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Bacillus sp. LY33 was used as the original strain to breed a genetically stable
mutant strain with high productivity of y-polyglutamic acid (y-PGA) through complex
mutagenesis using diethyl sulfate (DES), nitrosoguanidine (NTG) and ultraviolet (UV)
irradiation. Through fermentation by screened mutant strain, the yield of y-PGA was up
to 18.65 g/L, which exhibited an enhancement by 45.93% compared with the fermentation
by original strain. The mutant strain was identified as Bacillus subtilis through colony
and cellular morphology, and physiological and biochemical properties. The fermentation
conditions in shaking flasks of the mutant strain were optimized by response surface
analysis to be seed age of 10 h, inoculum size of 3%, fermentation pH of 7.0, fermentation
temperature of 37°C, medium-loading volume of 50 mL in a 250 mL flask, and shaking
speed of 200 r/min. The optimal medium for fermentation required 70.00 g/L glucose, 8.00
g/L yeast extract and 41.80 g/L sodium glutamate. The validation tests revealed the y-PGA
yield of 32.68 g/L under the optimal conditions, with an enhancement of 75.23% when
compared with the fermentation using original strain before optimization.

Key words: y-Polyglutamic acid, Complex mutagenesis, Fermentation,
Response surface methodology, Optimization.

y-Polyglutamic acid (y-PGA), as an
extracellular multi-amino acid polymer synthesized
by the condensation reaction between o-amino
group and y-carboxyl group in glutamic acids, is a
kind of biocompatible natural polymer material
without toxicity to human and environments'?,
Due to its thickening, moisturizing, splicing,
gelation, emulsion and film-forming functions,
v-PGA has tremendous development and
application prospects in the fields of medicine,
food, agriculture, cosmetics, daily products and
environmental protection products®>.
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The complex chemical structure of y-PGA
results in the difficulty in its synthesis so that it is
mainly produced by microbiological fermentation
69, So far, microbiological fermentation methods
for the synthesis of y-PGA have made great
progress, and many technological processes have
been patented'*!3. The production and sale volume
of y-PGA reveal gradual increase, but the high price
of raw material up to 3000 yuan/kg in China is still
the limitation of y-PGA production due to the non-
optimized fermentation conditions'*'¢. Therefore,
in the present study, Bacillus sp. LY33 was used
as the original strain to breed a genetically stable
mutant strain for the high productivity of y-PGA
through shaking flask fermentation. The
optimization of fermentation conditions will provide
a theoretical reference for the large-scale
production of y-PGA.
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MATERIAL AND METHODS

Materials

Strains: Bacillus sp. LY33 was obtained
and preserved in the culture collection, Department
of Life Sciences, Longyan University, China, on
slants of LB media at 4°C.
Media

Solid separation and preservation
medium (LB) was composed of (in grams per liter):
peptone 10, yeast extract 5, NaCl 10, agar 20, pH
7.0. Seed cultivation medium was composed of (in
grams per liter): glucose 20, peptone 5, sodium
glutamate 10, K HPO, 2, MgSO, 0.25, pH 7.0.
Fermentation basic medium was composed of (in
grams per liter): glucose 30, peptone 8, sodium
glutamate 30, K,HPO, 2, MgS0,0.25,pH 7.5.
Reagents

L-glutamic acid (99% or more) was
purchased from Sigma Chemical Co. y-PGA was
purchased from ShiNiMei Trading Company of
Shanghai, China. All other chemicals used in this
study were of analytical reagent grade.
Methods
Breeding of the mutant strain with high
productivity of y-PGA
Preparation of mutant bacterial suspension

The sticky colonies with large size and
smooth surface of the preserved strain were
selected'”"® and cultured in an incubator with
shaking speed of 200 r/min (ZHWY-2102 double-
layer temperature oscillator, Zhicheng Analytical
Instrument Manufacturing Co. Ltd., Shanghai,
China) at 37°C until a logarithmic phase. Then, the
broth was centrifuged at 10 000 r/min for 10 mins
and the cells were harvested to prepare bacterial
suspension with a density of 107 cells/mL.
Screening of mutagenesis conditions

The prepared bacterial suspension was
subjected to the mutagenesis by using diethyl
sulfate (DES), nitrosoguanidine (NTG) and
ultraviolet (UV) irradiation, as shown in Table 1.
The optimal doses of DES and NTG as well as their
optimal treatment durations were explored. The
mutagenesis using UV irradiation was completed
ata 20 W UV lamp with an irradiation distance of
30 cm. The processed samples were diluted serially
and the lethal rate of bacteria was examined by
plate colony counting method. The lethal rate of
selected bacteria in the range of 60-95% was defined
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as the positive mutation rate when compared with
the original strain.
Complex mutagenesis

