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Abstract

A strain with high poly-γ-glutamic acid (γ-PGA) production was isolated
from fermented bean curd, a traditional Chinese food. The strain was named
Bacillus subtilis ZJU-7 according to 16s rDNA sequencing and its taxonomic
characters. The culture conditions for γ-PGA production were evaluated.
The most suitable carbon and nitrogen sources were sucrose and tryptone,
respectively. Exogenous L-glutamic acid was necessary for γ-PGA produc-
tion, and the production of γ-PGA increased on the addition of L-glutamic
acid to the medium. In the medium containing 60 g/L of sucrose, 60 g/L of
tryptone, 80 g/L of L-glutamic acid, and 10 g/L of NaCl, the yield of γ-PGA
reached 54.4 g/L after cultivation at 37°C for 24 h, which was the highest
γ-PGA production compared with values reported in the literature.
The average molecular mass of γ-PGA produced was about 1.24 × 106 Daltons.
B. subtilis ZJU-7 is genetically stable and can synthesize levan instead of
γ-PGA without the addition of L-glutamic acid to the medium.

Index Entries: Poly-γ-glutamic acid; 16s rDNA; L-glutamic acid; sucrose;
Bacillus subtilis.

Introduction

Poly-γ-glutamic acid (γ-PGA) is a type of water-soluble and biode-
gradable polymer that is made of D- and L-glutamic acid units linked by
amide linkages between γ-amino and γ-carboxylic acid groups. Therefore,
multifarious applications have been developed in the food and cosmetic as
well as pharmaceutical industries. γ-PGA may be important as a therapeu-
tic tool in the treatment of osteoporosis because it can increase Ca2+ solubil-
ity in vivo and in vitro, thereby enhancing intestinal Ca2+ absorption (1).
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High water-absorbent and biodegradable γ-PGA derivatives have poten-
tial as substitutes for hydrogels and thermoplastic polymers synthesized
from petroleum (2,3). Furthermore, γ-PGA may function as an adaptation
agent in various environments, such as heavy metal ion absorbent (4).

Ivanovics et al. (5) first discovered γ-PGA as the capsule of Bacillus
antharacis. It is also well known that the mucilage of “natto” is a mixture of
γ-PGA and fructan produced by B. natto (6). Furthermore, it has been
reported that many species of B. subtilis have γ-PGA-producing ability,
since Bovarnick and colleagues showed that γ-PGA was freely secreted to
the culture medium (7–9). A number of factors, such as carbon source,
nitrogen source, metal ions, and temperature, have a significant effect on
γ-PGA production. B. subtilis (natto) has been studied intensively, and many
studies have been conducted on the optimization of culture medium and
conditions to improve γ-PGA production.

In the present study, a strain named B. subtilis ZJU-7 with high γ-PGA
production was isolated and identified. The composition of the medium
and culture conditions were evaluated to enhance the accumulation of
γ-PGA.

Materials and Methods

Isolation of PGA-Producing Strains

Various fermented bean curd samples were purchased from market in
China. The samples were suspended in distilled water and boiled for 5 min
before they were spread on the isolation medium. The components of the
isolation medium were as follow: 5 g/L of glucose, 5 g/L of tryptone, 10 g/L
of L-glutamic acid, 2.5 g/L of NaCl, and 15 g/L of agar. The final pH of the
medium was adjusted to 7.0. After 48 h of incubation at 37°C, some sticky
clones appeared on the plates. Then these clones were transferred to 10 mL
of basal medium in a 100-mL flask and incubated in a rotary shaker at
200 rpm and 37°C for 24 h. The components of the basal medium were as
follow: 20 g/L of glucose, 20 g/L of tryptone, 40 g/L of L-glutamic acid, and
10 g/L of NaCl. Because of the high viscosity of the γ-PGA solution, the
relative viscosity of each broth was measured and compared. The concen-
tration of γ-PGA was determined by the method described later. Among
various strains evaluated, the strain ZJU-7 was selected as the best PGA-
producing microorganism and was maintained in agar slant medium.

