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Abstract Bacteria under stress conditions of excess of
carbon (C) and limitations of nutrients divert its metabo-
lism towards C storage as energy reservoir—polyhydrox-
yalkanoate (PHA). Different Bacillus species—B. cereus
and B. thuringiensis, were monitored to produce PHA from
different C sources—glucose, crude glycerol and their
combination at 37 °C for period up to 192 h. PHA pro-
duction and its composition was found to vary with feed
and bacterial strains. PHA production on crude glycerol
continued to increase up to 120 h, reaching a maximum of
2725 mg/L with an effective yield of 71% of the dry cell
mass. Depolymerization of PHA was observe to initiate
after 96 h of incubation up to 192 h. PHA degradation
products have been envisaged to be applied in medical
field: tissue engineering, drug carriers, memory enhancers,
antiosteoporosis, biodegradable implants. The PHA pro-
duction and degradation cycle for 192 h has not been
reported previously in literature.
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Introduction

Bacterial metabolism is targeted to generate energy from
substrates for their growth and development [1]. In general,
the most energy efficient process is the tricarboxylic acid
cycle (TCA). However, under stress conditions especially
those arising due to nutritional imbalance i.e. excess of
carbon and limitations of nitrogen, phosphorus, potassium,
oxygen, magnesium, etc., bacteria are obliged to divert
acetyl co-A towards polyhydroxyalkanoate (PHA)
biosynthesis [1-6]. At high C:N ratio, the two enzymes of
the TCA cycle, i.e. citrate synthase and isocitrate dehy-
drogenase are inhibited leading to its blockage. This in turn
allows accumulation acetyl co-A and activation of P-ke-
tothiolase, the acetoacetyl reductase and PHA synthase
enzymes. It results in the production of PHA [7]. PHA
production and its composition i.e. homopolymer and co-
polymer is affected by the feed and bacterial strains [6].
Once favourable conditions are available, PHA gets
depolymerized and utilize them as energy source [7-9].
This natural process of degradation can be exploited to
recover intermediates, which can be modified and used.
Hydroxyalkanoic acids (HAs) are the major products,
which have been reported to be generated from PHA
degradation. The composition of the byproducts of PHAs
depend upon the type of depolymerases. Complete degra-
dation of PHA occurs through two routes: (1) aerobically,
monomers are metabolized to yield CO, and water, and (2)
where as under anaerobic conditions, methane, CO, and
water are generated [10—13].

PHA has been reported to have potential applications in
diverse fields, such as medical (tissue engineering, drug
carriers, memory enhancers, antiosteoporosis, biodegrad-
able implants), energy (biofuels), probiotics, agriculture
[6, 14-16]. However, it has been commercially
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uneconomical to produce PHA. The major issues are the cost
of feed and that involved in polymer recovery process
[17-20]. This has slowed down the pace of research on PHA.
On the other hand, it has been shown that PHA degradation
process leads to intermediates, which can be chemically
modified to produce novel products with a wide range of
applications [6, 21, 22].

For utilizing PHA and its degradation products, in the
field of medicine, it is necessary to understand the cycle of
PHA production and its degradation. Here, in this study, we
have monitored the cycle of PHA production and its
degradation pattern under three different physiological
conditions, which affect the rate of the metabolic process
and composition of PHA.

Materials and Methods
Organism and Growth Conditions

Bacillus  thuringiensis strain EGU45 (Accession no.
DQ508971), Bacillus cereus strains EGU43 (Accession no.
DQ508969) and EGU520 (Accession no. DQ508978) were
isolated previously in our laboratory [23]. These were
grown on HiMedia nutrient broth (NB) (13 g/L) and
incubated at 37 °C at 200 rpm for 16 h. The cultures of B.
thuringiensis EGU4S5, B. cereus EGU43 and EGU520 were
used as inoculum at the rate of 10 pg cellular protein/mL
medium. All batch fermentations were carried out by
inoculating 100 mL of the medium in 500 mL Erlenmeyer
flasks. The incubations were done at 37 °C at 200 rpm for
periods of 24, 48, 72, 96, 120, 144, 168, and 192 h [23].

