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Abstract

Polyhydroxyalkanoates (PHA) being biological polymers have attracted great attention. PHA have similar properties to
that of synthetic plastic and are biodegradable. To discourage plastic pollution in the environment alternative solutions to
the plastic pollution has to be readily available. High cost in production of PHA limits the production of these polymers at
industrial scale. Bacteria are screened for PHA from diverse niches to meet the current requirements of cheap PHA produc-
tion at industrial level. The microbial biofilm formed on the surface of microplastic could be a potential source in providing
bacteria of economic importance. This paper is an attempt to search microplastic niche for potential PHA producers. PHA
production variation was observed with different parameters such as type of carbon source, nitrogen source concentration
and also time of incubation. Bacillus sp. CM27 showed maximum PHA yield up to 32.1% among other isolates at 48 h with
2% glucose as carbon source. Optimization of media leads to increase in PHA yield (37.69%) of CDW in Bacillus sp. CM27.
Amino acid sequence of Bacillus sp.CM27 showed the presence of PhaC box with sequence, G-Y-C-M-G-G having cysteine

in the middle of the box. The extracted polymer was confirmed by FTIR spectroscopy.

Introduction

Plastic production accelerated after its commercial develop-
ment in 1930 and 1940s as it turned out to be a convenient
and cheap material in use. Packaging materials developed
for immediate disposal have taken a major part of market
sector for plastic resins. Due to recent COVID-19 pandemic,
plastic waste generation has spiked adding to existing plas-
tic waste pollution [1]. Plastic pollution is a global threat
damaging aquatic as well as terrestrial life forms which have
been listed among existing threats such as climate change,
ocean acidification and ozone depletion [2]. Open disposal
of plastic without systematic waste management has con-
strained UN Sustainable Development Goals achievements
[3]. To combat rising pollution due to plastic use, alternative
material such as bioplastics obtained from PHA, accounting
for complete degradation into carbon dioxide and water [4],
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is required. Polyhydroxybutyrate (PHB) is a common type
of polyhydroxyalkanoates having similar properties to that
of conventional plastics such as polypropylene and polyeth-
ylene. Polyhydroxyalkanoates are synthesized by bacteria as
organic inclusion granules that represent as complex class of
storage polyesters mainly composed of hydroxy fatty acids
in the presence of high concentration of carbon source and
limiting one of the essential nutrients such as nitrogen, phos-
phorus, oxygen or sulphur. The discovery of PHB in Bacillus
megaterium bacterium leads the scope in finding different
types of polyhydroxyalkanoate in bacterial species. Over 90
bacterial genera are being marked to accumulate PHB and
related PHA intracellularly in gram-negative and gram-pos-
itive bacteria [5]. Bacteria from genus Bacillus are gaining
attention in terms of industrial use for PHA production due
to its capability of producing endotoxin-free PHA, beneficial
for applications in medical field.

PHA commercialization is deviating from the expected
market trend due to its high cost of production on an indus-
trial scale, which raises the cost of bioplastic in compari-
son with conventional plastic. Isolation of suitable bacterial
strain is the key starting point in PHA production at indus-
trial scale as the polymer produced can differ from 30 to
80% of the cell dry weight (CDW) based on the strain and
culture conditions [6]. Marine bioprospecting may lead to
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exploration of potential PHA producers as marine bacteria
are not much explored [7].

In the ocean, plastic debris is considered a novel type
of floating substratum for microbial attachment and trans-
portation over a long distance as this plastic lasts longer
than any other natural substrates like macroalgae, feathers
or wood. [8]. Microplastics are fragments of plastic marine
debris that are less than 5 mm [9]. The surface of plastic
promotes microbial biofilms due to its hydrophobic nature
[8]. Increased microplastic abundance in the ocean due to an
extrapolated increase in plastic pollution has aided micro-
bial biofilm formation on this artificial substrate. Micro-
plastics provide carbon sources to microbes that can cata-
lyse metabolic reactions which contribute to microplastic
adsorption, desorption and breakdown [10, 11]. Therefore,
a new microbial niche is furnished by microplastics in the
marine environment, having microbial diversity associated
with the surface of microplastics more or less differing from
free-living or other particles-associated in the surrounding
water. [12]. The goal of this research was to look for bacteria
potentially producing PHA intracellularly from the surface
of microplastics collected from marine debris at seashore.
PHA production within bacteria is influenced by external
environmental conditions such as carbon source type, time
required for PHA production, and high carbon and nitrogen-
limited conditions. By maintaining the culture conditions,
the objective was to get the maximum PHA-producing bac-
teria among the isolates. Currently, there are few reports on
bacteria isolated from biofilms obtained from the surface of
microplastics [13, 14].

