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Abstract Increasing global concerns over plastic waste dis-
posal and environmental awareness has already highlighted
Polyhydroxyalkanoates (PHA’s) as an increasingly attractive
bioplastic option. In this regard, the present investigation aims
to highlight the production of polyhydroxyalkanoate by
Pseudomonas aeruginosa BPC2 (GeneBank entry:
JQB866912) using a glycerol by-product as an inexpensive
carbon source. The glycerol by-product was generated via the
production of biodiesel from kitchen chimney dump lard
(KCDL). The strain was also cultured in media comprising
other carbon sources like glycerol (commercial), sugar cane
molasses and glucose for comparative PHA yield. An appre-
ciable PHA accumulation up to 22.5 % of cell dry weight was
found when the bacterium was cultured in media comprised of
glycerol by-product. The extracted bacterial biopolymer was
further characterized by FTIR, GC-MS, GPC and TGA.
The experimental results of the study warrant the feasibility
of bacterial biopolymer production using glycerol by-
product as an inexpensive carbon source.
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Introduction

Polyhydroxyalkanoates (PHA’s) are natural, renewable and
biocompatible biopolymers that can be synthesized in many
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microorganisms from almost all genera of the microbial king-
dom. Many microorganisms synthesize polyhydroxyalkanoates
(PHA’s) as intracellular carbon and energy reserve materials
(Anderson and Dawes 1990; Doi 1990), which accumulate as
water insoluble inclusions for storage of carbon and energy
during imbalanced growth by various microorganisms (i.e., in
the presence of an excess of a carbon source as well as nutrient
limiting conditions) (Reddy et al. 2003). PHA’s can be proc-
essed into plastic materials with properties that are very similar
to petrochemical plastics, besides they possess the ability to
replace the later in numerous applications (Philip et al. 2006).
With the global trend gradually shifting towards a bio-based
economy the use of PHA’s as a substitute for conventional
petrochemical based plastics seems to be attractive.

With a view to make PHA production economically attrac-
tive, the use of inexpensive substrates has been investigated
thoroughly over the years (Lemos et al. 2006; Castilho et al.
2009). In the wake of advancements in biopolymer research,
PHA’s offer significant candidature as a class of bio-based and
biodegradable polymers that can be produced using renewable
resources such as sugars and vegetable oils (Matsumoto et al.
2001; Taguchi et al. 2002; Akiyama et al. 2003; Kahar et al.
2004). Waste streams from oil mills or used oils, which are
even less expensive than purified oils too, can be used for the
production of PHA’s (Fernandez et al. 2005; Mumtaz et al.
2010). Additionally, the ability of many microorganism to
produce PHA’s from industrial and domestic wastes is also
gaining much importance as this approach can minimize
waste disposal problems while at the same time reduce the
economics of PHA production. Among the various fermenta-
tion feedstocks studied for the production of PHA, vegetable
oils are reported to have the best yield owing to high carbon
content in fatty acids (Akiyama et al. 2003). Recently, because
of the blooming biofuel industry, glycerol (obtainable as a
waste from biodiesel production) is also becoming an attrac-
tive feedstock for fermentation. Microorganisms that possess
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the ability to utilize triglycerides and glycerol for cell growth
and subsequent PHA production would be of much use for
biopolymer research. Increases in biodiesel demand, while
providing an additional outlet for fats and oils, will result in
a large co-product stream that is composed primarily of glyc-
erol, free fatty acids (FFA) and fatty acid methyl esters
(FAME), the composition of which depends on the fat or oil
feedstock, the transesterification process, and recovery effi-
ciency of alkyl ester production.

