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Abstract: Poly-γ-glutamic acid (γ-PGA) is a biodegradable biopolymer produced by several bacteria,
including Bacillus subtilis and other Bacillus species; it has good biocompatibility, is non-toxic, and has
various potential biological applications in the food, pharmaceutical, cosmetic, and other industries.
In this review, we have described the mechanisms of γ-PGA synthesis and gene regulation, its role
in fermentation, and the phylogenetic relationships among various pgsBCAE, a biosynthesis gene
cluster of γ-PGA, and pgdS, a degradation gene of γ-PGA. We also discuss potential applications of
γ-PGA and highlight the established genetic recombinant bacterial strains that produce high levels of
γ-PGA, which can be useful for large-scale γ-PGA production.
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1. Introduction

Poly-γ-glutamic acid (γ-PGA) is a natural anionic biopolymer without a fixed molecular weight
comprised of only glutamic acid residues [1]. It is water soluble and biodegradable and has good
thickening capacity, excellent absorbability, and high metal-binding capacity [2]. Moreover, γ-PGA
has multiple potential applications—as a drug or gene carrier in medicine [3–5], as a food stabilizer,
nutritional aid, and food additive in the food industry [6–8], for the development of plastics, and for
recovery of heavy metal ions [9,10].

γ-PGA is produced by bacteria, especially Bacillus species. It was first identified in 1937 from
the capsule of Bacillus anthracis, which is one of the causative agents of anthrax [11]. Other naturally
occurring sources of γ-PGA include the mucilage of natto and chungkookjang, which are traditional
Japanese and Korean foods, respectively, made from soybeans fermented with Bacillus subtilis subsp.
natto and chungkookjang [12,13]. γ-PGA is polymerized as a D- and L-glutamate polymer via formation
of a peptide bond between the α- amino and γ-carboxyl groups. The molecular weight is typically
between 10 and 1000 kDa, although it can sometimes exceed 2000 kDa [12,14]. In this review, we have
described mechanisms underlying γ-PGA synthesis, regulatory genes of γ-PGA and their phylogenetic
relationships, and potential applications of γ-PGA.

2. γ-PGA Producers

γ-PGA is the natural form of PGA that is biosynthesized at the onset of the stationary growth phase
due to nutrient starvation/limitation during this phase [15,16]. However, γ-PGA can also be produced
in laboratories or by industrial fermentation. γ-PGA synthesis requires glutamate, which is produced
via two pathways. The most common is through the tricarboxylic acid (TCA) cycle, whereby glucose
and pyruvate is transformed into α-ketoglutarate, which is then converted to L-glutamic acid. A second
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pathway utilizes extracellular L-glutamic acid synthesized from α-ketoglutaric acid and ammonium
sulfate, which is catalyzed by glutamate dehydrogenase in the absence of glutamine. In the presence
of L-glutamine, the synthesis is catalyzed by glutamine synthetase and glutamine-2-oxoglutarate
aminotransferase [17]. This might increase the amount of glutamic acid in the cell and then cause an
increase in PGA production.

The mechanism underlying racemization of L-glutamic acid to D-glutamic acid has been presented
by several researchers [18,19]. D-glutamic acid is formed from L-glutamic acid whereby L-glutamic
acid, pyruvic acid aminotransferase catalyzes the conversion of L-glutamic acid to L-alanine. L-alanine
is then racemized into D-alanine via alanine racemase. D-alanine is then converted to D-glutamic acid
using D-glutamic, pyruvic acid aminotransferase [20]. L-glutamic acid and D-glutamic acid are then
incorporated into the growing γ-PGA polymer. The routes of γ-PGA synthesis are summarized in
Figure 1.
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B. subtilis, B. subtilis subsp. natto, and B. licheniformis [13,19,22] and is secreted into the extracellular 
milieu, where it serves as a source of energy for microorganisms [23]. Other gram-positive species, 
such as Staphylococcus epidermidis and B. anthracis, synthesize γ-PGA that remains bound to the cell 
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environment [24]. 

Figure 1. Routes of poly-γ-glutamic acid (γ-PGA) synthesis. Arrows: demonstrate the proceeding
directions of the reaction. Bi-directional arrows reflect the chemical reaction is reversible. Arced arrows:
represent the reaction cycle.

The mechanism of polymerization is shown to be adenosine triphosphate (ATP) dependent; first,
a terminal carboxyl group of the γ-PGA chain accepts the phosphoryl group transferred from the
gamma phosphate of ATP. Second, the amino group of glutamic acid acts as a donor for nucleophilic
and interacts with the phosphorylated carboxyl group, resulting in the formation of an amide linkage
and elongation of the γ-PGA chain by a glutamic acid residue [21].

γ-PGA is mainly produced by gram-positive bacteria belonging to the genus Bacillus, including
B. subtilis, B. subtilis subsp. natto, and B. licheniformis [13,19,22] and is secreted into the extracellular
milieu, where it serves as a source of energy for microorganisms [23]. Other gram-positive species,
such as Staphylococcus epidermidis and B. anthracis, synthesize γ-PGA that remains bound to the
cell wall as a capsule component that enables immune evasion [15,23]. In addition, some Archaea,
such as Natrialba asiatica, produce γ-PGA, which reduces the salt concentration of the surrounding
environment [24].
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The molecular weight and D-/L-glutamic acid ratio of γ-PGA are dependent on the species of
microorganism and growth conditions [25]. For example, B. anthracis mainly produces D-glutamic
acid-type γ-PGA (γ-(D)-PGA); N. aegyptiaca produces an extremely long form of γ-(L)-PGA [11,24];
S. epidermidis produces γ-(D,L)-PGA at a ratio of 40% (D) and 60% (L) [23]; B. licheniformis produces
various types of γ-(D,L)-PGA, with D-glutamate contents ranging from 10% to 100% [25,26]; and
B. megaterium produces γ-PGA with D and L contents of 30% and 70% [27], respectively (Table 1).

Table 1. D/L forms of γ-PGA-producing strains.

γ-PGA Composition (%) Strains Reference

D-Glutamate 100 Bacillus anthracis [11]
L-Glutamate 100 Natrialba aegyptiaca [24]

D-/L-Glutamate

60/40 Bacillus subtilis [28,29]
10–100/10–90 Bacillus licheniformis [25,26]

30/70 Bacillus megaterium [27]
40/60 Staphylococcus epidermidis [23]

3. Genes Involved in γ-PGA Synthesis and Degradation

The γ-PGA synthesis genes pgsB, pgsC, pgsA, and pgsE were first identified in B. subtilis and
B. anthracis [28,30,31]. Deletion of pgsB, pgsC, or pgsA, which are located in the same operon (Figure 2),
blocks γ-PGA synthesis in bacterial cells. pgsE, which is downstream of pgsA (also known as ywtC), has
low homology with B. anthracis capE and may also be involved in γ-PGA synthesis; in fact, PgsA may
form a complex with PgsE [31], although its function is unclear. A transgenic tobacco plant expressing
pgsB, pgsC, and pgsA was capable of synthesizing γ-PGA [32], and a similar observation was made in
Escherichia coli cells expressing these genes from B. subtilis [33].
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capB, capC, capA, and capE in B. anthracis are highly similar to pgsBCAE in B. subtilis. DNA
sequence analysis has revealed that three of these genes (pgsBCA and capBCA) have high sequence
similarity and are located in the same γ-PGA operon (Figure 2) [31,34]. capBCAE encodes components
of the membrane γ-PGA synthase complex. PgsB and PgsC (CapB and CapC) are responsible for
γ-PGA polymerization, whereas PgsA and PgsE (CapA and CapE) mediate γ-PGA transport [30,31].
The ATPase activity of PgsB and PgsC catalyzes γ-PGA polymerization. This activity is further
enhanced in the presence of PgsA [35]. PgsB has a highly hydrophobic group at one end of the
protein as well as smaller membrane-binding domains. PgsC also has a highly hydrophobic group
that interacts with the cell membrane. PgsA has three domains including a highly hydrophobic
membrane-binding segment that contributes to γ-PGA transport [35]. However, the role of PgsE
protein in γ-PGA synthesis remains unclear. PgdS (previously named YwtD) is a γ-D,L-glutamyl
hydrolase that degrades γ-PGA in B. subtilis [36] by cleaving the γ-glutamyl bond between D- and
L-glutamic acids.

