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Abstract

Nowadays when conventional plastic is being looked as a menace, the possibility of it being replaced with
polyhydroxyalkanoates (PHAs) which are biodegradable, environment friendly and biocompatible thermoplastics is not remote.
PHAs are a fascinating group of biopolyesters stored within the cytoplasm of numerous bacterial cells as energy and carbon
reserves. PHASs signify the best promising biological substitute to certain conventional petrochemical plastics which have wide
range of applications in different industries such as biomedical sector, packaging, toners for printing, and adhesives for coating,
etc. In the present study, PHAs producing bacterial strains were screened by Sudan black B staining and confirmed by Nile blue
A staining. Out of forty bacterial strains showing positive results, six bacterial strains exhibited comparatively higher PHAs
production. The highest PHAs producing bacterial strain was identified using 16s TRNA sequencing. Optimization of process
parameters was performed by using one factor at a time (OFAT) approach. The isolated bacterium was able to synthesize PHAs
when various agro-industrial wastes such as domestic kitchen waste, mixed fruit pulp, sugarcane molasses, and waste flour from
bread factory were screened as a carbon substrate in the growth medium. The results showed accumulation of44.5% PHAs of cell
dry weight using domestic kitchen waste as carbon substrate. The characterization of biopolymers was performed using FTIR and
XRD analysis. The commercial exploitation of results of this study may serve twin purposes of addressing the challenge of high
production cost of PHAs being the major constraint in replacing petro-based plastics as well as address the problem of disposal of
recurring domestic kitchen waste and other agro-industrial waste.
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Introduction

Petroleum-based conventional plastic materials play inevita-
ble role in every sphere of human life. However, these recal-
citrant plastics are a matter of great concern as they are non-
degradable rendering their disposal difficult which has led to
mammoth accumulation of synthetic plastics [1, 2]. PHAs are
regarded as green plastics and have positive social and envi-
ronmental impact as compared to conventional plastics.
Therefore, the concept of biodegradable plastic which could
be produced and degraded naturally by microorganisms
evolved as an effective alternative [3].
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The PHAs are microbially produced polyoxoesters which
possess properties similar to various synthetic plastics like poly-
propylene [4, 5]. There are evidences that PHAs have the re-
quired potential to replace some of the today’s petro-plastics,
owing to their inherent biodegradability, thermo-plasticity, bio-
compatibility [6], and mechanical properties like flexibility,
elasticity, and versatility [7-9]. The PHAs Market Research
Report, 2019, indicated that by the year 2024, the market pros-
pect for PHASs is expected to reach nearly USD 98 million [10].

In general, synthesis of PHAs takes place under unfavor-
able growth conditions and imbalanced nutrient supply. It
implies that on one hand, there is abundant availability of
carbon source in the surrounding medium for the microorgan-
ism, but on the other hand, there is limited supply of other
growth essential elements like nitrogen, phosphorous, dis-
solved oxygen, or certain micro-components like sulfur or
certain metals with essential functions in cell growth metabo-
lism. These circumstances induce PHA synthesis as carbon
and energy reserves in the cells [11].
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Many Gram-positive as well as Gram-negative bacteria
possess the ability to synthesize PHAs as energy and carbon
reserve material under nutrient limiting conditions in the pres-
ence of excess carbon [12, 13]. Numerous bacteria including
Alcaligenes, Bacillus, Pseudomonas, recombinant
Escherichia coli, and Methylotrophs accumulate PHAs in
their cytoplasm at a high productivity rate.

The most commonly produced PHAs by microbes are
polyhydroxybutyrate (PHB). Apart from this, microbes also
synthesize polyhydroxyvalerate and various copolymers like
P(HB-co-HV) [14]. These biopolymers have miscellaneous
applications such as domestic plastic commodities, packag-
ing, skin and tissue implants, 3D printing in various photo-
graphic materials, drugs, drug coating, nutritional dietary sup-
plements, and small chemical constituents [15]. Owing to their
biocompatibility, PHAs also have extensive applications in
drug delivery and tissue engineering [6, 16].

Although PHAs accumulating bacteria have high potential
for commercial manufacturing of bio-plastics, high cost of raw
materials used in the process is a hurdle [17]. To reduce the
manufacturing cost of PHA bio-plastics, use of cheaper and
renewable agro-industrial by-products as carbon substrates
may be an asset. Many different organic wastes from food
industry, agricultural sector, municipal waste, and waste water
as carbon substrate feed have been studied [18].

