the negative
control, a single protein band around 110 kDa was clearly visible by SDS-PAGE
analysis of crude extract from cell pellet for KM71/pPIC3.5K-TreS.

The activity of TreS was determined by HPLC. After cell-free extracts of
KM71/pPIC3.5K-TreS reacted with 2 % (w/v) maltose at 50 °C for 60 min, tre-
halose and a small amount of glucose were detected by HPLC (data not shown).
All of the above results indicated that TreS was expressed successfully intracel-
lular in P. pastoris KM71.

23.3.2 Optimized Expression of TreS in Pichia pastoris

23.3.2.1 The Optimal Harvest Time of TreS Expression in Pichia
pistoris

To determine the optimal time for TreS production, a time-course analysis on the
TreS accumulation was carried out within 168 h. At each time point, the
expression samples were withdrawn to analyze the activity of TreS. The accu-
mulation of TreS was proportional to its activity, so the activity of TreS was used
to estimate its expression level. As shown in Fig. 23.1, the sample of 96 h after
induction showed the highest activity. A plateau was reached beyond this time
point, which indicated that 96 h is the best time to harvest the cells.
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23.3.2.2 Effect of Inoculum Concentration at Induction Phase on TreS
Production

Generally, a high density of cells resulted in an increase of recombinant protein
production. However, high cell densities mean that oxygen and nutrition will
become limiting factors. The initial culture was adjusted to different ODgq before
induction. We observed that when the density of biomass from BMGY culture
reached about ODggp = 12 (as shown in Fig. 23.2), a culminating point could be
achieved in the accumulation of TreS. And inoculum densities above ODggg = 12
did not result in obvious increase in TreS accumulation.

23.3.2.3 Effect of Methanol Addition on the Induction of TreS

During the expression of TreS, the addition of methanol into the media was
performed once every 12 or 24 h to keep induction. The TreS production induced
by different concentrations of methanol was compared to determine the optimal
condition. When the concentration of methanol in the medium was below 0.75 %
(v/v), there was no inhibition on the growth of yeast cells. The TreS accumulation
was proportional to the concentration of methanol and peaked at 0.75 %
(Fig. 23.3). When the concentration of methanol was too high (above 0.75 %), the
production of TreS was suppressed, and the yield of the enzyme was reduced.
Therefore, TreS expression reached the highest level by the addition of methanol
to a final concentration of 0.75 % each 12 h.

Fig. 23.2 The effect of cell
density before induction on
the accumulation of TreS in
P. pastoris KM71
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23.3.2.4 Optimal Expression and Purification of TreS

Under optimal culture conditions, the TreS expressed abundantly. The recombi-
nant TreS was purified and analyzed by SDS-PAGE which revealed a single
protein band around 110 kDa consisted with the deduced molecular weight of
TreS (data not shown). The protein concentration was approximately 2 mg/mL.
And the yield of the expression of TreS in P. pastoris was about 150 mg/L.

23.3.3 Kinetics Analysis of TreS Expressed in Pichia
pastoris

The kinetic parameters of TreS expressed in P. pastoris were showed in
Table 23.1. The K,, value using maltose as substrate was nearly to that using
trehalose as substrate, implying that TreS from M. ruber CBS-01 expressed in P.
pastoris had the same affinity to maltose and trehalose. However, the enzyme had
approximately twofold conversion rate (k.,) and catalytic efficiency (koK)
using maltose as substrate to that using trehalose as substrate, which led the
priority to produce trehalose.

23.3.4 Effects of Temperature and pH on the Activity
and Stability of TreS Expressed in Pichia pastoris

The optimum temperature for TreS expressed in P. pastoris was about 50 °C.
Besides, TreS showed outstanding thermo-tolerance, and it could maintain more
than 90 % of its activity within a temperature range of 0-60 °C (Fig. 23.4a).

As shown in Fig. 23.4b, TreS expressed from P. pastoris showed the highest
activity at pH 6.5. And between pH 5.0-8.0, the enzyme could highly maintain the
original activity. This indicated that TreS has both good adaptability and surviv-
ability against pH.

