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A B S T R A C T

Microbially produced gamma poly glutamic acid (γ–PGA) is a commercially important biopolymer with many
applications in foods and various other substances and are abundantly used in different parts of the world. With
an aim to study the potent γ–PGA producing Bacillus species, a total of 47 different samples (Kinema, soil, and
water) were randomly collected from different locations across the country, and Bacillus sp. were selectively
isolated, screened, and characterized by performing physiological, biochemical, morphological, and 16S rRNA
gene sequencing. The microbial production of γ–PGA was assayed with the selected isolates on the PGA medium
and the metabolite obtained was recovered by ethanol precipitation method and further characterized by thin-
layer chromatography (TLC). Thermotolerance (25–60 �C), pH tolerance (4–9), and NaCl tolerance (1–9%)
tests were performed to optimize the bacterial growth and γ–PGA production and its viscosity were measured by
Ostwald's viscometer. Out of 145 randomly selected colonies, 63 isolates were Gram-positive, rods, and endospore
producers and were presumptively confirmed as genus Bacillus. Higher growth of γ–PGA producers were reported
in 22 isolates and was found at optimum conditions such as temperature (30–37 �C), pH (6.5–7), incubation time
(3 days), and NaCl concentration (3%) and γ–PGA thus produced was further verified by TLC with the retention
factor (RF) value 0.27. The potent isolates were closely similar to Bacillus subtilis subsp. stercoris, Bacillus cereus,
Bacillus paranthracis, and Bacillus licheniformis etc. Based on the findings of the study, B. licheniformis is the most
potent γ–PGA producing Bacillus sp. which can further be used for the commercial production of γ–PGA. To the
best of our knowledge, there is yet no published research from Nepal showing the production of the γ–PGA
although microbially produced γ–PGA are the major constituents in some popular foods in particular communities
of the country.
1. Introduction

Polyglutamic acid (PGA), a poly amino acid is a naturally presenting
anionic, biodegradable, water-soluble, non-toxic, gluey, consumable
biopolymer comprising the residues of D and L-glutamic acids with a
wide range of commercial applications [1, 2, 3]. Gamma poly glutamic
acid (γ–PGA), a type of PGA is a naturally occurring poly (amino acid)
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polymerized by γ–amide linkages that consist of numerous free carboxyl
groups in the principal chain of γ–PGA synthesized by some strains of
Bacillus [4]. γ–PGA, the biodegradable and non-toxic substance with
superior absorbency and moisture retention, has been synthesized for a
variety of industrial uses, including flocculants, hydrogels, cosmetics,
thickeners, medication delivery, dispersants and feed additives [5]. Ba-
cillus sp. is one of the most investigated microbial groups because they
.
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Table 1. Sample description and gram-positive isolated strain.

Location Sample code Sample type (n) Isolated strain

Tatopani T Water (n ¼ 2) 2

Bhotekoshi B Water (n ¼ 1) 3

Dharan KD Kinema (n ¼ 1) 2

Kathmandu KK Kinema (n ¼ 1) 2

Solukhumbu KS Kinema (n ¼ 1) 5

Kathmandu CM Soil, Compost (n ¼ 10) 3

Syangja SY, G, WK Soil, water (n ¼ 5) 5

Butwal BUT Soil, water (n ¼ 3) 5

Pokhara PKr Soil, water (n ¼ 2) 9

Chitwan CO Soil, water (n ¼ 7) 4

Kathmandu DS, D, JD Kinema (n ¼ 4) 9

Nawalparasi N Soil (n ¼ 4) 5

Bharatpur Bhw Soil (n ¼ 6) 9

Total isolates n ¼ 47 63
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can produce varieties of biotechnological applicable substances such as
γ–PGA, amylase, protease, etc. [6, 7, 8, 9].

