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Microbial biopolymers have emerged as promising solutions for environmental 
pollution-related human health issues. Poly-γ-glutamic acid (γ-PGA), a natural 
anionic polymeric compound, is composed of highly viscous homo-polyamide of 
D and L-glutamic acid units. The extracellular water solubility of PGA biopolymer 
facilitates its complete biodegradation and makes it safe for humans. The unique 
properties have enabled its applications in healthcare, pharmaceuticals, water 
treatment, foods, and other domains. It is applied as a thickener, taste-masking 
agent, stabilizer, texture modifier, moisturizer, bitterness-reducing agent, probiotics 
cryoprotectant, and protein crystallization agent in food industries. γ-PGA is 
employed as a biological adhesive, drug carrier, and non-viral vector for safe gene 
delivery in tissue engineering, pharmaceuticals, and medicine. It is also used as a 
moisturizer to improve the quality of hair care and skincare cosmetic products. In 
agriculture, it serves as an ideal stabilizer, environment-friendly fertilizer synergist, 
plant-growth promoter, metal biosorbent in soil washing, and animal feed additive 
to reduce body fat and enhance egg-shell strength.
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1 Introduction

Microbial biopolymers are gaining global popularity due to their eco-friendly, degradable, 
and non-toxic nature as compared to synthetic non-degradable polymers. Biopolymers are in 
high demand but low-yielding microbial strains and high production costs restrict their 
commercialization (Kreyenschulte et al., 2014). Polygamma glutamic acid (γ-PGA) is an 
expensive biopolymer and a few milligrams cost several dollars. It is a unique anionic 
homopolyamide of D- and L-glutamic acid units, which are joined together via amide linkages 
between α-amino and γ-carboxylic acid groups (Shih et al., 2001; Li D. et al., 2022; Li S et al., 
2022) (see Figure 1).

γ-PGA is a completely biodegradable extracellular product that is water-soluble, edible, 
non-immunogenic, and harmless to humans (Young and Richard, 1988; Yoon et al., 2000). 
The unique properties of γ-PGA favor its applications in pharmaceuticals, medicine, cosmetics, 
healthcare, agricultural production, foods, and water treatment (Da Silva et  al., 2014). 
Currently, Bacillus species are used for the safe and natural microbial synthesis of γ-PGA. The 
features such as molecular weight, molecular composition, synthesis productivity, and yield 
determine the biological properties and industrial application of γ-PGA. Enhanced industrial 
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demand highlights the importance of biopolymers such as γ-PGA, 
which could affect the existing industries and traditional commercial 
polymers. However, the low yield and higher costs of γ-PGA 
production hinder its industrial applications. These limitations can 
be overcome by improving the γ-PGA biosynthesis process through 
genetic manipulation, screening of more potent microbial producers, 
the use of a better culture medium, and the optimization of microbial 
culturing conditions. The following sections emphasize the novel 
theoretical studies and advanced techniques of γ-PGA microbial 
synthesis in the future (Bajaj et  al., 2011; Da Silva et  al., 2014; Li 
et al., 2022).

The reasons for microbial γ-PGA production remains not fully 
understood; however, it is suggested that it is to protect the cells from 
phages, antibodies, antimicrobial peptides, and detrimental 
environmental conditions. Moreover, it facilitates microbial adhesion 
to nutrient particles and serves as a nitrogen and carbon source during 
starvation (Mesnage et al., 1998; Luo et al., 2016; Sirisansaneeyakul 
et al., 2017). γ-PGA function depends on the environment, producing 
microorganisms, and released or bound peptidoglycan. Peptidoglycan-
bound γ-PGA could confer virulence or serve as a glutamate source 
under starving conditions (Kimura et al., 2004; Kocianova et al., 2005) 
whereas environmental release of γ-PGA helps in an organism’s 
survival under unfavorable conditions (McLean et al., 1990).

The capsules of virulent B. anthracis strains solely contain 
γ-D-PGA where the D enantiomer contributes to non-immunogenic 
properties (Tomcsik and Szongott, 1933; Zwartouw and Smith, 1956; 
Candela and Fouet, 2006). Contrarily, some soil bacterial species are 
known for the environmental release of γ-PGA that helps in toxic 
metal ion sequestration for enhanced resistance under unfavorable 
environments (McLean et al., 1990). Natrialba aegyptiaca, Planococcus 
halophilus, and Sporosarcina halophila employ γ-PGA to mitigate 
higher concentrations of local salt for better survivability under hostile 
environments (Kandler et al., 1983; Hezayen et al., 2001). Marine 
eukaryotic Cnidaria explosively uses stinging cells (nematocysts) for 
locomotion, protection, and the capturing of prey. They produce large 
amounts of γ-PGA that assist in triggering the cellular explosive 
reaction (Weber, 1990). γ-PGA has been reported in mice neurons, 
which alters tubulin and Ca2+ interaction and tubulin-associated 
proteins to regulate the microtubule dynamics (Edde et al., 1990). 
Bacillus amyloliquefaciens C06 uses γ-PGA for enhanced motility and 
biofilm formation. γ-PGA sticks the cells together in a coordinated 

pattern for better absorption of essential environmental nutrients to 
enhance microbial motility (Liu et al., 2010).

2 PGA producing microorganisms

Ivannovics and Bruckner (1937) discovered the PGA as a Bacillus 
anthracis capsule that was released into the medium on aging, cell 
autolysis, and autoclaving (Ashiuchi and Misono, 2005). Several 
γ-PGA-producing strains have been identified but Bacillus species, 
particularly B. subtilis and B. licheniformis, remain the most potent 
γ-PGA producers (Luo et al., 2016; Sirisansaneeyakul et al., 2017). 
Shih et al. (2001) have categorized γ-PGA-producing bacteria into two 
groups based on their nutrient requirements for γ-PGA synthesis. One 
group needs L-glutamic acid in the growth medium whereas the other 
group does not require L-glutamic acid for γ-PGA production. 
L-glutamic acid-dependent bacteria include B. subtilis CGMCC 0833, 
B. licheniformis 9945a (Wu et al., 2010b), B. subtilis (chungkookjang) 
(Ashiuchi et al., 2003a), B. subtilis (natto) ATCC 15245 (Bhat et al., 
2013), and B. licheniformis NK-03 (Cao et al., 2010). γ-PGA producers 
that do not require L-glutamic acid include B. subtilis C10 (Zhang 
H. et al., 2012), B. subtilis C1 (Shih et al., 2005), and B. amyloliquefaciens 
LL3 (Cao et al., 2011). The PGA yield of L-glutamic acid-dependent 
bacteria increases with the rise in medium concentration of L-glutamic 
acid. However, these bacteria can also adopt the de novo pathway for 
γ-PGA production in the absence of exogenous L-glutamic acid 
(Kunioka and Goto, 1994; Buescher and Margaritis, 2007). A simple 
fermentation process and low-cost L-glutamate-independent γ-PGA 
producers are more desirable for industrial production as compared 
to glutamate-dependent γ-PGA producers (Cao et al., 2011). However, 
their lower γ -PGA productivity than L-glutamate-dependent 
producers hinders industrial application. Therefore, genetically 
engineered non-glutamate-dependent producers such as 
B. amyloliquefaciens NK-1 (Feng et al., 2014) and laboratory strains 
such as B. subtilis 168, E. coli, and B. subtilis MA41 have been 
developed for a higher γ-PGA yield (Ashiuchi et al., 2006; Cao et al., 
2013; Scoffone et al., 2013).

2.1 γ-PGA production with Bacillus 
licheniformis

Bacillus licheniformis is widely used for γ-PGA production; 
particularly, the B. licheniformis 9945a (NCIM 2324) strain is well 
known for γ-PGA production. Multiple studies have optimized 
γ-PGA production to retrieve maximum yield. Bajaj et al. (2009) 
adopted solid-state fermentation to enhance B. licheniformis NCIM 
2324-based γ-PGA production. They followed the ‘one factor at a 
time’ method to examine the effects of moisture content, solid 
substrates, pH, nitrogen and carbon sources, TCA cycle intermediates, 
and amino acids on γ-PGA production. The optimized media 
produced a maximum γ-PGA yield of 98.64 mg/g dry solids with solid 
fermentation. Response surface methodology was further applied to 
optimize the nutrient concentrations in the medium, which were 
experimentally tested. A significantly higher γ-PGA yield (26.12 g/L) 
was noted with the optimized medium [glycerol (62.4  g/L); 
ammonium sulphate (8.0 g/L); citric acid (15.2 g/L); and L-glutamic 
acid (20  g/L)] as compared to the basal medium (5.27  g/L). The 

FIGURE 1

Chemical structure of γ-PGA. D- and L-glutamic acid units are joined 
together via amide linkages between α-amino and γ-carboxylic acid 
groups.
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produced γ-PGA had a molecular mass of 2.16105 Da. Based on these 
findings, the authors developed a more efficient system and obtained 
a γ-PGA production of 35.75 g/L using the B. licheniformis NCIM 
2324 strain. This is the highest reported production of γ-PGA with a 
B. licheniformis strain in the submerged fermentation process. This 
was achieved by supplementing B. licheniformis NCIM 2324 medium 
with L-glutamine (0.07 g/L) and α-ketoglutaric acid (1.46 g/L), which 
served as metabolic precursors for γ-PGA production. γ-PGA yield 
was considerably high (35.75  g/L) in the metabolic precursor-
supplemented medium in comparison to the medium without these 
precursors (26.12 g/L). Thus, precursors facilitated better utilization 
of L-glutamic acid by the studied strain. Mabrouk et  al. (2012) 
followed the Plackett–Burman design to optimize the medium 
[glucose (50 g/L); K2HPO4 (6.4 g/L); NH4Cl (3 g/L); MgSO4.7H2O, 
(0.8  g/L); yeast extract (2  g/L); NaCl (0.8  g/L); FeSO4.4H2O 
(0.006  g/L); CaCl2.2H2O (0.00084  g/L); trace element solution 
(0.1 mL), and culture volume (25 mL)] and achieved a γ-PGA yield of 
28.2  g/L using an exogenous glutamate-independent strain 
B. licheniformis A13. Medium volume and yeast extract mainly 
affected the γ-PGA production. The Plackett–Burman experimental 
design has also been applied to assess the culture requirements of 
B. licheniformis SAB26 (Soliman et al., 2005). γ-PGA production was 
evaluated against fifteen variables mainly including (NH4)2SO4, 
K2HPO4, KH2PO4, and casein hydrolysate. The use of an L-glutamic 
acid nitrogen source alleviated the γ-PGA production of 
B. licheniformis SAB-26 and thus it was classified as a glutamate-
independent γ-PGA producing strain. Ogunleye et al. (2015) noted a 
three times higher γ-PGA yield (33.5 g/L) on an optimized medium 
as compared to a basal medium.

2.2 γ-PGA production with Bacillus subtilis

Bovarnick (1942) discovered that B. subtilis fermentation leads to 
γ-PGA secretion into the medium. This discovery attracted the 
researchers to further investigate B. subtilis-based γ-PGA production. 
B. subtilis strains have been more thoroughly studied for γ-PGA 
production than B. licheniformis strains. Scoffone et al. (2013) recently 
evaluated the γ-PGA production by knocking out two γ-PGA-degrading 
enzyme genes (ggt and pgdS) in B. subtilis 168 (laboratory strain). They 
studied the effects of double (deletion of both genes) and single (one gene 
at a time) mutations on γ-PGA yield. Single mutations did not 
significantly improve the γ-PGA production whereas double mutation 
led to a twofold increase (40 g/L) in γ-PGA yield compared to the WT 
strain. However, the weight average molecular mass and number average 
molecular mass of produced γ-PGA were comparatively lower in double-
mutant strains than in single-mutant and WT strains. The highest 
molecular mass (36,106 Da) was noted in the pgdS mutant strain, which 
could be attributed to decreased endo-degradation activities. Huang 
et  al. (2011) have reported cost-effective high-yield and large-scale 
γ-PGA production with B. subtilis ZJU-7 (B. subtilis CGMCC1250). They 
stated that 30 g/L L-glutamate, 40 g/L yeast extract, 20 g/L initial glucose, 
and a glucose concentration range of 3–10 g/L significantly enhanced the 
γ-PGA production (1.4 to 3.2-fold) following a fed-batch approach in 
comparison to batch fermentation. Overall, γ-PGA concentration and 
productivity remained at 101.1 g/L and 2.19 g/L, respectively. Jian et al. 
(2005) optimized the solid-state fermentation of B. subtilis 
CCTCC202048 for γ-PGA production. They achieved a maximum 

γ-PGA yield of 83.61 g/L (kg dry solids) with a mixed substrate (11:9 
w/w) of soybean cake powder and wheat bran along with glutamate 
(40.14 kg/L), NH4NO3 (20.05 kg/L), citric acid (18.50 kg/L), and mineral 
salts (FeCl3.6H2O, MgSO4.7H2O, MnSO4.H2O, and CaCl2.2H2O). Low 
production costs and high yield favor solid-state fermentation for large-
scale γ-PGA production. Shih et al. (2005) used the B. subtilis C1 strain 
to synthesize a novel glycerol-γ-PGA derivative in an L-glutamate-
lacking medium. B. subtilis C1 depended on glycerol and citric acid for 
γ-PGA production and the absence of any of these compounds 
significantly impacted the yield. The conjugate’s molecular mass 
(16,107 Da) was found to be higher than the super-high-molecular mass 
of γ-PGA reported by Park et al. (2005), which could be attributed to the 
glycerol in the medium. The conjugate presented an γ-PGA to glycerol 
ratio of 10:1 and had a higher D-glutamic acid units (97%) concentration 
as compared to L-glutamic acid units. Interestingly, the enantiomeric 
composition of glycerol-γ-PGA conjugate remained unaffected against 
Mn2+. Contrarily, Wu et al. (2006) have established the effects of Mn2+ on 
the enantiomeric and stereochemical composition of B. subtilis NX-2 
produced γ-PGA. The D-glutamate proportion was noted to rise (18 to 
77%) in response to variations in Mn2+ concentrations (0–0.09 g/L). Mn2+ 
affected γ-PGA stereochemical properties by modifying glutamate 
racemase activity (Ogunleye et al., 2015).

2.3 γ-PGA production with Bacillus 
amyloliquefaciens

Cao et al. (2013) cloned γ-PGA synthase genes (racE and pgsBCA) 
from a non-L-glutamate-dependent γ-PGA producer B 
amyloliquefaciens LL3 and an L-glutamate-dependent γ-PGA 
producer B. licheniformis NK03 in E. coli JM109 and evaluated γ-PGA 
yield. pgsC and pgsB genes of both strains shared high similarities of 
93.96 and 93.13% whereas racE and pgsA genes presented 84.5 and 
78.53% similarities, respectively. The engineered strains (4) yielded 
γ-PGA in both L-glutamate and glucose media after 24 h of culturing. 
Irrespective of the harboring vector, PgsBCA of B. amyloliquefaciens 
LL3 exhibited better catalytic efficiency than B. licheniformis NK-03, 
and B. amyloliquefaciens LL3-pgsBCA yielded a higher γ-PGA 
quantity than B. licheniformis NK-03-pgsBCA. B. amyloliquefaciens 
LL3-derived RacE and PgsBCA and B. licheniformis NK-03-derived 
RacE and PgsBCA displayed significantly enhanced D-isomer content 
and productivity of γ-PGA in comparison to B. amyloliquefaciens 
LL3-derived PgsBCA and B. licheniformis NK-03-derived PgsBCA. It 
depicts that racE incorporation enhanced the γ-PGA productivity and 
D-isomer content. B. subtilis and Corynebacterium glutamicum were 
co-cultured using a mixed carbon source (sucrose and glucose) to 
avoid the addition of exogenous L-glutamic acid, which reduced the 
production cost and fermentation time, and γ-PGA had an average 
molecular mass of 1.246106 Da (Jian et al., 2005).

2.4 γ-PGA production with other Bacillus 
species

Bacillus anthracis-based production of pure γ-PGA D-enantiomer 
has been established (Zwartouw and Smith, 1956). However, the 
production mechanism of B. anthracis differs from other Bacillus species 
as its γ-PGA remains bound to peptidoglycan and is not secreted into the 

https://doi.org/10.3389/fmicb.2024.1348411
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Elbanna et al. 10.3389/fmicb.2024.1348411

Frontiers in Microbiology 04 frontiersin.org

medium. Thus, it complicates the purification and recovery process, 
which involves cell autolysis and autoclaving. Moreover, B. anthracis 
toxicity also restricts industrial scale γ-PGA production. The anchored 
γ-PGA is associated with a non-immunogenic B. anthracis capsule, which 
is linked to the lethal toxin (Ezzell et al., 2009). Therefore, the γ-PGA-
anchoring capping gene should be targeted to avoid B. anthracis toxicity 
(Candela and Fouet, 2006). Bacillus thuringiensis vs. Monterrey strain 
BGSC 4AJ1 is also known to produce γ-PGA capsules like B. anthracis 
(Cachat et  al., 2008). B. anthracis (Ames) and B. thuringiensis sv. 
Monterrey strain BGSC 4AJ1 share four alleles (gmk-1, tpi-1, pta-1, and 
pur-1) while differing in three other alleles (pycA-52, glpF-57, and 
ilvd-52) by three, two, and two nucleotides, respectively. γ -D-PGA-
producing plasmid (pAJ1-1) genes share similarities with B. anthracis. The 
discovery of γ-PGA capsule in the B. thuringiensis strain indicates its 
potential pathogenicity under specific conditions. Poli et  al. (2015) 
isolated Bacillus horneckiae strain APA from a shallow hydrothermal vent 
of Panarea Island, Italy. They characterized it as an extracellular poly-γ-
glutamic acid (γ-PGA)-producing strain and studied its 
immunomodulatory and antiviral effects against the HSV-2 virus (Herpes 
simplex virus type 2). Tarui et al. (2005) adopted the Agrobacterium 
infection technique to introduce indispensable pgsBCA complex into 
tobacco leaves. γ-PGA production was noted only in plant tissue with all 
three pgsBCA genes, which yielded 600 mg γ-PGA/g leaf material 
(Ogunleye et al., 2015).

2.5 Halophiles-based production of γ-PGA

The cell wall of Archaebacterium Natronococcus occultus is known to 
contain L-glutamate (Niemetz et al., 1997). Natrialba aegyptiaca strain 
40 T is extremely halophilic and was the first archaebacterium to produce 
extracellular poly-γ-D-(glutamate) (PGA) (Hezayen et al., 2000, 2001). 
Then, archaebacterial strain 56 T was also characterized to produce 
exopolymer containing PGA (65% w/w), carbohydrates (15% w/w), and 
unidentified material (20% w/w) (Hezayen et al., 2002).

2.6 γ-PGA production from genetically 
modified microorganisms

Spizizen (1958) devised techniques to develop recombinant Bacillus 
strains for the commercial production of the B. subtilis enzyme. The 
transformation proved a significant milestone in molecular biology. 
Engineered plasmids are obtained either from natural plasmids or 
plasmids of closely related organisms, which are inducted into a host 
strain through electroporation, competent cell transformation, and 
protoplast fusion. Plasmids can be inherited, replicated, or transcribed 
into host strains. Recombination occurs over several generations during 
the fermentation process of Bacillus species. The deletion of plasmid 
sequences could lead to problematic replication and segregation steps in 
modified plasmids. Thus, the development of mutant strains lacking 
relevant recombination enzymes dramatically enhanced the stability of 
recombinant strains. Native promoters (α-amylase gene) directing the 
production of extracellular proteins (20 g/L) are frequently employed in 
industrial microbiology. Direct DNA insertion into chromosomes by 
designing constructs flanked with homologous sequences to 
chromosomal genes produce more stable clones. The knowledge of 
Bacillus species nucleotide sequence offers the possibility of novel 

modifications to produce strains with desired traits. Gene cloning via the 
encoding of novel plasmid enzymes into antibiotic-resistant B. subtilis 
hosts helps to maintain plasmid. The induction of a dal-bearing plasmid 
into a dal-mutant is performed into a dal-mutant, which is unable to 
produce D, L-alanine racemase. D, L-racemase is necessary for the 
production of the cell’s D-alanine component. The genetic constructs 
retain selective pressure on plasmid maintenance in these hosts. 
Chromosomal integration of novel enzyme-expressing genes could also 
generate high-yielding B. subtilis strains. The amplification of genes could 
facilitate the development of highly efficient enzyme-producing strains 
for large-scale fermentation (Gupta et al., 2002).

B. licheniformis strains are crucial for commercial applications as 
their enzyme-yielding efficiency is higher than B. subtilis. A high 
enzyme production in these strains needs a combination of high-
performance expression systems from traditional high-yielding strains 
and multiple copies of the target gene. The ideal strains should have a 
genetically stable and chromosomally integrated gene with higher 
expression levels and product secretion. B. licheniformis and B. subtilis 
have successfully fulfilled these criteria (Markcus et al., 2004).

3 Mechanism of γ-PGA biosynthesis

γ-PGA production is more expensive than traditional polymers. 
An understanding of the mechanism and γ-PGA biosynthesis-
impacting metabolic gene clusters might help in developing improved 
strains for higher γ-PGA production (Ogunleye et al., 2015). Figure 2 
presents the metabolic pathway of γ-PGA production and a related 
gene cluster. The prerequisite (L-glutamic acid) of γ-PGA production 
could be endogenous or exogenous. Endogenous availability activates 
the L-glutamic acid pathway that converts the carbon source in the 
medium into acetyl CoA via glycolysis followed by Krebs cycle-based 
synthesis of α-ketoglutaric acid. Two distinct pathways can convert 
α-ketoglutaric acid precursor into L-glutamic acid. Glutamate 
dehydrogenase converts α-ketoglutaric acid and ammonium chloride 
into L-glutamic acid in the absence of glutamine whereas 2-oxoglutarate 
aminotransferase catalyzes α-ketoglutaric acid and glutamine 
conversion to L-glutamic acid in the presence of L-glutamine. γ-PGA 
biosynthesis involves the activity of various enzymes such as peptidase, 
racemase, and synthase (Ashiuchi, 2010; Wang et al., 2017).

3.1 Racemization of γ-PGA

γ-PGA can be a homopolymer (poly -γ-D- glutamic acid, poly-γ-
L-glutamic acid) or a heteropolymer (poly-γ-DL-glutamic acid). The 
growing peptide chain either incorporates L-glutamic acid monomers 
from the medium or is synthesized by enzymes (2-oxoglutarate 
aminotransferase or glutamate dehydrogenase) (Ashiuchi et al., 2001). 
However, racemase activity is necessary for D-glutamic acid synthesis, 
which catalyzes D-glutamic acid formation from L-glutamic acid and 
the process is referred to as racemization (Ashiuchi et al., 1998; Luo 
et al., 2016). B. subtilis contains two glutamate racemase homologous 
genes (yrpC and racE (glr)) (Ogunleye et al., 2015). These genes do not 
directly participate in γ-PGA biosynthesis but are essential for the 
strain’s growth in nutrient-rich (racE) and minimal medium (yrpC) 
(Wang et al., 2016). Contrarily, glr plays a key role in γ-PGA synthesis 
and forms D-glutamic acid from L-glutamic acid. The overexpression 
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of the glr gene could enhance the D-glutamate enantiomeric ratio in 
B. licheniformis (Jiang et al., 2011).