Also, selection of high PHAs producing bacterial strain
along with optimized culture conditions can remove the con-
straints in large-scale economic production biosynthesis.
Although the industrial production of this bio-plastic com-
menced decades ago, its large-scale production is still debili-
tated by factors such as rate of production by the bacteria and
the raw materials used for its production, which finally esca-
lates the production cost of PHAs [3, 19, 20].

Henceforth, the objective of the present study was to isolate
bacteria capable of accumulating PHAs. For enhanced PHAs
production, nutritional and physical parameters of culture con-
ditions were optimized. One factor at a time approach was used
to study the effects of different carbon and nitrogen sources in
media along with physical parameters like pH and temperature.
The data obtained were statistically analyzed using ANOVA
single factor and Tukey post hoc test. The highest PHAs pro-
ducing isolate was checked for its ability to utilize different agro-
industrial wastes as carbon substrate for the cost-effective fer-
mentative production of PHAs. The low-cost renewable agro-
industrial wastes used were domestic kitchen waste, sugarcane
molasses, waste flour from bread factory, and mixed fruit pulp
from fruit juice shops. The use of agro-industrial waste may
serve two purposes, one being the disposal of abundant surplus
agricultural and industrial waste materials and another being
economic utilization of such waste by its conversion into sus-
tainable high-valued bio-plastics. The extracted biopolymer was
confirmed using crotonic acid assay, and its characterization was
done using FTIR and XRD technique.
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Materials and methods
Sampling and isolation of bacteria

All the media components, chemicals, and salts used were of
higher quality analytical grade, purchased from Hi-media,
India. The biopolymer PHAs (Goodfellow Cambridge limit-
ed, England) was purchased from Sigma-Aldrich, USA. Soil
samples were collected aseptically in clean zip lock polybags
from five different sites in Indore City. These sites were truck
parking site having leaked oil in Transport Nagar area; plastic
garbage dumping site at Bypass Road, Lasudia; plastic
enriched site near Khajrana Lake; Auto garage oil-
contaminated site at Palasia and garbage-dumping site near
Palasia. Isolation of bacterial isolates was carried out by using
serial dilution plating method. Five- to sevenfold dilution
range was used for isolation purpose. A 0.1 ml volume of each
dilution was spread on carbon-enriched nutrient agar plates.
The composition of carbon-enriched nutrient agar media was
6.0g of Na,HPO,, 3.0g KH,PO,, 1.0g NH,4Cl, 0.5g NaCl,
0.05g yeast extract, 17g agar-agar, and 10g glucose per liter.
The pH was adjusted to 7.0. After streaking, plates were kept
for incubation at 37°C for 24 h [21].

Screening of PHAs producing bacteria

After 24 h of incubation, PHAs producing bacterial colo-
nies were primarily screened by pouring 0.02% alcoholic
solution of Sudan black B onto the petri plates. The plates
were kept undisturbed for 20 min. The excess dye from
the plates was carefully decanted without disturbing the
bacterial colonies. Then, the plates were rinsed gently by
adding absolute ethanol. The colonies that had ability to
produce PHASs incorporated Sudan black B and appeared
bluish black. The remaining colonies which were not
PHA producers appeared white [22]. After the primary
screening, Sudan black B-positive isolates were further
confirmed by viable colony method using Nile blue A
stain [23]. The Sudan black B-positive bacterial isolates
were streaked in different petri plates containing carbon
rich (1% glucose) nutrient agar along with Nile blue A
stain at concentrations of 0.5 pg/ml. Nile blue A stain
ensures a powerful discrimination between PHA-
negative and PHA-positive strains. The PHAs accumulat-
ing colonies fluoresce bright orange color after Nile blue
A staining on irradiation with UV light and their fluores-
cence intensity increased with the increase in PHA con-
tents of the bacterial cells. The isolates which showed
bright orange fluorescence on irradiation with UV light
after Nile blue A staining were selected as PHA accumu-
lators [22]. Thereafter, PHAs accumulating bacteria were
streaked to obtain pure culture.



