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Mostly, studies on biodegradation of poly-p-hydroxybutyrate (PHB) employs only single or dual culture of degrading
microorganisms and often in single environmental condition. In this study, as a new and sustainable approach, we used
natural communities (mixed culture population) for biodegradation of PHB under variable environmental conditions.
Alcaligenes sp. RZS 4 yielded 5.60 g/L of PHB by submerged fermentation. The absence of polysaccharides, cell
component in PHB extract and thin layer chromatography reassert the purity of PHB extract. Eighteen bacterial and 7 fungal
cultures were used for assessment of biodegradation PHB. The study using single culture population suggests that the
metabolism of fungal and bacterial isolates varies from species to species, in solid environment; maximum degradation lasts
up to 15 days of incubation while in liquid environment it lasts up to 10 days. The biodegradation of PHB in liquid
environment by a mixed population exhibit a much higher biodegradation rate than single culture population and also
reduces biodegradation time by 2 days. The times profile suggested that the rate of PHB biodegradation depended on the
incubation period and amount of PHB. This study, thus documents the use of natural communities (mixed culture
population) in defined media stimulated environmental conditions for efficient biodegradation of PHB.
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Submerged fermentation

Poly-B-hydroxybutyrate (PHB) accumulated intra-
cellularly into bacteria and used as a source of carbon
and energy reserve, it is important for the metabolism
(enzyme protein, storage compounds), the genetic
information (nucleic acid) and the structure (cell wall
constituents, protein) of cells. Among biodegradable
polymers, the best known is PHB, which is produced
on a large scale through bacterial fermentation*?. The
accumulated PHB is used by certain bacterial species
to achieve a balanced growth even in dynamic
substrate conditions, which allows them to utilize the
external substrate more efficiently® and ultimately out-
compete other species within the system®®,

Microbial degradation of PHB can take place
through the action of enzymes or by products (lipids,
peroxides) secreted by microorganisms (bacteria, yeast
and fungi)’. PHB has been shown to be degraded by
bacteria into water and carbon dioxide (aerobically)
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and into methane (anaerobically) in natural
environments including water, soil and compost. The
fungal biomass in soil generally exceed the bacterial
biomass and thus it is likely that the fungi may play a
considerable role in degrading PHB, as they
decompose organic matter in the soil ecosystem®.
Although biodegradation tests with mixed cultures or
natural microflora are practical oriented, depend on
naturally occurring conditions and are tedious to
measure degradation of PHB. Therefore, development
of appropriate biodegradation methods to determine the
degradation of polymers under defined conditions and
within a reasonable time period is important’.

Several reports are available on PHB degradation
by using PHB films®. However, in this paper, we
report new approach for biodegradation of powder
state PHB by single microbial population as well as
natural microflora in different environmental
conditions such as the solid and liquid environment.
The study shows that the fungal as well bacterial
isolate has potential biotechnological application in
PHB degradation systems.
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Materials and Methods

PHB production and extraction

PHB production was carried out by Alcaligenes sp.
RZS 4 (Gene bank accession No. JN374993) using
two-step cultivation process. In the first step, it was
grown (1% inoculum) in 100 mL carbon-rich medium
(CRM) containing (g/L) glucose, 20; (NH,),SO,, 2.0;
KH,PO,4, 13.3; MgSO,47H,0, 12.; citric acid, 1.7;
trace element solution, 1.0 ml/L containing (g/L)
FeSO4 7H20, 10, ZnSO47Hzo, 225, CUSO45H20,
1.57; MnSO45H20, 05, CaCIQZHzo, 20,
Na,B,0;10H,0, 0.23; (NH4;)6M070, 0.1; pH was
set to 7.2 at 30°C for 48 h at 120 rpm followed by
centrifugation at 10000 rpm for 10 min to get the
biomass®. In the second step, the biomass obtained
from CRM was washed with sterile distilled water
and used to grow in nitrogen deficient minimal
medium (NDMM) consisting of (g/L) Na,HPO, 3.8;
KH,PQOy, 2.65; NH,CI, 2; MgSO,, 0.2; fructose, 2 and
trace minerals 1.0 ml/L, which contained (g/L)
EDTA, 5.0; 2ZnSO,7H,O, 22; CaCl, 5.45;
MnCI,6H,0, 5.06; H3BO; 0.05; FeSO,7H,0, 4.79;
NH;Mo, 24.4; CoCl,.6H,0, 1.6; CuSO,5H,0, 1.57 at
30°C for 48 h at 120 rpm, followed by centrifugation
at 10000 rpm for 10 min®. PHB was extracted from
biomass by using a mixture of acetone—alcohol
(1:1viv)*®.  This PHB extract was used for
biodegradation studies.

Determination of purity of PHB extract

The purity of PHB extract was determined by the
Molish’s and Iodine tests and also by Thin Layer
Chromatography (TLC). The Molish’s test was done
by acidification of the PHB sample with dilute HCI
and change in the colour of the sample was observed.
lodine test was carried out by adding two drops of
iodine followed by observing the change in colour.

Thin layer chromatography of PHB extract and
PHB standard (Sigma Aldrich, USA) was performed
on a silica gel sheet (20 X 20 cm, Merck) with solvent
system toluene:ethyl acetate:acetic acid (60:30:5).
The detection of PHB was carried out by exposing the
silica plate in the iodine chamber™. The retention
value [Rf] was calculated and compared with that of
the standard PHB.