Ivanovics and co-workers first discovered γ–PGA [10, 11] by releasing
Bacillus anthracis into the medium upon autoclaving or maturing and
autolysis of the cells. There are various sources for producing γ–PGA such as
mucilage “natto” (fermentedsoybean, a typeof traditional cuisine inJapan),
which comprises a blend of γ–PGA and fructan synthesized by Bacillus
subtilisvar sawamura [12, 13]. Previously, itwas reported thatFusobacterium
nucleatum–a Gram-negative bacterium, some archaea and eukaryotes have
been reported to synthesize γ–PGA [14, 15, 16]. However, for commercial
production of γ–PGA, the chiefly used strains included Bacillus licheniformis
and Bacillus subtilis [17, 18]. In many Asian countries, Bacillus sp. ferment
soybean products naturally, producing γ–PGA, which gives the product its
characteristic sticky texture [19] such as Natto of Japan [20, 21], Tung-
rymbai and Bekang of India [22] andKinema of eastern Nepal and southern
parts of Bhutan, Kalimpong, Darjeeling, and Sikkim in India [23].Kinema is
a naturally fermented soybean product with gluey, mild ammoniacalflavor
and non-salted nature consumed in Nepal among Rai, Limbu, Sherpa, and
Gurung communities. The synthesis of γ–PGA by Bacillus sp. is likely to be
the cause of relative viscosity and stickiness in Kinema [24].

The formation of γ–PGA in submerged fermentation (SMF) and solid-
state fermentation (SSF) has been researched by a number of researchers
[2], and they also explored the nutritional needs for bacteria synthesizing
Figure 1. γ-PGA biopolymer production on PGA medium (note: isolates indication f
respectively) (a); Clumping of insoluble material presumably γ-PGA biopolymer produ
licheniformis (KK7-12) on NA plate after incubation for 24 h at 37 �C (c); Gram stain
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γ–PGA to improve productivity and discovered that these properties
differed depending on the strains employed. Based on nutrient re-
quirements, γ–PGA producing bacteria are divided into two groups:
glutamic acid-dependent bacteria and glutamic acid-independent bacte-
ria. Several other parameters, in addition to glutamic acid, influenced the
productivity and quality of γ–PGA, including carbon and nitrogen sup-
plies, ionic strength, aeration, agitation, and medium pH [2]. The γ–PGA
production is significantly influenced by the activity of the existing gene
of Bacillus sp. The γ–PGA synthesizing genes such as pgsB, pgsC, pgsA, and
pgsE were first detected in B. subtilis and B. anthracis [25, 26, 27]. The
ratio of γ–PGA molecular weight and D-/L-glutamic acid depend on
species and growth conditions of microorganisms. B. licheniformis, for
example, produces several forms of γ-(D,L)-PGA, with D-glutamate con-
centrations varying from 10% to 100% [28, 29] whereas B. anthracis
mainly produces D-glutamic acid-type γ–PGA (γ-(D)-PGA) [30].

γ–PGA and its derivatives have broad applications and they are
widely used in the food industry as a food supplement for the promotion
of adsorption of bioavailable minerals such as Ca2þ [31], in medicine as a
drug carrier [32], tissue engineering [33], bioremediation [34] and other
purposes such as moisturizer [35], biocontrol agent [36], biodegradable
plastic [3], antibacterial agent [9] and many more. Various substrates
such as cane molasses, glucose, etc. can be used for synthesizing γ–PGA.
For the synthesis of γ–PGA, it is possible to use cheaper substrates such as
cane molasses instead of glucose [37]. In Nepal, cane molasses is abun-
dantly available, which could pave the way for the commercial produc-
tion of γ–PGA. Furthermore, residual monosodium glutamate can be
found in the waste liquor of the glutamic acid during the fermentation,
which might also be used to produce more γ–PGA.

This is the first research in Nepal exploring the γ–PGA production using
Bacillus sp. γ–PGA can be used in Nepal to solve different problems such as
treatment of wastewater as well as for developing biodegradable plastic to
reduce pollution,making dippers aswell as food additives. These could be the
milestones in the innovation and commercial production of γ–PGAwhich ul-
timatelymightcontributetothecountry'seconomy.Keepingthesethingsatthe
centralfocus, thestudytargetedtoscreenandidentifypotentγ–PGAproducing
Bacillus sp. fromNepalese soybean fermented food (Kinema), soil andwater.

2. Material and methods

2.1. Collection and processing of samples

Samples were obtained from different locations in Nepal from
November 2018 to April 2019. Altogether 47 samples (7 Kinema, 20 soil
rom left to right B2-10, CO4-1, DS4-1, D2- 5, B2-9, CM6-1, S6- 3, KK7-12, T2-3
ced by isolate strain S6-3 after addition of ethanol into PGA medium (b); Bacillus
ing of Bacillus licheniformis (KK7-12) (Gram-positive, rod) (d).