Materials and Methods
Sample Collection

Microplastic pellets were searched and retrieved from the
debris collected on shore due to tides action with sterile
forceps. The Caranzalem beach was selected as location site
(15°27'59.4” N, 73°48' 17.1 ” E) and microplastic pellets
were transported under sterile condition.

Isolation, Identification and Screening
of PHA-Producing Bacteria

Microplastic pellets were rinsed with sterile distilled water
to remove the topsoil layer. The microplastic pellets were
vortexed with sterile saline and serial dilutions were carried
out. 100 pL of inoculum is plated on Zobell Marine Agar
(ZMA) medium (Himedia) and incubated for 24 h at 30 °C.
Based on morphological differences, each colony was picked
and purified by quadrant streaking.
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Marine basal medium (sea salt=2.8 g/100 mL, tryptone
broth=0.25 g/100 mL, yeast extract=0.1 g/100 mL) [15], and
modified E2 media (NaNH,HPO,.4H,0=0.35 g/100 mL,
K,HPO,=0.5 g/100 mL, KH,PO,=0.35 g/100 mL,
MgSO, =100 mM, 100 pL of MT microelement stock solu-
tion) plates were used for screening of PHA-producing bac-
teria by using 2% glucose as carbon source. Isolated bacte-
rial colonies were grown on these plates for 48-h’ incubation
at 30 °C. After incubation, the plates were screened for intra-
cellular lipid by using 0.02% of ethanolic solution of Sudan
Black B [16].

Bacteria stained positively with Sudan Black B were
identified by molecular method as a potential PHA pro-
ducer. Bacterial DNA was isolated by Genomic Extraction
Kit (Sigma Aldrich) method. Bacterial DNA was amplified
by using 16 S rRNA universal primers (forward 5'-GAG
AGTTTGATCCTGGCTCAG-3' (27 F) and reverse primer
5'"TACGGYTACCTTGTTACGACTT-3' (1492R) by poly-
merase chain reaction. Total 50 pL of reaction volume was
ran as PCR mixture containing 3 pL DNA template, 3 pL
of forward and reverse primers each, 25 pL of Master mix
(promega), and 16 pL of distilled water. The thermal cycling
program was carried out with an initial denaturation at 94 °C
for 4 min continued by keeping final denaturation at 94 °C
for 1 min with an annealing temperature at 55 °C for 1 min,
72 °C for 1 min which was of 35 cycles and final exten-
sion at 72 °C for 20 min. The amplified PCR products were
confirmed by gel electrophoresis method. Sanger’s dideoxy-
nucleotide chain termination method was used for sequenc-
ing after purification of PCR product. The sequencing was
carried out at Bioserve Biotechnologies India Pvt Ltd. The
similarity of the 16S rRNA gene sequences obtained was
checked with the bacterial sequences available at National
Centre for Biotechnology Information (http://www.ncbi.nlm.
nih.gov/blast) using Basic Local Alignment Search Tool
(BLAST) program. Mega 6 software was used to carry out
phylogenetic and evolutionary analysis by means of maxi-
mum likelihood method.

