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Bioconversion of glycerol to poly(HB-co-HV) copolymer in an
inexpensive medium by a Bacillus megaterium strain isolated from
marine sediments
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A B S T R A C T

A Bacillus megaterium strain, as an alternative to produce biopolymers from an industrial waste in a low
cost medium, is studied. A culture medium composed by salt solution, trace elements, glycerol and urea
was used. The growth of B. megaterium BBST4 and the production of PHA achieved by different
concentrations of glycerol and urea, were analyzed at various C/N ratios. The effect of temperature, the
incubation time and the addition of yeast extract, on the growth, PHA production and sporulation, were
determined. The strain showed better growth and PHA production (30% w/w) after 48 h of incubation at
30 �C in a SWG medium with 3% of glycerol, 0.08% of urea, and 0.005% of yeast extract. Under these
conditions no sporulating cells were observed. The obtained PHA was characterized by FTIR, NMR, DSC,
SEC and GC–MS. It was determined that the biopolymer produced by B. megaterium BBST4 is a copolymer,
composed of 3-hydroxybutyrate (92.2 mol%) and 3-hydroxyvalerate (7.8 mol%). This copolymer offer
industrial and biomedical applications.
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1. Introduction

Poly(hydroxyalkanoate)s (PHAs) are biodegradable polymers
which are accumulated as carbon/energy source in several bacteria
[1]. This family of biopolymers exhibit similar properties to
non-biodegradable petrochemical-based polymers such as
polyethylene or polypropylene. PHAs are synthesized and accu-
mulated as intracytoplasmic granules. These polyesters can be
employed either for packaging and coating materials, or as
biodegradable carriers for controlled delivery of drugs, agro-
chemicals, etc. [2]. They can also have applications in both
conventional medical devices and tissue engineering [3].

PHAs show in most cases excellent biodegradability, biocom-
patibility and mechanical properties directly related to the
chemistry of the monomer units [4]. Incorporation of hydrox-
yvalerate units improves processability, impact strength and
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flexibility, while resulting in loss of stiffness as well as lower
thermal stability and reduced barrier properties [5].

Despite PHAs friendly environmental properties, and that they
have been recognized as good candidates to replace conventional
petrochemical plastics, their high production costs have limited
their use in a wide range of applications. A significant part of these
costs is ascribed to the raw materials, in which the carbon source
could sum up to 50% of the total expenses. The search of a more
favorable economic equation enhance the interest in developing
production processes based on cheap carbon sources, preferably
from industrial by-products and wastes [6,7].

Several Gram negative bacteria have been employed for the
efficient production of PHA [8]. However these bacteria can release
endotoxins (pyrogen) which are present in lipopolysaccharides, a
component of the outer cell wall. The endotoxins induce fever if
they get into the bloodstream of humans or other animals [9–11].
Therefore, in order to use PHAs produced for Gram negative
bacteria in biomedical applications, an extra separation stage
should be carried out for removing the endotoxins [11]. This
problem can be avoided if PHAs are obtained from Gram positive
bacteria. It is well known their capacity to produce PHAs, especially
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those belonging to the genus Bacillus [12–15]. It has been reported
that PHA contents in several Bacillus spp. strains were less than 41%
in biomass (based on dry cell weights) [16]. Despite this,
microorganisms from genus Bacillus possess many favorable
characteristics which justify their use. They tolerate adverse
environmental conditions, several Bacillus spp. strains exhibit low
nutritional requirements, and can also produce numerous
exoenzymes as proteases, amylases, xylanases, and surfactants.
All these give them the possibility to utilize a wide range of
substrates as carbon sources [17–19], among which glycerol has
proved to be one of the most promising for PHA production in
Bacillus spp. and other bacterial strains [1,20–32]. Glycerol is the
major by-product generated in biodiesel industry, along with a few
contaminants in minor quantities [20]. It is widely used in different
products and industries, directly and without chemical modifica-
tions in most cases. However, these markets only consume a
limited amount of glycerol. To support the sustained growth of the
biodiesel industry new markets for the use of glycerol should be
developed [33]. The present studies contribute to this aim by using
glycerol as the sole carbon and energy source, as a part of low cost
fermentation media developed for PHA copolymer production by a
Bacillus megaterium strain. The Gram positive bacteria used in this
work was isolated from coastal sediments of Bahía Blanca estuary
(Argentine). Finally, characterization studies of the obtained PHA
were performed.

