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Abstract: Recently, there has been significant interest in bio-based degradable plastics owing to
their potential as a green and sustainable alternative to synthetic plastics due to their biodegradable
properties. Polyhydroxybutyrate (PHB) is a biodegradable polymer that is produced by bacteria and
archaea as carbon and energy reserves. Due to its rapid degradation in natural environments, it can be
considered a biodegradable plastic alternative. In the present study, a dye-based procedure was used
to screen PHB-producing bacteria isolated from mangrove soil samples. Among the seven isolates,
Agromyces indicus (A. indicus), identified by means of 16S rRNA analysis, accumulated the highest
amount of PHB. The extracted polymer was characterized by a UV–Vis spectrophotometer, Fourier-
transform infrared (FTIR) spectroscopy, and for the presence of the phbB gene, which confirmed the
structure of the polymer as PHB. The maximum PHB production by A. indicus was achieved after
96 h of incubation at a pH of 8.0 and 35 ◦C in the presence of 2% NaCl, with glucose and peptone as
the carbon and nitrogen sources, respectively. The strain was found to be capable of accumulating
PHB when various cheap agricultural wastes, such as rice, barley, corn, and wheat bran, were used as
the carbon sources. The response surface methodology (RSM) through the central composite design
(CCD) for optimizing the PHB synthesis was found to be highly efficient at augmenting the polymer
yields. As a result of the optimum conditions obtained from the RSM, this strain can increase the
PHB content by approximately 1.4-fold when compared with an unoptimized medium, which would
substantially lower the production cost. Therefore, the isolate A. indicus strain B2 may be regarded as
one of the best candidates for the industrial production of PHB from agricultural wastes, and it can
remove the environmental concerns associated with synthetic plastic.

Keywords: polyhyroxybutyrate; bioplastic; Agromyces indicus; response surface methodology;
biodegradable polymer
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1. Introduction

In the modern world, plastics are an integral part of our daily lives, and therefore,
the demand for them has increased tremendously, from 1.5 million metric tons in 1950 to
approximately 370 million metric tons in 2021 [1]. Despite the low cost of these synthetic
polymers, they have a negative impact on our environment, and particularly in the form of
hazardous waste [2]. Because of their nondegradable nature and the fact that they cannot be
recycled, plastics are the main culprits of environmental pollution. Even though a number
of recycling efforts have been made, the plastics being disposed of in municipal landfills
continue to cause major problems. In response, there has been an increasing number of
attempts to find renewable, biodegradable, and recyclable materials (i.e., green materials
that are useful for sustainability) [3]. Considering that biodegradable plastics are “eco-
friendly” in nature, they offer the most feasible solution to protect the environment from
petroleum-based plastic hazards. There are different types of biodegradable plastics, such as
polylactic acid (PLA), poly (butylene succinate-co-butylene adipate) (PBSA), polycaprolactone
(PCL), and poly (hydroxyalkanoates) (PHAs). These types of plastics can be used to replace
synthetic plastics, such as polyethylene (PE) and polystyrene (PS), which require hundreds
or thousands of years to degrade in the environment [4].

Several distinct microorganisms produce PHAs in response to stress conditions as a
form of carbon storage and energy storage. In general, poly (hydroxybutyrate) (PHB) is one
of the most commonly observed forms of PHAs, as it is composed of packed monomers of
R-3-hydroxybutyrate (R-3-HB) [5]. PHB is the only type of polymer that is fully biodegrad-
able in nature. Bacteria can synthesize PHB as inclusion bodies that accumulate as reserve
material when their growth is subject to several different stress conditions [6]. This polymer
exhibits properties that are similar to several synthetic thermoplastics, including polypropy-
lene. The advantages of these types of biodegradable plastics are that they are useful for
extensive applications and can be produced on a mass scale. This will enable us to replace
the petroleum-based plastics that are currently used by the industry [7].

The high production costs of PHB in comparison with plastics derived from petrochem-
icals are one of the major problems for the extensive production and commercialization
of this product. A great deal of effort has been put into reducing the cost of producing
PHB in recent years by utilizing strategies such as developing efficient bacterial strains and
optimizing the fermentation and recovery processes [8,9]. It has been suggested that, based
on most of the reports regarding the production of PHB, the carbon substrate cost is one of
the major contributors to the overall production costs of PHB [10]. It is for this reason that
the choice of an efficient carbon substrate is one of the most important steps in determining
the final cost of the product. Alternatively, a renewable, economically feasible, and most
readily available carbon substrate can be selected and used for both microbial growth
and the efficient production of PHB by microorganisms [8,10]. Therefore, this study was
designed to isolate and screen PHB-producing bacteria from mangrove soil samples with a
focus on enhanced biopolymer production, including characterization and optimization.

2. Materials and Methods
2.1. Sample Collection and Isolation of Bacteria

A sterilized falcon tube was used to collect the mangrove soil samples and was taken
to the laboratory. Serial dilutions of the collected sample were performed, and 0.1 mL of
each dilution was spread and plated on Zobell marine agar (peptone: 5.000 g/L; yeast
extract: 1.000 g/L; ferric citrate: 0.100 g/L; sodium chloride: 19.450 g/L; magnesium
chloride: 8.800 g/L; sodium sulfate: 3.240 g/L; calcium chloride: 1.800 g/L; potassium
chloride: 0.550 g/L; sodium bicarbonate: 0.160 g/L; potassium bromide: 0.080 g/L; stron-
tium chloride: 0.034 g/L; boric acid: 0.022 g/L; sodium silicate: 0.004 g/L; sodium fluo-
rate: 0.0024 g/L; ammonium nitrate: 0.0016 g/L; disodium phosphate: 0.008 g/L; agar:
15.000 g/L; pH: 7.6 ± 0.2) with 1% glucose [11]. Using a shaker incubator, cultures were
incubated at 35 ◦C for 72 h at 150 rpm, and purified colonies were stored at 4 ◦C. The
isolated strains were purified and maintained on Zobell marine agar slant at 4 ◦C.
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2.2. Screening the Isolates for PHB Production
Screening by the Sudan Black B Method

In order to detect the presence of PHB granules in the isolated strains, Sudan Black B
dye was used as the primary screening method. A Zobell marine agar supplemented with
1% glucose supplement was added to the nutrient agar medium. The isolated bacterial
strain was spread on the Zobell marine agar supplemented with 1% glucose plates, and
was allowed to incubate for 24 h at 30 ◦C. The Sudan Black B stain was made by dissolving
0.02 g of powder in 100 mL of 70% ethanol. Upon the completion of incubation, Sudan
Black B dye was spread over the plates and was allowed to stand for 30 min before being
removed. To remove the excess stain, plates were washed with 96% ethanol and left to
dry. It has been observed that colonies unable to incorporate the Sudan Black B dye appear
white, whereas colonies producing PHB appear bluish-black [12].

2.3. Screening by Nile Blue A Method

To screen the isolates that had positive results for PHB, the Nile Blue A staining
technique was further used [13]. Bacterial isolates were grown in 10 mL of Zobell marine
agar supplemented with 1% glucose as the sole carbon source, and incubated with shaking
at 120 rpm for 72 h at 37 ◦C. As bacterial cultures were grown, they were centrifuged
at 6000× g rpm for 10 min at 4 ◦C. Using 1 mL of sterile distilled water, the cell pellets
were resuspended. We then proceeded to fix smears of these cell suspensions to glass
slides and stain them with 1% Nile Blue A (Hi-Media®, Mumbai, India), and they were
observed under the fluorescence microscope. PHB accumulation was determined from the
appearance of orange granules within the cells, which was regarded as a positive signal.