The prepared bacterial suspension was
subjected to sequential treatments of DES, NTG
and UV irradiation according to previously
determined optimal conditions. The treated broth
was mixed and chilled for 2 h. The sticky colonies
were selected and inoculated in fermentation flasks
at 37°C for shaking cultivation for 48 h. The
cultivation with the highest y-PGA production was
selected as the starter strain of next step
mutagenesis until the strain with high productivity
of y-PGA was screened. The strain with high
productivity of y-PGA was preserved in LB
medium for future use.
Morphological, physiological and biochemical
identifications of mutant strains

The morphological, physiological and
biochemical identifications of mutant strains with
high productivity of y-PGA were completed for
determining their basic properties.
Optimization of cultivation conditions for y-PGA
Determination of inoculation age of the strain

The screened mutant strain with high
productivity of y-PGA was cultured at a 250 mL
flask with medium-loading amount of 30 mL for
14 h. The initial fermentation pH, fermentation
temperature and shaking speed were 6.5, 37 °C
and 200 r/min, respectively. The OD, as the
evaluation indicator of bacterial growth, pH and
residual glucose amount were determined at every
2 h19-21.
Optimization of inoculum size, pH, temperature,
medium-loading amount and shaking speed

The strain with appropriate inoculation
age was used for the fermentation according to
the designed inoculum size, pH, temperature,
medium-loading amount and shaking speed to
explore the effects of these factors on the
production of y-PGA, thus determining the optimal
cultivation conditions of y-PGA.
Optimization of fermentation medium for y-PGA.
Single factor tests

On the basis of fermentation medium, the
types of carbon and nitrogen sources were
explored by single factor tests. Similarly, on the
basis of appropriate carbon source and nitrogen
source, the optimal concentrations for carbon
source, nitrogen source and sodium glutamate
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were also investigated by single factor tests to
explore the effects of these factors on the
production of y-PGA, as shown in Table 2.
Principal component optimization by response
surface methodology

On the basis of single factor test results,
according to Box-Benhnken central composite
experimental design principles, response surface
tests with three factors and three levels were
designed using Design-Expert software to explore
optimal concentrations of principal components
such as carbon source, nitrogen source and sodium
glutamate in fermentation medium?*%.
Determination of y-PGA

The fermentation broth was centrifuged
to remove bacteria and the supernatant was
collected to determine the content of glutamic acid
monomer. In addition, the supernatant was added
to the tube containing 12 M hydrochloric acid ata
volume ratio of 1:1 and subjected to hydrolysis at
110°C for 12 h after vacuum sealing. The total
content of glutamic acid in the hydrolysates were
determined by paper chromatography. The
difference of both determinations was the content
of y-PGA'6%,
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RESULTS AND DICUSSION

Screening of mutant strains with high productivity
of y-PGA
Optimal induction doses and durations of DES,
NTGand UV

The relationship between lethal rate and
positive mutation rate after the treatments with
DES, NTG and UV irradiation at various doses and
treatment durations was shown in Table 3. The
results showed that higher concentration and
longer treatment duration could result in the
increased lethal rate of bacteria. Through
observing the positive mutation rate in the lethal
rate of 60-95%, the optimal concentration and
treatment duration of DES were 0.9% (Treatment
5) and 45 min (Treatment 4); the optimal
concentration and treatment duration of NTG were
0.4% (Treatment 2) and 20 min (Treatment 3); and
the optimal treatment duration of UV irradiation
was 120 seconds (Treatment 5).
Complex mutagenesis

The prepared bacterial suspension was
subjected to sequential treatments of DES, NTG
and UV irradiation at the DES dose of 0.95 for 45

Table 1. Design of mutagenesis by single factor tests

Treatment 1 2 3 4 5 6 7
DES dose (%) 0.1 0.3 0.5 0.7 0.9 1.2

DES treatment duration(min) 0 15 30 45 60 75

NTG dose (%) 0.2 0.4 0.6 0.8 1.0

NTG treatment duration (min) 0 10 20 30 40 50

UV treatment duration (s) 0 30 60 90 150 180 210

Table 2. Design of single factor tests for optimizing principal compositions of fermentation medium