PHA Production

The selected bacterial strains were grown first in Zobell
marine broth (Himedia) and incubated at 30 °C for 24 h.
OD was taken at 600 nm. 2 mL of culture was inoculated
in 100 mL of marine basal medium media (MBM) with 2%
of glucose as carbon source. The culture was collected in
centrifuge tube at 48 and 72 h, respectively, and 5 ml was
centrifuged at 8000 rpm for 10 min with subsequent sterile
distilled water to remove traces of broth. The cell pellet was
dried and treated with 5 ml of 4% sodium hypochlorite fol-
lowed by incubation at 37 °C for 20 min. Centrifugation was
carried out at 8000 rpm for 10 min. Later pellet was washed
with cold diethyl ether [17]. The pellet is dissolved in hot
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chloroform and 0.5 mL overnight dried sample is further
assayed by Slepecky and Law’s method [18] for PHB quan-
tification. The standard graph was prepared of PHB obtained
from sigma in concentration of 1 mg/mL. The selected bac-
terial strains for PHA production were grown and quantified
in triplicates.

Optimization of Culture Growth and Media for PHA
Production

Time Course of Growth

The time taken for growth and the production of PHA by
bacterial culture CM27 was studied. 1% of pre-grown cul-
ture was used to inoculate 100 ml of MBM medium at 30 °C
for 150 rpm. After every 24 h’ interval, 5 mL broth was
removed during cultivation period up to day 4 and centrifu-
gation was carried out at 8000 rpm for 10 min. The dried
pellet was then assayed by Slepecky and Law’s method [18].
The experiment was conducted in triplicates.

Optimization of Culture Media for PHA Production

Optimization was carried out by changing one factor at a
time. The carbon source was changed in MBM by keeping
constant nitrogen source. In 250-mL flask, 100 ml broth was
prepared with 2% glucose, xylose and sucrose, respectively.
2 mL of pre-grown culture was inoculated in each flask
containing this media. After 48 h of incubation at 30 °C
with 150 rpm, 5 mL of culture was centrifuged and further
dried pellet was assayed by Slepecky and Law’s method.
After changing carbon source, nitrogen source was changed
sequentially. In 100 mL MBM broth, yeast extract concen-
tration in the range 0.5-1.5 g/L was taken in each flask with
2% glucose and 2.5 g/L tryptone broth. 2 mL of pre-grown
culture was inoculated in each flask containing this media.
After 48 h of incubation at 30 °C with 150 rpm. 5 mL of
culture was centrifuged and further dried pellet was assayed
by Slepecky and Law’s method. Later tryptone broth con-
centration was changed in the range of 1.5 to 3.5 g/L with
0.5 g/L difference. In 100 mL MBM broth, 2% glucose and
1 g/L yeast extract were taken as optimized parameters with
changing tryptone broth concentration. Similarly, 2 mL of
pre-grown culture was inoculated and after 48 h of incuba-
tion at 30 °C with 150 rpm, PHA quantification was carried
out as described earlier. Optimization experiments were car-
ried out in triplicates.

Primer Selection, Amplification and Sequencing of PHA
Synthase Gene

According to the published sequences of PHA synthase,
gene specific primers are reported by T.R. Shamala and

coworkers [19] for Bacillus spp. The primers BIF (AAC
TCCTGGGCTTGAAGACA) and BIR (TCGGAATAT
GATCACGGCTA) were used to amplify PHA synthase
gene from bacterial strain CM27 by polymerase chain reac-
tion. The reaction mixture consisted of template (3 pL), for-
ward primer (3 pL), reverse primer (3 pL), taq polymerase
mixture (25 pL), and water (16 pL), the total volume was
50 pL. The thermal cycler program was carried on applied
biosystem thermal cycler with following conditions, Initial
denaturation at 95 °C for 5 min and 40 cycles of 95 °C for
1 min, 52 °C for 45 s 72 °C for 1 min with final extension
at 72 °C for 10 min by following incubation at 4 °C. The
amplified PCR products were confirmed by gel electropho-
resis by visualizing DNA bands under UV transilluminator
and the analysed PCR products by Bioserve Biotechnologies
India Pvt Ltd were converted to fasta format. The sequences
were blasted on NCBI blast for similarity by blastx. The
sequences were submitted to NCBI for Accession number.

FTIR Analysis

The PHA extracted from CM27 culture was analysed by
FTIR spectroscopy. Shimadzu FTIR Affinity-1 spectropho-
tometer was used with spectral range, 4000-400 cm™!, to
record the IR spectra.

