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Abstract A total of 20 different strains were isolated,
purified and screened for polyhydroxyalkanoate (PHA)
production. PHA-producing strains were screened by Nile
blue staining and confirmed by Sudan Black B staining.
Strain 1.1 was selected for further analysis due to its high
PHA production ability. PHA production was optimized
and time profiling was calculated. PHA production on
various different cheap carbon sources, i.e., sugar industry
waste (fermented mash, molasses, spent wash) and corn oil,
was compared. Cell dry weight and PHA content (%) were
calculated and compared. The 12.53 g/L is the CDW of
bacterial strain when grown in medium containing corn oil.
It was found that corn oil at 12.53 g/ medium can serve as
a carbon source for bacterial growth, allowing cells to
accumulate PHA up to 35.63 %. The PhaC gene was
amplified to confirm the genetic basis for the production of
PHAs. Moreover, 16S rRNA gene sequence analysis
showed that strain 1.1 belongs to Pseudomonas species.
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Introduction

Increased growth of the Earth’s human population has led to a
drastic accretion of non-degradable waste materials; of these,
plastic waste is most harmful to the environment (Guillet
2004). Degradation of conventional waste is very slow, and
produces very harmful toxins during this process (Gross and
Kalra 2002). Consumption of petrochemical-based plastics is
linked directly with diminishing oil resources. The world’s
population consumes almost 150 t plastic every year each.

Bacteria have the ability to produce bioplastics in the
form of polyhydroxyalkanoates (PHAs) (Chen 2009).
PHAs are 3-hydroxy fatty acid monomers that form linear,
head-to-tail polyesters. PHA is usually produced as a
polymer of 10°-10* monomers, which accumulates as
inclusions of 0.2—0.5 um in diameter. PHA synthesis inside
bacteria occurs when the organism is experiencing nutrient
imbalance, such as more carbon with reduce phosphorus,
nitrogen and oxygen (Anderson and Dawes 1990). The
monomer composition, physiochemical properties, size and
structure vary depending on the type of bacterium produc-
ing the PHA (Ha and Cho 2002).

The fact that these bioplastics are biodegradable and can
be produced from renewable resources gives them an edge
over conventional plastics. Bacteria can degrade their own
PHAs at a high rate (3-9 months) by their own secreted
PHA depolymerases (Jendrossek 2001). The only drawback
of these PHAs is their high production costs. However,
bacteria can be grown on different media easily depending
on their availability (Jiang et al. 2008), so researchers have
tested a wide range of renewable carbon sources for use
in PHA production. The use of different waste materials
for PHA biosynthesis is a good strategy as production is
cost efficient, and disposal problems are also overcome
(Koller et al. 2005).
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For PHA production, molasses originating from paper
mill wastewater (Bengtsson et al. 2008), sugar cane molasses
(Albuquerque et al. 2007), activated sludge (Hu et al. 2006),
food waste (Rhu et al. 2003) and plant oils, i.e., olive oil
effluent (Beccari et al. 2009) and palm oil (Marsudi et al.
2008) have been used. Other agriculture wastes from the sugar
industry, like spent wash and fermented mash, have also
shown great potential for use as carbon sources. Fukui and
Doi (1998) succeeded in producing PHA from Alcaligenes
eutrophus H16 and its recombinant strains by using olive oil,
corn oil, palm oil and oleic acid as carbon substrate, gener-
ating PHA content of up to 81 % when grown for 72 h. High
PHA productivity (0.68 g L' h™") was also achieved when
corn oil hydrolysate was used as carbon source in fed batch
cultures of Pseudomonas putida KT2442, yielding cell
densities of up to 109 g /L (Shang et al. 2008).

In the present study, we screened PHA-producing
bacterial strains from carbon-rich sources and nutrient
imbalanced places, and evaluated the feasibility of using
these strains for PHA production by using cheaper carbon
media, i.e., corn oil, molasses, fermented mash and spent
wash. The goal of the current study was to lessen the cost
of PHA production by replacing commercially available
pure carbon sources with inexpensive sugar industry
wastes, as a unique adjunct to work already studying waste
carbon sources like palm oil, olive oil, wastewater sludge,
vegetable oils, and starch, etc.

Materials and methods
Isolation and purification of bacterial strains

Six different samples were collected from different locali-
ties in Pakistan and Oman (oil well and oil pipe line
samples from Oman; soil samples from a bus workshop,
agriculture field at Punjab University, canal sediment soil
from Lahore; and water sample from a freshwater spring
from Sakardu in the northern hilly area of Pakistan). The
samples were collected in sterile glass containers, tapered
tightly, processed for physical parameters, i.e., temperature
and pH, and stored at —20°C for further analyses.

