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Abstract

Background. Gamma-polyglutamic acid (y-PGA) is a microbially produced non-toxic peptide biopolymer
which is gaining grounds in many biotechnological fields and has a wide range of applications.

Objectives. In this study, the characteristics of y-PGA produced by Bacillus megaterium isolated from an oil
seed were determined, while the nutritional requirements of the bacterium were optimized using a predictive
15 factor-16 run Plackett—Burman experimental design.

Materials and methods. The main effect of each factor, the interaction and quadratic effects of the fac-
tors on optimized production were determined from Box—Benkhen model using Dell Statistica v. 12 and 13
software. Bacillus megaterium UP47 produced the highest y-PGA (16.33 g/L) out of 56 spore-forming Bacillus
strains isolated from soil, water and fermented food samples.

Results. Hydrolysates of the produced y-PGA had a retention factor which corresponded to the L-glutamic
acid standard (retention factor (rf) 0.35), while high-definition fourier transform infrared (FT-IR) spectroscopic
imaging showed characteristic peaks representative of the active bonds present in y-PGA. The y-PGA at a con-
centration as low as 50 mg/100 mL exerted antimicrobial inhibitions against test pathogens. A 2.00 w/v
y-PGA solution had 11 mm and 13 mm inhibition zones against Staphylococcus aureus and Shigella dysenteriae,
respectively. A second order polynomial equation for prediction of y-PGA was derived as:

yPGA yield = 3316.061 — 449.708A + 9.036A2 — 139.8138 + 3.095B2 — 7.699C — 0.164(2 + 13.116AB
—0.087AB2 — 0.248A28 + 3.781AC— 0.076A2C — 0.394BC.

|t showed an increase in y-PGA yield with increasing [-glutamic acid and biotin, but a decrease with yeast
extract.

Conclusions. Bacillus megaterium UPA7 had a maximum y-PGA yield of 54 g/L and 62 g/L, respectively,
from the Plackett—Burman and Box—Benkhen design, thereby resulting in an appreciable increase in polymer
yield after the optimization process with a 95% confidence level.

Key words: poly y-glutamic acid, optimized production media, polymer characterization, precursor require-
ments, antimicrobial potentials
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Background

During the growth process of microorganisms, complex
metabolic processes result in the production of natural
polymers known as biopolymers. These materials include,
among the others, exopolysaccharides and polyglutamic
acid."? Poly-gamma-glutamic acid (y-PGA) is a water-sol-
uble, biodegradable, non-immunogenic, non-toxic, and
unusual anionic homopolyamide and/or homopolypep-
tide made up of D- and L- a-amide-linked polymerized
units of glutamic acid.?~® Figure 1A shows the structure
of y-PGA. The production of y-PGA is influenced by dif-
ferent nutritional requirements of the y-PGA-producing
bacteria.®’” While some of these bacteria do not require
glutamic acid, others grow only in its presence or require
biotin.” The characteristics of y-PGA biopolymer which
have been exploited in its applications include its an-
ionic, biodegradable and water-soluble attributes. What
is of a great importance is the fact that y-PGA biopoly-
mer is edible and non-toxic to humans and the environ-
ment.3 Other relevant applications of y-PGA included
their potential to thicken food, relieve bitterness in drugs,
use as cryoprotective materials, in metal absorption and
dye removal.? Reported to have a ‘Generally Regarded
as Safe’ status (being a naturally derived food grade mate-

rial),!1%!1 y-PGA is also documented to have antimicrobial
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characteristics.!? Balogun-Agbaje et al. reported the anti-
fungal activities of y-PGA-based nanoparticles.® The an-
timicrobial potential of the y-PGA was therefore inves-
tigated in this work to ascertain the possible suitability
of the produced y-PGA in applications such as the medi-
cal, agricultural, food, pharmaceutical, and wastewater
treatment industries.

Experimental design techniques based on predictive
models present more evenhanded alternative to one-
variable-at-a-time (OVAT) approach for fermentation
improvement in laboratory-based experimentations, such
as Y-PGA production, considering the effects of time,
cost and labor involved in the traditional approach.!3
In present-day biotechnology, experimental designs such
as the Plackett—-Burman design can be used if it is de-
sired to screen a large number of factors (with as limited
experimental run as possible) to reduce and/or identify
the number of factors down to the key role-playing vari-
ables.'*-1¢ Furthermore, an economic factorial experi-
mental design, the Box—Behnken model, can be used
to determine the relationship between the response func-
tion and the experimental variables enlisted.!”