Braz J Microbiol (2021) 52:715-726

717

Culture inoculation and bacterial growth

For inoculum preparation, 100 ml of sterile nutrient broth
containing 1% glucose was used. The composition of nutrient
broth was as follows (g/1): peptone 5.0, sodium chloride 5.0,
beef extract 1.5, and yeast extract 1.5. To prepare 100 ml of
nutrient broth, 1.3 g of nutrient broth powder (purchased from
Hi-Media, India) was suspended in 100 ml distilled water.
One percent of glucose powder was also added to it. Final
pH was adjusted to 7.0+0.2 and, thereafter, autoclaved. The
autoclaved froth was inoculated using a loop full of pure cul-
ture and allowed to incubate overnight at 37°C with shaking at
120 rpm speed in an incubator shaker. This liquid culture of
the bacteria was used as an inoculum (seed culture) in further
experiments.

The growth pattern of the isolate was observed in mineral
salt medium (MSM) containing 1% glucose at an initial pH of
7.0 at 37°C with agitation speed of 120 rpm. The composition
of MSM was as follows (g/l): urea (1.0), yeast extract (0.16),
KH,PO4 (1.52), Na,HPO, (4.0), MgSO,4-7H,0 (0.52), CaCl,
(0.02), glucose (40), and trace element solution, 0.1 ml. The
trace element solution contained (g/l): ZnSO4 7H,0 (0.13),
FeSO,4 7H,0 (0.02), (NH4)¢MO-,0,.4H,0 (0.06), and
H3;BO; (0.06). Both glucose and trace element solutions were
autoclaved separately and reconstituted prior to inoculation.
Inoculum size of 1% was used to study the growth pattern.
Absorbance was observed at regular intervals. Cell growth
was monitored over time at regular intervals by measuring
absorbance at 600 nm. All the experiments were performed
in triplicates.

PHAs accumulation

The fermentation for PHAs production was carried out using
basal mineral salt medium (MSM). Ten grams of carbon sub-
strate per liter was added in basal MSM. The pH of the medi-
um was adjusted to 7.0 using a pH meter. The medium was
sterilized at 15 Ib pressure for 20 min in an autoclave.
Thereafter, fermentation medium was inoculated using
20 ml inoculum under sterile conditions using a laminar
bench. The inoculated fermentation flasks were kept on a ro-
tary shaker for 96 h at 37°C with shaking at 120 rpm [24].

Extraction and quantification of PHAs

The PHASs were directly extracted using dispersion method of
sodium hypochlorite and chloroform with slight modifications
[25-28]. For that, 10 ml of bacterial culture was centrifuged at
8500%g for 15 min. The supernatant was discarded, and pellet
was washed with phosphate buffered saline of pH 7.4. The
cell pellet was air dried for 2 h and, thereafter, weighed accu-
rately. The weight was designated as dry cell weight (DCW).
Thereafter, the cell pellet was suspended in solvent having

12.5 ul chloroform and 12.5 ul of 4% sodium hypochlorite
solution per mg of pellet weight. The suspension was incubat-
ed at 37°C for 90 min under shaking conditions for complete
digestion of cell components except PHAs. The dispersion
was centrifuged at 6500xg for 10 min at the room temperature
resulting in the formation of different phases. The bottom
phase of chloroform contains PHAs. This phase was trans-
ferred to another fresh tube, and its volume was measured.
To it, five volumes of methanol and water (7:3 v/v) was
added, and thereafter, it was centrifuged at 8500 rpm for
15 min resulting in the formation of a precipitate of PHAs.
The precipitate was air dried for 1 h. The amount of PHAs
extracted was quantified by weighing the precipitate and des-
ignated as dry weight of extracted PHAs (g/1). For quantitative
analysis of PHAs, cell pellet was dried to estimate the dry cell
weight (DCW). Residual biomass was estimated as difference
between the DCW and dry weight of extracted PHAs.
Residual biomass was calculated to find out the cellular
weight and accumulation of other than PHAs. The percentage
of intracellular PHAs accumulation was estimated as the per-
cent composition of PHAs present in the DCW [22].

