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Abstract In this study, the influence of different physico-
chemical parameters on the yield of polyhydroxyalkanoates
(PHAs) produced by Bacillus cereus FA11 is investigated.
The physicochemical factors include pH, temperature, time,
inoculum size and its age, agitation speed and composition
of the glucose rich peptone deficient (GRPD) medium.
During two-stage fermentation, B. cereus FA11 produced a
significantly high (p < 0.05) yield (80.59% w/w) of PHAs
copolymer using GRPD medium containing glucose (15 g/
L) and peptone (2 g/L) at pH 7, 30 °C and 150 rpm after
48 h of incubation. On the other hand, the presence of olive
oil (1% v/v) and peptone (2 g/L) in the GRPD medium
resulted in biosynthesis of tercopolymer during two-stage
fermentation and the yield of tercopolymer was 60.31% (w/
w). The purified PHAs was characterized by Fourier trans-
form infrared spectroscopy and proton resonance magnetic
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analysis. Proton resonance magnetic analysis confirmed that
the tercopolymer was comprised of three different mono-
meric subunits, i.e., 3-hydroxybutyrate, 3-hydroxyvalerate
and 6-hydroxyhexanoate.
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Introduction

The polyhydroxyalkanoates (PHAs) are the natural polye-
sters and are synthesized by a variety of microorganisms
under the conditions of nutrient stress (Masood et al.
2015a; Muhammadi et al. 2015; Kumar et al. 2014). The
PHAs act as carbon and energy reserves (Quelas et al.
2016; Masood et al. 2015a; Kumar et al. 2009). The PHAs
are biodegradable, biocompatible and non-toxic in nature.
About 150 different monomeric subunits of PHAs are
identified as homopolymer [e.g. poly-3-hydroxybutyrate
(PHB)], copolymer [e.g. poly-3-hydroxybutyrate-co-3-hy-
droxyvalerate (PHBV) and tercopolymer [e.g. poly-3-hy-
droxybutyrate-co-3-hydroxyvalerate-co-6-hydroxyhex-
anoate (PHBVHHXx)]. This huge diversity of monomeric
subunits is mainly dependent upon a type of microorganism,
the type of substrate used, the substrate specificity of PHA
synthases and the physico-chemical parameters used for
PHA production (Tariq et al. 2015; Foong et al. 2014). The
incorporation of diverse monomeric subunits on the main
backbone of polymer has deeply influenced the physical
properties of PHAs synthesized by microorganisms.

The PHAs have a wide range of applications in bio-
materials, packaging, agriculture and food industries
depending upon their monomeric compositions (Chen et al.
2016; Muhammadi et al. 2015; Bugnicourt et al. 2014). It is
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expected that demand of PHAs would reach to 34,000 MT
by 2018 (Masood et al. 2015a, b). However, the key
impediment in the commercialization of PHAS is their high
production cost. The price of carbon source accounts for
80% of the overall production cost of PHAs. Carbon
sources such as glucose and fructose along with fatty acids
are successfully used to synthesize PHAs copolymer and
tercopolymer by various bacterial strains (Ray and Kalia
2017; Kumar et al. 2016; Masood et al. 2011, 2015b ). On
the other hand, plant oil is considered as a cheap and viable
source for the biosynthesis of PHAs. There are several
reports on the production of PHA tercopolymer from Gram
negative bacteria using waste glycerol (Cavalheiro et al.
2012), mixtures of fructose and sodium heptanoate (Rathi
et al. 2013), oleic acid (Cheema et al. 2012), and mixtures
of crude palm kernel oil (Bhubalan et al. 2010). However,
the absence of the toxic lipo-polysaccharides secretion
(Singh et al. 2009) in member of the genus Bacillus made
them an ideal candidate to produce PHAs homo-, co- and
ter-copolymers intended to be used as biomaterials.

The two-stage fermentation is considered as an ideal
approach on bio-industrial scale to achieve a high cell
density in bioreactor and overcomes the problems associ-
ated with inhibition by substrate or induction, which ulti-
mately declines the product yield. The pH (Mohd Zahari
et al. 2012; Venkata Mohan et al. 2010), temperature
(Gomaa 2014; Wei et al. 2011), dissolved oxygen (Kshir-
sagar et al. 2013; Mohd Zahari et al. 2012), carbon source
(Patel et al. 2016; Tomizawa et al. 2014), nutrient limita-
tions via nitrogen (Gowda and Shivakumar 2014; Singh
et al. 2013) and phosphorus (Grousseau et al. 2014) are
considered as critical variables for the enhancement of
PHAs yield.