2. Materials and methods

2.1. Microorganism and culture media

The bacterial strain used in the present work to produce PHA,
was isolated from sediments of the Bahía Blanca Estuary (located at
the Atlantic coast of Argentine, between 38� 420 and 39� 260 S and
62� 280 and 61� 400 W), in a previous work performed in our
laboratory [34]. According to biochemical tests and the 16S rDNA
analysis, the strain was a Bacillus megaterium (GenBank: accession
number HM119600.1), and it was named Bacillus megaterium
BBST4. The strain was stored at �72 �C in Trypticase Soy Broth
(Britania B0210206, Argentine) with 20% glycerol.

Culture media used in this study were: a Winogradsky’s mineral
salt solution (WSG) containing NaCl, 2.5 g/L; K2HPO4, 2.5 g/L;
KH2PO4, 2.5 g/L; MgSO4�7H2O, 2.5 g/L; MnSO4�4H2O, 0.05 g/L;
FeSO4�7H2O, 0.5 g/L [35] amended with 1 mL of trace element
solution, containing ZnSO4�7H2O, 2.25 g/L; CuSO4�5H2O, 1 g/L;
CaCl2�2H2O, 2 g/L; H3BO4, 0.20 g/L, with a final pH of 8 adjusted
with NaOH 1 N solution. The salt solution was supplemented with
glycerol (Anedra, Argentine) and urea (Anedra, Argentine). WSG
amended with ultrapure agar–agar (Merck, Germany),
12 g/L (AWSG) and Plate Count Agar, PCA, (Britania, Argentine),
were used as solid mediums. All media and solutions were
prepared with bi-distilled water. Winogradsky's salt solution and
glycerol were autoclaved at 1 atm for 15 min. Trace element and
urea solutions were sterilized by filtration through a membrane
with 0.22 mm of pore (Merck-Millipore, Brazil) and added
aseptically to the medium. The incubations in liquid medium
were performed in a Gerhardt SW 20 (Denmark) shaking
thermostatic bath.

2.2. Assay of culture conditions

For all the experiments, B. megaterium BBST4 from �72 �C stock
was recovered in Trypticase Soy Broth and incubated at 30 �C in an
orbital shaker for 24 h. Then, an aliquot was taken with sterile loop
and was transferred to AWSG (3% glycerol and 0.1% urea), and the
plates were incubated for 48 h at 30 �C. One colony was picked and
transferred to a 100 mL flask with 25 mL of WSG (with 3% glycerol
and 0.1% urea). The flask was incubated at 30 �C and 150 rpm for
48 h. The culture was harvested by centrifugation (ROLCO CM
4080, Argentine) for 15 min at 2000 g, washed twice with saline
solution (NaCl 0.85% w/v), and finally suspended in the same
solution. Optical density of suspension was adjusted to an
absorbance of 0.20 at 550 nm (OD550) [108 colony forming
units/mL (CFU/mL)] using a spectrophotometer (Thermo Spec-
tronic Genesys 20, Thermo Electron Corporation, MA, USA). The
resulting cell suspension was used as inoculum for the experi-
ments.

Sterile Erlenmeyer flasks of 250 mL were prepared with 100 mL
of WSG and different concentrations of glycerol and urea. Different
media assayed were the following: I- WSG amended with 0.1%
(w/v) urea and three different concentrations of glycerol (v/v) (2%,
3%, and 4%). II- WSG amended with 3% glycerol and different
concentrations of urea (0.05%, 0.08%, 0.1%, and 0.15%). Each media
was assayed in triplicate. Each flask was inoculated with 1 mL of
the cell suspension prepared from the pre-culture described above,
to obtain a final bacterial density of 106 CFU/mL. These experi-
ments were carried out in a shaking incubator at 30 �C and 150 rpm
for 30 h. Growth was monitored by absorbance (OD550) and viable
count (in PCA) from broth samples over time. The specific growth
rate (m) was calculated as:

m ¼ lnN � lnN0

t � t0

Where N and N0 are the viable count at t and t0, where t and t0 are
the final and initial times of exponential growth phase, respec-
tively.