Microbial y-PGA production faces limitations due
to a high production cost, low yield, diverse nature
of media composition, and unique individual require-
ments of the producing microorganisms.™ Since the use

Amide absorption
C=0 stretch
C-N strtech

-OH & N-H stretch
2339.73

468.72

1624.12

3421.83

613.38

1128.39

Isolate Bacillus sp. UP47

3000 2000
RUNO715/ U-I / OMOLEYE-T / UP47

500
1/em

1500

1000

Fig. 1. Chemical structure of gamma-polyglutamic acid (y-PGA) (A), and thin layer chromatographic (B) and spectroscopic characteristics (fourier transform

infrared (FT-IR)) (C) of Bacillus megaterium UP47-produced y-PGA
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of predictive model provides a fast, reliable, labor-effi-
cient, and relatively cost-effective way to obtain labora-
tory-based experimentation in product optimization,®
it is expected that statistical models towards y-PGA pro-
duction could also lead to answers for cost-effective pro-
duction of y-PGA and other production problems of time
consumption, unreliability and laboriousness. Hence, this
work investigated the abilities of diversely sourced Ba-
cillus species to produce y-PGA, the characteristics and
antimicrobial potentials of the produced polymer, and
a statistical optimization of media components towards
y-PGA production.

Materials and methods

Media preparation and isolation
of Bacillus species

All media, chemicals and reagents used were of ana-
lytical grade, and they were prepared and used according
to the manufacturers’ instructions. The enlisted y-PGA
production medium was the modified y-PGA production
medium (PPM) proposed by Bajaj and Singhal'® and com-
posed of (g/L): L-glutamic acid (20), NH,Cl (6), citric acid
(12), NaCl (25), KC1 (0.66), MgSO,.7H,O (6.8), CaCl,.2H,0
(0.2), NaHCOj; (0.18), MgCl,.6H,0 (4.7), MnSO,.7H,O0
(0.05), K;HPO, (2), and glycerol (25 mL/L). Bacteria were
isolated from samples of a laboratory fermented Pentacle-
thra macrophylla (Ugba) seeds, while soil and water sam-
ples were collected from 3 engine oil-contaminated sites,
amaize rhizosphere, 2 domestic effluents, and 2 kettle/pot
rinses. All samples (10 g or 10 mL) were heated in a boiling
GFL 1083 shaker water bath (GFL Technology, Senden,
Germany) for 15 min to kill off non-sporulating microbial
cells and thus enhance the isolation of more Bacillus spe-
cies, mixed with 90 mL sterile distilled water, vortexed vig-
orously and serially diluted. Different dilutions (1 mL) from
each sample were aseptically transferred into 90 mm sterile
disposable Petri dishes, plated out on nutrient agar and
solidified PPM agar, and incubated at 30°C for 24—48 h."?
Morphologically distinct bacteria from inoculated Petri
dishes were subcultured onto nutrient agar plates to obtain
pure cultures. The pure cultures were stored on nutrient
agar slants in a refrigerator and in 25% glycerol nutrient
broth at —20°C.

Screening and selection of Bacillus species
for y-PGA-producing potentials

The isolates obtained from the different samples were
primarily screened for y-PGA production by checking for
slime-producing abilities using a sterile toothpick to touch
the bacterial colony and then gently drawing upwards.
The length of the stretched thread is regarded as an indi-
cation of an isolate’s ability to produce more y-PGA.2%2
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Physiological and biochemical
identification of Bacillus spp.

The identification of selected y-PGA-producing strains
was carried out using conventional methods of morpho-
logical and biochemical characterization, including Gram
staining, spore staining, catalase reaction, oxidase test,
starch hydrolysis, casein hydrolysis, citrate utilization,
gelatin liquefaction, urease test, methyl red test, H,S pro-
duction, motility, growth at 6.5% and 10% NaCl, as well as
carbohydrate fermentative abilities on sucrose, D-glucose,
lactose, fructose, galactose, maltose, mannitol, xylose and
sorbitol.?>

y-PGA production, extraction,
purification, and quantification

The most promising y-PGA producing bacterium was
used in further y-PGA production. The modified PPM
medium (25 mL) was sterilized and inoculated with
108 CFU/mL of the selected bacterium. It was fermented
at 30°C and 180 rpm for 72 h. After fermentation, the mi-
crobial cells were harvested by centrifuging the fermenta-
tion broth at 5000 rpm and 4°C for 15 min using an MSE
High Speed 18 Centrifuge (MSE Ltd., Birmingham, UK).
The y-PGA was extracted from the supernatant using
the ethanol precipitation method.? Briefly, the centrifuged
cell-free broth was decanted into 3 volumes of cold ethanol,
held at —-4°C overnight and centrifuged again. The process
was repeated 4 times to ensure increased purity of the ex-
tracted y-PGA. The extracted y-PGA was dried and weighed
to determine the production in g/L.2

Characterization of the produced
y-PGA polymer

Ultraviolet spectroscopic analysis
of the produced y-PGA

The cell-free y-PGA production broth was subjected
to spectrophotometric analysis by reading the absorbance
of the produced solutions between 190 nm and 900 nm,
using Perkin Elmer Lambda 25 UV/Vis Spectrophotometer
(Waltham, USA).?* Isolates with the highest absorbance
readings within 190 nm and 230 nm were expected to have
higher y-PGA producing abilities and were selected for
further experiments.