This study reports for the first time, the potential of
Bacillus cereus FA1l to consume olive oil to produce a
high yield of PHA tercopolymer under the nitrogen defi-
cient environment using two-stage fermentation. In this
study, various sets of experimental conditions were opti-
mized to obtain a maximum yield of PHAs by B. cereus
FA11 on the small scale. We had separately used both the
short chain fatty acids (propionic acid, butyric acid, valeric
acid, hexanoic acid) and a mixture of long chain fatty acids
(olive oil) along with the glucose in the GRPD medium
(considered as an optimal medium). Batch and two-stage
fermentation were carried out using glucose (as a sole
carbon source) on the large scale. Additionally, the glucose
was used to obtain a high density of bacterial cells and then
olive oil was added during the second stage to find out its
influence on the chemical composition of PHAs. Fourier
transform infrared spectroscopy and proton resonance
magnetic analysis techniques were used for the structural
characterization of the PHAs. The molecular weights of the
PHASs copolymer and tercopolymer were determined.
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Materials and methods
Bacterial strain

A gram-positive rod-shaped bacterium Bacillus cereus
FA11 (GenBank Accession number JN593008) was used
in the present study. This strain was isolated from trini-
trotoluene (TNT)-contaminated soil (Masood et al. 2011).
The bacterial strain was maintained on a nutrient agar slant
at 4 °C and sub-cultured every month.

Inoculum preparation and PHAs fermentation

Inoculum preparation of B. cereus FAll was done using
nutrient broth. Four different media, i.e., nutrient broth,
PHA-detection broth (PDB) (Lee and Choi 1999) Deutsche
Sammlung von Mikroorganismen und Zellkulturen (DSMZ)
broth (Chaijamrus and Udpuay 2008) and glucose rich
peptone deficient (GRPD) were used to screen out the best
medium for obtaining a high yield of PHAs by B. cereus
FA1l. The composition of all media used in this study is
given in Supplementary file (Table I). About 200 mL of
each of the above-mentioned media were prepared in
500 mL Erlenmeyer flasks. Each of medium was inoculated
with 2% (v/v) of 24 h old inoculum and was incubated at
37 °C and 150 rpm in a shaking incubator for 48 h.

PHASs extraction

Sodium hypochlorite (NaOCl) digestion method was used
for PHAs extraction (Arnold et al. 1999). Centrifugation
was done at 10,000 rpm for 20 min to collect bacterial
cells. A biomass of 200 mg was suspended in 5 mL of
0.4% (v/v) NaOClI solution and the mixture was incubated
for 1 h at 37 °C. The PHAs pellet was separated by cen-
trifugation at 10,000 rpm for 20 min. The pellet was
washed with acetone followed by water. Chloroform was
used for purification of the PHAs pellet. Then, chloroform
was evaporated and the PHAs were weighed. The PHAs
yield was defined as a mass fraction of PHAs (g/L) in
biomass (g/L).

Optimization of physico-chemical parameters

The effect of physical factors, including pH (6.0, 6.5, 7.0,
7.5 and 8.0), temperature (25, 30, 35 and 40 °C), time (12,
24, 36, 48, 60, 72, 84 and 96 h), inoculum size (1, 2, 3, 4
and 5% v/v), age (24, 48 and 72 h) and agitation speed (0,
50, 100, 150 and 200 rpm) on the PHAs production by B.
cereus FA11 were studied. Moreover, the optimization of
the contents of the GRPD medium, i.e., carbon source
(glucose, lactose, fructose and molasses), its concentration
(0, 5, 10, 15 and 20 g/L), nitrogen source [no nitrogen
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source (control), tryptone, peptone from meat, KNO;3 and
(NH4),SO4] and its concentration (2, 4, 6, 8 and 10 g/L)
was done. The effect of volatile fatty acids (VFAs), i.e.,
propionic acid, butyric acid, valeric acid, hexanoic acid and
olive oil (1% v/v solution) on PHAs yield was also
evaluated.