Residual biomass (g/1) = Dry Cell Weight (g/1)
—Dry weight of extracted PHAs (g/1)
PHA accumulation (%) = Dry weight of extracted PHAs
(g/1) x 100%/Dry Cell Weight (g/1)

Crotonic acid assay

The extracted powder was transferred in a clean test tube, and
10ml of 36N sulfuric acid was added to it, capped, and heated
for 20 min at 100°C in a boiling water bath. During this pro-
cess, PHAs granules were converted into crotonic acid by
dehydration. The resultant brown-colored solution of crotonic
acid was cooled and thereafter mixed thoroughly by shaking.
The absorbance of the sample was measured at 235 nm using
an UV-VIS spectrophotometer using sulfuric acid as a control.
The biopolymer PHAs was used as a standard. The monomer-
ic composition of standard biopolymeric PHAs used was PHB
(polyhydroxybutyrate) [27].

Morphological, physiological, and biochemical
characterization

Morphological and physiological characterization of the
highest PHAs producing bacteria was performed according
to Bergey’s Manual of Systematic Bacteriology [29].
Multiple biochemical tests were also performed. Vitek-2 com-
pact system of biochemical characterization and identification
was used [30].
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Identification of the bacterial strain

Identification of the bacterial strain was done by using 16s
rRNA gene sequencing. The 16s rRNA gene was sequenced
at the National Collection of Industrial Microorganisms
(NCIM), National Chemical Laboratory, Pune, India.
Chromosomal DNA was extracted by using spin column kit
(Hi-Media, India). The 16s rRNA sequences contained hyper-
variable regions that can provide species-specific signature
sequences useful for bacterial identification. The primer used
was 704F 907RC (1258bp). Bacterial 16S rRNA gene (1500
bp) [31] was amplified using polymerase chain reaction in a
thermal cycler and was purified using Exonuclease [-Shrimp
Alkaline Phosphatase (Exo-SAP) [32]. Purified amplicons
were sequenced by using Sanger’s method in an ABI
3500xL genetic analyzer (Life Technologies, USA).

Phylogenetic analysis

Sequencing files (.abl) edited by using CHROMASLITE
(version 1.5) were analyzed by Basic Local Alignment
Search Tool (BLAST) with closest culture sequence retrieved
from the National Centre for Biotechnology Information
(NCBI) database that finds regions of local similarity between
sequences [33].

Further multiple sequence alignment and phylogenetic
analysis were carried out for accurate species prediction and
evolutionary relationship. Neighbor-joining method was used
to study evolutionary history. The analysis involved 8 nucle-
otide sequences. All the positions with gaps and missing data
were eliminated. Evolutionary analysis was performed in
MEGA 7.0.20 [34].

Optimization studies using OFAT method

The optimization of physical and nutritional culture condi-
tions for PHAs production was performed by using one factor
at a time approach (OFAT). It is a method of designing exper-
iments involving the testing of factors, one at a time instead of
all simultaneously.

Evaluation of PHAs production using different carbon,
nitrogen sources, and renewable substrates

In desire of higher PHAs production, the isolate M12 was
selected to study the PHAs production in a range of carbon
substrates, nitrogen sources, and various renewable agro-
industrial wastes at different temperatures. For studies on car-
bon substrates, cells were first grown in nutrient broth at 37°C,
120 rpm for 24 h. Thereafter, cells were transferred to the
PHAs production medium (MSM medium) containing the test
carbon substrate (2% w/v). The physical parameters such as
temperature 37°C, pH 7, and agitation speed 120 rpm were

@ Springer

kept constant during optimization of carbon and nitrogen
sources. The carbon substrates tested were glucose, fructose,
lactose, sucrose, maltose, and arabinose that covered the con-
stituents of different cost-effective waste materials.
Experiments were performed in 250 ml flasks containing
50 ml of MSM. The total biomass and PHAs production were
measured for each of the six test carbon substrates. All the
experiments were performed in triplicates. The best carbon
source was determined on the basis of higher PHAs yield.

To determine the best nitrogen source, the isolate 12 was
inoculated in MSM containing the best carbon source 2% and
various nitrogen sources such as ammonium chloride, ammo-
nium sulfate, peptone, yeast extract, urea, potassium nitrate,
sodium nitrate, casein, and malt extract at a concentration of
0.2 % in different flasks. The flasks were incubated at 37°C
and 120 rpm. All the experiments were performed in tripli-
cates. The best nitrogen source was determined on the basis of
higher PHAs yield.