Identification of Strain ZJU-7

The taxonomic characters of the strain ZJU-7 were studied according
to Berg’s Manual of Systematic Bacteriology (10). The 16s rDNA sequence of
the strain was also determined. Primers used for amplification of the 16s
rDNA gene were as follows: fd1 (5'-AGA GTT TGA TCM TGG CTC AG-3')
and 1492r (5'-TAC GGH TAC CTT GTT ACGACT T-3'). Polymerase chain
reaction (PCR) and restriction fragment analyses were performed as
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described in Hansen and Hendriksen (11). The sequences determined in
the present study were aligned with the 16s rDNA sequences retrieved
from the GeneBank database.

Optimization of Culture Conditions

B. subtilis ZJU-7 cultivation conditions were optimized in flask scale.
The strains of B. subtilis ZJU-7 were transferred from the agar slant medium
to 100-mL flasks containing 10 mL of the basal culture medium, and the
cells were incubated in a rotary shaker at 37°C and 200 rpm for 12 h.
One milliliter of culture medium of the B. subtilis ZJU-7 was first inoculated
into 50 mL of seed medium containing basal medium plus 10 g/L of glucose
and 10 g/L of L-glutamic acid in a 500-mL flask and aerobically cultured at
37°C for 24 h with shaking at 200 rpm as a seed. Then, 1 mL of seed was
transferred to a 250 mL flask containing 30 mL of basal medium plus
20 g/L of carbon source, 20 g/L of nitrogen source, and 40 g/L of L-glutamic
acid. Flask culture was carried out at 37°C in a rotary shaker at 200 rpm for
24 h. Six different carbon sources (glucose, sucrose, maltose, lactose, starch,
citrate acid and glycerol) were used, respectively, to examine the effect of
carbon sources on the production of γ-PGA. The concentration of each car-
bon source was 40 g/L, and 40 g/L of L-glutamic acid with 40 g/L of
tryptone was added as precursor of γ-PGA synthesis. To evaluate the effect
of nitrogen sources on the production of γ-PGA, seven nitrogen sources
(peptone, tryptone, yeast extract, ammonium sulfate, soybean, maize flour,
fish protein concentrate) were examined at 40 g/L with 40 g/L of optimized
carbon source and 40 g/L of L-glutamic acid added. Finally, the effect of
L-glutamic acid on the production of γ-PGA was studied in the range of 0–
120 g/L. After optimization of the composition of the medium, the effects
of other factors, such as incubation time, culture temperature, and rotation
speed, on γ-PGA production were also tested.

Separation, Purification, and Identification of γ-PGA

γ-PGA was purified by the methanol precipitation method proposed
by Goto and Kunioka (8). Cells were separated from the broth by centrifug-
ing for 20 min at 12,000 rpm and 4°C. Then, 4 vol of methanol was poured
into the supernatant and left overnight with gentle stirring. The precipitate
was collected by centrifuging for 10 min at 10,000g and 4°C and then dis-
solved in distilled water to a concentration of 10 g/L, and the insoluble
contaminants were removed by filtration. The aqueous solution was
desalted by dialysis (mol wt cutoff of 10,000) against 11 vol of distilled
water for 12 h with three water exchanges. The absence of free L-glutamic
acid and polysaccharides in the solution was confirmed by L-glutamate
dehydrogenase-coupled assay (12) and by the phenol–sulfuric acid method
(13), respectively. The solution was finally lyophilized and the dry matter
was determined as γ-PGA.
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Analysis

Cell density was determined by measuring the optical density at
660 nm (OD660). Dry cell weight (g/L) was determined by centrifuging
4–8 mL of cell suspension in preweighed tubes, washing with distilled
water, and drying at 95°C to a constant weight. The average molecular size
of γ-PGA was estimated by the gel permeation chromatography (GPC)
method according to Kunioka (14).