To investigate the diversity of pgsBCAE and pgdS among bacteria, we used the maximum likelihood
method based on the Tamira-Nei model [37] to compare pgsBCAE and pgdS of 192 representative strains
from the Firmicutes phylum (from National Center for Biotechnology Information) with those of the
γ-PGA-positive strain B. subtilis 3610. By incorporating the neighbor joining method and BioNJ algorithm
into the construction of a pairwise distance matrix, which is calculated based on the maximum composite



Int. J. Mol. Sci. 2017, 18, 2644 4 of 20

likelihood (MCL) function, the initial trees used for heuristically searching against multiple sequences
were obtained systematically [38]. Then, the phylogenetic topology with superior log likelihood value
was determined. pgsB was found to be broadly existed among Bacillus species, although it was absent in
B. megaterium, B. cereus, and B. thuringiensis and showed low conservation in other genera. The gene was
conserved in Halotolerans (Brevibacteria) strains ATCC 25096 and FJAT-2398 (Table S1 and Figure 3) as
well as in several Staphylococcus strains (74–80% similarity) (Table S1).
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The phylogenetic tree with branch lengths was measured as the number of substitutions per site.
The analysis involved 192 nucleotide sequences. Partial deletion was used, and all positions with less
than 95% site coverage were eliminated, i.e., less than 5% of the alignment gaps, instances of missing
data, and ambiguous bases were allowed at any position. Scale bar: number of substitutions per site.
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pgsC broadly existed among Bacillus spp., although it was absent in B. aerophilus, B. altitudinis,
B. butanolivorans, B. cereus, B. cihuensis, B. endophyticus, B. eiseniae, B. safensis, and B. thuringiensis
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and most other non-Bacillus species (Table S1 and Figure 4). pgsA existed in Bacillus, but was absent
in B. aerophilus, B. altitudinis, B. butanolivorans, B. cellulasensis, B. cereus, B. cihuensis, B. endophyticus,
B. eiseniae, B. megaterium, B. muralis, B. safensis, B. stratosphericus, B. thuringiensis, and B. xiamenensis
and most other genera (Table S1 and Figure 5). pgsE did not broadly exist across Bacillus species,
although it was present in B. amyloliquefaciens, B. atrophaeus, B. axarquiensis, B. gibsonii, B. malacitensis,
B. methylotrophicus, B. nakamurai, B. subtilis subsp. natto, B. subtilis subsp. subtilis, B. subtilis subsp.
spizizenii, and B. velezensis as well as in Halotolerans strains (Table S1 and Figure 6).
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The analysis involved 192 nucleotide sequences. Partial deletion was used and all positions with less
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Int. J. Mol. Sci. 2017, 18, 2644 7 of 20

Int. J. Mol. Sci. 2017, 18, 2644  7 of 19 

 

 
Figure 6. Molecular phylogenetic analysis of pgsE by the maximum likelihood method. The 
phylogenetic tree with branch lengths was measured as the number of substitutions per site. The 
analysis involved 192 nucleotide sequences. Partial deletion was used and all positions with less than 
95% site coverage were eliminated, i.e., less than 5% of the alignment gaps, instances of missing data, 
and ambiguous bases were allowed at any position. Scale bar: number of substitutions per site. 
Evolutionary analyses were conducted in MEGA7 [38]. 

Figure 6. Molecular phylogenetic analysis of pgsE by the maximum likelihood method.
The phylogenetic tree with branch lengths was measured as the number of substitutions per site.
The analysis involved 192 nucleotide sequences. Partial deletion was used and all positions with less
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The pgdS gene did not broadly exist in the Bacillus strains but was found in B. amyloliquefaciens,
B. atrophaeus, B. axarquiensis, B. gibsonii, B. licheniformis, B. malacitensis, B. mojavensis, B. nakamurai,
B. paralicheniformis, B. subtilis subsp. natto, B. subtilis subsp. subtilis, B. subtilis subsp. spizizenii,
and B. vallismortis as well as in Jeotgalibacillus marinus, and Halotolerans strains (Table S1 and Figure 7).
The fact that B. anthracis and other species do not harbor pgsE (Figure 8) may explain the fact that it
does not secrete γ-PGA, which is instead anchored to the cell membrane. On the contrary, in species
lacking pgdS, γ-PGA degradation may not proceed efficiently. The results of the phylogenetic diversity
revealed that the conservation of genes decreased in the following order: pgsC > pgdS > pgsE > pgsA > pgsB
(Figures 3–7). pgsC is important for γ-PGA synthesis, and thus, it is difficult to modify or replace it,
but pgsB, pgsA, and pgsE can vary or be replaced without affecting γ-PGA synthesis.
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Evolutionary analyses were conducted in MEGA7 [38].
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4. Regulation of the pgsBCA Operon

pgsBCA cluster is regulated by the two-component DegS–DegU system and a ComP–ComA
quorum sensing system [39,40] (Figure 9). These two systems activate the transcription of
pgsBCA in response to changes in environmental osmolality and phase. At high cell density,
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the phosphorylation of DegS and DegU. DegU–P level regulates pgsBCA expression.
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It has been shown that cooperation between SwrA, a protein needed for Bacillus spp. swarming,
and DegU–P is required to fully activate the pgsBCA operon [41]. This genetic circuitry responds to
signals of quorum sensing, osmolality, high cell density, and phase variation; it indicated that these
environmental signals control γ-PGA synthesis [40]. Deletion of degQ markedly decreased γ-PGA
synthesis in B. subtilis strains [40,42]. It was also reported that deletion of the motility genes motA and
motB increased γ-PGA production [43]. These findings suggest that inhibiting flagellar rotation may
induce DegU–P expression and increase γ-PGA production (Figure 9).

5. Recombinant Strains Used for γ-PGA Production

Genetically engineered recombinant strains, including ∆pgdS∆cwlO, ∆cwlO∆epsA-O, ∆pgdS∆ggt,
and ∆rocR∆rocG∆gudB∆odhA deletion mutants and strains overexpressing pgdS, pgsBCA, pgsE, and glr;
short RNA corresponding to rocG; or antagonists of rocG and glnA, have been used to produce large
amounts of γ-PGA (Table 2). The γ-PGA yields of these strains are 2 to 10 times higher than those of
the wild-type strains.
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Table 2. Recombinant Bacillus strains generated for increased γ-PGA production.

Strains Genotype Fermentation Medium Wild-Type
Yield (g/L) Yield (g/L) Increasing

Yield (%) Reference

B. amyloliquefaciens LL3 ∆pgdS∆cwlO Sucrose, (NH4)2SO4, MgSO4, KH2PO4, K2HPO4 3.69 7.12 92.95 [44]

B. amyloliquefaciens ∆cwlO∆epsA-Ovgb
Sucrose, (NH4)2SO4, MgSO4, KH2PO4, K2HPO4, trace
elements (FeSO4·4H2O, CaCl2·2H2O, MnSO4·4H2O,

ZnCl2)
3.14 5.12 63.06 [45]

B. amyloliquefaciens LL3 ∆rocR∆rocG∆gudB∆odhA Sucrose, (NH4)2SO4, MgSO4, KH2PO4, K2HPO4 4.03 5.68 40.94 [46]

B. subtilis PB5249 ∆pgdS∆ggt L-glutamate, citric acid, glucose, NH4Cl, K2HPO4,
MgSO4·7H2O, FeCl3·6H2O, CaCl2·2H2O, MnSO4·H2O 20 40 100 [47]

B. subtilis WB600 pWB980-pgsBCA Glucose, sodium glutamate, (NH4)2SO4, K2HPO4, MgSO4 0.134 1.74 1198.51 [48]

B. subtilis subsp.
chungkookjang

pWPSE-PxylA-pgsE L-glutamate, sodium citrate, casamino acid, yeast extract,
(NH4)2SO4, MgCl2, Na2HPO4, KH2PO4, NaCl 0.20 0.64 220 [49]

B. licheniformis WX-02 pHY300PLK-P43-glr Sucrose, (NH4)2SO4, MgSO4, KH2PO4, K2HPO4 11.73 14.38 22.59 [50]

B. licheniformis WX-02 pHY300PLK-PpgdS-pgdS Glucose, sodium glutamate, sodium citrate, NH4Cl,
MgSO4, K2HPO4, CaCl2, ZnSO4, MnSO4

13.11 20.16 53.78 [51]

B. subtilis ISW1214 pWH1520-PxylA-pgsBCA Sucrose, NaCl, MgSO4, KH2PO4, NaHPO4, xylose 8.2 9.0 9.76 [52]

B. amyloliquefaciens sRNA of rocG (repressed
rocG and glnA genes) Sucrose, (NH4)2SO4, MgSO4, KH2PO4, K2HPO4 14.96 20.3 35.69 [53]
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pgdS, cwlO, and ggt are involved in γ-PGA degradation [15,36,54]. odhA and odhB encode
components of the 2-oxoglutarate dehydrogenase complex that catalyzes the oxidative decarboxylation
of 2-oxoglutarate to succinyl coenzyme (CoA) in B. subtilis [55], which increases the flux from
2-oxoglutarate to glutamate. rocG encodes glutamate dehydrogenase in B. subtilis, which is
associated with glutamate degradation [56]. rocR is also involved in glutamate metabolism in Bacillus
species. Deletion of rocR, rocG, gudB, and odhA increase the intracellular glutamate concentration,
which facilitates γ-PGA production [46]. The epsA-O gene cluster regulates the production of
exopolysacharrides (EPS) [57,58], which are the main byproducts of some γ-PGA-producing strains.

Thus, deletion of epsA-O can inhibit EPS production, whereas metabolic flux can be used to
enhance γ-PGA productivity. glr encodes glutamate racemase, which is involved in the conversion of
L-glutamic acid to its D isomer [59], thereby increasing γ-PGA yield [50]. A similar role is attributed to
glutamine synthetase encoded by glnA [53].

The B. subtilis PB5249 ∆pgdS∆ggt mutant produced 40 g/L γ-PGA, which was twice
the yield produced by the wild-type strain [47]. B. licheniformis WX-02 transfected with the
pHY300PLK-PgdS-pgdS plasmid of two constructs produced 20.16 g/L γ-PGA [51]. pWPSE-xylA-pgsE
overexpression in B. subtilis subsp. chungkookjang yielded the lowest amount of γ-PGA among all
transgenic strains (0.6 g/L) [49]. Mutation of the B. subtilis pgsE is a strategy for increasing γ-PGA
yield without altering the structural features of the protein [49]; additionally, overexpression of pgsBCA
in B. subtilis WB600 increased γ-PGA production by approximately 10-fold relative to the wild-type
strain, although the yield was only 1.74 g/L [48]. Thus, although γ-PGA production is increased
in recombinant strains, the culture medium must be supplemented with antibiotics to maintain the
enhanced or disrupted genes, which increases the cost of fermentation.