Furthermore, 20 mL of the culture were employed to determine
the percentage of cells with PHA granules, by means of light
microscopy (Zeiss, Primo Star Iled, Germany), after a Sudan Black
staining [36,37]. The percentage of sporulating cells was deter-
mined by the Schaeffer-Fulton method for staining the endospores
[38]. The stains were observed using a 100� oil-immersion
objective. At the end of the experiments the remaining volume
from each flask was centrifuged at 2000 g for 15 min to harvest the
cells. The pellet was washed twice with distilled water and
lyophilized (RIFICOR L-A-B3-C, with a WELCH 1402 vacuum
pump). Subsequently dry cell weight (DCW) was determined in
an analytical balance (Mettler AE 163, Mettler-Toledo Ltd, Leicester,
UK). The resulting lyophilized biomass was used for PHA extraction
as it is described in 2.5.

2.3. Effects of temperature and incubation time on PHA production

Bacillus megaterium BBST4 growth and PHA production were
tested at 20 �C, 30 �C and 37 �C in WSG (3% glycerol and 0.08% urea)
in a shaking incubator at 150 rpm. The inoculum was obtained as it
was described before. At 18, 30, 40, 48 and 60 h of incubation, three
flasks per each temperature assayed were removed from the
incubator. The entire volume from each flask was centrifuged at
2000 g for 15 min. The pellet was washed twice with distilled water
and lyophilized. Dry cell weight (DCW) and PHA content were
determined (as described in 2.2 and 2.5, respectively). In addition,
20 mL of each culture was collected at each time, to determine the
percentage of cells with PHA granules and the percentage of
sporulating cells after Sudan Black and Schaeffer-Fulton staining,
respectively.

2.4. Effect of addition of yeast extract

The effect of adding yeast extract in low concentrations to the
WSG formulation that gave better results in the experiment
described in 2.2, was tested. Two concentrations of yeast extract



Table 1
Bacillus megaterium BBST4 cultured in a minimal salt medium supplemented with different concentrations of glycerol and urea (WSG).

Culture medium C:N Biomass (DWC) (g L�1� SD) PHA (g/L�1� SD) PHA (% � SD)

WSG (2% glycerol)* 17.0 1.33 � 0.10a 0.17 � 0.037a 12.9 � 2.8a

WSG (3% glycerol)* 25.4 2.20 � 0.20b 0.29 � 0.036b 13.2 � 1.7a

WSG (4% glycerol)* 34.0 1.40 � 0.10a 0.12 � 0.020a 8.6 � 1.4b

WSG (0.05% urea)** 50.2 2.32 � 0.10b 0.30 � 0.046b 13.1 � 2.0a

WSG (0.08% urea)** 31.6 2.60 � 0.19b 0.53 � 0.049c 20.4 � 1.9c

WSG (0.15% urea)** 16.9 2.30 � 0.10b 0.25 � 0.021b 11.0 � 0.9a

Culture conditions: 30 h at 30 �C and 150 rpm.
* 0.1% urea.
** 3% glycerol.
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Fig. 1. Influence of temperature and culture time on PHA production (mean � SD).
Symbols: (*) PHA at T = 20 �C, (^) PHA at T = 30 �C, (&) PHA at T = 37 �C, (�) Biomass
at T = 20 �C, (~) Biomass at T = 30 �C, and (*) Biomass at T = 37 �C, the curves
represent the trend lines.
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were assayed: 0.01% and 0.005% (w/v), using as a control the
original WSG medium without yeast extract. Experiments, in
triplicate, were carried out at the same conditions described in 2.2,
in a shaking incubator at 150 rpm at 30 �C, for 48 h. Finally, the
contents of DCW and PHA were determined.

2.5. Determination of PHA production

Polymer extraction was performed using a modification of the
technique described by Manna et al. [39] and Valappil et al. [40].
Lyophilized cells were lysed in sodium hypochlorite (5.5% v/v in
water) at 37 �C for 1 h. Then, the suspension was centrifuged at
6000 g (ALC-Multispeed Centrifuge PK131, Thermo Electron
Corporation, France) and the obtained pellet was washed twice
with water, acetone, and ethanol successively. Finally, pellets were
subjected to extraction with boiling chloroform for 10 min and
filtered with Whatman filter paper GF/C (47 mm, 1820047). The
obtained PHA was recovered by solvent evaporation, and purified
by precipitation with hexane [4]. The PHA content was defined
based on the concentration of the PHA in the DCW (w/v).

2.6. Polymer characterization

2.6.1. Fourier transform infrared spectroscopy (FTIR)
The obtained PHA was dissolved in chloroform, and then a thin

film of the biopolymer was obtained, by solvent evaporation, on a
NaCl window. Spectra were obtained on FTIR equipment (Nicolet
Nexus, Thermo Scientific, USA) in the range of 400–4000 cm�1

with a resolution of 4 cm�1. The data was processed via OMNIC
software.