Figure 2. Proportion of Bacillus sp. isolated from different samples (a); the proportion of γ–PGA producing Bacillus sp. isolated from different samples (b).
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and 20 water samples) were collected in zip-lock sterile plastic bags and
transported to the Food Microbiology Laboratory of National College,
Khusibu, Kathmandu, and stored at room temperature. The selective
isolation of Bacillus sp. was performed according to the protocols followed
by Sapkota et al. [7]. The sample (10 g) was mixed with sterile water (90
mL) and heated in a water bath at 80 �C for about 10 min with constant
stirring. Later, it was serially diluted and spread platingwas performed on
nutrient agar (NA) and incubated at 37 �C for 24 h.
2.2. Isolation and screening of bacteria

The typically Bacillus like bigger colonies was randomly selected,
isolated, and further sub-cultured in NA (Hi-Media Pvt. Ltd, Bombay,
Figure 3. Hydrolysis of different
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India), and was preserved in 50% (v/v) glycerol stock solution at –20 �C
for further processing. The culture was grown on Luria-Bertani (LB) agar
at 37 �C for 24 h according to Tork et al. [38]. Only mucoid colonies were
selected as PGA producers [38].
2.3. Synthesis of PGA

Mucoid colonies were incubated for 24 h at 37 �C in a conical flask
comprising 100 mL of PGA medium (Hi-Media Pvt. Ltd, Bombay, India)
consisting of C₅H₈NO₄Na (2%), C6H12O6 (2%), (NH4)2SO4 (1%),
Na2HPO4 (0.1%), KH2PO4 (0.1%), MgSO4.7H2O (0.05%), Mn(Cl2).4H2O
(0.002%), and FeCl3.7H2O (0.005%) [39]. After incubation, the culture
was centrifuged for 20 min at 10,000 rpm to extract insoluble material
substrates by isolated strains.



Table 2. Screening of γ–PGA and endospore-forming isolate with sugars utilizing abilities.

S.N. Strain code γ–PGA production (pH 6.5) Endospore staining Glucose Sucrose Lactose

1 B2-9 þþþþ Non-spore former Y,- Y,- R,-

2 D2-5 þþþþ Spore former Y,- Y,þ R,-

3 S6-3 þþþþ Spore former Y,- Y,- Y,-

4 CO4-1 þþþþ Spore former Y,- Y,- R,-

5 DS4-1 þþþþ Spore former Y,- Y,- R,-

6 CM6-2 þþþþ Spore former Y,- Y,- R,-

7 Bhw6-2 þþþþ Spore former Y,- Y,- R,-

8 Bhw2-1 þþþþ Spore former Y,- Y,- R,-

9 DS4-2 þþþþ Spore former Y,- Y,- R,-

10 KK4-2 þþþþ Spore former Y,- Y,- R,-

11 N6-2 þþþþ Non-spore former Y,- Y,- R,-

12 Pkr2-2 þþþþ Spore former Y,- Y,- R,-

13 T2-3 þþþþ Spore former Y,- Y,- Y,þ
14 B2-10 þþþþ Spore former Y,- Y,- Y,-

15 G2-2 þþþþ Spore former Y,- Y,þ R,-

16 D4-3 þþþþ Spore former Y,- Y,- R,-

17 JD6-1 þþþþ Spore former Y,- Y,- R,-

18 KS6-2 þþþþ Spore former Y,- Y,- R,-

19 WK2-1 þþþþ Non-spore former Y,- Y,- R,-

20 D2-10 þþþþ Spore former Y,- Y,- R,-

21 D2-1 þþþþ Spore former Y,- Y,- R,-

22. KK7-12 þþþþ Spore former Y,- Y,- R,-

S.N: Serial number, Note: (þþþþ): high γ –PGA Production, Y: yellow color and fermentative, R: red color and No fermentation, þ: Gas production, – No gas
production.
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from the supernatant. To obtain fibrous precipitate–presumably the
γ–PGA, an equal volume of ethanol was added to the supernatant.
2.4. Morphological, biochemical, physiological, and molecular
characterization of isolates

The morphological, physiochemical, and biochemical characteriza-
tion of isolates were performed based on methods proposed by Manual
Methods for Common Bacteriology [40]. Colonies obtained were sub-
jected to Gram's staining and relevant biochemical tests (catalase, oxi-
dase, Voges–Proskauer, gelatin hydrolysis, casein hydrolysis, citrate
Figure 4. Amino acid analysis (γ–PGA) by TLC method produced by different selecte
5: DS4-1, 6: CM6-2, 7: Bhw2-1).

