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Abstract: In this paper, Bacillus megaterium A9an was selected as an efficient Bacillus-producing
polyhydroxyalkanoate (PHA) on the basis of intracellular PHA detection by the nile red staining method and
PHA determination by spectrophotometry. A sequencing batch reactor (SBR) cycle of 24 h was fed with a
synthetic wastewater and seeded with a pure culture of the selected Bacillus-producing PHA to generate an
activated sludge. Two anoxic/aerobic times of 4 h/18 h and 2 h/20 h were used to determine the most suitable
operational condition for conversion of wastewater to PHA. The results showed that the PHA production, the
total Kjeldahl nitrogen (TKN) and orthophosphate removal efficiencies were higher at the longer anoxic time
while the COD removal efficiency was higher at the shorter anoxic time. Under anoxic/aerobic times of 4 h/18
h,  the  highest  average PHA production and yield of 1.4054 g l  and 74.0% as dry sludge weight was found.1

The highest average COD, TKN and orthophosphate removal efficiencies were 87.5%, 80.0% and 57.2%,
respectively. Thus, the use of B. megaterium A9an in SBR operating at the anoxic/aerobic times of 4 h/18 h
could offer a promising approach for PHA production along with a high performance in wastewater treatment.

Key words:Polyhydroxyalkanoate  PHA  Polyhydroxybutyrate  Bioplastic Bacillus  Sequencing batch
reactor

INTRODUCTION pyrogenic in human beings [9, 10] and thus provide a
chance  for  Bacillus  as  a  potential PHA producer.

Nowadays, petroleum-based plastics pollution and Aside  from  the  problem concerning co-purification of
the scarcity of fossil fuels have encouraged research the endotoxin with PHA produced by the Gram-negative
towards the development of microbially-produced bacteria, another limit to bioplastic usage is the high PHA
polymers, polyhydroxyalkanoate (PHA) [1]. PHA is production cost which is raised by the supplementary
polyesters of hydroxyalkanoate which has properties carbon source. The carbon source is the main expense for
similar to synthetic plastics and are completely the raw materials and raises PHA production costs to nine
biodegradable in the environment [2]. PHA is synthesized times that of synthetic plastic production [11]. Thus, the
by  numerous  bacteria  as  a storage compound for usage of wastewater as a carbon source to feed
carbon and energy when a carbon source is excessive and wastewater treatment plant and harvest the activated
the nutrients (nitrogen, phosphorus, sulfur or oxygen), sludge for further PHA extraction is an attractive
which are essential for growth, are present in limited approach to reduce the PHA production cost. This
concentrations [3-5]. approach also reduces the waste activated sludge to be

The commercial PHA production is only  by  the managed and is therefore reduce the operation cost of
Gram-negative bacteria because of higher productivity wastewater treatment [12].
[4,6]. It seems that the Bacillus was neglected as a During this decade, several attempts were made to
potential PHA producer because the accumulated PHA produce PHA by the Bacillus [8, 13, 10, 14-18]. PHA
could be utilized during the sporulation stage [7, 8]. production which was achieved by some Bacillus strains
However, PHA produced by the Gram-negative bacteria isolated from activated sludge, have been reported
contains lipopolysaccharide (LPS) endotoxins which are elsewhere  [19-21]  and all works were carried out in term
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of fermentation studies. On the other hand, a lot of work Japan). They were then grown in 50 ml of E2 broth and
has been done on PHA production by activated sludge in incubated at 28°C in a shaker at 150 rpm. After incubation
wastewater treatment systems which acetate was added to of 48 h, cell suspension (10 ml) was centrifuged at 10,000
stimulate growth of phosphate accumulating organisms in rpm for 10 min. The cell pellets were washed twice with 10
the system [22-26]. However, little information is available ml sterile normal saline and then subjected for PHA
on the use of Bacillus as a seed for PHA production by observation by a transmission electron microscope and
activated sludge. Thus, the objectives of the present PHA determination.
research are selecting an efficient Bacillus-producing
PHA, determining the potential of the selected bacterium Transmission Electron Microscopy (TEM): The cell
in production of PHA and treating wastewater in an pellets  obtained  were  fixed  with  2.5%  glutaraldehyde
anoxic/aerobic sequencing batch reactor (SBR) system in  0.1  M  phosphate  buffer  solution  for  2  h  at 4°C.
without supplementation of acetate to the synthetic The suspension was centrifuged at 2,000 rpm for 10 min.
wastewater. The pellets were rinsed in phosphate buffer and post-fixed