Treatment 1 2 3 4 5 6 7
Carbon source types glucose sucrose starch citricacid  glycerin
Concentration of 20 30 40 50 60 70 80
optimized for carbon
source types (g/L)
Nitrogen source types peptone yeast beef corn ammonia
extract extract  steep liquor  sulfate
Concentration of 2 4 6 8 10 12
optimized for
nitrogen source types
Concentration of sodium 0 10 20 30 40 50

glutamate (g/L)
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min, NTG dose 0f 0.4% for 20 min and UV irradiation
for 120 s at the irradiation distance of 30 cm. After
treatments, 20 colonies were selected for the
fermentation in shaking flasks. The yield of y-PGA
in the fermentation broth was determined and
compared with that in the fermentation broth using
the original strain. As shown in Table 4, the
selected 9 strains revealed higher productivity of
v-PGA than original strain. Moreover, No. 16 strain
revealed the yield of y-PGA up to 18.65 g/L with
an enhancement of 45.93% when compared with
the original strain. Therefore, the complex
mutagenesis exhibited more obvious mutation
efficiency.

No. 16 strain was subjected to the
cultivation for 10 passages in LB slant medium.
The shaking flask fermentation was conducted by
the strain from each generation and corresponding
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yield of y-PGA was determined to explore the
genetic stability. As shown in Figure 1, after the
passage for 10 generations, the yield of y-PGA
during the fermentation only revealed a slight
decrease, suggesting that the mutant strain had
better genetic stability. Therefore, No. 16 strain
can be used as an excellent strain for the production
of y-PGA through fermentation method. After the
passage for 10 generations, the yield of y-PGA
during the fermentation only revealed a slight
decrease.
Morphological, physiological and biochemical
identifications of mutant strains

Colony morphology, Gram staining, spore
staining, and physiological and biochemical
properties of selected No. 16 strain were examined.
According to microbial taxonomy and Bergey
bacterial identification Manual 9" edition, and

Table 3. Lethal rates of bacteria subjected to the treatments of
DES, NTG and UV with various doses and treatment durations

Treatment 1 2 3 4 5 6 7

DES dose (%) Lethal rate (%) 38.5 42.6 60.8 78.9 90.6 100
Mutation rate (%) - - 2.1 11.9 14.9 -

DES treatment  Lethal rate (%) 0 60.1 80.1 90.2 100 100

duration (min) Mutation rate (%) - 1.2 14.6 15.2 - -

NTG dose (%)  Lethal rate (%) 76.8 89.3 93.4 96.5 99.6

Mutation rate (%) 6.4 15.3 8.2 - -

NTG reatment  Lethal rate (%) 0 75 85.4 90.3 95.0 99.1

duration (min) Mutation rate (%) - 15.2 16.0 13.4 12.1 -

UV treatment Lethal rate (%) 0 50.1 73.2 88.5 92.6 948  96.8

duration (s) Mutation rate (%) - - 0.8 4.5 7.3 3.7 -

Table 4. The yield of y-PGA in fermentation by
the mutant strain from complex mutagenesis

Table 5. Effect of inoculation amount
on the yield of y-PGA

Strain Yield of Strain Yield of Inoculation Yield of Inoculation Yield
y-PGA g/L y-PGA g/L amount % y-PGAg/L  amount % ofy-PGAg/L

Original ~ 12.78+0.43 1 18.65£0.21 4 19.45+0.25

strain 18.92+0.22 5 19.32+40.22

1 14.23+0.62 11 2.94+0.18 3 19.70+£0.30 6 19.26+0.14

2 14.64+0.45 12 0.61+0.02

3 16.52+0.66 13 10.67+0.22 Table 6. Effect of pH on the yield of y-PGA

4 1.66+0.05 14 12.75+0.40

5 10.64+0.21 15 16.41+0.45 pH Yield of pH Yield of

6 16.64+0.68 16 18.65+0.63 v-PGA g/L v-PGA g/L

7 4.36+0.08 17 12.54+0.27

8 12.45+0.21 18 18.12+0.60 6.0 6.75+0.16 7.5 16.65+0.25

9 8.85+0.22 19 12.54+0.25 6.5 16.02+0.21 8.0 8.224+0.08

10 14.96+0.42 20 14.58+0.28 7.0 20.81+0.40 8.5 0.42+0.02
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combined with strain colonies and morphological
observation, No. 16 strain was identified as Bacillus
subtilis®*?’,

Optimization of fermentation conditions for the
production of y-PGA

Inoculation age of strains

The growth curve of No. 16 strain was
shown in Figure 2. Results indicated that bacteria
entered a logarithmic growth phase after 6 h
cultivation and a stable growth phase after 10 h
cultivation. Meanwhile, a sharp decrease in
residual sugar, bacterial autolysis and pH rebound
were observed®. Therefore, in order to maintain
its strong growth capability, the inoculation age of
the strain was selected as 10 h.

