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Abstract
Microbial synthesis of polyhydroxyalkanotes (PHA), the eco-friendly biopolymers are gaining more
attention towards restricting the environmental pollution by substituting conventional non-biodegradable
petroleum-based plastics. The current study was aimed to economize the polyhydroxybutyrate (PHB)
production by optimizing the production media using sago waste, as a substrate and cheapest carbon
source, by Bacillus cereus a native isolate obtained from soil where sago waste is disposed in and around
Salem District, Tamil Nadu, India. PHB production media was optimized by Placket Burman design and
Box Benhen design (pH (X1 = 7.07) temperature (X2 = 36.36°C) sago waste (X3 = 19.7g/l)) and observed a
maximum OD values of 2.006 in shake �ask culture. The dry weight of PHB extracted under optimized
condition was also measured by chloroform extraction method and it was found to be 5.2g/l. In addition,
Fourier- transform infrared spectroscopy (FTIR), thin layer chromatography (TLC) and Gas
Chromatography- Mass Spectrometry (GC-MS) analysis revealed the characteristic features of PHB
polymer. Thus this study concludes that the utilization of sage waste for synthesis of value-added
products, PHB will not only help in reducing the cost of PHB production process, but also assist to
manage the problem associated with solid waste disposal.

Introduction
Today’s modern life style leads to unavoidable usage of petroleum based plastic materials all over the
world. The various areas where the usage of plastics have become obligatory are home appliances,
computer equipment, components in automobiles, grocery stores, vegetable markets, street vendors,
medical �eld etc. The accumulation of conventional plastic wastes in the environment leads to soil
infertility, ground water pollution and irreversible damage to the environment with increased global
warming. Thus, these issues of global ecosystem and solid waste management have focused the
research towards developing biodegradable plastics with essential physiochemical properties such as
polypropylene and polyethylene (Hamieh et al. 2010). The biodegradable polymer, PHB is one of the
promising materials of polyhydroxyalkanoate polymer, belonging to the polyester and received more
attention due to their microbial origin and biodegradability (Verlinden et al. 2007).

PHBs are intracellular accumulation of carbon and energy by various prokaryotic organisms during
surplus carbon is available under other nutrients like nitrogen limitation conditions for bacterial growth.
Prokaryotic organisms such as Alcaligenes, Pseudomonas, Bacillus, Rhizobium, Rhodospirillum (Sudesh
et al. 2000) are the most commonly studied microorganisms. Several cyanobacterial strains have been
screened for PHB production ranging from 0.04-6% of dry weight of cell under photoautotrophic condition
(Nishioka et al. 2001). Amongst these, Bacillus sp. are better choice for industrial scale level of PHB
production since, they are fast growing with a group of hydrolytic enzymes and produce copolymers from
structurally unrelated carbon sources (Halami 2007). Sharma et al. (2007) demonstrated PHB
accumulation in the range of 41.6% dry weight of cell in nitrogen �xing Nostoc muscorum.
Microorganisms rich in poly-β- hydroxybutyrate shown their autolysis at slower rate than others with
negative for PHB production. So, PHB can act as a carbon and energy reserve source (Kato et al. 1992).
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Bacterial PHB production involves the formation of acetyl-CoA, acetoacetyl-CoA and (R)-3-hydroxybutyryl-
CoA as intermediate compounds. Similarly, the key enzymes involved in PHB production are acetoacetyl-
CoA- reductase (PhbB) and PHB synthase (PhbC) (Verlinden et al. 2007).

The optimal concentration of media composition and cultural composition also might in�uence the
biomass in terms of optical density (OD) and maintain PHB recovery. Response surface methodology is a
statistical tool to screen and optimize the in�uencing parameters and to study the interactive effect of the
variables in�uencing the cell biomass with enhanced yield of PHB. The aim of the present study is to
optimize the PHB production media using sago waste as substrate by the native isolate Bacillus cereus to
increase biodegradable PHB yield and to reduce the cost of production process in various scale up
studies.