Thin layer chromatographic analysis
of the produced y-PGA

The extracted and dried y-PGA polymers were hydro-
lyzed in 7.5 M HCl and maintained in an autoclave at 121°C
for 2 h 30 min. Thereafter, the acid-hydrolyzed mixtures
were neutralized with 7.5 M NaOH and subjected to thin
layer chromatography. The neutralized hydrolysates
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were chromatographed against L-glutamic acid (Sigma-
Aldrich, St. Louis, USA) as control, using ethanol-water
(7:3) as the solvent system. After separation, the plates
were left to dry and then, they were sprayed with 0.2%
ninhydrin-acetone solution to detect the hydrolyzed amino
acids bands. The retention factor (Rf) was determined using
Equation 1 below.

_ distance moved by spot
~ distance moved by solvent front

1)

The alignment of the emerging bands from the y-PGA
hydrolysates was compared with that of the L-glutamic
acid standard.?»2¢

Fourier transform infrared spectroscopic analysis
of the produced y-PGA

The produced polymer was analyzed using a Shimadzu
FT-IR Spectrophotometer (Shimadzu Corp., Kyoto, Japan)
with 45 scans, 4 cm™! resolution and Happ—Genzel apo-
dization for its characteristic peaks and bonds. Distinc-
tive strong and weak absorption peaks at different wave-
lengths characteristic of y-PGA in the given samples were
determined.?”?

Antimicrobial potentials of the produced y-PGA
using agar well diffusion assay

To determine the potential of the purified y-PGA in in-
dustrial applications, the y-PGA was used in the prepara-
tion of aqueous solutions at varying concentrations ranging
from 0.5 mg/mL to 20.0 mg/mL. The appropriate concen-
trations of the y-PGA biopolymer were dissolved in sterile
water and their antimicrobial potential against selected
laboratory stock cultures of indicator bacteria was deter-
mined. Ciprofloxacin (30 puL of a 5% concentration) was
used as the control. The stock cultures of Shigella dysen-
teriae, Staphylococcus aureus, Pseudomonas aeruginosa,
Klebsiella pneumoniae, Escherichia coli, and Bacillus cereus
were reactivated by subculturing from their agar slants

and used as agar lawn inoculum for the agar well diffusion
assay. Solidified Petri dishes containing Mueller—Hinton
agar were swabbed with cell suspensions of 0.5 McFar-
land standard of each of the test pathogen preparations,
and wells with 7 mm in diameter were bored into these
swabbed plates with the aid of sterile cork borers. The dif-
ferent y-PGA concentrations, as 30 pL volumes, were in-
troduced into the agar wells and plates and were incubated
overnight at 37°C. The diameter zones of inhibition ex-
erted by the different concentrations on the test pathogens
were measured and recorded in millilitres.?” A positive
inhibition was recorded as >2 mm inhibition zone.?°

Optimization of y-PGA
production parameters

Media amendments and precursor requirement
by selected isolate for y-PGA production

The isolate with the best y-PGA producing potential was
cultivated in a fermentation medium supplemented with
different precursors — biotin, monosodium glutamate and
L-glutamic acid — using 5 media variations labelled A-E.
Medium A was the y-PGA production medium (PPM),
medium B contained PPM with additional 100 pg/L bio-
tin, medium C was PPM plus 15 g/L monosodium gluta-
mate, while medium D was composed of PPM with biotin
(100 pg/L) and monosodium glutamate (15 g/L). Medium
E was composed of medium D devoid of L-glutamic acid.
The fermentation setups were incubated at 30°C for 72 h
at 180 rpm. The best precursors for y-PGA production
were thereafter selected.

Identification and optimization of significant factors
for y-PGA production using Plackett-Burman
and Box-Behnken statistical models

An experimental design with 15 factors and 16 runs
(Table 1) was set up to screen for the most important
variable component that influenced y-PGA production

Table 1. Base design for the 15 factor-16 run Plackett-Burman first order experimental design for gamma-polyglutamic acid (y-PGA) production

Factor [units] S
-1 (low) +1 (high)
Glycerol [mL/L] X1 20 30
Glucose [g/L] X3 25 75
Ammonium chloride [g/L] X5 4 8
NaCl [g/L] X7 20 30
CaCI2,2H20 [g/1] X9 0.1 03
Casein hydrolysate [g/L] X11 15 25
Corn steep liquor [mL/L] X13 25 75
Inoculum size (McFarland) X15 0.5 1.5

Factor [units] SR
+1 (high)
Biotin [ug/q] X2 75 125
L-glutamic acid [g/L] X4 15 25
Citric acid [g/L] X6 9 15
MgSO4,7HZO [g/L] X8 5.1 85
Yeast extract [g/L] X10 25 75
Dummy* X12 - -
KZHPO4 [o/L] X14 1 3

*X12 is an independent dummy factor; —1 indicates low value, whereas +1 indicates high value.
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using Plackett—-Burman experimental design!*!> based
on the first order model (Eq. 2):

Y =Bo+ ZBiXi (2)

where Y is the response (PGA yield), By is the model in-
tercept, Bi is the linear coefficient (both are constant coef-
ficients), and X; is the level of the independent variable.