3.2 γ-PGA synthesis and polymerization

B. anthracis contains plasmid-encoded γ-PGA biosynthesis genes 
whereas such genes are chromosomally inherited in some Bacillus 

species (Ashiuchi and Misono, 2002; Ogunleye et  al., 2015). The 
release or anchoring of synthesized γ-PGA depends on the gene 
function. Cap genes are crucial in B. anthracis for capsule formation 
where γ-PGA is attached to the cell surface. Contrarily, B. licheniformis 
or B. subtilis release γ-PGA outside the cells under the influence of pgs 
genes. B. anthracis cap genes (cap B, C, A, E) are homologous to 
B. licheniformis and B. subtilis cap genes (pgs B, C, A, E) (Figure 3). 
The cluster of cap genes plays a key role in γ-PGA production; 

FIGURE 2

A proposed pathway of γ-PGA synthesis (Shih et al., 2001; Sirisansaneeyakul et al., 2017).
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however, equivalent importance of all the four pgs genes remains 
questionable. The investigations have concluded more importance of 
the pgsC and pgsB genes whereas the pgsE gene has been reported as 
non-essential (Wu et al., 2008; Luo et al., 2016).

Polymerization is an ATP-dependent process where substrate-
dependent hydrolysis of ATP leads to the transfer of phosphoryl group to 
a terminal carboxyl group of elongated γ-PGA. Then, glutamic acid’s 
amino group conducts a nucleophilic attack on the phosphorylated 
carboxyl group to form an amide linkage and continues to γ-PGA 
polymerization at the synthase complex (PgsBCA) active site. PgsC and 
PgsB collectively form most parts of complex’s catalytic site whereas PgsA 
contributes to the elongated chain removal from the active site that allows 
the addition of next monomer and might also participate in γ-PGA 
transportation. PgsBCA activity is known to depend on Mg2+. Shorter 
phospholipid-containing less compact cell membranes could facilitate 
extracellular γ-PGA transportation (Ashiuchi et al., 2001; Urushibata 
et al., 2002; Ashiuchi et al., 2004; Candela and Fouet, 2006; Buescher and 
Margaritis, 2007; Wang et al., 2017).

3.3 Depolymerases-based γ-PGA 
degradation

Troy (1973) was the first to report a depolymerase enzyme that could 
break down PGA to glutamic acid monomer in the late stationary phase 
of Bacillus licheniformis. This discovery urged several researchers to 
further investigate this hydrolase enzyme (Kunioka and Goto, 1994; 
Gross, 1998; King et  al., 2000). γ-PGA-synthesizing Bacillus strains 
contain two γ-PGA breaking enzymes (exo- and endo-glutamyl 
peptidase). Increased depolymerization time results in reduced dispersity 
as endo-glutamyl peptidase, secreted by B. licheniformis and B. subtilis in 
the medium, breaking high molecular weight γ-PGA into fragments 
(1,000 Da to 20 kDa) (Tsao, 2004). B. subtilis is known to contain endo-
glutamyl peptidase encoding genes, which have the same orientation as 
the pgsBCA operon. Their protein contains a cleavage site (30A-E-A32) 
proximal to the N- and a hydrophobic cluster (10F-L-L-V-A-V-I-I-CF-L-
V-P-I-M24) (Sebastián et al., 2013).

Some Bacillus species secrete peptidase enzymes (GGT (gamma-
glutamyltranspeptidases)) under stress conditions or starvation for 
γ-PGA hydrolysis and utilize released glutamic acid as a nitrogen and 

carbon source. Gamma-glutamyl-hydrolase encoding pgdS gene is 
present downstream of the pgsBCA operon, which could degrade 
γ-PGA into two glutamate residues. The capD gene belongs to the 
family GGT, which performs dual functions such as γ-PGA anchorage 
and depolymerization via cleavage and relocates it to water or an 
acceptor molecule leading to hydrolysis or transpeptidation. Several 
studies have reported γ-PGA depolymerase presence and activity in 
B. subtilis NX-2, which carries out γ-PGA depolymerization in the 
batch culture (Ashiuchi et al., 2003b; Kimura et al., 2004; Candela and 
Fouet, 2006; Wu et al., 2008; Yao et al., 2009; Morelli et al., 2014; 
Ogunleye et al., 2015). The extracellular activity of this endo-hydrolase 
has been reported in the culture, which is encoded by the gene ywtD 
(pgsS). During a study, the ywtD gene was cloned and expressed in 
E. coli to obtain purified YwtD protein. The enzyme remained active 
within a pH range of 5–8 and a temperature range of 30–40°C. A 
reduced γ-PGA molecular mass (1,000 to 20 kDa) was noted at 
optimal temperature (30°C) and pH (5) and dispersity was alleviated 
in response to depolymerization time. Extracellular enzyme activity 
was also observed during the late stationary phase. The process 
presented a mild technique for controlled molecular mass reduction, 
which could be  employed as a better alternative to chemical and 
physical degradation methods (Ogunleye et al., 2015).

3.4 γ-PGA regulation genes

The ComP–ComA signal transduction system is known to regulate 
γ-PGA yield in B. subtilis (natto) (Tran et  al., 2000). Stanley and 
Lazazzera (2005) have reported an additional two-part system (DegS–
DegU, DegQ, and SwrA) as unusual γ-PGA synthesis regulators. The 
transcriptional effects of ComPA, DegSU, and DegQ occur in response 
to phase variation signals, quorum sensing, and osmolarity, whereas 
SwrA activity is considered post-transcriptional. Multiple studies have 
investigated the DegU and SwrA relationship and revealed that 
phosphorylated DegU (DegU-P) and SwrA are necessary to completely 
activate the pgs operon leading to γ-PGA production. The effect of 
genes on γ-PGA production and pgs transcription remains negligible 
(Stanley and Lazazzera, 2005; Osera et al., 2009). Contrarily, Ohsawa 
et al. (2009) demonstrated direct activation of pgs expression at a high 
DegU-P level rather than SwrA and high degQ levels. However, SwrA 

FIGURE 3

γ-PGA synthetase genes in Bacillus spp. (Shih and Van, 2001; Candela and Fouet, 2006; Sirisansaneeyakul et al., 2017).
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was still crucial for γ-PGA synthesis under certain conditions. Do et al. 
(2011) knocked out the degQ gene in B. subtilis (natto) to identify its 
role in γ-PGA production. They further isolated suppressor mutants, 
which could produce γ-PGA in the absence of the degQ gene. The 
results were compared with a domestic B. subtilis 168 strain, which 
cannot produce γ-PGA due to lower biosynthetic pgs transcription 
though is genetically more competent than the wild B. subtilis (natto) 
strain. degQ alteration could significantly restrict the γ-PGA 
production in B. subtilis (natto) and downregulate the synthesis of 
degradation enzymes (Stanley and Lazazzera, 2005; Osera et al., 2009; 
Do et al., 2011). Thus, the degQ gene of B. subtilis (natto) is necessary 
for γ-PGA production (Do et al., 2011).

4 Limitations and commercialization 
strategies of γ-PGA production

The biodegradability, non-toxicity, eco-friendliness, and unique 
properties have increased the acceptability of microbial biopolymers as 
compared to synthetic non-degradable materials. Biopolymers are in 
high demand globally but higher production costs and lower yield limit 
their commercial usage (Kreyenschulte et  al., 2014). Recently, more 
interest in the commercialization of γ-PGA has been gaining immense 
attention due to its unique properties and its use in diverse applications. 
The cost of bioproducts is a crucial aspect in establishing the economic 
viability of a process, especially when considering its wide range of 
applications. γ-PGA is an expensive biopolymer and its few milligrams 
can cost several sterling pounds/or the sentence remain as: few 
milligrams cost several dollars ($173/100 mg high purity sodium salt 
γ-PGA; Sigma Aldrich) (Ogunleye et al., 2015). This problem can only 
be solved by lowering the γ-PGA production cost (Ju et al., 2014). The 
fundamental research target for industrial application is to optimize the 
fermentation medium in order to decrease the costs of biopolymer 
manufacturing. Nevertheless, the production costs of γ-PGA are 
considerably decreased as they do not need the inclusion of external 
glutamate (Cai et al., 2023). However, the major economic problem in 
γ-PGA production is the high cost associated with the media components 
and the kind of microorganisms used have a significant impact on 
production costs. The production cost of γ-PGA using L-glutamic acid-
independent strains are lower as compared to L-glutamic acid-dependent 
strains due to the external supply of L-glutamic acid in the fermentation 
medium. Therefore, glutamate-independent bacteria and genetically 
modified strains are the most important strategies for commercial 
production with renewable substrates, which improves the process’s 
overall economics. Another way to reduce the production cost is the 
enforcement of a mixed culture strategy. Xu et al. (2005) found that 
fermentation using mixed cultures provides many benefits over pure 
cultures. These include a larger yield and the efficient and better use of 
varied wastes. The fermentation duration and output cost were reduced 
by co-cultivating B. subtilis with C. glutamicum utilizing a mixed carbon 
source of glucose and sucrose. In addition, isolatation and screening 
osmophilic strains capable of producing γ-PGA at higher sugar 
concentration results in increased output and productivity in batch 
fermentation (Luo et  al., 2016). Extremophilic microorganisms like 
halophiles and hyperthermophilic can be investigated for their γ-PGA 
production. Their ability to grow at higher salt concentrations will also 
reduce the risk of contamination in non-sterilized fermentation media 
(Wei et al., 2010; Zeng et al., 2018).

To date, studies have mainly focused on enantiomeric 
composition, optimization of growth conditions for a higher yield, 
and achieving the desired γ-PGA molecular mass at a lower cost. The 
medium of γ-PGA-producing bacteria is of key importance as it can 
directly affect properties and the production cost of γ-PGA. Another 
strategy to reduce the production cost of γ-PGA is the utilization of 
agricultural and food industrial wastes as fermentation substrates. 
This not only increases productivity but also corresponds with 
environmentally beneficial methods, making it a green and cost-
effective optimization strategy. The usage of lignocellulosic biomass 
such as rice straw and corncobs can be an appealing carbon source 
alternative (Huang B. et al., 2011; Zhang et al., 2019b). The carbon 
source can be further substituted using macroalgae, goose feathers, 
paper waste, swine, dairy, and chicken manure (Scheel et al., 2019). 
However, the main restriction with these wastes is the requirment for 
pretreatment in order to effectively utilize sugars as well as supplying 
the production media with extra nutrients such as L-glutamic acid, 
citric acid, peptone, and trace elements, which increases the cost. As 
a result, for cost-effective synthesis of γ-PGA, it is necessary to have 
in-depth understanding of diverse waste, their nutritional 
composition, and their availability for cost-effective synthesis of 
γ-PGA. This review focuses on recent advances in the biosynthesis of 
γ-PGA employing seveal Bacillus strains for cost-effective production 
of γ-PGA (Huang J. et al., 2011; Ju et al., 2014; Zhang et al., 2019a). 
Tang et al. (2015) reported that using rice straw powder as a substrate 
achieved an increased yield while reducing carbon source 
consumption. Yong et al. (2011) found that using cow manure as a 
substrate for γ-PGA production resulted in a yield of 0.0437 g/L of 
product per gram of substrate at 37°C for 48 h. Also, Li et al. (2020) 
reported that wastewater from yeast molasses fermentation was 
repurposed to produce fulvic acid (FA) for PGA production. This 
method not only substitutes low-cost substrates with inexpensive FA 
but also reduces pollutants associated with yeast molasses 
fermentation. Historically, sucrose was the most common substrate, 
but now non-food raw materials are increasingly utilized, lowering 
costs and benefiting the environment. Because of its dual impact, it is 
both cost-effective and an ecologically friendly optimization strategy. 
While these methods have enhanced γ-PGA output to some extent, 
they may not entirely solve the strain-imposed restrictions. To ensure 
stable, high-yield strains, it is necessary to genetically modify the 
strains to engineer bacteria suitable for industrial production.

5 γ-PGA production affecting factors

Microbial γ-PGA production is well developed, but low yield 
hinders its industrial usage (Luo et al., 2016). Bacterial strains and 
culturing medium mainly determine the cost of γ-PGA synthesis 
(Singh et  al., 2016). Several Bacillus species can produce γ-PGA; 
however, some strains of Bacillus licheniformis and Bacillus subtilis 
have gained more attention for further development.

The development of γ-PGA mass production systems could be a 
main step toward a feasible solution. Nutrient requirements of various 
bacterial strains have been investigated for better γ-PGA production. 
γ-PGA-producing bacteria have been categorized into two groups 
according to their nutrient requirements such as glutamic acid-
independent and glutamic acid-dependent bacteria. Moreover, culture 
conditions (culture medium, medium pH, nitrogen and carbon 
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sources, aeration, ionic strength, and agitation) also impact PGA 
quality and productivity (Kunioka and Goto, 1994). A detailed 
understanding of γ-PGA synthesis-associated genes and enzymes 
could facilitate bacterial manipulation for higher γ-PGA yield. 
However, γ-PGA yield has not yet reached the productivity of 
traditional producers (Gao W. et al., 2016).

5.1 Effect of media components on γ-PGA 
production

Media components and culture conditions are important factors 
for microbial γ-PGA production as they can impact its characteristics 
and yield. Nutritional requirements of γ-PGA production vary with 
L-glutamic acid-independent and -dependent Bacillus strains 
(Kunioka and Goto, 1994; Gross, 1998). Leonard et  al. (1958) 
formulated the Medium E that has been extensively used to culture 
bacteria (Gross, 1998). Medium E contains high carbon content and 
mainly comprises L-glutamic acid (20 g/L), glycerol (80 g/L), citric 
acid (12 g/L), NH4Cl, 7 0.0; K2HP04 (0.5 g/L), MgS04.7H20 (0.5 g/L), 
CaCI2.2H20 (0.15 g/L), FeCI3.6H20 (0.04 g/L), and MnS04.H20 
(0.104 g/L). Different media have been explored for enhanced γ-PGA 
production. L-glutamic acid-producing strains can even produce 
γ-PGA in L-glutamic acid-lacking media. Different types of 
fermentation media (wastes and synthetic) have been tested for 
γ-PGA production (Ju et al., 2014). Optimized medium composition 
efficiently promotes cell growth and facilitates high accumulation of 
precursors for γ-PGA production (Gao C. et al., 2016). Engineered 
strains that can metabolize cheaper substrates offer a cost-effective 
option for γ-PGA synthesis. Carbon substrates pose direct or indirect 
impacts on synthetic enzyme activity and γ-PGA production. 
Glutamic acid, sucrose, glucose, glycerol, and citric acid are common 
carbon sources with varying metabolic pathways, which influence 
Bacillus species-based γ-PGA production (Moraes et al., 2012; Tork 
et al., 2015). Carbon source selection mainly depends on bacterial 
strain for better PGA production.

L-glutamic acid performs a diverse role in PGA-producing strains. 
Strain and medium components determine the required L-glutamic 
acid amount for PGA production. Significant interactions of 
L-glutamic acid with medium components require its optimization, 
which can directly impact PGA production cost. The L-glutamic acid 
to PGA conversion rate determines its effective concentration in the 
medium. Most studies have recommended an L-glutamic acid 
concentration of 20–30 g/L for PGA production (Cromwick et al., 
1996; Du et al., 2005; Kongklom et al., 2015).

PGA production is supported by glycerol and glucose in most 
glutamic acid-independent strains. Ko and Gross (1998) reported that 
B. licheniformis ATCC 9945A converts glucose to acetyl-CoA and TCA 
cycle intermediates which form L-glutamic acid to synthesize 
PGA. Troy (1973) stated glycerol-based stimulation of polyglutamyl 
synthetase, which catalyzes glutamic acid polymerization to PGA. Wu 
et al. (2010a) revealed that glycerol not only stimulates PGA production 
but also reduces its molecular weight in B. subtilis NX-2 culture.

Glycerol improves cell permeability more than glucose to facilitate 
the production and release of γ-PGA (Shih et al., 2001; Du et al., 
2005). Moreover, the presence of glycerol in the fermentation medium 
decreases γ-PGA chain length leading to reduced broth viscosity and 
enhanced substrate uptake for better cell growth and γ-PGA synthesis. 

Glycerol can efficiently regulate the molecular weight of γ-PGA (Wu 
et al., 2010).

Citric acid serves as an effective precursor for PGA production 
(Jain et al., 2005; Du et al., 2005). Kongklom et al. (2015) have reported 
the promoter activity of glutamic acid and citric acid for the 
production of γ-PGA. Goto and Kunioka (1992) revealed that 
B. subtilis IFO 3335-based production strongly depends on the citric 
acid presence in the fermentation medium. During a study, maltose, 
xylose, and fructose positively affected cell growth but remained 
unable to impact γ-PGA production. Zhang H. et al. (2012) noted a 
maximum γ-PGA yield of 28.3 g/L in the presence of citric acid as 
compared to other organic acids (oxalic acid, succinic acid, and 
malic acid).

The addition of metabolic precursors as carbon sources for γ-PGA 
production might achieve higher yields through enhanced enzyme 
activity (Nair et  al., 2023). Bajaj and Singhal (2009) used 
B. licheniformis NCIM 2324 to screen different TCA cycle 
intermediates (pyruvic acid, a-ketoglutaric acid, succinic acid, or 
malic acid) for PGA production and noted a rise in yield (26.12 to 
34.98 g/L) after the addition of α-ketoglutaric acid (10 mM) to the 
medium. Da Silva et al. (2014) reported that α-ketoglutaric acid and 
L-glutamine added culture medium could enhance the γ-PGA yield 
of B. subtilis BL53 by 20%. Kunioka (1995) demonstrated a higher 
PGA yield without using other byproducts in an L-glutamine/citric 
acid medium. Bajaj and Singhal (2009) investigated the impacts of 
glutamic acid family amino acids (L-proline, L-glutamine, L-ornithine, 
and L-arginine) and amino acids associated with the PGA biosynthetic 
pathway (L-aspartic acid and L-alanine) on PGA production and 
achieved maximum production with 0.5 mM L-glutamine. PGA yield 
and molecular weight (570 kDa) were further enhanced with the 
addition of α-ketoglutaric acid and glutamine combination to the 
medium (Lim et al., 2012).

Biomass materials or by-products can also be converted into high-
value γ-PGA. Agro-industrial wastes (rapeseed meal, cane molasses, 
soybean residue, corncobs, crude glycerol and its hydrolysate, rice 
straw, and monosodium glutamate) have been investigated for γ-PGA 
production (Zhang D. et al., 2012; Tork et al., 2015; Zhang et al., 2019). 
Moreover, carbonaceous substances could replace common carbon 
sources including dairy products, algae, animal feathers, and chicken 
manure (Chen et al., 2005; Scheel et al., 2019). Zhang et al. (2019) 
noted a high γ-PGA yield (65 g/L) in an optimized culture medium 
supplemented with chicken manure, glutamic acid extracts, and 
soybean residue. Nitrogenous compounds can also impact the γ-PGA 
production. NH4

+ is known to form γ-PGA monomers with 
α-ketoglutarate via transamination reaction. The presence of free 
amino groups is necessary during the γ-PGA synthetic pathway. 
Glutamate serves as a common nitrogen source for most B. subtilis 
species. Other nitrogenous substances can also replace traditional 
nitrogen sources. Birrer et al. (1994) optimized the culture medium 
with fishmeal waste as the nitrogen source and achieved a rise in 
γ-PGA production up to 25 g/L.

Inorganic salts (MnSO4 and CaCl2) can significantly affect the 
stereochemical composition and yield of PGA. CaCl2 addition to the 
medium can reduce culture broth’s viscosity and increase extracellular 
glutamic acid consumption (11.4%) resulting in a higher yield of PGA 
than controls (Shih and Van, 2001; Huang J. et al., 2011). CaCl2-based 
enhanced enzymatic activities of ODHC (2-oxoglutarate 
dehydrogenase complex), GDH (glutamate dehydrogenase), and 
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ICDH (isocitrate dehydrogenase) have been reported in the PGA 
biosynthesis pathway, which directed 2-oxoglutarate for higher 
glutamic acid production (Bajaj and Singhal, 2009; Huang J. et al., 
2011). Metal ion cofactors help in carbon source utilization. Mn2

+ 
could considerably improve glutamate racemase activity leading to 
higher yield (9.25 to 28.42 g/L) of γ-PGA (Wu et al., 2006; Kongklom 
et al., 2015). Sodium salts in the culture medium can regulate γ-PGA 
yield and molecular weight in extremophilic bacteria and halotolerant 
strains (Wei et  al., 2010). In addition to phosphorylation-based 
derivatives of γ-PGA, sulfonation or esterification can be  directly 
achieved by adding phosphoric acid to the growth media. γ-PGA 
derivatives are more potent than native γ-PGA with diverse 
applications (Ashiuchi, 2010). Thus, exogenous culture additives are 
effective in γ-PGA production.

5.2 Impact of fermentation conditions on 
γ-PGA production

Fermentation conditions can be  modified for higher γ-PGA 
productivity, concentration, and yield (Table  1). Suitable culture 
conditions (temperature, pH, inoculation amount, and oxygen 
content) can efficiently enhance γ-PGA yield (Bajaj and Singhal, 
2009). pH is an important γ-PGA biosynthesis factor as glutamate-
involving reactions exhibit pH sensitivity (Luo et  al., 2016). pH 
control promotes glutamate utilization for better γ-PGA yield. 
Cromwick et al. (1996) stated the dramatic impact of pH on PGA 
production and found that pH reduction (7.4 to 6.5) caused a four-
fold rise in PGA yield with B. Iicheniformis (Bajaj and Singhal, 2009). 
Bacillus species are mostly aerobic and mesophilic, which flourish in 
the optimum temperature range and affect the synthesis of γ-PGA 
(Zeng et al., 2014). However, thermoacidophiles can survive at high 
temperatures by maintaining thermal stability. Cromwick et  al. 
(1996) investigated the role of agitation and aeration in carbon 
usage, PGA production, and biomass production. Higher oxygen 
supply to B. licheniformis ATCC 9945A could double its dry cell 
weights. Citric acid and L-glutamic acid depleted more quickly at 
high aeration and increased PGA yield (23 g/L) compared to the 
yield (6.3 g/L) at a low oxygen supply. A high aeration rate led to a 
higher rate of molecular weight reduction with time in comparison 
to a low aeration rate. This can be associated with depletion of the 
carbon source and higher activity of PGA depolymerases at a high 
aeration rate (Birrer et al., 1994).