4

utilization, and sugars fermentation) for confirmation of Bacillus sp. [8].
For the extraction of genomic DNA from the isolates, the cells were boiled
for 15 min before being centrifuged at 10,000 rpm for 20 min at 4 �C.
Polymerase chain reaction (PCR) was performed with the cell-free su-
pernatant, and the obtained products were purified using the QIA quick
PCR Purification Kit (Qiagen) following the manufacturer's guidelines.
DNA denaturation (30 cycles) at 98 �C for 10 seconds, primer annealing
at 55 �C for 5 s, and elongation at 72 �C for 1 min were performed during
the PCR. Amplification of the 16S rRNA gene was performed using the
following universal primer sets: 8F (50-AGAGTTTGATCCCTCAG-30) and
1492R (50-GGTTACCTTGTTACGACTT-30) [41, 42, 43]. By loading 7 μL
d strains. (Note: (S): Control glutamic acid 1: B2-9, 2: CO4-1, 3: D2-5, 4: KK7-12,



Figure 5. Growth of selected Bacillus isolates at different incubation period (a); temperatures (b); pH (c); NaCl concentration (d).
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of each PCR product with 2 μL of loading dye into the wells of 0.8%
agarose gel containing 2 μL/mL EtBr (ethidium bromide), the amplified
DNA fragments were separated using gel electrophoresis. The size of DNA
fragments was calculated using DNA markers as the visual reference. The
bands were visualized using a gel documentation system. For the 16S
rRNA gene sequencing, amplified DNA was sent to Macrogen (Korea).
The raw sequence was analyzed by Bio Lign 4.03. The MEGA version X
program was used to build the phylogenetic tree, which included
neighbor-joining, maximum-parsimony, and maximum-likelihood ap-
proaches [44, 45], with bootstrap values computed from 1000
replications.
2.5. Effect of incubation temperature and time on growth condition

The growth conditions for each isolate were optimized with variation
in pH, temperature, NaCl, and incubation period. At the end of the in-
cubation period, bacterial growth was observed under a UV spectro-
photometer at 610 nm. The viscosity of fermented broth was measured
using Ostwald's viscometer [38]. The effect of temperature on bacterial
growth was optimized at various temperatures (25–60 �C) for up to 5
days. Likewise, the effect of incubation time on bacterial growth was
optimized at various time intervals (24–96 h) up to 5 days. The growth of
isolates and relative viscosity was measured every 24 h using a
spectrophotometer.
2.6. Effect of pH and NaCl concentrations on bacterial growth

The effect of pH on bacterial growth was optimized at a pH range of
4–9 up to 5 days. Likewise, the effect of NaCl concentration on bacterial
growth was optimized at various concentrations of salt (1–9%) for up to 5
days. The growth of isolates and relative viscosity (ʎ ¼ 610 nm) was
measured every 24 h using a spectrophotometer.
5

2.7. Measurement of viscosity

Following bacterial cells removal, the relative viscosity of the culture
filtrate was determined with a conventional Ostwald viscometer at 30 �C
[38]. Estimation of flow time was carried out, and the relative viscosi-
ty–the ratio of polymer viscosity to solvent viscosity was calculated using
the formula as given below: [38, 46]

Relative viscosity ðμrÞ¼ μ=μL

where μr denotes relative viscosity, μL is the viscosity of de-ionized
water, and μ is the viscosity of the sample [38].

Density ðρÞ¼mass=volume ðkg =m3Þ

μr ¼ ρ � ts=ρ � t�

Where ts is the sample's falling time (sec.) at 30 �C and to (sec.) is the
falling time of de-ionized water at similar conditions.
2.8. Amino acid analysis

The amino acid analysis was done by the TLC (thin-layer chroma-
tography) according to the protocol developed by Song et al. [47] with
somemodifications. For γ–PGA analysis, obtained γ–PGAwas hydrolyzed
with 6N HCl at 100 �C for 60 min based on the quantity of γ–PGA in an
airtight tube followed by evaporation to eliminate of residual HCL, and
then the hydrolyzed product was dissolved in 1 mL distilled water and
the 5 μL of this solution was loaded onto a TLC plate. TLC was conducted
on a silica plate with solvent systems of butanol–acetic acid-water (4:1:3,
w/w) or ethanol-water (7:3 v/v). Detection of amino acids was accom-
plished by spraying the samples with 0.2% ninhydrin. The purity of
γ–PGA is confirmed by the presence of glutamic acid.



