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Abstract

y-Polyglutamic acid (PGA) is a high molecular polymer polymerized by glu-
tamic acid (Glu). In the )-PGA production pathway, the production of
y-PGA by microbial fermentation in the laboratory has become the main way

of -PGA synthesis because of its convenient operation, low cost, and consi-
derable effect. In order to find the high yield of )-PGA strain and increase the
yield of PGA produced by microorganisms, B. subtilis QM3 was used as the
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experimental material to optimize the nutrition conditions and culture condi-
Copyright © 2024 by author(s) and Open tions of y-PGA production by QM3 fermentation. The results showed that
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the optimum medium composition and fermentation conditions for the pro-
duction of -PGA by B. subtilis QM3 fermentation were as follows: glucose
4%, yeast extract 1%, sodium glutamate 1%, MgSO,7H,O 0.025%, K,HPO,

http://creativecommons.org/licenses/by/4.0/

[Omom

0.2% department NH,Cl 0.3%, initial pH 6, 250 ml flask, liquid volume 30 ml,
121°C sterilization 20 min, inoculum 2%, shaker speed 220 rpm 42°C shaker
culture for 72 hours, at this time, the yield of )-PGA was the highest, reaching
124.58 g-L.
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1. Introduction

y-PGA is a kind of amino acid polymer synthesized by microorganisms, which is
formed by the condensation of glutamic acid monomer with y-carboxyl group

and amino group [1]. Many advantages of )-PGA make it applied in many fields:
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in the field of environmental protection, y-PGA can be used as a mixture of
heavy metal ions and reflective substances; in the field of food, it can be used as a
thickener and astringent agent for food; in the field of agriculture, the use of
y-PGA can significantly improve the emergence rate of seeds, and can also be
used as a slow-release agent for pesticides and fertilizers. At present, }-PGA is
mainly produced by microbial fermentation [2]. The material metabolism of
microorganisms will be affected by external culture conditions, and the appro-
priate external environment is conducive to the growth and reproduction of mi-
croorganisms themselves. In the process of producing y-PGA by B. subtilis
QM3, the composition of the culture medium and fermentation conditions af-
fect cell growth, intracellular y-PGA synthetase system and )-PGA secretion [3].
In this chapter, a single-factor experiment was designed to optimize the medium
composition and fermentation conditions, and then the fermentation conditions
were optimized by orthogonal design to determine the best composition and
fermentation conditions of laboratory shake flask culture medium, in order to im-
prove the fermentation yield of )-PGA. This not only further develops the fer-
mentation background of B. subtilis QM3, but also provides good fermentation
conditions and a theoretical basis for laboratory fermentation to produce )-PGA,
and provides excellent strains for industrial large-scale production of -PGA, so as

to reduce the production cost of )-PGA and increase the yield.

2. Experimental Procedure

All the reagents below are analytically pure.

B. subtilis QM3 preserved strain was selected and cultured in sterilized beef
extract peptone Agar medium at 37°C for 24 hours as an activated strain. The
single colony of activated bacteria was inoculated into a seed medium at 37°C,
220 r/min, and incubated in a shaker for 24 hours as seed liquid. The seed liquid
was inoculated in the fermentation medium at 37°C, 220 r/min and shaker cul-
ture for 48 h according to 4% inoculation amount, and the fermentation broth
containing y-polyglutamic acid was obtained [4]. 2 g of sodium hydroxide was
prepared into 2% sodium hydroxide solution and 2% sodium hydroxide solution
was used as solvent, 0.5 g CTAB was taken, and 2% sodium hydroxide solution
was fixed to 100 ml to prepare CTAB solution of 5 g/L. Accurately weigh the
y-PGA standard, and prepare the y-PGA standard solution of 8 g/L, 16 g/L, 24
g/L, 32 g/L, 40 g/L and 48 g/L, Take the above standard solution of 2 ml into the
test tube, add the 2 ml CTAB solution, time from the time of adding, fully oscil-
late, avoid bubbles during the period, determine the absorbance value under the
wavelength 250 nm during 3 min [5], and draw the standard curve of y-PGA, as
shown in Figure 1. The fermentation broth was 5000 r/min, centrifuged 30 min,
the pH value of the supernatant was adjusted to 2, and then 4 times the volume
of precooled ethanol was added. The mixture was placed overnight at 4°C for 10
h [6]. The mixture 5000 r/min, centrifugal 10 min [7]. The supernatant was dis-