MATERIALS AND METHODS washed three times in 0.1 M phosphate buffer solution

Microorganism and Culture Media: Fifteen Bacillus acetate. After staining for 2 h at room temperature, the
strains, namely: B. aquimaris A9ax, B. bataviensis A7aA, cells were dehydrated through a graded series of acetone
B. firmus  A8ak,  B.  flexus  A9s,  B. licheniformis A8aT, (20, 40, 60, 80, 100 and 100% v/v) each for 10 min.
B. megaterium AIIy, B. megaterium A5aG, B. megaterium Specimens were then infiltrated with acetone mixes
A12ag,   B.    megaterium    A9an,   B.   mycoides   A9ay, (acetone:epon) of 2:1 for an hour and 1:1 for an hour,
B. pumilus Apau1, B. subtilis A9aDD, B. vallismortis followed by a 1:2 mix overnight. These specimens were
A1az,  B.  vietnamensis A1C, B. vietnamensis A8e, then penetrated with pure epon for 3 h. The samples were
isolated from saline soil in Thailand, were used in this embedded by capsule beam followed by polymerization at
study. They were identified using phenotypic 60°C for 24 h. Thin sections of 60-90 nm were cut and
characterization, chemical analysis and genotypic stained in lead citrate and photographed with a
characterization  (unpublished data in Chookietwattana, transmission electron microscope JEM 1230 (JEOL, Japan)
K. 2003. Ph.D. Thesis). E2 medium was used for PHA in the Central Laboratory, Faculty of Science,
production [27]. The medium contains 3.5 g l Mahasarakham University, Thailand.1

NaNH HPO .4H 0,   7.5   g l   K HPO .3H 0,  3.7  g l4 4 2 2 4 2
1 1

KH PO , 10 ml l  of 100 mM MgSO . 7H 0 and 1 ml l  of Inoculum Preparation: The selected bacterium was2 4 4 2
1 1

MT microelements stock solution (2.78 g of FeSO . 7H 0, inoculated to two flasks containing 250 ml of tryptic soy4 2

1.98 g of MnCl . 4H 0, 2.81 g of CoS0 . 7H 0, 1.47 g of broth [29]. The flasks were incubated at 30°C for 24 h in a2 2 4 2

CaCl . 2H 0, 0.17 g of CuCl . 2H 0 and 0.29 g of ZnSO . shaker (New Brunswick Scientific Model C24, USA.) at2 2 2 2 4

7H 0 per one liter of 1 N HCl). 200 rpm. An inoculum was obtained by centrifugation of2

Chemical and Reagents: Nile red and poly- - Sorvall RC 5C centrifuge, Dupont, U.S.A.
hydroxybutyrate (PHB) were purchased from Sigma
(USA). All other chemicals and solvents of analytical SBR Experiment: The SBR experimental system was
grade were obtained from other commercial suppliers. composed of a glass reactor equipped with an aerator,

Selection of Bacillus-Producing PHA: All Bacillus SBR  was  seeded  with  the  selected  bacterial inoculum
strains were singly cultivated on E2 agar and incubated at
28°C. After incubation for 48 h, bacterial cells from the
grown colonies of each strain were smeared and stained
with 0.1 mg ml  of nile red (dissolved in acetone) [28] to1

detect the presence of PHA granules. Only two maximum
PHA producers were selected based on the emitted
fluorescence intensity which was observed using an
Olympus BX60 fluorescence microscope (Olympus,

with 1% OsO  in distilled water for 2 h. The cells were then4

(pH 7.2) each for 10 min and stained with 4% uranyl

bacterial suspension at 8000 rpm for 10 min, using a

agitator  and  sample line (Fig 1). A 5-l working volume

(1 g of cells wet weight per 1 l of synthetic wastewater).
The synthetic wastewater comprised 791.6 mg l  sucrose,1

10 mg l  urea, 375 mg l  NH HCO , 283.3 mg l  NaHCO ,1 1 1
4 3 3

20 mg l  KH PO , 15.8 mg l  MgSO •7H O, 2.8 mg l1 1 1
2 4 4 2

CaCl •2H O, 1.4 mg l  FeCl •6H O. This composition2 2 3 2
1

provided the chemical oxygen demand (COD) at 1,000±50
mg l . The  cycle  time  of  the  reactor  was  operated at1

24 h  per   day   through   four  modes  as shown in Fig 2.
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Fig. 1: A schematic diagram of the SBR.