Samples were enriched by culturing in enriched medium
(yeast extract 5 g/L, tryptone 8 g/L, NaCl 2.5 g/L) and
50 pl pre-culture was spread on PHA detection agar [PDA;
glucose 20 g/L, (NH4),SO4, 2 g/L, KH,PO, 13.3 g/L,
MgS0,4-7H,0 1.2 g/L, citric acid 1.7 g/L, trace elements
solution 10 mL/L and agar 15 g/L] containing Nile blue
stain (0.5 pg/mL) (Spiekermann et al. 1999). After
overnight incubation, plates were observed under UV light.
Colonies producing fluorescence were purified and the
isolates were further confirmed by Sudan Black B staining
(Lee and Choi 2004).
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Selection of the most suitable strain

Out of 20 different bacterial strains, only strain 1.1 was chosen
for further experimental work as this strain was able to utilize
all the carbon sources tested when supplied one by one in
minimal medium; maximum cell density and PHA accumu-
lation was achieved with corn oil as carbon source. Strain 1.1
was also optimized for PHA production at various temper-
atures (20°C, 37°C, 45°C and 55°C) and pH values (3, 5, 7
and 9) (data for other strains not shown here).

PHA production and extraction in shake flask cultures

Carbon sources (corn oil, molasses, fermented mash and
spent wash) were diluted, adjusted to pH 7, filtered through
0.45 pm filters and added to PHA production medium
broth [(NH4)2SO4, 2 g/L, KH2PO4 13.3 g/L, MgSO4'7H20
1.2 g/L, citric acid 1.7 g/L, trace elements solution 10 mL/
L] at 2 % in different flasks. A 10 mL innoculum from a
pre-culture with an optical density (OD) of 0.5 at 600 nm of
strain 1.1 was added to 90 mL minimal medium with each
different carbon source at 2 % in place of glucose in
separate flasks with the remaining medium composition as
described above. The flasks were incubated at 37°C for
more than 3 days at 200 rpm. Samples were collected at 2 h
intervals from 0 to 78 h. Cells were collected by
centrifuging samples taken at regular intervals and drying
at 55°C to constant weight. PHA was extracted from
cultures using the sodium hypochlorite method of Ramsay
et al. (1990). PHA content was determined by dividing the
weight of PHA obtained after extraction by the cell dry
weight (CDW) and expressed in terms of percentage
content of CDW.

Genomic DNA extraction and amplification of 16S rRNA
and phaC genes

Genomic DNA of strain 1.1 was isolated using a Fermentas
genomic DNA isolation kit. 16S rRNA gene was amplified
using Primus96 (PeQLab) with PCR master mix forward
primer 16S-3, CCCGGGAACGTATTCACCG and reverse
primer 16S-5, GCYTAAYACATGCAAGTCGA (Rehman et
al. 2007). PCR was carried out by denaturing DNA at 110°C
for 10 min followed by 30 cycles of amplification (95°C for
2 min, 52°C for 1 min and 72°C for 2 min). The PhaC
polymerase gene was amplified using Primus96 (PeQLab)
with PCR master mix, forward primer 179-L (5'-ACAGAT
CAAGTTCTACATCTTCGAC-3') and the reverse primer
179-R (5'-GGTGTTGTCGTTCCAGTAGAGGATGTC-3’)
(Solaiman et al. 2000). PCR was carried out by denaturing
DNA at 110°C for 10 min followed by 30 cycles of
amplification (95°C for 2 min, 56°C for 1 min and 72°C
for 2 min).
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Sequencing and phylogenetic analysis of genes

The 16S rRNA gene was sequenced at the Center for
Excellence in Molecular Biology, (Pakistan) on a DNA
sequencing system (3100/ga3100-1696-013; Applied Bio-
systems, Foster City, CA) based on the dideoxy DNA
sequencing method. Sequence analysis and alignment were
carried out using the NCBI BLAST tool. The 16S rRNA
gene partial sequence was submitted to the NCBI database
under the accession number HM140411.

Results
Isolation and characterization of PHA-producing bacteria

Out of six samples, 20 bacterial strains were isolated. All
strains were Nile-blue-positive (Fig. 1), while PHA gran-
ules were found in only 14 strains (GS1, 9.1, 1.1, 1.2, GS3,
02, 4, GS6, 2.1,2.2, GW3, 7, 5, and 6) by Sudan Black B
staining. On the basis of these results, 14 strains were found
to be PHA producers.