carded and the retained product was precipitated until the residual ethanol was
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completely volatilized. A proper amount of distilled water was added to dissolve
the precipitation and fully oscillated. The content of )-PGA in the fermentation
broth was determined by CTAB-NAOH turbidimetry. Each group of data was
repeated three times, and the results were expressed by average + standard error.

The culture medium is commonly used to cultivate microorganisms in the la-
boratory, and the composition of the medium varies according to the types of bac-
teria, but most media contain carbon sources, nitrogen sources, trace metal ele-
ments, and some unique substances needed for bacterial growth. In the medium
for fermentation culture of y-PGA, the initial medium components are as follows:
glucose 4%, yeast extract 0.8%, sodium glutamate 2%, MgSO+7H,O 0.025%,
K,HPO, 0.2%, NH4Cl 0.2%. Different bacterial culture conditions will also affect
the strain growth and product accumulation. Under laboratory conditions, the
main factors affecting the number of strains and product content are temperature,
pH, inoculation amount, inoculation time and liquid volume. Therefore, in order
to optimize the process of producing y-PGA by B. subtilis fermentation QM3 and
maximize its yield, 10 groups of single-factor experiments were carried out to in-
vestigate the effects of nutrients: carbon source, nitrogen source, sodium gluta-
mate, dipotassium hydrogen phosphate, ammonium chloride and fermentation
conditions: temperature, pH, liquid volume, inoculation time and inoculation
amount on the yield of )-PGA. When all the experiments were completed, three
factors that were significantly related to the yield of -PGA in the fermentation
conditions were selected and analyzed by orthogonal experiment, and the experi-

mental conditions with the highest yield of y-PGA were obtained.
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Figure 1. y-PGA standard curve.
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3. Results

3.1. Effect of Carbon Source Type and Concentration on y-PGA
Yield

The types of carbon sources in microbial culture medium have important effects
on the growth of microorganisms and the accumulation of target products [8]. It
is a carbon nutrition used by microorganisms to construct the carbon skeleton of
bacteria and metabolites and to provide energy for life. Different microorgan-
isms have different abilities to utilize carbon, and different types of carbon
sources have different effects on bacterial growth and metabolic activity [9]. As
shown in Figure 2, when glucose was used as a carbon source, the yield of
y-PGA was the highest, and when citric acid was used as a carbon source, the
yield of -PGA was the lowest. As shown in Figure 3, after determining the op-
timal carbon source as glucose, the yield of y-PGA increased at first and then
decreased with the increase of glucose concentration in the fermentation broth.
When the glucose concentration was 4%, the yield of y-PGA was the highest.
Therefore, 4% glucose is the optimal carbon source and concentration in the

fermentation medium.

3.2. Effects of Types and Concentrations of Nitrogen Sources on
the Yield of y-PGA

Nitrogen sources also play an important role in the growth and metabolism of
microorganisms, which can provide substances for the synthesis of cellular pro-
teins, nucleic acids, etc [10]. Microbial growth and synthetic products are closely

related to the type and concentration of nitrogen sources, which can greatly

20

y-PGA yield (g/L)

Glucose Sucrose  Soluble starch  Maltose Citric acid

Carbon source

Significance Level: 0.05

Figure 2. Effect of carbon sources on y-PGA yield.
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affect the production of secondary metabolites [11]. As shown in Figure 4 and
Figure 5, the yield of -PGA was the highest when yeast extract was used as a
nitrogen source, and the accumulation of polyglutamic acid was the lowest when
peptone was used as a nitrogen source for strain QM3. After determining the
optimal inorganic nitrogen source as yeast extract, the yield of y-PGA first de-
creased and then increased with the increase of the concentration of yeast extract
in the fermentation broth. When the concentration was 1%, the yield of polyg-
lutamic acid was the highest. Therefore, 1% yeast extract is the optimal nitrogen

source and concentration of the fermentation medium.