Figure 6. Change of relative viscosity on PGA medium produced by selected
strains at different incubation days (a); temperature (b); pH (c).
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2.9. Data analysis

Analysis of data as well as plots’ construction was done using the
ggplot2 (grammar of graphics, version 3.3.2) package of R-programming
Language (version 1.2.5033) (https://cran.r-project.org/). The assigned
Genbank accession number for the isolates B2-9, CO4-1, D2-5, and KK7-
12 are LC537275, LC537276, LC537277, and LC537278 respectively.

3. Results and discussion

Colonies exhibiting the typical characteristics of theBacillus sp. (creamy
white color, soft consistency, mucoid appearance, convex and flat eleva-
tion, and irregular shape) were selected for further studies [7, 8, 48]. After
performing Gram's staining of all 145 isolates from different locations of
Nepal, 63 isolates were found to be Gram-positive, rods, spore-forming
whereas the remaining 82 bacteria in total were Gram-negative and
non-spore forming (Table 1, Figure 1c and d). The γ–PGA production was
shown in Figure 1a and b. The total numbers of Bacillus sp. isolated from
different samples are Kinema (14), soil (24), hot water (8), compost (17)
(Figure2).Although lowerproportions ofBacillus sp. (22.2%(14/63))were
isolated from the Kinema sample, the higher proportions of γ–PGA pro-
ducers (92.8% (13/14)) were reported indicating that γ–PGA producing
Bacilluswere the dominantly present inKinema. Thisfinding is in tunewith
Chettri et al. [39] who reported that the γ–PGA producing Bacillus sp. were
predominantly present in Kinema. Similarly, B. licheniformis, B. subtilis, B.
circulans, B. thuringiensis and B. cereus were isolated from the Kinema sam-
ples in previous studies [49, 50, 51]. Likewise, the soil is also the common
habitat for Bacillus sp. In the current study, 38.1% (24/63) Bacillus sp. was
isolated from the soil amongst which 66.6% (16/24) Bacillus sp. are γ–PGA
producers. Sy et al. [52] also reported the potent γ–PGA producing Bacillus
6

sp. from the soil. Similarly, in the present study, the proportion of Bacillus
sp. isolated from hot water is 12.7% (8/63) with 75% (6/8) γ–PGA pro-
ducers, compost is 26.9% (17/63) with 64.7% (11/17) γ–PGA producers.
Previous studies also reported the γ–PGA producing Bacillus sp. from hot
water samples [53]. However, there are very few studies on the isolation of
γ–PGA producing Bacillus sp. from compost samples. All the findings indi-
cate that Bacillus sp. capable of producing γ–PGA is abundantly distributed
in a different environment.

All isolates were catalase positive while the oxidase test gave variable
results. It can be noted that 22 isolates could produce higher γ–PGA and
all isolates were found to be endospore former except three isolates B2-9,
N6-2, and WK2-1 were found to be non-spore former. Figure 3 demon-
strates the zone of the starch, gelatin, and casein hydrolysis ranging from
1-9 mm, 9–12 mm, and 0.5–6 mm respectively. After 24 h incubation at
37 �C, all 22 isolates had the ability of hydrolysis, but all isolates did not
show lipid hydrolysis and GYP hydrolysis except one isolate D2-5 showed
GYP hydrolysis. This showed that Bacillus sp. produced γ–PGA along with
the amylase and protease enzyme. The study showed that some bacterial
isolates had a high zone of starch hydrolysis (9 mm diameter), which
could be used in amylase industries, while some showed a high zone of
casein hydrolysis (6 mm diameter), which also could be used in dairy
industries as milk clotting enzyme. Additionally, different sugar utiliza-
tion test was also conducted for the identification of Bacillus (Table 2). All
isolates were capable of utilizing glucose and sucrose amongst which
only two isolates were gas producers. Likewise, only 3 isolates were
found to be lactose fermenters with only one of them producing gas.
Sapkota et al. [7] reported that Bacillus sp. are capable of fermenting
various sugars such as glucose, lactose, sucrose, etc., which is consistent
with the findings of this study.