The purified TreS from P. pastoris was thermostable and acid tolerant, which
made it suitable to produce trehalose in industry.

And all the results above showed that TreS from M. ruber was successfully
expressed in P. pastoris.

Table 23.1 Kinetic parameters of the recombinant TreS expressed in Pichia pastoris KM71
Substrate K., (mmol/L) Vmax (mmol/L-min) Keat (sfl) keat! Ky (L/mol-s)

Maltose 972 +£35 943.5 £+ 28.6 1747 £ 5.3 1798.2 &£ 10.7
Trehalose 95.6 £ 69 4249 + 224 78.7 £ 4.1 8239 £ 16.2
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Fig. 23.4 Effects of temperatures (a) and pH (b) on the activity (solid square) and stability (open
square) of TreS expressed in P. pastoris KM71, respectively

23.3.5 Effects of Metal Ions on the Activity of TreS
Expressed in Pichia pastoris

Table 23.2 showed the effects of metal ions on the activity of purified TreS
expressed in P. pastoris. The activity of the enzyme was inhibited strongly by
10 mmol/L divalent and trivalent cations in our experiment except Mg>*. How-
ever, we did not find any metal ion which can increase the enzyme activity
remarkably.

23.3.6 The Stability of TreS Expressed in Pichia pastoris
During Storage

The hetero-expressed TreS was stored at 4 °C for some time and then the residual
activities were examined. In was shown that TreS can reserve 98.2 % of its
activities after 60 days of storage at 4 °C, indicating that the TreS expressed by P.
pastoris was very stable during storage.

Table 23.2 Effects of metal ions on the activity of TreS expressed in P. pastoris KM71
Reagent Relative activity (%)

concentration None Na* K" Zn** Fe** Ca*t Ccu** Mg2+ Mn?* Co*t APt
1 mmol/L 100 99.1 98.6 753 102.2 68.5 61.3 103.7 81.6 928 942
2 mmol/L 100 102.5 101.3 864 97.6 53.1 654 101.3 704 792 0

10 mmol/L 100 103.7 104.0 0 0 88 0 951 0 0 0
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23.4 Discussion

Due to the outstanding advantage of TreS in producing trehalose, there have been
lots of TreS isolated from different organisms, and most of them were expressed
successfully in E. coli. However, E. coli and other prokaryotic expression systems
have several disadvantages. For example, in these expression systems, the foreign
protein is prone to form inclusion body during fermentation, and the expression
level is not very high. Moreover, the expression vector is easy to lose [15]. On the
other hand, there is little reports to show that the TreS was expressed in eukaryotic
expression systems.

In our precious work, a TreS gene was cloned from the thermophilic bacteria
M. ruber CBS-01 and expressed in E. coli. However, the expression level in E. coli
was low (about 5 mg/L), which greatly hindered it to be applied in industrial
production. Considering the notable advantages of P. pastoris in expressing for-
eign proteins, we tried out the P. pastoris expression system to produce TreS to
investigate the character of the enzyme in eukaryotic cells.

Using the intracellular eukaryotic expression system, we optimized the induc-
ing condition of TreS in P. pastoris. Under the optimal condition, the KM71/
pPIC3.5K-TreS produced approximately 150 mg/L recombinant TreS, which was
almost 30 times of that in E. coli expression system. This provided an experi-
mental basis for further industrial production of TreS.

One factor that affects expression of foreign proteins in P. pastoris is the Mut
phenotype of the recombinant strain. KM71/pPIC3.5K-TreS constructed in this
study was Mut>. In principle, Mut® recombinant is better for intracellular
expression because the strain produces little alcohol oxidase, and the purification
of foreign proteins will be easier [18]. For secreted expression, Mut™ is a preferable
choice. However, there is not a specific relationship between them, so both Mut*
and Mut® recombinants are useful as one phenotype may favor better expression of
the foreign proteins than the other. Therefore, we will investigate and the
expression of TreS in the Mut™ recombinant of P. pastoris GS115 system in our
further study. Besides, it was demonstrated that multiple copy integration of
recombinant genes into the genome of P. pastoris could enhance the expression
of foreign proteins [19]. So we will screen the recombinants of multiple inserts of
TreS and test whether mutli-copy of TreS can increase expression at the same time.