25

y-PGA yield (g/L)

2 4 6 8 10
Glucose concentration (%)

Significance Level: 0.05

Figure 3. Effect of glucose concentration on the yield of -PGA.
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Figure 4. Effect of nitrogen sources on y-PGA yield.
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Significance Level: 0.05

Figure 5. Effect of yeast extract concentration on the yield of y-PGA.

3.3. Effect of Concentration of Sodium Glutamate on the Yield of
Y-PGA

y-PGA is synthesized by fermentation by microorganisms, and its research is
mainly focused on B. anthracis, B. licheniformis, B. subtilis and other strains of
Bacillus [12]. According to the nutritional requirements of cell growth, »PGA
synthesizing bacteria can be divided into two categories according to whether
L-glutamate is needed or not [13]: One is glutamate-dependent, that is,
L-glutamate is needed to accumulate p-PGA, which mainly includes B. anthra-
cis, B. subtilis MR-141, B. licheniformis ATCC-9945, B. subtilis IFO3335 and B.
subtilis Fly2-01, etc., and the other is glutamate-independent, that is, it can ac-
cumulate y-PGA without L-glutamate, such as B. subtilis 5E, B. licheniformis
A35, B. subtilis TAM-4, etc [14]. As shown in Figure 6, with the increase in the
concentration of sodium glutamate in the fermentation broth, the yield of
y-PGA increased at first and then decreased. When the concentration of sodium
glutamate was 10 g/L, the yield of -PGA was the highest. Combined with the
results of whole genome sequencing of B. subtilis QM3, QM3 is a gluta-
mate-independent strain, and )-PGA can be synthesized without adding ex-
ogenous glutamate. When the concentration of sodium glutamate in the fer-
mentation broth is 0, that is, without adding exogenous glutamate, strain QM3
can still produce y-PGA, and the yield is not low. Proper addition of exogenous
glutamate will increase the yield of y-PGA, which is consistent with the results of
whole genome sequencing. Therefore, sodium glutamate of 10 g/L is the most

suitable concentration of sodium glutamate in the fermentation medium.
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Figure 6. Effect of concentration of sodium glutamate on the yield of y-PGA.

3.4. Effect of Dipotassium Hydrogen Phosphate Concentration on
the Yield of y-PGA

In the process of microbial fermentation to produce y-PGA, the main metal ions
that affect the yield of y-PGA are K*, Mg?**, Na*, Mn?* and so on. Wan-Taek Ju ef
al found that adding the appropriate amount of K;HPO, and MnSO, to the
production of y-PGA in Bacillus RKY3 fermentation had a certain effect on the
yield of y-PGA [15]. K;HPO4 can promote the growth of bacterial cells. As
shown in Figure 7, when the concentration of dipotassium hydrogen phosphate
is 2%, the production of )-PGA is the highest, and then the production of polyglu-
tamic acid decreases with the increase of the concentration of dipotassium hydrogen
phosphate. Therefore, dipotassium hydrogen phosphate of 2 g/L is the optimum

concentration of dipotassium hydrogen phosphate in the fermentation medium.

3.5. Effect of Ammonium Chloride Concentration on the Yield of
Y-PGA

Nitrogen sources are divided into inorganic nitrogen sources and organic nitro-
gen sources, common organic nitrogen sources such as urea, NH,Cl, NHsNO;,
(NH,):SO;4 and so on. As shown in Figure 8, with the increase of the concentra-
tion of ammonium chloride in the fermentation broth, the yield of y-PGA first
increased and then decreased, and when the concentration was 3 g/L, the yield of
polyglutamic acid was the highest; when ammonium chloride was not added in
the fermentation broth, QM3 could also accumulate )-PGA, but the relative
yield was not high. Therefore, the y-PGA of 3 g/L is the optimum concentration

of ammonium chloride in the fermentation medium.
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Figure 7. Effect of concentration of dipotassium hydrogen phosphate on the yield of
y-PGA.

y-PGA vyield (g/L)

NH,CI (g/L)

Significance Level: 0.05

Figure 8. Effect of ammonium chloride concentration on the yield of y-PGA.