Biodegradation of PHB

Source of biodegrading cultures
Fungal cultures like Cercospora arachichola,
Aspergillus  flavus NCIM 650, Metarhizium

anisopliae NCIM 1311, Verticillium lecanii NCIM
1312, Fusarium oxysporum NCIM 1281, Aspergillus
niger NCIM 1025 and bacterial strains like
Alcaligenes faecalis NCIM 2949, A. faecalis NCIM
2262, Pseudomonas sp. NCIM 2866, Pseudomonas
sp. NCIM 2208 were procured from the National
Collection of Industrial Microorganism [NCIM],
NCL, Pune, India. Alternaria alternata IARI 715 was
procured from the Indian Agricultural Research
Institute (IARI), New Delhi, India while other strains
were isolated from local winery effluent as mentioned
below.

Isolation and identification of cultures

Bacterial strains like Alcaligenes sp RZS 4,
Alcaligenes sp. RZS 2, A. faecalis sp. JASI,
A. faecalis PAOAC 171, Pseudomonas sp RZS 1,
P. aeruginosa strain 67, P. putida, P. aeruginosa RZS
3, Acinetobacter sp. K2 and Acinetobacter sp. 2109
were previously isolated and identified by GC-FAME
(Gas Chromatography-Fatty Acid Methyl Esters)
analysis, phenotypic fingerprinting and 16s RNA
sequencing’.

Several Streptomycetes sp. were isolated from
garden soil of PSGVPM’s Art, Science, Commerce
College, Shahada, Maharashtra, India by plating on
glycerol asparagine agar (ISP medium)* containing
aspargine, 1 g/L; glycerol, 10 ml/L; K,HPO,, 1 g/L;
agar, 20 g/L; trace salt solution (1 ml/L) containing
FeSO,, 0.1 g/100 mL; MnCl;, 0.1 g/100 mL;,
ZnSO,, 0.1 ¢/100 mL'? and the plates were
incubated at 30°C for 7-10 days. Isolates were
identified by both macroscopic and microscopic
examination and maintained on glucose asparagine
agar. The bacterial isolates were maintained on
nutrient agar (NA) and fungal cultures were
maintained on potato dextrose agar (PDA). All the
cultures were preserved at 4°C.

Screening of PHB degrading organism

In order to study the ability of various isolates and
improvements in biodegradation of PHB, 7 fungal and
eighteen bacterial isolates were screened for their
ability to degrade PHB. For this purpose, each fungal
and bacterial strain was separately grown in minimal
salt agar (MSA) medium containing (g/L) K;HPO,,
0.5; KH,PO,, 0.04; NaCl, 0.1; CaCl, 0.002;
(NH,),SO,, 0.2; MgS0O,, 0.02; FeSO,4 0.001; agar,
20 supplemented with 0.1 % PHB as a sole source of
carbon. The growth of each PHB degrading organism
was observed and utilization of PHB from the media
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was determined. Isolates capable of efficiently
utilizing PHB as carbon source were taken for further
degradation studies.

PHB biodegradation by single culture population
Biodegradation in solid environment

The PHB degrading ability of fungal and bacterial
strains was determined in the MSA by over layer plate
assay. A thin basal layer of the MSA was poured and
solidified at low temperature and the same agar
medium supplemented with 0.2% (w/v) PHB powder
was then over layered on the basal layer and allowed
to solidify quickly. The overlayered plates were
streaked individually with a loopful of fresh inoculum
of individual bacterial and fungal isolate followed
with their incubation at 30°C. The PHB degrading
ability and the extent of degradation of each isolate
was determined by measuring zone of PHB hydrolysis
surrounding the growth®.

PHB biodegradation profile

The degradability of PHB extract was determined
by tube assay; the MSA medium tubes supplemented
with varying concentrations of PHB (0.1, 0.2, 0.3 and
0.4 %) were inoculated with fungal spores (50 pL)
and bacterial suspension (50 pL) at the surface and
incubated at 30°C for several days. The PHB
degrading ability and the extent of degradation of the
individual isolates was determined by the formation
of zone of PHB hydrolysis beneath the surface growth
and measuring the depth of the zone®.

Biodegradation in liquid environment

PHB degradation in liquid medium was
determined by growing the efficient PHB degrader
in liquid MSM containing PHB (0.2% i.e. 2 mg/mL)
as sole carbon source. The MSM medium was
inoculated with different bacterial and fungal
cultures and incubated for several days at 100 rpm at
30°C. Biodegradation of PHB was determined by
measuring the extent of growth as biomass (mg/mL),
optical density (OD) at 660 nm, the amount of
residual PHB by gravimetric analysis (mg/mL) and
crotonic acid concentration (ug/mg)°.

Quantification of PHB degradation

After incubation, the zone of PHB hydrolysis
appeared in circular and cylindrical forms in Petri
plates and test tubes respectively. PHB biodegradation
was quantitatively expressed as deprivation of
polymer in term of weight loss (WLppg) With time and
expressed as mg/mm? using equation (1)*.

WLPHB = AZ X WPHB/AT .................... (I)

whereas,
WLpyg = Deprivation of polymer in term of weight loss,
Az = Area of zone of PHB degradation in Petri dish/Test
tube (mm), Weys = Weight of PHB seeded in medium
(mg), and Ar- Total area of Petri dish/Test tube (mm?)
The Az is the area of the zone of degradation
appears in Petri plate and a test tube while As is the
total area of Petri plate and test tube. Therefore, the
area of the zone of degradation (Az), total area (Ar) of
Petri plate and Test tube was measured by using
equation (1) and (I11), respectively. It was expressed
as mm.

Az OrAr=nr?. i, ()
AOFAT=2nrh...cccceueeinn..... (1)
whereas,

m = 3.14 (constant), r = Radius of zone of degradation
(d/2), and h = Height of test tube up to media filled.

However, the resulting area of the zone of
degradation (A7) and total area (A1), was used in an
equation (1) calculate biodegradation of PHB.