We have investigated the expression of secreted TreS in both E.coli and
P. pastoris, previously. Unfortunately, no activity of TreS was detected in the
culture supernatant after induction. It is probable that the TreS is a naturally
endocellular protein in M. ruber. However, the soluble fraction of protein extract
after cell breaking showed TreS activity. It was indicated that the TreS was
expressed endocellularly, but failed to be secreted to the medium. The amino acid
sequence was predicted as a hydrophilicity protein by Expasy (http://www.
expasy.ch/tools/protscale.html). There was no predicted transmembrane region in
the protein which may inhibit the protein to secrete.
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The TreS expressed in P. pastoris was a thermostable protein which was easy to
be purified from non-thermophilic proteins expressed in P. pastoris. At same time,
it could maintain 90 % of its activity after incubating at pH 5.5-pH 9.0. The
storage of TreS expressed in P. pastoris was convenient. Hence, the TreS reported
here is potential to be applied in industry.
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Chapter 24
Effect of Carbon Source on Fermentation

Cultivation of Streptococcosis suis Vaccine
Strain SD11

Yichun Wu, Lizhong Miao, Ming Li and Likun Cheng

Abstract The high cell-density cultivation technology of Streptococcosis suis
vaccine strain SD11 in 10 L bioreactor was studied. The effect of different initial
carbon sources on fermentation of S. suis vaccine strain SD11 were evaluated, and
results indicated that the sucrose should be as initial carbon source. The opportune
concentration of initial carbon sources was 4 g/L sucrose by analysing the effect of
different sucrose concentrations on S. suis vaccine strain cultivation. The effect of
different feeding substrate and residual glucose concentration on fermentation
of S. suis vaccine strain SD11 were investigated, results showed that glucose
solution was selected as feeding substrate and the residual glucose concentration
should be controlled at low level. Applying the pH feedback feeding strategy, the
concentration of residual glucose was maintained at a low level, the accumulation
of lactic acid was 8.0 g/l, and both biomass and viable count improved obviously
were 5.89 g/l, 7.02 x 10° cfu/ml, respectively.

Keywords Streptococcosis suis - Vaccine - Carbon sources - pH Feedback
feeding

24.1 Introduction

Streptococosis was a kind of contagion, which was caused by the enteropathogenic
strains of Streptococcus [1]. Streptococcus suis is a gram-positive bacterium that
can cause meningitis, pneumonia, septicemia, sudden death, and other symptoms
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in pigs, and it is also emerging as a zoonotic agent capable of causing severe
invasion in humans via injured and inflamed skin or mucous membrane [2]. Based
on capsular antigens, 35 serotypes (type 1/2 and 1-34) have been described.
Serotype 2 of S. suis is generally thought to have the strongest pathogenicity, and
also the most frequently reported serotype isolated from diseased animals
worldwide [3]. Many strategies have been reported to prevent the Streptococosis,
such as drug and immunization, and vaccine is an effective method for prevention
and control of infectious diseases [1]. The preferred technology for production of
S. suis vaccine strain was used by high cell-density cultivation.