Statistical Analysis

Each sample was run in triplicates and standard deviation
was determined. The data obtained were analysed by one-
way ANOVA using Microsoft excel software to determine
the significance.

Results
Isolation and Screening of PHA-Producing Bacteria

Microplastic pellets were collected from the shoreline on
Caranzalem beach, Goa, India. In total, 30 bacterial strains
were isolated from the surface of microplastic pellets based
on morphological characteristics using Zobell Marine
agar. These isolates were screened for intracellular lipids
by staining with Sudan Black B; of these, 6 isolates were
positively stained. The negatively stained isolates were
discarded considering their inability to produce PHA. The
positively stained isolates were then cultured and identi-
fied using16S rRNA gene amplification product which
was around 1500 bp. Nucleotide sequences, procured from
Sanger’s dideoxy method (Analysis were carried by Bios-
erve), were blasted on NCBI Nucleotide Blast tool for bacte-
rial identification, considering the hits showing maximum
similarity. The nucleotide sequences were deposited to
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GenBank database with Accession numbers MT879600.2,
MT879601.2, MT879602.2, MT879603.2, MW397191.2
and MT907456.2. Two bacterial strains were of genus Bacil-
lus, two bacterial strains were of genus Priestia and two bac-
terial strains were of genus Pseudomonas. The phylogenetic
tree was constructed as shown in Fig. 1. by Mega 7 software
with maximum likelihood method.

Selection of Bacterial Isolate with High PHA
Accumulation

Quantitative estimation of PHA granules was carried out
by measuring PHB at 235 nm after converting it to cro-
tonic acid with concentrated sulphuric acid by maintaining
heating condition at 100 °C for 10 min. Bacillus sp. CM27

Fig. 1 The phylogenetic tree
of PHA-producing bacteria
isolated from microplastic and
its nearest neighbours derived
from the maximum likelihood
method based on the partial
sequence of the 16S rRNA
gene. GenBank accession num-
bers are indicated in parenthe-

(MW397191.2) showed highest PHB accumulation than
the other isolated strains in Marine Basal medium (MBM)
media with PHA yield maximum (32.2% per CDW) at 48 h
of incubation than 72 h of incubation. PHB accumulation
in CM36 was 26.29% for 48 h and decreased to 11.42%
for 72 h. The least PHB accumulation was seen in CM23
and CM26 that is in the range of 0.9-2.5% for 48 and
72 h. PHB accumulation in CM3 and CM 10 was 25.08 and
22.22%, respectively, for 48 h which decreased to 23.63
and 20.61% for 72 h, respectively. Among the six strains
of bacteria, CM27 was selected for further optimization
which is depicted in Fig. 2. By using one-way ANOVA,
there is significant difference in PHA production by iso-
lated bacteria wherein p value is less than F critical value
thus rejecting null hypothesis.

Priestia megaterium CM36 (MT907456.2)
85 Priestia megaterium MML5323" (MF687901.1)
Bacillus aryabhattai B8W22T (MW111192.1)

Bacillus sp.CM3 (MT879600.2)

sis. Type strains are used as ref-
erence strains with superscript
T. Bootstrap values (based on
1000 replication) > 50% are
shown at branch points. Bar,
0.05 means the nucleotide
substitution per position

Priestia megaterium CM10 (MT879601.2)

Priestia megaterium NBRC 15308 (MK424276.1)

Bacillus sp. CM27 (MW397191.2)

Pseudomonas hunanensis LV T (JX545210.1)

0.050

Fig.2 The selected screened
isolates accumulating PHA
grown in MBM media with 2%
glucose for 48 and 72 h of incu-
bation. PHA content in bacteria
was tested by Slepecky and
Law’s method wherein crotonic
acid is measured at 235 nm. The
results are averages of + stand-
ard deviations from three
separate experiments. *Statisti-
cal analysis was carried out by
one-way ANOVA test, *p value
(£0.05)

PHA accumulation %
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)

o

@ Springer

seudomonas sp. CM23 (MT879602.2)

Pseudomonas putida CM26 (MT879603.2)

Pseudomonas urethralis BML-PP042" (MT498801.1)

ht (mg)

= PHA%(48h)

eigl

;— PHA%(72h)
D —e—CDW (48h)
—#—CDW (72h)

ce

CcMm3 CM10
Bacterial strain

cMm27

CM36



Microplastics a Novel Substratum for Polyhydroxyalkanoate (PHA)-Producing Bacteria in Aquatic...