Biodegradation by mixed culture population

To find the role and activity of ecological
microflora in PHB degradation, various samples
from natural environment were used for the study.
They were labeled and collected as SW (Water
solution of campus roadside soil), LWW (Waste
water from laboratory), TRW (TAPI river water
collected at Piloda Tal, Shirpur, Maharashtra),
NTWW (Waste water collected from textile
industries at Nandurbar, Maharashtra), GTWW
(Wastewater collected from textile industries at
Surat, Gujrat), SWW (Waste water collected from
sugar factory at Shahada, Maharashtra) and DWW
(Domestic waste water from a local area). These
water samples belonging to natural locations are
known to harbour wide variety of microflora, and
hence used as mixed culture populations of
microorganisms for PHB biodegradation. These
water samples (500 uL) were inoculated in MSM
seeded with 0.2% PHB, incubated for several days
at 100 rpm at 30°C and biodegradation was
recorded as described previously.

Results and Discussion
PHB production and extraction

Growth of Alcaligenes sp. RZS 4 in NDMM
yielded 5.60 g/L of PHB with 46.1% rate of PHB
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accumulation. These yields are much higher than the
earlier reported yields***>*®. Kumar and Prabakaran®’
reported 0.8 g/L PHB in A. eutrophus MTCC 1285
and Mohamed et al.'® have also reported similar PHB
yields from Bacillus sp.

Determination of purity of PHB extract

The impurities like polysaccharides or any
microbial cell component left over during the
extraction process are commonly found in PHB
extract. Purity of PHB sample confirmed by detection
of such impurities in the PHB extract sample. All
PHB samples showed negative Molish’s and iodine
test indicating the absence of polysaccharides and
microbial cell component.

After evaluating PHB extract by TLC, greenish
black colored bands appeared on plate. The Rf value
calculated as 0.714, which matched with the Rf value
of standard PHB. Kumar and Prabakaran'’ also
reported 0.71 as the Rf value of PHB. The absence of
polysaccharides, any cell component and Rf values
confirmed the purity of PHB extracted from
Alcaligenes sp. RZS 4.

Biodegradation of PHB

Source of biodegrading cultures

Ten different bacterial strains belonging to
Alcaligenes sp. (04 strains), Pseudomonas sp. (04
strains) and Acinetobacter sp (02 strains) were
isolated and identified as mentioned in our previous
study®. Other 7 fungal and 4 bacterial strains were
procured from collection centers as mentioned above.
All the fungal strains belonged to plant pathogenic
genera, were tested for possible use of PHB in
agricultural application. All the bacterial strains (PHB
producer)® were tested for their potential in self
biodegradation of PHB. Four Streptomycetes sp. Were
isolated from the local garden soil. The
Streptomycetes sp. formed irregular, wrinkled,
grayish-white and reddish-white colonies having
branched aerial with vegetative mycelia; these aerial
mycelia  produced sporophores of different
morphological forms bearing spores in the chain.
They were Gram positive, non-motile, oxidase,
catalase positive and showing differences in colonial
morphology and diffusible pigment’*®. These
Streptomycetes sp. were labeled as NSG1, NSG2,
NSG3 and NSG4. These strains are predominantly
found in soil and decaying vegetation, and hence were
used for PHB degradation studies.

Screening of PHB degrading organism

The morphological appearances of isolates indicate
the diversity among them®. The fungal and bacterial
strains during screening (based on their comparative
performance) for selection of efficient PHB degrading
strains revealed utilization and degradation of PHB
extracted from Alcaligenes sp. RZS 4 on their
comparative performance.

Out of different fungal strains used, A. niger NCIM
1025, C. arachichola, M. anisopliae NCIM 1311,
A. flavus NCIM 650, F. oxysporum NCIM 1281 and
A. alternata IARI 715 showed growth on minimal
medium containing PHB as sole carbon source except
V. lecanii NCIM 1312. However, among the different
bacterial strains used Alcaligenes sp. RZS 4,
Pseudomonas sp. RZS 1, A. faecalis NCIM 2949,
Pseudomonas sp. NCIM 2866, P. aerugenosa RZS 3,
Streptomycetes sp. NSG 2 and Streptomycetes sp.
NSG 3 showed growth on minimal medium
containing PHB extract of Alcaligenes sp. RZS 4. The
growth on minimal media suggests utilization of PHB
indicating the biodegradation of PHB and evokes
them as PHB degrading organisms. Mergaert et al.*
have also isolated and screened 295 microorganisms
capable of degrading PHB from the soil, according to
growth on minimal media containing PHB as sole
carbon source.

PHB biodegradation by single culture population

Biodegradation in solid environment

In plate assay degradation of PHB began from
2" day of incubation and reached to maximum level
after 8 days of incubation. The visualization of growth
and formation of zone of PHB hydrolysis around the
colonies indicated degradation of PHB. Degradation
of PHB into water-soluble products under influence of
PHB depolymerase has been reported by Nishida and
Tokiwa”. The extent of PHB degradation by all
isolates ranged between 0.39- 32 mg/mm?®. The plate
containing over layered medium provides a solid
environment having more surface area that help for
higher growth and therefore higher biodegradation.
After 8 days of incubation, maximum biodegradation
was obtained with Streptomycetes sp. NSG 2
(32 mg/mm?) and C. arachichola (28.54 mg/mm2)
whereas A. alternata IARI 715 gave minimum
(1.20 mg/mm2) degradation. Among the various
cultures, Streptomycetes sp. NSG 2 came out as
potent PHB degraders (Fig. 1). This potent
biodegrdation by Streptomycetes may be due to its
diversity of using wide range of substrate and ability
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Fig 1—PHB biodegradation in solid environment by plate assay.

to secrete more than one depolymerase enzyme®.
Mergaert and Swings? have reported the versatility of
Streptomycetes sp. to degrade P(3HB), P(3HB-co-
3HV) and P(3HB-co-3HD). Biodegradation of PHB
by bacterial culture, Alcaligenes sp. RZS 4 was less
(5.55 mg/mm?). This strain has been reported to
produce PHB?. This dual ability (production and
degradation of PHB) of Alcaligenes sp. RZS 4 is due
to secretion of PHB synthase and PHB depolymerase
as well. Shirakuara et al.** reported D-3-hydroxybutyrate
oligomer hydrolases and extracellular PHB
depolymerase from A. faecalis T1.