2.6.2. Size exclusion chromatography (SEC)
The molar mass distribution and the average molar masses

were obtained by Size Exclusion Chromatography (SEC). A system
conformed by a Waters 515 pump with a refractive index detector
Waters 410, and three 5 mm Phenogel Linear columns and a 5 mm
pre-column, was used. Chloroform at 30 �C with a flow rate of
1 mL/min was used as solvent. The calibration was performed with
polystyrene (PS) standards, and the following Mark-Houwink
constants were used: KPS = 4.9 10�3mL/g and aPS = 0.794 for PS and
KPHB = 11.8 10�3mL/g and aPHB = 0.78 for PHB. The data was
processed via Empower software.

2.6.3. Differential scanning calorimetry (DSC)
Thermal properties were measured by Differential Scanning

Calorimetry (DSC) using a Perkin Elmer Pyris 1 calorimeter. One
heating-cooling-heating cycle was performed in the temperatures
range of 30–200 �C at a rate of 10 �C/min. The properties on cooling
(crystallization) and second heating (melting) were calculated.
Temperatures of melting and crystallization were calculated with
Pyris software (PerkinElmer, Inc.)
2.6.4. Gas chromatography–mass spectroscopy (GC–MS)
The monomeric composition of the purified PHA was deter-

mined with Gas Chromatography-Mass Spectroscopy (Perkin
Elmer Clarus 500 Gas Chromatograph/Mass Spectrometer) with
PE-5 (fused silica with 5% phenylpolydimethylsiloxane) column
(60 m � 0.25 mm ID � 0.25 mm). Hydrogen was used as carrier gas.
The oven temperature was maintained at 80 �C for 2 min then
programed to 250 �C at 20 �C/min; with isothermal split ratio of
100:1 (at 250 �C), column flow of 1 mL/min, sampling time of
0.5 min with a sample volume of 1.0 mL. For MS, the mass range was
45–600 Da, the ionization mode was electron impact and the
ionization energy operation was 70 eV. The data was processed via
TurboMass software and NIST library spectra.

2.6.5. Nuclear magnetic resonance (MNR)
Nuclear magnetic resonance (NMR) spectra were used to

confirm the monomeric composition of the purified PHA. The
spectra were recorded at 300 MHz on a Bruker Avance III-300 (Top
Spin 3.2) spectrophotometer, using CDCl3 Aldrich (99.8 atom% D,
containing 0.003% v/v TMS) as solvent. Shifts (d) are reported in
ppm. 1H and 13C NMR (one-dimension NMR) spectra, and HSQC
(heteronuclear single quantum coherence) two-dimensional NMR
spectra were determined, with the following parameters for 1H
NMR: 11.25 ms 90� pulse length, 6009.615 Hz spectral width, 8
scans, and 1 s relaxation delay. 1H NMR was calibrated on the
solvent signal at 7.26 ppm, and tetramethylsilane (TMS) was used
as internal reference (0.0 ppm). For 13C NMR, chloroform (CDCl3)
was used as internal reference (77.0 ppm). The scans used for 13C
NMR and HSQC, were 4096 and 128 respectively. The composition
of PHA monomers was calculated from the area ratio of absorption



Table 2
Effect of yeast extract on cell density and PHA accumulation.

Culture medium* Biomass (g L�1� SD) PHA (g/L�1� SD) PHA (% � SD)

0.005% of yeast extract 3.80 � 0.30a 1.14 � 0.057a 30.0 � 1.5a

0.01% of yeast extract 2.90 � 0.80a 0.52 � 0.058b 18.0 � 2.0b

Control (without yeast extract) 2.55 � 0.08b 0.59 � 0.026b 23.0 � 1.0c

Culture conditions: 48 h at 30 �C and 150 rev min�1.
* WSG (3% glycerol, 0.08% urea).
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peaks of methyl groups corresponding to the HB and HV hydrogen
signals (1.28 and 0.9 ppm from 1H NMR, respectively) [41]. The data
was processed via TopSpin software.

2.7. Statistical analysis

Significant differences between assays were performed using
one-way ANOVA followed by LSD multiple comparison. A p-
value < 0.05 was considered to be significant. The analyses were
performed using R, a language and environment for statistical
computing. [42]
Table 3
Summary of literature describing PHAs production from glycerol by bacteria.