To obtain high γ-PGA production, the oxygen supply can 
be  maintained by placing culture in the fermenter or adding an 
oxygen-carrying agent (Da Silva et al., 2014). The inoculation amount 
depends on culture conditions, culture composition, and bacteria 
(Meissner et  al., 2015). An inappropriate inoculum concentration 
results in nutrient competition or cell growth inhibition, which 
ultimately leads to reduced γ-PGA production. Studies have focused 
on the integration and optimization of culture conditions to reduce 
production cost and fermentation time for sustainable γ-PGA yield 
and productivity. Several techniques such as continuous culture, 
fed-batch, batch, and symbiotic fermentation (co-cultured strains or 
mixed strains) have been studied for better γ-PGA productivity 
(Ashiuchi, 2013; Hirasawa and Shimizu, 2016; Jose et al., 2018). The 
yield of γ-PGA was increased to 2.19 g/L in a fermenter using a 
fed-batch glucose supply (Huang B. et al., 2011).

5.3 Improved cell membrane permeability 
for enhanced γ-PGA secretion

Intracellular glutamic acid combined with a membranous 
mechanism synthesizes extracellular PGA. Therefore, intracellular 
substrate amount is a crucial factor for γ-PGA biosynthesis, and its 
higher level could more efficiently produce this polymer (Wu et al., 
2008). Cellular stimulation for γ-PGA secretion also alleviates the 
stress linked to the accumulation of intracellular γ-PGA and substrate 
leading to enhanced γ-PGA formation. Improved cell membrane 
permeability increases extracellular substrate consumption and PGA 
secretion. The addition of glycerol, Dimethyl sulfoxide (DMSO), or 
Tween 80 addition to the medium enhances extracellular substrates’ 
uptake and γ-PGA secretion (Du et al., 2005; Wu et al., 2008). During 
a study, DMSO and Tween 80 supplemented medium improved the 
extracellular glutamate uptake (3.88 mmol/g DCW/h and 3.06 to 
3.92). Wu et al. (2010) have revealed that DMSO and Tween 80 could 
increase carbon sources’ utilization and affect cell membrane 
permeability to regulate substrate availability.

5.4 Genetic manipulation

Most native γ-PGA producers are associated with Bacillus species; 
particularly, B. licheniformis and B. subtilis are widely applied in 
industrial applications (Bajaj et  al., 2009). Fermented soybean 
products and certain environments are the main sources of γ-PGA-
producing strains. However, the lower rate of substrate conversion and 
higher production cost of glutamate-dependent strains emphasize the 
utility of glutamate-independent strains. Genetic manipulation is an 
established method for the regulation of γ-PGA synthesis (Cao et al., 
2018). Genetic manipulation facilitates the development of genetically 
engineered strains containing construction plasmid and knockout 
genes. Genetic manipulation in Bacillus species can indirectly or 
directly inhibit or promote enzyme expressions to influence γ-PGA 
biosynthesis and breakdown.

Genetic manipulation in the γ-PGA synthesis pathway of native 
strains is a common technique. Zhang et al. (2015) reported that the 
individual deletion of gudB (glutamate dehydrogenase) or rocR 
(transcriptional regulating) genes in B. amyloliquefaciens LL3 
efficiently increased γ-PGA yield. The deletion of gudB, fadR, aspB, 
lysC, pckA, rocG, and proAB genes in B. amyloliquefaciens strain 
NK-A6 partially blocks the downstream metabolic pathways. 
B. amyloliquefaciens NK-A7 can be  genetically manipulated by 
inserting a strong PC2up promoter to enhance the NADPH level. 
B. amyloliquefaciens NK-A11 is genetically manipulated by deleting 
itu and srf operons. These engineered bacteria have been reported to, 
respectively, produce 4.84 g/L, 7.53 g/L, and 6.46 g/L γ-PGA, which are 
higher than original B. amyloliquefaciens LL3 strains (Gao et al., 2019). 
A gene cluster (ywsC-ywtAB or PgsBCA) integrated with a regulating 
SwrA gene enhances intracellular SwrA and DegU-P levels and γ-PGA 
production. Similarly, chromosomes embedded with PgsBCA via a 
strong promoter can significantly improve γ-PGA yield. The 
unavailability of external nutrients could lead to γ-PGA hydrolysis 
into nitrogen or carbon sources by its producing strains (Cao et al., 
2018). γ-PGA hydrolase repression through genetic engineering could 
mitigate the γ-PGA production loss and alter its molecular weight 
(Scoffone et  al., 2013; Mitsunaga et  al., 2016). γ-PGA hydrolase 
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expression has been manipulated in various studies by adopting the 
gene knockout technique. Kimura et al. (2004) have reported higher 
γ-PGA molecular weight and comparable yield of the ggt-deleted 
mutant B. subtilis NAFM5 with wild strains. The deletion of the cwlO 
gene in B. amyloliquefaciens and B. subtilis is known to promote 
γ-PGA yield with higher molecular weight compared to the wildtype 
strain, whereas deletion of pgdS gene only caused a minor increase in 
molecular weight (Mitsui et al., 2011; Zhao et al., 2013). However, a 
combined deletion of the ggt, pgdS, and cwlO genes in 
B. amyloliquefaciens and B. subtilis strains significantly increased 
γ-PGA yield (93%) in comparison to wildtype strains (Ohsawa et al., 
2009; Tian et  al., 2014). Feng et  al. (2015) reported a minor 
improvement in the B. amyloliquefaciens NK-E10 strain’s γ-PGA 

production capability after the deletion of the luxS gene. Furthermore, 
improved carbon flux conversion to γ-PGA production, elimination 
of undesired precursor or by-products, and inhibition of drain energy 
pathways can enhance γ-PGA purity and production (Nair et  al., 
2023). Extra ATP can positively affect carbon metabolism for 
improved γ-PGA production (Peng et al., 2016). Polysaccharides are 
major γ-PGA contaminants and by-products, which utilize a 
considerable amount of metabolic energy and carbon sources (Cao 
et al., 2018). Genetic mutation can knock out lipopolysaccharide and 
exopolysaccharide synthesizing genes to achieve pure γ-PGA (Feng 
et al., 2015; Tian et al., 2019). The removal of lipopolysaccharides from 
the B. amyloliquefaciens NK-E5 culturing medium increased γ-PGA 
purity to 95% compared to lipopolysaccharides containing medium 

TABLE 1 Strains, key nutrients of fermentation media, methods, conditions, and yields of γ-PGA.

Isolate Nutrients of fermentation 
media

Methods and key conditions Yield 
(g/L)

References

B. subtilis ZJU-7 Glucose, l-glutamate, yeast extract, NaCl, 

CaCl2, MgSO4, MnSO4

Bioreactor, 300–800 rpm, pH 6.5, 37°C 101.1 Huang et al. (2011)

B. subtilis NX-2 Glutamate, (NH4)2SO4, K2HPO4, MgSO4, 

MnSO4, and hydrolysis of rice straw

Bioreactor, 400 rpm, initial pH 7.0, 32°C 73.0 Tang et al. (2015)

B. subtilis MJ80 Glutamic acid, starch, urea, citric acid, 

glycerol, NaCl, K2HPO4, MgSO4, MnSO4

Bioreactor, 37°C, 150 rpm, initial pH 7.0 68.7 Ju et al. (2014)

B. subtilis CCTCC202048 Swine manure, soybean cake, wheat bran, 

glutamic acid, citric acid

Flasks, shaking at 180 rpm, and initial pH 9.0, 37°C for 

48 h

60.00 Chen et al. (2005)

B. subtilis NX-2 Cane molasses and monosodium glutamate 

waste liquor

Bioreactor, 400 rpm, 32°C, pH 7.0 52.1 Zhang D. et al. (2012)

B. subtilis RKY3 Glycerol, glutamic acid yeast extract, 

K2HPO4

Flasks, shaking at 200 rpm, pH 6.5, and 38°C for 48 h 48.5 Jeong et al. (2010)

B. subtilis (natto) MR-141 Maltose, soy sauce, sodium glutamate Flasks, shaking at 400 rpm and pH 8 for 72 h at 40°C 35.00 Ogawa et al. (1997)

B. subtilis NX-2 Glutamic acid, glucose yeast extract Flasks, shaking at 220 rpm, pH 7.0, and 37°C for 24 h 30.20 Xu et al. (2005)

B. subtilis 242 Cane molasses, l-glutamic, corn steep liquor Flasks, shaking at 220 rpm, pH 7.0, and 37°C for 48 h 32.14 Li S. et al. (2022)

B. subtillis HB-1 Glutamate, yeast extract, NaCl, MgSO4, 

xylose, or corncob fibers hydrolysate

Bioreactor, 500 rpm, 37°C, initial pH 6.5, fed-batch 28.15 Zhu et al. (2014)

B. subtilis GXG-5 Glucose, ammonium nitrate Flasks, shaking at 200 rpm, pH 6.5, 37°C for 34 h, 50°C 19.5 Zeng et al. (2017)

B. sonorensis 44 Glycerol, yeast extract, α-ketoglutaric acid Flasks, shaking at 200 rpm, pH 6.5, 37°C for 72 h, 30°C 11.84 Azarhava et al. (2020)

B. licheniformis NCIM 

2324

Soybean meal, citric acid, glutamic acid 

(NH4)2SO4, glycerol, L-glutamine, 

c-ketoglutaric acid

Flasks, shaking at 200 rpm, and pH 7 ± 0.2 for 96 h at 

37 ± 2°C

98.64 Bajaj et al. (2008)

B. licheniformis CGMCC 

NO. 23967

Monosodium glutamate, sugarcane 

molasses, yeast extract

Flasks, shaking at 200 rpm, pH 6.5, for 72 h, 37°C 76.85 Guo et al. (2023)

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

(NH4)2SO4, MnSO4, MgSO4, K2HPO4

Bioreactor, 500 rpm, 37°C, pH 7.0, fed batch 41.6 Zhao et al. (2013)

B. licheniformis NCIM 

2324

Glycerol, l-glutamic acid, citric acid, 

(NH4)2SO4, K2HPO4, MgSO4, MnSO4

Flask, shaking at 200 rpm, 37°C, initial pH 6.5 35.75 Bajaj and Singhal 

(2009)

B. methylotrophicus 

SK19.001

Glucose, yeast extracts, MgSO4, K2HPO4, 

MnSO4

Flask, shaking at 200 rpm, initial pH 7.2, 37°C 35.34 Peng et al. (2015)

B. licheniformis TISTR 

1010

Glucose, citric acid, NH4Cl, K2HPO4, 

MgSO4, CaCl2, MnSO4, NaCl, Tween 80

Fermenter, 300 rpm, initial pH 7.4, 37°C 27.5 Kongklom et al. 

(2015)

B. licheniformis ATCC 

9945

Glutamic acid, glycerol, acid, NH4Cl Flasks, shaking at 250 rpm at pH 6.5 for 96 h 23.00 Cromwick et al. 

(1996)

B. licheniformis A35 Glucose, MnSO4, ammonium chloride Flask, slow shaking, initial pH 7.2 at 30°C for 24 h 8.1 Cheng et al. (1989)
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(Feng et al., 2015). Acetate and lactate negatively impact the bacterial 
cell growth. Thus, mutants with knocked-out acetate and lactate 
synthesis genes yielded pure γ-PGA. However, the elimination of 
glutamate-consuming pathways remained unable to promote γ-PGA 
yield because the gene manipulation led to a metabolic imbalance with 
related cellular pathways (Feng et al., 2015; Cao et al., 2018). The 
synthesis of energy-consuming substances (antibiotics) coincides with 
γ-PGA production. The repression of such substances via gene 
knockout could improve γ-PGA production compared to native 
strains (Gao et al., 2019).

Heterologous or homologous hosts’ recombinant expression is 
also an efficient technique for enhancing γ-PGA production. 
Corynebacterium glutamicum and Escherichia coli-based genetic 
manipulation is referred to as heterologous expression whereas 
homologous expression is recombined by Bacillus. The introduction 
of xylose-induced plasmid pWH1520 with pgsBCA operon into 
B. subtilis MA41 disrupts the native pgsBCA gene and facilitates the 
successful expression of γ-PGA synthetase (Ashiuchi et al., 2006). 
Energy-saving NADPH-GDH pathway-containing plasmid in 
B. amyloliquefaciens NK-1 could elevate the γ-PGA production by 9%. 
γ-PGA yield is mainly influenced by genetic expression patterns such 
as inducible and constitutive expressions (Scoffone et al., 2013; Chen 
et al., 2018). Inducible expression is capable of rapidly accumulating 
γ-PGA. During a study, simultaneous cloning of racE of 
B. amyloliquefaciens LL3 and pgsBCA operon of B. licheniformis 
NK-03 was carried out into an induced plasmid followed by 
co-expression in E. coli JM109 for the microbial production of 
γ-PGA. Jiang et  al. (2006) recombined Geobacillus toebii gene’s 
(D-AAT (D-amino acid aminotransferase)) constitutive promoter 
(PHCE) and expressed it in E. coli/ pCOpgs for yielding γ-PGA 
(3.7 g/L) in an optimized medium. Native L-glutamate-yielding 
C. glutamicum could also serve as a suitable host for γ-PGA’s 
recombinant production. Cao et al. (2018) revealed that heterologous 
expression of PgsBCA operon in C. glutamicum yielded 0.7 g/L of 
γ-PGA even in a glutamate-deficient medium.

5.5 Extraction, recovery, and purification of 
γ-PGA

One of the major hurdles for scaling up high purity γ-PGA 
manufacturing is the downstream process. Several downstream 
procedures are critical for recovering and characterizing γ-PGA 
produced in the fermentation medium (Nair et al., 2023). Extracellular 
γ-PGA synthesis in Bacillus species facilitates its recovery and 
purification. The molecular weight and yield of γ-PGA are key factors, 
which influence its purification and recovery cost (Markus et al., 1985; 
Wu et  al., 2010). γ-PGA recovery goals mainly include: (i) 
concentrating the fermentation broth/extract to obtain a stable solid 
form of microbial product, which is easy to store, handle, transport, 
and re-dissolve/dilute for specific applications; (ii) purification to 
mitigate non-polymer solids (salts or cells) and improve its functional 
performance, taste, color, and odor; (iii) deactivation of contaminating 
enzymes; and (iv) alteration of chemical properties to amend 
functional performance, handling properties of solid dried product, 
dispersion, and solubility rate (Smith and Pace, 1982). PGA is 
recovered by centrifuging (20,000×g for 15 min) the fermentation 
broth, which removes cells and simplifies the purification process. The 

dilution of highly viscose γ-PGA and pH adjustment to 3 helps in 
reducing viscosity and removing producing strains (Do et al., 2001).

5.5.1 Precipitation by solvents
By changining the materials into an insoluble form, the 

precipitation process converts the desired products (chemical 
compounds) from a solution into a solid form or crystals. To perciptate 
γ-PGA from fermented broth, alcohols such as methanol or ethanol 
are usually used. Methanol or ethanol (4: 1) is used to precipitate, 
concentrate, and partially purify γ-PGA. Then, crude PGA is 
re-dissolved in distilled water (100 to 200 w/v) and centrifuged 
(5,000 g for 15 min) to discard the remaining solids. Finally, the diluted 
PGA solution is dialyzed or ultra-filtered to remove low-molecular-
weight impurities and salts followed by freeze drying to a stable solid 
form. However, PGA usage in drug delivery requires further 
purification to isolate fractions of specific molecular weight (Goto and 
Kunioka, 1992; Tork et  al., 2015). Dissolved γ-PGA significantly 
increases the viscosity of fermentation broth, which complicates cell 
separation from the broth. However, broth dilution and pH 
modification to 3 could facilitate the separation process (Do et al., 
2001). A lower pH helps in alleviating cells’ zeta potential and viscosity 
and facilitates flocculation (Do et al., 2001). Organic solvent-based 
γ-PGA precipitation is the commonly used method where ethanol is 
the most preferred precipitator from a cell-free broth (Do et al., 2001; 
Nair et  al., 2023). Three to four times the broth volume, cold 
2-propanol, methanol, and ether and n-propanol mixture (1:1 v/v) can 
also be used for γ-PGA precipitation (Kubota et al., 1993; Birrer et al., 
1994; Kreyenschulte et al., 2014). γ-PGA containing cell-free broth 
can be concentrated by membrane-based ultrafiltration with a 500 kDa 
molecular weight cut-off, which reduces the amount of organic 
solvents (Do et al., 2001). However, non-specific solvent precipitation 
could lead to coprecipitation of other proteins as well, which might 
require further purification. Moreover, this type of precipitation is not 
quantitative and almost 15% of the product could be  lost in the 
solution (Manocha and Margaritis, 2010; Kreyenschulte et al., 2014). 
Diafiltration can directly recover PGA from the broth. The use of an 
ultrafiltration membrane only allows the permeation of dissolved 
polymers whereas the cells are screened out. The continuous addition 
of water to lower the viscosity results in an increased volume of 
permeation and product dilution. Generally, viscous solutions slow 
the membrane-based filtration. Therefore, a novel method has been 
devised for a continuous membrane-based cell recycling system-
integrated fermentation process for γ-PGA recovery. Poly vinylidene 
fluoride (PVDF) hydrophilic microfiltration membranes (0.45 μm) 
have been used in crossflow modules for cell recycling and separation 
(Kumar and Pal, 2015). Polyethersulfone (PES-5) membranes have 
also been used to concentrate cell-free broth by ultrafiltration. 
However, due to a simple methodology without any specific 
equipment, cold ethanol is the preferred γ-PGA precipitation 
technique where ethanol can be completely removed from the final 
product without potential residues. Pretreatment of cell-free broth 
with proteases and acid hydrolyzes carbohydrate polymers and 
contaminant proteins, which can otherwise co-precipitate with 
target γ-PGA.

5.5.2 Precipitation by metal ions
Recently, a precipitation method using different metal ions such as 

CuSO4, FeCl3, AlCl3, and MnSO4 has been used for γ-PGA precipitation 
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in aqueous solutions as well as from fermented broth. In this method, it 
was noticed that with the addition of 500 mM CuSO4 to the supernatant 
of the fermentation broth, up to 95% of γ-PGA was precipitated and 
recovered. To achieve purified γ-PGA, the formed Cu2+-γ-PGA complex 
was collected by centrifugation and re-dissolved in Ethylenediamine 
tetraacetic acid (EDTA), followed by dialysis against ultra pure water 
and lyophilization. The recovery percent of γ-PGA using metal 
ion-induced precipitation is 85% compared to 82% for precipitation by 
alcohol. Similarly, the co-precipitation of proteins is just 3% with this 
strategy compared to 50% using alcohol precipitation, indicating its 
higher selectivity (Kreyenschulte et al., 2014; Luo et al., 2016; Scheel 
et al., 2019; Nair et al., 2023). However, toxic metal ions can contaminate 
the environment and final product (McLean et al., 1990; Luo et al., 2016).

5.5.3 Ultrafiltration
Ultrafiltration is another successful recovery method for γ-PGA 

since it eliminates the need for a solvent in the downstream process. 
It can maintain the macromolecules in solutions by using hollow fiber 
membranes to concentrate high molecular weight γ-PGA. In this 
method, the fermentation culture containing γ-PGA was centrifuged 
at 10,000 rpm for 30 min, and the resulting cell-free liquid was 
subsequently concentrated by ultracentrifugation. The loss of γ-PGA 
was insignificant at the 30 to 100 kDa membrane mol. wt. cut-off 
(MWCO), although the flow rate was modest. Nevertheless, the flow 
was comparatively greater with a MWCO of 500 kDa, resulting in a 
little 3% loss in γ-PGA. The concentration of the cell-free supernatant 
is greatly affected by the pH in ultrafiltration, as a change in the 
structure of γ-PGA causes a significant loss at lower pH levels 
(Gunawan et al., 2011).

6 Identification and characterization 
of γ-PGA

6.1 Determination of molecular weight

γ-PGA molecular characterization is necessary to understand 
its properties and potential applicability (Sung et al., 2005b). Gel 
permeation chromatography (GPC) is performed to measure the 
polydispersity and molecular weight of PGA. Polydispersity and 
average molecular weight alter with the PGA-producing strain and 
culturing conditions. GPC employs various mobile phases for 
calibration in reference to different molecular mass standards 
(Birrer et al., 1994). PGA molecular weight depends on bacterial 
strains (Shih and Van, 2001), medium components (Birrer et al., 
1994; Kunioka and Goto, 1994; Wu et al., 2008), and culturing 
conditions (Cromwick et al., 1996). The molecular complexity and 
instability of bacterial cultures complicate the synthesis of highly 
homogenous PGA. However, Bacillus species produce γ-PGA 
within a molecular mass range of 105 to 106 Da, and it can differ 
with the application mode (Shih and Van, 2001). The reduction of 
molecular mass is a key step in γ-PGA synthesis for drug delivery. 
Alkaline hydrolysis, ultrasonic degradation of medium 
composition, and enzymatic or microbial degradation techniques 
are adopted for PGA molecular mass reduction (Shih and Van, 
2001). Ultrasonic degradation is the most effective option to 
reduce the dispersity and molecular mass of biosynthesized PGA 
without affecting its chemical composition (Graciela et al., 2000). 

Richard and Margaritis (2006) used the B. subtilis IFO 3335 strain 
for the in situ γ-PGA depolymerization in cell-free fermentation 
broth. GPC and intrinsic viscosity correlations were employed, 
which revealed a molecular mass reduction from ~46,106 to 
5.56104 Da in 144 h. Yao et  al. (2009) revealed reduced γ-PGA 
dispersity as a function of hydrolysis time. Enzymatic degradation 
is a better technique for achieving the required γ-PGA molecular 
mass in a controlled way.

6.2 Analysis of amino acids

Amino acids containing only glutamic acid represent γ-PGA 
purity (Shih and Van, 2001). Thin-layer chromatography (TLC) or 
amino acid analyzers are used for amino acid analysis. Amino acid 
analysis is carried out by hydrolyzing purified γ-PGA with HCl (6 M) 
at 100°C for several hours in an airtight tube followed by the 
evaporation of HCl. Then, water is used to hydrolyze the final product, 
and amino acid content is analyzed by TLC (Yokoi et al., 1995). TLC 
is performed on a cellulose plate with different solvent systems 
(butanol/acetic acid/water (3:1:1, w/w/w) and 96% ethanol/water 
(63:37, w/w)), and ninhydrin (0.2% in acetone) is sprayed for amino 
acid identification (Yokoi et  al., 1995; Shih et  al., 2001). Purified 
γ-PGA is analyzed by HPLC (high-performance liquid 
chromatography) according to the methodology of Aboulmagd et al. 
(2000). Briefly, γ-PGA is hydrolyzed in HCl (6 N, 1 mg/100 mL) in a 
closed and evacuated tube at 95°C for 12 h, lyophilized, dissolved in 
distilled water (equal volume), and subjected to HPLC. Pure amino 
acids are used to chromatographically calibrate γ-PGA (Goto and 
Kunioka, 1992; Aboulmagd et al., 2000; Shih et al., 2001).