6. Fermentation Conditions

Most strains used for γ-PGA production are Bacillus species (Table 3), with some strains producing
higher amounts under fermentation conditions [60,61]. In most cases, flasks or fermenters are used as
a bioreactor, with the highest yields obtained with the former. Several studies have directly compared
γ-PGA yield under the two conditions.

Carbon sources, such as glucose, citric acid, and other sugars, are used for γ-PGA production.
Glutamate is used as a nitrogen source or as a reaction substrate, whereas metals, such as zinc, are used
to induce γ-PGA production. Glucose and glutamate are the most widely used carbon and nitrogen
sources, respectively, for fermentation with B. subtilis NX-2, ZJU-7, CGMCC833, and P-104 strains
(Table 3). B. subtilis ZJU-7 showed the highest γ-PGA yield, which reached 101.1 g/L using glucose
and glutamate as substrates; B. subtilis NX-2 showed the lowest yield of 31.7 g/L [60,62].

Several strains generated for γ-PGA production use citric acid with glutamate as the main
substrates. B. licheniformis NCIM2324 had the highest γ-PGA yield of 98.64 g/L [63], whereas the other
B. licheniformis ATCC9945 strain had the lowest yield of 12.64 g/L [64]. The use of other sugars, such
as sucrose, xylose, cane molasses, or mannitol, supplemented with glutamate as the fermentation
substrate further improved γ-PGA production, with B. subtilis NX-2 (73.0 g/L) and B. subtilis GXA-28
(8.72 g/L) yielding the highest and lowest amounts, respectively [65,66]. With glucose and NH4Cl
as substrates, B. licheniformis A13 produced the highest amount of γ-PGA at 28.2 g/L, whereas B.
licheniformis TISTR 1010 produced the lowest at 27.5 g/L [67,68].

Finally, B. subtilis NX-2 yielded the highest amount of γ-PGA at 107.7 g/L in flask cultures, which
was comparable to the yield using glutamate with different sugars as substrates under fermentation
conditions. The lowest amount produced with sucrose as substrate was by B. subtilis GXA-28 (8.72 g/L
under flask culture conditions).
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Table 3. γ-GPA fermentation strains, fermentation recipe, process control, and yield.

Main Substrate Strain Recipe Fermentation Conditions Flask/Fermenter Yield (g/L) Reference

B. subtilis NX-2 Glucose, L-glutamate, MgSO4, K2HPO4·3H2O,
NH4SO4, MnSO2

7.5-L bioreactor, 400 rpm, 1.2 vvm,
pH 7.0, 32 ◦C Fermenter 71.21 [69]

B. subtilis NX-2 Glucose, L-glutamate, Glycerol, K2HPO4·3H2O,
MgSO4, (NH4)2SO4, MnSO4

500-mL flask, 220 rpm, pH 7.5, 32.5 ◦C Flask 31.7 [62]

B. subtilis NX-2 Glucose, L-glutamate, K2HPO4·3H2O,
MgSO4, NH4Cl 110-L bioreactor, 220 rpm, pH 7.5, 32.5 ◦C Fermenter 35.0 [70]

B. subtilis NX-2 Glucose, L-glutamate, (NH4)2SO4,
K2HPO4·3H2O, MgSO4, MnSO4

7.5-L BioFlo 110 bioreactor, 200–800 rpm,
1.5 vvm, pH 7.0, 32 ◦C Fermenter 40.5 [71]

Glucose+ B. subtilis ZJU-7 Glucose, L-glutamate, yeast extract,
NaCl, CaCl2, MgSO4, MnSO4

10-L bioreactor, 300–800 rpm, 1.5 vvm,
pH 6.5, 37 ◦C Fermenter 101.1 [60]

Glutamate B. subtilis ZJU-7 Glucose, L-glutamate, tryptone,
NaCl, MgSO4, CaCl2 500-mL flask, 200 rpm, pH 7.0, 37 ◦C Flask 58.2 [65]

B. subtilis CGMCC 0833 Glucose, L-glutamate, (NH4)2SO4,
K2HPO4·3H2O, MgSO4, MnSO4

7.5-L reactor, 400 rpm, pH 7.5, 32.5 ◦C Fermenter 34.4 [72]

B. subtilis ZJU-7 Glucose, L-glutamate, (NH4)2SO4,
K2HPO4·3H2O, MnSO4, MgSO4

100-L fermenter, 200–450 rpm, 0.5–1 vvm, pH
6.5, 30 ◦C Fermenter 54.0 [73]

B. licheniformis P-104
Glucose, sodium glutamate, sodium citrate,

(NH4)2SO4, MnSO4, MgSO4,
K2HPO4, NaNO3

7-L bioreactor, 500 rpm, 1.5 vvm, pH 7.2 Fermenter 41.6 [14]

B. subtilis ZJU-7 Glucose, L-glutamate, tryptone, NaCl 7.0, 37 ◦C, fed-batch 100 mL flask, 200 rpm,
pH 7.0, 37 ◦C Flask 54.4 [74]

B. licheniformis ATCC9945
Citric acid, L-glutamate, glycerol, NH4Cl,

K2HPO4, MgSO4·7H2O, FeCl3·6H2O,
CaCl2·2H2O, MnSO4·H2O

225 mL flask, 250 rpm, pH 6.5, 30 ◦C Flask 12.64 [64]

B. subtilis MJ80 Citric acids, L-glutamate, starch, urea, glycerol 300 L fermenter, 150 rpm, 1 vvm,
initial pH 7.0, 37 ◦C Fermenter 68.7 [75]

B. licheniformis NCIM 2324
Citric acid, L-glutamate, glycerol, (NH4)2SO4,

K2HPO4, MgSO4·7H2O, MnSO4·7H2O,
CaCl2·2H2O, MnSO4·7H2O

250-mL flask, 200 rpm, initial pH 6.5, 37 ◦C Flask 35.75 [76]

Citrate+ B. licheniformis NCIM 2324 Citric acids, L-glutamate, MgSO4·7H2O,
MnSO4·2H2O α-ketoglutaric acid

250-mL Erlenmeyer flask, 200 rpm,
pH 7.0, 37 ◦C Flask 98.64 [63]

Glutamate B. subtilis BL53
Citric acid, L-glutamate, glycerol, NH4Cl,

MgSO4·7H2O, FeCl3·6H2O, K2HPO4,
CaCl2·2H2O, MnSO4·H2O

250-mL flask, 180 rpm, pH 6.5, 37 ◦C Flask 17.0 [77]

B. licheniformis NCIM 2324 Citric acids, L-glutamate glycerol,
ammonium sulphate 250-mL flasks, 200 rpm, pH 5–8, 37 ◦C Flask 26.12 [17]
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Table 3. Cont.

Main Substrate Strain Recipe Fermentation Conditions Flask/Fermenter Yield (g/L) Reference

B. licheniformis NCIM 2324
Citric acid, L-glutamate, glycerol, ammonium

sulfate, α-ketoglutaric acid, K2HPO4,
MgSO4·7H2O, CaCl2·2H2O, MnSO4·7H2O

Biostat B5 fermenter (2.5 L), 250–1000 rpm,
1.0–3.0 vvm, pH 6.5, 37 ◦C Fermenter 46.34 [78]

B. licheniformis ATCC 9945
Citric acid, L-glutamate, glycerol, NH4Cl,

K2HPO4, MgSO4·7H2O, FeCl3·6H2O,
CaCl2·2H2O, MnSO4·H2O

500-mL Erlenmeyer flask, pH 7.4, 37 ◦C Flask 35.78 [79]

B. sp. SW1-2

Citric acids, L-glutamate, glycerol, K2HPO4,
MgSO4·7H2O, FeSO4·4H2O, CaCl2·2H2O,

MnSO4·4H2O, ZnCl2, NH4)2SO4,
casein hydrolysate.

250-mL Erlenmeyer flask, 150 rpm,
pH 7.0, 37 ◦C Flask 36.5 [80]

B. subtilis NX-2 L-glutamate, (NH4)2SO4, K2HPO4, MgSO4,
MnSO4, carbon source (glucose, xylose)

7.5-L bioreactor, 400 rpm, 1.2 vvm,
initial pH 7.0, 32 ◦C Fermenter 73.0 [61]

Other sugars +
Glutamate B. subtilis HB-1 L-glutamate, xylose, yeast extract,

NaCl, MgSO4, CaCl2,
10-L bioreactor, 500 rpm, initial pH 6.5,

37 ◦C, fed-batch Fermenter 28.15 [66]

B. subtilis NX-2

Cane molasses, glutamate, (NH4)2SO4,
wet cells, crude protein, reducing sugar,

potassium, calcium, magnesium,
manganese, iron, phosphonium.

