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Abstract Plastic accumulation has become a seri-
ous environmental threat. Mitigation of plastic is
important to save the ecosystem of our planet. With
current research being focused on microbial deg-
radation of plastics, microbes with the potential to
degrade polyethylene were isolated in this study.
In vitro studies were performed to define the correla-
tion between the degrading capability of the isolates
and laccase, a common oxidase enzyme. Instrumen-
tal analyses were used to evaluate morphological
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and chemical modifications in polyethylene, which
demonstrated a steady onset of the degradation pro-
cess in case of both isolates, Pseudomonas aerugi-
nosa O1-P and Bacillus cereus O2-B. To understand
the efficiency of laccase in degrading other common
polymers, in silico approach was employed, for which
3D structures of laccase in both the isolates were con-
structed via homology modeling and molecular dock-
ing was performed, revealing that the enzyme laccase
can be exploited to degrade a wide range of polymers.
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Introduction

The functioning of our current world relies signifi-
cantly on plastics. Over the last 50-60 years, other
conventional materials have been supplanted by plas-
tics due to their durability. The diversity found in the
composition of hydrocarbons has led to the forma-
tion of over 20 different types of plastics including,
polyethylene (PE), polyurethane (PU), polypropylene
(PP), polystyrene (PS), polyvinyl chloride (PVC), pol-
yethylene terephthalate (PET), exhibiting highly ver-
satile properties such as high durability, light-weight
and low cost (Sivan 2011). It is the inimitability and
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the versatility of plastics that have paved the way for
their technological and societal benefits in the current
“Plastic age” (Thompson et al. 2009).

Globally, plastics are mass-produced in quantities
ranging from 350 to 400 million tonnes per year due
to their extensive use (Danso et al. 2019). Excessive
production and low recycling rates are the main rea-
sons why they have now become a serious threat to
the environment (Jaiswal et al. 2020). The extreme
resistance of plastics due to their hydrophobic nature
is an issue that requires immediate attention. Over a
period of time, discarded plastics get broken down
into smaller particles ranging around 5 mm due to
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weathering, UV radiation and the action of waves and
winds. These smaller broken-down plastic particles
termed as ‘Microplastics’ impose a serious hazardous
impact on the entire ecosystem and are categorized as
major pollutants on both land and water (Fotopoulou
and Karapanagioti 2017; Mohanan et al. 2020). Given
these circumstances, it has now become more impor-
tant than ever to speed up the degrading process of
plastics. Extensive studies employing microbes and
their enzymes could direct us towards a promising
solution.

Current research is centered on determining the
ability of bacteria, both individually and in consortia,
to break down the long hydrocarbon chain. Various
isolates from diversified sources such as contami-
nated soil and water bodies have been identified to
have this degradation ability (Sivan 2011; Gan and
Zhang 2019). According to the plastics microbial
bio-degradation database (PMBD) around 954 bac-
terial and fungal isolates have been studied across
the globe for their degradation efficiency (Gan and
Zhang 2019). Achromobacter sp. (Das et al. 2012),
Acinetobacter sp. (Cregut et al. 2013), Alcaligenes
sp., Arthrobacter sp., Comamonas acidovorans(Priya
et al. 2022), Corynebacterium sp. (Ali et al. 2021),
Lysinibacillus sp. (Mukherjee et al. 2016), Microbac-
terium sp., Micrococcus sp. (Ali et al. 2021), Steno-
trophomonas sp. (Dey et al. 2020), Paenibacillus sp.
(Bardaji et al. 2019) are some of the bacterial spe-
cies that have been reported to exhibit degradational
activity. Among fungal strains, Fusarium sp., Peni-
cillium sp. (Restrepo-Florez et al. 2014), Rhizopus
sp. (Kumar Sen and Raut 2015), Trametes versicolor
(Yang et al. 2014), Trichoderma sp. (Sowmya et al.
2014) were noted to have received attention owing to
their degradational ability. However, Acinetobacter
sp., Aspergillus niger, Bacillus sp., Pseudomonas sp.,
Rhodococcus ruber, and Trametes versicolor, are the
ones that have been extensively studied.

The secretion of extracellular enzymes and the for-
mation of biofilms, resulting in the structural change
of the hydrocarbon chain, have been identified as the
primary strategies used by microbes exhibiting deg-
radational activity. It has also been revealed that this
degradation process is aided by the involvement of
more than one enzyme (Das et al. 2012; Montazer
et al. 2020). In recent studies, shreds of evidence
have proved that initial oxidation of the hydrocarbon
chain is a main requisite for microbes to carry out

degradation, which is facilitated by the secretion of
these enzymes (Montazer et al. 2020; Restrepo-Flérez
et al. 2014).