Fermentation on the large scale

To carry out the PHAs fermentation on the large scale, two
sets of experiments were done using: (1) glucose as a sole
carbon source, (2) glucose and olive oil as carbon sources.
The batch and two-stage fermentation were carried out
using 2800 mL Fernbach-style culture flasks using shaking
incubator. About 1500 mL of the optimized GRPD med-
ium [yeast extract (2.5 g/L), peptone (4.0 g/L), NaCl
(1.25 g/L) and glucose (15 g/L)] was prepared and batch
fermentation was carried out for 48 h at pH 7, 30 °C and
150 rpm. While, for a two-stage fermentation, about
1000 mL of the GRPD medium A [yeast extract (2.5 g/L),
peptone (4.0 g/L), NaCl (1.25 g/L) and glucose (10 g/L)]
was inoculated with 3% (v/v) of 24 h old inoculum and
incubated for 18 h during first stage (biomass production).
The bacterial cells were then harvested by centrifugation at
10,000 rpm for 20 min and washed with sterilized distilled
water. During second stage, the washed cells were resus-
pended in 1500 mL GRPD medium B [yeast extract (2.5 g/L),
peptone (2.0 g/L), NaCl (1.25 g/L) and glucose (15 g/L)]
and incubated for 48 h at pH 7, 30 °C and 150 rpm for
PHA production. Similarly, in another experiment the
bacterial cells were initially grown in GRPD medium
containing glucose for 18 h during first stage (biomass
production). During second stage, the separated cells were
resuspended into GRPD medium containing olive oil (1%
v/v) for PHA accumulation.

Characterization of PHAs
Fourier transform infrared (FTIR) spectroscopy

The structural analysis of the PHAs sample was performed
using the FTIR spectrophotometer (Nicolet model 6700;
Thermo Electron Crop, Marietta, OH). The sample was
placed on the sample holder and the spectrum was recorded
using an attenuated reflectance technique having a diamond
crystal. The spectrum was scanned from 4000-400 cm ™" at

a resolution of 6.0 cm ™.

Proton nuclear magnetic resonance ('H-NMR) analysis
The 'H-NMR of PHAs sample was done using deuterated

chloroform at a room temperature with AVANCE 300 B
spectrometer (Bruker Daltonics, Billerica, MA). The mole

fraction of the 3-HV monomeric subunit in the PHAs
copolymer was calculated by an equation described by Liu
et al. (2010). The mole fractions of monomeric subunits
were determined from the peak of proton resonance of
3-HB, 3-HV and 6-HHx in the PHAs tercopolymer
(Labuzek and Radecka 2001).

Determination of molecular weight

About 20 mg of PHAs was dissolved in 15 mL of chlo-
roform and the average molecular weight of sample solu-
tion was determined using following the Mark-Houwink
equation:

n=K-Mw*

where n was the viscosity (Pa s), K was the consistency
index 1.18 x 10™*, Mw was the average molecular weight
and o was the flow behavior index 0.78 (Brandrup et al.
1990).

Statistical analysis

All fermentation experiments were performed in triplicate.
All the data with repeated measurements were statistically
compared and evaluated by employing the analysis of
variance (ANOVA). The comparison between means was
calculated by the Student-Newman—Keuls test.

Results and discussion
Optimization of physico-chemical parameters

Optimization of physico-chemical parameters is of vital
importance for obtaining a high yield of PHAs on the
commercial scale. Four different media, i.e., nutrient broth,
GRPD, PDB and DSMZ broth were screened for PHAs
production and the GRPD medium produced significantly a
high (p < 0.05) yield of PHAs (22.66%) (Fig. 1a). There-
fore, this medium was selected for further optimization
studies. Additionally, a decrease in the final pH of the
medium was found at the end of the fermentation process
due to entry of bacterial cells from exponential phase to
stationary phase. Philip et al. (2009) stated that low pH
conditions prevent PHAs degradation during un-buffered
Bacillus fermentation. During optimization of temperature,
the GRPD medium was incubated at various temperatures
ranging from 2540 °C and the optimum yield of PHAs
(22.28%) was found at 30 °C (Fig. 1b). Cupriavidus tai-
wanensis produced a high PHB yield at pH 7 and 28-30 °C
temperature and an alteration in temperature variable
reduced the dissolved oxygen levels, mass transfer
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Fig. 1 The effect of media (a); temperature (b); pH (c) and agitation speed (d) on the PHAs synthesis by B. cereus FA11. [*p < 0.05, Error bars

represent the standard error]

efficiency and ultimately resulted in a decrease in PHAs
synthesis (Wei et al. 2011). The effect of different initial
pH (6, 6.5, 7, 7.5 and 8) on PHAs production was evalu-
ated. B. cereus FA11 produced a maximum yield of PHAs
(29.20%) using the GRPD medium at an initial pH 7 and
30 °C (Fig. 1c). The Bacillus mycoides DFC1 strain pro-
duced a high PHAs yield at pH 7.3 (Narayanan and
Ramana 2012). The PHAs production was carried out at 0,
50, 100, 150 and 200 rpm using the GRPD medium to
determine the influence of agitation speed. The signifi-
cantly high (p < 0.05) yield of PHAs (42.38%) was
obtained at 150 rpm and 30 °C (Fig. 1d).