Optimization of growth and PHA production for strain 1.1

Strain 1.1 was selected due to its highest PHA production
ability and was optimized in terms of growth and PHA
production under various conditions of temperature and pH.
When grown at pH 7 for 24 h, growth of strain 1.1 gave
OD values of 1.311 at 20°C, 2.56 at 37°C, and 0.71 at 45°C
and 0.021 at 55°C. Growth at 37°C for 24 h gave OD
values of 0.01 at pH 3, 0.05 at pH 5, 2.56 at pH 7 and 0.61
at pH 9. These results indicate the maximum growth of

Fig. 1 Polyhydroxyalkanoate (PHA) detection agar (PDA) plate
containing Nile blue stain under UV transillumination after 24 h of
incubation at 37°C
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Fig. 2 Growth curve over time of strain 1.1 at 37°C and pH 7. OD
was measured every 2 h at 600 nm

strain 1.1 can be obtained at pH 7 and 37°C. Strain 1.1,
when grown on PHA-accumulating medium at 37°C and
pH 7 for 52 h showed increasing patterns as shown in
Fig. 2. PHA production was concomitant with bacterial
growth and became almost static after 22 h as shown in
Fig. 3, indicating that growth and PHA accumulation
happen in parallel.

Cell dry weight and PHA production by strain 1.1
on medium supplemented with spent wash, fermented
mash, molasses and corn oil

CDW and PHA production by strain 1.1 was analyzed
for different carbon sources after growth for 24, 48, and
72 h, at pH 7 and 37°C. CDW of 8.56, 7.98 and
6.83 g/l and PHA content (%) of 25.46, 16.45 and
14.36 while growing on medium supplemented with
spent wash (Fig. 4a), CDW of 7.02, 6.52 and 6.23 g/L
and PHA content (%) of 23.56, 15.69 and 13.98 with
fermented mash (Fig. 4b), CDW of 10.54, 9.62 and 9.05 g/
L and PHA content (%) of 20.63, 18.79 and 16.45 with
molasses (Fig. 4c), and finally CDW with corn oil in
medium, of 12.53, 10.68 and 9.81 g/L and PHA content
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Fig. 3 Pattern of PHA production over time by strain 1.1. Biomass
was taken every 2 h for PHA extraction
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Fig. 4 PHA content (%) and CDW (g/L) production by strain 1.1 on medium supplemented with a spent wash, b fermented mash, ¢ molasses, d corn oil

(%) of 35.63, 29.45 and 26.47 (Fig. 4d) were obtained. It
seems that corn oil and molasses are easily used up by the
strain to produce relatively high cell densities as compared
to spent wash and fermented mash (Fig. 5a) but the PHA
contents were found to be far better with corn oil than with
the other three carbon sources (Fig. 5b).
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Ribotyping and PCR amplification of PhaC and 16S rRNA
gene

PhaC gene of length 540 bp was amplified from strains
1.1, Y and GS2 (Fig. 6). The DNA sequence of the 16S
rRNA gene was aligned with previously published sequen-
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Fig. 5 Comparison of carbon sources in terms of CDW (a) and PHA (b) production by strain 1.1
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Fig. 6 PCR amplification of 1
PhaC gene of strains 1.1, Y
and GS2. Lanes: / 1,000 kb
ladder, 2 PhaC gene of strain
1.1, 3 PhaC gene of strain Y, 4
PhaC gene of strain GS2

ces of representative bacterial genes in the database,
revealing that strain 1.1 had 99 % homology with Pseudo-
monas putida strain R2-240 EU834357.1, Pseudomonas sp.
RW4P2 AM911655.1, and most other Pseudomonas sp.

(Fig. 7).

Discussion

Recent literature has clearly highlighted that the use of
renewable carbon sources for the production of PHAs can
greatly reduce the production costs of this useful biopoly-
mer (Kim 2000; Akaraonye et al. 2010). Thus, we explored
the potential of sugar industry wastes for use as low-cost
substrates for bacterial media. Samples were collected from
carbon-rich and nutrient-deficient locations. Oil wells and
canal sediments are considered as rich sites for organic
carbon. Fresh water springs contain a huge diversity of
bacteria.