Polyhydroxyalkanoate (PHA) Production

The ability of B. thuringiensis EGU4S, B. cereus EGU43
and EGU520 to produce PHA were monitored on Yeast
extract + Peptone (YE + PE) medium [(g/L): (1.5 YE; 5.0
PE)] supplemented with: (a) glucose (1%, w/v), (b) crude
glycerol (CG) (1%, v/v), (c) glucose (0.1%, w/v) + CG
(1%, v/v) + propionic acid (PA) (0.5%, v/v) + NH4CI
(0.5%, g/L). In combination (c), glucose (0.1%, w/v) and
NH,CI (0.5%, w/v) were added to YE + PE medium, at
time zero, whereas CG (1% v/v) and PA (0.5% v/v) were
added 3 h after initial incubation. Dry cell mass (DCM)
and PHA production were monitored after 24, 48, 72, 96,
120, 144, 168, and 192 h of incubation.

Analytical Method
PHA analysis was done as described earlier [23]. In brief,

For PHA analysis, 40 mg of DCM was dissolved in 2 mL
chloroform and acidified propanol (2 mL) and benzoic acid
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(200 pL, as internal standard) were added. The mixture
was heated at 120 °C for 2 h. It was cooled to room tem-
perature, and 4 mL water was added. The mixture was
vortexed for 5 min and allowed to stand for 24 h. The
upper layer was discarded and lower layer (organic phase)
was used for GLC analysis [23].

Results
Effect of Substrates on PHA Production
Glucose

With glucose as C source, DCM of B. thuringiensis EGU45
continued to increase from 640 mg/L at 24 h after incu-
bation (AI) to a maximum 910 mg/L at 144 h Al (Table 1).
Thereafter, DCM was found to decline slowly to 450 mg/L
by 192 h AlL. PHB production by B. thuringiensis EGU45
on glucose as feed was found to reach a maximum value of
75 mg/L at 96 h Al. PHB yield varied from 11 to 14% up
to 96 h Al. PHB production declined to 15 mg/L by 192 h
Al, with a corresponding yield of 3%. The overall PHA
yields were quite low i.e. 3—14%. With B. cereus EGU43,
glucose proved to be an effective substrate for its growth
(Fig. 1). The DCM was observed to achieve a DCM of
4530 mg/L by 144 h Al However, PHA producing ability
of B. cereus EGU43 were very low i.e. 25-40 mg/L. PHA
production was recorded only up to 96 h Al, which com-
pletely disappeared thereafter. With B. cereus EGUS520
grew very well on glucose, with a DCM of 3540 at 96 h Al
It declined thereafter to 1250 mg/L by 192 h AI (Table 1).
This growth was accompanied by very high PHA produc-
tion, with a maximum of 2415 mg/L at 96 h Al, which was
equal to a yield of 68%. PHA production started declining
thereafter and even by 192 h Al, it did not completely
disappear. In all the three cases, no PHV production was
recorded at any stage.

In summary, maximum PHA production was recorded at
72-96 h Al. Thereafter, PHA degradation was complete
and rapid in the cases of B. thuringiensis EGU45, B. cereus
EGU43. In the case of B. cereus EGU520, PHA production
was high and the rate of degradation was also very slow.
With glucose as feed, these three strains could produce
only homo-polymers of PHB.