Optimization of carbon source is a key factor for achieving high cell-density
cultivation. Glucose is the preferred carbon source in bacterium cultivation as it is
an inexpensive and readily utilizable carbon and energy source. Growth of S. suis
vaccine strain on excess glucose causes the formation of acidic byproducts, the
most common of which is lactic acid [4]. Lactic acid is a primary inhibitory
metabolite in S. suis vaccine strain cultivation, and is detrimental to bacterial
growth. The accumulation of lactic acid was decreased with the concentration of
carbon source maintained an appropriate level, which could increase the viable
count of S. suis vaccine strain. In production of L-threonine, the results of various
carbon sources used in L-threonine fermentation showed that the maximum dry
cell weight and yield of L-threonine obtained with sucrose as the initial carbon
source [S]. In this study, S. suis vaccine strain SD11 fermentation with various
initial carbon sources was compared. The effect of initial carbon source concen-
tration, feeding substrates, and residual glucose concentration on S. suis vaccine
strain SD11 fermentation was investigated. The concentration of initial carbon
source was obtained, and a pH feedback feeding method was developed in S. suis
vaccine strain SD11 fermentation.

24.2 Materials and Methods
24.2.1 Microorganism and Medium

The S. suis vaccine strain SD11 used in this study was isolated in our laboratory
and stored in our laboratory.

The seed medium contained the components as follows: glucose 1 g/l, peptone
0.5 g/1, MgSQO4-7H,0O 0.05 g/l, KH,PO4 0.1 g/l, and blood serum 2 %. The
medium for S. suis vaccine strain SD11 fermentation contained the following:
source 4 g/l, peptone 0.5 g/l, MgSO,4-7H,0 0.05 g/, KH,PO, 0.1 g/1, and blood
serum 2 %. The pH of both seed and fermentation media was adjusted based on
specific experimental requirements.
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24.2.2 Culture Methods

24.2.2.1 Fermentation in Automated Microbiology Growth Analysis
Systems

A 500 ml baffled flask containing 150 ml of seed medium was inoculated with a
single colony of S. suis vaccine strain SD11 and cultivated at 37 °C for 7 h. Thirty
microlitre of this culture was inoculated into a 400 pl inoculum in Automated
Microbiology Growth Analysis Systems (Bioscreen C) containing 350 pl fer-
mentation medium and cultivated at 37 °C with shaking at normal amplitude for
7 h.

24.2.2.2 Fermentation in a Bioreactor

A 500 ml baffled flask containing 150 ml of seed medium was inoculated with a
single colony of S. suis vaccine strain SD11 and cultivated at 37 °C for 7 h. Fed-
batch fermentation was performed in 10 1 jar fermenters. The seed culture was
inoculated aseptically (10 % (v/v)) into 6 1 of fermentation medium contained in a
10 1 jar fermenters, and cultivated at 37 °C for 7 h. The pH was adjusted to 7.0
with 4 mol/l of NaOH during the whole cultivation period. The DO level was
maintained at approximately 10 % saturation by adjusting the agitation and aer-
ation rates. When the initial carbon source was depleted, 50 % (w/v) feeding
substrate was fed into the fermenter to meet specific experimental requirements.

24.2.3 Analysis of Fermentation Process

The optical density (DO), pH, and temperature were measured automatically with
electrodes attached to the fermenters. The OD was monitored by the Microbiology
Growth Analysis Systems. Dry cell weight, viable count, and specific growth rate of
this strain were determined as described previously [4]. The concentrations of glu-
cose and lactic acid were monitored by an SBA-40E biosensor analyzer. The con-
centration of source was measured by the colorimetry of sulfuric acid-anthrone [6].

24.3 Results

24.3.1 Effect of Initial Carbon Source on S. suis Vaccine
Strain SD11 Fermentation

Many kinds of sugar can be used as carbon source in S. suis vaccine strain fer-
mentation. The effect of different carbon source on S. suis vaccine strain SD11
fermentation was investigated by adding 5 g/I glucose, 5 g/l sucrose, 5 g/l lactose,
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Fig. 24.1 Effect of initial carbon sources on fermentation of S. suis vaccine strain SD11

and 5 g/l maltose to the fermentation medium, respectively, which were carried
out in Automated Microbiology Growth Analysis Systems.