Fig. 2: Operating modes of the 24 h SBR cycle. For providing an anoxic condition, only the mixing of wastewater was
operated while the aeration was accompanied in the aerobic condition.

Bacterial cultures were acclimated to the synthetic were collected from the reactor at the withdrawal period in
wastewater and the altering anoxic/aerobic conditions in order to evaluate the system performance in removal of
the react mode. The system was run with the total COD, total Kjeldahl nitrogen (TKN) and
anoxic/aerobic times at 4 h/18 h until the steady state was orthophosphate and the PHA production in activated
reached. It was then switched to anoxic/aerobic at 2 h/20 sludge.
h in order to evaluate the influence of oxygen on the
system performance. The pH of the SBR was controlled at Analytical Procedure: The total COD, total TKN,
the level of 7.0±0.2 by adding HCl or NaOH solution. The orthophosphate  and  MLSS  were   analyzed  according
dissolved oxygen (DO) was kept below 0.5 mg l  and to  the  Standard  Methods  for  the   Examination of1

above 2 mg l  during anoxic and aerobic conditions, Water and  Wastewater  [30].  pH  and  DO were1

respectively. In each cycle, before a settling phase was measured by using a pH meter model 511275-AB
implemented, approximately 200 ml of mixed liquor (Beckman, USA) and a YSI 200 DO meter (YSI Inc., China),
suspended solids (MLSS) were taken for MLSS respectively.  PHA was extracted from the activated
measurement. Four liters of effluent were withdrawn at the sludge  using  the  solvent  extraction method as
end of each cycle and filled up with the fresh synthetic described by Punrattanasin [22]. PHA content was
wastewater to equilibrate the working volume and to determined through spectrophotometric analysis
maintain a 1.25-day hydraulic retention time. Steady state according  to the method described by  Yillmaz et al. [13].
conditions were achieved when reactor performance, as Due to PHB is the most common forms of PHA in
measured  by  COD  and MLSS, remained constant and activated sludge, in this study, PHA content was
had good sludge settling properties. The system analyzed in term of PHB. The standard curve was
performance data were collected when  the system was prepared by using a serial dilution of pure PHB. Quality
operated for five consecutive cycles after the steady-state control was ensured using standards as well as triplicates
was reached. Effluents and the settled activated sludge and the average values were reported.
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RESULTS AND DISCUSSION  and B. megaterium A9an, the first two isolates exhibiting

Screening of Bacillus-Producing PHA: PHA, a lipid-like quantification  of  PHA  production. After cultivation in
polymer, is synthesized by PHA-producing bacteria for
carbon and energy reserves. They are stored in granular
inclusion bodies in the cytoplasm. Various dyes such as
sudan black B [31] and nile blue A [32] have been widely
used for phenotypic detection of cytoplasmic PHA
granules but nile red is a highly sensitive stain among
others for this purpose [33-35]. It is thus used in the
present study to distinguish between PHA producing and
non-producing bacteria. Fluorescence of the cytoplasmic
PHA  granules  of  fifteen Bacillus strains stained with
nile red was investigated under UV-light. All of them
exhibited fluorescence. Although several  species of the
genus Bacillus have been reported to be PHA producers
[36], our  results possessed other Bacillus-producing
PHA,  namely:  B.  aquimaris,  B.  bataviensis, B. flexus,
B. vallismortis and B. vietnamensis, which have never
been    recognized     as    PHA    producers.   Based  on
the emitted  fluorescence  intensity, B. megaterium A12ag

high fluorescence intensity, were chosen for

E2  broth at 28°C for 48 h, B. megaterium A9an showed
the highest dry cell weight and PHA production at 0.9957
g l  and 0.2191 g l , respectively (Fig 3). Aslim et al. [37]1 1

isolated 27 Bacillus spp. from soil from Ankara, Turkey
and  found  that the bacteria produced PHB between
0.040-0.207 gl  when cultivated in nutrient broth for 48 h.1

Our  results  correspond  to the study of Aslim et al. [37]
in  which  the  highest PHB production was found in the
B. megaterium but PHA production by our B. megaterium
strain was a negligible higher. Our results also showed a
higher PHA production than the study of Yilmaz et al. [13]
which determined the PHB production by 31 Bacillus spp.
and found the highest PHB production at only 0.097 g l 1

in B. cereus M15. The TEM micrograph also confirmed the
granular inclusion bodies of PHA produced (Fig 4).
Therefore, B. megaterium A9an was selected as an
efficient Bacillus-producing PHA for further study in SBR
experiment.