6.2.1 Fourier-transform infrared spectroscopy
Fourier-transform infrared (FTIR) spectroscopy is commonly 

applied for γ-PGA identification. FTIR spectroscopy generates γ-PGA 
IR spectra containing peaks related to its specific bonds. Ho et al. 
(2006) stated that the IR spectra of γ-polyglutamate salts in KBr pellets 
and γ-PGA (free acid form) indicated a distinct strong amide 
absorption (~1,620–1,655 cm−1), a strong OH (hydroxyl) absorption 
(~3,400–3,450 cm−1), a weaker C=O (carbonyl) absorption (~1,394–
1,454 cm−1), and strong characteristic C–N group absorption within a 
range of 1,085 to 1,165 cm−1. Absorption peaks between 2,900 and 
2,800 cm−1 represented characteristic aliphatic N–H stretching 
whereas peaks at 1,390–1,450 cm−1 and 1,600–1,660 cm−1 
corresponded to the C=O and amide groups, respectively.

6.2.2 Nuclear magnetic resonace (NMR) 
spectroscopy

The degree of γ-PGA esterification and homogeneity is often 
determined by 1H- and 13C-NMR spectroscopy (Birrer et al., 1994; 
Borbély et al., 1994). Chemical shifts of NMR spectra are measured 
with reference to known standards.

7 Quantification of γ-PGA content in 
supernatants of crude fermentation

Impurities in γ-PGA hinder its quantification in most of the 
current methods. Yu et  al. (2021) developed a copper ion-based 
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complex for the accurate and rapid quantification of γ-PGA content 
and common impurities in fermented broth (proteins, glucose, and 
glutamic acid). The results revealed that only γ-PGA precipitated with 
copper ions, which linearly correlated with the precipitated amount. 
The results had an accuracy and precision of 95.82 and 99.29%, which 
is significantly higher than other methods (weighing and UV). 
Therefore, copper ion complex formation is a convenient method to 
assess contents in crude biological samples.

8 Applications of γ-PGA

γ-PGA unique properties (non-toxicity, biodegradability, water-
solubility, edibility, thickness, moistness, non-immunogenicity, and 
antimicrobial and antioxidant potential) favor its broad range 
applications in food, cosmetics, medicine, agriculture, and 
bioremediation fields (Richard and Margaritis, 2001; Sung et  al., 
2005a; Candela et al., 2009; Akagi et al., 2010; Ashiuchi, 2010; Bajaj 
and Singhal, 2011b; Ashiuchi et al., 2013; Ogunleye et al., 2015; Luo 
et al., 2016; Wang et al., 2022).

8.1 Medical and pharmaceutical 
applications of γ-PGA

γ-PGA has a wide range of applications in pharmaceutical 
manufacturing including delivery systems, tissue engineering, gene 
carriers, and therapeutic and immunological effects. It can significantly 
reduce drug toxicity and improve drug efficiency in combination with 
other matters (Luo et al., 2016; Zhan et al., 2018; Cai et al., 2023). 
However, molecular weight is a decisive factor for drug-delivery 
properties such as the controlled and delayed release of drugs (Luo 
et  al., 2016). Γ-PGA has also been applied as a novel biological 
adhesive that was formed by its chemical cross-linking with other 
compounds (Lee et al., 2020). Moreover, γ-PGA serves as a good 
adjuvant by inducing a higher vaccine antigens’ immunogenicity 
(Nguyen et  al., 2019). Γ-PGA is known to protect probiotics and 
Caco-2 cells against oxidative damage as well (Csikós et al., 2018).

8.1.1 γ-PGA applications as drug carrier and 
anticancer agent

The biodegradability and biocompatibility of γ-PGA favor its 
application as a drug delivery carrier. The side chains of γ-PGA 
contain carboxyl groups for the conjugation of chemotherapeutic 
agents, which facilitate the drug solubility and administration. The 
PGA-drug conjugate reaches the tumor sites and gradually releases 
the drug with its biodegradation. Glutamic acid, a breakdown 
product of PGA, can enter the normal cellular metabolism (Singer, 
2005). Several conjugants of PGA and anticancer agents have been 
studied. Li et  al. (1998) devised a PGA–paclitaxel conjugate to 
enhance the antitumour efficacy, stability, and water solubility of 
paclitaxel. The conjugate exhibited significantly higher antitumour 
activity against ovarian and breast cancers in human tumor 
xenografts and murine models as compared to regular paclitaxel 
treatment. Tumor cell uptake of the PGA–paclitaxel conjugate was 
noted to be  five-fold higher than paclitaxel. The study further 
elaborated that the PGA–paclitaxel conjugate did not support 
tubulin polymerization and growth and viability of the 

Taxol-dependent CHO cell line. Singer (2005) prepared another 
γ-PGA conjugate with paclitaxel known as paclitaxel poliglumex. It 
presented more advantages than standard paclitaxel administration 
such as water solubility, better stability in plasma to mitigate 
systemic exposure to free paclitaxel, smaller distribution volume, 
longer elimination and distribution phases, and improved selectivity 
through higher retention and accumulation in tumor tissue. During 
a study, oral administration of high molecular mass (26,106 Da) 
γ-PGA led to the induction of (NK)-cell-mediated antitumour 
immunity in mice suffering from MHC (major histocompatibility 
complex) class I-deficient tumours. The antitumour immunity 
mechanism was found to be associated with γ-PGA-based activation 
of NK cells rather than direct cytotoxicity. The results revealed 
comparable antitumour effects of γ-PGA (26,106 Da) against B16 
tumours in mice (C57BL/6) with b-glucan (curdlan) that exerts 
immunomodulating antitumour effects by activating NK cells. These 
findings advocate γ-PGA application in the immunotherapy of 
cancers (Kim et al., 2007). Based on an in vitro study, Shin et al. 
(2015) suggest that γ-PGA induces apoptosis in TPA-induced HT-29 
human colorectal cancer cells and enhances apoptosis in colorectal 
cancer cells. Zhang et al. (2018) highlighted that the PGA–Asp–
maleimide–cisplatin–peptide complex (PAMCP) reduced the side 
effects of cis-Dichlorodiamineplatinum (CDDP) and exhibited 
stronger anti-tumor effects. Therefore, PAMCP presented the 
potential to be  a safe and effective anticancer pharmaceutical 
formulation for future clinical applications. Tsao et  al. (2011) 
designed a polyelectrolyte complex (PEC) for wound dressing, 
which contained chitosan (cationic polyelectrolyte) and γ-PGA 
(anionic polyelectrolyte). These chitosan/γ-PGA PECs provided 
ample moisture content where γ-PGA more efficiently reduced 
dehydration risk than regular chitosan. Animal model-based 
investigations revealed that chitosan/γ-PGA PEC-treated wounds 
healed more rapidly than untreated wounds. Chitosan/γ-PGA PECs 
efficiently suppressed inflammatory cells in comparison to regular 
chitosan, which confirmed the anti-inflammatory potential of 
γ-PGA. Chitosan/γ-PGA PEC-treated wounds displayed more 
development of keratin than controls and regular chitosan-treated 
wounds. After healing, the chitosan/γ-PGA PECs were easily 
removed from the wound surface and did not damage the 
regenerated tissues. Thus, chitosan/γ-PGA PECs proved an effective 
wound dressing material. Ryu et al. (2011) developed γ-PGA and 
L-phenylalanine nanoparticles (γ-PGA-Phe NPs) and used them for 
the treatment of retinal diseases in in vivo and in vitro investigations. 
γ-PGA-Phe NPs and Texas red-labelled ovalbumin were applied in 
the eye to study the NPs’ dynamics. Similarly, dexamethasone-
containing NPs were administered for the in vivo immunosuppressive 
treatment of microglia and macrophages against various pathological 
retina disorders. γ-PGA-Phe NPs effectively regulated inflammatory 
phagocytic cells in the retina under pathological conditions. The 
results also demonstrated γ-PGA-Phe NPs’ potential as long-term 
drug delivery carriers in the damaged retina. γ-PGA-Phe NPs 
proved more advantageous than triamcinolone acetate steroid, 
which is commonly administered for the treatment of retinal 
disorders. γ-PGA-Phe NPs can help in avoiding steroid-induced 
post-capsular cataract formation and glaucoma. Moreover, direct 
steroid application is toxic to retinal neurons whereas γ-PGA-Phe 
NPs specifically target microglia and macrophages and thus 
minimize steroid-associated complications (Ryu et al., 2011).
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8.1.2 γ-PGA applications in tissue engineering
Polymer-based hydrogels have numerous applications in medicine 

(e.g., drug delivery, tissue engineering, wound dressings), cosmetics, 
and various industrial uses (e.g., contact lenses, hygiene products) 
(Okay, 2010; Jia et al., 2021; Yi et al., 2021).

Chitosan is the most suitable polymer in tissue engineering 
among biodegradable polymers. However, the mechanical strength of 
its scaffolds must be improved for better utility in tissue engineering. 
Hsieh et al. (2005) inducted PGA into chitosan matrices to enhance 
the rate of water absorption, surface hydrophilicity, mechanical 
strength, and composite biomaterial absorption rate. These composite 
matrices effectively improved cell proliferation and attachment.

8.1.3 γ-PGA applications as antimicrobial agent
The development of novel bactericidal materials requires 

continuous efforts in medicine, healthcare, and food packaging 
sectors. The use of hydrogels based on γ-PGA is gaining populariy and 
several approaches have been proposed such as the bonding of the 
carboxyl group to nanoparticles and the development of ionic 
hydrogels based on gelatin and γ-PGA. Tajima and Sukigara 
investigated the mechanical and bactericidal properties of non-woven 
γ-PGA cross linked with oxazoline (Tajima and Sukigara, 2012; Wang 
et  al., 2012; Garcia et  al., 2014; Gao C. et  al., 2016). Currently, 
hydrogels are widely studied for wound dressings. However, wound 
healing is often hindered by bacterial infection (Yu et al., 2023). The 
preparation of γ-PGA-based hydrogels, the bonding of carboxyl group 
to nanoparticles, and development of γ-PGA and gelatin-based ionic 
hydrogels are gaining popularity (Garcia et al., 2014; Gao C. et al., 
2016; Chen et al., 2023; Yu et al., 2023). γ-PGA-derived biocompatible 
antimicrobial hydrogels (TCS (Triclosan), CHX (Chlorhexidine), and 
PHMB (Polyhexamethylene biguanide)) have been prepared using 
electrospun nanofibers and bulk, which displayed promising 
antimicrobial efficacy against gram-positive staphylococcus aureus and 
gram-negative E. coli (Patel et al., 2007; Vedadghavami et al., 2017; 
Kasbiyan et al., 2022). The antimicrobial activity of chitosan-γ-PGA 
polyelectrolyte complex hydrogels and γ-PGA-coated magnetite 
particles have been reported against S. aureus and E. coli (Tsao et al., 
2010; Inbaraj et al., 2011). However, the antimicrobial potential of 
pure γ-PGA largely remains unknown. Lee et al. (2013) have reported 
the antibacterial efficacy of γ-PGA from B. subtilis D7 against 
Klebsiella pneumoniae, Salmonella typhimurium, Listeria 
monocytogenes, Escherichia coli, and Staphylococcus aureus. 
Antibacterial activity was significantly higher against gram-positive 
bacteria compared to gram-negative bacteria. Different Bacillus 
megaterium UP47-purified γ-PGA concentrations have also 
demonstrated antimicrobial properties against gram-negative and 
gram-positive pathogens (pseudomonas aeruginosa, Klebsiella 
pneumoniae, shigella dysenteriae, Escherichia coli, and staphylococcus 
aureus) (Lee et al., 2014; Ajayeoba, 2019; Odeniyi and Omoleye, 2021). 
Odeniyi and Omoleye (2021) observed that even a low γ-PGA 
concentration (0.5  mg/mL) could successfully inhibit overnight 
cultures of E. coli, S. dysenteriae, P. aeruginosa, and S. aureus. However, 
K. pneumoniae activity was inhibited at a γ-PGA concentration of 
≥1.0  mg/mL. Lee et  al. (2014) stated that a 1% concentration of 
γ-PGA-adsorbed discs effectively inhibited microbial growth. A high 
concentration of γ-PGA (150 mg/mL) has been reported to exert 
significant inhibitory impacts on S. aureus (16.6 mm to 22.5 mm). The 
nature of microbial pathogens and γ-PGA anions determine its 

antimicrobial potential. These factors facilitate γ-PGA binding with 
cell wall components leading to cell disruption (Bajestani et al., 2018; 
Ajayeoba et al., 2019). The pathogenic bacteria protect themselves 
against antimicrobials by inducing stress responses. Therefore, higher 
γ-PGA concentrations (>2.0%) could exhibit better antibacterial 
efficacy, particularly against S. aureus and S. dysenteriae strains 
(Ajayeoba et  al., 2019). Inbaraj et  al. (2011) have reported an 
antibacterial mechanism of γ-PGA. They suggested that bacteria use 
non-specific (hydrophobic, electrostatic, and Vander Waals forces) 
and specific interactions between material surfaces and bacterial cell-
membrane receptors for adhesion and proliferation. Moreover, 
bacterial cell growth could be inhibited by using anionic (bacterial 
cells have a negative surface charge) and hydrophilic materials. 
Therefore, the anionic and hydrophilic nature of γ-PGA might 
contribute to its antibacterial properties. Nevertheless, the 
antibacterial mechanism of γ-PGA should be further investigated. 
Recently Yu et al. (2023) investigated the antibacterial activity of four 
molar masses of γ-PGA against Escherichia coli, Bacillus subtilis, and 
yeast and they reported that the mechanism of action against tested 
microorganisms depends on the molar masses of γ-PGA and the 
microbial membrane structure. PGA of 2,000 kDa molar mass 
damaged the microbial cellular structure, resulting in the excretion of 
alkaline phosphatase, but PGA of 1.5 kDa molar mass affected the 
membrane permeability and the amount of soluble sugar. As the molar 
mass of γ-PGA increased, the intimicrobial activity increased. They 
found when the molar mass of γ-PGA was greater than 700 kDa, the 
MIC for Escherichia coli and Bacillus subtilis was less than 2.5 mg/
mL. Chen et  al. (2023) developed hydrogel composed from 
carboxymethyl chitosan (CMCS)/oxidized dextran (OD)/poly-γ-
glutamic acid (γ-PGA) (COP) as antimicrobial and hemostasis of 
diffuse wounds. More interestingly, γ-PGA enabled the COP hydrogel 
to effectively absorb water and enrich platelets in the blood, which 
promoted the release of thrombin and coagulation factors and 
ultimately shortened the blood clotting time. In the COP hydrogel, 
γ-PGA was able to drain the surface moisture of the wound to enhance 
the surface adhesion. Moreover, γ-PGA could concentrate blood by 
absorbing plasma, and CMCS could electrostatically adsorb the 
negative red blood cells (RBCs). The antibacterial properties of CMCS 
and OD endowed the COP hydrogel with certain antibacterial effects. 
In vivo studies showed that the COP hydrogel significantly inhibited 
bacterial growth and promoted wound healing. Notably, the COP 
hydrogel exhibited broad-spectrum in vitro antibacterial activity 
against S. aureus and E. coli in both the zone of inhibition test and the 
liquid antibacterial test. In the rat tail diffuse hemorrhage wound 
model, the COP hydrogel showed superior hemostasis ability. 
Furthermore, the in vitro cytocompatibility test and in vivo 
biocompatibility test demonstrated the biocompatibility of the COP 
hydrogel. Therefore, the multifunctional COP hydrogel is expected to 
find different applications in wound hemostasis and healing.

8.1.4 γ-PGA applications as biomedical adhesives 
and glues

Biological adhesives are used for hemostasis, tissue adhesion, and 
sealing of fluid and air leaks during surgery. Air leakage is a major 
complication of chest and lung surgeries, which is traditionally 
stopped by stapling or sewing (Richard and Margaritis, 2003). The use 
of fibrin, a biological adhesive, has been reported for this purpose. 
Fibrinogen, thrombin, and fibrin are retrieved from human blood 
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transfusion and are generally highly biocompatible, but they can also 
serve as a source of viral infection. Fibrin, a common surgical 
adhesive, has poor tissue adhesion. In this regard, chemical 
crosslinking of γ-PGA and gelatin has demonstrated promising 
surgical adhesion and hemostatic properties that could be a better 
alternative to fibrin glue. Animal studies have revealed slow 
degradation of these hydrogels inside the body without severe 
inflammatory response. Otani et  al. (1999) reported rapid 
solidification of PGA and gelatin-based WSC-crosslinked hydrogel as 
compared to fibrin glue, and it sealed the lung air leak more effectively 
than the fibrin glue. A mixed hydrogel of γ-PGA and gelatin was 
prepared using a crosslinker (1-(3-dimethylaminopropyl)-3-
(ethylcarbodiimide) hydrochloride (EDC)), which exhibited shorter 
gelation time and higher bonding strength. A PGA and porcine 
collagen-based biological adhesive was also found to be better than 
fibrin in sealing lung air leakage.

8.2 γ-PGA applications in cosmetics

Proper moisturization and nutrition are vital to the health and 
beauty of human skin and hair. Over-dryness caused by low humidity 
is often detrimental to the skin and hair conditions. In winter, low 
temperature and dry air especially cause the dryness of the skin and 
hair, deteriorating the skin health conditions and even hardening or 
damaging the epidermis and electrifying the hair. To prevent the 
dryness of the skin, hair, and nail, cosmetic products such as skin 
essence, hand and body lotions, bath soaps, skin and body creams, 
hair gels, hair shampoos and mousse, and many other personal care 
products often contain certain moisturizers to provide the necessary 
moisturizing conditions to the skin and hair, and also to protect and 
beautify the skin and hair (Ho et al., 2005). γ-PGA and its hydrogel 
are considered as super moisturizer(s) in cosmetic products and 
personal care products showed excellent water absorption capacity 
and long-lasting good water retention, form soft tender smooth thin 
film with a matrix structure for controlled release function for water 
and other nutrients in the water, improve the elasticity of the skin, 
reduce wrinkles by anti-radical activity in the aging process, beautify, 
improve the health conditions of skin by increasing the natural 
moisturing factors in the stratum corneum, and reduce transepidermal 
water loss from the epidermis (Ho et al., 2005). γ- PGA hydrogel is a 
natural polymer hydrogel, with good biocompatibility and minimal 
cytotoxicity, it also includes a large number of free carboxyl groups in 
γ-PGA, which helps the hydrogel absorb water. However, when the 
water content of γ-PGA increases, its mechanical capacity decreases, 
hence various materials are frequently mixed to produce composite 
hydrogels to compensate for its inadequacies (Cai et al., 2023). PGA 
as moisturizer can enhance the effectiveness of personal care products 
for better exfoliation, skincare, hair care, and wrinkle-removing 
properties. PGA chemistry allows its homogenous miscibility and 
stability in the ingredient matrix of facial creams (Ben-Zur and 
Goldman, 2007). PGA also forms an elastic, smooth, and self-
moisturizing soft film on the skin. It acts as an excellent hydrophilic 
humectant to enhance the synthesis of natural moisturizing factors 
including urocanic acid, lactic acid, and pyrrolidone carboxylic acid 
as compared to soluble collagen and hyaluronic acid. γ-PGA also 
improves skin elasticity better than hyaluronic and collagen and 
nourishes the skin for a smooth desirable appearance (Ben-Zur and 

Goldman, 2007). PGA hydrogel microscopy depicts a multi-baglike 
structure that can absorb moisture 5,000 times more than its weight. 
Salt content and pH influence the water-retaining capability of PGA 
hydrogel, which enhances the moisturizing capability of skin or hair 
formulations through optimum pH adjustments and electrolyte 
addition. Moisture release is important in facial masks for skin 
hydration and wrinkle removal (Ben-Zur and Goldman, 2007). 
γ-PGA has successfully served as hyaluronidase inhibitor’s active 
ingredient where it inhibited hyaluronidase-based hyaluronic acid 
degradation to maintain skin’s elasticity (Sung et  al., 2005a). The 
composition was tested on fifty female participants (30–50 years) 
where it successfully maintained skin elasticity through the inhibition 
of hyaluronidase activity and alleviated allergenic reactions by 
restricting inflammatory cells’ permeability (Sung et  al., 2005a). 
Moreover, a safe formulation of γ-PGA and natural extract (green tea 
or aloe vera) has been investigated as well. The result revealed a rise in 
pyrrolidonecarboxylic acid on the skin epidermis without affecting the 
constancy and quantitative balance of this humectant. PGA is also 
known to improve hair strength to support the bleaching process by 
promoting moisture-retaining capability and the formation of a 
protective barrier, which dilutes the chemical interactions of colorings 
applied with hair protein (Ben-Zur and Goldman, 2007).

Hyaluronic acid (HA) is a natural polymer and one of the 
components of polysaccharide extracellular matrix (ECM). Although 
pure HA is rigid and degrades quickly, it has been widely utilized in 
various ocular surgeries, can hasten wound healing, and has vast 
prospects in the cosmetics industry. Notably, PGA’s biodegradability, 
high water-retaining capacity, and ability to create amide bonds make 
it a valuable component for polyamide-PGA, outperforming 
hyaluronic acid in terms of improved moisturizing properties (Li 
et al., 2014; Cai et al., 2023). Bian et al. (2016) reported that γ-PGA 
can improve the shear resistance of HA. HA/γ-PGA hydrogel has a 
rich porous structure. Therefore, this hydrogel is a good material to 
provide a potential therapeutic method for future medical applications. 
Recently, an injectable hydrogel was developed through the 
photopolymerization of methacrylate-functionalized HA and 
γ-PGA. This hydrogel exhibited superior load-bearing capacity and 
toughness compared to conventional hydrogels (Ma et al., 2018).