According to a method described previously (12), γ-PGA was hydro-
lyzed by 6 M HCl under vacuum at 110°C for 24 h, and the glutamate
monomers generated were analyzed by high-performance liquid chroma-
tography (HPLC) with an Agilent C18 column (Agilent, Palo Alto, CA). The
concentration of sucrose in the culture medium was measured according to
the method suggested by Lee and Lin (15). The concentrations of L-glutamic
acid and γ-PGA in the broth were determined by a CE instrument (Agilent)
with a 60-cm fused-silica capillary pillar (the length to the charge-coupled
device system is 46.0 cm; Supelco, Bellefonte, PA). The instrument was
equipped with a diode array detector set at 195 nm (direct detection), a
temperature control device maintained at 25°C, and a data acquisition and
treatment software package supplied by the manufacturer (HP Chem-
Station, rev A.06.01). The electrophoresis system was operated under
reversed polarity and constant voltage conditions of 25 kV. A 30 mmol/L
borate solution was used as an electrolyte solution. The capillary was
flushed sequentially with NaOH (1 min), water (1 min), and electrolyte
solution (4 min) as a precondition. The running time of the electrophoresis
is 15 min. The glutamic acid and γ-PGA standards were purchased from
Sigma (St. Louis, MO).

Results

Isolation and Identification of Strain ZJU-7

About 500 vicious colonies have been selected from the isolation
medium (described in Materials and Methods) and 47 strains have been
proved to have γ-PGA-producing ability. The strain ZJU-7 was found to be
the best γ-PGA producer, and Table 1 summarizes the results of the taxo-
nomic characteristics of this strain.

Applying genes encoding 16s rDNA as molecular markers has become
a routine technique in the phenotypic classification system. Using general
primers and PCR, the 16s rDNA sequence of the strain ZJU-7 was obtained
and submitted to GeneBank with accession no. DQ086154. The sequence
was aligned with the 16s rDNA sequences retrieved from the GeneBank
database. The BLAST result shows that 16s rDNA isolated from the strain
ZJU-7 has a similarity of 99.9, 99.8, and 99.6% to that of B. subtilis MO 07,
B. subtilis WL 07, and B. subtilis KL 077, respectively. Accordingly, the strain
ZJU-7 was classified as a B. subtilis species and named B. subtilis ZJU-7.
The strain has been maintained in the China General Microbiogical Culture
Collection Center (CGMCC) with the accession no. CGMCC 1250.
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Different from the γ-PGA-producing strains reported before, the
colony shape of B. subtilis ZJU-7 will change with different culture media.
The colony was moist, circular with a smooth surface and regular edge
when sufficient L-glutamic acid was supplied, and the colony size was
20 mm or larger in diameter after 24 h of incubation. However, the colony
size of B. subtilis ZJU-7 was less than 5 mm with insufficient L-glutamic acid
supply (0–5 g/L) and the colony shape was rough, folding with the hollow
center with an irregular edge in dry medium.

Separation, Purification, and Identification of γ-PGA

The precipitate derived from the broth was hydrolyzed using 6 M HCl
under vacuum at 110°C for 24 h. The HPLC results showed that glutamine
was almost the only product (>97.8%). The results of both the L-glutamate
dehydrogenase-coupled assay and the phenol–sulfuric acid reaction also
confirmed the absence of free L-glutamate and polysaccharides in the
precipitate (12).

Effect of Culture Medium on γ-PGA Production

Effect of Carbon Source on γ-PGA Production
The effect of carbon sources on γ-PGA production of B. subtilis ZJU-7

was examined; the results are presented in Table 2. It is obvious that when
sucrose was used as the carbon source for B. subtilis ZJU-7, γ-PGA produc-
tion reached 20.3 g/L, which is the highest among carbon sources evalu-
ated. Glucose was the best carbon source for cell growth, but the γ-PGA
production was only 13.5 g/L.

The effect of sucrose concentration on γ-PGA production was further
explored; the results are shown in Fig. 1. Without sucrose supply in the

Table 1
Taxonomical Characteristics

of Newly Isolated γ-PGA Producer B. subtilis ZJU-7a

Gram stain +
Shape Rod 0.5–0.8 × 2.0–3.0 µm
Motility –
Nitrite reduction +
Starch and casein hydrolysis +
Gelatin liquefaction +
Voges-Proskauer test +
Citrate utilization +
Oxidase and catalase formation +
Denitrification –
Methyl-red test –
Urease and indole formation –
Ammonium salt utilization –

a(+), positive; (–), negative.
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culture medium, the cells grew rather slowly, and almost no γ-PGA was
detected in the broth (not shown in Fig. 1), whereas the production of
γ-PGA increased with an increase in sucrose concentration. When sucrose
concentration was 60 g/L, the highest γ-PGA production of 27.6 g/L was
obtained. A further increase in sucrose concentration led to a decrease in
γ-PGA production because of substrate inhibition.