7.5-L bioreactor, 400 rpm, 1.2 vvm,
pH 7.0, 32 ◦C Fermenter 52.1 [81]

B. subtilis D7
L-glutamate acid, mannitol, yeast extract,

K2HPO4, NaH2PO4, MgSO4·7H2O,
CuSO4·5H2O, pyruvic acid

300-mL Erlenmeyer flask, 250 rpm,
pH 8.0, 35 ◦C Flask 24.93 [82]

B. subtilis GXA-28 soybean residue, sucrose, glutamate 250-mL flask, 200 rpm, pH 2.0–10.0, 45 ◦C Flask 8.72 [83]

B. subtilis C10 Glucose, NH4Cl, MgSO4·7H2O, K2HPO4,
FeCl3·6H2O, MgSO4·H2O, CaCl2, CaCO3

10-L fermenter, 200–500 rpm, 1.5 vvm,
pH 7.5, 32 ◦C Fermenter 27.70 [84]

Glucose + NH4Cl B. licheniformis A13

Glucose, NH4Cl, NaCl, MgSO4·7H2O,
CaCl2·2H2O, K2HPO4, FeSO4·4H2O, NaMoO4,

CuSO4, MnSO4, ZnSO4,
CoCl2, H3BO4

250-mL Erlenmeyer flask, 200 rpm,
pH 6.5, 37 ◦C Flask 28.2 [67]

B. licheniformis TISTR 1010
Glucose, citric acid, NH4Cl, K2HPO4,

MgSO4·7H2O, FeCl3·6H2O, CaCl2·2H2O,
MnSO4·H2O, NaCl, Tween-80

7-L fermenter, 300 rpm, 1 vvm, pH 7.4, 37 ◦C Fermenter 27.50 [68]

B. methylotrophicus Glucose, yeast extract,
MgSO4·7H2O, K2HPO4 MnSO4

250-mL flasks, 200 rpm, pH 7.2, 37 ◦C Flask 35.34 [85]

Others B. subtilis NX-2

Glucose, cane molasses, xylose, starch,
industrial waste glycerol, citric acid, DMR,

MGPR (oyster, shiitake, needle, eryngii
mushroom, and Agaricus bisporus residues

500-mL shake flask, 150 rpm, pH 7.0, 35 ◦C Flask 107.7 [86]
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Of all the strains shown in Table 3, B. subtilis NX-2 produced the highest amount of γ-PGA,
demonstrating the potential of this strain for large-scale γ-PGA production. However, this requires
a medium that includes oyster, shiitake, needle, or eryngii mushroom or Agaricus bisporus residue
as well as different carbon sources. B. licheniformis NCIM 2324 has also been used as a fermentation
starter, with a maximum γ-PGA yield of 98.64 g/L in the presence of L-glutamic acid and citric acid.
Glucose enters glycolysis followed by the TCA cycle; however, citric acid is a TCA cycle intermediate
that is converted to L-glutamic acid, a substrate for γ-PGA synthesis. Therefore, γ-PGA production
can possibly be enhanced by the inclusion of both the nutrients in the medium.

7. Applications of γ-PGA

γ-PGA has been used as an antifreeze, thickener, food and feed additive, and humectant, and its
ester derivatives can be used in biologically degradable materials, such as heat-resistant plastic film
and fibrous substitutes [6,20,87–89]. Recent studies have highlighted other potential applications of
γ-PGA. As a biopolymer that is water-soluble, biodegradable, resistant to moisture, and non-toxic,
and that has strong adsorption properties, high viscosity, and metal-chelating capacity, γ-PGA is
an environmentally safe polymer material [5,9,10,89–94] for use in cosmetics, food, pharmaceutical,
and other industries [3,4]. γ-PGA derivatives have high water-absorption capacity as a flocculating
agent and can be used as a nutritional additive to promote calcium absorption for prevention of
osteoporosis, wetting agent, and biological adhesive [4,5,88,95]. In the food industry, γ-PGA can
be used as an additive to increase the viscosity of liquid foods and as a stabilizer to improve the
texture and taste of baked, fried, or frozen foods and beverages [6–8]. In cosmetics, γ-PGA can act
as a humectant that improves skin maintenance and reduces wrinkles [89,96]. In sewage treatment,
γ-PGA can remove heavy metal ions and radioactive elements owing to its high metal-chelating
properties [9,10]. Using a low-pressure ultrafiltration technique, it has been found that γ-PGA binds to
and efficiently removes >99.8% of lead ions [97]. With a molecular weight of ~5.8–6.2 × 106 Da, γ-PGA
is much better than many conventional flocculants for industrial wastewater treatment because it is
ecofriendly [94]. Interestingly, γ-PGA with a molecular weight of 9.9 × 105 Da efficiently removed 98%
of basic dyes from aqueous solution at pH 1.0, and was reusable [10,90]. The biodegradability of γ-PGA
makes it suitable for use as a drug or gene carrier in biomedical applications [3–5,32]. In addition,
γ-PGA has high water absorption capacity, and therefore, can improve soil and seed coatings and
balance soil pH, thereby increasing agricultural productivity. Finally, γ-PGA can strengthen the effects
of biological pesticides in the control of plant pests and diseases [98].

Although γ-PGA has many potential applications, there are various limitations that must be
overcome for its widespread use. First, the cost of production of γ-PGA is much higher than that of
conventional thermoplastic materials; given the difficulty of chemical γ-PGA synthesis, generating
genetically engineered strains with higher γ-PGA productivity is important.

8. Conclusions

In addition to its several advantageous properties, γ-PGA is mainly produced by non-harmful
bacteria, and therefore, can be safely used in industrial applications. γ-PGA fermentation or production
can be achieved using different strains, substrates, and bioreactors through various processes.
In addition to other biological parameters, controlling culture pH is important for maximizing
yield [99]. Moreover, comparing high-yield γ-PGA strains reported in various studies under the
same growth conditions can help identify the strains that are the most efficient fermentation starters.
Our phylogenetic analysis provides a broad view of Bacillus species that harbor full pgsBCAE and pgdS.
This information can aid in the selection of candidate strains for genetic manipulation to maximize
γ-PGA production. The observed variation in pgsBCAE and pgdS among γ-PGA-producing Bacillus
strains may explain why some strains do not degrade γ-PGA, as they lack pgdS, and why some strains
export γ-PGA, whereas those that lack pgsE do not, as PgsE is thought to interact with PgsA in this
process. This will help in selection of strains for high production of γ-PGA and in genetic engineering
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of selected γ-PGA production strains. It will also help us fully understand how to manipulate PGA
synthesis at the molecular level.

The high cost of γ-PGA production can potentially be reduced through genetic manipulation of
γ-PGA related and regulatory genes. This has been attempted for several γ-PGA-producing strains,
leading to increased resistance of these bacteria to environmental stresses and improved γ-PGA yields.
Few strains are considered useful for industrial-scale γ-PGA production. Future studies can explore
whether other bacterial species or different microorganisms can be used for this purpose, given the
importance and multiple potential uses of γ-PGA.
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Acknowledgments: The authors wish to thank the Ting-An Zhang-Cai and I-Chi Chou from the Graduate School
of Biotechnology and Bioengineering in Yuan Ze University and Sain-Zheng Wu from the Department of Biological
and Science and Technology in National Chiao Tung University, Taiwan, for their help with the analysis of the
phylogenetic data. This work was supported by grants from the Ministry of Science and Technology of the
Republic of China, Taiwan, (MOST-105-2221-E-155-071) to Yi-Huang Hsueh.

Author Contributions: Yi-Huang Hsueh wrote and analyzed all the data in this study. Sikhumbuzo Charles Kunene
analyzed and prepared the tables. Kai-Yao Huang and Tzong-Yi Lee contributed to the phylogenetic analysis in
this study.

Conflicts of Interest: The authors declare that the research was conducted in the absence of any commercial or
financial relationships that could be construed as a potential conflict of interest.

Abbreviations

γ-PGA Poly-γ-glutamic acid
TCA Tricarboxylic acid
ATP Adenosine triphosphate
MCL Maximum composite likelihood
CoA Coenzyme
EPS Exopolysaccharides

References

1. Shi, F.; Xu, Z.; Cen, P. Microbial production of natural poly amino acid. Sci. China Ser. B 2007, 50, 291.
[CrossRef]

2. Ashiuchi, M. Occurrence and biosynthetic mechanism of poly-γ-glutamic acid. In Amino-Acid Homopolymers
Occurring in Nature; Springer: Berlin, Germany, 2010; pp. 77–93.

3. Otani, Y.; Tabata, Y.; Ikada, Y. A new biological glue from gelatin and poly (L-glutamic acid). J. Biomed. Mater. Res.
1996, 31, 157–166. [CrossRef]

4. Otani, Y.; Tabata, Y.; Ikada, Y. Sealing effect of rapidly curable gelatin-poly (L-glutamic acid) hydrogel glue
on lung air leak. Ann. Thorac. Surg. 1999, 67, 922–926. [CrossRef]

5. Kurosaki, T.; Kitahara, T.; Fumoto, S.; Nishida, K.; Nakamura, J.; Niidome, T.; Kodama, Y.; Nakagawa, H.;
To, H.; Sasaki, H. Ternary complexes of pDNA, polyethylenimine, and γ-polyglutamic acid for gene delivery
systems. Biomaterials 2009, 30, 2846–2853. [CrossRef] [PubMed]

6. Shyu, Y.S.; Sung, W.C. Improving the emulsion stability of sponge cake by the addition of γ-polyglutamic acid.
J. Mar. Sci. Technol. 2010, 18, 895–900.