PHB biodegradation profile

The profile (with respect to time and PHB level)
of PHB biodegradation by fungal and bacterial
isolates indicated a gradual increase in the
biodegradation with an increase in the incubation
period as well as PHB concentration. The
biodegradation by fungal and bacterial strains
started from 3™ to 6" day of incubation and lasts
up to the 15" day of incubation (Table 1). Delay in
the beginning of PHB biodegradation in tube assay
might be due to the small surface area available
that restricted the microbial growth, and hence
PHB degradation. Moreover, slow microbial
growth lengthened the incubation period up to
15 days, which turned down PHB degradation
by delaying the expression of enzymatic activity
of PHB degrading strains because the concentration
of PHB regulates PHB depolymerase gene

expression®. Increase in substrate concentration
remarkably decreased the depth of the clear zone
formed, but increased the PHB biodegradation
(Table 1).

Among the fungal cultures, A. flavus NCIM 650
and A. niger NCIM 1025, and among bacterial
cultures, Streptomycetes NSG 2 exhibited maximum
PHB degradation (Table 1). Biodegradation potential
of fungal cultures was comparatively higher than that
of bacterial cultures. These results are in accordance
with the findingss of Kim and Rhee®. For effective
biodegradation of PHB, 14:0.4 was found to be the
best time concentration ratio for C. arachicola,
F. oxysporum NCIM 1281, Alternata, Pseudomonas sp.
NCIM 2866, P. auriginosa RZS 3 and Streptomycetes sp.
NSG 2; 12:0.4 for A. flavus NCIM 650 and A. niger
NCIM 1025; 13:0.4 for Alcaligenes sp. RZS 4 and
M. anisopliae NCIM 1311; 14:0.3 for A. faecalis
NCIM 2949 and Streptomycetes sp. NSG 3; 11:0.4 for
Pseudomonas sp. RZS 1 (Table 1).

Biodegradation of PHB in tube assay was higher
than the plate assay by all microorganisms, whereas
only Streptomycetes sp. showed comparatively lesser
degradation which might be due to superficial growth
of Streptomycetes sp.

The depth and clarity of clear zones in the tube
varied with different organisms, suggesting
differences in metabolic states of the degrading
isolates, diffusion rates of different enzymes in the
medium and the amounts and activities of the
enzyme®,
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Table 1—PHB biodegradation profile

PHB Period in Days
(%) 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
0.1 - + 117 2.35 3.52 5.88 8.23 10.58 1294 1529 1529 1647 1764 1764 17.64
Af 0.2 - + 235 470 1176 1647 2117 2588 3058 3529 40.00 4235 4235 4235 4235
0.3 + + 352 1058 1411 2117 2823 3529 4235 4941 5294 5294 56.47 60.00 60.00
0.4 - - 470 941 18.82 2352 3294 4235 5176 61.11 70.58 80.00 80.00 80.00 80.00
01 - + + 1.17 235 470 5.88 7.05 9.41 1058 1294 1411 1529 1529 15.29
Ma 0.2 - + 235 470 7.05 1176 1647 1882 2352 2823 3058 3529 3529 3529 3529
0.3 - + + 3.52 7.05 1411 2117 2823 3176 38.82 4588 4588 4951 4951 4951
04 - + 470 941 1411 1882 2823 3294 4235 5176 5176 6117 6588 65.88 65.88
01 - - 117 235 470 5.88 7.05 9.41 1058 1176 1294 1411 1529 1529 15.29
Ca 0.2 - 2.35 705 941 11.76 1647 2117 2352 2588 30.58 3294 3294 3529 3529 3529
0.3 - - 3.52 1058 1411 2117 2470 3176 3529 4235 4588 4588 4941 4941 4941
04 - + 470 941 1882 2823 3294 4235 4705 5176 6117 6117 6117 6588 65.88
0.1 - + 117 2.35 3.52 4.70 5.88 7.05 8.23 941 1058 1294 1411 1411 1411
Fo 0.2 - + 235 470 7.05 941 11.76 1411 1647 2117 2588 3058 3294 3294 3294
0.3 - + 352 7.05 1058 1058 17.64 2117 2470 3176 3882 4235 4588 4588 45.88
0.4 - + + 4.70 941 1411 1882 2352 2823 3294 4235 5176 56.47 6117 61.17
0.1 - + 117 2.35 4.70 7.05 8.23 941 11.76 1411 16.47 1882 1882 18.82 18.82
An 0.2 + 235 470 941 1411 1882 2352 2823 3058 3529 40.00 4235 4235 4235 4235
0.3 - + 352 1058 17.64 2470 2823 3176 3882 4588 5294 60.00 60.00 60.00 60.00
0.4 - + 470 1411 2352 2823 37.64 47.05 56.47 6588 7529 80.00 80.00 80.00 80.00
0.1 - - + 117 2.35 3.52 4.70 5.88 8.23 9.41 1294 1529 16.47 16.47 17.64
Aa 0.2 - - + 2.35 235 470 7.05 1176 18.82 21.17 3058 37.64 37.64 40.00 40.00
0.3 - - - + 3.52 7.05 10.58 1411 2117 2470 31.76 38.82 4235 4235 4588
0.4 - - - + 4.70 9.41 1411 1411 1882 2352 3294 4235 47.05 5176 5176
0.1 - - - - + ++ 1.17 1.17 2.35 2.35 352 470 470 588 5.88
ARZS4 0.2 - - - + ++ 2.35 2.35 4.70 4.70 7.05 941 941 11.76 1411 1411
0.3 - - - - + ++ 3.52 7.05 1058 1411 1411 17.64 1764 2117 21.17
0.4 - - - - + ++ 4.70 4.70 9.41 9.41 1411 1411 1882 1882 18.82
0.1 - - - - + ++ ++ 1.17 2.35 2.35 3.52 3.52 4,70 4,70 4.70
A2949 0.2 - - - - + ++ 2.35 4.70 7.05 7.05 9.41 9.41 9.41 11.76  11.76
0.3 - - - - + ++ 3.52 7.05 1058 1058 1411 1411 1411 17.64 17.64
04 - - - - + ++ ++ 4.70 4,70 941 941 1411 1411 1411 18.82
0.1 - - - - + ++ 1.17 1.17 2.35 2.35 3.52 3.52 3.52 4.70 4.70