Influence of Nitrogen Source on γ-PGA Production
The effect of nitrogen sources on γ-PGA production was studied;

the results are given in Table 3. In each experiment, the medium contained
60 g/L of sucrose, 40 g/L of each kind of nitrogen source, 40 g/L of
L-glutamic acid, and 10 g/L of NaCl. The results indicated that inorganic
nitrogen source could not support cell growth and product synthesis,
whereas tryptone was the most suitable nitrogen source among them. Both
cell density and γ-PGA production were the highest when tryptone was
added as a nitrogen source.

The effect of tryptone concentration on γ-PGA production was also
examined; the experimental data are shown in Fig. 2. When tryptone con-
centration was in the range of 8–10%, γ-PGA production was higher than
40 g/L. Because the addition of L-glutamic acid, the precursor of γ-PGA

Fig. 1. Effect of sucrose concentration on γ-PGA production by B. subtilis ZJU-7.

Table 2
Production of γ-PGA From Medium

With Various Carbon Sources Using B. subtilis ZJU-7

Carbon source OD660 γ-PGA (g/L)

None 0 0
Glucose 16.312 13.5
Sucrose 10.705 20.3
Maltose 9.150 7.1
Lactose 9.753 11.3
Starch 6.330 9.5
Citric acid 4.277 8.8
Glycerol 8.137 10.6



Production of γ-PGA by B. subtilis 277

Applied Biochemistry and Biotechnology Vol. 133, 2006

synthesis, was only 40 g/L, the excess γ-PGA production was probably
caused by the L-glutamic acid hydrolyzed from the tryptone.

Effect of L-Glutamic Acid on γ-PGA Production
According to the nutrient requirements, γ-PGA-producing bacteria

are divided into two groups: L-glutamic acid-dependent and -independent
bacteria (16). The preliminary experimental data showed that without the
addition of L-glutamic acid, B. subtilis ZJU-7 could not accumulate γ-PGA,
which indicated that the strain is an L-glutamic acid-dependent one. Then,
the effect of L-glutamic acid concentration on γ-PGA production was
studied; the results are shown in Fig. 3. It was obvious that a high initial
L-glutamic acid concentration was favorable for γ-PGA accumulation;
however, when the initial L-glutamic acid concentration was higher than
80 g/L, γ-PGA production was almost unchanged. The initial L-glutamic
acid concentration of 60–80 g/L was appropriate. When the initial L-glutamic
acid was 80 g/L and cultured for 36 h, the yield of γ-PGA reached a maxi-
mum of 51.6 g/L.

In the medium without L-glutamic acid, it was observed that the
viscosity of the fermentation broth of B. subtilis ZJU-7 still increased,
which indicated that some polymers other than γ-PGA were synthesized,
which was confirmed as levan according to the method reported by Shih
and Yu (17).

Fig. 2. Effect of tryptone concentration on γ-PGA production by B. subtilis ZJU-7.

Table 3
Effect of Nitrogen Source on γ-PGA Production

Nitrogen source OD660 γ-PGA (g/L)

Peptone 11.88 11.3
Tryptone 13.02 19.6
Yeast extract 10.71 10.7
Ammonium sulfate 0 0
Soybean 10.04 7.6
Maize flour 7.755 8.6
Fish protein concentrate 9.217 13.8
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Time Courses of B. subtilis ZJU-7 Fermentation for γ-PGA Production
Figure 4 shows the time courses of bacterium growth, γ-PGA accumu-

lation, as well as sucrose and L-glutamic acid consumptions at the initial
concentrations of sucrose, L-glutamic acid, and tryptone of 60, 80, and 60 g/L,
respectively, in batch fermentation. The lag phase required about 10 h.
In the exponential growth phase, the cell density and γ-PGA accumulation
increased simultaneously. After 24 h of cultivation, cell growth entered the
stationary phase, and in the meantime, the accumulation of γ-PGA ceased
to increase, demonstrating that this accumulation was cell growth depen-
dent. The highest γ-PGA concentration of 54.4 g/L was observed after fer-
mentation for 28 h. The residual concentrations of sucrose and L-glutamic
acid were 5.0 and 16.7 g/L, respectively, which meant that the conversion
ratio from L-glutamic acid to γ-PGA was about 73%. After separation and