Page50f9 258

Optimizing Nutrient Composition of Marine Basal
Medium and Incubation Period for Increased PHA
Production

Incubation Period

In this study, the experiments were carried out by keeping
sea salt and carbon source (2%) concentration constant in the
given medium. The strain CM27 identified as Bacillus sp.
was grown in MBM broth and was sampled at regular time
interval that is from 24 to 96 h. It was observed that PHA
accumulation was high at 48 h and then decreased subse-
quently at 72 h and 96 h from 32.1% to 28.44% and 26.55%,
respectively, as shown in Fig. 3.a. Statistical method denoted
that there is significant difference in PHA production with
time with p value <0.05.

Carbon Source

Among the carbon sources used for PHA production, glu-
cose gave maximum PHA accumulation than sucrose and
xylose. PHA yield with glucose was 32.79%, sucrose as
29.99% and xylose gave only 12.73% PHA accumulation
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Fig.3 Effect on PHA production in Bacillus sp. CM27 during Opti-
mizing incubation time and nutrient composition of Marine Basal
Medium. Fig. a., Effect of Incubation condition on PHA production
in Bacillus sp. CM27. Fig. b. Effect of different Carbon source on
PHA production in Bacillus sp. CM27. Fig. c.,Effect of Yeast Extract
Concentration on PHA production in Bacillus sp. CM27. Fig. d,
Effect of Tryptone Concentration on PHA production Bacillus sp.

PHA Accumulation %

40 -

PHA Accumulation %

in Bacillus sp. CM27 at 48 h of incubation time (Fig. 3.b.).
There is a significant difference in PHA accumulation with
different carbon source derived by one-factor ANOVA with
p value <0.05.

Nitrogen Source

The concentration of nitrogen source in the media was
changed and PHA content was observed by keeping other
components constant in the given media. As the yeast
extract concentration increased, the PHA accumulation
also increased up to certain concentration of yeast extract
and with further increase in yeast extract in concentration
PHA accumulation decreased. With 0.5 g/L concentration
of yeast extract, PHA accumulation per CDW was 29.17%
and it increased to 32.44% with 0.75 g/L. There was not
much difference in PHA accumulation upon increasing yeast
extract to 1 g/L which gave PHA yield as 32.8%. PHA accu-
mulation decreased after the addition of 1.25 and 1.5 g/L of
yeast extract to 26.42% and 26.61%, respectively (Fig. 3.c).
The change in yeast extract concentration did not affect PHA
production much as there was no significant difference with
p value > 0.05 (p value =0.08).

* p<0.05
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CM27. Analysis was carried out by converting PHA to crotonic acid
by Slepecky and Law’s method measured at 235 nm. The results are
averages of +standard deviations from three separate experiments.
Fig. a, b and d *Statistical analysis was carried out by one-way
ANOVA test, * p value (<0.05). Fig. c. *Statistical analysis was car-
ried out by one-way ANOVA test, *p value (=0.08)
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By keeping the optimum yeast extract concentration
(1 g/L), further optimization of tryptone broth was carried
out. It was observed that at 2 g/L of tryptone concentration,
the Bacillus sp. CM27" gave maximum PHA accumulation
which is about 37.69% of CDW. PHA accumulation with
1.5 g/L of tryptone broth was 6.41% which was least among
other concentrations (Fig. 3.d). The subsequent increase in
the amount of tryptone broth source from 2.5 g/L, 3 g/L and
3.5 g/L increased CDW with decrease in PHA yield. Tryp-
tone broth concentration at 3.5 g/L in the medium decreased
the PHA yield drastically to 23.96%. Thus, proving that ade-
quate amount of nitrogen source proves to be beneficial for
synthesis of PHA within Bacteria. The change in tryptone
broth concentration showed a significant change in PHA
production with p value <0.05.