The current investigation is an endeavor to investigate the
feasibility of PHA production using glycerol by-product
(generated via KCDL based biodiesel production) as an
inexpensive carbon source by an indigenously isolated bacterial
strain, Pseudomonas aeruginosa BPC2. KCDL is primarily a
kitchen bio-waste with a light brown color and murky odor
formed as a result of frying processes where the vapors of the
cooking oil after condensation get collected in semisolid form in
the collecting ducts of a kitchen chimney and can be collected
from the chimney ducts. KCDL had a density of 2.01 g/mL,
average molecular weight of 825.02 and an acid value of 28 mg
KOH/g (Phukan et al. 2013). The study also attempts to estab-
lish KCDL based biodiesel waste glycerol (from here onwards
only glycerol by-product for brevity) in the development of
value added products as an economically and environmentally
benign alternative. The production of PHA using glycerol
by-product has also been compared with PHA production
from glycerol (commercial), sugar cane molasses and glu-
cose as a carbon source. FTIR, GC-MS, GPC and TGA of
the extracted PHA have further been done as a part of
biopolymer characterization.

Materials and methods
Chemicals

All chemicals were obtained from Sigma—Aldrich Company
Ltd. except nutrient agar and commercial glycerol, which
were from Hi-media, India. FT-IR grade KBr was used
for the FTIR analysis. NMR analysis was performed using
analytical grade reagents. Commercial polymer used as a
standard for FTIR and TGA analysis was polyhydroxybutyrate,
(PHB, 95 %).

Transesterified product of KCDL

The carbon source used for this study was the glycerol by-
product obtained from transesterification of kitchen chimney
dump lard (KCDL) which has been reported in our previous
work (Phukan et al. 2013). This glycerol by-product obtained
as a result of the transesterification process was directly used
as the carbon source for bacterial growth and subsequent
biopolymer production.
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Bacterial strain and culture conditions

Pseudomonas aeruginosa was isolated from crude oil con-
taminated soil of Assam, Assam Arkan Basin, ONGCL,
India. The PHA detection medium (Rehman et al. 2007)
was used with modifications for the production of PHA.
The medium consisted of (g/L): (NH4),SO,4 (2.0), KH,PO,
(13.3), MgSO,4 (1.3), citric acid (1.7), the trace element
(mg/L), Na,MoO72H,O (0.39), FeSO,47H,O (10.0),
ZnS047H,0 (0.22), CuSO45H,0(0.08), MnSO,4-5H,0
(1.81), Na,COj3 (20.0), H3BO3 (2.86), and HCI (10 mL).
The pH was adjusted to 7.0 prior to autoclaving. Glycerol by-
product, glucose, sugarcane molasses and glycerol (commercial)
were supplemented at 1 % (w/v) in PHA medium for growth
and PHA accumulation.

The bacterial culture was grown in 50 ml sterile Nutrient
Broth, in 250 ml Erlenmeyer flasks, which were incubated
on a rotary shaker at 180 rpm at 37 °C as a pre-culture.
An aliquot of 10 mL of the above pre-culture inoculums
was transferred to a 250 mL Erlenmeyer flask in an
orbital shaker at 37 °C, for 72 h at 180 rpm. Culture
media for PHA accumulation included a 1 % carbon
source from glycerol by-product, glucose, sugarcane mo-
lasses and glycerol (commercial) and the same concentra-
tion of the media as already described above. The increase
in turbidity of the culture medium signified bacterial
growth. The shaken flask cultures were harvested and
assayed for PHA production.

The broth culture obtained after 72 h culture was centri-
fuged (8,000xg) for 15 min at 4 °C. The cell pellet was
washed twice with deionized water and washed with a small
volume of acetone. Soxhlet extraction was done to extract the
polymer from lyophilized biomass using chloroform as the
solvent for 24 h. The dissolved PHA was concentrated by
vacuum rotary evaporation and precipitated with the drop
wise addition of ten volumes of ice-cold methanol. The pro-
cess was repeated thrice for obtaining the purified polymer
(Ashby et al. 2002a). The polymer precipitated as a sticky
substance. The precipitated polymer was collected by air
drying and kept for further analysis.