Results of S. suis vaccine strain SD11 fermentation with various carbon sources
are presented in Fig. 24.1. When no carbon source was added to the fermentation
medium, the excretion of lactic acid was lowest, and the viable count was also
lowest because of lack of carbon source. The accumulation of lactic acid was
highest with glucose as initial carbon source. When the lactose used as initial
carbon source, the accumulation of lactic acid was low, but both optical density
and viable count were low, which showed that lactose was not an appropriate
carbon source for this strain. The maximum optical density and viable count were
obtained with sucrose as initial carbon source, indicating that sucrose is the
optimal initial carbon source for S. suis vaccine strain SD11 fermentation.

24.3.2 Effect of Initial Carbon Source on S. suis Vaccine
Strain SD11 Fermentation

Metabolic ways of bacterium were affected by the concentration of carbon source.
The excretion of byproducts was decreased with an appropriate concentration of
carbon source. The sucrose of 2 g/l, 4 g/1, 6 g/1, 8 g/, and 10 g/l were selected as
the initial carbon source in S. suis vaccine strain SD11 fermentation.

The effects of initial carbon source concentration on optical density and viable
count are plotted in Fig. 24.2, along with the concentration of lactic acid. Con-
centration of lactic acid increased with increasing concentrations of sucrose. When
the sucrose concentration was 2 g/, optical density, viable count, and concen-
tration were low. Both optical density and viable count decreased with sucrose
concentration above 6 g/l. Too high or too low sucrose concentration were adverse
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to S. suis vaccine strain SD11 fermentation. Both optical density and viable count
were highest with sucrose concentration at 4 g/l, and the initial sucrose concen-

tration was selected at 4 g/l.

24.3.3 Effect of Feeding Substrate on S. suis Vaccine Strain
SD11 Fermentation

Fed-batch culture fermentation was widely used in high cell-density cultivation. In
fermentation process, nutriment was fed to satisfy the demand of strain growth.
Glucose and sucrose were selected as the carbon source in feed stage of S. suis
vaccine strain SD11 fermentation, and the concentration of carbon source was
maintained at 5 g/l.

Results of S. suis vaccine strain SD11 fermentation with different feeding
substrate are presented in Fig. 24.3. When sucrose was used as feeding substrate,
the accumulation of lactic acid was low, both dry cell weight and specific growth
rate were low. With sucrose or glucose as feeding substrate, the viable count was
4.57 x 10° cfu/ml and 5.34 x 10° cfu/ml, respectively. Thus, glucose should be

selected as feeding substrate.

24.3.4 Effect of Residual Glucose Concentration on S. suis

Vaccine Strain SD11 Fermentation

The “over-flow” metabolism occured with high glucose concentration. The con-
centrations of residual glucose were maintained at 1, 3, 5, and 7 g/l in S. suis
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vaccine strain SD11 fermentation. As shown in Fig. 24.4, the concentration of
lactic acid increased with increasing the concentration of residual glucose, while
both optical density and viable count decreased. High concentration of lactic acid
was caused by high residual glucose concentration, leading to low optical density
and viable count. The concentration of residual glucose should be controlled at a
low level in S. suis vaccine strain SD11 fermentation.
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Fig. 24.5 Cultivation of S. suis vaccine strain SD11 with the pH feedback feeding method

24.3.5 Streptococcosis suis Vaccine Strain SD11
Fermentation with a pH Feedback Feeding Method

In fermentation process, many parameters can reflect the condition of carbon
source, such as dissolved oxygen, pH, releasing rate of CO,. When carbon source
depleted, the pH increased due to increasing concentration of NH,*. The glucose
solution was fed when the pH increased to 7.10.

Results of S. suis vaccine strain SD11 fermentation using the pH feedback
feeding strategy are presented in Fig. 24.5. Applying this pH feedback feeding
strategy, the concentration of residual glucose was maintained at the range of
0.2-0.4 g/1, the accumulation of lactic acid was low (8.0 g/l), dry cell weight
increased to 5.89 g/l and the viable count reached 7.02 x 10° cfu/ml.