Strain Culturea X
(g L�1)

P
(%)

PP
(g L h�1)

Yieldsb

X/S 

Bacillus megaterium BBST4 D (SWG + 0.0005 g
YE L�1). 250 mL F
(100 mL)

3.8 30 0.024 0.13 

Bacillus megaterium OU303A C (+0.004 g YE L�1).
250 mL F (50 mL)

52 

Bacillus megaterium
MTCC10086

C (Fru + Gly). 250 mL
F (50 mL)

1.5 39 

Bacillus thuringiensis EGU45 C. CG. 500 mL F
(125 mL)

2.1–
3.5

46-
54

0.023–
0.064

Burkholderia cepacia ATCC
17759

D. 500 mL F (100 mL) 5.8 82 

Cupriavidus necator DSM 545 C (PG). FB. 2 L B
(1.5 L)

82.5 62 1.520 

Cupriavidus necator DSM 545 C (WG). FB. 2 L B
(1.8 L) 2% DOC

23.8–
27.3

15–
18

0.06–
0.15

Cupriavidus necator JMP 134 D (CGs). FB. 2 L B 70 

Haloferax mediterranei DSM
1411

C (PG). FB. 10 L B 69 0.120 

Halomonas sp. KM-1 C (Glu + Gly). F
(20 mL)

2.8–
2.4

41–
45

0.040–
0.049

0.14–
0.048

Not identified (osmophilic
microorganisms)

C (WG). FB (42 L B) 0.140 

Paracoccus denitrificans D (CGs + 0.2 g YE/L).
FB. 2 L B

65 

Pseudomonas oleovorans NRRL
B-14682

C (Medium E). 1 L F
(500 mL)

1.3 13–
27

0.002–
0.005

Pseudomonas corrugata 388 C (Medium E). 1 L F
(500 mL)

1.8 42 0.012 0.21 

Mixed culture of P. oleovorans
NRRL B-14682 and P.
corrugata 388

C (Medium E). 1 L F
(500 mL)

1.9–
3.4

40–
20

0.19–
0.068

Pseudomonas oleovorans NRRL
B-14682

C (Medium E). 2 L F
(1 L)

2.2 36 0.011 0.23 

Recombinant Escherichia coli C (BMGL). Baffled F
(100 mL)

60 

X: DWC, P: PHA, PP: PHA productivity.
a D: defined media, C: complex media with glycerol, PG: pure glycerol. CG: crude glyc

batch, B: bioreactor. DOC: dissolved oxygen concentration.
b X/S: biomass yield coefficient; P/S: PHA yield coefficient.
c Mn: Number-average molar mass (�103 g mol�1), Mw: Weight-average molar mass 

d Tm: Melting temperature, Tc: Crystallization temperature, DHf: enthalpy of fusion, 
3. Results and discussion

3.1. Effect of glycerol and urea in PHA production

The batch culture experiments carried out using B. megaterium
BBST4 strain, were run in a mineral salt base medium with
different concentrations of glycerol as the sole source of carbon
and energy, and urea as the nitrogen source (Table 1). The agitation
and the pH of the culture were determined in previous studies in
our laboratory (personal communication). The Bacillus megaterium
BBST4 strain showed to be capable of growing in a minimal salt
Molar massc Thermal propertiesd PHA Work

P/S Mn Mw PI Tm
(�C)

Tc
(�C)

DHf

(J/g)
Xc (%)

0.038 139 262 1.9 164 68 62 41.3 copolymer P
(3HB-co-3HV) (8%
HV)

this
work

510 (Mv) 175 50.0 copolymer. P
(3HB-co-3HV) (5%
HV)

[20]

610 (Mv) 171 44.1 PHB [1]

385 2.1 copolymer. P
(3HB-co-3HV)
(�2%HV)

[25]

173 304 1.8 182 PHB [24]

304 957 3.2 PHB [26]

550–
1370

2.6–
4

copolymer [27]

620 3.7 173 97 PHB [21]
0.370 150 2.1 141 67 copolymer. P

(3HB-co-3HV)
(10-12% HV)

[23]

0.095–
0.046

32 140 4.2 PHB [28]

0.230 253 2.7 139 65 copolymer. P
(3HB-co-3HV) (8-
10% HV)

[22]

750 2.6 169 90 PHB [21]

0.017–
0.035

656 PHB [29]

0.088 107 copolymer [29]

0.097–
0.013

s/mcl-PHA blends [30]

0.090 322 1.9 172–
173

95–
84

80–
91

PHB [31]

107 285 2.6 173 85 58.22 PHB [32]

erol. WG: waste glycerol. Gly: glycerol. Glu: glucose. Fru: fructose. F: flask, FB: fed-

(�103 g mol�1), PI: Polydispersity index (Mw/Mn).
Xc: percent crystalinity.