Two factor levels (low (-) and high (+)) were consid-
ered for each independent nutritional variable in which
the rows represented the trials and the columns repre-
sented the variable-independent factor. A dummy factor,
whose effect on the experimental setup was not deter-
mined, was also included in the model, raising the number
of trials under study from n to n + 1.

The factors that had an effect on y-PGA yield at 95%
confidence level were selected and analyzed at 3 levels
(low, mid and high: -1, 0 and +1, respectively) in a Box—
Behnken experimental design.!*'” Additionally, some
central points with factors fixed at their mid-levels were
incorporated. The main effect of each factor, as well
as the interaction and quadratic effects of the factors
for the prediction of experimental yield on optimized
production, were determined using Dell Statistica v. 12
and 13 (Dell Computer Corporation, Austin, USA). Based
on the interaction analysis, the response surface graph
of the interactions of factors against yield was plotted.3?
Some experimental trials were run with different con-
centrations of the factors in a scale-up experiment using
increasing production volumes of 0.25 L, 0.5 L, 1.0 L and
3.0 L, to determine if the yield was commensurate with
the predicted yield using the optimized medium derived
for y-PGA production. The predicted yield was calculated

using the derived regression equation and compared with
the laboratory experimental results. The confidence level
was analyzed to determine the good fit of the equation.!”3!

Results and discussion

From the 11 samples analyzed, 56 morphologically dis-
tinct isolates were obtained: 32.14% were isolated from
the soil samples, 28.57% from the fermented food sam-
ples, 23.21% from domestic effluents, and 16.07% from
the kettle/pot rinses (Table 2). Many y-PGA producing
bacteria have been recovered from diverse sources. Baxi
reported the isolation of the bacteria from soils of vari-
ous geographical locations, fermented flours/beans and
industrial wastewater, domestic sewage, and sea water.

Viscous colonies displayed mucoid consistencies which
was an indication that a polymeric substance, possibly
poly-y-glutamic acid, had been produced.®* The percentage
of presumptive y-PGA-producing isolates was low (16.1%),
similarly to the reports of Baxi®* and Ju et al.,* who recorded
a 12.5% and 4.61%, respectively, of the isolates which pos-
sessed colonial characteristics and were similar to that
of y-PGA producers. The ultraviolet (UV) absorbance val-
ues of the cell-free y-PGA solution ranged between 3.3 and
3.55, of which isolate UP47 had the highest absorbance,
followed by isolates DS1, HE21 and EK31, respectively.
The absorbance reading completely flattened out beyond
233 nm, and thus the isolate UP47 was selected for further
experiments. Zeng et al. reported a UV spectrometric and
high-performance liquid chromatography (HPLC) correla-
tion of the quantification of y-PGA at a best wavelength
of 216 nm.?®

Table 2. Colony count and screening of gamma-polyglutamic acid (y-PGA)-producing bacteria from the analyzed samples

CFU/mL* and number of presumptively
positive y-PGA-producing bacteria
compared to selected distinct colonies

positive y-PGA bacteria

Isolate codes of selected y-PGA producing
bacteria and the corresponding absorbance for
peak wavelength between 190 nm and 233 nm

absorbance/y-PGA [g/L]

Sample
code

CFU/mL
QOil drainage soil site 1 DSl 13x10°
Oil drainage soil site 2 DslI 15x%10°
QOil drainage soil site 3 DSl 75%x10°
Maize farm soil MFIV 24 %107
Hostel domestic effluent HEVI 54%10°
Residential apartment domestic effluent REIX 89x10°
Pressure pot rinse water PPVII 1.1x 107
Electric kettle rinse water EKVIII 7.1x10°
Iru IRV 2.8 % 10°
Ugba fermented in plantain leaves UPXI 1.1 %107
Ugba fermented in aluminum foil UAX 1.0x 107
Bacteria ratio - -

fraction
1/3 DS01 3.540/11.67
1/4 DS05 3.445/7.63
0/6 - -
1/5 MF10 3.435/8.67
1/3 HE21 3.502/12.00
0/10 - -
1/5 PP26 3.486/7.33
1/4 EK31 3496/12.33
2/6 IR15, 3.372/8.00
IR18 3.464/10.00
1/5 UP47 3.547/16.33
0/5 = =
9/56 - -

* results/values are mean of triplicate readings.