Materials And Methods
Soil sample collection and screening of bacterial isolates

Soil of sago wastes were collected from various areas sago industries, Salem District, Tamil Nadu. Soil
samples were subjected to serial dilution and followed by spread plating on the nutrient agar plates
(Senthilkumar et al. 2014) to screen the bacterial isolates. The discrete colonies based on colony
morphology were separately subcultured 3-4 times in order to get pure culture of each isolate. All the pure
cultures were maintained in glycerol stock at -20 οC until further screening.

Screening of PHB production

The production of PHB by the bacterial isolates were determined by staining with Sudan black B (slide
and plate method).

Slide method

The bacterial culture was smeared, heat �xed on a slide and immersed in 0.5% Sudan black B stain with
ethylene glycol for 5min. The slide was air dried several times with xylene and blot dried with absorbent
paper. The counter stain (0.5% safranin) was added for 10 sec. The slide was washed with tap water and
dried and observed under oil immersion by microscope for pink granules.

Plate method

The test culture was inoculated on the nutrient agar and incubated at 37 οC for 24 to 48 h. After
incubation, the plates were �ooded with ethanol solution containing Sudan black B for 20min and
washed with ethanol for removing excess stain followed by drained off. The plate was observed for blue
colonies. PHB producing discrete isolates were subcultured 3-4 times in order to get pure culture of each
isolates and stored at -80 ℃ in 5% glycerol until further characterization.

Growth curve analysis of PHB producing isolates
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The four strains of Sudan Black B positive bacteria (SW 02, 05, 06 and 08) were subjected to analyse
their growth in PHB production media. About 1% inoculum of each bacterial isolate (0.5 OD590) was
inoculated in �ask containing PHB production media, incubated in shaking incubator at 37 ℃ for 48 h.
For every 5 h, the samples were collected to perform Sudan staining and to measure the bacterial
biomass by reading the optical density at 590 nm using spectrophotometer (made company).

Identi�cation of bacterial isolate

Phenotypic characterization

Morphological and biochemical tests including Gram staining, motility, oxidase, catalase, and IMViC
(Indole, Methyl red, Vogues-Proskauer, Citrate) were performed (Senthilkumar et al. 2014).

Genotypic characterization

Genomic DNA extraction was performed from the screened bacterial culture using CTAB-DNA extraction
method (Sambrook et al. 1989) and con�rmed in 1% agarose gel electrophoresis. Polymerase Chain
Reaction (PCR) was performed for 16S rRNA gene ampli�cation using template genomic DNA, the
primers (27F AGAGTTTGATCMTGGCTCAG; 1492R TACGGYTACCTTGTTACGACTT) and Taq Master Mix
(Taq DNA polymerase is supplied in 2XTaq buffer; 0.4mM dNTPs;3.2mM MgCl2 and 0.02% bromophenol
blue). 16S rRNA was ampli�ed up to 30 cycles following denaturation (94°C for 3 min), annealing (50°C
for 60 sec), extension (72° C for 10 min). Further, PCR product was puri�ed using Montage PCR Clean up
kit (Millipore) after con�rmed in 1.2% agarose gel. The puri�ed ampli�ed product was submitted for
sequencing the 16S rRNA gene.

The 16S rRNA sequences were subjected to BLAST N analysis using NCBI blast similarity search tool.
The phylogenetic analysis of query sequence with closely related sequence of blast results was
performed followed by multiple sequence alignment. The program MUSCLE 3.7 was used for multiple
aligning of sequences (Edgar 2004). The resulting aligned sequences were cured using the program G
blocks 0.91b. This G blocks eliminates poorly aligned positions and divergent regions (removes
alignment noise) (Talavera and Castresana 2007). Finally, the program PhyML 3.0 aLRT was used for
phylogeny analysis and HKY85 as substitution model. PhyML was shown to be at least as accurate as
other existing phylogeny programs using simulated data, while being one order of magnitude faster.
PhyML was shown to be at least as accurate as other existing phylogeny programs using simulated data,
while being one order of magnitude faster. The program Tree Dyn 198.3 was used for tree rendering
(Dereeper et al. 2008).