In order to produce PHA on large scale, selection of a
cheap medium is very important. The use of PHA as a
constituent in conventional synthetic plastic has been
compromised because of its current high production cost

PhaC gene bands (540 bp)

(Bucci et al. 2005; Chen et al. 2001), stimulating the search
for cheap carbon sources and nutritional supplements in
order to lower costs (Albuquerque et al. 2007; Mazur et al.
2009). In this study, we selected different industrial wastes
as media to minimize PHA production cost, and report a
novel approach for small-scale PHA production. Molasses,
spent wash and fermented mash represent industrial waste
from the sugar industry. Their high sugar content means
they have the potential to be used as carbon source in PHA
media. Corn oil is also high in nutrition in terms of high
carbon number fatty acids. In our study, maximum PHA
content was observed in the first 24 h: 25.46 % with spent
wash, 23.56 % with fermented mash, 20.65 % with molas-
ses, and 35.63 % with corn oil. Thereafter, production starts
decreasing with time while biomass remains relatively high
until 72 h (Fig. 4). These results were comparable to those
of Khardenavis et al. (2009), who obtained PHB up to 31 %
by utilizing molasses spent wash as carbon source. Using
spent wash, biomass production remained stable until 40 h,
while PHA showed almost the same pattern as for molasses
(Fig. 4c). The higher PHA accumulation seen with
fermented mash and spent wash may be due to balanced
sugar and nitrogen availability because a lot of sugar is

gi|301350801|gb|HM583865.1| Bacterium...
gi|301333910|gb|HM489946.1| Pseudomon...

gi|302026093|gb|HM365948.1| Pseudomon...
64

32

gi|301068265|gb|HM439967.1| Pseudomon...
gi|302122848|gb|HM748053.1| Pseudomon...
gi|301602251|gb|HM566035.1| Pseudomon...
gi|301068272|gb|HM439974.1| Pseudomon...

gi|161353296|/emb|AM911655.1| Pseudomo...
gi|194460540|gb|EU834357.1| Pseudomon...

0.001

gi|296803169|gb|HM140411.1| Pseudomon...

Fig. 7 Unrooted tree of strain 1.1 drawn by the neighbor joining method using MEGA 4.0 software
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used during the fermentation process when fermented mash
is being produced industrially. For fermented mash,
biomass (7.02 g/L) and PHA content (23.56 %) were higher
in the first 24 h and started decreasing (to 6.23 g/ CDW and
13.98 % PHA) after 72 h (Fig. 4b) as was also the case with
other carbon sources (Fig. 5).

Excellent results were observed in the case of com oil
Strain 1.1 showed best growth and biomass production of
12.53 g/L CDW after 24 h using corn oil as a carbon source
(Fig. 4d). The results showed that this strain has ability to
utilize medium-chain-length fatty acids and give good results.
Production of mcl-PHA in a high cell density culture (CDW
109 g/L) utilizing comn oil hydrolysate has already been
reported for P putida KT2442 grown in fed batch culture
(Shang et al. 2008), leading to a PHA content of 28.5 %. To
obtain medium chain length PHA in high amounts, it is better
to provide medium chain fatty acids as carbon source. but
these are expensive if used in pure form (Akaraonye et al.
2010). Thus, the use of raw com oil as carbon source would
might help decrease production costs. This is possibly
because plant fatty acids serve as good carbon sources as
well as being high energy sources as well (Tsuge 2002).
Molasses contains a high concentration (12,500 mg/L) of
reducing sugars, especially sucrose (Khardenavis et al. 2009)
stachyose and raffinose, and is thus a good carbon source for
fermentation by microorganisms that possess the appropriate
enzymes, i.e., «-galactocidases and [-furanocidases and
metabolic pathways to utilize these carbohydrates. Page
(1989) reported the production of P(3HB-CO-3HV) at 19 to
22 g polymer by Azotobacter vinelandii grown on beet
molasses. Overall, strain development using pure culture
techniques can be combined with low value and renewable
carbon sources to get more desirable results for the
production of high PHA content.

Bacterial PHAs are chromosomally encoded (Antonio et
al. 2000) by the PhaCBA operon. PhaC genes of the
expected length of 540 bp were amplified from strain 1.1, Y
and GS2 as shown in Fig. 6. Kung et al. (2007) succeeded
in amplification of the PhaC gene from Pseudomonas and
Escherichia coli by using a PCR technique. They suggested
that a phenotypic approach, i.e., by using Sudan Black B
staining and Nile blue screening, with subsequent confir-
mation by amplification of the PhaC gene fragment are
important methods to confirm the PHA-producing ability of
bacterial isolates because Nile blue, being lipophilic, can
sometimes detect granules of lipids that differ in nature and
composition from PHAs. Sequence analyses predict that
strain 1.1 belongs to Pseudomonas sp.

In conclusion, this study not only documents isolation of
PHA-producing bacterial strains from a diverse range of
soil, water and oil samples, but also demonstrates the
utilization of agro-industrial wastes as useful supplements
to bacterial media, both reducing the cost of PHA
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production and removing such waste, which can otherwise
cause environmental pollution. Our results indicate corn oil
as an excellent supplement medium for PHA production.
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