Identification of the bacterial isolate by PCR amplification
of 16S r DNA

Isolation of genomic DNA was carried out using the bacte-
rial genomic DNA Isolation Kit (RKT09). Pure bacterial
isolate of Pseudomonas spp. was identified by PCR ampli-
fication. The amplification was performed in a 100 pL
reaction mixture containing 2.5 mM each of dNTP, 400 ng
each of oligonucleotide primer, 10x PCR buffer [200 mM
Tris—HCI (pH 8.4), 500 mM KCl] and 3 U Taq DNA
polymerase (Invitrogen, USA). The PCR product was se-
quenced bi-directionally using the forward, reverse and
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internal primer of the 16S rDNA. The primers used were:
16 s Forward Primer (27 F): (5'- GAGTRTGATCMTYGC
TWAC-3") and 16 s Reverse Primer (1544R): (5-CGYT
AMCTTWTTACGRCT-3").

The PCR amplification program consisted of initial dena-
turation at 94 °C for 5 min, 94 °C for 30 s, annealing at 55 °C
for 30 s, elongation at 72 °C for 2 min, and then 5 min final
elongation at 72 °C was performed at the end of the 35 cycling
steps, following which the samples were maintained at 4 °C.
The PCR products (16S rDNA gene) were purified using a gel
extraction kit (Bangalore Gene) and sequenced with the Big
Dye Terminator version 3.1” Cycle sequencing kit and an ABI
3500 XL Genetic Analyzer. The sequence data were aligned
and compared with published sequences obtained from the
Gen Bank database using Seq Scape v 5.2. A phylogenetic
tree was constructed using ClustalW by distance matrix
analysis and the neighbour-joining method (Saitou and Nei
1987). Phylogenetic trees were displayed using TREEVIEW
(Page 1996).

Polymer analysis
FTIR spectroscopic analysis

The infrared spectrum of the extracted polymer sample was
recorded using a Perkin Elmer, Spectrum 100 Fourier trans-
form infrared (FTIR) spectrometer. The extracted pure polymer
sample was mixed with potassium bromide (KBr) and
squeezed under pressure to form a KBr pellet. The spectra were
recorded in the range 4000-400 cm . The functional groups
were concluded by comparing the transmittance picks with
available literature (Misra et al. 2000; Khardenavis et al. 2009).

GC-MS analysis
The composition of PHA was analyzed by gas chromatogra-

phy using the lyophilized cells containing polymer. To deter-
mine the polymer content of the bacterial cells, freeze dried

Table 1 PHA production by the bacterial isolates using different carbon
sources

Isolate Carbon source Biomass PHA
(gl) (% CDW)
P. aeruginosa JQ866912  Glucose (1 %) 6.8 18.0
Glycerol (1 %) 74 14.5
Sugarcane molasses 6.3 13.2
(1 %)
Glycerol byproduct 7.8 22.5
(1 %)

cell samples were subjected to methanolysis in the presence of
sulphuric acid according to Brandl et al. (1988). In this meth-
od approximately 4.0 mg of the bacterial cells was reacted in a
screw cap test tube with a solution containing 1.0 mL chloro-
form, 0.85 mL methanol and 0.15 mL sulphuric acid for
140 min at 100 °C in a thermostat-equipped oil bath.
Under this condition, the intracellular PHA was degraded
to its constituent 3-hydroxyalkanoic acid methyl esters.
After the reaction, 0.5 mL distilled water was added and
the tube was vigorously shaken for 1 min. After phase
separation, the bottom organic phase was collected, dried
over anhydrous sodium sulphate, filtered and analysed
(Huijberts et al. 1994). The methyl esters were analyzed
by gas chromatography with a Perkin Elmer, GC Varian
3800 model and Saturn 2,200 MS spectroscopy equipped
with a CP-Sil 8 CB and CP-Sil 5 CB capillary column
and a flame ionization GC detector and quadruple ion trap
MS detector. A 2.0 puL portion of the organic phase was
analyzed after split injection (spilt ratio 1:40) and helium
(35 cm/min) was used as a carrier gas. The temperature of
the injector and the detector were maintained at 230 °C and
275 °C, respectively. For efficient separation of the methyl
esters, the following temperature program was used: 120 °C
for 5 min and temperature rise of 8 °C/min, 180 °C for 12 min.
P (HB) and P (HB-CO-HV) were used as standards. Benzoic
acid was used as an internal standard.
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Fig. 2 FTIR spectra of the polymer extracted from P. aeruginosa
JQ866912 using different carbon sources