DNA Sequence Analysis of PHA Synthase Gene

The nucleotide sequence of PHA synthase gene was detected
with an open reading frame of 354 bp encoding a protein
with 118 amino acid residues. The pI and molecular mass
of the protein were 4.7 and 13,285 Da, respectively. The
PHA gene sequence of Bacillus sp. CM27 (GenBank No.
MW810070) is 100% identical to the Bacillus sp. C19 PhaC
gene sequence (ACJ63445.1.) as per the DDBJ/EMBL/Gen-
Bank databases. The catalytic domain of PHA synthase gene
from Bacillus sp. CM27 showed extensive homology with
PhaC subunits of the bacterial class IIl PHA synthases.

Amino Acid Composition of PHA Synthase Gene

Supplementary table 1 depicts the amino acid composi-
tion of the PHA synthase gene. In Bacillus sp. CM27 PHA
synthase gene, relatively high abundance of Aspartic acid
(D) 11.0%, Leucine (L) 10.2% was found. Analysis of the
amino acid sequence of Bacillus sp. CM27 PHA synthase
gene with other PHA synthase gene from bacterial isolates.
The presence of the PhaC box sequence at the active site
of catalytic subunit PhaC of PHA synthase gene is typi-
cally described as G-X-C-X-G-G (where X is an arbitrary
amino acid), with cysteine as an active centre, PhaC box
was observed in amino acid sequence of PHA synthase with
PHA box sequence as G-Y-C-M-G-G (Fig: 4).

FTIR Analysis

The infrared spectra of polymer extracted from Bacil-
lus sp. CM27 when grown in MBM media gave peak at
1733.12 cm™! (Supplementary material Fig. 5b) represent-
ing bands of carbonyl (C=0) stretch confirming that the
extracted polymer was PHA by the presence of functional

group.
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Discussion

The surface of plastic promotes microbial biofilms due to
its hydrophobic nature [8] and with the increase in amount
of microplastic in ocean due to plastic pollution, micro-
organisms are promoted to form biofilm on this artificial
substrate. Thus, a new microbial niche is furnished by
microplastic in the aquatic environment, and the microbial
composition here vastly differs when compared with sub-
strate-associated or free-living microbial diversity in the
given environment [12]. We attempted to isolate bacteria
from this novel substrate as it may provide a unique envi-
ronment and we may get novel PHA-producing bacteria.

Microplastic collected from seashore harboured Bacil-
lus and Pseudomanas bacterial genus with ability to pro-
duce PHA. Bacillus were dominant (66%) PHA producers.
Bacillus species are always termed beneficial over other
bacterial species in terms of PHA production as they lack
lipopolysaccharide layer that makes extraction much easier
[20]. Pseudomonas species in the presence of fatty acids
produce mcl-PHAs whereas majority of these species
examine so far are devoid of PHB synthesis ability [21].

In this study, Bacillus sp. CM27 showed high PHA accu-
mulation (0.53 g/L) at 2% glucose concentration compared
to sucrose (2%) and xylose (2%) in 48 h. Similar trend of
PHA accumulation was observed in studies reported by
Seid Mohammed and coworkers [21], where glucose pro-
duced higher amount of PHA than sucrose by using strains
of Bacillus sp. BPPI-19 and Bacillus sp. BPPI-14. The con-
centration of glucose and sucrose reported here was 1% in
Minimal Davis Broth (pH 7) and bacteria were grown for
72 h at 30 °C. PHA accumulation with glucose as a carbon
source was 0.5 and 0.47 g/L and for sucrose, it was 0.2 and
0.19 g/L for Bacillus sp. BPPI-19 and Bacillus sp. BPPI-14,
respectively. M.S. Sreekanth and coworkers [22] reported
that glucose at concentration of 20 g/L yielded PHA around
0.444 g/L. and sucrose yielded PHA production of 0.48 g/L.
by Bacillus sp. CFR 67. In the reports given by B.B. Sal-
gaonkar [23], H16 strain of Bacillus megaterium isolated
from solar salterns produced around 40% PHA per CDW
at 42 h in E2 mineral media with 2% glucose. The reported
study [24] says that during sucrose fermentation, Bacillus sp.
JMa5 strain yielded 25-35%, (w/w) PHB. Bacillus subtilis
25 and Bacillus megaterium 21 with 2% glucose in nutrient
broth yielded PHA around 19.51 and 19.49%, respectively,
which was reported by Yiiksekdag, Z. N. [25].