24.4 Discussion

Metabolic pathways of various carbon sources in S. suis vaccine strain SD11 were
different. The metabolic pathway of sucrose was more complex than glucose [7].
Perturbation sugar rate of strain was low with sucrose as the initial carbon source,
leading to low accumulation of lactic acid. In feed stage, sucrose could not satisfy
the growth of strain because of vigorous growth of strain and low decomposition
rate of sucrose, which was adverse to S. suis vaccine strain SD11 fermentation. In
cultivation process, metabolic byproduct was accumulated because of “Crabtree”
effect with high glucose concentration. In the cell of rCHO cultivation, a lot of
lactic acid got excreted due to the too high glucose [8]. Byproduct was decreased
by controlling the concentrations of initial carbon source and residual glucose at an
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appropriate level [9]. Thus, 4 g/l of sucrose was used as initial carbon source and
the residual glucose was maintained at a low level.

Many feeding strategies have been developed to achieve high cell-density
cultivation. There are feedforward control feeding and feedback control feeding in
fed-batch fermentation. The feedforward control feeding was up to the accuracy of
kinetic model, and the feedback feeding control feeding depends on detection of
fermentation parameters. Many feeding strategies based on pH have been devel-
oped. In butanol production by Clostridium saccharoperbutylacetonicum, a pH-
controlled fed-batch culture resulted in not only acceleration of lactic acid con-
sumption but also a further increase in butanol production [10]. A novel feeding
method based on pH in which the carbon source and alkali were mixed together
was proposed for lactic acid production, and the concentration of glucose and pH
of the fermentation broth could be controlled synchronously at a pre-determined
level during the entire process [11, 12]. With the development of computer,
measurement, and feeding technology, the control strategy of S. suis vaccine strain
SD11 fermentation will be optimized.
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Chapter 25

Control Strategy of Specific Growth Rate
in L-Tryptophan Production

by Escherichia coli

Likun Cheng, Qingyang Xu, Jingbo Liang, Xixian Xie,
Chenglin Zhang and Ning Chen

Abstract Specific growth rate is an important parameter in L-tryptophan
production. In this study, variable specific growth rate fed-batch process was used
and the maximum specific growth rate was controlled at 0.20, 0.25, and 0.30 h™"
respectively. The effects of different specific growth rate on dry cell weight,
production of L-tryptophan, concentrations of by-products, NH,* and K*, and
plasmid stability were investigated. With the maximum specific growth rate at
0.25 h™', dry cell weight increased to 45.37 g/L and L-tryptophan production
reached 38.5 g/L. The plasmid stability was 96.2 % and concentration of acetic
acid, lactic acid, and alanine was 1.12, 0.72, and 0.45 g/L. From the metabolic flux
analysis of L-tryptophan biosynthesis with different specific growth rate, the
metabolic flux of Glycolytic pathway, Tricarboxylic acid cycle, acetic acid, lactic
acid, and alanine were decreased by 24.18, 17.48, 3.56, 3.34, and 4.0 % respec-
tively and the metabolic flux of Pentose phosphate pathway and L-tryptophan were
increased by 8.3 and 5.43 % with the maximum specific growth rate at 0.25 h™' by
comparing with that of the maximum specific growth rate at 0.30 h™", leading to a
significant increase in L-tryptophan production. The maximum specific growth
rate in L-tryptophan production should be controlled below 0.25 h™".

Keywords Specific growth rate - L-tryptophan - Escherichia coli - By-products -
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25.1 Introduction

L-tryptophan is an essential amino acid for humans and other animals, which is
widely used in food, animal feed, and pharmaceutical industries [1, 2]. Process
modification and genetic modification of L-tryptophan production by microbial
fermentation in E. coli has been extensively studied [3, 4]. Zhao et al. constructed
an L-tryptophan overproducing E. coli (ATrpR, ATnaA, APheA, ATyrA, AroF™
and TrpE™D) from the wild-type E. coli W3110 by defined genetic modification
methodology [2]. In L-tryptophan production, product formation increased, and
the amount of by-products decreased by optimizing the glucose feed rate [1].