7. Shyu, Y.S.; Hwang, J.Y.; Hsu, C.K. Improving the rheological and thermal properties of wheat dough by the
addition of γ-polyglutamic acid. LWT Food. Sci. Technol. 2008, 41, 982–987. [CrossRef]

8. Lim, S.M.; Kim, J.; Shim, J.Y.; Imm, B.Y.; Sung, M.H.; Imm, J.Y. Effect of poly-γ-glutamic acids (PGA) on oil
uptake and sensory quality in doughnuts. Food. Sci. Biotechnol. 2012, 21, 247–252. [CrossRef]

9. Bhattacharyya, D.; Hestekin, J.; Brushaber, P.; Cullen, L.; Bachas, L.; Sikdar, S. Novel poly-glutamic acid
functionalized microfiltration membranes for sorption of heavy metals at high capacity. J. Membr. Sci.
1998, 141, 121–135. [CrossRef]

10. Inbaraj, B.S.; Chen, B.H. In vitro removal of toxic heavy metals by poly(γ-glutamic acid)-coated
superparamagnetic nanoparticles. Int. J. Nanomed. 2012, 7, 4419–4432.

www.mdpi.com/1422-0067/18/12/2644/s1
http://dx.doi.org/10.1007/s11426-007-0061-5
http://dx.doi.org/10.1002/(SICI)1097-4636(199606)31:2&lt;157::AID-JBM2&gt;3.0.CO;2-M
http://dx.doi.org/10.1016/S0003-4975(99)00153-8
http://dx.doi.org/10.1016/j.biomaterials.2009.01.055
http://www.ncbi.nlm.nih.gov/pubmed/19232715
http://dx.doi.org/10.1016/j.lwt.2007.06.015
http://dx.doi.org/10.1007/s10068-012-0032-2
http://dx.doi.org/10.1016/S0376-7388(97)00301-3


Int. J. Mol. Sci. 2017, 18, 2644 16 of 20

11. Hanby, W.; Rydon, H. The capsular substance of Bacillus anthracis: With an appendix by P. Bruce White.
Biochem. J. 1946, 40, 297. [CrossRef] [PubMed]

12. Ashiuchi, M.; Kamei, T.; Baek, D.H.; Shin, S.Y.; Sung, M.H.; Soda, K.; Yagi, T.; Misono, H. Isolation of
Bacillus subtilis (chungkookjang), a poly-γ-glutamate producer with high genetic competence. Appl. Microbiol.
Biotechnol. 2001, 57, 764–769. [CrossRef] [PubMed]

13. Hara, T.; Ueda, S. Regulation of poly glutamate production in Bacillus subtilis (natto): Transformation of high
PGA productivity. Agric. Biol. Chem. 1982, 46, 2275–2281.

14. Zhao, C.; Zhang, Y.; Wei, X.; Hu, Z.; Zhu, F.; Xu, L.; Luo, M.; Liu, H. Production of ultra-high molecular
weight poly-γ-glutamic acid with Bacillus licheniformis P-104 and characterization of its flocculation properties.
Appl. Biochem. Biotechnol. 2013, 170, 562–572. [CrossRef] [PubMed]

15. Kimura, K.; Tran, L.S.P.; Uchida, I.; Itoh, Y. Characterization of Bacillus subtilis γ-glutamyltransferase and its
involvement in the degradation of capsule poly-γ-glutamate. Microbiology 2004, 150, 4115–4123. [CrossRef]
[PubMed]

16. Lazazzera, B. Cell-density control of gene expression and development in Bacillus subtilis. Cell Cell Signal. Bact.
1999, 1999, 27–47.

17. Bajaj, I.B.; Singhal, R.S. Enhanced production of poly(γ-glutamic acid) from Bacillus licheniformis NCIM 2324
by using metabolic precursors. Appl. Biochem. Biotechnol. 2009, 159, 133–141. [CrossRef] [PubMed]

18. Ashiuchi, M.; Soda, K.; Misono, H. Characterization of yrpc gene product of Bacillus subtilis IFO 3336 as
glutamate racemase isozyme. Biosci. Biotechnol. Biochem. 1999, 63, 792–798. [CrossRef] [PubMed]

19. Goto, A.; Kunioka, M. Biosynthesis and hydrolysis of poly(γ-glutamic acid) from Bacillus subtilis IF03335.
Biosci. Biotechnol. Biochem. 1992, 56, 1031–1035. [CrossRef] [PubMed]

20. Shih, L.; Wu, P.J.; Shieh, C.J. Microbial production of a poly(γ-glutamic acid) derivative by Bacillus subtilis.
Process Biochem. 2005, 40, 2827–2832. [CrossRef]

21. Ashiuchi, M.; Nawa, C.; Kamei, T.; Song, J.J.; Hong, S.P.; Sung, M.H.; Soda, K.; Yagi, T.; Misono, H.
Physiological and biochemical characteristics of poly γ-glutamate synthetase complex of Bacillus subtilis.
FEBS J. 2001, 268, 5321–5328.

22. Troy, F.A. Chemistry and biosynthesis of the poly(γ-D-glutamyl) capsule in Bacillus licheniformis I. Properties
of the membrane-mediated biosynthetic reaction. J. Biol. Chem. 1973, 248, 305–315. [PubMed]

23. Kocianova, S.; Vuong, C.; Yao, Y.; Voyich, J.M.; Fischer, E.R.; DeLeo, F.R.; Otto, M. Key role of
poly-γ-dl-glutamic acid in immune evasion and virulence of Staphylococcus epidermidis. J. Clin. Investig.
2005, 115, 688–694. [CrossRef] [PubMed]

24. Hezayen, F.; Rehm, B.; Tindall, B.; Steinbüchel, A. Transfer of Natrialba asiatica B1T to Natrialba taiwanensis sp.
nov. and description of Natrialba aegyptiaca sp. nov., a novel extremely halophilic, aerobic, non-pigmented
member of the archaea from Egypt that produces extracellular poly(glutamic acid). Int. J. Syst. Evol. Microbiol.
2001, 51, 1133–1142. [CrossRef] [PubMed]

25. Cromwick, A.M.; Gross, R.A. Effects of Manganese (II) on Bacillus licheniformis ATCC 9945A physiology and
γ-poly(glutamic acid) formation. Int. J. Biol. Macromol. 1995, 17, 259–267. [CrossRef]

26. Thorne, C.B.; Leonard, C.G. Isolation of D-and L-glutamyl polypeptides from culture filtrates of Bacillus
subtilis. J. Biol. Chem. 1958, 233, 1109–1112. [PubMed]

27. Shimizu, K.; Nakamura, H.; Ashiuchi, M. Salt-inducible bionylon polymer from Bacillus megaterium.
Appl. Environ. Microbiol. 2007, 73, 2378–2379. [CrossRef] [PubMed]

28. Ashiuchi, M.; Kamei, T.; Misono, H. Poly-γ-glutamate synthetase of Bacillus subtilis. J. Mol. Catal. B Enzym.
2003, 23, 101–106. [CrossRef]

29. Choi, S.H.; Park, J.S.; Yoon, K.; Choi, W. Production of microbial biopolymer, poly(γ-glutamic acid) by
Bacillus subtilis BS 62. Agric. Chem. Biotechnol. 2004, 47, 60–64.

30. Ashiuchi, M.; Soda, K.; Misono, H. A poly-γ-glutamate synthetic system of Bacillus subtilis IFO 3336:
Gene cloning and biochemical analysis of poly-γ-glutamate produced by Escherichia coli clone cells.
Biochem. Biophys. Res. Commun. 1999, 263, 6–12. [CrossRef] [PubMed]

31. Candela, T.; Mock, M.; Fouet, A. CapE, a 47-amino-acid peptide, is necessary for Bacillus anthracis
polyglutamate capsule synthesis. J. Bacteriol. 2005, 187, 7765–7772. [CrossRef] [PubMed]

32. Tarui, Y.; Iida, H.; Ono, E.; Miki, W.; Hirasawa, E.; Fujita, K.I.; Tanaka, T.; Taniguchi, M. Biosynthesis of
poly-γ-glutamic acid in plants: Transient expression of poly-γ-glutamate synthetase complex in tobacco
leaves. J. Biosci. Bioeng. 2005, 100, 443–448. [CrossRef] [PubMed]

http://dx.doi.org/10.1042/bj0400297
http://www.ncbi.nlm.nih.gov/pubmed/20989452
http://dx.doi.org/10.1007/s00253-001-0848-9
http://www.ncbi.nlm.nih.gov/pubmed/11778891
http://dx.doi.org/10.1007/s12010-013-0214-2
http://www.ncbi.nlm.nih.gov/pubmed/23553109
http://dx.doi.org/10.1099/mic.0.27467-0
http://www.ncbi.nlm.nih.gov/pubmed/15583164
http://dx.doi.org/10.1007/s12010-008-8427-5
http://www.ncbi.nlm.nih.gov/pubmed/19005621
http://dx.doi.org/10.1271/bbb.63.792
http://www.ncbi.nlm.nih.gov/pubmed/10380621
http://dx.doi.org/10.1271/bbb.56.1031
http://www.ncbi.nlm.nih.gov/pubmed/27286372
http://dx.doi.org/10.1016/j.procbio.2004.12.009
http://www.ncbi.nlm.nih.gov/pubmed/4692836
http://dx.doi.org/10.1172/JCI200523523
http://www.ncbi.nlm.nih.gov/pubmed/15696197
http://dx.doi.org/10.1099/00207713-51-3-1133
http://www.ncbi.nlm.nih.gov/pubmed/11411682
http://dx.doi.org/10.1016/0141-8130(95)98153-P
http://www.ncbi.nlm.nih.gov/pubmed/13598742
http://dx.doi.org/10.1128/AEM.02686-06
http://www.ncbi.nlm.nih.gov/pubmed/17293523
http://dx.doi.org/10.1016/S1381-1177(03)00076-6
http://dx.doi.org/10.1006/bbrc.1999.1298
http://www.ncbi.nlm.nih.gov/pubmed/10486244
http://dx.doi.org/10.1128/JB.187.22.7765-7772.2005
http://www.ncbi.nlm.nih.gov/pubmed/16267300
http://dx.doi.org/10.1263/jbb.100.443
http://www.ncbi.nlm.nih.gov/pubmed/16310735