2.4. Molecular Identification of PHB-Accumulating Bacteria by 16S rRNA Gene Analysis

Genomic DNA was extracted from the bacteria using a bacterial genomic DNA
isolation kit (GenEluteTM, Shanghai, China, Sigma-Aldrich®, Bangalore, India). As de-
scribed by Sambrook, Fritch, and Maniatis (1982) [14], the optical density (OD) of the
isolated genomic DNA was measured at 260 and 280 nm (UV-1800, Shimadzu Spec-
trophotometer, Kyoto, Japan). By the electrophoresis of the extracted genomic DNA in
agarose gel (0.8%), the purity of the extracted genomic DNA was further checked. The
amplification of universal primers 27F (5′AGAGTTTGATCMTGGCTCAG3′) and 1492R
(5′CGGTTACCTTGTTACGACTT3′) was carried out using a final volume of 20 µL, con-
taining 1× ReadyMix™ Taq PCR reaction mix (Sigma®, Bangalore, India), 10 pmol of each
primer, ~10 ng of genomic DNA template, and nuclease-free water to make up the vol-
ume [15]. In order to carry out the reaction, we used a thermal cycler (Applied Biosystems
Veriti®, Waltham, MA, USA). The PCR cycling conditions were as follows: 95 ◦C for 5 min,
30 cycles of 95 ◦C for 1 min, 55 ◦C for 1 min, and 72 ◦C for 1 min, as well as a final extension
step at 72 ◦C for 10 min. The PCR products that were amplified were detected on an agarose
gel (1%), after electrophoresis staining with ethidium bromide and visualization under UV
light, of the gel documentation system from Bio-Rad® (Hercules, CA, USA). Following
successful amplifications, PCR products were purified using a GenEluteTM PCR clean-up
kit, which was subsequently sequenced by Eurofins Genomics India Pvt Ltd., Bangalore,
India. The sequence analysis was performed using sequencing analysis software version
5.4 (Applied Biosystems®, Waltham, MA, USA), as well as BioEdit 7.2.5 (North Carolina
State University, Raleigh, NC, USA). A sequence-match analysis was performed on the
sequences with the NCBI’s Basic Local Alignment Search Tool (BLAST). The sequences
were submitted to the NCBI GenBank database.

2.5. Amplification of phbB Gene in Potent Isolates

The amplification of the phbB gene in the isolate was carried out via utilizing a primer set of
phbBF-5′-ATGAGCAATCAACGAATTGCA-3′ and phbBR-5′-TCATTGCATGTTCAGACCGC-
3′ [16]. The amplification was carried out in a thermal cycler (Applied Biosystems Veriti®,
Waltham, MA, USA) using 20 µL of the final volume. The PCR mixture contained
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1× ReadyMix™ Taq PCR reaction mix (Sigma®, India), 10 pmol of each primer, ~10 ng
of genomic DNA template, and nuclease-free water to make up the volume. The PCR
cycling conditions were as follows: 95 ◦C for 5 min, 35 cycles of 95 ◦C for 2 min, 60 ◦C for
30 s, 72 ◦C for 2 min, a final extension step at 72 ◦C for 10 min, and an indefinite hold at
4 ◦C. The PCR product was then electrophoretically separated on a 1% agarose gel, and the
banding pattern was then viewed under UV light using a gel documentation system from
Bio-Rad® (USA).

2.6. Production, Detection, and Extraction of PHB

The PHB-producing bacterial isolate was inoculated in 10 mL of sterile Zobell marine
broth and incubated at 37 ◦C for 24 h. Upon completion of incubation, 10% (v/v) of the
culture was transferred aseptically into a 250 mL conical flask containing 100 mL of sterile
Zobell marine broth, and it was incubated for 72 h at 37 ◦C and 120 rpm [17]. As a next step,
the culture broth was centrifuged at 5000× g rpm for 15 min, the supernatant was discarded,
and the pellets were dried. In order to carry out cell lysis, 10 mL of sodium hypochlorite
solution was added to the dried pellets and incubated at 50 ◦C for 2 h. Thereafter, the
mixture was centrifuged again for 15 min at 5000× g rpm, the supernatant was discarded,
and the pellets were subsequently washed with distilled water, acetone, and methanol. As
a final step, they were dissolved in 5 mL of boiling chloroform. By using Whatman no. 1
filter paper, the non-PHB cell matter was removed from the samples by filtration. Following
the evaporation of the chloroform, the obtained PHB was stored for further analysis [18].

2.7. Quantitative Analysis of PHB

In order to grow the bacterial culture, the procedure described above was followed.
After collecting the cell pellets, they were dried overnight in a vacuum-drying oven at
60 ◦C to estimate the dry weight (g/L). In order to estimate the percentage of intracellular
PHB accumulation, the percentage composition of PHB in the dry cell weight was taken
into account [19].

The PHB accumulation (%) was calculated as follows: dry weight of extracted PHB
(g/L)/dry cell weight (DCW) (g/L) × 100

2.8. Characterization of PHB

In order to characterize the extracted PHB, ultraviolet–visible (UV–Vis) spectroscopy
and Fourier-transform infrared (FTIR) spectroscopy analyses were performed. As a first
step, UV–Vis spectrophotometer analysis was performed, for which extracted PHB was dis-
solved in chloroform and scanned in the range of 200–320 nm (UV–Vis spectrophotometer,
Shimadzu, Kyoto, Japan). The FTIR (Bruker®, Billerica, MA, USA) spectrum was recorded
in the wave range from 400 to 4000 cm−1 [20].

2.9. Optimization of PHB Production

In the process of optimizing the PHB production, various factors were considered,
including incubation periods (24–144 h), pH values (6.5–9.0), incubation temperatures
(25–45 ◦C), NaCl concentrations (2–10%), carbon sources (glucose, fructose, sucrose, mal-
tose, and arabinose), and nitrogen sources (peptone, yeast extract, glycine, urea, and yeast
extract + peptone). For each parameter, fermentation was carried out in a 250 mL Erlen-
meyer flask containing 50 mL of Zobell marine broth, with respective conditions, and
incubated under shaking conditions. According to the previous description, the PHB
production was estimated. In order to determine the cell dry bulk weight (biomass), the
cell pellets were centrifuged at 6000× g rpm for 10 min, dried at 60 ◦C, and then expressed
as grams per liter after centrifugation (6000× g rpm/10 min). The experiments were
conducted in triplicate [21].
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2.10. Optimization of PHB Production by Response Surface Methodology

Using the classical one-factor-at-a-time (OFAT) method, the most crucial independent
variables (rice bran, peptone, and temperature) were optimized using the statistical tech-
nique known as the central composite design (CCD) to increase the PHB production while
keeping the other variables constant. As shown in Table 1, each independent variable in
the design matrix was investigated at five different levels (−α; −1; 0; +1; +α), with an
α-value ± 1.6817. A total of 20 experiments were run, with six replicates of the central
points, using Design Expert® (Stat-Ease, Minneapolis, MN, USA) software version 12.0
(Table 2). The coefficient R2 was used to express the quality of the fit for the quadratic
equation, and the F-test was used to determine its statistical significance. A t-test was used
to determine the significance of each variable’s effect on the PHB production. The CCD
result was analyzed using analysis of variance (ANOVA). The data were interpreted to
produce a response surface in the form of contours and 3D plots illustrating the interactions
of the factors.

Table 1. Variables optimized by CCD for PHB production.

Name of Variable with Code Unit
Range and Levels

−1 0 +1

Rice bran (A) g/L 10 20 30
Peptone (B) g/L 2.5 5 7.5

Temperature (C) ◦C 30 35 40

Table 2. Central composite design along with experimental and predicted values of dependent
variable for PHB production.

Run A B C
PHB Production (g/L) ± SD

Experimental Predicted

1 1 −1 1 1.58 ± 0.08 1.99
2 1 −1 −1 0.55 ± 0.06 1.11
3 0 −1.6817 0 4.17 ± 0.15 3.46
4 −1 −1 1 3.52 ± 0.08 3.78
5 1.6817 0 0 0.01 ± 0.01 −0.4603
6 0 0 0 5.57 ± 0.15 5.65
7 0 0 1.6817 4.44 ± 0.09 4.33
8 0 0 −1.6817 3.31 ± 0.1 3.21
9 −1 1 1 4.33 ± 0.1 3.91

10 −1.6817 0 0 3.35 ± 0.18 3.62
11 −1 −1 −1 4.35 ± 0.07 4.44
12 0 0 0 5.3 ± 0.05 5.65
13 0 0 0 6.11 ± 0.16 5.65
14 0 0 0 5.7 ± 0.1 5.65
15 1 1 −1 0.52 ± 0.05 0.4064
16 0 0 0 5.47 ± 0.160 5.65
17 0 1.6817 0 2.47 ± 0.05 2.98
18 0 0 0 5.72 ± 0.07 5.65
19 −1 1 −1 3.72 ± 0.08 3.46
20 1 1 1 2.34 ± 0.12 2.39

Experiment was carried out in triplicates; SD: standard deviation.