Crude Glycerol

With CG as feed, B. thuringiensis EGU45 showed a 4-5
times higher DCM as compared to that recorded on glucose
(Table 1). Maximum PHA production of 2725 mg/L was
recorded at 120 h Al, which was equivalent to 71% yield.
PHA production declined to 450 mg/L by 192 h Al Here,
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Table 1 Polyhydroxyalkanoate production pattern in different Bacillus species

Incubation period (h) Feed

Glucose (1%, v/v)

Crude glycerol (1%, v/v)

Glucose (0.1%, w/v) + crude glycerol
(1%, v/v) + propionic acid (0.5%,

vIv)
DCM PHB Yield PHV Yield DCM PHB Yield PHV Yield DCM PHB Yield PHV Yield
(mg/L) (%)  (mg/ (%)  (mg/L) (%)  (mg/ (%)  (mg/L) (%) (mg/ (%)
L) L) L)

Bacillus thuringiensis EGU45
24 640 75 12 0 NA 690 275 40 0 NA 960 150 16 5 0.5
48 580 70 12 0 NA 1880 1200 o4 0 NA 890 155 17 70 8
72 600 65 11 0 NA 2390 1350 56 0 NA 2000 305 15 20 10
96 550 75 14 0 NA 2480 1480 60 20 0.8 2830 625 22 5 0.2
120 620 70 11 0 NA 3820 2725 71 20 0.5 4410 440 10 5 0.1
144 910 65 7 0 NA 3290 1450 44 6 0.2 4590 240 05 5 0.1
168 500 20 4 0 NA 3960 620 16 0 NA 4750 200 0 NA
192 450 15 3 0 NA 1510 450 30 0 NA 4900 150 3 0 NA
Bacillus cereus EGU43
24 490 25 5 0 NA 270 0 0 0 NA 1750 30 2.1 15 0.8
48 840 30 4 0 NA 360 100 28 0 NA 1460 50 34 170 12
72 2400 40 2 0 NA 830 405 49 0 NA 1800 80 44 100 6
96 3720 30 1 0 NA 940 355 38 0 NA 2220 130 5.8 125 6
120 3690 O 0 0 NA 1980 270 14 135 7 3130 65 2.1 290 9
144 4530 0 0 0 NA 3410 250 7 9 0.3 3190 165 5.2 0 NA
168 3500 O 0 0 NA 3430 1280 37 0 NA 3000 150 5 0 NA
192 3000 O 0 0 NA 2050 600 29 0 NA 2500 100 4 0 NA
Bacillus cereus EGU520
24 710 120 17 0 NA 1380 465 34 0 NA 700 O 0 0 NA
48 970 150 15 0 NA 1680 1090 65 0 NA 540 0 0 0 NA
72 2500 1000 40 0 NA 1900 905 47 0 NA 2000 20 1 0 NA
96 3540 2415 68 0 NA 2160 885 41 0 NA 2620 40 1.5 0 NA
120 1930 890 46 0 NA 2860 270 0 NA 3240 75 23 0 NA
144 1450 860 59 0 NA 2170 200 0 NA 4250 135 3 0 NA
168 1200 500 41 0 NA 1500 280 18 0 NA 4000 85 2.1 0 NA
192 1550 350 22 0 NA 1000 130 13 0 NA 3500 70 2.0 0 NA

DCM Dry cell mass PHB Polyhydroxybutyrate PHV Polyhydroxyvalerate NA Not applicable

PHV production also recorded after 96 h Al, which
degraded rapidly by 144 h Al. With B. cereus EGU43,
DCM of 3410 mg/L was slightly lower than that recorded
4530 mg/L on glucose as feed by 144 h Al. PHV pro-
duction was recorded from 48 to 120 h Al, which
decreased after 144 h. B. cereus EGU520 showed slightly
lower growth on CG in comparison to that recorded on
glucose (Table 1, Fig. 1). Maximum DCM of 2860 mg/L
was recorded at 120 h Al, whereas maximum PHA yield of
1090 mg/L was recorded 48 h Al. PHA yield in this case
was 65%. Here, B. cereus EGU520 did not produce any
PHV.