Int. J. Mol. Sci. 2017, 18, 2644 17 of 20

33. Jiang, H.; Shang, L.; Yoon, S.H.; Lee, S.Y.; Yu, Z. Optimal production of poly-γ-glutamic acid by metabolically
engineered Escherichia coli. Biotechnol. Lett. 2006, 28, 1241–1246. [CrossRef] [PubMed]

34. Drysdale, M.; Bourgogne, A.; Koehler, T.M. Transcriptional analysis of the Bacillus anthracis capsule regulators.
J. Bacteriol. 2005, 187, 5108–5114. [CrossRef] [PubMed]

35. Leonard, C.G.; Housewright, R.D.; Thorne, C.B. Effects of some metallic ions on glutamyl polypeptide
synthesis by Bacillus subtilis. J. Bacteriol. 1958, 76, 499. [PubMed]

36. Suzuki, T.; Tahara, Y. Characterization of the Bacillus subtilis ywtD gene, whose product is involved in
γ-polyglutamic acid degradation. J. Bacteriol. 2003, 185, 2379–2382. [CrossRef] [PubMed]

37. Tamura, K.; Nei, M. Estimation of the number of nucleotide substitutions in the control region of
mitochondrial DNA in humans and chimpanzees. Mol. Biol. Evol. 1993, 10, 512–526. [PubMed]

38. Kumar, S.; Stecher, G.; Tamura, K. Mega7: Molecular evolutionary genetics analysis version 7.0 for bigger
datasets. Mol. Biol. Evol. 2016, 33, 1870. [CrossRef] [PubMed]

39. Tran, L.S.P.; Nagai, T.; Itoh, Y. Divergent structure of the ComQXPA quorum-sensing components: Molecular
basis of strain-specific communication mechanism in Bacillus subtilis. Mol. Microbiol. 2000, 37, 1159–1171.
[CrossRef] [PubMed]

40. Stanley, N.R.; Lazazzera, B.A. Defining the genetic differences between wild and domestic strains of Bacillus
subtilis that affect poly-γ-DL-glutamic acid production and biofilm formation. Mol. Microbiol. 2005, 57,
1143–1158. [CrossRef] [PubMed]

41. Osera, C.; Amati, G.; Calvio, C.; Galizzi, A. SwrAA activates poly-γ-glutamate synthesis in addition to
swarming in Bacillus subtilis. Microbiology 2009, 155, 2282–2287. [CrossRef] [PubMed]

42. Do, T.H.; Suzuki, Y.; Abe, N.; Kaneko, J.; Itoh, Y.; Kimura, K. Mutations suppressing the loss of DegQ
function in Bacillus subtilis (natto) poly-γ-glutamate synthesis. Appl. Environ. Microbiol. 2011, 77, 8249–8258.
[CrossRef] [PubMed]

43. Cairns, L.S.; Marlow, V.L.; Bissett, E.; Ostrowski, A.; Stanley-Wall, N.R. A mechanical signal transmitted by
the flagellum controls signalling in Bacillus subtilis. Mol. Microbiol. 2013, 90, 6–21. [PubMed]

44. Feng, J.; Gao, W.; Gu, Y.; Zhang, W.; Cao, M.; Song, C.; Zhang, P.; Sun, M.; Yang, C.; Wang, S. Functions of
poly-γ-glutamic acid (γ-PGA) degradation genes in γ-PGA synthesis and cell morphology maintenance.
Appl. Microbiol. Biotechnol. 2014, 98, 6397–6407. [CrossRef] [PubMed]

45. Feng, J.; Gu, Y.; Sun, Y.; Han, L.; Yang, C.; Zhang, W.; Cao, M.; Song, C.; Gao, W.; Wang, S. Metabolic
engineering of Bacillus amyloliquefaciens for poly-γ-glutamic acid (γ-PGA) overproduction. Microb. Biotechnol.
2014, 7, 446–455. [CrossRef] [PubMed]

46. Zhang, W.; He, Y.; Gao, W.; Feng, J.; Cao, M.; Yang, C.; Song, C.; Wang, S. Deletion of genes
involved in glutamate metabolism to improve poly-γ-glutamic acid production in B. amyloliquefaciens LL3.
J. Ind. Microbiol. Biotechnol. 2015, 42, 297–305. [CrossRef] [PubMed]

47. Scoffone, V.; Dondi, D.; Biino, G.; Borghese, G.; Pasini, D.; Galizzi, A.; Calvio, C. Knockout of pgdS and ggt
genes improves γ-PGA yield in B. subtilis. Biotechnol. Bioeng. 2013, 110, 2006–2012. [CrossRef] [PubMed]

48. Lin, B.; Li, Z.; Zhang, H.; Wu, J.; Luo, M. Cloning and expression of the γ-polyglutamic acid synthetase gene
pgsBCA in Bacillus subtilis WB600. BioMed Res. Int. 2016, 2016, 3073949. [PubMed]

49. Yamashiro, D.; Yoshioka, M.; Ashiuchi, M. Bacillus subtilis pgsE (formerly ywtC) stimulates poly-γ-glutamate
production in the presence of zinc. Biotechnol. Bioeng. 2011, 108, 226–230. [CrossRef] [PubMed]

50. Jiang, F.; Qi, G.; Ji, Z.; Zhang, S.; Liu, J.; Ma, X.; Chen, S. Expression of glr gene encoding glutamate racemase
in Bacillus licheniformis WX-02 and its regulatory effects on synthesis of poly-γ-glutamic acid. Biotechnol. Lett.
2011, 33, 1837. [CrossRef] [PubMed]

51. Tian, G.; Fu, J.; Wei, X.; Ji, Z.; Ma, X.; Qi, G.; Chen, S. Enhanced expression of pgdS gene for high production of
poly-γ-glutamic aicd with lower molecular weight in Bacillus licheniformis WX-02. J. Chem. Technol. Biotechnol.
2014, 89, 1825–1832. [CrossRef]

52. Ashiuchi, M.; Shimanouchi, K.; Horiuchi, T.; Kamei, T.; Misono, H. Genetically engineered poly-γ-glutamate
producer from Bacillus subtilis ISW1214. Biosci. Biotechnol. Biochem. 2006, 70, 1794–1797. [CrossRef] [PubMed]

53. Feng, J.; Gu, Y.; Quan, Y.; Cao, M.; Gao, W.; Zhang, W.; Wang, S.; Yang, C.; Song, C. Improved poly-γ-glutamic
acid production in Bacillus amyloliquefaciens by modular pathway engineering. Metab. Eng. 2015, 32, 106–115.
[CrossRef] [PubMed]

54. Smith, T.J.; Blackman, S.A.; Foster, S.J. Autolysins of Bacillus subtilis: Multiple enzymes with multiple
functions. Microbiology 2000, 146, 249–262. [CrossRef] [PubMed]

http://dx.doi.org/10.1007/s10529-006-9080-0
http://www.ncbi.nlm.nih.gov/pubmed/16816893
http://dx.doi.org/10.1128/JB.187.15.5108-5114.2005
http://www.ncbi.nlm.nih.gov/pubmed/16030203
http://www.ncbi.nlm.nih.gov/pubmed/13598708
http://dx.doi.org/10.1128/JB.185.7.2379-2382.2003
http://www.ncbi.nlm.nih.gov/pubmed/12644511
http://www.ncbi.nlm.nih.gov/pubmed/8336541
http://dx.doi.org/10.1093/molbev/msw054
http://www.ncbi.nlm.nih.gov/pubmed/27004904
http://dx.doi.org/10.1046/j.1365-2958.2000.02069.x
http://www.ncbi.nlm.nih.gov/pubmed/10972833
http://dx.doi.org/10.1111/j.1365-2958.2005.04746.x
http://www.ncbi.nlm.nih.gov/pubmed/16091050
http://dx.doi.org/10.1099/mic.0.026435-0
http://www.ncbi.nlm.nih.gov/pubmed/19389763
http://dx.doi.org/10.1128/AEM.05827-11
http://www.ncbi.nlm.nih.gov/pubmed/21965392
http://www.ncbi.nlm.nih.gov/pubmed/23888912
http://dx.doi.org/10.1007/s00253-014-5729-0
http://www.ncbi.nlm.nih.gov/pubmed/24769902
http://dx.doi.org/10.1111/1751-7915.12136
http://www.ncbi.nlm.nih.gov/pubmed/24986065
http://dx.doi.org/10.1007/s10295-014-1563-8
http://www.ncbi.nlm.nih.gov/pubmed/25540046
http://dx.doi.org/10.1002/bit.24846
http://www.ncbi.nlm.nih.gov/pubmed/23335395
http://www.ncbi.nlm.nih.gov/pubmed/27073802
http://dx.doi.org/10.1002/bit.22913
http://www.ncbi.nlm.nih.gov/pubmed/20812257
http://dx.doi.org/10.1007/s10529-011-0631-7
http://www.ncbi.nlm.nih.gov/pubmed/21544614
http://dx.doi.org/10.1002/jctb.4261
http://dx.doi.org/10.1271/bbb.60082
http://www.ncbi.nlm.nih.gov/pubmed/16861819
http://dx.doi.org/10.1016/j.ymben.2015.09.011
http://www.ncbi.nlm.nih.gov/pubmed/26410449
http://dx.doi.org/10.1099/00221287-146-2-249
http://www.ncbi.nlm.nih.gov/pubmed/10708363