Statistical optimization of PHB production media

Screening the signi�cant variables using PBD

This study was designed at screening the important variables in�uencing the PHB production. Totally 9
variables including medium components (sago waste (thippi), peptone, Na2HPO4, KH2PO4, CaCl2, MgSO4)
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and cultural conditions (temperature, incubation period and pH) were chosen. The experimental design
with low level (-1) and high level (+1) is given in Table 1 and 2. The effect of individual variables on PHB
production was calculated by �rst order polynomial equation (1) as given below:

Υ=β0+Σβi Xi …………………… (1)

Where, Y is the response (PHB production), β0 is the model intercept, βi is variable estimates and Xi are
independent variable. The variable whose con�dence levels were higher than 95% were considered as the
most signi�cant factors that in�uences PHB production.

Optimization by BBD

Response surface methodology consists of an empirical technique used for evaluation of relationship
between cluster of controlled experimental factors and measured response. In this aspect, BBD was
adopted for determining the optimum level of signi�cant variables for PHB production. The signi�cant
variables involved in this study were as follows: pH, temperature and sago waste). The remaining
components described in Plackett-Burman design were maintained at central value throughout the
experiment. The full experimental design with regard to their actual values is provided in Table 3.

The data obtained from BBD were analysed by analysis of variance (ANOVA). The experimental values
were �tted in second order polynomial equation (2):

Y= β0+ β1X1+ β0X2+ β0X3+ β11 X1
2+ β22X2

2  + β33X32+ β12 X 1 X 2+ β13X 1 X 2+ β23X 2 X 3………(2)

Where Y is the measured response, β0 is the intercept term, β1, β2, β3 are liner coe�cient, β11, β22, β33 are
quadratic coe�cient, β12, β13, β23 are interaction coe�cient and X1, X2, X3 are coded independent
variables.

The statistical software Minitab version 15 (Minitab Ltd., Coventry CV3 2TE, UK) was used for regression
and graphical analysis of the data obtained. The signi�cance of the model equation and model terms
were determined by F-test. The quality of �t of the second polynomial model equation was expressed by
R2(coe�cient determination) and adjusted R2. The �tted equation was expressed as 3-D surface plots to
study the relationship between the variables used in this design. Various combinations of optimized
variables which gave maximum yield of PHB was tested experimentally to check the validity of the
model.

Biomass determinationand PHB quanti�cation

To determine the biomass of PHB producer, the culture was grown in optimized production media for
different incubation period such as 12, 24, 36, 48, 60, 72 h and the culture pellet was obtained by
centrifuging at 8000 rpm for 15 min. Then it was dried in an oven at 60 °C to measure the dry weight
Mostafa et al. (2020).
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The PHB yield was quanti�ed by following the method of Rawate and Mavinkurve (2002) with minor
modi�cations. Brie�y, the culture pellet obtained at different incubation time was treated with 10 ml of
sodium hypochlorite. After 2 h incubation the mixture was centrifuged at 5000 rpm for 15 min and the
pellet was washed separately with distilled water, acetone, methanol. Finally, the pellet was dissolved in 5
ml of boiled chloroform and was allowed for evaporation by keeping the solution on sterile glass tray at
4°C to measure the dry weight of the extracted PHB. The biomass and the extracted PHB was expressed
in terms of g/l. All the experiments were run triplicate and mean values with standard deviation were
calculated.

Characterization of PHB

Thin layer chromatography (TLC)

About 50 μl extracted sample was loaded on the TLC plate and allowed to run in the solvent system
consisting of ethyl acetate and benzene (Hi media (1:1) mixture for 40 min. For staining, 50 ml of iodine
(Hi media) solution was vapourized in water bath at 100 °C. TLC plate was kept over the beaker
containing iodine solution for 10 min to get saturated with iodine vapour. After 10 min green-black colour
spots indicated the presence of PHB. The Rf (Retardation factor) value was measured and compared with
the standard chart (Rawate and Mavinkurve 2002; Senthilkumar and Prabakaran et al. 2006).