2.11. Statistical Analysis

Each experiment was performed in triplicate, and the results were expressed as
means ± SDs. GraphPad Prism 5.0 (GraphPad Software, Inc., San Diego, CA, USA) was
used for the analyses.
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3. Results
3.1. Isolation, Screening, and Selection of PHB-Producing Bacteria

In the present study, a total of seven different bacterial isolates were obtained from
the collected mangrove soil samples. Initially, the bacterial isolates were screened with
Sudan Black B via the colony-staining method as the primary method of screening. As
a result, only three of the seven bacterial isolates were capable of accumulating the PHB
granules. In the second screening, Nile Blue A staining was performed under a fluorescent
microscope. It can be seen from Figure 1A,B that the dark blue colonies were stained with
Sudan Black B, and orange-colored granules were observed inside the bacterial cells, which
was taken as a positive indication that PHB was being produced by the bacteria. It was
found that one isolate, B2, had a high ability to produce PHB, which led to it being selected
for further investigation.
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Figure 1. Screening of promising bacterial isolate (B2) from the mangrove soil samples for PHB
production: (A) plate staining with Sudan Black B; (B) slide staining with Nile Blue A, as observed
under fluorescence microscope; (C) phylogenetic tree based on 16S rRNA nucleotide sequences of the
bacterial isolate A. indicus strain B2, with other sequences of published Agromyces strains generated
by the neighbor-joining method. The numbers at the nodes indicate the levels of bootstrap support
(%) based on 1000 resampled datasets.
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3.2. Identification of High-PHB-Producing Bacterial Isolate Using the 16S rRNA Gene and Its
Phylogenetic Analysis

The genomic DNA was extracted from the PHB-producing isolate B2 and was used
for the PCR amplification of its 16S rRNA gene. Through the amplification and sequencing
of the 16S rRNA gene, it was revealed that the isolate B2 shared 99.71% identity with
the Agromyces indicus strain Mix6. The gene sequence obtained from the isolate B2 was
submitted to GenBank with the accession number OP169787. The phylogenetic tree of the
isolate was constructed in order to determine its relationship with the other species of the
genus Agromyces (Figure 1C).

3.3. Amplification of phbB Gene

The PCR amplification of the phbB gene was performed to characterize the A. indicus B2
strain for the production of PHB. A PHB synthase is an essential enzyme in the biosynthetic
pathway of PHB, and it is encoded by this gene. As a result, in A. indicus B2, the phbB gene
was present. The clear distinct banding pattern of around 700 bp in the A. indicus B2 strain
confirms the presence of phbB (Figure 2A).
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agarose gel electrophoresis; (B) UV–Vis-spectrophotometer-scanning spectrum of extracted PHB from
A. indicus strain B2; (C) FTIR analysis of extracted PHB from A. indicus strain B2.
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3.4. Characterization of PHB

In order to confirm the structure of PHB, the extracted polymer was characterized
by UV–Vis spectrophotometers and FTIR analysis. The use of UV–Vis spectroscopy for
detecting PHB is a recognized and widely used method for determining its presence in the
environment. A spectroscopic analysis of the extracted PHB showed a clearly symmetric
absorption spectrum, with the peak maximum at 241 nm (Figure 2B). The analysis of the
PHB produced by the A. indicus B2 strain was performed using FTIR spectroscopy in order
to identify the different functional groups that are present in PHB. The FTIR spectrum of
the PHB, which was recorded between 4000 and 400 cm−1 (Figure 2C), showed a sharp
absorption band at 1722.23 cm−1, which corresponds to the carbonyl (C=O) stretching of
the ester, and another band at 1279.13 cm−1, which corresponds to the –CH group. These
bands have been reported and labeled as markers of PHB. A series of bands between 1000
and 1300 cm−1 showed the stretching of the C–O bond of the ester group. The bands
at 2979.97 and 2937.73 cm−1 indicated the presence of the methyl (CH3) and methylene
(CH2) asymmetric and symmetric stretching modes, respectively. Additionally, the bands
of minor relevance at 3502.57 cm−1 are related to a terminal OH group.

3.5. Effect of Incubation Time on PHB Production

It was found that the incubation time had a significant effect on the amount of PHB
produced by the A. indicus B2 strain. The PHB production was found to increase when
the incubation time was increased to 96 h (3.54 g/L), but after that, the production of PHB
decreased as the incubation time increased (Figure 3A). The decrease in the PHB production
indicated that the bacteria used PHB as a nutrient source, which resulted in unsuitable
growing conditions due to the fact that the nitrogen and carbon sources were insufficient in
the medium at the time.
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3.6. Effect of Medium pH on PHB Production

In order to determine the optimum pH level for the production of PHB, a variety of
pH levels (6.5, 7.0, 7.5, 8.0, 8.5, and 9.0) were tested. The maximum PHB production was
found at a pH of 8.0 (3.62 g/L) by the A. indicus B2 strain, as shown in Figure 3B. A low
amount of PHB was produced at pH values of 6.0 and 9.0. Based on the results of this
experiment, it was revealed that slightly alkaline conditions were suitable for generating
high levels of PHB.

3.7. Effect of Temperature on PHB Production

An incubation period at various temperatures was conducted with the A. indicus B2
strain in production media. The maximum amount of PHB was observed to be produced
at a temperature of 35 ◦C (3.86 g/L) (Figure 4A). The variation in the PHB production
at different temperatures can be explained by the fact that temperatures other than the
optimal ones had an impact on the enzymes responsible for synthesizing PHB, thereby
reducing the activity of the enzymes.
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3.8. Effect of NaCl Concentration on PHB Production

There was a maximum production of PHB at 2% (w/v) NaCl, reaching a maximum
of 3.25 g/L (Figure 4B). It is evident from this result that the isolate belongs to a group of
mild halophiles, which is partially proportional to the salinity recorded in the mangrove
samples tested. Based on this result, it is evident that it is essential to control the salinity
of the medium within a reasonable range in order to prevent high osmotic stress exerting
an effect on the PHB production, and particularly as increasing the salt to 6% results in a
decrease in the PHB production.
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3.9. Effects of Different Carbon Sources on PHB Production

The effects of different carbon sources (glucose, fructose, sucrose, maltose, and arabi-
nose) on the PHB production in the cultures are represented in Figure 5A. According to
the results of this experiment, the ability of the bacteria to utilize different carbon sources
was variable. This ability might be influenced by a number of factors, such as the kind of
substrates used, and the types of enzymes produced by the bacteria. The PHB production
was most efficient when glucose (4.20 g/L) was the carbon source, followed by sucrose and
maltose as the next most efficient carbon sources. Bacteria produce more PHB when fed
with glucose, which is an easily digestible carbon source that is readily available.
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3.10. Effects of Different Nitrogen Sources on PHB Production

A comparison of the effects of different nitrogen sources (peptone, yeast extract,
glycine, urea, and yeast extract + peptone) on the production of PHB is presented in
Figure 5B. The A. indicus B2 strain was able to produce the maximum amount of PHB
when grown in production media that had peptone (4.14 g/L) added to it. Most of the
bacteria were found to produce PHB at a higher rate if complex nitrogen sources, such as
peptone, were used, while other nitrogen sources were found to significantly reduce the
PHB production at a higher rate. There is a possibility that this was due to the relatively
low nitrogen content of peptone, which, in turn, favored a higher accumulation of PHB.
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3.11. Production of PHB from Different Agricultural Wastes