8.3 γ-PGA applications in food industries

Beneficial nutration effects of γ-PGA have been previously 
reported. In mice, high-fat diets containing 3% γ-PGA significantly 
increased the serum HDL-cholesterol and significantly decreased the 
serum triglycerides (TG) compared to levels observed in the mice fed 
a high-fat control diet. However, the inhibition of intestinal high-fat 
absorption is one of mechanisms that improved the lipid metabolism 
in the mice fed with high-fat diet (Lee et al., 2013). Park et al. (2011) 
studied the effect of diets containing high molecular weight γ-PGA on 
adiposity and lipid metabolism in rats, suggesting that dietary 
supplementation with high molecular weight γ-PGA may act as a 
hypocholesterolemic agent. γ-PGA can serve as a non-toxic, edible, 
antimicrobial, and strong water-holding antioxidant in food 
industries. Thus, it has the potential to replace existing functional food 
supplements. γ-PGA role as a stabilizer and texture enhancer could 
promote the quality of wheat gluten (WG), starch, and their products 
(Xie et al., 2020). γ-PGA can stabilize fermented foods (yogurts) by 
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maintaining microorganism viability, texture, food flavor, and aroma 
during production, transportation, and selling (Yu et al., 2018). It has 
been shown that γ-PGA can act as a bitterness-masking agent to curb 
the bitter taste of quinine, amino acids, minerals, peptides, and 
caffeine. It is also used as a thickener in fruit juice beverages (Feng 
et al., 2015). The anti-freezing feature of γ-PGA helps its utility as a 
cryoprotectant to sustain probiotics viability during freeze-drying 
(Siaterlis et al., 2009). Low molecular weight (<20,000 Da) γ-PGA 
possesses better anti-freezing properties than glucose and thus more 
efficiently protects Lactobacillus paracasei compared to sorbitol, 
sucrose, and trehalose (Bhat et al., 2013; Zhan et al., 2018; Jang et al., 
2019). Multiple studies have demonstrated that 10% γ-PGA can 
protect Lactobacillus paracasei more effectively than 10% sucrose and 
offers better protection of lactobacilli during freeze-drying in 
comparison to sorbitol and trehalose (Siaterlis et al., 2009; Lim et al., 
2012). A study was performed regarding the γ-PGA effect on 
doughnut moisture loss and oil absorption during deep-fat frying. A 
γ-PGA concentration of 1 g (100 g dough)−1 was found to effectively 
reduce (five-fold) doughnuts’ oil uptake to 0.2 g (g dough)−1 compared 
to an oil uptake of 0.7 g (g dough)−1 in regular doughnuts. Overall, 
γ-PGA-added doughnuts had better taste and appearance than regular 
doughnuts. Therefore, γ-PGA can be used as a potent oil-reducing 
agent in deep-fat fried foods. The antioxidant mechanism of γ-PGA 
was also found to shield the gastrointestinal tract against redox 
imbalance (Lee et  al., 2020). Furthermore, γ-PGA enhances Ca2+ 
bioavailability via effective intestinal absorption. A single dose of 
γ-PGA was noted to enhance intestinal absorption in post-menopausal 
women, and it particularly benefited individuals with lower basal 
absorptive capacity (Tanimoto et al., 2007). Hu et al. (2008) studied 
γ-PGA-based possible induction of protein crystallization in xylanase, 
lysozyme, and glucose isomerase. They investigated high-molecular-
mass (Na + salt:16106 Da) and low molecular-mass (Na + salt: 26105–
46,105 Da) γ-PGA and noted γ-PGA-induced protein precipitation. 
In recent studies, Tamura et al. (2020) reported that γ-PGA could 
reduce postprandial glucose rise and plasma glucose levels. In an in 
vivo emperiment, mice were fed with different levels of a γ-PGA-
containing diet or control diet for 91 days to suppress the initial rise in 
blood glucose levels. They found that blood and plasma glucose levels 
at 15 min were significantly decreased in the PGA group compared to 
the control group, suggesting that γ-PGA may effectively prevent 
metabolic syndrome by lowering blood glucose levels.

8.4 γ-PGA applications as a soil conditioner 
in agriculture

γ-PGA has promising agricultural uses as a new environmentally 
benign fertilizer synergist to boost nutrient uptake by plants. However, 
its agricultural application is hampered by the low yield and high cost 
of the production compared to conventional materials, because the 
production of γ-PGA by fermentation often requires glutamate and 
other high-cost components as substrates. However, some low-cost 
feedstocks are urgently required to overcome the economic and long-
term barriers to biotechnologically producing γ-PGA (Feng et al., 
2017). γ-PGA is particularly beneficial for soil fertility due to strong 
water retention, water solubility, high cation exchange capacity, high 
biodegradability, and metal-chelating and elements preserving 
capability to avoid their loss by rinsing with drainage water. The role 

of γ-PGA as an environment-friendly fertilizer synergist has increased 
its importance in plant growth-related soil dynamics (Chen et al., 
2005). γ-PGA can significantly promote potassium (K), nitrogen (N), 
and phosphorus (P) uptake to increase plant biomass. It strengthens 
nutrient uptake by promoting root activity and biomass. γ-PGA is 
known to affect nitrogen (N) and carbon (C) metabolism in plants, 
which is represented by reduced free amino acids, nitrates, and high 
soluble sugar content (Zhang et  al., 2017). Factors such as CO2 
emission and carbon (C) and soil nitrogen (N) loss by leaching can 
demonstrate the potential of γ-PGA in agriculture. Zhang et al. (2016) 
reported a γ-PGA-based reduction in soil N leaching loss at an 
application rate of ≥0.2 g kg−1 soil. γ-PGA exerts only minor effects on 
the leaching of dissolved organic carbon (DOC), but it can 
significantly enhance the loss of soil CO2 gas. Yin et al. (2018) have 
revealed a significant reduction in soil organic carbon 
(SOC ≈ 0.4 g kg−1) and total nitrogen (TN ≈ 0.025 g kg−1) after the 
addition of γ-PGA. Contrarily, high γ-PGA concentrations (0.4 and 
0.8 g kg−1 soil) increased the soil TN without affecting SOC content 
(Zhang et al., 2016). Furthermore, γ-PGA could enhance root activity 
and biomass by improving water-soluble nutrients’ uptake, and 
exogenous γ-PGA application can protect seedlings against adverse 
conditions (Wang et al., 2008; Yin et al., 2018). Moreover, γ-PGA has 
also been applied under biotic or abiotic stress conditions as an 
antimicrobial and biocontrol agent (Lee et  al., 2018). γ-PGA 
application as a biological chelating agent could effectively alleviate 
toxic heavy metals accumulation in farmlands and crops (Pang et al., 
2018). Currently, agricultural applications of γ-PGA are limited, but 
its broad range of applications can be  predicted in the future for 
reducing nutrient loss, improving crop production, promoting 
fertilizer utilization, and sustaining the ecological function of soil 
(Zhang et al., 2017).

8.5 γ-PGA applications in wastewater 
treatment

The biodegradable and non-toxic nature of γ-PGA presents it as 
an eco-friendly wastewater treatment option. γ-PGA 
(MW ~ 5.8–6.2 × 106 Da) could perform better than most conventional 
wastewater flocculants in treatment plants, which operate downstream 
of food fermentation processing units (Inbaraj et al., 2006). Ben-Zur 
et  al. (2007) revealed that γ-PGA (MW ~ 9.9 × 105  Da) efficiently 
removed basic dyes (98%) from the aqueous solution at pH 1 and 
remained reusable. Thus, a γ-PGA-based biodegradable and non-toxic 
adsorption system offers an eco-friendly solution to the dye industry. 
Chang et al. (2013) investigated the efficacy of γ-PGA added super-
paramagnetic iron oxide NPs (γ-PGA/Fe3O4 NPs) for the elimination 
of heavy metal ions (Ni2+, Cr3+, Pb2+, and Cu2+). γ-PGA /Fe3O4 NPs 
demonstrated excellent metal removal efficiency as compared to 
individual treatments of γ-PGA or Fe3O4 NPs indicating its higher 
potential in wastewater treatment. During a study, B. subtilis 2063-
produced γ-PGA (5.86106 Da) exhibited significant flocculating activity 
and thus can replace conventional synthetic flocculants (high 
environmental persistence) for wastewater treatment (Bhunia et al., 
2012). Bajaj and Singhal (2011a) examined the B. subtilis R 23-derived 
γ-PGA (6.26106 Da) and revealed its excellent flocculation capability in 
wastewater treatment plants. Bodnár et al. (2008) investigated a novel 
complex of biodegradable NPs, B. licheniformis 9945a-derived γ-PGA, 
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and bivalent lead ion. The complex remained stable in aqueous media 
under neutral, mild, and low-alkaline conditions, and exhibited effective 
water treatment and heavy metal-binding potential. Poly-γ-glutamic 
acid flocculant (PGAF)-based flocculation–sedimentation treatment 
could effectively eliminate SP-stabilized cement particles via 
gravitational settling of the flocs (Yanagibashi et al., 2019). However, 
higher ionic strength reduces the removal efficiency of γ-PGA, which 
might be due to its shrinkage and could be overcome by high intensity 
and rapid mixing. Several flocculation–sedimentation experiments have 
established the relationship between ionic strength and PGAF amount. 
The results suggested a higher efficacy of PGAF for cement suspension 
purification through flocculation–sedimentation, which could 
be  further enhanced with rapid mixing at lower ionic strength 
(Yanagibashi et al., 2019). There are several other potential applications 
of γ-PGA, which are continuously expanding.

9 Conclusions and future perspectives

Natural biopolymers are becoming more and more in demand 
worldwide and are poised to take the place of traditional petro-based 
polymers. γ-PGA is an amino acid biopolymer that has recently 
attracted attention due to its biocompatibility, non-immunogenicity, 
biodegradability, and non-toxic properties. Due to its unique properties, 
it has been applied in various applications in healthcare, 
pharmaceuticals, water treatment, foods, and other important 
applications. However, it is expected that in the next five years, more 
research will be  focused on the thorough evaluation of its 
biodistrubution, toxicity, and pharmacokinetics before using 
PGA-based materials in clinical trials for cancer therapy. γ-PGA is not 
susceptible to proteases, so it could provide better sustained delivery of 
conjugated drugs in the body. This review briefly covers γ-PGA-
producing microorganisms, biosynthesis mechanism, limitations of 
γ-PGA production and the strategies for commercialization. Also, 
included the factors affecting γ-PGA production, downstream 
processing, characterization and identification approach and 
applications of γ-PGA. However, the main economic problem that 
prevents the commercialization of biopolymers is the price when 
compared to conventional counterparts. γ-PGA is one of the most 
expensive biopolymers with diverse applications. Even though there are 
potent γ-PGA-producing strains available, the cost of production and 
recovery are still high. Therefore, the screening for potential γ-PGA 
producer strains using a low-cost fermentation medium is the most 
upcoming need to reduce the overall production cost. To achieve this, 
more research exploring various types of agricultural and food 
industries wastes containing organic acids and amino acids that could 
be used directly as the fermentation substrate without supplementation 

with additional nutrients is needed. Also, whey permeates, a by-product 
of cheese processing in the dairy industry, also has attracted considerable 
attention due to its high nutritional content and functional properties. 
In addition, finding solutions for cost-effective γ-PGA production may 
also be  possible through statistical analysis of large-scale γ-PGA 
production. γ-PGA has found extensive use in the medical field, 
particularly in the realm of continuous medication administration. One 
of the most promising attractive and perspective strategies for a large 
scale production is manipulating transgenic plants such sugar beat (Beta 
vulgaris) and cassava (Manihot esculenta) for producing polyglutamic 
acid by introducing a nucleic acid encoding a polyglutamic acid 
synthase A (pgsA), a nucleic acid encoding a polyglutamic acid synthase 
B (pgsB), and a nucleic acid encoding a polyglutamic acid synthase C 
(pgsC) into the plant. As a result, production costs will be significantly 
reduced for further commercialization. Finally, it will be expected that 
this attractive biopolymer could facilitate the development of more 
useful multifunctional biomaterials.

Author contributions

KE: Conceptualization, Supervision, Writing – original draft. FA: 
Visualization, Writing – original draft. LN: Data curation, 
Visualization, Writing – review & editing. HA: Writing – review & 
editing, Data curation.

Funding

The author(s) declare that no financial support was received for 
the research, authorship, and/or publication of this article.

Conflict 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.

Publisher’s note

All claims expressed in this article are solely those of the authors 
and do not necessarily represent those of their affiliated organizations, 
or those of the publisher, the editors and the reviewers. Any product 
that may be evaluated in this article, or claim that may be made by its 
manufacturer, is not guaranteed or endorsed by the publisher.

References
Aboulmagd, E., Oppermann-Sanio, F. B., and Steinbüchel, A. (2000). Molecular 

characterization of the cyanophycin synthetase from Synechocystis sp. strain PCC6308. 
Arch. Microbiol. 174, 297–306. doi: 10.1007/s002030000206

Ajayeoba, T. A., Dula, S., and Ijabadeniyi, O. A. (2019). Properties of poly-γ-glutamic 
acid producing-bacillus species isolated from Ogi liquor and lemon-Ogi liquor. Front. 
Microbiol. 10:771. doi: 10.3389/fmicb.2019.00771

Akagi, T., Matsusaki, M., and Akashi, M. (2010). “Pharmaceutical and medical 
applications of poly-gamma-glutamic acid” in Amino-acid homopolymers occurring in 
nature, Vol. 15. ed. Y. Hamano (Berlin: Springer), 119–153.

Ashiuchi, M. (2010). “Occurrence and biosynthetic mechanism of poly-gamma-
glutamic acid” in Amino-acid homopolymers occurring in nature, vol. 15. ed. Y. Hamano 
(Berlin: Springer), 77–93.

Ashiuchi, M. (2013). Biochemical engineering of PGA. Microb. Biotechnol. 6, 664–674. 
doi: 10.1111/1751-7915.12072

Ashiuchi, M., Fukushima, K., Oya, H., Hiraoki, T., Shibatani, S., Oka, N., et al. (2013). 
Development of antimicrobial thermoplastic material from archaeal poly-γ-L-glutamate 
and its nanofabrication. ACS Appl. Mater. Interfaces 5, 1619–1624. doi: 10.1021/
am3032025

https://doi.org/10.3389/fmicb.2024.1348411
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1007/s002030000206
https://doi.org/10.3389/fmicb.2019.00771
https://doi.org/10.1111/1751-7915.12072
https://doi.org/10.1021/am3032025
https://doi.org/10.1021/am3032025


Elbanna et al. 10.3389/fmicb.2024.1348411

Frontiers in Microbiology 18 frontiersin.org

Ashiuchi, M., Kamei, T., Baek, D. H., Shin, S. Y., Sung, M. H., Soda, K., et al. (2001). 
Isolation of Bacillus subtilis (chungkookjang), a poly-γ-glutamate producer with high 
genetic competence. Appl. Microbiol. Biotechnol. 57, 764–769. doi: 10.1007/
s00253-001-0848-9

Ashiuchi, M., Kamei, T., and Misono, H. (2003a). Poly-γ-glutamate synthetase of 
Bacillus subtilis. J. Mol. Catal. B Enzym. 23, 101–106. doi: 10.1016/
S1381-1177(03)00076-6

Ashiuchi, M., Kuwana, E., Komatsu, K., Soda, K., and Misono, H. (2003b). Differences 
in effects on DNA gyrase activity between two glutamate racemases of Bacillus subtilis, 
the poly-γ-glutamate synthesis-linking Glr enzyme and the YrpC (MurI) isozyme. FEMS 
Microbiol. Lett. 223, 221–225. doi: 10.1016/S0378-1097(03)00381-1

Ashiuchi, M., and Misono, H. (2002). Biochemistry and molecular genetics of poly-
γ-glutamate synthesis. Appl. Microbiol. Biotechnol. 59, 9–14. doi: 10.1007/
s00253-002-0984-x

Ashiuchi, M., and Misono, H. (2005). “Poly-c-glutamic acid” in Biopolymers for 
medical and pharmaceutical applications, vol. 1. eds. A. Steinbuchel and R. H. 
Marchessault (Weinheim: Wiley–VCH), 619–634.

Ashiuchi, M., Shimanouchi, K., Horiuchi, T., Kamei, T., and Misono, H. (2006). 
Genetically engineered poly-γ-glutamate producer from Bacillus subtilis ISW1214. 
Biosci. Biotechnol. Biochem. 70, 1794–1797. doi: 10.1271/bbb.60082

Ashiuchi, M., Shimanouchi, K., Nakamura, H., Kamei, T., Soda, K., Park, C., et al. 
(2004). Enzymatic synthesis of high-molecular-mass poly-γ-glutamate and regulation 
of its stereochemistry. Appl. Environ. Microbiol. 70, 4249–4255. doi: 10.1128/
AEM.70.7.4249-4255.2004

Ashiuchi, M., Tani, K., Soda, K., and Misono, H. (1998). Properties of glutamate 
racemase from Bacillus subtilis IFO 3336 producing poly-cglutamate. J. Biochem. 123, 
1156–1163.

Azarhava, H., Bajestani, M. I., Jafari, A., Vakilchap, F., and Mousavi, S. M. (2020). 
Production and physicochemical characterization of bacterial poly gamma-(glutamic 
acid) to investigate its performance on enhanced oil recovery. Int. J. Biol. Macromol. 147, 
1204–1212. doi: 10.1016/j.ijbiomac.2019.10.090

Bajaj, I. B., Lele, S. S., and Singhal, R. S. (2008). Enhanced production of poly (−
glutamic acid) from Bacillus licheniformis NCIM 2324 in solid state fermentation. J. Ind. 
Microbiol. Biotechnol. 35, 1581–1586. doi: 10.1007/s10295-008-0401-2

Bajaj, I. B., Lele, S. S., and Singhal, R. S. (2009). A statistical approach to optimization 
of fermentative production of poly (γ-glutamic acid) from Bacillus licheniformis NCIM 
2324. Bioresour. Technol. 100, 826–832. doi: 10.1016/j.biortech.2008.06.047

Bajaj, B., and Singhal, R. S. (2009). Enhanced production of poly (γ-glutamic acid) 
from Bacillus licheniformis NCIM 2324 by using metabolic precursors. Appl. Biochem. 
Biotechnol. 159, 133–141. doi: 10.1007/s12010-008-8427-5

Bajaj, I. B., and Singhal, R. S. (2011a). Flocculation properties of poly (γ-glutamic acid) 
produced from Bacillus subtilis isolate. Food Bioprocess Technol. 4, 745–752. doi: 10.1007/
s11947-009-0186-y

Bajaj, I., and Singhal, R. (2011b). Poly (glutamic acid)–an emerging biopolymer of 
commercial interest. Bioresour. Technol. 102, 5551–5561. doi: 10.1016/j.
biortech.2011.02.047

Bajestani, M., Mousavi, S. M., Mousavi, S. B., Jafari, A., and Shojaosadati, S. A. (2018). 
Purification of extra cellular poly-γ-glutamic acid as an antibacterial agent using anion 
exchange chromatography. Int. J. Biol. Macromol. 113, 142–149. doi: 10.1016/j.
ijbiomac.2018.02.082

Ben-Zur, N., and Goldman, D. M. (2007). γ-Poly glutamic acid: a novel peptide for 
skin care. Cosmet. Toiletries 122

Bhat, A. R., Irorere, V. U., Bartlett, T., Hill, D., Kedia, G., Morris, M. R., et al. (2013). 
Bacillus subtilis natto: a non-toxic source of poly-γ-glutamic acid that could be used as 
a cryoprotectant for probiotic bacteria. AMB Express 3, 1–9. doi: 10.1186/2191-0855-3-36

Bhunia, B., Mukhopadhy, D., Goswami, S., Mandal, T., and Dey, A. (2012). Improved 
production, characterization and flocculation properties of poly (γ)-glutamic acid 
produced from Bacillus subtilis. J. Biochem. Technol. 3, 389–394.

Bian, S., He, M., Sui, J., Cai, H., Sun, Y., Liang, J., et al. (2016). The self-crosslinking 
smart hyaluronic acid hydrogels as injectable three-dimensional scaffolds for cells 
culture. Colloids Surf. B: Biointerfaces 140, 392–402. doi: 10.1016/j.colsurfb.2016.01.008

Birrer, G. A., Cromwick, A. M., and Gross, R. A. (1994). γ-Poly (glutamic acid) 
formation by Bacillus licheniformis 9945a: physiological and biochemical studies. Int. J. 
Biol. Macromol. 16, 265–275. doi: 10.1016/0141-8130(94)90032-9

Bodnár, M., Kjøniksen, A. L., Molnár, R. M., Hartmann, J. F., Daróczi, L., Nyström, B., 
et al. (2008). Nanoparticles formed by complexation of poly-gamma-glutamic acid with 
lead ions. J. Hazard. Mater. 153, 1185–1192. doi: 10.1016/j.jhazmat.2007.09.080

Borbély, M., Nagasaki, Y., Borbély, J., Fan, K., Bhogle, A., and Sevoian, M. (1994). 
Biosynthesis and chemical modification of poly (γ-glutamic acid). Polym. Bull. 32, 
127–132. doi: 10.1007/BF00306378

Bovarnick, M. (1942). The formation of extracellular d (−)-glutamic acid polypeptide 
by Bacillus subtilis. J. Biol. Chem. 145, 415–424. doi: 10.1016/S0021-9258(18)51281-3

Buescher, J. M., and Margaritis, A. (2007). Microbial biosynthesis of polyglutamic acid 
biopolymer and applications in the biopharmaceutical, biomedical and food industries. 
Crit. Rev. Biotechnol. 27, 1–19. doi: 10.1080/07388550601166458

Cachat, E., Barker, M., Read, T. D., and Priest, F. G. (2008). A Bacillus thuringiensis 
strain producing a polyglutamate capsule resembling that of Bacillus anthracis. FEMS 
Microbiol. Lett. 285, 220–226. doi: 10.1111/j.1574-6968.2008.01231.x

Cai, M., Han, Y., Zheng, X., Xue, B., Zhang, X., Mahmut, Z., et al. (2023). Synthesis of 
poly-γ-glutamic acid and its application in biomedical materials. Materials 17, 1–25. doi: 
10.3390/ma17010015

Candela, T., and Fouet, A. (2006). Poly-gamma-glutamate in bacteria. Mol. Microbiol. 
60, 1091–1098. doi: 10.1111/j.1365-2958.2006.05179.x

Candela, T., Moya, M., Haustant, M., and Fouet, A. (2009). Fusobacterium nucleatum, 
the first gram-negative bacterium demonstrated to produce polyglutamate. Can. J. 
Microbiol. 55, 627–632. doi: 10.1139/W09-003

Cao, M., Feng, J., Sirisansaneeyakul, S., Song, C., and Chisti, Y. (2018). Genetic and 
metabolic engineering for microbial production of poly-γ-glutamic acid. Biotechnol. 
Adv. 36, 1424–1433. doi: 10.1016/j.biotechadv.2018.05.006

Cao, M., Geng, W., Liu, L., Song, C., Xie, H., Guo, W., et al. (2011). Glutamic acid 
independent production of poly-γ-glutamic acid by Bacillus amyloliquefaciens LL3 and 
cloning of pgsBCA genes. Bioresour. Technol. 102, 4251–4257. doi: 10.1016/j.
biortech.2010.12.065

Cao, M., Geng, W., Zhang, W., Sun, J., Wang, S., Feng, J., et al. (2013). Engineering of 
recombinant Escherichia coli cells co-expressing poly-γ-glutamic acid (γ-PGA) 
synthetase and glutamate racemase for differential yielding of γ-PGA. Microb. Biotechnol. 
6, 675–684. doi: 10.1111/1751-7915.12075

Cao, M., Song, C., Jin, Y., Liu, L., Liu, J., Xie, H., et al. (2010). Synthesis of poly 
(γ-glutamic acid) and heterologous expression of pgsBCA genes. J. Mol. Catal. B Enzym. 
67, 111–116. doi: 10.1016/j.molcatb.2010.07.014

Chang, J., Zhong, Z., Hong, X. U., Zhong, Y. A. O., and Rizhi, C. H. E. N. (2013). 
Fabrication of poly (γ-glutamic acid)-coated Fe3O4 magnetic nanoparticles and their 
application in heavy metal removal. Chin. J. Chem. Eng. 21, 1244–1250. doi: 10.1016/
S1004-9541(13)60629-1

Chen, X., Chen, S., Sun, M., and Yu, Z. (2005). High yield of poly-γ-glutamic acid 
from Bacillus subtilis by solid-state fermentation using swine manure as the basis of a 
solid substrate. Bioresour. Technol. 96, 1872–1879. doi: 10.1016/j.biortech.2005.01.033