Fourier-transform infrared spectroscopy (FTIR) analysis

One mg of extracted sample was ground well with 10 mg of spectral pure anhydrous potassium bromide
crystals. The powder was made into a pellet for FTIR analysis. The relative intensity of transmitted light
energy was measured against the wavelength of absorption on the region 500-4000 cm-1 using JEOL-FT
IR-4000 plus double beam spectrometer. FTIR spectra of the samples were measured at ambient
conditions.

Gas Chromatography-Mass Spectrometry (GC- MS) analysis

Extracted PHB was dissolved in chloroform at 100 °C for 10 min (John and Keller 1999) and 3μL was
injected into a GC-MS instrument (Agilent GC 7890A / MS5975C) with capillary column (Agilent DB5MS;
Column Length : 30m / 0.25mm internal dia / 0.25micron �lm thickness) with a run at 50 °C for 1 min
and followed by 10 °C/min to 300 °C for 2 min. Mass spectra were recorded and compounds were
identi�ed using NIST mass spectral library.

Result
Screening and identi�cation of potent PHB producer

A total of 15 bacterial isolates (SW 01-15) were screened from the soil collected from areas where sago
waste gets dumbed. Of these 4 isolates (SW 02, 05, 06 and 08) were screened as PHB producer by Sudan
black B staining and they were subjected for further study.
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Growth curve analysis

The inoculated culture broth was incubated at shaking incubator at 37 ℃ for 50 h and broth optical
density was measured for every 5 h at 600nm. All the bacterial isolates reached their logarithmic phase
after 5 h only and the isolate SW 08 showed prolonged logarithmic phase and reached stationary phase
after 20 h only and all other isolates showed short duration of log phase and after 10 h of incubation,
they reached stationary phase (Fig. 1).

Identi�cation of potent PHB producer

The potent PHB producing isolate (SW 08) was identi�ed by phenotypic and genotypic characterization.
The selected isolate, SW 08 was Gram +ve motile non-spore producing rods. It was positive for catalase,
citrate and starch hydrolysis and negative for oxidase. Other physiological features were analysed with
reference to Bergey’s manual of systemic Bacteriology and the strain was identi�ed as a member under
Bacillus. The 16S rRNA sequenced from strain SW 08 was 831 bp long. Their similarity analysis was
carried out with other 16S rRNA sequences available at NCBI BLAST program (Fig. 2). The isolate SW-08
was found to be 100% similarity with Bacillus cereus and the sequence was submitted in NCBI under the
accession No. MF 188890.

Statistical response surface methodology (RSM)

Evaluation of variables affecting PHB production using PBD

The PBD experiment was conducted in 12 runs to evaluate the effect of the selected 9 variables and 2
unassigned variables. The result of screening experiment is shown in Table 2. The maximum PHB
production was observed in 10thrun, likewise minimum yield was observed in 4th run. ANOVA was
performed for this design and given in Table 3. The Pareto chart explains the order of signi�cance of the
variables affecting PHB yield (Fig. 3). Among the 9 variables, pH, temperature and sago waste were found
to be most signi�cant variables than all others since they only have positive effect on PHB production.
The normal probability plot shows the points close to a diagonal line; so the residuals appear to be
normally distributed indicating the model �tness with the experimental results.

The R2 value of this design was 0.989 indicates that 98.95% of the variability in the response was
attributed to the selected independent variables and only 1.05% variations are not explained by these
variables. The adjacent R2 (Adj. R2= 0.942) is also very high indicating the signi�cance of the model. In
addition, the F value of the model (20.93) shows their signi�cance level. Moreover, the probability (P)
value (0.046) also indicates that the terms of the model are signi�cant (Table 3).