To determine the capability of the isolate M2 to utilize
different renewable agro-industrial wastes as carbon substrate,
the MSM was used as production medium supplemented with
2% of dried and powdered agro-industrial waste like domestic
kitchen waste, sugarcane molasses, waste flour from bread
factory, and mixed fruit pulp from fruit juice shops in separate
flasks. The flasks were incubated at 37°C and 120 rpm. The
best renewable agro-industrial waste was determined based on
higher PHAs accumulation.

Evaluation of PHAs production in varied range of
initial pH and temperature

The effect of physical variables such as initial pH (5 to 9) and
incubation temperature (25 to 40°C) on PHAs production was
also studied.

Characterization of PHAs
Fourier transform infrared (FTIR) spectroscopic analysis

The chemical structure and the functional groups of the ex-
tracted PHAs were analyzed using attenuated total reflection-
Fourier transform infrared (ATR-FTIR) spectroscopy. The in-
frared spectra of the samples were recorded in the wavelength
range from 600 to 4000/cm using a Bruker ATR-FTIR spec-
trophotometer with Zn-Se disc [24, 35].

X-ray diffraction studies

To get an insight into the structure of PHAs produced by the
bacteria, XRD measurements were carried out using Bruker
D8 Advance X-ray diffractometer. The X-rays of the wave-
length 0.154 were used (Cu K-alpha). A fast counting detector
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Table 1 Morphological and biochemical characteristics of isolate M12
Characteristics Observation
Colony shape Circular
Color Off-white, translucent
Gram reaction Gram positive
Cell shape Rod

Motility Motile
Catalase test Positive
Oxidase test Positive
Voges Proskauer Positive
Gelatin hydrolysis Positive
Arginine dihydrolase Positive
Esculin hydrolysis Positive

Beta galactosidase Negative
Lysine decarboxylase Negative

H,S production Negative
Urease activity Negative
Tryptophan desaminase Negative
Indole production Negative
Polymixin_B and kanamycin resistance Positive
Ellman reaction Positive

based on silicon strip technology was used to detect X-rays
(Bruker LynxEye detector).

Results
Isolation and screening of PHAs producing bacteria

PHAs producing bacterial colonies from various soil samples
collected from various sites in Indore city as mentioned under
Materials and Methods were identified by using primary
screening.

Based on the amount of PHAs accumulation and secondary
screening, a total of six bacterial colonies were selected as
PHASs producers. Among these, one colony named as M12
was further studied and identified based on the highest quan-
tity of PHAs accumulation of 0.4 g/ml.

Fig. 1 Phylogenetic relationship
based on 16S rRNA of the isolate
M 12

Identification of the highest PHAs accumulator isolate

Identification of the isolate M12 was done on the basis of
morphological, biochemical, as well as physiological charac-
teristics. Besides, 16s rRNA sequencing was also done for
molecular identification of the selected strain.

The bacterium was phenotypically characterized as a Gram
positive with rod shape (Bacillus sp.). It appeared as off-
white-colored spore former and grown under the aerobic con-
ditions on the agar plate. The various morphological and bio-
chemical characteristics of the bacteria are shown in Table 1.

The detailed sequence results obtained from the 16s rRNA
sequencing was submitted to the NCBI GenBank database,
and the given accession number is MK733981.1. Further,
the NCBI BLAST program was used for the comparison of
16s rRNA sequence of the isolated bacterium with the data-
base sequences. The phylogenetic tree was built with neighbor
joining method with MEGA version 7.0.20. The blast se-
quences revealed that the isolated bacterium displayed 100%
similarity with the sequence of Bacillus tropicus MCCC
1A01406 and the microorganism was identified to be
Bacillus tropicus SSAK1 (Fig. 1)

Growth curve of the isolate SSAK1 (M12) and PHAs
quantification

The results of the growth curve study of the isolate SSAK 1
(M12) indicated that the microorganism remained in the
lag phase until 12 h. After 18 h of incubation, a steep rise
in the curve was observed. Also, a gradual increase in
biomass was noted. Commencement of PHAs production
began at the 25th hour (mid-log phase) and gradually in-
creased until mid-stationary phase. Highest PHAs accumu-
lation was observed after 48 h. Maximum bacterial growth
occurred up to 42 h, and thereafter bacterial growth ceased
(stationary phase) (Fig. 2).