On the 10" h, the bacteria reached a stable
growth phase. Meanwhile, residual sugar
decreased sharply, and bacterial autolysis and pH
rebound were observed. Therefore, 10 h was
selected as the best inoculation age of the strain.
Inoculum size, pH, temperature, medium-loading
amount and shaking speed

The effects of inoculum size, pH,

temperature, medium-loading amount and shaking
speed on the production of y-PGA were shown in
Table 5 to 9. The results indicated that the optimal
fermentation conditions were inoculation amount
of 3%, fermentation pH of 7.0, fermentation
temperature of 37°C, medium-loading amount of
50 mL in a 250 mL flask, and shaking speed of 200
r/min.
Optimization of principal components in
fermentation medium for the production of y-PGA
Optimal types and concentrations of carbon and
nitrogen sources

The effects of different carbon and
nitrogen source types and concentrations on the
production of y-PGA were shown in Table 10.
Results indicated that the optimal carbon source
was glucose and the highest yield of y-PGA was
observed at the glucose concentrations of 50, 60
and 70 g/L; similarly, the optimal nitrogen source
was yeast extract with the highest yield of y-PGA
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at the yeast extract concentration of 8, 10 and 12 g/
L. Therefore, these six variables were selected as
the factors and levels of the response surface
design.
Sodium glutamate concentration

The effect of sodium glutamate
concentration on the yield of y-PGA was shown
in Figure 3. The results indicated that the selected
strain was a glutamate-dependent strain. In the
absence of sodium glutamate, y-PGA could not be
synthesized and the yield of y-PGA was increased
as the concentration increase of sodium glutamate.
In contrast, the conversion rate of glutamic acid
revealed a decreasing trend when sodium glutamate
reached up to a certain level, thus resulting in the
reduction of y-PGA yield®”. The highest yield of
y-PGA was observed at sodium glutamate
concentrations of 30, 40 and 50 g/L. Therefore,
these three variables were selected as the factors
and levels of response surface tests.
Optimization of principal components in
fermentation medium

Taking y-PGA yield as the evaluation
index, the Box-Benhnken design and response

Table 7. Effect of fermentation temperature
on the yield of y-PGA

Yield of
y-PGA g/L

Fermentation
temperature

Fermentation Yield of
temperature y-PGA g/L

28 12.75+0.29 37
32 16.02+0.41 40

21.05+0.40
16.22+0.42

Table 8. Effect of medium-loading amount
on the yield of y-PGA

medium- Yield of medium- Yield of
loading y-PGA g/L loading y-PGA g/L
amount amount

mL/250mL mL/250mL

10 4.75+0.21 40 18.65+0.41
20 6.02+0.22 50 22.82+0.50
30 12.21+0.30 60 16.22+0.41

Table 9. Effect of shaking speed on the yield of y-PGA

Shaking speed r/min Yield of y-PGA(g/L)  Shaking speed r/min  Yield of y-PGA (g/L)
100 12.754+0.18 200 23.25+0.28
150 16.02+0.21 250 18.224+0.22

J PURE APPL MICROBIO, 7(4), DECEMBER 2013.
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surface design with three factors and three levels
as well as corresponding results were shown in
Table 11. The regression analysis of experimental
data was completed by Design-Expert7.0 software.
The binary regression equation between y-PGA
yield and the variables was achieved to be

Y=-162.86750+2.11003A+2.36375B+5.56197C-
0.077625AB+0.014750AC+5.87x10-*BC-
0.014920A%+0.10512B%-0.079420C?

Through analyzing the regression model
equation, the results were shown in Table 12. The
results showed that this model had a statistical
significance (P = 0.0004 < 0.05) and no significance
in non-fit variables (P =0.1988 > 0.05), suggesting
that the regression equation had a small error and
could better describe the relationship between
various factors and response values. Meanwhile,
this equation can be used for the determination of
optimal proportion of principal components in
fermentation medium of y-PGA. In addition, on
the basis of variance analysis of each factor, the
order for affecting the yield of y-PGA from strong
to weak was sodium glutamate, glucose and yeast
extract. Among these factors, sodium glutamate
and glucose revealed a significant impact on the
yield of y-PGA; in contrast, yeast extract did not
reveal an obvious effect on the yield of y-PGA.