62

Morphological and biochemical
characteristics of selected isolates

Morphologically, the isolate UP47 colony was creamy,
circular, mucoid, large, raised, opaque, Gram-positive
rod, and a spore former. The bacterium was positive for
catalase, oxidase, casein, gelatin, glucose and sucrose uti-
lization, but negative for citrate utilization, starch hydro-
lysis, urease and gas production, and identified as Bacil-
lus megaterium UP47. The bacterium was able to survive
at high saline concentrations up to 10%. Choi et al. isolated
slime-producing spore-forming bacilli from homemade
Cheonggukjang for y-PGA production,? and Hezayen et al.
reported that most y-PGA producing strains possessed
the ability to grow in high saline conditions and thus sur-
vive hostile environments.3®

Characterization of purified y-PGA

The produced y-PGA polymer was powdery and creamy-
white. Thin layer chromatography of the B. megaterium
UP47 y-PGA hydrolysate revealed a single band with simi-
lar Rf values (0.32) as the L-glutamic acid standard (0.35),
thus suggesting that the hydrolyzed polymer, reflecting
a single spot, was probably composed of only glutamic
acid subunits (Fig. 1B).

The active bonds of the y-PGA polymer produced by
B. megaterium UP47 corresponded with those found
in y-PGA (Fig. 1C). Produced y-PGA had characteristic
strong C—N group absorption peaks between 1085 cm™!
and 1165 cm™, weak carbonyl C=0 absorption at ~1390—
1450 cm™}, strong amide absorption at ~1600-1660 cm™,
characteristic aliphatic N-H stretching between 2800 cm™!
and 2900 cm™, and a strong hydroxyl OH absorption
at ~3400-3450 cm™!. Similar findings were reported
by Bhat et al.? and Khalil et al.!?

The results of the bacterial inhibition exerted by the B.
megaterium UP47 y-PGA (Fig. 2) were an indication of its
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usefulness for possible applications in relevant fields.
The B. megaterium UP47 y-PGA showed the evidence
of bacterial inhibitory activities against both Gram-pos-
itive and Gram-negative bacteria in the agar well diffu-
sion assay. The y-PGA concentration as low as 0.5 mg/mL
was successful in exerting inhibitory activities against
overnight cultures of S. dysenteriae, S. aureus, P. aeru-
ginosa and E. coli. Klebsiella pneumoniae was inhibited
by the y-PGA concentration >1.0 mg/mL. Increasing
concentrations of y-PGA (<20.0 mg/mL) also exerted
inhibitory activity, which was most pronounced against
S. dysenteriae (13 mm). The polymer at <20.0% was com-
pletely unable to exert any inhibitory effect on the B. cereus
culture used in this study, while the effect of the control
antibiotic on this bacterium was also low (3 mm). The mi-
crobial inhibitory activities reported in this work occurred
with the use of very low y-PGA concentrations. However,
Lee et al. reported positive microbial inhibition by y-PGA-
adsorbed discs at 1% concentration.?® In this study, there
was a more pronounced inhibition of S. aureus and S. dysen-
teriae by the polymeric y-PGA, albeit, lower than recorded
using the control antibiotic. Su et al. also reported higher
antibiotic activity on tested strains compared to the y-PGA
used.?” Ajayeoba et al. reported inhibitory activities rang-
ing between 16.6 mm and 22.5 mm on S. aureus, but higher
concentrations of y-PGA were used (150 mg/mL) in con-
trast to what was obtained with 20.0 mg/mL concentration
of the B. megaterium UP47 y-PGA in this work (10 mm).3®
The inhibitory activities of the y-PGA on tested bacte-
ria might be due to the nature and source of the specific
microbes and the anionic nature of the y-PGA, which al-
lows it to possibly bind with materials on the bacterial
cell wall and disrupt the cell content.?®3° The bacterium
could also induce stress responses to protect itself against
the antimicrobial substance. Hence, increasing y-PGA
concentrations beyond 2.0% might give better antibacte-
rial characteristics than those recorded in this research,
especially against S. dysenteriae and S. aureus strains.®

Fig. 2. Antibacterial potentials of 0.5-
20 mg/mL concentrations of Bacillus
megaterium UP47 gamma-polyglutamic
acid (y-PGA) against different test
pathogens

m E. coli

m K. pneumoniae

M P.aeruginosa
B. cereus

m S. dysenteriae

m S.aureus
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The negligible effect of the B. megaterium UP47 y-PGA
observed against the tested B. cereus was similar to that
reported by Ajayeoba et al.?® and is suggested to be due
to the biofilm-forming abilities of B. cereus through which
it creates fibrous amyloid-like networks, which assemble
structural proteins to form hydrophobic envelopes limiting
the inhibitory potentials of the y-PGA.4