There is an abundant availability of wastes generated in the agricultural sector, and
these wastes include rich sources of carbohydrates. Many bacterial species have the ability
to utilize these diverse and cheap carbon wastes because they possess hydrolytic enzymes
that are capable of metabolizing these complex residues. Different agricultural waste
materials (rice bran, barley bran, corn bran, and wheat bran) were employed as the main
carbon sources for the PHB production by the A. indicus B2 strain, among which rice bran
had the highest PHB production (3.14 g/L) (Figure 6A).
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3.12. Optimization of PHB Accumulation by Response Surface Methodology
In this investigation, the CCD was employed to study the interactions among the three

independent variables (rice bran, peptone, and temperature) to determine their optimal
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levels for PHB accumulation. The full experimental matrix with respect to their actual and
predicted responses is represented in Table 2. In each trial, the response values (Y = PHB
production) were the average of the triplicates. The A. indicus strain B2 exhibited significant
differences in PHB production, which shows the apparent influence of the process variables
within their range (Table 2). The medium containing 20 g/L of rice bran, 5 g/L of peptone,
and with a temperature of 35 ◦C produced the most PHB (6.11 g/L), while the medium
containing 36.81 g/L of rice bran, 5 g/L of peptone, and with a temperature of 35 ◦C
produced the least (0.01 g/L). The following quadratic equation was fitted to determine the
effect of each independent variable on the response:

Y = +5.65− 1.21 A− 0.1427 B + 0.3317 C + 0.0687 AB + 0.3837 AC + 0.2787 BC − 2.44 A2 − 0.8603 B2 − 0.6641 C2

where Y is the predicted response, and A, B, and C are the coded values of the test variables:
rice bran (g/L), peptone (g/L), and temperature (◦C), respectively.

An ANOVA was applied for the analyses of the regression coefficient, prediction
equations, and case statistics. The model’s adequacy was assessed using an ANOVA, which
was validated using Fisher’s statistical analysis, and the results are shown in Table 3. The
model F-value and p-value were 31.37 and <0.0001, respectively, indicating that the model
was significant. The “Lack of Fit” of the F-value was 4.97, indicating that the “Lack of Fit”
was also not significant in comparison with the pure error. A ”Lack of Fit F-value” had a
5.15% chance of occurring due to noise. The “Pred R-Squared” of 0.7742 is consistent with
the “Adj R-Squared” of 0.935.

Table 3. ANOVA for PHB production as a function of independent variables.

Source Sum of Squares df Mean Square F-Value p-Value Probe > F

Model 64.1 9 7.12 31.37 <0.0001 *
A: Rice bran 20.05 1 20.05 88.3 <0.0001 *
B: Peptone 0.2782 1 0.2782 1.23 0.2943

C: Temperature 1.5 1 1.5 6.62 0.0278 *
AB 0.0378 1 0.0378 0.1665 0.6918
AC 1.18 1 1.18 5.19 0.046 *
BC 0.6216 1 0.6216 2.74 0.129
A2 29.89 1 29.89 131.64 <0.0001 *
B2 10.67 1 10.67 46.98 <0.0001 *
C2 6.36 1 6.36 27.99 0.0004 *

Residual 2.27 10 0.2271
Lack of Fit 1.89 5 0.3781 4.97 0.0515 ns

Pure Error 0.3801 5 0.076
Cor Total 66.37 19

df : degree of freedom; ns: not significant; * significant.

The response surface contour plots for the PHB production/accumulation generated
by the predicted model are displayed in a 3D graph (Figure 6B–D). According to the
statistics, the PHB production/accumulation initially increased significantly up to a certain
level, and then the production/accumulation was gradually reduced with its higher value.
The diagnostic plots showed that the model satisfied the analysis-of-variance assumptions
and also reflected the accuracy and applicability of the RSM for the optimization of the
process for PHB production/accumulation.

4. Discussion

Plastic is among the most major pollutants that are being produced, causing global
environmental pollution. Thus, there is a need to develop an alternative to replace this
non-biodegradable pollutant, which is used by everyone on a daily basis for a variety of
purposes [22]. In spite of the fact that the idea of producing and extracting biodegradable
plastic was developed many years ago, some modifications need to be made before it can be
used on a large scale in industries to replace the plastic that is derived from petroleum [23].
Due to the high cost of producing bioplastics, a number of techniques have been used to
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produce them on a large scale. However, all the researchers who are actively involved
in this field should focus on the selection of a proper strain of bacteria that is capable of
producing or accumulating PHB at a high level. The use of terrestrial bacteria that are
capable of producing bioplastics has been extensively studied [24]; however, the mangrove
environment has received the least attention compared with its terrestrial counterparts [25].
Therefore, the purpose of this study was to isolate the bacteria that can produce PHB from
soil samples collected from a mangrove area.

A dye-based procedure was used to detect the intracellular PHB in the isolated bacteria,
in which black- and orange-colored lipid granules were considered as indicators of PHB
accumulation by Sudan Black B and Nile Blue A staining, respectively [26]. As the lipid
granules are comprised of component parts that are heavily incorporated into the cellular
structure, the high susceptibility of the granules to staining with Sudan Black B and Nile
Blue A has been attributed to this incorporation [27]. Moreover, it is easier to distinguish
between the cell contents at different wavelengths [28]. Based on the findings of this study,
it appears that the habitats of mangrove areas are potential sources of bacteria that can
produce PHB. It is thought that the absence of river inflows and low sediment and nutrient
levels in the mangrove environment results in the accumulation of PHB by microbial
communities as a survival mechanism [29].

An accurate method of identifying bacteria is to use the 16S rRNA gene. This has
been proven to be a reliable modern method that has replaced the traditional method of
identifying bacteria by their phenotypic characteristics [30]. Prokaryotes possess a 16S
rRNA subunit, which is a component of the 30S ribosomal subunit. A genetic marker called
16S rDNA encodes this gene [31]. On the basis of the 16S RNA gene, an isolated B2 strain
was identified as the A. indicus B2 strain, which is the most active isolate accumulating PHB
granules. Different species of Agromyces are found in marine and mangrove environments
that are capable of producing biopolymers. By analyzing 16S rRNA sequences, other
strains of bacteria producing high amounts of PHB have been identified from mangrove
environments, such as Bacillus thuringiensis and Erythrobacter aquimaris [21,31].

PHB is produced and synthesized by bacteria using three regulatory enzymes: β-
ketothiolase, acetoacetyl-CoA reductase, and PHA synthase/polymerase. These enzymes
are coded by phbA, phbB, and phbC, respectively [32]. Among them, phbC is present at the
upstream from phbA–phbB. D(-)-3-hydroxybutyryl-CoA is formed when the reductase inter-
acts with either enoyl-CoA hydratase or epimerase. The presence of phbB in the A. indicus
B2 strain indicates the presence of a phb gene cluster that mediates the PHB production. The
production of PHB is mediated through many different genetic mechanisms, but the major-
ity of the production is mediated through the phbB gene cluster in bacteria, as demonstrated
in Rhodobacter sphaeroides, [33], Azotobacter sp. [34], and Azospirillum brasilense [35]. Many
bacteria exhibit poor growth and less PHB accumulation in phbB mutants, which suggests
that it may play a role in the process of PHB synthesis [36]. In addition, the amplification
of the phbB gene in isolates has been carried out in many previous studies to determine
the molecular nature of the PHB synthesis in them [34]. Accordingly, to ensure that phbB is
involved in PHB synthesis, its amplification was performed in the isolates.

The production of PHB by environmental isolates is affected by a number of factors,
including carbon, nitrogen, temperature, pH, the incubation time, the salt concentration,
etc. In the present study, the production of PHB was increased gradually over the first
24 h during the logarithmic phase of the growth of the A. indicus B2 strain. When the
growth reached the stationary phase after 96 h, a result of 3.54 g/L was obtained. A direct
correlation was observed between bacterial growth and PHB accumulation, as reported
by Gomaa [37], who reported that 96 h was the optimum cultivation time for B. subtilis
and E. coli. The amount of PHB that is accumulated by a particular species of bacteria is
directly related to its biomass. As the biomass of a specific species of bacteria is reduced
by the depletion of carbon, the PHB accumulation is inevitably reduced, making the
PHB more readily available for consumption [38]. The literature has documented several
periods of cultivation that have been found to be optimal for the bacterial accumulation
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of PHB. As an example, 48 h of incubation was found to be optimal for Rhizobium alti,
Pseudomonas stutzeri, and Bacillus sp. [38,39], and incubation times of 40 h for B. subtilis,
an isolate from sponges [40], and 24 h for the halophilic B. megaterium were found to be
optimal [41]. Meanwhile, it was previously reported that the production of PHB decreased
following the end of the ideal fermentation period [42,43]. According to the study, PHB was
reported to accumulate as a food reserve by marine bacteria, such as Bacillus sp. CS-605,
Bacillus megaterium, and Vibrio harveyi, which was depolymerase-degraded once the external
carbon sources were exhausted at the stationary phases, thereby promoting the survival of
the bacteria.