The PHAs production was carried out by B. cereus
FAI11 for 96 h to determine a suitable harvesting time. The
significantly high (p < 0.05) yield (44.59%) of PHAs was
found after 48 h of incubation at pH 7, 30 °C and 150 rpm
(Fig. 2a). B. thuringiensis EGU45 produced optimal
quantities of PHAs over an incubation period of 48 h using
medium containing 1% crude glycerol medium supple-
mented with nutrient broth (Kumar et al. 2015). The PHAs
production was carried out with an inoculum of different
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ages to obtain its optimum yield. The optimum yield of
PHAs (44%) was obtained with 2% (v/v) of 24 h old
inoculum of B. cereus FA11 at pH 7.0, 30 °C and 150 rpm
(Fig. 2b). An inoculum of various sizes (1, 2, 3, 4, 5% v/v)
was also added to the GRPD medium to achieve a high
yield of PHAs. The maximum yield of PHAs (48.81%) was
obtained using 3% (v/v) of 24 h old inoculum at pH 7.0,
30 °C and 150 rpm (Fig. 2¢). An inocula containing higher
cell density resulted in higher PHAs yield (Kulkarni et al.
2010). The volatile fatty acids (propionic, butyric, valeric,
hexanoic acid) and olive oil were separately supplied in the
optimized GRPD medium to evaluate their effect on PHAs
yield and its composition. A significantly high (p < 0.05)
yield of PHAs (28.10%) was obtained by Bacillus cereus
FA11 due to the presence of olive oil in GRPD medium
after 48 h of incubation at pH 7, 30 °C and 150 rpm
(Fig. 2d).

Various carbon sources, i.e., fructose, lactose, glucose
and molasses at 1 g/ concentration were added to the
GRPD medium to determine their effect on PHAs yield
(Fig. 3a). A significantly high (p < 0.05) yield of PHAs
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(49.20%) was obtained by B. cereus FAll due to the
presence of glucose in the GRPD medium in comparison to
the other carbon sources. Different concentrations (0, 5, 10,
15 and 20 g/L) of glucose were added to the GRPD med-
ium and the significantly high (p < 0.05) yield of PHAs
(53.48%) was obtained in the presence of 15 g/L glucose in
the GRPD medium after 48 h of incubation at pH 7.0,
30 °C and 150 rpm as compared to others (Fig. 3b). Dif-
ferent nitrogen sources, i.e., control (no nitrogen source),
tryptone, peptone, KNOj3 and (NH4),SO,4 were added to the
GRPD medium to find out the most suitable nitrogen
source for obtaining a high yield of PHAs. The maximum
yield of PHAs (56.21%) was obtained in the presence of
peptone as a nitrogen source in the GRPD medium at pH 7,
30 °C and 150 rpm after 48 h of incubation (Fig. 3c).
Then, different concentrations of peptone (0, 2, 4, 6, 8 and
10 g/L) were provided in the GRPD medium. The signifi-
cantly high (p < 0.05) yield of PHAs (62.03%) was
obtained in the presence of peptone (2 g/L) and glucose
(15 g/L) in the GRPD medium at pH 7, 30 °C and 150 rpm
after 48 h of incubation (Fig. 3d). This behavior is

consistent with the previous finding that Bacillus mycoides
DFCI1 gave a high yield of PHB in the presence of glucose
and peptone in the growth medium (Narayanan and
Ramana 2012). Thus, the selection of the maximum
amount of carbon source and minimal quantity of nitrogen
source (C/N ratio) is necessary to obtain a high yield of
PHAs.

Fermentation on the large scale

Different fermentation strategies, i.e., batch, fed batch,
continuous and two-stage fermentation were used to obtain
high yields of PHAs from microorganisms on a large scale.
The effect of batch and two-stage fermentation on the
PHAs production by Bacillus cereus FA1l was evaluated.
Bacillus cereus FAll produced significantly a high
(p < 0.05) yield of PHAs (80.59%) using glucose as a sole
carbon source in the GRPD medium at pH 7, 30 °C and
150 rpm during two-stage fermentation (Fig. 4a). The
members of the genus Bacillus harbor the type IV PHA
synthases (PhaRC) (Mizuno et al. 2017). The PhaRCypy
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(C18:0), oleic acid (C18:1), linoleic acid (C18:2) and
linolenic acid (C18:3) (Monfreda et al. 2014). The PHAs
fermentation was carried out in the presence of renewable
carbon substrates (glucose and olive oil) to evaluate the
substrate specificity of the type IV PHAs synthases of
Bacillus cereus FA11. The yield of PHAs produced by B.
cereus FA1l was 60.31% using the GRPD medium con-
taining olive oil after 48 h of incubation at pH 7, 30 °C and
150 rpm during two-stage fermentation (Fig. 4b). The
consumption of olive oil by Bacillus cereus FA11 may
provide an evidence that a lager inter-atomic distance
between the sulfhydryl group of cysteine and amino group
of histidine of a phaC subunit of the type IV PHA synthase
is responsible for the utilization of long-chain fatty acid as
claimed by Tariq et al. (2015) during in silico studies.