Fig. 2. FTIR spectrum of PHA produced by Bacillus megaterium BBST4 at 48 h of
culture using glycerol as carbon source and urea as nitrogen source compared to a
commercial PHB spectrum.
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medium at all glycerol and urea concentrations assayed, without
need of the addition of any complex nutritional source. An average
specific growth rate of 0.39 � 0.09 h�1, was defined for all tested
media formulations. No significant differences with this value
were detected in any of the assays (p > 0.05). The onset of the
stationary phase was observed at about 20 h of culture. The studies
through light microscopy suggested that PHA inclusion bodies
increased throughout the culture process, reaching their maxi-
mum size in the stationary phase. No sporulating cells were
observed in any tested formulation during these experiments. The
effect of C/N molar ratio in the media, using a fixed glycerol
concentration of 30 g/L, and varying urea concentration from 0.5 to
1 g/L, did not show differences in DCW. However, PHA accumula-
tion showed to be greater at a ratio of C/N = 31.6, than at any higher
or lower ratio. That “optimal” ratio, which can be considered as
moderately unbalanced, was in agreement with the results
obtained by Kulpreecha et al. [43], using Bacillus spp. However,
as may be seen in Table 1, in the medium where urea concentration
was fixed at 1 g/L, with varying glycerol concentrations, the most
unbalanced C/N ratio (C/N: 34) gave lower production of DCW and
PHA, although this ratio was similar to the “optimal” ratio (i.e.
C/N:31.6). These results are in concordance with those observed by
Zafar et al. [44], who worked with Bacillus sp. RER002. Within a
glycerol concentration range of 10–40 g/L, they found that the
maximum production of PHAs was observed at 30 g/L. Despite that
the negative effect of higher concentrations of glycerol on PHA
production is not analyzed in the above mentioned work, a glycerol
excess could in principle, induce an elevation of the osmolarity in
the growth medium.

Therefore, according to the above considerations, 3% of glycerol
and 0.08% of urea were used in the subsequent experiments.
3.2. Effect of temperature in PHA production

Bacillus megaterium strains have been reported as mesophiles,
with an optimum growth temperature located between 30 and
37 �C [45–47]. Using the above-mentioned medium, the effect of
incubation temperature on the PHA production (Fig.1) was studied
by means of experiences carried along 60 h at 30, 37 �C, and at 20 �C
as a control temperature. Fig. 1 shows the behavior of the strain
from 18 h of culture, because approximately at this moment occurs
the onset of the stationary phase, and the PHA accumulation
begins to be significant. Although the strain studied in this work
showed good growth at 20 �C and at 37 �C (Fig. 1), both DCW and
PHA productions were significantly higher at 30 �C, in coincidence
with the results obtained by Thirumala et al. [48]. These results
were also in concordance with Prabhu et al. [49], who found that
the optimum temperature for the PHA synthase activity is 30 �C.
The highest accumulation of PHA at 30 �C was found after 48 h of
culture, and no significant differences were found after 60 h.
Therefore, 48 h culture could be proposed as the optimal harvest
time. Another advantage of the culture at 30 �C was the low rate of
sporulation (<10% after 60 h of culture). This sporulation rate was
similar to the observed at 20 �C. Contrarily, at 37 �C the percentage
of sporulating cells began to gradually increase since 30 h of
incubation. In this case, at the end of the experiments the
percentage of sporulating cells was in the range of 30–40%. This
result could be important because it has been reported that the
maximal PHA accumulation occurs prior to the formation of
spores, and that also the PHA is degraded during the sporulation
process [50,51].