Chen, Z., Yao, J., Zhao, J., and Wang, S. (2023). Injectable wound dressing based on 
carboxymethyl chitosan triple-network hydrogel for effective wound antibacterial and 
hemostasis. Int. J. Biol. Macromol. 225, 1235–1245. doi: 10.1016/j.ijbiomac.2022.11.184

Cheng, C., Asada, Y., and Aida, T. (1989). Production of γ-polyglutamic acid by 
Bacillus licheniformis A35 under denitrifying conditions. Agric. Biol. Chem. 53, 
2369–2375. doi: 10.1080/00021369.1989.10869686

Cromwick, A. M., Birrer, G. A., and Gross, R. A. (1996). Effects of pH and aeration on 
γ-poly (glutamic acid) formation by Bacillus licheniformis in controlled batch fermentor 
cultures. Biotechnol. Bioeng. 50, 222–227. doi: 10.1002/(SICI)1097-0290(19960420)50:2
<222::AID-BIT10>3.0.CO;2-P

Csikós, Z., Fazekas, E., Rózsa, D., Borbély, J., and Kerekes, K. (2018). Crosslinked 
poly-γ-glutamic acid based nanosystem for drug delivery. J. Drug Deliv. Sci. Technol. 48, 
478–489. doi: 10.1016/j.jddst.2018.10.026

Da Silva, S. B., Cantarelli, V. V., and Ayub, M. A. (2014). Production and optimization 
of poly-γ-glutamic acid by Bacillus subtilis BL53 isolated from the Amazonian 
environment. Bioprocess Biosyst. Eng. 37, 469–479. doi: 10.1007/s00449-013-1016-1

Do, J. H., Chang, H. N., and SnY, L. (2001). Efficient recovery of γ-poly (glutamic acid) 
from highly viscous culture broth. Biotechnol. Bioeng. 76, 219–223. doi: 10.1002/bit.1186

Do, T. H., Suzuki, Y., Abe, N., Kaneko, J., Itoh, Y., and Kimura, K. (2011). Mutations 
suppressing the loss of DegQ function in Bacillus subtilis (natto) poly-γ-glutamate 
synthesis. Appl. Environ. Microbiol. 77, 8249–8258. doi: 10.1128/AEM.05827-11

Du, G., Yang, G., Qu, Y., Chen, J., and Lun, S. (2005). Effects of glycerol on the 
production of poly (γ-glutamic acid) by Bacillus licheniformis. Process Biochem. 40, 
2143–2147. doi: 10.1016/j.procbio.2004.08.005

Edde, B., Rossier, J., Le Caer, J. P., Desbruyères, E., Gros, F., and Denoulet, P. (1990). 
Posttranslational glutamylation of α-tubulin. Science 247, 83–85. doi: 10.1126/
science.1967194

Ezzell, J. W., Abshire, T. G., Panchal, R., Chabot, D., Bavari, S., Leffel, E. K., et al. 
(2009). Association of Bacillus anthracis capsule with lethal toxin during experimental 
infection. Infect. Immun. 77, 749–755. doi: 10.1128/IAI.00764-08

Feng, J., Gu, Y., Quan, Y., Cao, M., Gao, W., Zhang, W., et al. (2015). Improved poly-
γ-glutamic acid production in Bacillus amyloliquefaciens by modular pathway 
engineering. Metab. Eng. 32, 106–115. doi: 10.1016/j.ymben.2015.09.011

Feng, J., Gu, Y., Sun, Y., Han, L., Yang, C., Zhang, W., et al. (2014). Metabolic 
engineering of Bacillus amyloliquefaciens for poly-gamma-glutamic acid (γ-PGA) 
overproduction. Microb. Biotechnol. 7, 446–455. doi: 10.1111/1751-7915.12136

Feng, J., Quan, Y., Gu, Y., Liu, F., Huang, X., Shen, H., et al. (2017). Enhancing poly-
γ-glutamic acid production in Bacillus amyloliquefaciens by introducing the glutamate 
synthesis features from Corynebacterium glutamicum. Microb. Cell Factories 16, 1–12. 
doi: 10.1186/s12934-017-0704-y

Gao, W., He, Y., Zhang, F., Zhao, F., Huang, C., Zhang, Y., et al. (2019). Metabolic 
engineering of Bacillus amyloliquefaciens LL 3 for enhanced poly-γ-glutamic acid 
synthesis. Microb. Biotechnol. 12, 932–945. doi: 10.1111/1751-7915.13446

https://doi.org/10.3389/fmicb.2024.1348411
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1007/s00253-001-0848-9
https://doi.org/10.1007/s00253-001-0848-9
https://doi.org/10.1016/S1381-1177(03)00076-6
https://doi.org/10.1016/S1381-1177(03)00076-6
https://doi.org/10.1016/S0378-1097(03)00381-1
https://doi.org/10.1007/s00253-002-0984-x
https://doi.org/10.1007/s00253-002-0984-x
https://doi.org/10.1271/bbb.60082
https://doi.org/10.1128/AEM.70.7.4249-4255.2004
https://doi.org/10.1128/AEM.70.7.4249-4255.2004
https://doi.org/10.1016/j.ijbiomac.2019.10.090
https://doi.org/10.1007/s10295-008-0401-2
https://doi.org/10.1016/j.biortech.2008.06.047
https://doi.org/10.1007/s12010-008-8427-5
https://doi.org/10.1007/s11947-009-0186-y
https://doi.org/10.1007/s11947-009-0186-y
https://doi.org/10.1016/j.biortech.2011.02.047
https://doi.org/10.1016/j.biortech.2011.02.047
https://doi.org/10.1016/j.ijbiomac.2018.02.082
https://doi.org/10.1016/j.ijbiomac.2018.02.082
https://doi.org/10.1186/2191-0855-3-36
https://doi.org/10.1016/j.colsurfb.2016.01.008
https://doi.org/10.1016/0141-8130(94)90032-9
https://doi.org/10.1016/j.jhazmat.2007.09.080
https://doi.org/10.1007/BF00306378
https://doi.org/10.1016/S0021-9258(18)51281-3
https://doi.org/10.1080/07388550601166458
https://doi.org/10.1111/j.1574-6968.2008.01231.x
https://doi.org/10.3390/ma17010015
https://doi.org/10.1111/j.1365-2958.2006.05179.x
https://doi.org/10.1139/W09-003
https://doi.org/10.1016/j.biotechadv.2018.05.006
https://doi.org/10.1016/j.biortech.2010.12.065
https://doi.org/10.1016/j.biortech.2010.12.065
https://doi.org/10.1111/1751-7915.12075
https://doi.org/10.1016/j.molcatb.2010.07.014
https://doi.org/10.1016/S1004-9541(13)60629-1
https://doi.org/10.1016/S1004-9541(13)60629-1
https://doi.org/10.1016/j.biortech.2005.01.033
https://doi.org/10.1016/j.ijbiomac.2022.11.184
https://doi.org/10.1080/00021369.1989.10869686
https://doi.org/10.1002/(SICI)1097-0290(19960420)50:2<222::AID-BIT10>3.0.CO;2-P
https://doi.org/10.1002/(SICI)1097-0290(19960420)50:2<222::AID-BIT10>3.0.CO;2-P
https://doi.org/10.1016/j.jddst.2018.10.026
https://doi.org/10.1007/s00449-013-1016-1
https://doi.org/10.1002/bit.1186
https://doi.org/10.1128/AEM.05827-11
https://doi.org/10.1016/j.procbio.2004.08.005
https://doi.org/10.1126/science.1967194
https://doi.org/10.1126/science.1967194
https://doi.org/10.1128/IAI.00764-08
https://doi.org/10.1016/j.ymben.2015.09.011
https://doi.org/10.1111/1751-7915.12136
https://doi.org/10.1186/s12934-017-0704-y
https://doi.org/10.1111/1751-7915.13446


Elbanna et al. 10.3389/fmicb.2024.1348411

Frontiers in Microbiology 19 frontiersin.org

Gao, C., Ito, S., Obata, A., Mizuno, T., Jones, J. R., and Kasuga, T. (2016). Fabrication 
and in vitro characterization of electrospun poly (γ-glutamic acid)-silica hybrid scaffolds 
for bone regeneration. Polymer 91, 106–117. doi: 10.1016/j.polymer.2016.03.056

Gao, W., Zhang, Z., Feng, J., Dang, Y., Quan, Y., Gu, Y., et al. (2016). Effects of MreB 
paralogs on poly-γ-glutamic acid synthesis and cell morphology in Bacillus 
amyloliquefaciens. FEMS Microbiol. Lett. 363:fnw187. doi: 10.1093/femsle/fnw187

Garcia, J. P. D., Hsieh, M. F., Doma, B. T. Jr., Peruelo, D. C., Chen, I. H., and Lee, H. M. 
(2014). Synthesis of gelatin-γ-polyglutamic acid-based hydrogel for the in  vitro 
controlled release of epigallocatechin gallate (EGCG) from Camellia sinensis. Polymers 
6, 39–58. doi: 10.3390/polym6010039

Goto, A., and Kunioka, M. (1992). Biosynthesis and hydrolysis of poly (γ-glutamic 
acid) from Bacillus subtilis IF03335. Biosci. Biotechnol. Biochem. 56, 1031–1035. doi: 
10.1271/bbb.56.1031

Graciela, P. C., Francisco, C., Jordi, J. B., and Sebastian, M. G. (2000). Biosynthesis and 
ultrasonic degradation of bacterial poly(c-glutamic acid). Biotechnol. Bioeng. 63, 
110–115. doi: 10.1002/(SICI)1097-0290(19990405)63:1<110::AID-BIT11>3.0.CO;2-T

Gross, C. (1998). “Bacterial y-Poly(glutamic acid)” in Biopolymers from Renewahle 
Resources. ed. D. L. Kaplan, (New York: Springer-Verlag), 195–219.

Gunawan, P., Guan, C., Song, X., Zhang, Q., Leong, S. S. J., Tang, C., et al. (2011). 
Hollow fiber membrane decorated with ag/MWNTs: toward effective water disinfection 
and biofouling control. ACS Nano 5, 10033–10040. doi: 10.1021/nn2038725

Guo, L., Lu, L., Wang, H., Zhang, X., Wang, G., Zhao, T., et al. (2023). Effects of Fe2+ 
addition to sugarcane molasses on poly-γ-glutamic acid production in Bacillus 
licheniformis CGMCC NO. 23967. Microb. Cell Factories 22:37. doi: 10.1186/
s12934-023-02042-0

Gupta, R., Beg, Q., Khan, S., and Chauhan, B. (2002). An overview on fermentation, 
downstream processing and properties of microbial alkaline proteases. Appl. Microbiol. 
Biotechnol. 60, 381–395. doi: 10.1007/s00253-002-1142-1

Hezayen, F. F., Rehm, B. H. A., Eberhardt, R., and Steinbüche, A. (2000). Polymer 
production by two newly isolated extremely halophilic archaea: application of a novel 
corrosion-resistant bioreactor. Appl. Microbiol. Biotechnol. 54, 319–325. doi: 10.1007/
s002530000394

Hezayen, F. F., Rehm, B. H., Tindall, B. J., and Steinbüchel, A. (2001). 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. 51, 1133–1142. doi: 10.1099/00207713-51-3-1133

Hezayen, F. F., Tindall, B. J., Steinbüchel, A., and Rehm, B. H. A. (2002). 
Characterization of a novel halophilic archaeon, Halobiforma haloterrestris gen. Nov., 
sp. nov., and transfer of Natronobacterium nitratireducens to Halobiforma nitratireducens 
comb. nov. Int. J. Syst. Evol. Microbiol. 52, 2271–2280. doi: 10.1099/00207713-52-6-2271

Hirasawa, T., and Shimizu, H. (2016). Recent advances in amino acid production by 
microbial cells. Curr. Opin. Biotechnol. 42, 133–146. doi: 10.1016/j.copbio.2016.04.017

Ho, G. H., Ho, T. I., Hsieh, K. H., Su, Y. C., Lin, P. Y., Yang, J., et al. (2006). 
γ-Polyglutamic acid produced by Bacillus Subtilis (Natto): structural characteristics, 
chemical properties and biological functionalities. J. Chin. Chem. Soc. 53, 1363–1384. 
doi: 10.1002/jccs.200600182

Ho, G. H., Yang, J. T., and Yang, T. H. T. (2005). Gamma polyglutamic acid (gamma-
PGA, h form), gamma-polyglutamate hydrogels for use as super moisturizers in 
cosmetic and personal care products.

Hsieh, C. Y., Tsai, S. P., Wang, D. M., Chang, Y. N., and Hsieh, H. J. (2005). Preparation 
of γ-PGA/chitosan composite tissue engineering matrices. Biomaterials 26, 5617–5623. 
doi: 10.1016/j.biomaterials.2005.02.012

Hu, T. C., Korczyńska, J., Smith, D. K., and Brzozowski, A. M. (2008). High-molecular-
weight polymers for protein crystallization: poly-γ-glutamic acid-based precipitants. 
Acta Crystallogr. D Biol. Crystallogr. 64, 957–963. doi: 10.1107/S0907444908021616

Huang, J., Du, Y., Xu, G., Zhang, H., Zhu, F., Huang, L., et al. (2011). High yield and 
cost-effective production of poly (γ-glutamic acid) with Bacillus subtilis. Eng. Life Sci. 
11, 291–297. doi: 10.1002/elsc.201000133

Huang, B., Qin, P., Xu, Z., Zhu, R., and Meng, Y. (2011). Effects of CaCl2 on viscosity 
of culture broth, and on activities of enzymes around the 2-oxoglutarate branch, in 
Bacillus subtilis CGMCC 2108 producing poly-(γ-glutamic acid). Bioresour. Technol. 102, 
3595–3598. doi: 10.1016/j.biortech.2010.10.073

Inbaraj, B. S., Chiu, C. P., Ho, G. H., Yang, J., and Chen, B. H. (2006). Removal of 
cationic dyes from aqueous solution using an anionic poly-γ-glutamic acid-based 
adsorbent. J. Hazard. Mater. 137, 226–234. doi: 10.1016/j.jhazmat.2006.01.057

Inbaraj, B. S., Kao, T. H., Tsai, T. Y., Chiu, C. P., Kumar, R., and Chen, B. H. (2011). 
The synthesis and characterization of poly(c-glutamic acid)-coated magnetite 
nanoparticles and their effects on antibacterial activity and cytotoxicity. Nanotechnology 
22:075101. doi: 10.1088/0957-4484/22/7/075101

Ivannovics, G., and Bruckner, V. (1937). The chemistry of the capsule substance of B. 
anthracis and its identity with that of B. mesentericus. 90, 304–318.

Jang, W. J., Choi, S. Y., Lee, J. M., Lee, G. H., Hasan, M. T., and Kong, I. S. (2019). 
Viability of Lactobacillus plantarum encapsulated with poly-γ-glutamic acid produced 
by Bacillus sp. SJ-10 during freeze-drying and in an in vitro gastrointestinal model. LWT 
112:108222. doi: 10.1016/j.lwt.2019.05.120

Jeong, J. H., Kim, J. N., Wee, Y. J., and Ryu, H. W. (2010). The statistically optimized 
production of poly (γ-glutamic acid) by batch fermentation of a newly isolated Bacillus 
subtilis RKY3. Bioresour. Technol. 101, 4533–4539. doi: 10.1016/j.biortech.2010.01.080

Jia, Z., Lv, X., Hou, Y., Wang, K., Ren, F., Xu, D., et al. (2021). Mussel-inspired 
nanozyme catalyzed conductive and self-setting hydrogel for adhesive and antibacterial 
bioelectronics. Bioact. Mater. 6, 2676–2687. doi: 10.1016/j.bioactmat.2021.01.033

Jian, X., Shouwen, C., and Ziniu, Y. (2005). Optimization of process parameters for 
poly γ-glutamate production under solid state fermentation from Bacillus subtilis 
CCTCC202048. Process Biochem. 40, 3075–3081. doi: 10.1016/j.procbio.2005.03.011

Jiang, F., Qi, G., Ji, Z., Zhang, S., Liu, J., Ma, X., et al. (2011). 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. 33, 1837–1840. doi: 10.1007/
s10529-011-0631-7

Jiang, H., Shang, L., Yoon, S. H., Lee, S. Y., and Yu, Z. (2006). Optimal production of 
poly-γ-glutamic acid by metabolically engineered Escherichia coli. Biotechnol. Lett. 28, 
1241–1246. doi: 10.1007/s10529-006-9080-0

Jose, A. A., Anusree, G., Pandey, A., and Binod, P. (2018). Production optimization of 
poly-γ-glutamic acid by Bacillus amyloliquefaciens under solid-state fermentation using 
soy hull as substrate. Available at: https://nopr.niscpr.res.in/handle/123456789/44827

Ju, W. T., Song, Y. S., Jung, W. J., and Park, R. D. (2014). Enhanced production of poly-
γ-glutamic acid by a newly-isolated Bacillus subtilis. Biotechnol. Lett. 36, 2319–2324. doi: 
10.1007/s10529-014-1613-3

Kandler, O., König, H., Wiegel, J., and Claus, D. (1983). Occurrence of poly-γ-D-
glutamic acid and poly-α-L-glutamine in the genera Xanthobacter, Flexithrix, Sporosarcina 
and Planococcus. Syst. Appl. Microbiol. 4, 34–41. doi: 10.1016/S0723-2020(83)80032-0

Kasbiyan, H., Yousefzade, O., Simiand, E., Saperas, N., Del Valle, L. J., and Puiggalí, J. 
(2022). Antibacterial hydrogels derived from poly (γ-glutamic acid) nanofibers. Gels 
8:120. doi: 10.3390/gels8020120

Kim, T. W., Lee, T. Y., Bae, H. C., Hahm, J. H., Kim, Y. H., Park, C., et al. (2007). Oral 
administration of high molecular mass poly-c-glutamate induces NK cell-mediated 
antitumor immunity. J. Immunol. 179, 775–780. doi: 10.4049/jimmunol.179.2.775

Kimura, K., Tran, L. S. P., Uchida, I., and Itoh, Y. (2004). Characterization of Bacillus 
subtilis γ-glutamyltransferase and its involvement in the degradation of capsule poly-γ-
glutamate. Microbiology 150, 4115–4123. doi: 10.1099/mic.0.27467-0

King, E. C., Blacker, A. J., and Bugg, T. D. (2000). Enzymatic breakdown of poly-γ-D-
glutamic acid in Bacillus licheniformis: identification of a polyglutamyl γ-hydrolase 
enzyme. Biomacromolecules 1, 75–83. doi: 10.1021/bm990001n

Ko, Y. H., and Gross, R. A. (1998). Effects of glucose and glycerol on γ-poly (glutamic 
acid) formation by Bacillus licheniformis ATCC 9945a. Biotechnol. Bioeng. 57, 430–437. 
doi: 10.1002/(SICI)1097-0290(19980220)57:4<430::AID-BIT6>3.0.CO;2-N

Kocianova, S., Vuong, C., Yao, Y., Voyich, J. M., Fischer, E. R., DeLeo, F. R., et al. 
(2005). Key role of poly-γ-DL-glutamic acid in immune evasion and virulence of 
Staphylococcus epidermidis. J. Clin. Invest. 115, 688–694. doi: 10.1172/JCI23523

Kongklom, N., Luo, H., Shi, Z., Pechyen, C., Chisti, Y., and Sirisansaneeyakul, S. 
(2015). Production of poly-γ-glutamic acid by glutamic acid-independent Bacillus 
licheniformis TISTR 1010 using different feeding strategies. Biochem. Eng. J. 100, 67–75. 
doi: 10.1016/j.bej.2015.04.007

Kreyenschulte, D., Krull, R., and Margaritis, A. (2014). Recent advances in microbial 
biopolymer production and purification. Crit. Rev. Biotechnol. 34, 1–15. doi: 
10.3109/07388551.2012.743501

Kubota, H., Matsunobu, T., Uotani, K., Takebe, H., Satoh, A., Tanaka, T., et al. (1993). 
Production of poly (γ-glutamic acid) by Bacillus subtilis F-2-01. Biosci. Biotechnol. 
Biochem. 57, 1212–1213. doi: 10.1271/bbb.57.1212

Kumar, R., and Pal, P. (2015). Fermentative production of poly (γ-glutamic acid) from 
renewable carbon source and downstream purification through a continuous 
membrane-integrated hybrid process. Bioresour. Technol. 177, 141–148. doi: 10.1016/j.
biortech.2014.11.078

Kunioka, M. (1995). Biosynthesis of poly (γ-glutamic acid) from l-glutamine, citric 
acid and ammonium sulfate in Bacillus subtilis IFO3335. Appl. Microbiol. Biotechnol. 44, 
501–506. doi: 10.1007/BF00169951

Kunioka, M., and Goto, A. (1994). Biosynthesis of poly (γ-glutamic acid) from 
L-glutamic acid, citric acid, and ammonium sulfate in Bacillus subtilis IFO3335. Appl. 
Microbiol. Biotechnol. 40, 867–872. doi: 10.1007/BF00173990

Lee, N. R., Go, T. H., Lee, S. M., Jeong, S. Y., Park, G. T., Hong, C. O., et al. (2014). In 
vitro evaluation of new functional properties of poly-γ-glutamic acid produced by 
Bacillus subtilis D7. Saudi J. Biol. Sci. 21, 153–158. doi: 10.1016/j.sjbs.2013.09.004

Lee, J. M., Jang, W. J., Park, S. H., and Kong, I. S. (2020). Antioxidant and 
gastrointestinal cytoprotective effect of edible polypeptide poly-γ-glutamic acid. Int. J. 
Biol. Macromol. 153, 616–624. doi: 10.1016/j.ijbiomac.2020.03.050

Lee, W., Kim, M., Lee, S. H., Jung, H. G., and Oh, J. W. (2018). Prophylactic efficacy 
of orally administered Bacillus poly-γ-glutamic acid, a non-LPS TLR4 ligand, against 
norovirus infection in mice. Sci. Rep. 8:8667. doi: 10.1038/s41598-018-26935-y