P2866 0:2 - - - + ++ 235 2.35 4.70 7.05 7.05 7.05 9.41 11.76 1176 11.76

0.3 - - - - + ++ 3.52 7.05 10.58 1058 1411 1411 1764 1764 17.64
0.4 - - - - + ++ 4.70 4.70 4.70 9.41 9.41 1411 1411 1882 18.82
0.1 - - - - + ++ 1.17 2.35 2.35 3.52 3.52 4.70 4.70 5.88 5.88
PRZS3 0.2 - - - + ++ 2.35 4.70 4.70 7.05 9.41 9.41 11.76 1411 1411 1411
0.3 - - - + ++ 3.52 7.05 7.05 7.05 1058 1411 1411 1764 1764 17.64
0.4 - - - - + ++ 4.70 4.70 9.41 9.41 1411 1411 1411 1882 18.82
0.1 - - - + ++ 117 2.35 2.35 2.35 3.52 3.52 4.70 4.70 4.70 5.88
PRZS1 0.2 - - + + 2.35 4.70 7.05 7.05 9.41 9.41 11.76 1176 1176 1411 1411
0.3 - - + ++ 3.52 7.05 1058 1058 1411 1411 1764 1764 1764 1764 21.17
0.4 - - + ++ ++ 4.70 9.41 9.41 1411 1411 1882 18.82 18.82 1882 18.82
0.1 - - + ++ 117 2.35 3.52 4.70 5.88 8.23 1058 11.76 1294 1529 15.29
NSG2 0.2 - - + ++ 2.35 4.70 7.05 11.76 16.47 18.82 2352 30.58 37.64 40.00 40.00
0.3 - - + ++ 3.52 7.05 1058 1411 2117 2117 2823 3176 38.82 4235 4235
0.4 - - + ++ ++ 4.70 9.41 1411 1882 2352 3294 4235 4705 51.76 5176
0.1 - - + ++ 1.17 2.35 3.52 4.70 7.05 9.41 1058 1411 1411 1529 1529
NSG3 0.2 - - + ++ 2.35 4.70 7.05 9.41 11.76 16.47 21.17 25.88 30.58 3294 32.94
0.3 - - + ++ 3.52 3.52 7.05 1058 1058 21.17 2470 3176 4235 4588 45.88
0.4 - - + ++ 4.70 4.70 9.41 9.41 1411 1882 2352 2823 3764 3764 37.64

[(-), No growth; (+), Growth; ( ++), More growth Af, A. flavus NCIM 650; Ma, M. anisopliae NCIM 1311; Ca, C. arachicola; Fo, F. oxysporum NCIM
1281; An, A. niger NCIM 1025; Aa, A alternate ARZS4, Alcaligenes sp. RZS 4; A2949, A. faecalis NCIM 2949; P2866, Pseudomonas sp. NCIM 2866;
PRZS3, P. auriginosa RZS 3; PRZS 1, Pseudomonas sp. RZS 1; NSG 2, Streptomycetes sp. NSG 2; and NSG 3, Streptomycetes sp. NSG 3. Values are of
PHB Biodegradation (mg/mm2)]
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The colour of MSA changed from transparent to
yellow due to the excretion of metabolites like acetic,
butyric, and valeric acids from 3-hydroxybutyric acid
and 3-hydroxyvaleric acid®. Such metabolites and
other monomers are oxidized to D-p-hydroxybutyrate by
NAD dependent D-B-hydroxybutyrate dehydrogenase
enzyme which leads to the formation of acetoacetate
and acetoacetyl-CoA. The activated acetoacetyl CoA
is then hydrolyzed into two molecules of acetyl-CoA,
which can then enter the TCA cycle®®?,

Biodegradation in liquid environment

Biodegradation of PHB in liquid environment
started from 2™ day and reached to maximum on 10"
day. Fungal cultures such as A. niger NCIM 1025,
M. anisopoliae NCIM 1311 and Alternata IARI 715
showed the highest biomass (54, 35.5 and 33 mg/mL,
respectively) at 6™ day of incubation while
F. oxysporum NCIM 1281 and C. arachicola showed
the highest biomass (31.5 and 23 mg/mL,
respectively) at 4" day of incubation. However,
A. flavus NCIM 650 also showed the highest biomass
(35.5 mg/mL) at 8" day (Fig. 2). Pseudomonas sp.
NCIM 2866 and A. faecalis NCIM 2949 at the 8" day
of incubation showed the highest biomass (40.50 and
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Fig 2—Biodegradation of PHB in liquid environment by
(A) fungal culture; and (B) bacterial cultures.

Days

31 mg/mL, respectively), while Streptomycetes sp.
NSG 2 and Streptomycetes sp. NSG 3 showed higher
biomass (43 and 33.5 mg/mL, respectively) at 4" day
of incubation period (Fig. 2B).