3.3. Effect of yeast extract in PHA production

Employing glycerol as carbon source, Reddy et al. [20] obtained
P(3HB-co-3HV) copolymer with Bacillus megaterium OU303A,
adding yeast extract at a low concentration (0.004 g/L). On the
other hand, Mothes et al. [21], employing a higher concentration of
yeast extract (0.2 g/L) and the same carbon source, obtain a PHB
homopolymer with Cupriavidus necator JMP 134. Yeast extract is a
mixture of amino acids, peptides, water soluble vitamins and
carbohydrates, which act as growth factors. In this work, yeast
extract was used to provide trace nutrients aiming to improve the
production of PHA in the Bacillus megaterium strain, without
affecting the C:N:P ratios in the selected medium. Otherwise, the
yeast extract could result in an unexpected alternative source of
nitrogen and/or carbon. Table 2 shows the results obtained when
the SWG medium (3% glycerol, 0.08% urea), was amended by
addition of low concentrations of yeast extract. It was found that
the addition of yeast extract at 0.005% improved the PHA
production (p < 0.01), and that 0.01% of yeast extract produced a
negative effect on the process. Although Bacillus megaterium has no
extra nutritional requirements for cultivation, the presence of the
factors contained in the yeast extract, probably implies a saving of
energy for the biosynthetic processes. However, yeast extract at
higher concentrations (0.01%) probably implies an extra supply of
nitrogen, which alters the C/N ratio, provoking a less favorable
condition for PHA production. Additionally, the lower yeast extract
concentration employed is about 10 fold lower to that used by
Reddy et al. [20] and would not significantly change the final cost of
the culture medium.

3.4. Polymer characterization

In an ulterior procedure, the PHA obtained from B. megaterium
BBST4 in the best culture conditions explored (3% glycerol, 0.08%
urea, 0.005% yeast extract, 30 �C, 150 rpm, pH 8) was characterized.
A summary of the results obtained is shown in Table 3, compared



Fig. 3. Mass spectra of the two peaks of the PHA isolated from B. megaterium BBST4 at 48 h of culture.
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with those found in the literature. The characterization results
obtained are discussed below.

Fig. 2 shows the FTIR spectrum of the PHA produced by the B.
megaterium BBST4 strain. Similar peaks to those of other PHAs
produced using glycerol as a carbon source can be found
[20,25,52,53], including two intense absorption bands around
1726 and 1280 cm�1 corresponding to C¼O and C��O stretching
groups, respectively [20]. Other absorption bands at 1185, 1381,
1458 and 2932 cm�1, corresponding to C��O, ��CH3, ��CH2 and
��CH groups, respectively, were observed. The differences between



Fig. 4. 1D and 2D NMR spectra for the PHA isolated from B. megaterium BBST4 at 48 h of culture.
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commercial PHB and PHA spectra were determined in previous
studies with statistical techniques by means of the Principal
Component Analysis [54].

Studies performed with GPC showed that the obtained PHA had
relatively low Mn and Mw (Table 3), compared to those determined
for PHB homopolymer (in the range of 1.0–3.0 106 g/mol [55,56])
and to others values determined for PHAs using glycerol as carbon
source (see Table 3). The Mw is similar to that reported by the
osmophilic microorganisms copolymer producers [22], using
glycerol as carbon source. It has been reported that the
polydispersity index (Mw/Mn) is variable for the PHAs produced
by different strains using glycerol as carbon source. However, the
polydispersity index obtained for the PHA copolymer produced by
Bacillus thuringiensis EGU45 was similar to that obtained in the
present work (see Table 3). This value is also consistent with those
reported for the PHA synthesized through different Bacillus spp.
using various carbon sources [40,57].

The thermal analysis of the PHA produced by B. megaterium
BBST4 (Table 3) showed a low crystallization temperature, similar
to that obtained for the P(HB-co-HV) produced with Haloferax
mediterranei DSM 1411 [22] and osmophilic microorganisms [23]
using complex media and glycerol as carbon source. Based on the
melting enthalpy of a perfect PHB crystal (149.37 J/g, [58]), the
percent crystallinity of the obtained biopolymer was calculated.
The calculated value for the obtained PHA (Table 3) was lower than
that of the PHB produced with the same strain using glucose as sole
carbon source (X% = 61.5, [34]), and similar to the P(HB-co-HV)
produced with Bacillus spp. strain using glycerol and propionic acid
as carbon sources [20]. All these data become relevant because a
diminution in the melting temperature increases the



Table 4
Cross-peak assignments for the PHA produced by Bacillus megaterium BBST4 at pH 8
and 48 h of incubation based on NMR data.