Fig. 3: Cell biomass and PHB production by B. megaterium A9an cultivated in E2 broth at 28°C for 48 h. The error bars
represent the SD (n=3).

(A) (B)

Fig. 4: Visualization of granular inclusion bodies in the cytoplasm of B. megaterium A9an (A) and B. megaterium A12ag
(B) under TEM.
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Performance of SBR in Treating Wastewater and PHA was not added to the inoculum. In addition, the COD
Production: The PHA synthesis and the uptake/release of removal efficiency of our anoxic/anaerobic SBR reactor
polyphosphate are the most important functions of was within the range of typical SBR at 85-95%. When the
polyphosphate accumulating organisms (PAO) in anoxic/aerobic times of 2 h/20 h were applied, the COD
enhanced biological phosphorus removal (EBPR) removal efficiency increased to 97.5% with the COD
processes [38, 39]. Thus, in EBPR systems, PAO also act effluent concentration of only 32 mg l  while the removal
as potential PHA-producing organisms. These important efficiency of TKN and orthophosphate decreased to
findings led to a new challenge approach for PHA 68.9% and 55.0%, respectively (Fig 5). These results are
production by activated sludge from wastewater treatment due to the fact that the growth rate of bacteria in aerobic
systems. An enhancement of phosphorus and nitrogen conditions is higher than anoxic/anaerobic conditions and
removals can be accomplished by providing alternative leads to an increase in the conversion of carbonaceous
anaerobic/aerobic conditions for microbial population in organic matter to new bacterial cells [40]. In consequence,
the system. A SBR system was chosen for PHA a better sludge-settling property was obtained and the
production in this study because of the ease in average effluent suspended solid concentration was
controlling anoxic and aerobic conditions, cost efficiency reduced to 10.8 mg l  (data not shown). Unlike the
and enhancement of nutrient removal. The selected removal of organic matter, nitrogen and phosphorus
Bacillus-producing PHA, B. megaterium A9an, was removals require a more complex series of reactions and a
inoculated to the SBR reactor and allowed to acclimatize sufficiently long anoxic time in the reactor [42].
to the synthetic wastewater containing sucrose as a sole Meanwhile, an increase of aerobic time from 18 h to 20 h
carbon source. The system was started-up with the may also affect the nitrogen removal process, since
anoxic/aerobic times of 4 h/18 h in the react mode. During dissolved oxygen can suppress the enzyme system which
the first week of the start-up period, the MLSS is needed for denitrification [43]. Thus, a decrease of
concentration (microbial biomass) was substantially anoxic time from 4 h to 2 h resulted in depletion of TKN
decreased due to the adaptation of the bacterial seeding removal efficiency. Nevertheless, TKN removal efficiency
to the synthetic wastewater. Then the activated sludge under anoxic/anaerobic times of 2 h/20 h was still within
was accomplished to form a good floc within 22 days and the range of the nitrogen removal performance of a
its concentration was varied from 1,504 mg l  to 2,063 mg conventional activated sludge system [40]. The influence1

l (data not shown) which met the guidelines of design of a shortened anoxic time on phosphorus removal was1

parameters for SBR [40]. The start-up period took 26 days negligible. This result could be due to the PAO in the
to reach the steady state and showed the overall removal system that could degrade polyphosphate causing the
efficiency of COD, TKN and orthophosphate at 87.5%, release of orthophosphate in consequent under both
80.0% and 57.2%, respectively. The reactor also achieved aerobic and anoxic conditions [26].
good sludge-settling as the average effluent suspended As shown in Fig 6, the activated sludge of SBR
solid concentration was only at 18.4 mg l . Generally, the inoculated  with  the  selected Bacillus-producing PHA,1