Int. J. Mol. Sci. 2017, 18, 2644 18 of 20

55. Carlsson, P.; Hederstedt, L. Genetic characterization of Bacillus subtilis odhA and odhB, encoding
2-oxoglutarate dehydrogenase and dihydrolipoamide transsuccinylase, respectively. J. Bacteriol. 1989,
171, 3667–3672. [CrossRef] [PubMed]

56. Commichau, F.M.; Herzberg, C.; Tripal, P.; Valerius, O.; Stülke, J. A regulatory protein–protein interaction
governs glutamate biosynthesis in Bacillus subtilis: The glutamate dehydrogenase RocG moonlights in
controlling the transcription factor GltC. Mol. Microbiol. 2007, 65, 642–654. [CrossRef] [PubMed]

57. Branda, S.S.; González-Pastor, J.E.; Dervyn, E.; Ehrlich, S.D.; Losick, R.; Kolter, R. Genes involved in formation
of structured multicellular communities by Bacillus subtilis. J. Bacteriol. 2004, 186, 3970–3979. [CrossRef]
[PubMed]

58. Branda, S.S.; Chu, F.; Kearns, D.B.; Losick, R.; Kolter, R. A major protein component of the Bacillus subtilis
biofilm matrix. Mol. Microbiol. 2006, 59, 1229–1238. [CrossRef] [PubMed]

59. Ashiuchi, M.; Tani, K.; Soda, K.; Misono, H. Properties of glutamate racemase from Bacillus subtilis IFO 3336
producing poly-γ-glutamate. J. Biochem. 1998, 123, 1156–1163. [CrossRef] [PubMed]

60. Huang, J.; Du, Y.; Xu, G.; Zhang, H.; Zhu, F.; Huang, L.; Xu, Z. High yield and cost-effective production of
poly(γ-glutamic acid) with Bacillus subtilis. Eng. Life Sci. 2011, 11, 291–297. [CrossRef]

61. Tang, B.; Lei, P.; Xu, Z.; Jiang, Y.; Xu, Z.; Liang, J.; Feng, X.; Xu, H. Highly efficient rice straw utilization for
poly-(γ-glutamic acid) production by Bacillus subtilis NX-2. Bioresour. Technol. 2015, 193, 370–376. [CrossRef]
[PubMed]

62. Wu, Q.; Xu, H.; Liang, J.; Yao, J. Contribution of glycerol on production of poly(γ-glutamic acid) in Bacillus
subtilis NX-2. Appl. Biochem. Biotechnol. 2010, 160, 386–392. [CrossRef] [PubMed]

63. Bajaj, I.B.; Lele, S.S.; Singhal, R.S. Enhanced production of poly(γ-glutamic acid) from Bacillus licheniformis
NCIM 2324 in solid state fermentation. J. Ind. Microbiol. Biotechnol. 2008, 35, 1581–1586. [CrossRef] [PubMed]

64. Konglom, N.; Chuensangjun, C.; Pechyen, C.; Sirisansaneeyakul, S. Production of poly-γ-glutamic acid by
Bacillus licheniformis: Synthesis and characterization. J. Met. Mater. Miner. 2012, 22, 7–11.

65. Shi, F.; Xu, Z.; Cen, P. Optimization of γ-polyglutamic acid production by Bacillus subtilis ZJU-7 using a
surface-response methodology. Biotechnol. Bioprocess Eng. 2006, 11, 251–257. [CrossRef]

66. Zhu, F.; Cai, J.; Zheng, Q.; Zhu, X.; Cen, P.; Xu, Z. A novel approach for poly-γ-glutamic acid production
using xylose and corncob fibres hydrolysate in Bacillus subtillis HB-1. J. Chem. Technol. Biotechnol. 2014, 89,
616–622. [CrossRef]

67. Mabrouk, M.; Abou-Zeid, D.; Sabra, W. Application of plackett–burman experimental design to evaluate
nutritional requirements for poly(γ-glutamic acid) production in batch fermentation by Bacillus licheniformis
A13. Afr. J. Appl. Microbiol. Res. 2012, 1, 6–18.

68. Kongklom, N.; Luo, H.; Shi, Z.; Pechyen, C.; Chisti, Y.; Sirisansaneeyakul, S. Production of poly-γ-glutamic
acid by glutamic acid-independent Bacillus licheniformis TISTR 1010 using different feeding strategies.
Biochem. Eng. J. 2015, 100, 67–75. [CrossRef]

69. Xu, Z.; Feng, X.; Zhang, D.; Tang, B.; Lei, P.; Liang, J.; Xu, H. Enhanced poly(γ-glutamic acid) fermentation
by Bacillus subtilis NX-2 immobilized in an aerobic plant fibrous-bed bioreactor. Bioresour. Technol. 2014, 155,
8–14. [CrossRef] [PubMed]

70. Yao, J.; Xu, H.; Shi, N.; Cao, X.; Feng, X.; Li, S.; Ouyang, P. Analysis of carbon metabolism and improvement
of γ-polyglutamic acid production from Bacillus subtilis NX-2. Appl. Biochem. Biotechnol. 2010, 160, 2332–2341.
[CrossRef] [PubMed]

71. Zhang, D.; Xu, Z.; Xu, H.; Feng, X.; Li, S.; Cai, H.; Wei, Y.; Ouyang, P. Improvement of poly(γ-glutamic acid)
biosynthesis and quantitative metabolic flux analysis of a two-stage strategy for agitation speed control in
the culture of Bacillus subtilis NX-2. Biotechnol. Bioprocess Eng. 2011, 16, 1144–1151. [CrossRef]

72. Wu, Q.; Xu, H.; Shi, N.; Yao, J.; Li, S.; Ouyang, P. Improvement of poly(γ-glutamic acid) biosynthesis and
redistribution of metabolic flux with the presence of different additives in Bacillus subtilis CGMCC 0833.
Appl. Microbiol. Biotechnol. 2008, 79, 527–535. [CrossRef] [PubMed]

73. Chen, J.; Shi, F.; Zhang, B.; Zhu, F.; Cao, W.; Xu, Z.; Xu, G.; Cen, P. Effects of cultivation conditions on the
production of γ-PGA with Bacillus subtilis ZJU-7. Appl. Biochem. Biotechnol. 2010, 160, 370–377. [CrossRef]
[PubMed]

74. Shi, F.; Xu, Z.; Cen, P. Efficient production of poly-γ-glutamic acid by Bacillus subtilis ZJU-7. Appl. Biochem.
Biotechnol. 2006, 133, 271–281. [CrossRef]

http://dx.doi.org/10.1128/jb.171.7.3667-3672.1989
http://www.ncbi.nlm.nih.gov/pubmed/2500417
http://dx.doi.org/10.1111/j.1365-2958.2007.05816.x
http://www.ncbi.nlm.nih.gov/pubmed/17608797
http://dx.doi.org/10.1128/JB.186.12.3970-3979.2004
http://www.ncbi.nlm.nih.gov/pubmed/15175311
http://dx.doi.org/10.1111/j.1365-2958.2005.05020.x
http://www.ncbi.nlm.nih.gov/pubmed/16430696
http://dx.doi.org/10.1093/oxfordjournals.jbchem.a022055
http://www.ncbi.nlm.nih.gov/pubmed/9604005
http://dx.doi.org/10.1002/elsc.201000133
http://dx.doi.org/10.1016/j.biortech.2015.05.110
http://www.ncbi.nlm.nih.gov/pubmed/26143572
http://dx.doi.org/10.1007/s12010-008-8320-2
http://www.ncbi.nlm.nih.gov/pubmed/18696262
http://dx.doi.org/10.1007/s10295-008-0401-2
http://www.ncbi.nlm.nih.gov/pubmed/18654808
http://dx.doi.org/10.1007/BF02932039
http://dx.doi.org/10.1002/jctb.4169
http://dx.doi.org/10.1016/j.bej.2015.04.007
http://dx.doi.org/10.1016/j.biortech.2013.12.080
http://www.ncbi.nlm.nih.gov/pubmed/24398186
http://dx.doi.org/10.1007/s12010-009-8798-2
http://www.ncbi.nlm.nih.gov/pubmed/19866376
http://dx.doi.org/10.1007/s12257-011-0074-y
http://dx.doi.org/10.1007/s00253-008-1462-x
http://www.ncbi.nlm.nih.gov/pubmed/18443783
http://dx.doi.org/10.1007/s12010-008-8307-z
http://www.ncbi.nlm.nih.gov/pubmed/18668374
http://dx.doi.org/10.1385/ABAB:133:3:271