There is evidence that PHB accumulation is influenced by the pH of the solution
because of its effect on the bioavailability of the trace elements [43], as well as the enzymes
involved in the synthesis of PHB: β-ketothiolase, acetoacetyl-CoA reductase, and PHA
polymerase [13]. It was found that a pH of 8.0 was the optimal pH for the accumulation
of PHB (3.62 g/L). The results of the present study are similar to the results reported
by Kalaivani and Sukumaran [26], in which they found that Saccharococcus thermophilus
produced the most PHB under alkaline conditions (pH 8.0). As well, it has been reported
that the production of PHB by V. harveyi 284 was also higher under alkaline conditions
(pH 8.0). It was observed that the production of PHB declined at a pH of 9.0, and at a
pH of 6.5 when the reaction was carried out. The accumulation of PHB was supported
in a pH range of 7–8.5, but it was significantly reduced when the pH range exceeded
this threshold [44].

As far as the effects of temperature on the variation in PHB production are concerned,
this can be explained by the fact that temperatures other than the optimal one has been
found to reduce the activity of the enzymes responsible for the synthesis of PHB [2]. As a re-
sult of this study, it appears that there is a significant relationship between PHB production
and the incubation temperature. In agreement with other studies [32,34], the maximum
production of PHB and bacterial biomass occurred at a temperature of 35 ◦C, indicating
that this was the optimal temperature. The PHB production was affected differently by tem-
perature in different genera based on their morphologies. It was shown that a temperature
of 30 ◦C was the best temperature for producing PHB by Nacardiopsis potens, Rhizobium elti,
P. stutzeri, and V. harveyi [33,37], and a temperature of 50 ◦C was the best for producing
PHB by marine S. thermophilus [28].

It is evident that the salt concentration plays a pivotal role in bacterial growth, as well
as the production of biopolymers [44]. There was a maximum level of PHB production at
2% (w/v) NaCl. The results indicated that this isolate has a slight halophilic phenotype.
In the mangrove environment, the majority of microbes are mild-to-moderate halophiles.
Based on the results of the present study, it seems that the salinity of the medium must
be controlled within a range that prevents high osmotic stress from having an adverse
effect on the PHB production [42], as an increase in the salt concentration to 6% results in a
decrease in the PHB production. A variety of salt concentrations were found to affect the
accumulation of PHB in the bacterial strains, such as 5% for V. proteolyticus [45], 2.5% for
Nacardiopsis potens [46], 3% for Bacillus sp. CS-605 [13], 2% for V. harveyi [43], and 1.5% for
Vibrio azureus [44].

In the production of PHB, the carbon source is one of the major cost-associated fac-
tors [47]. It is imperative to note that carbon is one of the most important nutrients that
plays an influential role in the production of PHB. This is because the bacteria store carbon
in the form of PHB granules. Based on the results of the study, it can be concluded that
glucose was the preferred carbon source for the production of PHB. A number of bacteria,
such as Vibrio azureus BTKB33, Bacillus megaterium, Bacillus sp., and Alcaligens eutrophus,
showed that it is an effective carbon source for the growth and production of PHB [2,48].

Apart from the carbon sources, it has been shown that the bacterial biomass and
the amount of PHB produced can be affected by different organic and inorganic nitrogen
sources. As a matter of fact, the nitrogen source represents the most significant limiting
factor for PHB production. This is because the strains accumulate lipid granules as a way
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of surviving under unbalanced nutritional conditions [49]. The bacteria require a high
concentration of nitrogen at the beginning of the fermentation process in order to produce
a large amount of biomass. Upon the depletion of nitrogen, the bacteria begin to produce
polymers as a survival mechanism [49]. Compared with the initial productivity obtained
using peptone as the nitrogen source, the PHB productivity obtained using peptone was
superior, which may be due to the fact that it is an excellent nitrogen source and serves as
the precursor for amino acids and growth factors [50]. However, the possibility exists that
there may be more than one mechanism underlying the accumulation of PHB among the
various microbes. This is borne out by the fact that ammonium sulfate was found optimal
for the production of PHB by B. sacchari [46], R. etli E1, and P. stutzeri [51].

Carbon and nitrogen sources, as well as environmental factors, such as the incubation time,
temperature, and initial pH, all play important roles in bacterial fermentation [52], as these have
been shown to influence the PHB production by other microorganisms [53,54]. A flask-scale
RSM employing the CCD was used to enhance PHB production/accumulation. When using
the RSM-optimized medium, the highest 6.1 g/L PHB production was achieved, which was
increased ~1.4-fold over the initial unoptimized conditions. The RSM has previously been
noted as a highly effective tool to enhance the PHB production by various microorganisms.

In a newly engineered strain of C. necator NSDG-GG, it was shown that higher con-
centrations of PHB can be produced from glucose by utilizing the RSM [55]. By using
methanol as the sole source of carbon, the PHB production was successfully enhanced
by the RSM using Methylobacterium sp. [56]. By using pineapple peel as the sole carbon
source for the production of PHB by the B. drentensis strain BP17, the RSM was useful in
improving the production of PHB by the strain [57]. According to Hassan et al. [58], the
efficiency optimization of the PHB production by a novel B. subtilis strain from rice bran
was achieved through the RSM with the Box–Behnken-design technique. Furthermore, the
RSM improves the production of poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV),
which is a copolymer containing PHA molecules. In a recent study, it was discovered that
the yeast strain Wickerhamomyces anomalus VIT-NN01 [59] is capable of producing PHBV
using sugarcane molasses supplemented with other carbon sources, including palm oil and
corn-steep liquor. In addition to this, the RSM has also been used as a tool to evaluate the
optimum operating conditions for composites combining PHBV and tapioca starch [60].

Meanwhile, statistical analyses revealed a nonsignificant value of the lack of fit
(p > 0.05), and a highly significant level of the model (p < 0.0001), implying that the
mode could be accurately predicted by variation [61]. The current RSM result for increased
PHB production using a low-cost agro-waste source would be advantageous for application
and commercialization.

5. Conclusions

In this study, seven different bacterial strains were isolated from mangrove soil samples
and screened for PHB production. The highest PHB production by the isolated A. indicus
strain B2 was obtained after 96 h at a pH of 8.0, 35 ◦C, and 2% NaCl, with glucose and
peptone as the carbon and nitrogen sources, respectively. A UV–Vis spectrophotometer and
an FTIR analysis were used for the characterization of the extracted polymer to confirm its
structure as a PHB, and the presence of the phbB gene was confirmed via PCR amplification.
Various cheap agricultural wastes, including rice, barley, corn, and wheat bran, were
efficiently utilized by the isolate A. indicus strain B2, which enabled it to produce PHB,
among which rice bran was found to be the most efficient carbon source for PHB production.
The RSM approach through the CCD for optimizing PHB synthesis was highly efficient at
augmenting the polymer yield. Under optimum conditions, obtained from the RSM, this
strain can improve the production of the PHB content by around 1.4-fold when compared
with an unoptimized medium. Therefore, the RSM is a powerful tool for optimizing PHB
production. In order to optimize PHB synthesis using the RSM through the CCD, a high
efficiency was shown to augment the polymer yield through the use of this approach. The
study provides valuable information about the optimal conditions for PHB production
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by A. indicus, which is a viable substitute for petroleum-based plastics in a variety of
industrial applications. In order to achieve more economical commercial production under
the conditions of fermenters, further studies will be needed.