Effect of different carbon sources on growth and
PHAs production

The study of effects of all the commercial carbon sources such
as glucose, fructose, maltose, sucrose, lactose, and arabinose

NR 157730.1 Bacillus luti strain MCCC 1A00359 16S ribosomal RNA partial sequence

NR 157732.1 Bacillus nitratireducens strain MCCC 1A00732 16S ribosomal RNA partial sequence

MK733981.1 Bacillus tropicus strain SSAK1 16S ribosomal RNA gene partial sequence

NR 157734.1 Bacillus paramycoides strain MCCC 1A04098 16S ribosomal RNA partial sequence

100°Jr NR 157736.1 Bacillus tropicus strain MCCC 1A01406 16S ribosomal RNA partial sequence

100"Jr KY628813.1 Bacillus cereus strain CCM 2010 16S ribosomal RNA gene partial sequence
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Fig. 2 Growth curve of
B. Tropicus SSAK1 (M12)
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on PHAs production revealed that B. Tropicus SSAK1 pro-
duced the highest DCW and PHAs yield when glucose was
used as a carbon source, followed by fructose, sucrose, lac-
tose, and maltose, whereas arabinose had the least biomass
yield and PHAs accumulation. A bar diagram indicating per-
cent of PHAs accumulation in the presence of various sugars
as sole carbon source is shown as Fig. 3.

Effect of different nitrogen sources

To study the effect of different nitrogen sources on PHAs
accumulation, MSM containing glucose 20 g/l and various
nitrogen sources such as ammonium chloride, ammonium sul-
fate, potassium nitrate, sodium nitrate, peptone, yeast extract,
urea, malt extract, and casein at 2 g/l were screened. The
results revealed that maximum PHAs yield was obtained
when ammonium sulfate was used as nitrogen source (Fig.
4). To conclude, the isolate SSAK1 produced the highest
amount of PHAs when glucose was used as the sole carbon
source and ammonium sulfate as the nitrogen source.

Fig. 3 Effect of different carbon
sources on PHAs accumulation
and dry cell weight. Data
represent mean + SD (n=3); P <
0.05

0.25
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0.15

0.10

g/ml

0.05

0.00

Effect of carbon source on PHAs accumulation

Screening of renewable agro-industrial wastes for
PHAs production

The usage of renewable agro-industrial wastes as sole source
of carbon during fermentative production of PHAs can greatly
reduce the production cost. In the present study, among the
agro-industrial wastes tested, dried and powdered domestic
kitchen waste gave the highest yield, followed by mixed flour
from bread factory, sugarcane molasses, and mixed fruit pulp
from fruit juice factory (Fig. 5). Therefore, glucose can be
replaced with domestic kitchen waste at 2%, and ammonium
sulfate 2% may be used as the optimum nitrogen source.

Effect of initial pH, temperature, and inoculum size

In this study, effect of initial pH in range of 5 to 9 on PHAs
production was investigated (Fig. 6). The effect of temperature in
the range of 25 to 45°C was also studied (Fig. 7). Based on
observations by one factor at a time method, it was inferred that
optimal pH is 7.0 and optimal temperature is 37°C.

Glucose Fructose Sucrose Maltose Lactose  Arabinose

Carbon Source

M Cell Dry Weight (g/ml)  m PHAs accumulation (g/ml)
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Fig. 4 Effect of different nitrogen
sources on PHA accumulation
and dry cell weight by isolate
M12. Data represent mean + SD
(n=3); P <0.05
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The inoculum size was tested in the range of 0.5 to 3%. It was
observed that inoculum size 2% was optimum for higher produc-
tion of PHAs. It showed 36.5% PHAs production. The inoculum
size 0.5%, 1%, and 1.5% when used exhibited 33, 34, and 35.5%
PHAS production. On increasing inoculum size from 2 to 2.5 or
3%, there was decreased PHAs production (Fig. 8).

All the data were statistically analyzed using ANOVA sin-
gle factor analysis. It revealed that all results obtained were
statistically significant. Data were also analyzed using Tukey
post hoc test which revealed the two means to be significantly
different as the calculated critical value in Tukey test was
found to be larger than the critical value from critical table.