3.6. Effect of Temperature on the Yield of y-PGA

Temperature has an important effect on the growth of microorganisms and the
accumulation of target products [16]. Each kind of microorganism has an op-

timal growth temperature, that is, the temperature when the microbial growth
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rate reaches the fastest. Therefore, in order to increase the yield of y-PGA pro-
duced by microbial fermentation, the optimum temperature of each p-PGA
producing strain should be found [17]. As shown in Figure 9, the yield of
y-PGA in fermentation broth increased at first and then decreased with the in-
crease of temperature, and the yield of )~PGA was the highest when the temper-
ature was 37°C. Therefore, 37°C is the optimum temperature for ~PGA fer-

mentation of strain QM3.

3.7. Effect of pH on the Yield of y-PGA

PH is an important environmental factor, which has an important impact on the
growth, reproduction and metabolism of microorganisms. As shown in Figure
10, with the gradual increase of pH, the yield of -PGA decreased continuously,
and the yield of y-PGA was the highest when pH was 6. It is possible that the
weak acidity of the culture medium contributed to the accumulation of y-PGA.
Therefore, pH = 6 is the most suitable pH for strain QM3 to ferment and culture
y-PGA.

3.8. Effect of Liquid Loading on the Yield of y-PGA

In the process of fermentation, the aeration condition will be directly affected by
the amount of liquid, and the aeration condition will have a great influence on
the metabolism of polyglutamic acid [18]. As shown in Figure 11, with the in-
crease of liquid volume, the yield of )-PGA increased at first and then decreased.
When the liquid volume was 40 ml, the yield of polyglutamic acid in fermenta-

tion broth was the highest. With the increase of liquid volume, the amount of

30

25

y-PGA yield (g/L)

28 30 34

Temperature ('C)

Significance Level: 0.05

Figure 9. Effect of ammonium chloride concentration on the yield of -PGA.
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30

v-PGA yield (g/L)
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Figure 10. Effect of pH on y-PGA production.

30

v-PGA vyield (g/L)

30 40 50 60
Liquid loading capacity (ml)
Significance Level: 0.05

Figure 11. Effect of liquid loading on the output of -PGA.

dissolved oxygen of bacteria decreased slowly, which was not conducive to cell
growth, thus the accumulation of )-PGA decreased. Therefore, the optimum

amount of liquid in the fermentation medium was 40 ml.
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3.9. Effect of Inoculation Time on y-PGA Yield

In the process of fermentation, the growth and metabolism of bacteria have a
certain regularity. As shown in Figure 12, the yield of )~PGA increased at first
and then decreased with the extension of fermentation time, and the yield of
y-PGA in the fermentation broth was the highest at 72 h. Therefore, the opti-

mum inoculation time of fermentation medium was 72 hours.

3.10. Effect of Inoculation Amount on the Yield of y-PGA

Different inoculum size means different initial cell concentrations, which affects
the end time of fermentation and the yield of )-PGA, and its size affects the
length of cell growth lag period and the rate of cell multiplication [19]. As shown
in Figure 13, when the inoculation amount is 2%, the yield of )~PGA in the fer-
mentation broth is the highest. Therefore, the optimum amount of inoculation

in the fermentation broth was set at 2%.

3.11. Orthogonal Experiment

The optimum fermentation conditions of each factor were determined by the
above single-factor experiment. In order to further study the effect of the inte-
raction of various factors on the yield of y-PGA, according to the results of the
single-factor experiment, the three factors that had the greatest influence on
y-PGA, namely, temperature, fermentation time and liquid volume, were se-
lected to carry out L9 (3%) three-factor and three-level orthogonal design, and the
yield of y-PGA was optimized. The orthogonal experimental design and results

are shown in Table 1.