Bacteria grown in excess carbon and reduced nitro-
gen source synthesize intracellular PHA in presence of
high acetyl CoA, low free coenzyme A concentration and
high NADPH. When bacteria are grown in nutrient rich
medium, concentration of free coenzyme A is high and
PHA synthesis is low [26].
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It has been demonstrated that nutrient limitation triggers
the production of mcl-PHAs [27]. Nitrogen or phosphorus
limitation stimulated the synthesis of PHA in P. oleovorans
growing on n-alkanes, P. putida BMO1 and P. resinovorans
on octanoate [28] and P. putida KT2442 on oleic acid [29].
Contradictory observation was noted where nutrient limita-
tion was not useful for PHA synthesis in P. putida [30] and
also in P. oleovorans [31] on octanoate. It appears that the
relationship between growth conditions and PHA accumula-
tion is determined by the single factor such carbon source,
strain and cultivation conditions or a mixture of these factors
[32]. High cell densities of Pseudomonas putida KT2440
was attained by using glucose as carbon source through
automated feeding strategy [33].

In 2012, Sreekanth and coworkers reported that the
quantity of PHA production increased by the incorporation
of organic nitrogen source in production media than with
inorganic nitrogen source. In their study, the concentration
of nitrogen source as 0.2 g/L of tryptone yielded PHA as
0.012 g/L. Similarly, with yeast extract, PHA yield was
0.394 g/L. Protease peptone increased PHA yield of Bacil-
lus subtilis 25 and Bacillus megaterium 21% to 78.69% and
77.00% when used as nitrogen source [26].

Kranz and coworkers [34] demonstrated that phaC gene is
most important for synthesis of PHB by carrying out experi-
ments with single and double mutation in phaA and phaAB
that did not affect the PHA synthesis whereas single muta-
tion in phaC prevented PHB production. Molecular methods
for the detection of phaC gene that is assigned for encoding
PHB synthase in the bacterial genome can be considered
as confirmation of PHB production in the PHB-producing

MW810070 Bacillus sp.CM27 1
CJ63445.1 Bacillus sp. C19 1
ALI16883.1 Priestia megaterium 1
WP_205188800.1 Bacillus iocasae 1
WP_181538453.1 Anoxybacillus calidus 1
WP_147666195.1 Cerasibacillus terrae 1
WP_098561724.1 Bacillus cereus !
MW810070 Bacillus sp.CM27 81
CJ63445.1 Bacillus sp. C19 81
ALI16883.1 Priestia megaterium 81
WP_205188800.1 Bacillus iocasae 81
WP_181538453.1 Anoxybacillus calidus 80
WP_147666195.1 Cerasibacillus terrae 81

WP_098561724.1 Bacillus cereus

Fig.4 Multiple alignment of PhaC from Bacillus sp. C19, Priestia
megaterium, Bacillus iocasae, Anoxybacillus calidus Cerasibacillus
terrae, and Bacillus cereus with reported PHA synthases of Bacillus

SNMKLDDYIVDYIPKAAKKVLRTSKSPDLSVLGY(
SNMKLDDYIVDYIPKAAKKVLRTSKSPDLSVLGY(
SNMKLDDYIVDYIPKAAKKVLRTSKSPDLSVLGY(
SHMKLEDYVVDYIPKAAKKVLRTSGASELSVLGYC|
-KLKLDDYILDYIPRAVKKVLKTSKAEEVSVLGYC
QNMKLDDYILDYIPRAVKKVLRTSNEKNISILGYC
SHLKFDDFVFDYIAKAVKKVMRTAKSDEISLLGYC

bacteria. In current study, the deduced amino acid sequence
of the Bacillus sp.CM27" was matched with the other PHA
synthase sequences in the NCBI database by means of
BLAST search program, and it displayed high homology
with PHA synthase class III, PhaC subunit from Bacillus
sp. C19 (GenBank Accession No. ACJ63445.1).