B. megaterium UP47 precursor
requirement for y-PGA production

A precursor requirement for y-PGA production
is an important factor to be considered when screening
for isolates suitable for use in a large scale production.
The Randomized Complete Block Design (RCBD) showed
that there was no significant difference in the production
of y-PGA by the selected Bacillus spp. (p = 0.8276), whereas
in the treatment data a significant difference (p = 5.1609)
was observed in the production of y-PGA in 5 different
media (data not shown). Analysis of variance (ANOVA)
showed that the most significant difference in y-PGA pro-
duction was between media A and E and media B and E,
implying that both media A and B contained components
(L-glutamic acid and biotin, respectively) which greatly en-
hanced y-PGA production. Thus, the B. megaterium UP47
was biotin- and glutamic acid-dependent. The production
of y-PGA by Bacillus spp. SW1-2 was enhanced by glutamic
acid'® while Goto and Kunioka reported a biotin-depen-
dent y-PGA producing Bacillus subtilis IFO 3335 which
would not be produced in the absence of L-glutamic acid.®

Significant factors for y-PGA production
based on the Plackett-Burman analysis

The greater the coefficient, the greater the impact of
a given factor on production; thus, a factor with a coef-
ficient value close to 0 has very little impact on the pro-
duction, while a factor with a high value coefficient has
a large impact on the production. The optimum media
composition for y-PGA production with B. megaterium
UP47 determined using the 15 factor-16 run Plackett—Bur-
man analysis is shown in Table 3 and Table 4, respectively.

From the laboratory fermentation process, the highest
y-PGA yield in the experimental runs B. megaterium UP47
(54 g/L) was observed in run order D8 containing (g/L):
glycerol (30), glucose (25), L-glutamic acid (25), ammo-
nium chloride (4), citric acid (9), NaCl (20), MgSO,.7H,0
(8.5), CaCl,.2H,0 (0.3), yeast extract (7.5), casein hydro-
lysate (15), K,HPO, (3), corn steep liquor (75 mL), inocu-
lum size (0.5), and biotin (75 pg), respectively (Table 3).
The lowest y-PGA vyield was observed in run order D16,
which had all factors at their low levels.

The confidence level of all considered factors ranged
between 80.94% and 98.00% for B. megaterium UP47
(Table 4). Factors X5, X6, X7, X13, X14 and X15 had
negative effects on y-PGA production by B. megaterium
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Fig. 3. Pareto chart of standardized effects of the Box-Behnken
experimental analysis for Bacillus thuringiensis UP47-produced gamma-
polyglutamic acid (y-PGA)

UP47; thus, a decrease in the concentration of these fac-
tors brought about an increase in production. The least
yield recorded in run D16 agreed with the findings of Bajaj
and Singhal.!® Precursor factors (glucose, MgSO,.7H,0,
CaCl,.2H,0 and K,HPO,) included into our Plackett—Bur-
man analysis were also considered by other authors.!31>18
While glucose had a positive effect on y-PGA production
by B. megaterium UP47, we also observed, in agreement
with other authors,'>1>18 its negative effect on y-PGA vyield.
The MgS0O,.7H,0 also had a positive effect on y-PGA pro-
duction by B. megaterium UP47, a finding corroborated
by other publications.!*1518

Considering the effect of yeast extract on production
of y-PGA, results obtained in this work, as well as Mabrouk
et al.!> and Berekaa and Al-Otaibi,'* showed that yeast
extract had a positive effect on yield of y-PGA. Tork
et al.3* recorded high y-PGA yields when yeast extract
and L-glutamic acid were used. For factors with a positive
effect on y-PGA production, an increase in the concen-
tration brought about an increase in y-PGA production.
L-glutamic acid (X4), yeast extract (X10) and biotin (X2)
impacted y-PGA production by B. megaterium UP47 and
were used in a 3 factor 1 block-15 run Box—Behnken design
to determine the interaction of the factors with each other
and with y-PGA production (Table 5).

The effects of interactions of media components
on y-PGA production based on the Box—Behnken anal-
ysis showed (Fig. 3) that both the linear and quadratic
relationship of L-glutamic acid and yeast extract had
positive and negative effects on y-PGA yield, respectively.
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Table 3. Screening and optimization of significant variables for gamma-polyglutamic acid (y-PGA) production by Bacillus thuringiensis UP47 using a 16-run

Plackett-Burman design matrix

Run Variables

order X1 X2 X3 X4 | X5 X6 X7 X8

D1 +1 +1 +1 = +1 +1 +1 =
D2 =1 +1 +1 +1 =1 +1 +1 +1
D3 =1 =1 +1 +1 +1 ol +1 +1
D4 -1 -1 -1 +1 +1 +1 —1 +1
D5 +1 = =1 =1 +1 +1 +1 =1
D6 -1 +1 -1 -1 -1 +1 +1 +1
D7 =1 =1 +1 =1 =1 = +1 +1
D8 +1 -1 -1 +1 -1 -1 -1 +1
D9 =] +1 =i =i +1 = = =
D10 +1 -1 +1 -1 -1 +1 -1 -1
D11 +1 +1 =1 +1 =1 = +1 =1
D12 +1 +1 +1 -1 +1 -1 -1 +1
D13 = +1 +1 +1 = +1 = =
D14 +1 =1 +1 +1 +1 =1 +1 =1
D15 +1 +1 = +1 +1 +1 = +1
D16 -1 =1 =1 =1 -1 -1 -1 -1