Among the fungal cultures, A. flavus NCIM 650
degraded maximum PHB and remained 0.31 mg/mL
PHB behind in broth (Fig. 2A) whereas A. faecalis
NCIM 2949 remained 0.23 mg/mL up to 10 days of
incubation (Fig. 2B). The concentration of residual
PHB was continuously decreased as the incubation
period as well as biomass was increased. It is found
that the concentration of residual PHB has been
declining on increase in growth of microorganisms.
The rate of PHB biodegradation in broth is directly
proportional to the growth of microorganisms; this
indicates biodegradation of PHB is growth associated
process (Fig. 2 A and B). Bacterial cultures are highly
efficient in PHB biodegradation under liquid
environment due to their capacity to accumulate PHB,
as we reported in our previous study? and the activity
of bacteria is closely connected to the presence of
water. The supply of nutrients to the microorganism
and the transportation of excreted enzymes and
metabolic products take place by diffusion in an
aqueous environment is natural one for all metabolic
reactions. The estimation of crotonic acid also
indicates a continuous decline in a concentration of
PHB in broth. OD showed the growth status of each
microorganism and its relation in biodegradation of
the PHB (Table 2).

The variation observed in degradation of PHB
extract among the fungal as well as bacterial cultures
may be due to the powdery nature of PHB. The PHB
degradation in an amorphous state has been reported
to be 20 times higher than in the film sheet®. The
powdery nature of PHB permits mobility of water
within the polymer and makes it more accessible to
PHB depolymerases.

Biodegradation by mixed culture population

Sometimes PHB degradation by single microbial
culture may not give an accurate understanding of the
pattern of PHB degradation in multicomponent
ecosystems under varying environmental conditions.
Biodegradation of PHB by natural microbial
community started from 2™ day and lasts up to 8" day
in liquid environment (Fig. 3). Microbial communities
present in all the environmental samples showed the
presence of PHB degraders. This is predictable, in view
of the biodiversity of PHB producing microorganisms
in these environments and the consequent availability
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Table 2—Biodegradation of PHB extract by single population and mixed population

2 days 4 days 6 days 8 days 10 days
22;‘;( e Cr:(t:?dnlc oD C_:drotonic oD C_:rotonic oD (_:rotonic oD (_Zrotonic oD
(ug/ml) acid (pg/ml) acid (ug/ml) acid (pg/ml) acid (pg/ml)

An 726 Nd 421 Nd 282 Nd 276 Nd 186 Nd
Af 453 Nd 432 Nd 453 Nd 432 Nd 188 Nd
Ma 501 Nd 403 Nd 501 Nd 403 Nd 356 Nd
Aa 625 Nd 573 Nd 625 Nd 573 Nd 555 Nd
Fo 544 Nd 465 Nd 544 Nd 465 Nd 315 Nd
Ca 618 Nd 593 Nd 618 Nd 593 Nd 528 Nd
ARZS4 519 0.017 437 0.041 364 0.040 303 0.034 248 0.026
PRZS1 852 0.021 687 0.96 645 0.009 605 0.889 576 0.037
PRZS3 762 0.015 418 0.038 336 0.073 334 0.068 370 0.032
P2866 860 0.017 537 0.035 267 0.069 186 0.065 158 0.034
A2949 645 0.002 373 0.020 298 0.020 208 0.011 179 0.006
NSG 2 675 Nd 410 Nd 401 Nd 372 Nd 342 Nd
NSG 3 812 Nd 684 Nd 569 Nd 397 Nd 365 Nd
SW 821 0.014 773 0.016 671 0.021 653 0.015 - -
LWW 879 0.008 859 0.012 848 0.009 842 0.010 - -
TRW 874 0.006 880 0.007 832 0.015 791 0.015 - -
NTWW 892 0.010 821 0.015 802 0.017 800 0.014 - -
GTWW 824 0.013 762 0.016 694 0.018 625 0.018 - -
KwWw 811 0.021 704 0.028 587 0.036 579 0.037 - -

[Nd, Not determine; Af, A. flavus NCIM 650; Ma, M. anisopliae NCIM 1311; Ca, C. arachicola; Fo, F. oxysporum NCIM 1281; An,
A. niger NCIM 1025; Aa, A alternate; ARZS4, Alcaligenes sp RZS 4; A2949, A. faecalis NCIM 2949; P 2866, Pseudomonas sp. NCIM
2866; PRZS3, P. auriginosa RZS3; P RZS 1, Pseudomonas sp. RZS 1; S NSG 2, Streptomycetes sp. NSG 2; S NSG 3, Streptomycetes sp.
NSG 3; SW, Soil water; LWW, Laboratory waste water; TRW, TAPI river water; NTWW, Textile waste water from Nandurbar; GTWW,
textile waste water from Gujarat; KWW, waste water from sugar factory; and DWW, Domestic waste water]

of PHB as a nutrient source’. Earlier workers®** have
also reported significant degradation through the
action of mixed culture.

Among the various natural microbial communities
studied for biodegradation of PHB, DWW microflora
showed the highest utilization of PHB and produced a
biomass of 27.5 mg/mL at the end of the 8" day of
incubation. This was followed by KWW, SW,
GTWW, LWW and NTWW microflora. Lowest
biomass was observed with NTWW microflora
(5.5 mg/mL) in liquid medium containing PHB.
DWW microflora was found to be involved in
maximum PHB degradation up to 1 mg/mL of PHB,
at the end of the 8" day of incubation (Fig. 3).
Gradual increase in OD and simultaneous reduction in
crotonic acid indicates the pattern of growth as well as
PHB biodegradation by a mixed culture population in
liquid environment (Table 2). Yellow colour began to
appear in medium during incubation, suggesting PHB
biodegradation due to release of degradation
products'®®*2 The changes in residual PHB and
biomass suggests that the biodegradability of PHB is
related to the number of PHB degraders in different
ecosystems in different regions and also depends upon
the growth conditions required for easy proliferation
in the environment.
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Fig 3—Biodegradation of PHB by mixed population.