Groupa d (ppm)

13C NMR 1H NMR

(COO)1,5 169.8–169.0 –

(CH)3,7 66.3–71.5 5.21–5.40
(CH2)2,6 43.8–40.6 2.35–2.73
(CH2)8 26.8 1.58
(CH3)4 18.4–21.7 1.38–1.20
(CH3)9 14.1 0.90

a The group numbers follow the assignments showed in Fig. 4.
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processability without degradation of the biopolymer. In addition,
a decrease in the degree of crystallinity increases the degradation
rate, since amorphous regions are degraded more rapidly than
crystalline regions [40]. The melting point value obtained (Tm =
164.1 �C) is lower than that found for the PHB homopolymer
produced by the same strain using glucose as a sole carbon source
(Tm = 170.6 �C, [34]), and similar to the P(HB-co-HV) produced
with Halomonas campisalis (MCM B-1027) using maltose as carbon
source [59]. Furthermore, a second melting peak is observed at
lower temperatures (Tm = 148.5 �C). It can be attributed either to
imperfect crystals of PHA, or to the presence of comonomers in the
biopolymer. Indeed, based on the Gas chromatography spectrum
for the PHA produced by the strain (Fig. 3), two peaks were
observed. Both peaks coincide with those corresponding to the
fragmentation of methylated 3HA monomers [20] with 5 and 6
carbons. The highest peak would correspond to the structure of
3HB, showing a molecular weight of 118. The lower peak would
correspond to the structure of 3HV, showing a molecular weight of
132. This was confirmed by means of one-dimensional NMR and
two-dimensional HSQC spectra (Fig. 4). The 1H NMR spectrum of
PHA exhibited the typical chemical shifts patterns which are found
in the spectra for P(HB-co-HV) [25,59–61]. The expected reso-
nances for HB were demonstrated by the methyl group around
1.28 ppm, the doublet for the methylene group (CH2) between 2.35
and 2.73 ppm and the multiplet signal for methine group (CH)
among 5.21 and 5.40 ppm [24,48,59,60]. At the same time, the
presence of minor peaks at 0.90 ppm and between 1.52 and
1.61 ppm can be observed, indicating the presence of HV in the
biopolymer [2]. The cross-peak assignments observed in the HSQC
spectrum (Fig. 4) are reported in Table 4. The cross-peaks between
0.90 ppm and 14.1 ppm, and between 1.58 ppm and 26.8 ppm, can
be attributed to the signals produced by the CH3 and CH2 groups of
the side chain of 3HV, respectively.

Based on FTIR characterization, the biopolymer produced by the
B. megaterium BBST4 strain was defined as PHA. From thermal
properties it was defined that this biopolymer would probably be a
copolymer. That was confirmed through GC/MS and NMR data. The
mole fractions of the monomeric units in the copolymer produced
by B. megaterium BBST4 would be composed of 3HB (approxi-
mately 92.2 mol%), and 3HV (approximately 7.8 mol%).

Shahid et al. [62] demonstrated that using glycerol as the sole
carbon source and an excess of nitrogen source (3 g/L of
(NH4)2SO4), B. megaterium DSM 509 produces a PHB homopolymer.
Under the same conditions but with total limitation of available
nitrogen, these authors found that this strain produces copoly-
mers. In the present paper, it was used a strategy of partial
limitations of the nitrogen source respect to the amount used by
Shahid et al. [62] (a half and a sixth part of that amount). The
studied strain responded generating a copolymer with small HV
proportion.
4. Conclusions

Bacillus megaterium BBST4 strain was capable to produce P(HB-
co-HV) copolymer using glycerol as sole carbon source. This
copolymer type has advantageous properties as a material for
tissue engineering, and is suitable for its use as substrate for
implants and cell cultures [63]. The results obtained in this work
showed that the copolymer can be produced by B. megaterium
BBST4 when it grows in a minimal salt base medium with glycerol
as sole carbon source. In synthesis, the most suitable conditions
found for P(HB-co-HV) production were: incubation at 30 �C for
48 h with a composition of the culture medium of 3% w/v of
glycerol, 0.08% w/v of urea, and 0.005% w/v of yeast extract. These
fermentation conditions seem to prevent the sporulation process
and the PHA degradation, once maximal production has been
achieved. This is a relevant point to analyze the feasibility of the
use of the Bacillus spp. as PHA producer. Based on these optimum
conditions for biopolymer production, the yield coefficients found
are in concordance with those obtained by other authors in flask
culture employing glycerol as carbon source (Table 3).

The efficiency of B. megaterium BBST4 for PHA production in a
low cost system using glycerol, and the characteristics of the
biopolymer thus obtained would justify further work, aiming to
production improvement.
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