Author Contributions: Conceptualization, M.A. (Mohd Adnan) and M.P.; methodology, M.S. (Mejdi
Snoussi), M.S. (Manojkumar Sachidanandan), S.A.A., A.J.S., R.B. and M.A. (Mousa Alreshidi); val-
idation, A.M.E., M.S. (Mejdi Snoussi), W.A.A.-S. and S.H.A.; formal analysis, M.P., M.A. (Mohd
Adnan), S.A.A. and M.A. (Mousa Alreshidi); investigation, W.A.A.-S., A.J.S., M.S. (Manojkumar
Sachidanandan), S.A.A. and A.M.E.; data curation, M.P., S.H.A., W.A, S.A.A., M.S. (Mejdi Snoussi)
and R.B.; writing—original draft preparation, M.P. and M.A. (Mohd Adnan); writing—review and
editing, M.P., M.A. (Mohd Adnan), M.A. (Mousa Alreshidi) and S.H.A.; visualization, M.P., A.J.S.;
supervision, M.A. (Mohd Adnan) and M.P.; project administration, M.A. (Mohd Adnan). All authors
have read and agreed to the published version of the manuscript.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: All data generated or analyzed during this study are included in
this article.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of the data; in the writing of the manuscript;
or in the decision to publish the results.

References
1. Horton, A.A. Plastic Pollution: When Do We Know Enough? J. Hazard. Mater. 2022, 422, 126885. [CrossRef]
2. Getachew, A.; Woldesenbet, F. Production of biodegradable plastic by polyhydroxybutyrate (PHB) accumulating bacteria using

low cost agricultural waste material. BMC Res. Notes 2016, 9, 509. [CrossRef]
3. Wu, C.-S. Characterization and biodegradability of polyester bioplastic-based green renewable composites from agricultural

residues. Polym. Degrad. Stab. 2012, 97, 64–71. [CrossRef]
4. Agustin, M.; Ahmmad, B.; Alonzo, S.M.M.; Patriana, F.M. Bioplastic based on starch and cellulose nanocrystals from rice straw.

J. Reinf. Plast. Compos. 2014, 33, 2205–2213. [CrossRef]
5. Timmis, K.N.; McGenity, T.; Van Der Meer, J.R.; de Lorenzo, V. Handbook of Hydrocarbon and Lipid Microbiology; Springer: Berlin,

Germany, 2010; ISBN 3540775870.
6. Galia, M.B. Isolation and Analysis of Storage Compounds. In Handbook of Hydrocarbon and Lipid Microbiology; Springer: Berlin,

Germany, 2010; ISBN 3540775846.
7. Verlinden, R.A.J.; Hill, D.J.; Kenward, M.A.; Williams, C.D.; Radecka, I. Bacterial Synthesis of Biodegradable Polyhydroxyal-

kanoates. J. Appl. Microbiol. 2007, 102, 1437–1449. [CrossRef] [PubMed]
8. Gurieff, N.; Lant, P. Comparative life cycle assessment and financial analysis of mixed culture polyhydroxyalkanoate production.

Bioresour. Technol. 2007, 98, 3393–3403. [CrossRef]
9. Yu, P.H.; Huang, A.L.; Lo, W.; Chua, H.; Chen, G.Q. Conversion of Food Industrial Wastes into Bioplastics. Appl. Biochem. Biotechnol.

1998, 70, 603–614. [CrossRef] [PubMed]
10. Reis, M.A.M.; Serafim, L.S.; Lemos, P.C.; Ramos, A.M.; Aguiar, F.R.; Van Loosdrecht, M.C.M. Production of Polyhydroxyal-

kanoates by Mixed Microbial Cultures. Bioprocess Biosyst. Eng. 2003, 25, 377–385. [CrossRef]
11. Shrivastav, A.; Mishra, S.K.; Shethia, B.; Pancha, I.; Jain, D.; Mishra, S. Isolation of promising bacterial strains from soil and

marine environment for polyhydroxyalkanoates (PHAs) production utilizing Jatropha biodiesel byproduct. Int. J. Biol. Macromol.
2010, 47, 283–287. [CrossRef]

12. Mahitha, G.; Madhuri, R. Purification and Characterization of Polyhydroxybutyrate Produced from Marine Bacteria. Int. J. Sci.
Eng. Res. 2015, 6, 71–75.

13. Bhagowati, P.; Pradhan, S.; Dash, H.R.; Das, S. Production, Optimization and Characterization of Polyhydroxybutyrate, a
Biodegradable Plastic by Bacillus spp. Biosci. Biotechnol. Biochem. 2015, 79, 1454–1463. [CrossRef] [PubMed]

14. Sambrook, J.; Fritsch, E.F.; Maniatis, T. Molecular Cloning: A Laboratory Manual; Cold Spring Harbor Laboratory Press: Cold Spring
Harbour, NY, USA, 1989; Volume 9, pp. 31–57.

15. Patel, M.; Siddiqui, A.J.; Hamadou, W.S.; Surti, M.; Awadelkareem, A.M.; Ashraf, S.A.; Alreshidi, M.; Snoussi, M.; Rizvi, S.M.D.;
Bardakci, F.; et al. Inhibition of Bacterial Adhesion and Antibiofilm Activities of a Glycolipid Biosurfactant from Lactobacillus
rhamnosus with Its Physicochemical and Functional Properties. Antibiotics 2021, 10, 1546. [CrossRef]

16. Galehdari, H.; Alaee, S.; Mirzaee, M. Cloning of Poly (3-Hydroxybutyrate) Synthesis Genes from Azotobacter Vinelandii into
Escherichia Coli. Jundishapur J. Microbiol. 2009, 2, 31–35.

http://doi.org/10.1016/j.jhazmat.2021.126885
http://doi.org/10.1186/s13104-016-2321-y
http://doi.org/10.1016/j.polymdegradstab.2011.10.012
http://doi.org/10.1177/0731684414558325
http://doi.org/10.1111/j.1365-2672.2007.03335.x
http://www.ncbi.nlm.nih.gov/pubmed/17578408
http://doi.org/10.1016/j.biortech.2006.10.046
http://doi.org/10.1007/BF02920172
http://www.ncbi.nlm.nih.gov/pubmed/18576025
http://doi.org/10.1007/s00449-003-0322-4
http://doi.org/10.1016/j.ijbiomac.2010.04.007
http://doi.org/10.1080/09168451.2015.1034651
http://www.ncbi.nlm.nih.gov/pubmed/25900381
http://doi.org/10.3390/antibiotics10121546


Polymers 2022, 14, 3982 17 of 18

17. Mercan, N.; Aslim, B.; Yüksekdağ, Z.N.U.R.; Beyatli, Y. Production of Poly-b-Hydroxybutyrate (PHB) by Some Rhizobium Bacteria.
Turk. J. Biol. 2002, 26, 215–219.

18. Paul, S.; Sasikumar, S.C.; Balakumaran, M.D. Optimization, Purification and Characterization of Polyhydroxybutyrate (PHB)
Produced by Bacillus Cereus Isolated from Sewage. Int. J. Chem. Technol. Res. 2017, 10, 884–904.

19. Bhuwal, A.K.; Singh, G.; Aggarwal, N.K.; Goyal, V.; Yadav, A. Isolation and Screening of Polyhydroxyalkanoates Producing
Bacteria from Pulp, Paper, and Cardboard Industry Wastes. Int. J. Biomater. 2013, 2013, 752821. [CrossRef]

20. Mostafa, Y.S.; Alrumman, S.A.; Alamri, S.A.; Otaif, K.A.; Mostafa, M.S.; Alfaify, A.M. Bioplastic (Poly-3-Hydroxybutyrate)
Production by the Marine Bacterium Pseudodonghicola Xiamenensis through Date Syrup Valorization and Structural As-sessment
of the Biopolymer. Sci. Rep. 2020, 10, 8815. [CrossRef]

21. Mostafa, Y.S.; Alrumman, S.A.; Otaif, K.A.; Alamri, S.A.; Mostafa, M.S.; Sahlabji, T. Production and Characterization of Bioplastic
by Polyhydroxybutyrate Accumulating Erythrobacter aquimaris Isolated from Mangrove Rhizosphere. Molecules 2020, 25, 179.
[CrossRef]

22. Varghese, S.; Dhanraj, N.; Rebello, S.; Sindhu, R.; Binod, P.; Pandey, A.; Jisha, M.; Awasthi, M.K. Leads and hurdles to sustainable
microbial bioplastic production. Chemosphere 2022, 305, 135390. [CrossRef] [PubMed]

23. Rosenboom, J.-G.; Langer, R.; Traverso, G. Bioplastics for a circular economy. Nat. Rev. Mater. 2022, 7, 117–137. [CrossRef]
[PubMed]

24. Numata, K.; Doi, Y. Biosynthesis of Polyhydroxyalkanaotes by a Novel Facultatively Anaerobic Vibrio sp. under Marine
Conditions. Mar. Biotechnol. 2012, 14, 323–331. [CrossRef]

25. Palit, K.; Rath, S.; Chatterjee, S.; Das, S. Microbial diversity and ecological interactions of microorganisms in the mangrove
ecosystem: Threats, vulnerability, and adaptations. Environ. Sci. Pollut. Res. 2022, 29, 32467–32512. [CrossRef] [PubMed]

26. Kalaivani, R.; Sukumaran, V. Isolation and Identification of New Strains to Enhance the Production of Biopolymers from Marine
Sample in Karankura, Tamil Nadu. Eur. J. Exp. Biol. 2013, 3, 56–64.