The biodegradation of PHB in liquid environment
by mixed culture population exhibited a much higher
degradation rate than the single culture population and
reduced period of degradation. After determining the
efficiency of PHB degradation by a mixed culture
population in comparison with single culture
population, versatile nature of the natural
communities (mixed culture population) of PHB
biodegradation has been revealed. Such communities
have potential to degrade PHB in natural conditions
as well as defined liquid environment. Biodegradation
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of PHB in the field with different environments have
a number of limitations and problems, parameters
such as temperature?®?®, water quality can vary during
the test period and monitoring of such biodegradation
process is tedious. To overcome these difficulties
biodegradation of PHB in defined liquid environment
under controlled laboratory tests simulates natural
environment is best to investigate the PHB
biodegradation.

Biodegradability of PHB in liquid environment was
considerably higher than in a solid environment.
Since PHB degradation process is a hydrolytic
reaction of polymers and PHB depolymerase are
water soluble. Therefore, the enzymatic degradation
was easier to take place in aquatic ecosystem than in
the solid environment.

Conclusion

The selection and isolation of microorganism based
on PHB utilization minimizes the difficulties occurring
in isolation of PHB degraders. Solid media provides
more surface area for the growth of microorganisms,
but it doesn't promote PHB biodegradation, while
liguid medium gives direct access to PHB
depolymerase secreted by microorganisms to degrade
PHB. The rate of PHB biodegradation in solid
environment was lesser and slows due to the less
accessibility of PHB to microorganisms in a solid
environment. The efficient PHB biodegradation was
dependent on the time period, PHB concentration as
well as microorganism used.

Liquid environment is highly suitable for PHB
biodegradation than the solid environment. Moreover,
biodegradation of PHB is well supported in defined

liguid media stimulated with environmental
conditions.
Natural microflora having mix microbial

communities gave maximum PHB degradation in less
time?. However, assessment of PHB degradation by
natural microflora is difficult task, as the proportion
of microorganisms varies from location to location,
and also each culture may produce variety of
depolymerases. Presence of other enzymes that
stimulate or inhibit the PHB depolymerase is yet
another aspect in PHB biodegradation.

Acknowledgment

Author NSG is thankful to the Council of
Scientific and Industrial Research (CSIR),
Government of India, New Delhi for Senior

Research Fellowship (SRF).

References

1 Gangurde NS, Sayyed RZ, Arvind G & Shashi K,
Development of eco-friendly bioplastic like PHB by
distillery effluent microorganisms. Environ Sci Pollut Res,
20 (2013) 488.

2 Salehizadeh H & Van Loosdrecht MCM, Production of
polyhydroxyalkanoates by mixed cultures: recent trends and
biotechnological importance. Biotechnol Adv, 22 (2004) 261.

3 Kim DY & Rhee YH, Biodegradation of microbial and synthetic
polyesters by fungi. Appl Environ Microbiol, 61 (2003) 300.

4 Muhammadi, Shabina, Muhammad Afzal & Shafgat
Hameed, Bacterial polyhydroxyalkanoates eco-friendly next
generation plastic: Production, biocompatibility,
biodegradation, physical properties and applications. Green
Chem Lett and Rev, 8 (3-4) (2016) 56.

5 Laxuman Sharma, Janmejai K Srivastava & Akhilesh Kumar
Singh, Biodegradable Poly hydroxyalkanoate Thermoplastics
Substituting  Xenobiotic Plastics: A Way Forward for
Sustainable Environment. Plant Resp to Xenobiot, (2016) 317.

6 Mehdi Emadian S, Turgut T Onay’ & Burak Demirel,
Biodegradation of bioplastics in natural environments. Waste
Mgmnt, 59 (2017) 526.

7 Dunja M, Abou Z, Rolf JM & Wolf DD, Degradation of
natural and synthetic polyesters under anaerobic conditions.
Wolrd J Biotechnol, 86 (2000) 113.

8 Chen GQ & Wu Q, The application of polyhydroxy-
alkanoates as tissue engineering materials. Biomaterials, 26
(2005) 6565.

9 Sayyed RZ & Gangurde NS, Production of PHB by
Pseudomonas sp. RZS 1 under aerobic and semi-aerobic
conditions. Indian J Exp Biol, 48 (2010) 942.

10 Sayyed RZ, Gangurde NS & Chincholkar SB, Hypochlorite
Digestion of biomass: An efficient method for optimum
recovery of PHB from A. faecalis. Indian J Microbiol, 49
(2009) 230.

11 Panda, Bhabatarini S, Laxuman S, Akhilesh KM &
Nirupama, Thin layer chromatographic detection of poly-f-
hydroxybutyrate (PHB) and poly-p-hydroxyvalerate (PHV)
in cyanobacteria. Indian J Biotechnol, 7 (2008) 230.

12 Liging Wei, Shaobo Liang & Armando G McDonald,
Thermophysical properties and biodegradation behavior of
green composites made from polyhydroxybutyrate and potato
peel waste fermentation residue, Industrial Crops Prod, 69
(2015) 91.

13 Pridham TG & Lyons AJ, Streptomyces albus (Rossi doria)
Waksman Henrici: Taxonomic study of strains labeled
Streptomyces albus. J Bacteriol, 81 (1961) 431.

14 Pushpita S, Parama S & Paul AK, Degradation of poly(3-
hydroxybutyrate) and poly  (3-hydroxybutyrate-co-3-
hydroxyvalerate) by some soil Aspergillus spp. J Poll
Environ, 4 (2006) 257.