X9 X10 X1 X12 X13 X14 X1 PGA* IO/
+1 = = +1 =1 = = 14.67 £0.58
-1 +1 -1 -1 +1 -1 -1 5133 £242
+1 = +1 = = +1 =] 36.67 £0.58
+1 +1 —1 +1 —1 —1 +1 44.00 +0.58
+1 +1 +1 =1 +1 =1 =1 8.00 £0.51
-1 +1 +1 +1 -1 +1 -1 10.00 £0.87
+1 = +1 +1 +1 = +1 8.67 +0.72
+1 +1 -1 +1 +1 +1 -1 54.00 £1.81
+1 +1 +1 = +1 +1 +1 20.00 £0.96
—1 +1 +1 +1 —1 +1 +1 18.00 £1.03
=1 =1 +1 +1 +1 =1 +1 38.67 £1.07
-1 -1 -1 +1 +1 +1 -1 1067 £1.28
+1 = = =i +1 +1 +1 30.67 +0.58
-1 +1 -1 -1 -1 +1 +1 3333 £0.39
= = +1 = = = +1 42,67 £1.58
-1 -1 -1 -1 -1 -1 -1 4.00 £0.95

* observed values are the mean value of triplicates + standard deviation (SD) at p < 0.05.

Table 4. Statistical analysis of the Plackett-Burman experiment for Bacillus megaterium UP47

Effect

Factor Coefficient

Mean/Intercept = 26.584
X1 6.998 3499
X2 14.449 7.224
X3 11.950 5975
X4 32926 16.463
X5 —7.226 -3613
X6 —-12.701 —6.351
X7 —13.422 —6.711
X8 3.049 1.525
X9 10.384 5.192
X10 19.850 9.925
X11 8.879 4439
X13 —8.856 —4428
X14 -14.315 -7.157
X15 —7.211 —3.605

7.398 54.731 0.0855
10.870 118.156 0.0584
8.726 76.137 0.0726
31.891 1017.040 0.0199
—6.999 48979 0.0903
-9.274 86.007 0.0683
—10.098 101.963 0.0628
3.223 10.389 0.1915
8.797 77.389 0.0720
14.285 204.057 0.0444
7.025 49.355 0.0900
—7.007 49.104 0.0902
—-10.301 106.119 0.0616
—6.109 37.322 0.1032

* significant p-value at p < 0.05.

However, the linear relationship of biotin had a negative
effect on y-PGA and its quadratic relationship had a posi-
tive effect on the yield of y-PGA. There were positive and
negative effects of both linear and quadratic relationships
of the interactions of the 3 factors with each other (Table 5)
on yield, whereas there were also some redundant effects
(A%B?, AC?, A2C?, BC?, B?C and B*C?), which were not es-
timated. All estimated effects ranged between 21.98% and
99.61% confidence level (Table 6).

Based on these results, response surface plots of the ef-
fects of L-glutamic acid and yeast extract against yield, L-
glutamic acid and biotin against yield, and yeast extract and
biotin against yield were generated (Fig. 4A,B,C). The plots
showed that with an increase in L-glutamic acid and a de-
crease in yeast extract, there was an increase in the yield
of y-PGA. An increase in L-glutamic acid and biotin brought
about an increase in y-PGA vyield (Fig. 4B) while, with an in-
crease in biotin and a decrease in yeast extract, there was
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Table 5. Design and run order of the 3-factor-1 block 15-run Box—
Behnken design matrix with observed gamma-polyglutamic acid (y-PGA)
production results for Bacillus megaterium UP47

. Values PGA yield* [g/L]
. 39334031
62.00£1.10
14.67 +0.89
4533 +045
- 16.00 £0.85
. 42,00 +1.00
: 4674022
1 4333 +1.20
36,00 £0.41
5333 +£0.71
57.33+£0.22
48.67 £0.75
. 0 4767 +032
0 0 4333 +0.53
. . 4400+0.10

Run order

|
|
N

= O © N O U A~ W N
o
- |
o o o o

w

N IN)
o O O O o o o

15

* observed values are the mean value of triplicates + standard deviation
(SD); A — L-glutamic acid; B - yeast extract; C - biotin.

an increase in the yield of y-PGA (Fig. 4C). A second order
polynomial equation for prediction of y-PGA from the Box—
Behnken design using the regression coefficients of the es-
timated effects was derived as (Eq. 3):