Determination of molecular mass by GPC

The molecular mass of the extracted polymer was determined
by gel permeation chromatography (GPC) using teh Waters
GPC system. The PHA was dissolved in tetrahydofurane
(THF), and analyzed by running at room temperature.
Polystyrene standards with a low polydispersity were used
to generate a calibration curve equipped with a serially

Fig. 3 Total ion chromatogram
of the biopolymer isolated from 3
P. aeruginosa JQ866912 strain 8

MCounts J

connected RI detector. The product molecular mass was de-
termined with no further corrections and tetrahydofurane
(THF) was used as an eluent at a flow rate of 0.5 mL/min
and 40 °C.

Thermal property study by TGA

The thermal stability and decomposition profile of the poly-
mer sample was determined by using a Shimadzu TGA-50
thermogravimetric analyzer, which operated at a nitrogen flow
rate of 10 mL/min. The sample was weighed to approximately
10 mg and placed in a platinum pan and heated from 30 to
600 °C at the heating rate of 10 °C/min under a nitrogen
atmosphere. The decomposition temperature was recorded
from the thermograms to the maximum degradation tempera-
ture and determined by analysis of the derivative weight loss
curve over temperature.

Results and discussion

The bacterial strain used in the present study was isolated from
the crude oil contaminated soil site of Assam and Assam
Arakan Basin, ONGC, Jorhat, Assam, India. Jiun-Yee et al.
(2010) hypothesized that the presence of oil would favor the
growth and multiplication of microbes that have the ability to
metabolize oil, fatty acids and/or glycerol. Therefore, it may
be presumed that the isolated bacteria can synthesize PHA
biopolymer by using glycerol by-product as a carbon source.

The identification of the isolate was performed by 16S
rDNA analysis. The genomic DNA isolated from the
Pseudomonas sp. was used for the amplification of 16S
rDNA by PCR. As shown in Fig. 1, phylogenetic analysis
indicated a comparative search for the sequences and revealed
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99.7 % homology to the Pseudomonas aeruginosa MTHS
(GenBank entry: HQ202541 )16S rDNA gene sequence.

Further, a BLAST (NCBI) search showed 99 % homology  (GeneBank entry: JQ866912).

to other known P, aeruginosa 16S rDNA gene sequences and
accordingly it was named as Pseudomonas aeruginosa BPC2
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Fig. 4 Mass spectra of methyl ester peaks with the retention time RT=11.56 (a), RT=18.46 (b) and RT=19.66 (¢) min of the polymer isolated from
P, aeruginosa JQ866912 strain
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The biomass yield of bacterial cells in fermentation with
shake flask culture, using different carbon sources like
glycerol by-product, glucose, sugarcane molasses and glycerol
(commercial), is shown in Table 1. The results indicated that
higher cell densities were obtained from glycerol by-product.
Cell growth up to a dry mass of 7.8 g/ was obtained when
using media comprising glycerol by-product with shake flask
culture. PHA accumulation up to 22.5 % of cell dry weight was
obtained for culturing with glycerol by-product. PHA-content
for all the cultures has an optimum at 72 h. The resulting curves
for the PHA concentrations in fermentations with all the carbon
sources are shown in Table 1. Fermentations of Pseudomonas
aeruginosa BPC2 with glycerol by-product was obtained
with a significantly higher PHA content than with glycerol
(commerecial).