Lee, E. H., Son, W. C., Lee, S. E., and Kim, B. H. (2013). Anti-obesity effects of poly-
gamma-glutamic acid with or without Isoflavones on high-fat diet induced obese mice. 
Biosci. Biotechnol. Biochem. 77, 1694–1702. doi: 10.1271/bbb.130253

https://doi.org/10.3389/fmicb.2024.1348411
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1016/j.polymer.2016.03.056
https://doi.org/10.1093/femsle/fnw187
https://doi.org/10.3390/polym6010039
https://doi.org/10.1271/bbb.56.1031
https://doi.org/10.1002/(SICI)1097-0290(19990405)63:1<110::AID-BIT11>3.0.CO;2-T
https://doi.org/10.1021/nn2038725
https://doi.org/10.1186/s12934-023-02042-0
https://doi.org/10.1186/s12934-023-02042-0
https://doi.org/10.1007/s00253-002-1142-1
https://doi.org/10.1007/s002530000394
https://doi.org/10.1007/s002530000394
https://doi.org/10.1099/00207713-51-3-1133
https://doi.org/10.1099/00207713-52-6-2271
https://doi.org/10.1016/j.copbio.2016.04.017
https://doi.org/10.1002/jccs.200600182
https://doi.org/10.1016/j.biomaterials.2005.02.012
https://doi.org/10.1107/S0907444908021616
https://doi.org/10.1002/elsc.201000133
https://doi.org/10.1016/j.biortech.2010.10.073
https://doi.org/10.1016/j.jhazmat.2006.01.057
https://doi.org/10.1088/0957-4484/22/7/075101
https://doi.org/10.1016/j.lwt.2019.05.120
https://doi.org/10.1016/j.biortech.2010.01.080
https://doi.org/10.1016/j.bioactmat.2021.01.033
https://doi.org/10.1016/j.procbio.2005.03.011
https://doi.org/10.1007/s10529-011-0631-7
https://doi.org/10.1007/s10529-011-0631-7
https://doi.org/10.1007/s10529-006-9080-0
https://nopr.niscpr.res.in/handle/123456789/44827
https://doi.org/10.1007/s10529-014-1613-3
https://doi.org/10.1016/S0723-2020(83)80032-0
https://doi.org/10.3390/gels8020120
https://doi.org/10.4049/jimmunol.179.2.775
https://doi.org/10.1099/mic.0.27467-0
https://doi.org/10.1021/bm990001n
https://doi.org/10.1002/(SICI)1097-0290(19980220)57:4<430::AID-BIT6>3.0.CO;2-N
https://doi.org/10.1172/JCI23523
https://doi.org/10.1016/j.bej.2015.04.007
https://doi.org/10.3109/07388551.2012.743501
https://doi.org/10.1271/bbb.57.1212
https://doi.org/10.1016/j.biortech.2014.11.078
https://doi.org/10.1016/j.biortech.2014.11.078
https://doi.org/10.1007/BF00169951
https://doi.org/10.1007/BF00173990
https://doi.org/10.1016/j.sjbs.2013.09.004
https://doi.org/10.1016/j.ijbiomac.2020.03.050
https://doi.org/10.1038/s41598-018-26935-y
https://doi.org/10.1271/bbb.130253


Elbanna et al. 10.3389/fmicb.2024.1348411

Frontiers in Microbiology 20 frontiersin.org

Leonard, C. G., Housewright, R. D., and Thorne, C. B. (1958). Effects of some metallic 
ions on glutamyl polypeptide synthesis by Bacillus subtilis. J. Bacteriol. 76, 499–503. doi: 
10.1128/jb.76.5.499-503.1958

Li, D., Hou, L., Gao, Y., Tian, Z., Fan, B., Wang, F., et al. (2022). Recent advances in 
microbial synthesis of poly-γ-glutamic acid: a review. Food Secur. 11:739. doi: 10.3390/
foods11050739

Li, S., Qiu, Y., Xu, H., Wang, R., and Lei, P. (2022). “Recent advances in poly-(γ-
glutamic acid) production by microbial fermentation” in Microbial production of high-
value products. Microbiology monographs, vol. 37. eds. B. H. A. Rehm and D. Wibowo 
(Cham: Springer)

Li, L., Wang, N., Jin, X., Deng, R., Nie, S., Sun, L., et al. (2014). Biodegradable and 
injectable in situ cross-linking chitosan-hyaluronic acid based hydrogels for 
postoperative adhesion prevention. Biomaterials 35, 3903–3917. doi: 10.1016/j.
biomaterials.2014.01.050

Li, Y., Wang, J., Liu, N., Ke, L., Zhao, X., and Qi, G. (2020). Microbial synthesis of 
poly-γ-glutamic acid (γ-PGA) with fulvic acid powder, the waste from yeast molasses 
fermentation. Biotechnol. Biofuels 13, 1–17. doi: 10.1186/s13068-020-01818-

Li, C., Yu, D. F., Newman, R. A., Cabral, F., Stephens, L. C., Hunter, N., et al. (1998). 
Complete regression of well-established tumors using a novel water-soluble poly 
(L-glutamic acid)-paclitaxel conjugate. Cancer Res. 58, 2404–2409.

Lim, S. M., Kim, J., Shim, J. Y., Imm, B. Y., Sung, M. H., and Imm, J. Y. (2012). Effect 
of poly-γ-glutamic acids (PGA) on oil uptake and sensory quality in doughnuts. Food 
Sci. Biotechnol. 21, 247–252. doi: 10.1007/s10068-012-0032-2

Liu, J., He, D., Li, X. Z., Gao, S., Wu, H., Liu, W., et al. (2010). γ-Polyglutamic acid 
(γ-PGA) produced by Bacillus amyloliquefaciens C06 promoting its colonization on fruit 
surface. Int. J. Food Microbiol. 142, 190–197. doi: 10.1016/j.ijfoodmicro.2010.06.023

Luo, Z., Guo, Y., Liu, J., Qiu, H., Zhao, M., Zou, W., et al. (2016). Microbial synthesis 
of poly-γ-glutamic acid: current progress, challenges, and future perspectives. Biotechnol. 
Biofuels 9, 134–112. doi: 10.1186/s13068-016-0537-7

Ma, X., Liu, S., Tang, H., Yang, R., Chi, B., and Ye, Z. (2018). In situ photocrosslinked 
hyaluronic acid and poly (γ-glutamic acid) hydrogels as injectable drug carriers for 
load-bearing tissue application. J. Biomater. Sci. Polym. Ed. 29, 2252–2266. doi: 
10.1080/09205063.2018.1535820

Mabrouk, M., Abou-Zeid, D., and Sabra, W. (2012). 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 1, 6–18.

Manocha, B., and Margaritis, A. (2010). A novel method for the selective recovery and 
purification of γ-polyglutamic acid from Bacillus licheniformis fermentation broth. 
Biotechnol. Prog. 26, 734–742. doi: 10.1002/btpr.370

Markcus, M. A., Doliveira, L., Malakian, K., Keeney, D., Severin, A., Underwood, K. W., 
et al. (2004). 1H, 13C, and 15N backbone assignments and secondary structure for the 
60.8 kD dimer of the NAD+ synthetase from Bacillus subtilis. J. Biomolecula NMR. 28, 
301–302.

Markus, M. A., Doliveira, L., Malakian, K., Keeney, D., Severin, A., Underwood, K. W., 
et al. (1985). Comprehensive biotechnology. J. Pergamon 3, 1005–1013.

McLean, R. J., Beauchemin, D., Clapham, L., and Beveridge, T. J. (1990). Metal-binding 
characteristics of the gamma-glutamyl capsular polymer of Bacillus licheniformis ATCC 
9945. Appl. Environ. Microbiol. 56, 3671–3677. doi: 10.1128/aem.56.12.3671-3677.1990

Meissner, L., Kauffmann, K., Wengeler, T., Mitsunaga, H., Fukusaki, E., and Büchs, J. 
(2015). Influence of nitrogen source and pH value on undesired poly (γ-glutamic acid) 
formation of a protease producing Bacillus licheniformis strain. J. Ind. Microbiol. 
Biotechnol. 42, 1203–1215. doi: 10.1007/s10295-015-1640-7

Mesnage, S., Tosi-Couture, E., Gounon, P., Mock, M., and Fouet, A. (1998). The 
capsule and S-layer: two independent and yet compatible macromolecular structures in 
Bacillus anthracis. J. Bacteriol. 180, 52–58. doi: 10.1128/jb.180.1.52-58.1998

Mitsui, N., Murasawa, H., and Sekiguchi, J. (2011). Disruption of the cell wall lytic 
enzyme CwlO affects the amount and molecular size of poly-γ-glutamic acid produced 
by Bacillus subtilis (natto). J. Gen. Appl. Microbiol. 57, 35–43. doi: 10.2323/jgam.57.35

Mitsunaga, H., Meissner, L., Büchs, J., and Fukusaki, E. (2016). Branched chain amino 
acids maintain the molecular weight of poly (γ-glutamic acid) of Bacillus licheniformis 
ATCC 9945 during the fermentation. J. Biosci. Bioeng. 122, 400–405. doi: 10.1016/j.
jbiosc.2016.03.007

Moraes, L. P., Alegre, R. M., and Brito, P. N. (2012). Optimisation of poly (γ-glutamic 
acid) production by Bacillus velezensis NRRL B-23189  in liquid fermentation with 
molasses as the carbon source without addition of glutamic acid. Int. Rev. Chem. Eng 4, 
618–623.

Morelli, C. F., Calvio, C., Biagiotti, M., and Speranza, G. (2014). pH-dependent 
hydrolase, glutaminase, transpeptidase and autotranspeptidase activities of Bacillus 
subtilis γ-glutamyltransferase. FEBS J. 281, 232–245. doi: 10.1111/febs.12591

Nair, P., Navale, G. R., and Dharne, M. S. (2023). Poly-gamma-glutamic acid biopolymer: 
A sleeping giant with diverse applications and unique opportunities for commercialization. 
Biomass Convers. Biorefinery 13, 4555–4573. doi: 10.1007/s13399-021-01467-0

Nguyen, Q. T., Kwak, C., Lee, W. S., Kim, J., Jeong, J., Sung, M. H., et al. (2019). Poly-
γ-glutamic acid complexed with alum induces cross-protective immunity of pandemic 
H1N1 vaccine. Front. Immunol. 10:1604. doi: 10.3389/fimmu.2019.01604

Niemetz, R., Kärcher, U., Kandler, O., Tindall, B. J., and König, H. (1997). The cell wall 
polymer of the extremely halophilic archaeon Natronococcus occultus. Eur. J. Biochem. 
249, 905–911. doi: 10.1111/j.1432-1033.1997.00905.x

Odeniyi, O. A., and Omoleye, T. E. (2021). Characterization and statistical 
optimization of γ-PGA produced by Bacillus megaterium UP47 isolated from 
Pentaclethra macrophylla. Polim. Med. 51, 57–67. doi: 10.17219/pim/143975

Ogawa, Y., Yamaguchi, F., Yuasa, K., and Tahara, Y. (1997). Efficient production of 
γ-polyglutamic acid by Bacillus subtilis (natto) in jar fermenters. Biosci. Biotechnol. 
Biochem. 61, 1684–1687. doi: 10.1271/bbb.61.1684

Ogunleye, A., Bhat, A., Irorere, V. U., Hill, D., Williams, C., and Radecka, I. (2015). 
Poly-γ-glutamic acid: production, properties and applications. Microbiology 161, 1–17. 
doi: 10.1099/mic.0.081448-0

Ohsawa, T., Tsukahara, K., and Ogura, M. (2009). Bacillus subtilis response regulator 
DegU is a direct activator of pgsB transcription involved in γ-poly-glutamic acid 
synthesis. Biosci. Biotechnol. Biochem. 73, 2096–2102. doi: 10.1271/bbb.90341

Okay, O. (2010). “General properties of hydrogels” in Hydrogel sensors and actuators: 
engineering and technology. eds. G. Gerlach and K.-F. Arndt (Berlin/Heidelberg, 
Germany: Springer), 1–14.

Osera, C., Amati, G., Calvio, C., and Galizzi, A. (2009). SwrAA activates poly-γ-
glutamate synthesis in addition to swarming in Bacillus subtilis. Microbiology 155, 
2282–2287. doi: 10.1099/mic.0.026435-0

Otani, Y., Tabata, Y., and Ikada, Y. (1999). Sealing effect of rapidly curable gelatin-poly 
(L-glutamic acid) hydrogel glue on lung air leak. Ann. Thorac. Surg. 67, 922–926. doi: 
10.1016/S0003-4975(99)00153-8

Pang, X., Lei, P., Feng, X., Xu, Z., Xu, H., and Liu, K. (2018). Poly-γ-glutamic acid, a 
bio-chelator, alleviates the toxicity of cd and Pb in the soil and promotes the 
establishment of healthy Cucumis sativus L. seedling. Environ. Sci. Pollut. Res. 25, 
19975–19988. doi: 10.1007/s11356-018-1890-9

Park, J. H., Choi, J. C., Sung, M. H., Kang, J. H., and Chang, M. J. (2011). High 
molecular weight poly-gamma-glutamic acid regulates lipid metabolism in rats fed a 
high-fat diet and humans. J. Microbiol. Biotechnol. 21, 766–775. doi: 10.4014/
jmb.1104.04047

Park, Y., Storkson, J. M., Albright, K. J., Liu, W., and Pariza, M. W. (2005). Biological 
activities of conjugated fatty acids: conjugated eicosadienoic (conj. 20: 2Δc11, t13/t12, 
c14), eicosatrienoic (conj. 20: 3Δc8, t12, c14), and heneicosadienoic (conj. 21: 2Δc12, 
t14/c13, t15) acids and other metabolites of conjugated linoleic acid. Biochim. Biophys. 
Acta 1687, 120–129. doi: 10.1016/j.bbalip.2004.11.010

Patel, N. B., Patel, A. L., and Chauhan, H. I. (2007). Synthesis of amide derivatives of 
quinolone and their antimicrobial studies. Available at: http://nopr.niscpr.res.in/
handle/123456789/394

Peng, Y., Jiang, B., Zhang, T., Mu, W., Miao, M., and Hua, Y. (2015). High-Level 
production of poly (γ-glutamic acid) by a newly isolated glutamate-independent strain, 
Bacillus methylotrophicus. Process Biochem. 50, 329–335. doi: 10.1016/j.
procbio.2014.12.024

Peng, Y., Zhang, T., Mu, W., Miao, M., and Jiang, B. (2016). Intracellular synthesis of 
glutamic acid in Bacillus methylotrophicus SK19. 001, a glutamate-independent poly 
(γ-glutamic acid)-producing strain. J. Sci. Food Agric. 96, 66–72. doi: 10.1002/jsfa.7318

Poli, A., Gugliandolo, C., Spanò, A., Taurisano, V., Di Donato, P., Maugeri, T. L., et al. 
(2015). Poly-[gamma]-glutamic acid from Bacillus Horneckiae strain APA of shallow 
marine vent origin with antiviral and immunomodulatory effects against herpes simplex 
virus Type-2. J. Mar. Sci. Res. Dev. 5:1. doi: 10.4172/2155-9910.1000173

Richard, A., and Margaritis, A. (2001). Poly (glutamic acid) for biomedical 
applications. Crit. Rev. Biotechnol. 21, 219–232. doi: 10.1080/07388550108984171

Richard, A., and Margaritis, A. (2003). Rheology, oxygen transfer, and molecular 
weight characteristics of poly(glutamic acid) fermentation by Bacillus subtilis. Biotechnol. 
Bioeng. 82, 299–305. doi: 10.1002/bit.10568

Richard, A., and Margaritis, A. (2006). Kinetics of molecular weight reduction of poly 
(glutamic acid) by in situ depolymerization in cell-free broth of Bacillus subtilis. 
Biochem. Eng. J. 30, 303–307. doi: 10.1016/j.bej.2006.05.014

Ryu, M., Nakazawa, T., Akagi, T., Tanaka, T., Watanabe, R., Yasuda, M., et al. (2011). 
Suppression of phagocytic cells in retinal disorders using amphiphilic poly (γ-glutamic 
acid) nanoparticles containing dexamethasone. J. Control. Release 151, 65–73. doi: 
10.1016/j.jconrel.2010.11.029

Scheel, R. A., Fusi, A. D., Min, B. C., Thomas, C. M., Ramarao, B. V., and Nomura, C. T. 
(2019). Increased production of the value-added biopolymers poly (R-3-
hydroxyalkanoate) and poly (γ-glutamic acid) from hydrolyzed paper recycling waste 
fines. Front. Bioeng. Biotechnol. 7:409. doi: 10.3389/fbioe.2019.00409

Scoffone, V., Dondi, D., Biino, G., Borghese, G., Pasini, D., Galizzi, A., et al. (2013). 
Knockout of pgdS and ggt genes improves γ-PGA yield in B. subtilis. Biotechnol. Bioeng. 
110, 2006–2012. doi: 10.1002/bit.24846

Sebastián, G. M., Montserrat, A., and José, A. P. (2013). Chemical modification of 
microbial poly (γ-glutamic acid). J. Renew. Mater. 1, 42–60. doi: 10.7569/
JRM.2012.634105

Shi, I. L., Van, Y. T., and Chang, Y. N. (2002). Application of statistical experimental 
methods to optimize production of poly (γ-glutamic acid) by Bacillus licheniformis CCRC 
12826. Enzym. Microb. Technol. 31, 213–220. doi: 10.1016/S0141-0229(02)00103-5

https://doi.org/10.3389/fmicb.2024.1348411
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1128/jb.76.5.499-503.1958
https://doi.org/10.3390/foods11050739
https://doi.org/10.3390/foods11050739
https://doi.org/10.1016/j.biomaterials.2014.01.050
https://doi.org/10.1016/j.biomaterials.2014.01.050
https://doi.org/10.1186/s13068-020-01818-
https://doi.org/10.1007/s10068-012-0032-2
https://doi.org/10.1016/j.ijfoodmicro.2010.06.023
https://doi.org/10.1186/s13068-016-0537-7
https://doi.org/10.1080/09205063.2018.1535820
https://doi.org/10.1002/btpr.370
https://doi.org/10.1128/aem.56.12.3671-3677.1990
https://doi.org/10.1007/s10295-015-1640-7
https://doi.org/10.1128/jb.180.1.52-58.1998
https://doi.org/10.2323/jgam.57.35
https://doi.org/10.1016/j.jbiosc.2016.03.007
https://doi.org/10.1016/j.jbiosc.2016.03.007
https://doi.org/10.1111/febs.12591
https://doi.org/10.1007/s13399-021-01467-0
https://doi.org/10.3389/fimmu.2019.01604
https://doi.org/10.1111/j.1432-1033.1997.00905.x
https://doi.org/10.17219/pim/143975
https://doi.org/10.1271/bbb.61.1684
https://doi.org/10.1099/mic.0.081448-0
https://doi.org/10.1271/bbb.90341
https://doi.org/10.1099/mic.0.026435-0
https://doi.org/10.1016/S0003-4975(99)00153-8
https://doi.org/10.1007/s11356-018-1890-9
https://doi.org/10.4014/jmb.1104.04047
https://doi.org/10.4014/jmb.1104.04047
https://doi.org/10.1016/j.bbalip.2004.11.010
http://nopr.niscpr.res.in/handle/123456789/394
http://nopr.niscpr.res.in/handle/123456789/394
https://doi.org/10.1016/j.procbio.2014.12.024
https://doi.org/10.1016/j.procbio.2014.12.024
https://doi.org/10.1002/jsfa.7318
https://doi.org/10.4172/2155-9910.1000173
https://doi.org/10.1080/07388550108984171
https://doi.org/10.1002/bit.10568
https://doi.org/10.1016/j.bej.2006.05.014
https://doi.org/10.1016/j.jconrel.2010.11.029
https://doi.org/10.3389/fbioe.2019.00409
https://doi.org/10.1002/bit.24846
https://doi.org/10.7569/JRM.2012.634105
https://doi.org/10.7569/JRM.2012.634105
https://doi.org/10.1016/S0141-0229(02)00103-5


Elbanna et al. 10.3389/fmicb.2024.1348411

Frontiers in Microbiology 21 frontiersin.org

Shih, L., and Van, Y. T. (2001). The production of poly-(γ-glutamic acid) from 
microorganisms and its various applications. Bioresour. Technol. 79, 207–225. doi: 
10.1016/S0960-8524(01)00074-8

Shih, I. L., Van, Y. T., Yeh, L. C., Lin, H. G., and Chang, Y. N. (2001). Production of a 
biopolymer flocculant from Bacillus licheniformis and its flocculation properties. 
Bioresour. Technol. 78, 267–272. doi: 10.1016/S0960-8524(01)00027-X

Shih, L., Wu, P. J., and Shieh, C. J. (2005). Microbial production of a poly (γ-glutamic 
acid) derivative by Bacillus subtilis. Process Biochem. 40, 2827–2832. doi: 10.1016/j.
procbio.2004.12.009

Shin, E. J., Sung, M. J., Park, J. H., Yang, H. J., Kim, M. S., Hur, H. J., et al. (2015). Poly-
gamma-glutamic acid induces apoptosis via reduction of COX-2 expression in TPA-
induced HT-29 human colorectal Cancer cells. Int. J. Mol. Sci. 16, 7577–7586. doi: 
10.3390/ijms1604757

Siaterlis, A., Deepika, G., and Charalampopoulos, D. (2009). Effect of culture 
medium and cryoprotectants on the growth and survival of probiotic lactobacilli 
during freeze drying. Lett. Appl. Microbiol. 48, 295–301. doi: 10.1111/j.1472-765X. 
2008.02529.x

Singer, J. W. (2005). Paclitaxel poliglumex (XYOTAX™, CT-2103): a macromolecular 
taxane. J. Control. Release 109, 120–126. doi: 10.1016/j.jconrel.2005.09.033

Singh, V., Haque, S., Niwas, R., Srivastava, A., Pasupuleti, M., and Tripathi, C. K. M. 
(2016). Strategies for fermentation medium optimization: an in-depth review. Front. 
Microbiol. 7:2087. doi: 10.3389/fmicb.2016.02087

Sirisansaneeyakul, S., Cao, M., Kongklom, N., Chuensangjun, C., Shi, Z., and Chisti, Y. 
(2017). Microbial production of poly-γ-glutamic acid. World J. Microbiol. Biotechnol. 33, 
1–8. doi: 10.1007/s11274-017-2338-y

Smith, I. H., and Pace, G. W. (1982). Recovery of microbial polysaccharides. J. Chem. 
Technol. Biotechnol. 32, 119–129. doi: 10.1002/jctb.5030320116

Soliman, N. A., Berekaa, M. M., and Abdel-Fattah, Y. R. (2005). Polyglutamic acid 
(PGA) production by Bacillus sp. SAB-26: application of Plackett–Burman experimental 
design to evaluate culture requirements. Appl. Microbiol. Biotechnol. 69, 259–267. doi: 
10.1007/s00253-005-1982-6

Spizizen, J. (1958). Transformation of biochemically deficient strains of Bacillus 
subtilis by deoxyribonucleate. Proc. Natl. Acad. Sci. 44, 1072–1078. doi: 10.1073/
pnas.44.10.1072

Stanley, N. R., and Lazazzera, B. A. (2005). 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. 57, 1143–1158. doi: 
10.1111/j.1365-2958.2005.04746.x

Sung, M. H., Park, C., Choi, J. C., Uyama, H., and Park, S. L. (2005a). Hyaluronidase 
inhibitor containing poly-gamma-glutamic acid as an effective component. US Patent 
12/090678

Sung, M. H., Park, C., Kim, C. J., Poo, H., Soda, K., and Ashiuchi, M. (2005b). Natural 
and edible biopolymer poly-γ-glutamic acid: synthesis, production, and applications. 
Chem. Rec. 5, 352–366. doi: 10.1002/tcr.20061

Tajima, T., and Sukigara, S. (2012). Effect of alum treatment on the mechanical and 
antibacterial properties of poly-g-glutamic acid nanofibers. Text. Res. J. 82, 1211–1219. 
doi: 10.1177/0040517511436207

Tamura, M., Hori, S., Inose, A., and Kobori, M. (2020). Effects of γ-Polyglutamic acid 
on blood glucose and Caecal short chain fatty acids in adult male mice. Food Nutr. Sci. 
11, 8–22. doi: 10.4236/fns.2020.111002

Tang, B., Lei, P., Xu, Z., Jiang, Y., Xu, Z., Liang, J., et al. (2015). Highly efficient rice 
straw utilization for poly-(γ-glutamic acid) production by Bacillus subtilis NX-2. 
Bioresour. Technol. 193, 370–376. doi: 10.1016/j.biortech.2015.05.110

Tanimoto, H., Fox, T., Eagles, J., Satoh, H., Nozawa, H., Okiyama, A., et al. (2007). 
Acute effect of poly-γ-glutamic acid on calcium absorption in post-menopausal women. 
J. Am. Coll. Nutr. 26, 645–649. doi: 10.1080/07315724.2007.10719642

Tarui, Y., Iida, H., Ono, E., Miki, W., Hirasawa, E., Fujita, K. I., et al. (2005). 
Biosynthesis of poly-γ-glutamic acid in plants: transient expression of poly-γ-glutamate 
synthetase complex in tobacco leaves. J. Biosci. Bioeng. 100, 443–448. doi: 10.1263/
jbb.100.443

Tian, G., Fu, J., Wei, X., Ji, Z., Ma, X., Qi, G., et al. (2014). 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. 89, 1825–1832. doi: 10.1002/
jctb.4261

Tian, T., Kang, J. W., Kang, A., and Lee, T. S. (2019). Redirecting metabolic flux via 
combinatorial multiplex CRISPRi-mediated repression for isopentenol production in 
Escherichia coli. ACS Synth. Biol. 8, 391–402. doi: 10.1021/acssynbio.8b00429

Tomcsik, J., and Szongott, H. (1933). On a specific protein of the capsule of the 
Anthrax Bacillus. Z. Immun.forsch. Exp. Ther. 78, 86–99.