Specific growth rate is an important parameter in the fermentation process due
to its impact on the plasmid stability and the formation of acetic acid [5]. Plasmid
stability decreased with rise in specific growth rate and plasmid instability is a
major reason for the decrease in the specific yield [6]. Acetic acid is a primary
inhibitory metabolite in E. coli cultivation, and is detrimental to bacterial growth
and formation of desired products [7]. The threshold growth rate for accumulation
of acetic acid has been reported in defined media to be in the range of
0.14-0.17 h™! for fed-batch process [6]. The acetic acid excretion is not observed
when the specific growth rate of E. coli is lower than a certain threshold growth
rate (i), owing to the carbon limitation in continuous cultivations or the quality of
carbon sources in batch cultures, and aerobic acetogenesis of E. coli has been
proposed as a means of generating extra ATP to support faster growth [8]. From
the study of E. coli K12 MG 1655 in accelerostat cultures, acetic acid accumu-
lation began at u = 0.34 + 0.01 h™' and two acetate synthesis pathways—
phosphotransacetylase-acetate kinase (pta-ackA) and pyruvate oxidase (poxB)—
contributed to the synthesis at the beginning of overflow metabolism, i.e., onset of
acetic acid excretion [7].

In the variable specific growth rate fed-batch process, plasmid stability and
specific yield of desired product were greater than that with constant specific
growth rate fed-batch process [9]. The feeding rate of glucose was continuously
adjusted in order to support the specific growth rate at a constant value [10].
A novel equation of feeding rate according to the experimental data could decrease
the specific growth rate [9]. In this study, the variable specific growth rate fed-
batch process in L-tryptophan production was achieved by adjusting feeding rate.
The concentrations of by-products, NH,*, K*, L-tryptophan and plasmid stability
in L-tryptophan production with different specific growth rate were investigated,
and distribution of metabolic flux in L-tryptophan production studied.
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25.2 Materials and Methods
25.2.1 Microorganism and Medium

The L-tryptophan-producing strain E. coli TRTHApta used in this study was
obtained from the early work in our laboratory [11] and stored at the Culture
Collection of Tianjin University of Science and Technology, and maintained on
Luria-Bertani (LB) agar containing 50 mg/L tetracycline.

The seed medium contained the components as follows: glucose 20 g/L, yeast
extract 15 g/, (NH4),SO,4 10 g/L, sodium citrate 0.5 g/L, MgSO,4-7H,O 5 g/L,
KH,PO, 1.5 g/, FeSO47H,O 0.015 g/L, tetracycline 0.05 g/L, and vitamin
B; 0.1 g/L. The medium for L-tryptophan fermentation contained glucose 20 g/L,
yeast extract 1 g/L, (NH4),SO4, 4 g/L, sodium citrate 2 g/L, MgSO,4-7H,0 5 g/L,
KH,PO, 5 g/L, and FeSO,4-7H,0 0.1 g/L. The pH of both medium was adjusted to
7.0 with 4 mol/l NaOH.

25.2.2 Culture Methods

A 500-ml baffled flask containing 30 ml of seed medium was inoculated with a
single colony of E. coli TRTHApta and cultivated at 36 °C, 200 rpm for 12 h.
A 30-mL inoculum of this culture was added aseptically to a 5-1 seed fermenter
(Biotech-2002 Bioprocess controller, Baoxing, Shanghai, China) containing 31 of
seed medium and cultivated at 36 °C for 16 h. The pH was adjusted to 7.0 with
25 % (w/w) ammonia during the whole cultivation period. The dissolved oxygen
(DO) level was maintained at approximately 20 % saturation by adjusting the
agitation and aeration rates.

Fed-batch fermentation was performed in 30 L jar fermenters (Biotech-2002
Bioprocess controller) containing 18 L of production medium in which seed
culture was aseptically inoculated (10 % v/v). In the fermentation process of
L-tryptophan, temperature was maintained at 36 °C and the pH was adjusted to 7.0
with 25 % (w/w) ammonia. The DO level was maintained at approximately 20 %
saturation by adjusting the agitation and aeration rates. When the initial glucose
was depleted, 80 % glucose solution (w/v) was fed into the fermenter to meet
specific experimental requirements.