Characterization of PHAs
FTIR results

The FTIR spectrum of the PHAs synthesized by the
isolate SSAK1 showed prominent peaks at different

wavelength characteristics of PHAs. The peaks at 2844
and 2914 to 2966 cm ' were due to the C-H stretch of
alkanes. The presence of C=0 and C-O stretch of ester
could be confirmed from the absorption band at 1718.3
em ' and from the series of intense peaks located at
1080-1176 cm™', respectively (Fig. 9). These are the
characteristic stretch of short-chain length monomers of
PHB. Hence, the PHAs produced by the isolate SSAK1
may be considered as polyhydroxybutyrate (PHB).

XRD results

The XRD study was carried out to check crystalline
structure of PHB. The XRD diffractogram (Fig. 10)
showed four prominent peaks at 13.69°, 17.11°,
21.67°, and 25.62°. The presence of intense peak at
13.69° indicated the crystalline nature of the polymer.

Fig. 5 Effect of different agro-
industrial waste on PHAs accu-
mulation and dry cell weight.
Data represent mean + SD (n=3);
P <0.05
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Fig. 6 Effect of different pH on
PHASs accumulation and dry cell
weight. Data represent mean + SD
(n=3); P <0.05
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Discussion

It is known in the literature that PHAs are water-insoluble lipid
granules synthesized by numerous bacteria under nutrient-
deficient conditions. The PHAs are the key products to be
used as bio-plastics in order to create a better environment
with lesser plastic pollution and more environmentally sus-
tainable solution for future generations. They have the verita-
ble advantage of biodegradability and biocompatibility as
compared to conventional petro-based synthetic plastics.
Diverse PHAs producing bacteria from varied types of soil
and niches have been reported [36]. The biopolymeric PHAs
have a great impact as an alternative for petroleum-derived
plastics. Therefore, present work was carried out to isolate
and identify potent PHAs producing bacteria, and for that, soil
samples from the sites having dump of plastic and/or oil were
used for isolation of the potent bacteria.

In the present study, three different media, namely, carbon-
enriched nutrient agar, nutrient broth, and MSM for isolation,
inoculum preparation, and growth pattern studies, respective-
ly, for Bacillus tropicus were used. Carbon-enriched nutrient
agar medium was used for isolation being deficient in nutri-
ents like nitrogen and phosphorus and excess in carbon
source, a condition required for production of PHAs.
Nutrient broth was considered to provide better results for

the growth of Bacillus tropicus used as inoculum. The MSM
medium enriched in glucose (40 g/1) was used as production
medium during fermentation process for better growth and
PHAs production. Earlier reports also showed production of
more PHAs under excess carbon source like glucose and lim-
iting nitrogen and phosphorus [37, 38].

The nitrogen source plays an important role during PHAs
synthesis. The limitation of nitrogen source favors PHAs ac-
cumulation. Verlinden et al. [5] reported that during nutrient-
limiting condition, acetyl-CoA instead of entering into Krebs
cycle is directed towards PHAs biosynthesis.

The results of the present study corroborated with that of
Evangeline and Sridharan [39], who also reported that
Bacillus cereus VIT-SSRI accumulated maximum PHAs
amount when glucose was used as carbon source and ammo-
nium sulfate as nitrogen source. Since PHAs are a growth-
associated product, optimization of physical and cultural pa-
rameters is considered to be essential for efficient growth and
PHA synthesis.

The growth curve study of the isolate B. tropicus SSAK1 is
in accordance with previously reported growth curve study of
Bacillus sp. [35, 39]. Process optimization was done to screen
the important variables for enhanced PHAs production.
Previous studies on effects of commercial carbon sources in
PHAs production also revealed that Bacillus species