TLC is a significant and cost-effective method used to identify amino
acids [54]. In this study, TLC was used to confirm that the compound
produced by Bacillus sp. is poly glutamic acid. TLC is also based on the
separation principle which relies on the relative affinity of the com-
pounds to the stationary and mobile phases [55]. Based on this principle,
the present study identified the amino acid present in the compound
produced by the Bacillus sp. Figure 4 demonstrates eight distinct (S,1–7)
spots of the amino acid (γ–PGA) produced by the selected Bacillus strain.
Standard glutamic acid codes as S and other strains codes from 1-7 such
as B2-9, CO4-1, D2-5, KK7-12, DS4-1, CM6-2, and Bhw2-1 respectively.
The amino acids in γ–PGA produced from Bacillus strains were charac-
terized using TLC. The distance travelled by all the compounds was found
to be 3.2 cm and that of solvent was found to be 12.5 on the TLC plate.
Likewise, the distance travelled by the standard glutamic acid (positive
control) was found to be 3.1 cm and the color spots obtained were
compared with γ–PGA producing isolates. The retention factor of control
(S) was found to be 0.25 and the rest of the compounds produced by
selected bacterial strains were found to be 0.27, with the comparing
retention factor all compounds were found to be γ–PGA. The previous
study by Song et al. [47] also used TLC for the detection of the γ–PGA
synthesized by the Bacillus sp., which is in tune with the present study.

Optimization of bacterial growth at different temperatures, salt con-
centrations, and pH is illustrated in Figure 5. As depicted in Figure 5a, the
highest growth of isolates was observed after 3 days of incubation at 37
�C on the PGA medium. The optimal temperature for the growth was
reported to be 30–37 �C while some bacterial isolates showed the highest
growth at 37 �C on the PGA medium (Figure 5b). These findings were
commensurate with the study conducted by Song et al. [47] who also
reported that the growth of Bacillus sp. and maximum γ–PGA synthesis
was obtained at 37 �C. Likewise, B. subtilis F-2-01 was reported to
multiply and synthesize maximum γ–PGA at 37 �C in the research con-
ducted by Kubota et al. [4]. However, multiplication of B. licheniformis
and γ–PGA production was reported at the temperature range of 30–50
�C by Cheng et al. [17]. This showed the different Bacillus sp. has a
variable optimum temperature for the growth and maximum production
of γ–PGA. Similarly, Ju et al. [18] reported the growth of Bacillus sp. and
the highest γ–PGA production for 3 days of cultivation, which is

https://cran.r-project.org/


Figure 7. The positions of strains B2-9, D2-5, CO4-1, and KK7-12 are shown in a phylogenetic tree based on 16S rRNA gene sequences. At the branch points, bootstrap
values of more than 50% (expressed as percentages of 1000 replications) are displayed. Neighbour-joining, maximum-parsimony, and maximum-likelihood methods
were used to build the tree. A 0.05 nucleotide substitution per position is represented by the scale bar.
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consistent with our findings. No growth was observed at 55 �C and 60 �C
and poor growth were detected at 25 �C, 45 �C, and 50 �C in the present
study, revealing that the extreme higher and lower temperature is not
suitable for the growth of Bacillus sp. producing γ–PGA.

The maximum bacterial growth was recorded with a pH ranging from
6.5 to 7 (Figure 5c). Also, isolate CO4-1 and some other isolates showed
the highest bacterial growth at pH 7. No growth was observed at pH 4, 5,
8.5, and 9, but poor growth was observed at pH 5.5 and 8.5. In a study
conducted by Chettri et al. [39], 30 Bacillus isolates were reported to
produce PGA at pH 7.5, which showed that the pH can be varied among
different species of the Bacillus for the optimized production of γ–PGA.
The extreme pH affects the structure of all macromolecules resulting in
the breakage of hydrogen bonds holding together strands of DNA break.
Any changes in the pH affect the ionization of functional amino acid
Table 3. 16S rRNA gene sequencing similarity of potent poly γ-glutamic acid-
producing strains.