15 Foster LJR, Zervas SJ, Lenz RW & Fuller RC, The
biodegradation of poly-3-hydroxyalkanoates, PHAs, with
long alkyl substituent by Pseudomonas maculicola.
Biodegrad, 6 (1995) 67.

16 Nadia Altaee, Gamal A El-Hiti, Ayad Fahdil, Kumar Sudesh
& Emad Yousif, Biodegradation of different formulations of
polyhydroxybutyrate films in soil. Springer plus, 5 (2016) 762.

17 Kumar BS & Prabakaran G, Production of PHB (bioplastic)
using bioeffluent as substrate by Alcaligenes eutrophus.
Indian J Biotechnol, 5 (2006) 76.


http://link.springer.com/book/10.1007/978-981-10-2860-1
http://www.sciencedirect.com/science/article/pii/S0956053X1630561X
http://www.sciencedirect.com/science/article/pii/S0956053X1630561X
http://www.sciencedirect.com/science/article/pii/S0956053X1630561X
http://www.sciencedirect.com/science/journal/0956053X
http://www.sciencedirect.com/science/journal/0956053X/59/supp/C
http://www.sciencedirect.com/science/article/pii/S0926669015001065
http://www.sciencedirect.com/science/article/pii/S0926669015001065
http://www.sciencedirect.com/science/article/pii/S0926669015001065
http://www.sciencedirect.com/science/journal/09266690
http://www.sciencedirect.com/science/journal/09266690/69/supp/C
https://www.ncbi.nlm.nih.gov/pubmed/?term=Altaee%20N%5BAuthor%5D&cauthor=true&cauthor_uid=27386248
https://www.ncbi.nlm.nih.gov/pubmed/?term=El-Hiti%20GA%5BAuthor%5D&cauthor=true&cauthor_uid=27386248
https://www.ncbi.nlm.nih.gov/pubmed/?term=Fahdil%20A%5BAuthor%5D&cauthor=true&cauthor_uid=27386248
https://www.ncbi.nlm.nih.gov/pubmed/?term=Sudesh%20K%5BAuthor%5D&cauthor=true&cauthor_uid=27386248
https://www.ncbi.nlm.nih.gov/pubmed/?term=Yousif%20E%5BAuthor%5D&cauthor=true&cauthor_uid=27386248
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4912537/

320

18

19

20

21

22

23

24

25

INDIAN J EXP BIOL, MAY 2017

Mohamed A. Hassan, Elsayed K. Bakhiet, Salah G. Ali,
Hussien R. Hussien, Production and characterization of
polyhydroxybutyrate (PHB) produced by Bacillus sp.
isolated from Egypt. J Appl Pharm Sci, 6 (2016) 046.
Mergaert J, Anderson C, Wouters A, Swings J & Kersters K,
Biodegradation of polyhydroxy alkanoates. FEMS Microbiol
Rev, 103 (1992) 317.

Mergaert J, Webb A, Anderson C, Wouters A & Swings J,
Microbial degradation of poly (3-hydroxybutyrate) and poly
(3-hydroxybutyrate-co-3-hydroxybutyrate)  in  compost.
J Environ Pol Degrad, 2 (1993) 177.

Nishida H & Tokiwa M, Distribution of poly (B-hydroxybutyrate)
and poly (ecaprolactone) erobic degrading microorganisms in
different environments. J Environ Pol Degrad, 1 (1993) 227.
Olukoshi ER & Packter NM, Importance of stored triacyl-
glycerols in Streptomyces: possible carbon source for
antibiotics. Microbiology, 140 (1994) 931.

Mergaert J & Swings J, Biodiversity of microorganism that
degrade bacterial and synthetic polyesters. J Indus Microbiol,
17 (1996) 463.

Shirakura Y, Fukui T, Tanio T, Nakayama K & Matsuno R,
An extracellular D(-)-3-hydroxybutyrate oligomer hydrolase
from Alcaligenes faecalis. Biophys Acta, 748 (1983) 331.
Augusta J, Muller RJ & Widdecke JA, Rapid evaluation
plate-test for the biodegradability of plastics. Appl Microb
Biotechnol, 39 (1993) 673.

26

27

28

29

30

31

32

Minna H, Aliphatic Polyesters: Abiotic and Biotic Degradation
and Degradation Products. Adv Pol Sci, 157 (2002) 114.

Babel W, Ackermann JU & Breuer U, Physiology, regulation
and limits of the synthesis of poly (3HB). Advances in
Biochemical Engineering Biotechnology Biopolyesters (Ed
Scheper T, Babel W, Steinbiichel A; Springer-Verlag, Berlin,
Germany), 1995, 125.

Senior PJ & Dawes EA, The regulation of poly-B-
hydroxybutyrate metabolism in Azotobacter beijerinckii.
Biochem J, 134 (1973) 225.

Abe H, Matsubara I & Doi Y, Physical properties and
enzymatic degradability of polymer blends of bacterial poly
[(R)-hydroxybutyrate] and poly[(R,S)-3-hydroxybutyrate]
stereoisomers. Macromol, 28 (1995) 844.

Gilmore DF, Antoun S, Lenz RW, Goodwin S, Austin R &
Fuller RC, The fate of biodegradable plastics in municipal
leaf compost. Indian J Microbiol, 10 (1992) 199.

Shufan W, Cunjiang S, Wataru M, Mitsuyo S, Maeda M, Chao Y,
Banghua Z & Shigeya T, Estimation on biodegradability of
poly (3-hydroxybutyrate-co-3-hydroxyvalerate) (PHB/V) and
numbers of aerobic PHB/V degrading microorganisms in
different natural environments. J Pol Environ, 13 (2005) 39.
Swapnil K Kale, Amit G Deshmukh, Mahendra S Dudhare &
Vikram B Patil, Microbial degradation of plastic: A review,
J Biochem Tech, 6 (2015) 952.