Fig. 7 Effect of different
temperature on PHAs

accumulation and dry cell weight.
Data represent mean + SD (n=3);
P<0.05
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Fig. 8 Effect of inoculum percentage on PHAs accumulation and dry cell weight. Data represent mean + SD (n=3); P < 0.05

accumulated high amount of PHAs when fed with glucose.
There are reports on Bacillus species for PHAs production
where yields have been reported ranging from 1.60 to 6.07
g/l [40-45]. Reddy et al. [46] reported that Bacillus
megaterium OU303A produced 58.6 % PHAs when fed on
glucose; also it produced the copolymer P(HB-co-HV).
Glucose exhibits positive effects on PHAs biosynthesis which
could be credited to the increased supply of the reduced co-
factor, NADPH, which consecutively leads to the inhibition of
enzymes of Krebs cycle [47]. Mohapatra et al. [38] isolated a
potent PHAs producing microbe from mangrove forest and
identified it as Bacillus megaterium using in-silico analysis
and 16s rRNA sequencing. They optimized conditions for
PHAs production in MSM medium using submerged and
solid-state fermentation processes. They showed higher
PHAs production by solid-state fermentation through sonica-
tion and mono-solvent extraction. They also characterized the
produced PHAS using various techniques. Pati et al. [48] stud-
ied PHB production from Bacillus sp. using submerged as
well as solid-state fermentation processes, and extraction
was done using different downstream processing. They also
found solid-state fermentation as more effective in PHB pro-
duction compared to submerged fermentation. The PHB

produced was also characterized using techniques like FTIR
and NMR, and properties like melting temperature, degrada-
tion temperature, and crystallinity were determined. The ni-
trogen source also plays an important role during PHAs syn-
thesis. The limitation of nitrogen source favors PHAs accu-
mulation. Verlinden et al. [5] reported that during nutrient-
limiting conditions, acetyl-CoA instead of entering into
Krebs cycle is directed towards PHAs biosynthesis. The re-
sults of the present study corroborated with that of Evangeline
and Sridharan [39], who also reported that Bacillus cereus
VIT-SSR1 accumulated maximum PHAs amount when glu-
cose was used as carbon source and ammonium sulfate as
nitrogen source. Since PHAS are a growth-associated product,
optimization of physical and cultural parameters is very ben-
eficial for efficient growth and PHAs synthesis.

Getachew and Woldesenbet [37] as well as Stavroula et al.
[20] suggested that the production cost of PHAs may be re-
duced by using agro-industrial waste as inexpensive carbon
substrate. The results of our study are in conformity indicating
that Bacillus tropicus SSAK1 bacterial strain has potential to
synthesize PHAs using lesser expensive carbon source such as
domestic kitchen wastes, sugarcane molasses, waste flour
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Fig. 9 FTIR: absorbance at different wavelengths
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from bread factory, and mixed fruit pulp from fruit juice shops
with reasonable yields.

The FTIR graph depicts the characteristic stretch of short-
chain length monomers of PHB. The FTIR spectrum of the
extracted biogenic PHAs in the present study is well compa-
rable with the FTIR spectrum for the standard and sample
PHAs [49]. The results are also consistent with previous stud-
ies which reported the presence of similar functional groups
[24, 50, 51]. Hence, PHAs extracted from the isolate SSAK1
may be considered as polyhydroxybutyrate (PHB).

The XRD diffractogram of extracted biopolymer is almost
identical with that obtained by Devi et al. [24] which depicted
its crystalline nature. Similar results for the diffractogram of
PHB were reported previously by other groups [50, 52].

The usage of cheaper carbon sources, effective fermenta-
tion techniques, and modified downstream processes can sub-
stantially cut down the production cost of the biopolymer.
Moreover, concerning the environmental issues, the major
problem of waste disposal all over the world may also be
minimized.

Conclusions

A potent PHA accumulating bacterial isolate Bacillus tropicus
SSAKI1 capable of utilizing various agro-industrial wastes as
carbon source for PHA production was illustrated in this
study. The study revealed that higher PHA accumulation oc-
curred when domestic kitchen waste was used as source of
carbon in fermentation media. Optimization of process param-
eters was also performed which depicted higher PHA yield in
the presence of glucose as sole source of carbon. Among
different nitrogen sources screened, bacterial strain was able
to produce considerable higher amount of PHA in the pres-
ence of ammonium sulfate. Other parameters that resulted in
higher PHA yield were pH 7.0, temperature 37°C, and bacte-
rial inoculum at concentration of 2 %. The FTIR and XRD
analysis revealed the chemical nature of the bio-synthesized
polymer. The commercial usage of green plastics (PHAs) can

@ Springer

act as environmentally sustainable alternative to petro-based
conventional plastics and can greatly lessen plastic pollution.
Moreover, the problem of disposal of recurring domestic
kitchen waste and other agro-industrial waste can be resolved.
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