27. Burdon, K.L. Fatty Material in Bacteria and Fungi Revealed by Staining Dried, Fixed Slide Preparations. J. Bacteriol. 1946, 52, 665–678.
[CrossRef] [PubMed]

28. Lorch, E.; Rentsch, G. A simple method for staining and counting isolated adipose tissue fat cells. Diabetologia 1969, 5, 356–357.
[CrossRef]

29. Thompson, L.R.; Williams, G.J.; Haroon, M.F.; Shibl, A.; Larsen, P.; Shorenstein, J.; Knight, R.; Stingl, U. Metagenomic Co-variation
along Densely Sampled Environmental Gradients in the Red Sea. ISME J. 2017, 11, 138–151. [CrossRef]

30. Aarthi, N.; Ramana, K.V. Identification and Characterization of Polyhydroxybutyrate Producing Bacillus Cereus and Bacillus
Mycoides Strains. Int. J. Environ. Sci. 2011, 1, 744.

31. Alarfaj, A.A.; Arshad, M.; Sholkamy, E.N.; Munusamy, M.A. Extraction and Characterization of Polyhydroxybutyrates (PHB)
from Bacillus thuringiensisKSADL127 Isolated from Mangrove Environments of Saudi Arabia. Braz. Arch. Biol. Technol.
2015, 58, 781–788. [CrossRef]

32. Peoples, O.P.; Sinskey, A.J. Poly-β-Hydroxybutyrate (PHB) Biosynthesis in Alcaligenes Eutrophus H16: Identification and
Characterization of the PHB Polymerase Gene (PhbC). J. Biol. Chem. 1989, 264, 15298–15303. [CrossRef]

33. Yang, M.K.; Lin, Y.C.; Shen, C.H. Identification of two gene loci involved in poly-beta-hydroxybutyrate production in Rhodobacter
sphaeroides FJ1. J. Microbiol. Immunol. Infect. 2006, 39, 18–27.

34. Pettinari, M.J.; Vázquez, G.J.; Silberschmidt, D.; Rehm, B.; Steinbuchel, A.; Méndez, B.S. Poly(3-Hydroxybutyrate) Synthesis
Genes in Azotobacter Sp. Strain FA8. Appl. Environ. Microbiol. 2001, 67, 5331–5334. [CrossRef] [PubMed]

35. Kadouri, D.; Burdman, S.; Jurkevitch, E.; Okon, Y. Identification and Isolation of Genes Involved in Poly(β-Hydroxybutyrate)
Biosynthesis in Azospirillum brasilense and Characterization of a phbC Mutant. Appl. Environ. Microbiol. 2002, 68, 2943–2949.
[CrossRef] [PubMed]

36. Aneja, P.; Dai, M.; Lacorre, D.A.; Pillon, B.; Charles, T.C. Heterologous complementation of the exopolysaccharide synthesis and
carbon utilization phenotypes of Sinorhizobium meliloti Rm1021 polyhydroxyalkanoate synthesis mutants. FEMS Microbiol. Lett.
2004, 239, 277–283. [CrossRef]

37. Gomaa, E.Z. Production of polyhydroxyalkanoates (PHAs) by Bacillus subtilis and Escherichia coli grown on cane molasses
fortified with ethanol. Braz. Arch. Biol. Technol. 2014, 57, 145–154. [CrossRef]

38. Belal, E.B. Production of Poly-β-Hydroxybutyric Acid (PHB) by Rhizobium Elti and Pseudomonas Stutzeri. Curr. Res. J. Biol. Sci.
2013, 5, 228–273.

39. Lathwal, P.; Nehra, K.; Singh, M.; Jamdagni, P.; Rana, J.S. Optimization of Culture Parameters for Maximum Polyhydroxy-butyrate
Production by Selected Bacterial Strains Isolated from Rhizospheric Soils. Pol. J. Microbiol. 2015, 64, 7. [CrossRef]

40. Sathiyanarayanan, G.; Saibaba, G.; Kiran, G.S.; Selvin, J. A statistical approach for optimization of polyhydroxybutyrate
production by marine Bacillus subtilis MSBN17. Int. J. Biol. Macromol. 2013, 59, 170–177. [CrossRef]

41. Dhangdhariya, J.H.; Dubey, S.; Trivedi, H.B.; Pancha, I.; Bhatt, J.K.; Dave, B.P.; Mishra, S. Polyhydroxyalkanoate from marine
Bacillus megaterium using CSMCRI’s Dry Sea Mix as a novel growth medium. Int. J. Biol. Macromol. 2015, 76, 254–261. [CrossRef]

42. Omar, S.; Rayes, A.; Eqaab, A.; Voß, I.; Steinbüchel, A. Optimization of Cell Growth and Poly (3-Hydroxybutyrate) Accumu-lation
on Date Syrup by a Bacillus Megaterium Strain. Biotechnol. Lett. 2001, 23, 1119–1123. [CrossRef]

43. Mohandas, S.P.; Balan, L.; Lekshmi, N.; Cubelio, S.S.; Philip, R.; Bright Singh, I.S. Production and Characterization of Poly-
hydroxybutyrate from Vibrio Harveyi MCCB 284 Utilizing Glycerol as Carbon Source. J. Appl. Microbiol. 2017, 122, 698–707.

http://doi.org/10.1155/2013/752821
http://doi.org/10.1038/s41598-020-65858-5
http://doi.org/10.3390/molecules25010179
http://doi.org/10.1016/j.chemosphere.2022.135390
http://www.ncbi.nlm.nih.gov/pubmed/35728665
http://doi.org/10.1038/s41578-021-00407-8
http://www.ncbi.nlm.nih.gov/pubmed/35075395
http://doi.org/10.1007/s10126-011-9416-1
http://doi.org/10.1007/s11356-022-19048-7
http://www.ncbi.nlm.nih.gov/pubmed/35182344
http://doi.org/10.1128/jb.52.6.665-678.1946
http://www.ncbi.nlm.nih.gov/pubmed/16561232
http://doi.org/10.1007/BF00452913
http://doi.org/10.1038/ismej.2016.99
http://doi.org/10.1590/S1516-891320150500003
http://doi.org/10.1016/S0021-9258(19)84825-1
http://doi.org/10.1128/AEM.67.11.5331-5334.2001
http://www.ncbi.nlm.nih.gov/pubmed/11679365
http://doi.org/10.1128/AEM.68.6.2943-2949.2002
http://www.ncbi.nlm.nih.gov/pubmed/12039753
http://doi.org/10.1016/j.femsle.2004.08.045
http://doi.org/10.1590/S1516-89132014000100020
http://doi.org/10.5604/01.3001.0009.2118
http://doi.org/10.1016/j.ijbiomac.2013.04.040
http://doi.org/10.1016/j.ijbiomac.2015.02.009
http://doi.org/10.1023/A:1010559800535


Polymers 2022, 14, 3982 18 of 18

44. Sasidharan, R.S.; Bhat, S.G.; Chandrasekaran, M. Biocompatible polyhydroxybutyrate (PHB) production by marine Vibrio azureus
BTKB33 under submerged fermentation. Ann. Microbiol. 2015, 65, 455–465. [CrossRef]