Hence, in this study, laccase, a highly desired
enzyme with multiple industrial applications was cho-
sen to be explored, in order to understand its potential
in bio-degradation. Laccase was preferred due to their
frequent mentions in the recent metagenomic stud-
ies as one of the enzymes being primarily involved in
polymer degradation (Purohit et al. 2020). An attempt
was made in this study to investigate the relation-
ship between the oxidative enzyme laccase and bio-
degradation of polymers. To understand the role of
the laccase in in-situ degradation, laccase secreted by
the normal flora of the soil such as Bacillus cereus
and Pseudomonas aeruginosa were analyzed. With
respect to plastic to be treated, polyethylene was pre-
ferred for the study owing to its massive production
and minimal recycling rates. With almost 47 million
tonnes of polyethylene produced every year globally,
low density polyethylene (LDPE) accounts to around
55 percent of the total polyethylene produced. Among
which only 5% of them undergo recycling, thus, mak-
ing LDPE the right candidate for the study (https://
www.thebusinessresearchcompany.com/report/low-
density-polyethylene-global-market-report). In this
study, in vitro studies were carried out, where the
growth pattern of the microbes along with their deg-
radation potential and the level of secretion of the tar-
get enzyme were examined by culturing the isolates
in presence of LDPE. In addition, an in silico analysis
was also conducted by performing molecular dock-
ing for the target enzyme with common polymers to
determine the polymer against which the enzyme’s
degradation potential can be further exploited.

Materials and methods
Screening and isolation

The soil sample was collected from multiple sites in
the Municipal garbage dump yard located in Tam-
baram, a suburb in Chennai, India (12°56'03.8” N,
80°06'03.0” E). The collected soil sample was trans-
ferred to the lab in a sterile container which was then
used as the source for isolation of bacteria with the
potential to degrade plastics. The screening proce-
dure was carried out by weighing 1 g of the collected

@ Springer


https://www.thebusinessresearchcompany.com/report/low-density-polyethylene-global-market-report
https://www.thebusinessresearchcompany.com/report/low-density-polyethylene-global-market-report
https://www.thebusinessresearchcompany.com/report/low-density-polyethylene-global-market-report

386

Biodegradation (2023) 34:383-403

soil sample and adding it to the 9 mL of Brain Heart
Infusion (BHI) broth. This was incubated overnight
at 37 °C, 120 rpm to enrich the growth of microbes
present. 10 mL of the overnight enriched culture was
then used as inoculum in the 90 mL of Mineral salt
media, which composed of 0.5 g/L K,HPO,; 0.04 g/L
KH,PO,; 0.1 g/ NaCl; 0.002 g/L CaCl,*2H,0;
0.2 g/L (NH,2S0O, 0.02 g/L MgSO,7H,0;
0.001 g/L FeSO, with pH adjusted to 7.8 (Bardaji
et al. 2019). The only carbon source provided in the
medium was 1% of low-density polyethylene (LDPE)
sheets with dimensions 1Xx1 cm procured from
Apollo Plastics, Chennai, India. This experimen-
tal set-up was then incubated at 37 °C; 120 rpm for
30 days. During the incubation period, the cultures
were then plated onto BHI agar in intervals (7th, 15th
and 30th day).

Bacterial identification

The individual colonies observed on the agar plates
were the ones that were able to thrive with LDPE as
their sole source of carbon. Identification procedures
were performed for the isolates that consistently sur-
vived until the 30th day of incubation. Individual
colonies were streaked on HiCrome Bacillus agar for
preliminary identification (Alippi 2019). For identifi-
cation by MALDI-TOF/MS, pure colonies were sub-
mitted, which were processed using Bruker UltrafleX-
treme MALDI-TOF/MS. The dried droplet method
was used for spotting the sample, where a single col-
ony from the freshly streaked plate was evenly spread
onto the MALDI-TOF MS target plate followed by
layering the spotted dried culture with 1 pL of the
matrix, a- Cyano-4-hydroxycinnamic acid (HCCA)
(Avanzi et al. 2017). For confirmation, the isolates
were also subjected to 16S rDNA sequencing, which
involved amplifying the gene under standard condi-
tions using the universal primers 27F (5’-AGAGTT
TGATCCTGGCTCAG-3’) and 1492R (5’- TACCTT
GTTACGACTT-3’) and submitting it in for sequenc-
ing. Similarity searches of the nucleotide sequences
were performed with BLASTn, a tool provided by
the NCBI database to identify highly homologous
sequences. Phylogenetic relationship was established
between the identified isolates and isolates of the
same genera that had been previously reported for
their degradational ability. This was accomplished by
utilizing MEGA11 (Tamura et al. 2021), where the
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16S sequence of each isolates were initially aligned
using ClustalW, a package of MEGAL1I, and then a
phylogenetic tree was generated using the Neighbor-
Joining statistical approach with 1000 bootstrap
replications. The 16S sequences of the obtained iso-
lates were deposited into the GenBank database and
assigned an entry number.