The production of PHA was found to be better with glyc-
erol by-product in contrast to the other tested carbon sources.
It has been reported that genetically engineered Pseudomonas
putida GPp104 synthesized poly (3-hydroxybutyrate-co-3-
hydroxyhexanoate) (PHBHHXx) using gluconate and glucose,
rather than fatty acids (Qiu et al. 2005). Solaiman et al. (2002)
reported that the cellular yields were higher than those obtain-
ed with Pseudomonas corrugata grown on E medium supple-
mented with glucose [1.52 g CDW (cell dry weight)/L] or
oleic acid [1.62 g CDW/L]. But the PHA yields from the
strains were lower than PHA yields of 31 and 61 % CDW
from P. corrugata grown on glucose or oleic acid. This value
can also be compared with the mcl-PHA accumulation from
the bacterial species Pseudomonas oleovorans NRRL B-778
grown on glucose, octanoic acid and oleic acid (Ashby et al.
2002b) and are found to be higher. The composition of poly-
ester synthesized was determined mainly by the specificity of
the enzymes involved in the synthesis of PHAs, genetically
encoded availability of metabolic links of fatty acid metabo-
lism to PHA synthesizing system, and also on the composition
of the substrate. Ashby et al. (2004) reported that P. oleovorans
NRRL B-14682 and P. corrugata 388 synthesized mcl-PHA
upto 13-27 % and 42 % and cellular growth up to 1.3+0.1 g/L
and 1.7-2.1 g/L, respectively, when cultured in soy-based bio-
diesel production containing glycerol, fatty acid soaps and
residual fatty acid methyl esters (FAME). Wong et al. (2000)
reported that the PHA accumulation by Staphylococcus
epidermidis was 2.5 g/L and cell density of 2.68 % was
achieved when grown on sesame oil.Obruca et al. (2010)
proved that efficient production of co-polymers was found
from waste oil in comparison to pure oil and also to glucose.
Verlinden et al. (2011) also reported that Cupriavidus necator
produced 1.2 g/ of PHB homopolymer from waste and
heated frying oil which is similar when glucose is used as the
carbon source. They stated that the unsaturated fatty acids,
residual carbohydrates, proteins and fats from foods, available
nitrogen compounds, peroxides and heat-degradation products
in the waste or frying oil could also be metabolized and
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may have contributed to increased PHB production by
bacteria. This indicated that glycerol by-product may con-
tribute towards higher PHA accumulation by the bacterial
strain P aeruginosa JQ866912 when compared to other
carbon sources.

IR spectra of pure PHA of P. aeruginosa BP C2 and stan-
dard PHB are shown in Fig. 2. It shows mainly two intense
absorption bands at 1,740 cm™ and 1220 cm™' corresponding to
ester carbonyl C=0 and C-O stretching grou,ps respectively
(Misra et al. 2000). The peaks at wave numbers 3,340, 2,922,
represent the presence of O-H bonding and bands of C-H
stretching, respectively. Weak peaks at 1,670 cm™ and
3,085 cm™ are indicative of the presence of -C=C and alkene
C—H stretching in the polymer chain.