Characterization of PHAs
FTIR analysis

The FTIR analysis of the PHAs sample obtained from B.
cereus FA11 via two-stage fermentation in the presence of
glucose and olive oil as a carbon source in the GRPD
medium is given in Fig. 5. The absorption band at
1275 cm™! was corresponding to the C-O stretching. The
absorption peaks at 1375 and 1456 cm™" were attributed to
the C-H bending vibrations form -CH,, -CH; and -CH
bonds. A characteristic band at 1739 cm™' was corre-
sponding to C=0 stretching vibration and is associated
with the amorphous nature of PHAs. The band appeared at
2935 cm™' was representing the CH, anti-symmetric
stretching. The absorption peaks appeared in region
3200-3300 cm ™' were corresponding to the CH; asym-
metric stretching. The presence of a band above
3000 cm ™' (CH; asymmetric stretching) was a result of the
C-H-O hydrogen bond (Patel et al. 2015; Sato et al. 2004).
The absorption bands in the regions at 3015-2960,
2945-2925, 2855-2875, 1739 and 1275 cm™ ' indicated the

presence of the asymmetrical CHj; stretching, anti-sym-
metrical CH, stretching, symmetrical CHj stretching
modes, C=0 stretching and C-O stretching, respectively
(Kumar et al. 2015; Patel et al. 2015; Lopez-Cuellar et al.
2011).

"H-NMR analysis

B. cereus FAll synthesized a PHAs copolymer using
glucose as a sole carbon source in the GRPD medium.
This copolymer was made up of two monomeric subunits,
ie., 8 mol % of 3-HB and 15 mol % of 3-HV, as
reported previously (Masood et al. 2011). B. cereus FA1l
also produced variations in the monomeric composition of
the copolymer during its growth on GRPD medium con-
taining both glucose and VFAs as carbon source. The
result is given in the supplementary file (Table II). B.
cereus FA1l produced a PHAs tercopolymer in the pres-
ences of glucose and olive oil as carbon sources in the
GRPD medium during two-stage fermentation. The char-
acteristic signals observed at 0.87 (4) and 1.24 (1) ppm
were corresponding to protons of methyl (CH3) group of
3-HV and 3-HB, respectively. Two signals (2, 6) appeared
in a region between 5.25-5.45 ppm and were attributed to
the protons of methine (CH) groups of 3-HB and 3-HV,
respectively. The signal (8) obtained in a region between
4.1 and 4.4 pm was corresponding to protons of methylene
(CH,) group of 6-HHx. This tercopolymer was comprised
of 45.66 mol % of 3-HB, 9.28 mol % of 3-HV and
45.35 mol % of 6-HHx.

Molecular weight determination

The average molecular weights of copolymer and ter-
copolymer were 91.60 and 1.50 kDa, respectively. The
characteristic weight average molecular weight of PHBV
produced by Halomonas campisalis ranged from
2.08 x 10* Da (Kshirsagar et al. 2013).

Fig. 5 Fourier transform 103
. 1004
infrared spectrum of the
tercopolymer obtained from B. %
cereus FA11 using glucose and 90
olive oil as carbon source in the 851 Y
GRPD medium 801 P2 9
751 <
—
= 704
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[a2]
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Conclusion

In this study, the optimization of physicochemical param-
eters was done to obtain a high yield of PHAs by B. cereus
FA11. During batch fermentation, the yield of PHAs was
increased from 22.66 to 62.03% of its biomass (w/w) using
GRPD medium containing peptone (2 g/L) and glucose
(15 g/L) at pH 7, 30 °C and 150 rpm after 48 h of incu-
bation. During two-stage fermentation, the PHAs yield was
increased to 80.58% of its biomass (w/w) using glucose as
a sole carbon source. While, a high yield of PHAs ter-
copolymer was obtained due to the presence of olive oil in
the GRPD medium during two-stage fermentation. The
yield of tercopolymer was 60.31% of its biomass (w/w).
Thus, B. cereus FA11 was capable to produce both PHAs
copolymer and tercopolymer depending upon the type of
substrates used during fermentation.
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