Fig. 3. Effect of L-glutamic acid concentration on γ-PGA production by B. subtilis
ZJU-7.

Fig. 4. Time courses of bacterial growth and γ-PGA, sucrose, and L-glutamic acid
concentration in medium during cultivation: (�) cell OD660; (�) γ-PGA concentra-
tion; (�) L-glutamic acid concentration; (�) sucrose concentration.
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purification, the average molecular weight of γ-PGA was measured by the
GPC method, and the result showed that the average molecular weight of
γ-PGA produced by B. subtilis ZJU-7 was as high as 1.24 × 106 Daltons. Table 4
summarizes the γ-PGA production of B. subtilis ZJU-7 compared with other
γ-PGA-producing strains.

Discussion

B. subtilis ZJU-7 is an L-glutamic acid-dependent strain for γ-PGA
production and its notable characteristics are fast growth rate and high
γ-PGA production with a high molecular weight. The batch fermentation
period and γ-PGA production for B. subtilis ZJU-7 reported in the literature
were in the range of 48–96 h and 10–50 g/L, respectively, whereas for our
study they were only 24 h and 54.4 g/L. The high molecular weight of
γ-PGA (1.24 × 106 Daltons) produced by B. subtilis ZJU-7 explains that the
activity of depolymerase secreted by the bacteria is rather low.

Goto and Kunioka (8) concluded that citric acid was the best carbon
source for cell growth and γ-PGA production by B. subtilis IFO3335. Fur-
thermore, Birr et al. (9) found citric acid to be the best carbon source for
Bacillus licheniformis ATCC 9945a. In the present work, the results showed
that sucrose was the best carbon source for cell growth and γ-PGA accumu-
lation, which suggests that the metabolic pathways in B. subtilis ZJU-7 are
different from those of the other L-glutamic acid-dependent strains for
γ-PGA production.

Shih and Yu (17) found that B. natto was able to produce γ-PGA and
levan simultaneously when sucrose and L-glutamic acid were added to the
medium at a different ratio. However, for B. subtilis ZJU-7, it has been found
that it can produce levan only without the addition of L-glutamic acid to the
culture medium. When the concentration of L-glutamic acid in the medium
is higher than 2%, it is observed that γ-PGA is the only product (>98%).
When sucrose is used as the carbon source, it can be hydrolyzed into glu-
cose and fructose. The accumulation of levan during B. subtilis ZJU-7 cul-
tivation without the addition of L-glutamic acid demonstrates that the strain
is capable of producing fructose polymerase. The disappearance of levan at
high L-glutamic acid concentration indicates that L-glutamic acid is a strong
inhibitor of or repressor for fructose polymerase synthesis.

Several studies indicated that the reproducibility of B. subtilis for γ-PGA
production was low and that γ-PGA production dropped quickly after
several rounds of subcultivation. This phenomenon is owing to the inter-
ruption of an insert gene, comP, by IS4Bsn (18). It is suggested that the IS4
element is important for the physiological characteristics of B. subtilis.
However, as for B. subtilis ZJU-7, we have found that PGA production was
rather stable even after repeated subcultivation and/or storage in Luria-
Bertani medium for almost half a year at –20°C.
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Conclusion

B. subtilis ZJU-7 is a suitable strain for γ-PGA production with various
advantages: fast cell growth rate, high γ-PGA production with a high
molecular weight, and stable genetic characteristics. It is worthy of further
study at genetic and enzymatic levels. Furthermore, it is important to
optimize its cultivation conditions to enhance γ-PGA production.
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