45. Hong, J.-W.; Song, H.-S.; Moon, Y.-M.; Hong, Y.-G.; Bhatia, S.K.; Jung, H.-R.; Choi, T.-R.; Yang, S.-Y.; Park, H.-Y.; Choi, Y.-K.; et al.
Polyhydroxybutyrate production in halophilic marine bacteria Vibrio proteolyticus isolated from the Korean peninsula. Bioprocess
Biosyst. Eng. 2019, 42, 603–610. [CrossRef] [PubMed]

46. Al-Battashi, H.; Annamalai, N.; Al-Kindi, S.; Nair, A.S.; Al-Bahry, S.; Verma, J.P.; Sivakumar, N. Production of Bioplastic (Poly-3-
Hydroxybutyrate) Using Waste Paper as a Feedstock: Optimization of Enzymatic Hydrolysis and Fermentation Em-ploying
Burkholderia Sacchari. J. Clean. Prod. 2019, 214, 236–247. [CrossRef]

47. Aljuraifani, A.A.; Berekaa, M.M.; Ghazwani, A.A. Bacterial biopolymer (polyhydroxyalkanoate) production from low-cost
sustainable sources. Microbiologyopen 2019, 8, e00755. [CrossRef]

48. Santhanam, A.; Sasidharan, S. Microbial Production of Polyhydroxy Alkanotes (PHA) from Alcaligens Spp. and Pseudomonas
Oleovorans Using Different Carbon Sources. Afr. J. Biotechnol. 2010, 9, 3144–3150.

49. Hungund, B.; Vs, S.; Patwardhan, P.; Saleh, A.M. Production of Polyhydroxyalkanoate from Paenibacillus durus BV-1 Isolated
from Oil Mill Soil. J. Microb. Biochem. Technol. 2013, 5, 13–17. [CrossRef]

50. Quillaguamán, J.; Guzmán, H.; Van-Thuoc, D.; Hatti-Kaul, R. Synthesis and Production of Polyhydroxyalkanoates by Halo-philes:
Current Potential and Future Prospects. Appl. Microbiol. Biotechnol. 2010, 85, 1687–1696. [CrossRef]

51. Maheshwari, D.K.; Saraf, M. Halophiles; Springer: Berlin, Germany, 2015.
52. Patel, K.; Dudhagara, P. Optimization of Xylanase Production by Bacillus Tequilensis Strain UD-3 Using Economical Agri-cultural

Substrate and Its Application in Rice Straw Pulp Bleaching. Biocatal. Agric. Biotechnol. 2020, 30, 101846. [CrossRef]
53. Danial, A.W.; Hamdy, S.M.; Alrumman, S.A.; El-Rab, S.M.F.G.; Shoreit, A.A.M.; Hesham, A.E.-L. Bioplastic Production by Bacillus

wiedmannii AS-02 OK576278 Using Different Agricultural Wastes. Microorganisms 2021, 9, 2395. [CrossRef]
54. Trakunjae, C.; Boondaeng, A.; Apiwatanapiwat, W.; Kosugi, A.; Arai, T.; Sudesh, K.; Vaithanomsat, P. Enhanced Polyhy-

droxybutyrate (PHB) Production by Newly Isolated Rare Actinomycetes Rhodococcus sp. Strain BSRT1-1 Using Response Surface
Methodology. Sci. Rep. 2021, 11, 1896. [CrossRef]

55. Biglari, N.; Dashti, M.G.; Abdeshahian, P.; Orita, I.; Fukui, T.; Sudesh, K. Enhancement of bioplastic polyhydroxybutyrate P(3HB)
production from glucose by newly engineered strain Cupriavidus necator NSDG-GG using response surface methodology. 3 Biotech
2018, 8, 330. [CrossRef] [PubMed]

56. Wang, J.; Tan, H.; Li, K.; Yin, H. Two-stage Fermentation Optimization for Poly-3-hydroxybutyrate Production from Methanol by
a New Methylobacterium Isolate from Oil Fields. J. Appl. Microbiol. 2020, 128, 171–181. [CrossRef] [PubMed]

57. Penkhrue, W.; Jendrossek, D.; Khanongnuch, C.; Pathom-Aree, W.; Aizawa, T.; Behrens, R.L.; Lumyong, S. Response surface
method for polyhydroxybutyrate (PHB) bioplastic accumulation in Bacillus drentensis BP17 using pineapple peel. PLoS ONE
2020, 15, e0230443. [CrossRef] [PubMed]

58. Hassan, M.A.; Bakhiet, E.K.; Hussein, H.R.; Ali, S.G. Statistical Optimization Studies for Polyhydroxybutyrate (PHB) Produc-tion
by Novel Bacillus Subtilis Using Agricultural and Industrial Wastes. Int. J. Environ. Sci. Technol. 2019, 16, 3497–3512. [CrossRef]

59. Ojha, N.; Das, N. A Statistical approach to optimize the production of Polyhydroxyalkanoates from Wickerhamomyces anomalus
VIT-NN01 using Response Surface Methodology. Int. J. Biol. Macromol. 2018, 107, 2157–2170. [CrossRef]

60. Wu, C.-Y.; Lui, W.-B.; Peng, J. Response Surface Methodology Approach for Optimization of Extrusion Process of Production of
Poly (Hydroxyl Butyrate-Co-Hydroxyvalerate)/Tapioca Starch Blends. Int. J. Food Eng. 2017, 13, 20160209. [CrossRef]

61. Prajapati, J.; Dudhagara, P.; Patel, K. Production of thermal and acid-stable pectinase from Bacillus subtilis strain BK-3: Optimiza-
tion, characterization, and application for fruit juice clarification. Biocatal. Agric. Biotechnol. 2021, 35, 102063. [CrossRef]

http://doi.org/10.1007/s13213-014-0878-z
http://doi.org/10.1007/s00449-018-02066-6
http://www.ncbi.nlm.nih.gov/pubmed/30617415
http://doi.org/10.1016/j.jclepro.2018.12.239
http://doi.org/10.1002/mbo3.755
http://doi.org/10.4172/1948-5948.1000092
http://doi.org/10.1007/s00253-009-2397-6
http://doi.org/10.1016/j.bcab.2020.101846
http://doi.org/10.3390/microorganisms9112395
http://doi.org/10.1038/s41598-021-81386-2
http://doi.org/10.1007/s13205-018-1351-7
http://www.ncbi.nlm.nih.gov/pubmed/30073115
http://doi.org/10.1111/jam.14463
http://www.ncbi.nlm.nih.gov/pubmed/31559676
http://doi.org/10.1371/journal.pone.0230443
http://www.ncbi.nlm.nih.gov/pubmed/32191752
http://doi.org/10.1007/s13762-018-1900-y
http://doi.org/10.1016/j.ijbiomac.2017.10.089
http://doi.org/10.1515/ijfe-2016-0209
http://doi.org/10.1016/j.bcab.2021.102063

	Introduction 
	Materials and Methods 
	Sample Collection and Isolation of Bacteria 
	Screening the Isolates for PHB Production 
	Screening by Nile Blue A Method 
	Molecular Identification of PHB-Accumulating Bacteria by 16S rRNA Gene Analysis 
	Amplification of phbB Gene in Potent Isolates 
	Production, Detection, and Extraction of PHB 
	Quantitative Analysis of PHB 
	Characterization of PHB 
	Optimization of PHB Production 
	Optimization of PHB Production by Response Surface Methodology 
	Statistical Analysis 

	Results 
	Isolation, Screening, and Selection of PHB-Producing Bacteria 
	Identification of High-PHB-Producing Bacterial Isolate Using the 16S rRNA Gene and Its Phylogenetic Analysis 
	Amplification of phbB Gene 
	Characterization of PHB 
	Effect of Incubation Time on PHB Production 
	Effect of Medium pH on PHB Production 
	Effect of Temperature on PHB Production 
	Effect of NaCl Concentration on PHB Production 
	Effects of Different Carbon Sources on PHB Production 
	Effects of Different Nitrogen Sources on PHB Production 
	Production of PHB from Different Agricultural Wastes 
	Optimization of PHB Accumulation by Response Surface Methodology 

	Discussion 
	Conclusions 
	References