Int. J. Mol. Sci. 2017, 18, 2644 19 of 20

75. Ju, W.T.; Song, Y.S.; Jung, W.J.; Park, R.D. Enhanced production of poly-γ-glutamic acid by a newly-isolated
Bacillus subtilis. Biotechnol. Lett. 2014, 36, 2319–2324. [CrossRef] [PubMed]

76. Bajaj, I.B.; Lele, S.S.; Singhal, R.S. A statistical approach to optimization of fermentative production of
poly(γ-glutamic acid) from Bacillus licheniformis NCIM 2324. Bioresour. Technol. 2009, 100, 826–832. [CrossRef]
[PubMed]

77. Silva, S.B.; Cantarelli, V.V.; Ayub, M.A. Production and optimization of poly-γ-glutamic acid by Bacillus
subtilis BL53 isolated from the amazonian environment. Bioprocess Biosyst. Eng. 2014, 37, 469–479. [CrossRef]
[PubMed]

78. Bajaj, I.B.; Singhal, R.S. Effect of aeration and agitation on synthesis of poly(γ-glutamic acid) in batch cultures
of Bacillus licheniformis NCIM 2324. Biotechnol. Bioprocess Eng. 2010, 15, 635–640. [CrossRef]

79. Mitsunaga, H.; Meissner, L.; Buchs, J.; Fukusaki, E. Branched chain amino acids maintain the molecular
weight of poly(γ-glutamic acid) of Bacillus licheniformis ATCC 9945 during the fermentation. J. Biosci. Bioeng.
2016, 122, 400–405. [CrossRef] [PubMed]

80. Mahmoud, M.B.; Mohamed, S.A.O. Enhanced production of poly glutamic acid by Bacillus sp. SW1-2 using
statistical experimental design. Afr. J. Biotechnol. 2013, 12, 481–490. [CrossRef]

81. Zhang, D.; Feng, X.; Zhou, Z.; Zhang, Y.; Xu, H. Economical production of poly(γ-glutamic acid) using
untreated cane molasses and monosodium glutamate waste liquor by Bacillus subtilis NX-2. Bioresour. Technol.
2012, 114, 583–588. [CrossRef] [PubMed]

82. Lee, N.R.; Lee, S.M.; Cho, K.S.; Jeong, S.Y.; Hwang, D.Y.; Kim, D.S.; Hong, C.O.; Son, H.J. Improved
production of poly-γ-glutamic acid by Bacillus subtilis D7 isolated from Doenjang, a korean traditional
fermented food, and its antioxidant activity. Appl. Biochem. Biotechnol. 2014, 173, 918–932. [CrossRef]
[PubMed]

83. Zeng, W.; Li, W.; Shu, L.; Yi, J.; Chen, G.; Liang, Z. Non-sterilized fermentative co-production of
poly(γ-glutamic acid) and fibrinolytic enzyme by a thermophilic Bacillus subtilis GXA-28. Bioresour. Technol.
2013, 142, 697–700. [CrossRef] [PubMed]

84. Zhang, H.; Zhu, J.; Zhu, X.; Cai, J.; Zhang, A.; Hong, Y.; Huang, J.; Huang, L.; Xu, Z. High-level exogenous
glutamic acid-independent production of poly-(γ-glutamic acid) with organic acid addition in a new isolated
Bacillus subtilis C10. Bioresour. Technol. 2012, 116, 241–246. [CrossRef] [PubMed]

85. Peng, Y.; Jiang, B.; Zhang, T.; Mu, W.; Miao, M.; Hua, Y. High-level production of poly(γ-glutamic acid) by a
newly isolated glutamate-independent strain, Bacillus methylotrophicus. Process Biochem. 2015, 50, 329–335.
[CrossRef]

86. Tang, B.; Xu, H.; Xu, Z.; Xu, C.; Xu, Z.; Lei, P.; Qiu, Y.; Liang, J.; Feng, X. Conversion of agroindustrial
residues for high poly(γ-glutamic acid) production by Bacillus subtilis NX-2 via solid-state fermentation.
Bioresour. Technol. 2015, 181, 351–354. [CrossRef] [PubMed]

87. Bhat, A.R.; Irorere, V.U.; Bartlett, T.; Hill, D.; Kedia, G.; Morris, M.R.; Charalampopoulos, D.; Radecka, I.
Bacillus subtilis natto: A non-toxic source of poly-γ-glutamic acid that could be used as a cryoprotectant for
probiotic bacteria. AMB Express 2013, 3, 36. [CrossRef] [PubMed]

88. Mitsuiki, M.; Mizuno, A.; Tanimoto, H.; Motoki, M. Relationship between the antifreeze activities and the
chemical structures of oligo-and poly(glutamic acid)s. J. Agric. Food. Chem. 1998, 46, 891–895. [CrossRef]

89. Kubota, H.; Nambu, Y.; Endo, T. Convenient esterification of poly(γ-glutamic acid) produced by microorganism
with alkyl halides and their thermal properties. J. Polym. Sci. Part A Polym. Chem. 1995, 33, 85–88. [CrossRef]

90. Inbaraj, B.S.; Chiu, C.; Ho, G.; Yang, J.; Chen, B. Removal of cationic dyes from aqueous solution using an
anionic poly-γ-glutamic acid-based adsorbent. J. Hazard. Mater. 2006, 137, 226–234. [CrossRef] [PubMed]

91. Uotani, K.; Kubota, H.; Endou, H.; Tokita, F. Sialogogue, Oral Composition and Food Product Containing
the Same. U.S. Patent 7,910,089, 22 March 2011.

92. Ye, H.; Jin, L.; Hu, R.; Yi, Z.; Li, J.; Wu, Y.; Xi, X.; Wu, Z. Poly(γ, L-glutamic acid)–cisplatin conjugate effectively
inhibits human breast tumor xenografted in nude mice. Biomaterials 2006, 27, 5958–5965. [CrossRef]
[PubMed]

93. Ogata, M.; Hidari, K.I.; Murata, T.; Shimada, S.; Kozaki, W.; Park, E.Y.; Suzuki, T.; Usui, T. Chemoenzymatic
synthesis of sialoglycopolypeptides as glycomimetics to block infection by avian and human influenza
viruses. Bioconjug. Chem. 2009, 20, 538–549. [CrossRef] [PubMed]

94. Bajaj, I.B.; Singhal, R.S. Flocculation properties of poly(γ-glutamic acid) produced from Bacillus subtilis
isolate. Food Bioprocess Technol. 2011, 4, 745–752. [CrossRef]

http://dx.doi.org/10.1007/s10529-014-1613-3
http://www.ncbi.nlm.nih.gov/pubmed/25048237
http://dx.doi.org/10.1016/j.biortech.2008.06.047
http://www.ncbi.nlm.nih.gov/pubmed/18676141
http://dx.doi.org/10.1007/s00449-013-1016-1
http://www.ncbi.nlm.nih.gov/pubmed/23872848
http://dx.doi.org/10.1007/s12257-009-0059-2
http://dx.doi.org/10.1016/j.jbiosc.2016.03.007
http://www.ncbi.nlm.nih.gov/pubmed/27209178
http://dx.doi.org/10.5897/AJB12.2947
http://dx.doi.org/10.1016/j.biortech.2012.02.114
http://www.ncbi.nlm.nih.gov/pubmed/22465581
http://dx.doi.org/10.1007/s12010-014-0908-0
http://www.ncbi.nlm.nih.gov/pubmed/24733532
http://dx.doi.org/10.1016/j.biortech.2013.05.020
http://www.ncbi.nlm.nih.gov/pubmed/23725975
http://dx.doi.org/10.1016/j.biortech.2011.11.085
http://www.ncbi.nlm.nih.gov/pubmed/22522018
http://dx.doi.org/10.1016/j.procbio.2014.12.024
http://dx.doi.org/10.1016/j.biortech.2015.01.015
http://www.ncbi.nlm.nih.gov/pubmed/25670398
http://dx.doi.org/10.1186/2191-0855-3-36
http://www.ncbi.nlm.nih.gov/pubmed/23829836
http://dx.doi.org/10.1021/jf970797m
http://dx.doi.org/10.1002/pola.1995.080330110
http://dx.doi.org/10.1016/j.jhazmat.2006.01.057
http://www.ncbi.nlm.nih.gov/pubmed/16540239
http://dx.doi.org/10.1016/j.biomaterials.2006.08.016
http://www.ncbi.nlm.nih.gov/pubmed/16949149
http://dx.doi.org/10.1021/bc800460p
http://www.ncbi.nlm.nih.gov/pubmed/19215136
http://dx.doi.org/10.1007/s11947-009-0186-y


Int. J. Mol. Sci. 2017, 18, 2644 20 of 20

95. Ho, G.H.; Yang, T.H.; Yang, J. Dietary Products Comprising one or more of γ-Polyglutamic Acid (γ-PGA,
H Form) and γ-Polyglutamates for Use as Nutrition Supplements. U.S. Patent 7,632,804, 15 December 2009.

96. Ben-zur, N.; Goldman, D.M. γ-poly glutamic acid: A novel peptide for skin care. Cosmet. Toilet. 2007, 122, 65–74.
97. Hajdu, I.; Bodnár, M.; Csikós, Z.; Wei, S.; Daróczi, L.; Kovács, B.; Győri, Z.; Tamás, J.; Borbély, J. Combined
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