In conclusion, in comparison to glucose, CG proved to
be a better good C substrate for PHA production, which
was 20-40 fold higher in case of B. thuringiensis EGU45
and B. cereus EGU43. Thus, with CG as substrate, PHA
production was highest with B. thuringiensis EGU45 at
2725 mg/L at 120 h Al, which declined to 450 mg/L at
192 h AL In the case B. cereus EGU43, PHA production
was slow and peaked at 168 h Al and started decreasing
thereafter. The most rapid though low PHA production was
recorded with B. cereus EGU520. Thus, CG could enhance
PHA production and prolonged it metabolic period as well.
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Fig. 1 Evolution of polyhdroxyalkanoate production by B. cereus
EGUA43 (triangle), B. thuringiensis EGU45 (diamond), and B. cereus
EGUS520 (circle) grown on a glucose, (1%, w/v), b crude glycerol
(1%, v/v), and ¢ glucose (0.1% w/v) + CG (1%, v/v)

In addition, PHA production and it degradation was greatly
influenced by the bacterial strains.

Combination of CG and Glucose

With CG and glucose as substrates, supplemented with PA,
PHA production was observed to be 625 mg/L at 96 h Al
with B. thuringiensis EG45, 165 mg/L with B. cereus
EGUA43 and 135 mg/L with B. cereus EGU520 at 144 h Al
(Table 1). These PHA production values are much lower
than that recorded with CG alone. The PHA degradation
process was also very slow. The only major difference in
this combination of substrates, was the production of PHV
in the range of 15-290 mg/L. with B. cereus EGUA43,
whereas B. thuringiensis EGU45 produced only 70 mg/L
of PHV at 48 h Al and B. cereus EGU520 did not produce
any PHV at all (Table 1, Fig. 1). In brief, the PHA pro-
duction is greatly influenced by addition of PA, however it
does permit PHA co-polymer production. The influence of
bacterial strain on co-polymer production was also evident,
as B. cereus EGU520 does not produce co-polymer under
any physiological conditions.

Discussion

Most studies on PHA production abilities of different
bacteria are targeted towards the most efficient period for
its production. It has been reported quite repeatedly that
maximum PHA production occurs between 24 and 96 h
of incubation [19, 24-29]. Since our interest lies in using
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the PHA and its degradation products for biomedical
applications, we have carried out the study for an
extended period of 192 h. This strategy allowed us to
analyse PHA production and its degradation pattern.
Based on the previous works done with these Bacillus
strains, we monitored the influence of the various com-
binations of substrates and strains on the PHA degrada-
tion [30]. We may conclude that the PHA production, its
composition and degradation rates are dependent on
strains and substrates. It thus allows one to decide on
which combination is the most suitable for studying the
PHA degradation pathway [31]. Another factor which
will certainly have a strong bearing on the decision is
the chemical composition of the degradation products
[13]. This will pave way for potential chemical modifi-
cations of the intermediates and their application in
various fields especially medical [32]. Modified PHAs
have potential application in various industries: (1) Poly-
3-hydroxy-6-acetylthiohexanoate-co-4-acetylthiobutanoate
(PHACOS), a PHA modified form can be used for
biomedical applications [15], (2) Short-chain fatty acids
(SCFAs) produced on degradation of PHAs, can be used
as bacteriostatic agents to control bacterial infections and
other medical applications [33], (3) Poly-3-hydroxy-
actylthioalkanoate-co-3-hydroxyalkanoate can be
employed for antibacterial activity against methicillin
resistant Staphylococcus aureus [9, 34], (4) Poly-3-hy-
droxybutyrate-hydoxyhexanoate has been exploited for
osteoblast attachment, proliferation and differentiation
[35, 36], (5) R-3HAs have used in pharmaceutical
industry [37], (6) as oral drugs [38], (7) as antibiotic
such as carbapenem or macrolides [39, 40], (8) Methyl
esters of HAs have used as biofuels [16, 41], and (9)
Monomers such as 3HB and 4HB can be used for
preparing peptides, which are resistant to peptidases and
can be employed to improve drug delivery [42].
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