Tork, S. E., Aly, M. M., Alakilli, S. Y., and Al-Seeni, M. N. (2015). Purification and 
characterization of gamma poly glutamic acid from newly Bacillus licheniformis NRC20. 
Int. J. Biol. Macromol. 74, 382–391. doi: 10.1016/j.ijbiomac.2014.12.017

Tran, L. S. P., Nagai, T., and Itoh, Y. (2000). Divergent structure of the ComQXPA quorum-
sensing components: molecular basis of strain-specific communication mechanism in 
Bacillus subtilis. Mol. Microbiol. 37, 1159–1171. doi: 10.1046/j.1365-2958.2000.02069.x

Troy, F. A. (1973). Chemistry and biosynthesis of the poly (γ-d-glutamyl) capsule in 
Bacillus licheniformis: I. Properties of the membrane-mediated biosynthetic reaction. J. 
Biol. Chem. 248, 305–315. doi: 10.1016/S0021-9258(19)44475-X

Tsao, D. H. (2004). 1H, 13C, and 15N backbone assignments and secondary structure 
for the 60.8 kD dimer of the NAD+ synthetase from Bacillus subtilis. J. Biomol. NMR 28, 
301–302.

Tsao, C. T., Chang, C. H., Lin, Y. Y., Wu, M. F., Wang, J. L., Han, J. L., et al. (2010). 
Antibacterial activity and biocompatibility of a chitosan–γ-poly (glutamic acid) 
polyelectrolyte complex hydrogel. Carbohydr. Res. 345, 1774–1780. doi: 10.1016/j.
carres.2010.06.002

Tsao, C. T., Chang, C. H., Lin, Y. Y., Wu, M. F., Wang, J. L., Youn, T. H., et al. (2011). 
Evaluation of chitosan/γ-poly (glutamic acid) polyelectrolyte complex for wound 
dressing materials. Carbohydr. Polym. 84, 812–819. doi: 10.1016/j.carbpol.2010.04.034

Urushibata, Y., Tokuyama, S., and Tahara, Y. (2002). Characterization of the Bacillus 
subtilis ywsC gene, involved in γ-polyglutamic acid production. J. Bacteriol. 184, 
337–343. doi: 10.1128/JB.184.2.337-343.2002

Vedadghavami, A., Minooei, F., Mohammadi, M. H., Khetani, S., Kolahchi, A. R., 
Mashayekhan, S., et al. (2017). Manufacturing of hydrogel biomaterials with controlled 
mechanical properties for tissue engineering applications. Acta Biomater. 62, 42–63. doi: 
10.1016/j.actbio.2017.07.028

Wang, S., Cao, X., Shen, M., Guo, R., Bányai, I., and Shi, X. (2012). Fabrication and 
morphology control of electrospun poly(γ-glutamic acid) nanofibers for biomedical 
applications. Colloids Surf. B Biointerfaces 89, 254–264. doi: 10.1016/j.
colsurfb.2011.09.029

Wang, L., Chen, S., and Yu, B. (2022). Poly-γ-glutamic acid: recent achievements, 
diverse applications and future perspectives. Trends Food Sci. Technol. 119, 1–12. doi: 
10.1016/j.tifs.2021.11.009

Wang, Q., Chen, S., Zhang, J., Sun, M., Liu, Z., and Yu, Z. (2008). Co-producing 
lipopeptides and poly-γ-glutamic acid by solid-state fermentation of Bacillus 
subtilis using soybean and sweet potato residues and its biocontrol and fertilizer 
synergistic effects. Bioresour. Technol. 99, 3318–3323. doi: 10.1016/j.biortech.2007. 
05.052

Wang, F., Liang, J., Xiao, W., Wang, W., and Fu, D. (2017). Improved production of 
poly-γ-glutamate by newly Bacillus subtilis 115. J. Biobaased Mater. Bioenergy 11, 
159–168. doi: 10.1166/jbmb.2017.1650

Wang, J., Yuan, H., Wei, X., Chen, J., and Chen, S. (2016). Enhancement of poly-γ-
glutamic acid production by alkaline pH stress treatment in Bacillus licheniformis 
WX-02. J. Chem. Technol. Biotechnol. 91, 2399–2403. doi: 10.1002/jctb.4822

Weber, J. (1990). Poly (gamma-glutamic acid) s are the major constituents of 
nematocysts in Hydra (Hydrozoa, Cnidaria). J. Biol. Chem. 265, 9664–9669. doi: 
10.1016/S0021-9258(19)38721-6

Wei, X., Ji, Z., and Chen, S. (2010). Isolation of halotolerant Bacillus licheniformis 
WX-02 and regulatory effects of sodium chloride on yield and molecular sizes of poly-
γ-glutamic acid. Appl. Biochem. Biotechnol. 160, 1332–1340. doi: 10.1007/
s12010-009-8681-1

Wu, Q., Xu, H., Liang, J., and Yao, J. (2010a). Contribution of glycerol on production 
of poly (γ-glutamic acid) in Bacillus subtilis NX-2. Appl. Biochem. Biotechnol. 160, 
386–392. doi: 10.1007/s12010-008-8320-2

Wu, Q., Xu, H., Shi, N., Yao, J., Li, S., and Ouyang, P. (2008). 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. 79, 
527–535. doi: 10.1007/s00253-008-1462-x

Wu, Q., Xu, H., Xu, L., and Ouyang, P. (2006). Biosynthesis of poly (γ-glutamic acid) 
in Bacillus subtilis NX-2: regulation of stereochemical composition of poly (γ-glutamic 
acid). Process Biochem. 41, 1650–1655. doi: 10.1016/j.procbio.2006.03.034

Wu, Q., Xu, H., Ying, H., and Ouyang, P. (2010b). Kinetic analysis and pH-shift 
control strategy for poly (γ-glutamic acid) production with Bacillus subtilis CGMCC 
0833. Biochem. Eng. J. 50, 24–28. doi: 10.1016/j.bej.2010.02.012

Xie, X., Wu, X., Shen, Y., Song, M., Xu, C., Zhang, B., et al. (2020). Effect of poly-γ-
glutamic acid on hydration and structure of wheat gluten. J. Food Sci. 85, 3214–3219. 
doi: 10.1111/1750-3841.15400

Xu, Z., Shi, F., and Cen, P., (2005). Production of polyglutamic acid from mixed 
glucose and sucrose by co-cultivation of Bacillus subtilis and Corynebacterium 
glutamicum. In The 2005 AIChE annual meeting, Cincinnati (Vol. 4).

Yanagibashi, T., Kobayashi, M., and Omori, K. (2019). Application of poly-γ-glutamic 
acid Flocculant to flocculation–sedimentation treatment of ultrafine cement suspension. 
Water 11:1748. doi: 10.3390/w11091748

Yao, J., Jing, J., Xu, H., Liang, J., Wu, Q., Feng, X., et al. (2009). Investigation on 
enzymatic degradation of γ-polyglutamic acid from Bacillus subtilis NX-2. J. Mol. Catal. 
B Enzym. 56, 158–164. doi: 10.1016/j.molcatb.2007.12.027

Yi, Y., Xie, C., Liu, J., Zheng, Y., Wang, J., and Lu, X. (2021). Self-adhesive hydrogels 
for tissue engineering. J. Mat. Chem. B. 9, 8739–8767. doi: 10.1039/D1TB01503F

Yokoi, H., Natsuda, O., Hirose, J., Hayashi, S., and Takasaki, Y. (1995). Characteristics 
of a biopolymer flocculant produced by Bacillus sp. PY-90. J. Ferment. Bioeng. 79, 
378–380. doi: 10.1016/0922-338X(95)94000-H

https://doi.org/10.3389/fmicb.2024.1348411
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1016/S0960-8524(01)00074-8
https://doi.org/10.1016/S0960-8524(01)00027-X
https://doi.org/10.1016/j.procbio.2004.12.009
https://doi.org/10.1016/j.procbio.2004.12.009
https://doi.org/10.3390/ijms1604757
https://doi.org/10.1111/j.1472-765X.2008.02529.x
https://doi.org/10.1111/j.1472-765X.2008.02529.x
https://doi.org/10.1016/j.jconrel.2005.09.033
https://doi.org/10.3389/fmicb.2016.02087
https://doi.org/10.1007/s11274-017-2338-y
https://doi.org/10.1002/jctb.5030320116
https://doi.org/10.1007/s00253-005-1982-6
https://doi.org/10.1073/pnas.44.10.1072
https://doi.org/10.1073/pnas.44.10.1072
https://doi.org/10.1111/j.1365-2958.2005.04746.x
https://doi.org/10.1002/tcr.20061
https://doi.org/10.1177/0040517511436207
https://doi.org/10.4236/fns.2020.111002
https://doi.org/10.1016/j.biortech.2015.05.110
https://doi.org/10.1080/07315724.2007.10719642
https://doi.org/10.1263/jbb.100.443
https://doi.org/10.1263/jbb.100.443
https://doi.org/10.1002/jctb.4261
https://doi.org/10.1002/jctb.4261
https://doi.org/10.1021/acssynbio.8b00429
https://doi.org/10.1016/j.ijbiomac.2014.12.017
https://doi.org/10.1046/j.1365-2958.2000.02069.x
https://doi.org/10.1016/S0021-9258(19)44475-X
https://doi.org/10.1016/j.carres.2010.06.002
https://doi.org/10.1016/j.carres.2010.06.002
https://doi.org/10.1016/j.carbpol.2010.04.034
https://doi.org/10.1128/JB.184.2.337-343.2002
https://doi.org/10.1016/j.actbio.2017.07.028
https://doi.org/10.1016/j.colsurfb.2011.09.029
https://doi.org/10.1016/j.colsurfb.2011.09.029
https://doi.org/10.1016/j.tifs.2021.11.009
https://doi.org/10.1016/j.biortech.2007.05.052
https://doi.org/10.1016/j.biortech.2007.05.052
https://doi.org/10.1166/jbmb.2017.1650
https://doi.org/10.1002/jctb.4822
https://doi.org/10.1016/S0021-9258(19)38721-6
https://doi.org/10.1007/s12010-009-8681-1
https://doi.org/10.1007/s12010-009-8681-1
https://doi.org/10.1007/s12010-008-8320-2
https://doi.org/10.1007/s00253-008-1462-x
https://doi.org/10.1016/j.procbio.2006.03.034
https://doi.org/10.1016/j.bej.2010.02.012
https://doi.org/10.1111/1750-3841.15400
https://doi.org/10.3390/w11091748
https://doi.org/10.1016/j.molcatb.2007.12.027
https://doi.org/10.1039/D1TB01503F
https://doi.org/10.1016/0922-338X(95)94000-H


Elbanna et al. 10.3389/fmicb.2024.1348411

Frontiers in Microbiology 22 frontiersin.org

Yong, X., Raza, W., Yu, G., Ran, W., Shen, Q., and Yang, X. (2011). Optimization of the 
production of poly-γ-glutamic acid by Bacillus amyloliquefaciens C1  in solid-state 
fermentation using dairy manure compost and monosodium glutamate production residues 
as basic substrates. Bioresour. Technol. 102, 7548–7554. doi: 10.1016/j.biortech.2011.05.057

Yoon, S. H., Hwan Do, J., Yup Lee, S., and Nam Chang, H. (2000). Production of poly-
γ-glutamic acid by fed-batch culture of Bacillus licheniformis. Biotechnol. Lett. 22, 
585–588. doi: 10.1023/A:1005625026623

Young, H. K., and Richard, A. G. (1988). Effects of glucose and glycerol on 
γ-poly(glutamic acid) formation by Bacillus licheniformis ATCC 9945a. Biotech. 
Bioengine. 57, 430–437. doi: 10.1002/(SICI)1097-0290(19980220)57:4<430::AID-
BIT6>3.0.CO;2-N

Yu, H., Liu, H., Wang, L., Zhang, Y., Tian, H., and Ma, X. (2018). Effect of poly-γ-
glutamic acid on the stability of set yoghurts. J. Food Sci. Technol. 55, 4634–4641. doi: 
10.1007/s13197-018-3404-7

Yu, Z., Wei, Y., Fu, C., Sablani, S. S., Huang, Z., Han, C., et al. (2023). Antimicrobial 
activity of gamma-poly (glutamic acid), a preservative coating for cherris. Colloids Surf. 
B: Biointerfaces 225:113272. doi: 10.1016/j.colsurfb.2023.113272

Yu, C., Zang, Y., Wang, L., Wang, M., Liu, D., Ding, Y., et al. (2021). Rapid and rapid 
method to quantify poly (γ-glutamic acid) content via copper ion complexation. Int. J. 
Biol. Macromol. 180, 411–417. doi: 10.1016/j.ijbiomac.2021.03.030

Zeng, W., Chen, G., Guo, Y., Zhang, B., Dong, M., Wu, Y., et al. (2017). Production of poly-
γ-glutamic acid by a thermotolerant glutamate-independent strain and comparative analysis 
of the glutamate dependent difference. AMB Express 7, 1–13. doi: 10.1186/s13568-017-0512-0

Zeng, W., Chen, G., Wang, Q., Zheng, S., Shu, L., and Liang, Z. (2014). Metabolic 
studies of temperature control strategy on poly (γ-glutamic acid) production in a 
thermophilic strain Bacillus subtilis GXA-28. Bioresour. Technol. 155, 104–110. doi: 
10.1016/j.biortech.2013.12.086

Zeng, W., Chen, G., Wu, Y., Dong, M., Zhang, B., and Liang, Z. (2018). Nonsterilized 
fermentative production of poly-γ-glutamic acid from cassava starch and corn steep 
powder by a thermophilic Bacillus subtilis. J. Chem. Technol. Biotechnol. 93, 2917–2924. 
doi: 10.1002/jctb.5646

Zhan, Y., Sheng, B., Wang, H., Shi, J., Cai, D., Yi, L., et al. (2018). Rewiring glycerol 
metabolism for enhanced production of poly-γ-glutamic acid in Bacillus licheniformis. 
Biotechnol. Biofuels 11, 306–314. doi: 10.1186/s13068-018-1311-9

Zhang, D., Feng, X., Zhou, Z., Zhang, Y., and Xu, H. (2012). Economical production 
of poly (γ-glutamic acid) using untreated cane molasses and monosodium glutamate 

waste liquor by Bacillus subtilis NX-2. Bioresour. Technol. 114, 583–588. doi: 10.1016/j.
biortech.2012.02.114

Zhang, L., Gao, D., Li, J., Fang, N., Wang, L., and Shi, Y. (2016). Effects of poly-γ-
glutamic acid on soil nitrogen and carbon leaching and CO2 fluxes in a sandy clay loam 
soil. Can. J. Soil Sci. 97, 319–328. doi: 10.1139/cjss-2016-0127

Zhang, W., He, Y., Gao, W., Feng, J., Cao, M., Yang, C., et al. (2015). Deletion of genes 
involved in glutamate metabolism to improve poly-gamma-glutamic acid production in 
B. amyloliquefaciens LL3. J. Ind. Microbiol. Biotechnol. 42, 297–305. doi: 10.1007/
s10295-014-1563-8

Zhang, C., Wu, D. J., Jia, J., and Yang, H. Q. (2019a). Fishmeal wastewater as a low-cost 
nitrogen source for γ-polyglutamic acid production using Bacillus subtilis. Waste 
Biomass Valorization 10, 789–795. doi: 10.1007/s12649-017-0100-1

Zhang, C., Wu, D., and Ren, H. (2019b). Economical production of agricultural 
γ-polyglutamic acid using industrial wastes by Bacillus subtilis. Biochem. Eng. J. 146, 
117–123. doi: 10.1016/j.bej.2019.03.013

Zhang, L., Yang, X., Gao, D., Wang, L., Li, J., Wei, Z., et al. (2017). Effects of poly-γ-
glutamic acid (γ-PGA) on plant growth and its distribution in a controlled plant-soil 
system. Sci. Rep. 7:6090. doi: 10.1038/s41598-017-06248-2

Zhang, L., Zhu, X., Wu, S., Chen, Y., Tan, S., Liu, Y., et al. (2018). Fabrication and 
evaluation of a γ-PGA-based self-assembly transferrin receptor-targeting anticancer 
drug carrier. Int. J. Nanomedicine 13, 7873–7889. doi: 10.2147/IJN.S181121

Zhang, H., Zhu, J., Zhu, X., Cai, J., Zhang, A., Hong, Y., et al. (2012). 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. 116, 
241–246. doi: 10.1016/j.biortech.2011.11.085

Zhao, C., Zhang, Y., Wei, X., Hu, Z., Zhu, F., Xu, L., et al. (2013). Production of ultra-
high molecular weight poly-γ-glutamic acid with Bacillus licheniformis P-104 and 
characterization of its flocculation properties. Appl. Biochem. Biotechnol. 170, 562–572. 
doi: 10.1007/s12010-013-0214-2

Zhu, F., Cai, J., Zheng, Q., Zhu, X., Cen, P., and Xu, Z. (2014). A novel approach 
for poly-γ-glutamic acid production using xylose and corncob fibres hydrolysate 
in Bacillus subtillis HB-1. J. Chem. Technol. Biotechnol. 89, 616–622. doi: 10.1002/
jctb.4169

Zwartouw, H. T., and Smith, H. (1956). Polyglutamic acid from Bacillus anthracis 
grown in vivo: structure and aggressin activity. Biochem. J. 63, 437–442. doi: 10.1042/
bj0630437

https://doi.org/10.3389/fmicb.2024.1348411
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1016/j.biortech.2011.05.057
https://doi.org/10.1023/A:1005625026623
https://doi.org/10.1002/(SICI)1097-0290(19980220)57:4<430::AID-BIT6>3.0.CO;2-N
https://doi.org/10.1002/(SICI)1097-0290(19980220)57:4<430::AID-BIT6>3.0.CO;2-N
https://doi.org/10.1007/s13197-018-3404-7
https://doi.org/10.1016/j.colsurfb.2023.113272
https://doi.org/10.1016/j.ijbiomac.2021.03.030
https://doi.org/10.1186/s13568-017-0512-0
https://doi.org/10.1016/j.biortech.2013.12.086
https://doi.org/10.1002/jctb.5646
https://doi.org/10.1186/s13068-018-1311-9
https://doi.org/10.1016/j.biortech.2012.02.114
https://doi.org/10.1016/j.biortech.2012.02.114
https://doi.org/10.1139/cjss-2016-0127
https://doi.org/10.1007/s10295-014-1563-8
https://doi.org/10.1007/s10295-014-1563-8
https://doi.org/10.1007/s12649-017-0100-1
https://doi.org/10.1016/j.bej.2019.03.013
https://doi.org/10.1038/s41598-017-06248-2
https://doi.org/10.2147/IJN.S181121
https://doi.org/10.1016/j.biortech.2011.11.085
https://doi.org/10.1007/s12010-013-0214-2
https://doi.org/10.1002/jctb.4169
https://doi.org/10.1002/jctb.4169
https://doi.org/10.1042/bj0630437
https://doi.org/10.1042/bj0630437

	Poly (γ) glutamic acid: a unique microbial biopolymer with diverse commercial applicability
	1 Introduction
	2 PGA producing microorganisms
	2.1 γ-PGA production with Bacillus licheniformis 
	2.2 γ-PGA production with Bacillus subtilis 
	2.3 γ-PGA production with Bacillus amyloliquefaciens 
	2.4 γ-PGA production with other Bacillus species
	2.5 Halophiles-based production of γ-PGA
	2.6 γ-PGA production from genetically modified microorganisms

	3 Mechanism of γ-PGA biosynthesis
	3.1 Racemization of γ-PGA
	3.2 γ-PGA synthesis and polymerization
	3.3 Depolymerases-based γ-PGA degradation
	3.4 γ-PGA regulation genes

	4 Limitations and commercialization strategies of γ-PGA production
	5 γ-PGA production affecting factors
	5.1 Effect of media components on γ-PGA production
	5.2 Impact of fermentation conditions on γ-PGA production
	5.3 Improved cell membrane permeability for enhanced γ-PGA secretion
	5.4 Genetic manipulation
	5.5 Extraction, recovery, and purification of γ-PGA
	5.5.1 Precipitation by solvents
	5.5.2 Precipitation by metal ions
	5.5.3 Ultrafiltration

	6 Identification and characterization of γ-PGA
	6.1 Determination of molecular weight
	6.2 Analysis of amino acids
	6.2.1 Fourier-transform infrared spectroscopy
	6.2.2 Nuclear magnetic resonace (NMR) spectroscopy

	7 Quantification of γ-PGA content in supernatants of crude fermentation
	8 Applications of γ-PGA
	8.1 Medical and pharmaceutical applications of γ-PGA
	8.1.1 γ-PGA applications as drug carrier and anticancer agent
	8.1.2 γ-PGA applications in tissue engineering
	8.1.3 γ-PGA applications as antimicrobial agent
	8.1.4 γ-PGA applications as biomedical adhesives and glues
	8.2 γ-PGA applications in cosmetics
	8.3 γ-PGA applications in food industries
	8.4 γ-PGA applications as a soil conditioner in agriculture
	8.5 γ-PGA applications in wastewater treatment

	9 Conclusions and future perspectives
	Author contributions

	 References