start-up period of SBR could be reduced by the B. megaterium A9an, was clearly accumulated PHA. PHA
bioaugmentation of the reactor with a conventional production and yield under anoxic/aerobic times of 4/18 h
activated sludge. In the study of Sarioglu [41], three types were higher than at 2/20 h. Under anoxic/aerobic times of
of inocula were used: a mixture of conventional activated 4 h/18 h, the activated sludge with an average MLSS
sludge and Acinetobacter lwoffi; a mixture of concentration of 1.9047 g l  provided the average PHA
conventional activated sludge and Pseudomonas content and yield of 1.4054 g l  and 74.0% as dry sludge
aeruginosa; and a mixture of conventional activated weight, respectively. With respect to MLSS
sludge, Pseudomonas aeruginosa and Acinetobacter concentration, the activated sludge obtained from the
lwoffi, to start up the anaerobic/aerobic SBR reactors with anoxic/aerobic times of 2 h/20 h showed a much higher
the aim to enhance phosphorus removal. The first type of growth than those obtained from the anoxic/aerobic times
inocula mixture used a start-up time of 35 days, while the of 4 h/18 h, nevertheless, the average PHA content and
next two mixtures used 19 days to reach the steady state. yield were lower. These results could have been due to a
When considering the start-up period of this study and limited oxygen concentration is a preferred condition for
the study of Sarioglu [41], the B. megaterium A9an was PHA synthesis and accumulation [39] while an increasing
well acclimatized to the alternating anoxic/aerobic of oxygen concentration results in bacterial cell
conditions, although the conventional activated sludge proliferation.   Satoh  et  al.  [12] found that the anaerobic

1

1

1

1
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Fig. 5: Treatment performance of SBR system seeded with the B. megaterium A9an at different conditions of reaction
phase. The error bars represent the SD (n=3).

Fig. 6: The  biomass  and  PHA  production by  activated  sludge  produced  from  the  SBR  system  seeded  with  the
B. megaterium A9an at different conditions of reaction phase. The error bars represent the SD (n=3).

SBR accumulated PHA of 33% as dry sludge weight and PHA accumulation in the activated sludge was only
the  PHA  accumulation  was  increased up to 62% as dry 29.5% of dry cell weight. Rodgers and Wu [26] reported
sludge weight in a microaerophilic/aerobic SBR. A similar that anaerobic/aerobic conditions provided higher PHB
result  was  also  found  in  the study of Punrattanasin production  than  either  the anaerobic or aerobic
[22]. On the other hand, Takabatake et  al.  [44] used the condition alone.  Our  results  therefore  coincided  with
aerobic batch reactors to produce PHA by activated the other previous studies [12, 22, 42, 26] in which an
sludge  samples which were obtained from four anoxic condition benefits PHA accumulation in the
wastewater  treatment plants in Tokyo, Japan. The highest activated sludge.
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Concerning carbon source for PHA production by l of sucrose was used as a carbon source [8]. The dry
activated sludge, organic acids especially acetate were cell biomass of 70 g l  was reached after 30 h of
used as a sole carbon source for PHA production in most fermentation. Valappil et al. [14] carried out a large-scale
of the work [22-26]. The sludge which was produced from PHA production from B. cereus SPV in a 20 l fermentor
an  anaerobic/aerobic  SBR  fed  with municipal (fed-batch experiments) which glucose concentration was
wastewater (COD 60-130 mg l ) containing 0-20 mg l  of maintained above 10 g l . The PHB content of 38% as dry1 1

acetate, accumulated PHA at 30% as dry sludge weight cell weight was obtained within 48 h with the biomass
[23]. In order to enhance PHB production, Kumar et al. concentration of 3.0 g l . Kulpreecha et al. [16] reported
[17] determined an optimal concentration of acetic acid to the  highest  biomass  of 72.5 g l  and PHB content of
enrich growth of activated sludge which was obtained 42%  as  dry  cell  weight  from   fed-batch   cultivation of
from a  food  processing  wastewater  treatment plant. B. megaterium BA-019 in a minimal salt medium. Bacillus
The  activated  sludge  was enriched in a synthetic mycoides RLJ B-017 which was isolated from an activated
medium containing acetic acid (500 mg l  to 3,000 mg l ). sludge provided the highest biomass concentration and1 1