(3316.061 — 449.708A + 9.036A2
—139.813B + 3.095B2 — 7.699C
YPGA yield = — 0.164C2 + 13.116AB — 0.087AB2 (3)
—0.248A2B + 3.781AC
—0.076A2C - 0.394BC)

Four trials (at0.25L,0.5L, 1.0 L, and 3.0 L) using differ-
ent levels of the 3 examined factors gave laboratory yields

A B

within 95% confidence levels of the predicted yields, ob-
tained using the second order polynomial equation de-
rived (Table 7). The adjusted R? (coefficient of regression)
was calculated to be 0.97905, which indicated that 97.90%
of the variability in the obtained response was explained
by this model. Thus, it shows that the experimental model
was of good fit for y-PGA yield prediction. The regression
value (R?) was slightly higher than the 0.95 recorded by Ber-
ekaa and Al-Otaibi.!3 There was an increase in the yield
of y-PGA polymer from 16.33 g/L to 62 g/L by B. mega-
terium UP47 when the optimized media conditions were
utilized. For the factors such as L-glutamic acid (A), yeast
extract (B) and biotin (C), the second order polynomial
equation derived for prediction of y-PGA yield was (Eq. 4):

(3316.061 — 449.708A + 9.036A2
—139.813B + 3.095B2 — 7.699C
YPGA yield = — 0.164C2 + 13.116AB — 0.087AB2 (4)
— 0.248A2B + 3.781AC
- 0.076A2C — 0.394BC)

Conclusion

Bacillus megaterium UP47 isolated from fermented
seeds of Pentaclethra macrophylla (Ugba) produced an ex-
tracellular polymeric material which was characterized
as Y-PGA. At low concentrations, the polymer possessed
antibacterial activities. Through the Plackett—Burman and
Box—Behnken studies, the bacterium required biotin and
L-glutamic acid for optimized y-PGA production. The ex-
periments provided us with the knowledge of specific pre-
cursor factors that the particular strain under study would
require to optimally produce y-PGA and also for scaling
up y-PGA biosynthesis. Bacillus megaterium UP47 y-PGA
could therefore find application in food, agriculture, phar-
maceutical, medical and wastewater treatment industries,
among others.

Fig. 4. A. 3D response surface plots showing the interaction of L-glutamic acid (x-axis) and yeast extract (y-axis) with their effect on the yield of gamma-
polyglutamic acid (y-PGA) (z-axis in g/L) for isolate B. megaterium UP47; B. 3D response surface plots showing the interaction of L-glutamic acid (x-axis)
and biotin (y-axis) with their effect on the yield of y-PGA (z-axis in g/L) for isolate B. megaterium UP47; C. 3D response surface plots showing the interaction
of yeast extract (x-axis) and biotin (y-axis) with their effect on the yield of y-PGA (z-axis in g/L) for isolate B. megaterium UP47
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Table 6. Statistical analysis of the Box-Behnken experiment for gamma-polyglutamic acid (y-PGA) production by Bacillus megaterium UP47

Coefficient

Mean/ Intercept = 38.630 = = -

A 28.169 14.084 16.122 259.938 0.0038
A? 13.196 6.598 10.832 117.350 0.0084
B —11.544 -5.772 —-6.607 43.654 0.0221
B? —9.135 —4.567 —7.499 56.235 0.0173
C —0.555 -0.277 -0.318 0.101 0.7801
C? 4924 2462 4.042 16338 0.0561
AB 3.995 1.997 1.709 2923 0.2294
AB? 3.120 1.560 1.884 3.552 0.2001
A%B 11.909 5.954 7.193 51.749 0.0187
AC 6.330 3.165 2.709 7.340 0.1135
A’C 6.667 3.333 4.035 16.287 0.0562
BC —12.995 —6.497 —5.561 30934 0.0308

* significant p-value at p < 0.05; A — L-glutamic acid; B - yeast extract; C - biotin.

Table 7. Experimental and predicted gamma-polyglutamic acid (y-PGA) yield of some production trials with the corresponding confidence levels

Factor level*

Laboratory experimental
medium volume

Experimental yield**

Confidence limit
Predicted yield

‘ 1 0.25L 20 3 105 36.00 +£0.72 33.50 19.68 47.32 ‘
‘ 2 0.50L 28 9 116 44.00 £0.43 35.10 22.10 48.10 ‘
‘ 3 1.0L 28 9 105 50.67 +0.97 46.80 32.90 60.60 ‘
‘ 4 30L 20 3 116 38.67 £0.95 35.16 22.20 48.12 ‘

*factors A, B and C indicate L-glutamic acid, yeast extract and biotin, respectively; ** the second order polynomial equation derived for prediction of y-PGA
yield is:
YPGA yield = 3316.061 — 449.708A + 9.036A2 — 139.813B + 3.095B2 - 7.699C — 0.164C2 + 13.116AB — 0.087AB2 — 0.248A2B + 3.781AC - 0.076A2C - 0.394BC.
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