Factor-response surface analysis results
were shown in Figure 4. According to the prediction
by resultant model, the optimal compositions of
fermentation medium for the production of y-PGA
were 70.00 g/L glucose, 8.00 g/L yeast extract and
41.80 g/L sodium glutamate. Under the optimal
fermentation conditions, the yield of y-PGA
reached up to 32.74 g/L. During 3 parallel
experiments according to above optimal
fermentation conditions, the average yield of y-
PGA was 32.68 g/L, which revealed an
enhancement by 75.23% when compared with the
yield of y-PGA (18.65 g/L) before optimization.
Meanwhile, this result was close to the theoretically
predicted value 0f32.74 g/L. Moreover, this method
also revealed better reproducibility so that the
parameters obtained from response surface
methodology are accurate, reliable and feasible.

Response surface plot for the effect of
cross-interaction between glucose (A) and yeast
extract (B) on y-PGA production. b. Response
surface plot for the effect of cross-interaction
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Table 11. Box-Benhnken design, arrangement and corresponding results

Test number  AGlucose(g/L)  BYeast extract(g/L) CSodium glutamate(g/L)  Yield of y-PGA (g/L)

1 1(70) 0(10) -1(30) 19.54
2 0(60) 1 -1 20.54
3 0 0 0(40) 30.87
4 0 -1(8) 1(50) 25.69
5 -1(50) 0 -1 20.32
6 0 0 0 31.69
7 0 0 0 30.35
8 1 1(12) 0 30.81
9 -1 -1 0 25.45
10 0 0 0 29.12
11 1 0 1 25.27
12 0 0 0 31.74
13 -1 0 1 20.15
14 0 1 1 24.08
15 0 -1 -1 22.62
16 1 -1 0 31.72
17 -1 1 0 30.75
Table 12. Results of the variance analysis of regression model
Source Sum of squares Df Mean square F Value P Value Significance
Model 332.23 9 36.91 19.16 0.0004 * significant
A 14.23 1 14.23 7.39 0.0299 * significant
B 0.061 1 0.061 0.032 0.8635
C 18.51 1 18.51 9.61 0.0173 * significant
AB 9.64 1 9.64 5.00 0.0604
AC 8.7 1 8.7 4.52 0.0712
BC 0.055 1 0.055 0.029 0.8704
A2 9.37 1 9.37 4.86 0.0632
B? 0.74 1 0.74 0.39 0.5539
c? 265.58 1 265.58 137.83 <0.0001 * significant
Residual 13.49 9 1.93
Lack of Fit 8.79 3 2.93 2.50 0.1988 not significant
Pure Error 4.69 4 1.17
Cor Total 345.72 16
20
19 - e .
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St R N
=) ]
: 16 +
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= 14+
E 13 -
g 12 +
"
10 L L L L -
o 2 4 b 8 10

Generations

After the passage for 10 generations, the yield of y-PGA during the fermentation only revealed a slight decrease
Fig. 1. The yield of y-PGA in fermentation by the strain with various generations
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CONCLUSION

Bacillus sp. LY33 as the original strain

was used to breed a genetically stable strain with

high

productivity of y-PGA through the
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mutagenesis of DES, NTG and UV irradiation. The
yield of y-PGA through mutant strain fermentation
was up to 18.65%, which revealed an enhancement
of y-PGA production by 45.93% when compared
with the y-PGA yield using original strain
fermentation. The selected mutant strain was
identified as Bacillus subtilis through colony
morphological, physiological and biochemical
identifications.

In addition, the fermentation conditions
and fermentation medium of the mutant strain were
also optimized. The optimal fermentation conditions
required inoculation age of 10 h, inoculation amount
of 3%, fermentation pH of 7.0, fermentation
temperature of 37 °C, medium-loading volume of
50 mL in a 250 mL flask and shaking speed of 200 r/
min. Similarly, the optimal compositions of
fermentation medium included 70.00 g/L glucose,
8.00 g/L yeast extract and 41.80 g/L sodium
glutamate. Under the optimal conditions, the yield
of y-PGA was up to 32.68%, which revealed an
enhancement by 75.23% when compared with the
yield of y-PGA through the fermentation by
original strain (18.65 g/L). Moreover, compared with
the previous studies that the optimal y-PGA yields
were 23.32 g/LLand 14.88 g/L obtained from Yanping
Xu group and Pei Du group'*'¢, our yield of y-PGA
was also significantly higher than previously
reported results, suggesting that, in the present
study, the breeding and fermentation conditions
of the mutant strain for producing y-PGA were
optimized and excellent performance was achieved,
which provided a theoretical reference for the
large-scale production of y-PGA in the future.
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