Optimization of signi�cant variables using BBD

The designed experiments conducted in this study were aimed to construct quadratic model consisting of
15 independent trails. The experimental design and their results determined the effect of three
independent variables (pH, temperature and sago waste) is given in Table 4. The regression analysis of
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this BBD indicated that three variables, pH, temperature and sago waste have signi�cant (P  0.00)
relationship to PHB production. Moreover, the interaction between CaCl2, sago waste and sago waste,
fructose have signi�cant effect on PHB yield, as was shown by the low P- value (P  0.046), (P  0.025)
respectively. ANOVA of this experiment illustrates the P- value (P  0.00) and lack of �t value (0.168) and
also proposed that the results data obtained from this experimental design was a good �t with the model
(Table 5). The data was �tted to a second order polynomial equation. The response of this study, PHB
yield (Y) by B. cereus, can be expressed in terms of the following equation (3):

Y= -20.372 + 2.8312 X1 + 0.5589 X2 + 0.5551 X3- 0.18367 X1
2 - 0.006496 X2

2 - 0.013879 X3
2 – 

0.009067 X1X2 + 0.004500 X1X3 - 0.001133 X2 X3 ……………(3)

Where X1: pH, X2: temperature, X3: sago waste X1
2: pH * pH, X2

2: temperature * temperature, X3
2: sago

waste * sago waste, X1X2: pH * temperature, X1X3: pH * sago waste, X2X3: temperature * sago waste

The correlation coe�cient (R2) obtained from ANOVA was about 0.999 and this is a fraction of overall
variation in the experiment of the model, so the model is explaining 99.9% of the variation in the
response. The adjusted R2 (0.998) of this experiment indicates that the model is good.

3-D surface plots were constructed using the response (OD value) on the Z-axis against two independent
variables and other variables are at their central levels. Fig. 4a explains the impact of pH and temperature
on PHB production. Increased PHB production was observed when pH was increased but after reaching
the threshold level (pH 7) production was started to decrease whereas at low temperature less production
was observed and at high temperature the PHB production was also increased. Similarly, low and high
concentration of sago waste also reduced the PHB production rate and at their middle level, maximum
PHB production was observed (Fig 4 b &c)

The optimum level of each variable according to the maximum PHB production was determined by �tting
experimental data to equation 2 and level of pH (X1=7.07), temperature (X2= 36 °C) and sago waste
(X3=19.7 g/l) providing a maximum PHB production, 5.2 g/l in shake �ask culture.

Fermentation under the optimized cultural condition of pH (7.07) temperature (36 °C) and sago waste
(19.7 g/l) was performed with maximum production of 5.232 g/l (Fig. 5), which was slightly higher than
the value given by the model (5.11 g/l).

Biomass and PHB quanti�cation

Under the optimized condition B. cereus was cultured and their biomass (dry weight) was measured
about 1.0 g/l and PHB yield was 0.5 g/l at the initial duration of 12 h. During the incubation period
between 36-60 h the biomass was substantially increased, while the maximum quantity of PHB
accumulation (5.2 g/l) was observed at 72 h (Fig.6).
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Characterization of PHB

Greenish-black band was also observed in TLC plate with Rf value of 0.71 indicated the presence of PHB
in the production medium. The FTIR spectrum analysis of PHB revealed the presence of characteristic
groups such as inter-molecular H bond, H bond, CH2 (methylene), C=O (Carbonyl) and C-O at 400-4000cm-

1 (Fig. 7). The presence of methylene and carbonyl group indicate PHB polymer is produced by B. cereus.
GC-MS studies showed the PHB component's patterns and con�rmed the presence of PHB based on
retention peak of Phenol, 2,4-bis (1,1-dimethylethyl),1,2-benzenedicarboxylic acid, bis (4-methylpentyl)
ester, hexanedioic acid, bis (2-ethylhexyl) ester, methyl ester, methyl ether 3-hydroxybutyric acid,
2,6,10,14,18,22-tetracosahexaene, 2,6,10,15,19,23-hexamethyl-, (all-E)- (Fig. 8).