The maximum biomass concentration of 3,150 mg l  was PHB yield of 3.6 g l  and 69.4% as dry cell weight, when1

obtained at 2,000 mg l  of acetic acid within 96 h of it was grown in a medium containing 20 g l  sucrose and1

incubation. The maximum PHA yield was 33% of biomass 2.0 g l  di-ammonium sulphate [48]. To date, Bacillus sp.
(w w ). Rodgers and Wu [26] achieved PHA production 87I [21] which was isolated from soil of Hyderabad, India,1

of 50% when acetate concentration of 750 mg l  was is the most efficient PHA producer among the Bacillus1

applied to the anaerobic/aerobic SBR. A positive effect of spp. reported to be the PHA producers. It yielded a
acetate supplementation on PHA production by maximum PHB of 70.04% as dry cell weight in glucose
Cupriavidus necator DSMZ 545, cultivated in a mineral containing medium. Although, PHA production from the
medium containing sugarcane molasses under batch fermentation systems using pure cultures provides much
conditions, was also reported [45]. Dave et al. [46] higher cell biomass than the wastewater treatment system,
investigated the PHB production by petrochemical the production process requires sterilization procedures
activated sludge under nitrogen and phosphorus limited and complicated processes for separation of biomass from
and carbon excess conditions. They found that various the fermentation broth which then raises the production
bacterial species inhabited in the sludge but the sludge cost. To compete with PHA production by the
that accumulated high PHB was dominated by Bacillus fermentation systems, PHA production by activated
sp. They concluded that the sludge containing Bacillus sludge in wastewater treatment system should employ
sp. provide a high potential for PHB production. inoculation of efficient PHA producers which can store
Thirumala et al. [47] has also isolated some Bacillus spp. high PHA content and grow rapidly in wastewater without
producing PHB from activated sludge. Therefore, the PHA supplementation of an expensive substrate because the
contents obtained in this study was higher than the other biomass concentration in the wastewater treatment
investigations dealing with PHA production by SBR system is (normally not exceed 5,000 mg l ) much lower
system which only acetate was supplemented to the than those obtained from the fermentation systems.
influent [22-26]. A high PHA content obtained could be According to the results reported above, an application of
due to a bioaugmentation of B. megaterium A9an, an efficient Bacillus-producing PHA, B. megaterium
although sucrose was used as a sole carbon source. The A9an, to the SBR system could enhance PHA
ability of B. megaterium A9an to grow and accumulate accumulation of the activated sludge to the level which is
PHA in medium devoid of acetate could offer an comparable to the highest reported so far by the other
advantage for PHA production by reducing the carbon Bacillus spp.
source expense. 

A comparison of PHA production by fermentation CONCLUSION
process using the Bacillus spp. reveals that the PHA
yields  were  varied  among  species within a range of In the present work, a biotechnological method for
11%-69% as dry cell weight. PHB production of 35% as production of PHA by wastewater activated sludge in a
dry cell weight was produced by the Bacillus sp. JMa5 in SBR  system  which  inoculated with the selected
a fed-batch fermentation which molasses containing 50 g Bacillus-producing PHA strain, Bacillus megaterium

1

1

1

1

1

1

1

1

1
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A9an, is proposed. The anoxic/aerobic times of 4 h/18 h 7. Slepecky, R.A. and J.H. Law, 1960. Synthesis and
are the most suitable condition for reaction phase of a 24
h SBR aiming for PHA production. The anoxic/aerobic
times of 2 h/20 h offer a better performance in COD
removal but nutrient removals and PHA content were
lower than the previous condition. The B. megaterium
A9an is a promising PHA producer strain for production
of PHA in a SBR system which also functions for
wastewater treatment because it efficiently grows and
produces high PHA in the wastewater without
supplementation of acetate. As a consequence of our
findings we believe that the cost of PHA production
using  only   wastewater   and   the   bioaugmentation  of
B. megaterium A9an is a less costly alternative to the
other methods which require the additional cost of acetate
to stimulate growth of PAO in the SBR system. However,
effects of carbon sources, shorter cycle times, pH and
carbon to nitrogen ratio require further study in order to
maximize and accelerate the PHA production which could
then provide sufficient information for process
development of an industrial scale production.
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