Isolate Code Close taxon name Strain's name Similarity (%)

B2-9 Bacillus subtilis subsp. stercoris D7XPN1 98.9%

D2-5 Bacillus cereus ATCC 14579 99.8%

CO4-1 Bacillus paranthracis Mn5 99.93%

KK7-12 Bacillus licheniformis ATCC 14580 99.8%
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groups, disrupting hydrogen bonding, which causes the folding of the
molecule, inducing denaturation and loss of the activity [56,57], thereby
decreasing the production of γ–PGA. Hence, optimum pH is very crucial
for the higher yield of γ–PGA. Likewise, the cell growth was hindered
with rising NaCl concentration, and no growth was observed beyond 7%
during γ–PGA production (Figure 5d), but most of the bacterial strain
showed the highest bacterial growth at a concentration ranging from 3%
NaCl concentration on the PGA medium. This could be the case since
higher salt concentrations can kill bacteria by extracting water via
osmosis. Bacterial proteins and enzymes are unable to function in the
absence of water, resulting in cell death [58]. The results of this study are
consistent with Ogawa et al. [6] who also reported that the bacterial
growth and most efficient γ–PGA production was achievable with 3%
(w/v) NaCl in the case of B. subtilis MR-141, yielding 22 g/L γ–PGA. In
contrast to our study, Wei et al. [59] found that the bacterial growth and
maximum γ–PGA production at 8% NaCl in halotolerant Bacillus lichen-
iformis WX-02.

The viscosities of γ–PGA produced by selected bacterial isolates
increased with incubation days and were found to be maximum at 4 days
of incubation (Figure 6a). The viscosity of PGA produced by selected
bacterial isolates increases at a temperature ranging from 35–37 �C
(Figure 6b). At low temperature and high temperature, the lowest vis-
cosity was observed. However, in the study conducted by Tork et al. [38],
the relative viscosity of the γ–PGA was found to be higher at 30 �C
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Figure 6c demonstrates that the viscosity of PGA produced by selected
bacterial isolates increases at pH ranging from 6.5–7. At low pH and high
pH, the lowest viscosity was observed. According to Kedia et al. [60], the
viscosity of γ–PGA is heavily reliant on both pH and ionic strength due to
sudden changes in the biopolymer's conformation caused by both pa-
rameters. Furthermore, for the isolates in this study, the optimal incu-
bation duration for growth and γ–PGA synthesis was 3–5 days. The
culture broth was found highly viscous at 37 �C and decreased at 45 �C.
This indicates that the viscosity is dependent on the temperature.

Based on high (þþþþ) fibrous precipitate at 37 �C, four selected
Bacillus isolates (B2-9, D2-5, CO4-1, and KK7-12) were identified by 16S
rRNA gene sequencing and matched to the GenBank database of the
National Center for Biotechnology Information (NCBI), Rockville Pike,
Bethesda MD, USA. Isolates KK7-12, B2-9, CO4-1, and D2-5 were iden-
tified as Bacillus licheniformis, Bacillus subtilis, Bacillus paranthracis, and
Bacillus cereus respectively. Likewise, using 16S rRNA gene sequencing,
Chettri et al. [39] also characterized the PGA-producing Bacillus sp. as
Bacillus subtilis, B. licheniformis and B. sonorensis. The phylogenetic tree
showed that all the isolates clustered with the respective group of Bacillus
sp. with more than 50% bootstrap values calculated from 1000 replica-
tions (Figure 7). The 16S rRNA gene sequence similarity percentage of
potent γ–PGA producing isolates with the nearest reference strains is
mentioned in Table 3.

4. Conclusion

Bacillus isolates B2-9, D2-5, CO4-1, and KK7-12 were found as potent
γ–PGA producers. They were identified as Bacillus subtilis subsp. stercoris,
Bacillus cereus, Bacillus paranthracis, and Bacillus licheniformis based on
physiological, morphological, biochemical, and 16S rRNA gene
sequencing techniques. The conditions for bacterial growth and γ–PGA
production varied based on their adaptability at different incubation
periods, temperatures, pH, and NaCl concentrations. Herein, under
proper optimization, B. licheniformis could be the promising agent for
commercial production of γ–PGA at an industrial scale for various pur-
poses. Further research is mandatory for the quantification, purification,
and characterization of γ–PGA synthesized by the Bacillus sp.
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