Discussion
PHB is the �rst and most considered PHA to be studied. This PHB is gaining more importance as
biopolymers than petroleum-based plastic because of increasing environmental pollution and its eco-
friendly nature. The PHB content and its composition are mainly affected by their producing microbial
strain, type of substrate and its concentration and their cultural conditions (Saharan et al. 2014). The
high cost of PHB production process can be reduced via improving the fermentation and separation
process, using low-cost substrate like agricultural waste-by-products.

According to Muthazhagan and Thangaraj (2014), the carbon sources derived from wastes such as whey,
cane molasses and sugar beet molasses were used as substrate for PHB production. They also used
mustard cake, one of the low cost, renewable nitrogen source. The cheaply available agro residues can be
used for the production of PHB and which could be cost effective and sustainable alternative for
petroleum-based plastics (Getachew and Woldesenbet 2016). Senthilkumar and Prabakaran (2006)
reported that sago waste is a good carbon source and it was found to increase the PHB production at
least expensive process.

The optimal production media could enhance the growth of producing strains in terms of optical density
and PHB production and recovery. In this study, sago waste is used as a carbon source for improving the
bacterial growth and PHB yield. Moreover, the fermentation media is formulated by adding sago waste as
substrate and it was statistically optimized to enhance the PHB production. Various bacterial strains were
isolated from soil at a sampling site where sago industrial waste disposed in order to screen bacteria to
grow in sago waste added newly formulated media. By Sudan black B staining method, about 4 strains
were selected for their ability to produce PHB. Based on the morphological and cultural features, PHB
producing strain was selected for further study. Phenotypic and genotypic identi�cation con�rms the
selected PHB producing strain as Bacillus cereus. The evolutionary relationship of the isolate with
selected species of the Bacillaceae family was analysed using Neighbor-joining method. Moreover, it is
also proved from constructed phylogenetic tree that strain SW 08 forms a separate group with the closest
relatives being B. cereus. Many Bacillus sp. have been reported with potential of PHB accumulation in
their cytoplasm (Hori et al. 2002; Hikmet et al. 2003; Rohini et al. 2006). Sudan black B staining is the
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most effective and easiest technique to screen the PHB producing strains. Among 15 bacterial isolates 4
were found to be positive for Sudan staining indicating their ability to produce lipid granules which could
have the presence of PHB.

RSM is an e�cient statistical approach to optimize medium components and cultural conditions for
enhanced production of PHB within a limited experimental run. Besides, the interaction between the
coded variables which is challenging to be studied by conventional one –factor-at-a-time (OVAT) method.
In this study, PHB production media is formulated by adding sago waste, the major waste in Salem
District, Tamil Nadu, India, as a carbon source in order to decrease the cost of production media since the
raw materials used in production media are expensive. Sabapathy et al. (2017) used rice mill as
alternative substrate for the production of PHA and reported that about 2.2 g/l of PHA was produced
from the optimized media. Likewise, pineapple peel also could be a better and an alternative cheapest
carbon source for increasing the PHB yield (5.55 g/l) by B. drentensis strain BP17 under the statistically
optimized condition (Penkhrue et al. 2020). The present study also showed high accumulation of PHB
was associated with the growth of bacterial strains and the PHB yield was about 5.2 g/l when sago
waste was sued as carbon source. These studies revealed that the utilization of agro waste such as rice
husk, pineapple peel, molasses, sago waste etc, could be a sustainable substrate for the eco-friendly and
economic feasible production of PHB polymer.