The PhaC subunit is reported to have a lipase box-like
sequence, G-X-C-X-G [35], where X is considered to be an
arbitrary amino acid, which is actually named after the lipase
box sequence (G-X-SX-G) observed in lipases and also in
other related enzymes such as PHA depolymerases [36]. The
presence of Cys in the lipase box-like sequence is considered
to be an active centre of PHA synthases [37].

Amino acid sequence of Bacillus sp.CM27 showed the
presence of PhaC box with sequence, G-Y-C-M-G-G hav-
ing cysteine in the box. The amino acid sequence alignment
around the catalytic cysteine from various PHA synthases
mainly of Bacillus sp. is shown in Fig. 4. The presence of
PhaC box is obvious in all the sequences. There are reports
where the PhaCs from Halomonas strains have a similar
sequence (S-X-C-X-G) at the active site with the slight
difference is the first amino acid that is Gly in the lipase
box-like sequence is replaced with Ser [38]. PhaCs from
Paracoccus denitrificans and numerous other strains have
been projected to have a different active site sequence (G-X-
C-X-A) where the Ala is seen to replace second Gly in the
sequence [39, 40]. Nambu and coworkers [41] suggested
from his extensive work that the consensus sequence [GS]-
X-C-X-[GA]-G observed in all characterized PhaCs can be
called the ‘PhaC.

PhaC Box

FAALNEDLPIKNLIFMTSPFDFSDTGLYGAFLDDRYF 80
FAALNEDLPIKNLIFMTSPFDFSDTGLYGAFLDDRYF 86
FAALNEDLPIKNLIFMTSPFDFSDTGLYGAFLDDRYF 806
FAALNEDIPLKNLIFMTSPFDFSETGLYGHFLDERYF 80
FAALHPDLPIRNLIFLTSPFDFTDTGLYGKFLDERYF 79
FASLYPNLPIKNLIFMTSPFDFADTGLYGCFLDDRYF 80
YAALHPDMPIRNLIFMTSPFDFSETGLYGPLLDEKYF 80

NLDKAVDTFGNIPPEMIDFGNKMLKPITNFYGPYVTLVDR 120
NLDKAVDTFGNIPPEMIDFGNKMLKPITNFYGPYVTLVDR 120
NLDKAVDTFGNIPPEMIDFGNKMLKPITNFYGPYVTLVDR 120
NLDKAVDVLGNIPPEMIDFGNKMLKPITNFYGPYVTLVDR 120
NLDKAVDTFGIIPGEMIDFGNKMLKPLTNFYGPYVTLLDR 119
DVDKVVETLGNVPPEMIDFGNKMLKPITNFYGPYVNLLDR 120
81  NLDKAVDTFGNIPPEMIDFGNKMLKPITNFVGPYVALVDR 120

sp.CM27. Marked rectangular area in sequence alignment showed the
conserved PhaC box
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In FTIR spectroscopy, the characteristics of PHA band
reported by Hong and coworkers [42] were between 1728 and
1744 cm™" . Misra and coworkers [43] determined key PHA
bands at 1724 cm™! which was similar to PHB standard band
obtained (Fig. 5.a) in the current study. Extracted polymer
from CM27 grown in Marine basal medium gave PHA band
peak at 1733.12 cm™!. Depending on the crystallinity of the
PHA and polymer chain length, the peak location of the band
is known to differ [42].

Conclusion

This study exploits new insight for unexplored bacterial spe-
cies from microplastics paving opportunity to find potential
bacteria that would produce PHA on an industrial scale.
Each bacterial strain responds differently to media condi-
tions, the ratio between carbon and nitrogen of media is very
important in relation to both bacterial growth and the effi-
ciency of PHA biosynthesis. Lack of customized knowledge
of metabolic pathways limits its complete utilization as PHA
producers at optimization stage. Further studies can be car-
ried out by using cheap renewable waste as carbon source
to reduce the cost of PHA production, a step ahead in com-
mercialization of PHA bioplastic.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00284-022-02929-y.
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