25.2.3 Analysis of Fermentation Products

DO, pH, and temperature were measured automatically with electrodes attached to
the fermenters. Dry cell weight, plasmid stability, and concentration of alanine
were assessed as described previously [12]. The concentrations of glucose and
lactic acid were determined by an SBA-40E biosensor instrument (Biology
Institute of Shandong Academy of Sciences, China). Concentrations of acetic acid,
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NH,", and K* were measured with a Bioprofile 300 A biochemical analyzer (Nova
Biomedical, Waltham, MA, USA). L-tryptophan concentration in fermented broth
was determined by high-pressure liquid chromatography using an Agilent 1200
instrument (Agilent Technologies, Santa Clara, CA, USA).

25.2.4 Metabolic Flux Analysis

The stoichiometric model of intracellular metabolism was constructed and the
distribution of metabolic flux was calculated according to previous reports with
slight modifications [11, 13]. The matrix function was solved using MATLAB 7.0
(Math Works).

25.3 Results and Discussion

25.3.1 Dry Cell Weight and L-Tryptophan Production
with Different Specific Growth Rate

The specific growth rate was controlled by adjusting the feeding rate of glucose.
Feeding profile was calculated from the equation as described previously [9, 10].
The maximum specific growth rate (fi,,x) was controlled at 0.20, 0.25, and 0.30 h™!
respectively. The dry cell weight and L-tryptophan production with different specific
growth rate are presented in Fig. 25.1. When the i, Was controlled at 0.25 h™", the
maximum dry cell weight (45.37 g/L) and L-tryptophan production (38.5 g/L) was
obtained. Both dry cell weight and L-tryptophan production with gy at 0.20 h™'
were higher than those with .« at 0.30 hl.
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Fig. 25.1 Effect of different specific growth rate and dry cell weight and L-tryptophan
production. (a) dry cell weight of TRTH Apta with different specific growth rate, (b)
concentration of L-tryptophan with different specific growth rate
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25.3.2 Concentrations of By-products with Different Specific
Growth Rate

The by-products concentrations with different specific growth rate in L-tryptophan
production are plotted in Fig. 25.2. The concentration of acetic acid increased with
the increasing pim.x [14], and the accumulation of acetic acid with .« at 0.20, 0.25
and 0.30 h™! were 0.97, 1.12, and 1.78 g/L, respectively. When the fi. was
0.25 h™!, concentration of lactic acid and alanine was 0.72 and 0.45 g/L. Excretion
of lactic acid and alanine with fi, at 0.20 h™' or 0.30 h™" were 1.13 and 0.57 g/L,
1.42 g/L, and 0.92 g/L, respectively. The excretion of by-products was highest with
[imax at 0.30 h™".

25.3.3 Concentrations of NH;" and K* with Different
Specific Growth Rate

In L-tryptophan production, NH3-H,O was the preferred neutralization reagent,
and NH," concentration varied with additive amount of NH;-H,O. NH,* and K*
are two important cations in L-tryptophan production. NH,* can be used as
nitrogen source, and K* is a cofactor for many important enzymes. The concen-
trations of the two cations with different specific growth rate are shown in
Fig. 25.3. The concentration of NH;* with g, at 0.30 h™' was 129 mmol/L
because of the increased excretion of by-products. 113 mmol/L and 96 mmol/L of
NH," was accumulated with pmay at 0.20 h™' and 0.25 h™'. High concentrations
of NH," could decrease energy efficiency and inhibit growth of strain [15], and
both biomass and L-tryptophan production increased significantly at concentration
of NH,* below 120 mmol/L [12]. The concentration of K* with different specific
growth rate showed no difference, and K* was utilized in the fermentation process
of L-trypto