The PHB polymer extracted from optimized production media and con�rmed their presence by TLC by
measuring the Rf value (0.71). This is consistent with Kiran et al. (2017) who found the PHB Rf value of
0.68 and Senthilkumar and Prabhakaran (2006) reported the Rf vale of about 0.71. The presence of
functional groups of PHB polymer are inter -molecular H bond, H bond, CH2 (methylene), C = O (Carbonyl)
and C-O bond which have been con�rmed by FTIR spectroscopy. Senthilkumar and Prabakaran (2006)
stated that carbonyl group (C = O) is a common group of polymer which con�rms the presence of PHB
polymer. It also suggests further perceptions towards the chemical structure of the polymer and its
monomeric units (Bhagowati et al. 2015). The functional groups determined in the present study were
consistent with other studies (Mostafa et al. 2020; Likitha et al. 2018; Gumel et al. 2012) and con�rmed
the presence of PHB polymer.

The GC-MS analysis of PHB revealed the presence of various ester and ether compounds including bis (4-
methylpentyl) ester, hexanedioic acid, bis (2-ethylhexyl) ester, methyl ester, methyl ether 3-hydroxybutyric
acid. This report is in line with Cardozo et al. (2016) who con�rmed the presence of methyl ester in PHB
from Bacillus megaterium via the GC-MS spectrum. The predominant peak corresponding to the tetramer
of 3HB (hexadecanoic acid) was noted at 13.639 to 13.88 min, respectively (Bhuwal et al. 2014) and
these monomer chains are biodegradable polyester family (Choi and Lee 1997). Similarly, the current
study spectrum denoted the presence of hexanedioic acid con�rming the presence of PHB as well.
Mostafa et al. (2020) also con�rmed the presence of butanoic acid 2- amino-4-(methylseleno)-, (s);
hexanoic acid, 4-methyl-, methyl ester; and hexanedioic acid, monomethyl ester in PHB using GC-MS
spectrum.
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Conclusion
Solid waste management problems around the globe have deviated the research towards developing
biodegradable plastics possessing the similar physiochemical properties of the conventional plastics.
Microbial origin plays more preferable and suitable alternative for feasible PHB synthesis. In these
regards, this study demonstrated the production of PHB using statistically optimized media towards
reducing the cost of production process of bioplastics. The media and PHB production process
developed using sago waste as carbon source and a native isolate B. cereus isolated from sago waste
disposed site to achieve the enhanced accumulation of PHB in B. cereus. Moreover, these developed
processes will assist for economic production under fermenter conditions at large-scale-level.
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Tables
Table 1 Experimental range and levels of independent variables at two levels used for PHB production by B. cereus using PBD

Code Variables Levels

Low level
(-1)

High level
(+1)

A Sago waste (g/l) 10 30
B Peptone (g/l) 0.5 2
C Na2HPO4 2 5
D KH2PO4 (%) 1 2
E CaCl2 (%) 0.1 0.2
F MgSO4 (%) 0.2 1
G Temperature (° C) 25 40
H Incubation Period (h) 24 72
I pH 5 10

 

Table 2 Twelve trail Placket Burman experimental design for evaluation of nine independent variables with actual values and

observed OD values of B. cereus for PHB production
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Run A B C D E F G H I Predicted PHB production (g/l) Observed value
(g/l)

1 30 0.5 5 1 0.1 0.2 40 72 10 4.51 4.481667
2 30 2 2 2 0.1 0.2 25 72 10 3.86 3.888333
3 10 2 5 1 0.2 0.2 25 24 10 3.95 3.925
4 30 0.5 5 2 0.1 1 25 24 5 3.82 3.795
5 30 2 2 2 0.2 0.2 40 24 5 3.87 3.841667
6 30 2 5 1 0.2 1 25 72 5 3.91 3.935
7 10 2 5 2 0.1 1 40 24 10 3.98 4.005
8 10 0.5 5 2 0.2 0.2 40 72 5 3.85 3.878333
9 10 0.5 2 2 0.2 1 25 72 10 4.02 3.991667

10 30 0.5 2 1 0.2 1 40 24 10 4.52 4.548333
11 10 2 2 1 0.1 1 50 72 5 3.86 3.835
12 10 0.5 2 1 0.1 0.2 25 24 5 3.59 3.615