60 ~

a
50 |- a
40 |
30 |
b
b

20 |

c
10 |
O " L 1

24 36 48 72 96

Inoculation time (h)

y-PGA yield (g/L)

Significance Level: 0.05

Figure 12. Effect of inoculation time on the yield of y-PGA.
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Figure 13. Effect of inoculation size on the yield of -PGA.

Table 1. Orthogonal experimental design and results.

A B
Experiment Temperature  inoculation time  liquid Solume y-PGA yield
e (o) (0 (m) (8/1)
1 1 1 1 46.51
2 2 1 2 39.45
3 3 1 3 40.73
4 1 2 2 34.35
5 2 2 3 38.85
6 3 2 1 124.58
7 1 3 3 26.82
8 2 3 1 82.21
9 3 3 2 77.81
k1 107.68 126.69 253.3
k2 160.51 197.78 151.61
k3 243.12 186.84 106.4
k1 35.89 42.23 84.43
k2 53.50 65.93 50.54
k3 81.04 62.28 35.47
Rrange 45.15 23.7 48.96
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The larger the R range is, the greater the influence of factors on the experi-
mental results. As shown in Table 1, the order of the factors affecting the yield
of polyglutamic acid from high to low is as follows: liquid volume (C) > temper-
ature (A) > fermentation time (B). The amount of liquid was the main influen-
cing factor, followed by temperature, and the fermentation time had the least ef-
fect on the yield, R2 to 0.973. Based on the above analysis, the optimum tech-
nological conditions were determined as follows: the amount of liquid was 30
ml, the temperature was 42°C, the inoculation time was 72 h, and the yield of

polyglutamic acid was 124.58 g/L.

4. Discussion

In order to explore the effects of different carbon sources on the production of
y-PGA by B. subtilis QM3, compared with citric acid, sucrose, maltose and so-
luble starch, strain QM3 has a stronger ability to use glucose than other sugars,
which is consistent with the results of QM3 genome sequencing. Strain QM3 can
use glucose as the endogenous substrate to synthesize y-PGA, so as to accumu-
late y-PGA and increase yield. When exploring the effect of sodium glutamate
concentration on the production of PGA, the content of )PGA could still be
detected in the fermentation broth without exogenous glutamate, which indi-
cated that QM3 was a glutamate-independent strain. In the culture environment
without exogenous glutamate, -PGA could still be accumulated by other sub-
stances through its own metabolic system, which was consistent with the results
of whole genome sequencing. The production cost was reduced, and an appro-
priate amount of sodium glutamate could increase the production of y-PGA.
With the increase in the concentration of sodium glutamate, the accumulation of
y-PGA decreased, which may reflect the negative regulation relationship be-
tween the content of sodium glutamate and the accumulation of y-PGA. This

regulation mechanism remains to be confirmed.

5. Conclusion

In this experiment, B. subtilis QM3 was used as the experimental strain, the nu-
tritional conditions and fermentation conditions were optimized at first, and
then the fermentation conditions were optimized by orthogonal design. The op-
timum medium composition and fermentation conditions were determined as
follows: glucose 4%, yeast extract 1%, sodium glutamate 1%, MgSO,-7H,O
0.025%, K;HPO4 0.2% NH,CI 0.3%, initial pH 6, 250 ml triangle flask, liquid vo-
lume 30 ml, 12°C sterilization 20 min, inoculum 2%, shaking speed 220 r/min.
The yield of y-PGA was 124.58 g/L after shaker culture at 42°C for 72 h. In the
study, it was found that the fermentation of this culture condition strain pro-
duced a high yield of p~PGA and reduced the production cost, which could pro-
vide excellent fermentation strains for industrial large-scale production of
y-PGA, thus further promoting the industrialization process of microbial pro-
duction of y-PGA.
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