The GC pattern of the total ion chromatogram of the poly-
mer from P aeruginosa JQ866912 (Fig. 3) possessed three
methyl ester peaks with the retention time RT=11.56 min,
18.46 and an additionally large peak with a retention time
RT=19.66 and some minor peaks at RT=12.59 and 14.61. In
Fig. 4(a), the mass spectra of the methyl ester of the saturated 3-
hydroxy valeric acid were being dominated by m/z=103
caused by an o—cleavage between C3 and C4 and M/Z=143
probably caused by expulsion of methanol. Similarly, in
Fig. 4(b), the mass spectra of the decanoic acid methyl esters
pattern showed the m/z peak at 90.1, which originated from the
carbonyl end of the molecule. This was due to the cleavage
between C2 and C3 carbon atoms following McLafferty rear-
rangement. The fragmentation pattern of the methyl esters of
octadecanoic acid methyl esters [Fig. 4(c)] showed the m/z
peak at 74.1. This peak originated from the carbonyl end of
the molecule due to cleavage between C3 and C4 carbon atoms
following McLafferty rearrangement (Verlinden et al. 2011).
The peak at m/z=103.1 represented the hydroxyl end of the
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Fig. 5 Thermogravimetric analysis of the polymer from the strain
P, aeruginosa JQ866912
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molecule which occurred due to the cleavage at bonds between
C3 and C4, the alkyl end of this cleavage resulted in the peak at
m/z=71.1. Theref,ore it was concluded that a copolymer of
poly-hydroxyvalerate-co-hydroxydecenoate-co-octadecanoate
was produced by P. aeruginosa JQ866912.

The number average molecular mass (Mn) of the PHA
polymer of P. aeruginosa JQ866912 strain was found to be
3.8x10* Da. The weight average molecular mass (Mw) of the
polymer was 4.1 x 10* Da with a polydispersity index (PDI) of
1.08. Ouyang et al. (2007) reported that P. putida KT2442 has
produced mcl-PHA containing hydroxydodecanoate fractions
with the number average molecular mass (Mn) of 8.0 x 10* Da.
But the polydispersity index of this polymer is slightly higher
(1.25) than the polymer isolated from P. aeruginosa JQ866912
strain. Allen et al. (2010) also reported that P. oleovorans
(ATCC 29347) grown in medium supplemented with saponi-
fied Jatropha seed oil produced PHA copolymer having mo-
lecular mass (Mp) of 1.79x 10° with polydispersity (Mw/Mn)
of 1.3 which is almost similar in range with the polymer from
P aeruginosa JQ866912. They also suggested that the lower
polydispersity index of the polymer has uniform chain length,
i.e., only one length of polymer is present in the PHA.

From the TGA graph (Fig. 5) it is clear that the commercial
standard polymer had a shorter thermal degradation profile in
comparison to the polymer from P. aeruginosa JQ866912.
The polymer from P. aeruginosa JQ866912 was found to be
thermally stable up to the range of 220-229 °C. The initial
weight loss step in the TG analysis curves was at around 80—
120 °C, which corresponds to the loss of moisture. The second
step where major weight loss occurred (about 80 %) in the
TGA curves between 350-360 °C was due to degradation of
polymers. About 10 % of residue of the all the polymers was
finally left when heated to 600 °C. Liu and Chen (2007)
reported that mcl-PHA was more thermostable and PHB and
P (3HB-12 mol % 3HHx) degraded at 226 and 239 °C,
respectively. The high thermal degradability temperature and
melting temperature of the isolated PHA from these strains
suggests the potential applicability of mcl-PHAs in different
industrial applications. Li et al. (2007) reported that for mcl—
PHAs consisting of 30 mol % 3HYV, the degradation temper-
ature lies between 296 °C and 307 °C. Bengtsson et al. (2010)
also reported that decomposition temperatures of the PHAs
produced from fermented molasses and synthetic feeds con-
taining single volatile fatty acids (VFAs) by an open mixed
culture were 277.2 °C and 294.9 °C, respectively.

Conclusion

The use of a simple, inexpensive, and renewable carbon
source for PHA synthesis by microorganisms is crucial from
the economic and environmental point of view. From the
study, it can be concluded that glycerol by-product generated

via the production of biodiesel from KCDL is a better carbon
source for PHA synthesis by P. aeruginosa JQ866912 in
contrast to glycerol (commercial), sugarcane molasses and
glucose. Since glycerol from KCDL is a by-product produced
during biodiesel production, therefore, using this glycerol by-
product fraction as a carbon source for PHA production can be
both cost-effective and environmentally benign. Moreover,
the coupling of biodiesel production with PHA production
can be a viable means for reducing the economics of biodiesel
feedstock utility.
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