 

 

Table 3 Statistical analysis of PBD with degree of freedom (DF), coefficients, Students test (t-test), Fishers’s function (F test) and

corresponding level of significance (P value) for each independent variables affecting PHB production and analysis of variance

  DF Coefficients t-Stat F value P -value
Model 9 3.9783 210.57 20.93 0.000*

A 1 0.1033 5.47 20.93 0.032*

B 1 -0.0733 -3.88 29.91 0.060

C 1 0.0250 1.32 15.07 0.317
D 1 -0.0783 -4.15 1.75 0.054
E 1 0.0417 2.21 17.19 0.158
F 1 0.0400 2.12 4.86 0.168
G 1 0.1200 6.35 4.48 0.024*

H 1 0.0233 1.24 40.34 0.342

I 1 0.1617 8.56 1.53 0.013*

R2: 0.9895 (98.95%) and adjusted R2: 0.9422 (94.22%)

 

Table 4 Box Bhenkin design, showing the response of PHB production as influenced by pH (X1), temperature (X2) and     sago waste

(X3) with predicted and observed OD values with residuals 
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Trails X1 X2 X3 OD values Residuals

Experimental Predicted
1 5 25 20 3.38 3.36125 -0.017625
2 10 25 20 3.09 3.10375 -0.020375
3 5 40 20 4.45 4.43625 0.020375
4 10 40 20 3.48 3.43875 0.017625
5 5 32.5 10 3.05 3.03500 -0.011000
6 10 32.5 10 2.17 2.18250 -0.008250
7 5 32.5 30 2.76 2.74750 0.008250
8 10 32.5 30 2.33 2.34500 0.011000
9 7.5 25 10 2.98 2.95375 0.028625

10 7.5 40 10 3.80 3.82875 -0.009375
11 7.5 25 30 3.09 3.06125 0.009375
12 7.5 40 30 3.57 3.59625 -0.028625
13 7.5 32.5 20 5.15 5.11333 0.017000
14 7.5 32.5 20 5.09 5.11333 -0.004000
15 7.5 32.5 20 5.10 5.11333 -0.013000

   

Table 5 Statistical analysis of BBD with degree of freedom (DF), coefficients, Students test (t-test), and corresponding level of

significance (P value) for significant variables influencing PHB production and analysis of variance

  DF Coefficients t-Stat P -value
Intercept 9 5.1133 264.84 0.000

X1
3 -0.3213 -27.17 0.000  

X2
3 0.3450 29.18 0.000  

X3 3 -0.0312 -2.64 0.046  
X1X1 3 -1.1479 -65.96 0.000  
X2X2 3 -0.3654 -21.00 0.000  
X3X3 3 -1.3879 -79.75 0.000  
X1X2 3 -0.1700 -10.17 0.000  
X1X3 3 0.1125 6.73 0.001  

X2X3
3 -0.0850 -5.08 0.004  

Lack of fit 3      

Pure error 2      

R2: 0.9996 (99.96%); adjusted R2: 0.98988 (99.88%)

Figures
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Figure 1

Growth curve showing the OD values of bacterial isolates (SW 02, 05, 06, 08) at different time of
incubation
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Figure 2

Phylogenetic analysis of PHB producing Bacillus cereus isolate

Figure 3

Pareto chart explains the order of signi�cance of the independent variables in�uencing PHB production
by increasing mass of B. cereus (The red horizontal line indicate the relative frequency of the values)
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Figure 4

Contour plots showing the interactive effect of CaCl2, sago waste, fructose for the response optical
density of B. cereus

Figure 5

Optimized level of 3 signi�cant variables by BBD
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Figure 6

Biomass of B. cereus and yield of PHB from Sago waste at different time points
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Figure 7

FTIR spectrum of PHB produced using sago waste as substrate
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Figure 8

GC-MS Spectra of PHB produced using sago waste as substrate