Growth kinetics in presence of LDPE

Overnight cultures of the isolates were inoculated in
Mineral salt media in an 1:10 ratio and were incu-
bated at 37 °C overnight at 120 rpm in a shaker incu-
bator. The mineral salt media was supplemented with
1% LDPE. Control cultures were maintained where
the media was devoid of LDPE. OD measurements
at 620 nm were recorded every 24 h using a Thermo
Scientific Genesys UV-Visible Spectrophotometer
for the isolates grown in the presence and absence of
LDPE. This was performed for a period of 2 weeks
(Auta et al. 2017).

Qualitative assay for laccase enzyme production

The laccase secretion was assessed by using ABTS [2,
2- azino-bis (3-ethylbenzthiazoline-6-sulfonic acid)]
as substrate, which was procured from Sisco Research
Laboratories Pvt Ltd, India (Kang et al. 2019). The
cell-free supernatant was used as the enzyme source
for this experiment, as extracellular enzymes play a
key role in reducing the hydrophobicity of the poly-
mers. The isolates were cultured in mineral salt media
in the ratio of 1:10 in the presence and absence of
LDPE. The samples were collected on the 7th day
of their incubation so that the comparison of laccase
secretion level remains unskewed by the difference
in their growth rate. This time point was chosen as
the growth of the isolates grown in the presence and
absence of LDPE were on par with each other. The
collected samples were centrifuged at 6000 rpm for
10 min. The cell-free supernatant obtained was fur-
ther used for the assay as the enzyme source (Suzuki
et al. 2003). The acquired enzyme source was added
to the reaction mixture, which constituted 100 mM of
Sodium Acetate Buffer at pH 5, 0.1 M ABTS mak-
ing up to a total volume of 200 pL. The presence of
laccase in the system was assessed visually and was
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further confirmed by measuring the intensity of green
color formation by recording their absorbance at
420 nm (Kang et al. 2019).

Scanning electron microscopy (SEM)

Morphological changes in the surface topography of
the microbially treated and untreated LDPE sheets
were examined under a Hi-Resolution SEM (Thermo
Scientific Apreo S). In order to remove the bacteria
that adhered to the sheets, the LDPE sheets to be
observed were washed with 70% ethanol and air-
dried. This was followed by sputter coating the target
with aluminium. Untreated LDPE sheets that served
as control were also observed (Saeed et al. 2022; Jeon
and Kim 2013; Chatterjee et al. 2010).

Fourier transform infrared spectroscopy (FT-IR)

FT-IR was used to analyze the modifications in the
chemical structure of the polymer. Using the IR-
Tracer 100 from Shimadzu with Attenuated Total
Reflectance (ATR) as the recommended mode of
operation, the spectrum was captured between 4000
and 400 cm~!. The untreated and the microbially
treated LDPE sheets were submitted for analysis
(Bardaji et al. 2019).

X-Ray diffraction (XRD)

To compare the level of crystallinity between the
treated and untreated samples, an X-ray Diffractom-
eter, Bruker was employed. X-ray diffraction patterns
were obtained at a wide-angle operation mode with
an angular interval of 20 from 10° to 100° with an
increment of 0.02° per scan. The current and voltage
of the X-ray source were set at 40 mA and 40 kV with
Aat 1.5418 A. All the samples were analyzed at room
temperature and under standard operating procedures
(Mukherjee and Kundu 2014; Esmaeili et al. 2013).
The obtained XRD spectra was plotted using Orig-
inPRO 2022b and was further extrapolated to deter-
mine the percentage of crystallinity. The percentage
of crystallinity of each sample was calculated by the
following equation.

% Crystallinity = [(A2 +A3) / (A1 + A2 + A3)] x 100

where Al, A2 and A3 represents the integrated area
of characteristic peak of polyethylene 19, 21 and 23.7
at 20. (Maroof et al. 2020).

GC-MS analysis

To understand the intermediates formed during the
degradation process, the LDPE sheets were incu-
bated for two weeks with the respective isolates at
ambient temperature with continuous shaking. The
treated LDPE sheets were subjected to GC-MS analy-
sis with xylene as solvent using Shimadzu, QP2010
Plus. Untreated commercial LDPE sheet was used as
a control. The GC-MS was performed with the fol-
lowing parameters: The column flow was set to 1 mL/
min and helium was employed as the carrier gas. The
oven temperature was maintained at 35 °C, which was
then raised to 160 and 300 °C with a holding time of
3 and 5 min respectively. The temperature were raised
at the rate of 15 and 5 °C/min. The injection tempera-
ture was set at 300 °C while the pressure was main-
tained at 47.6 kPa (Shahnawaz et al. 2016; Sumathi
et al. 2016). The degradation products were identified
based on their mass spectra and retention times and
by comparing the key relevant peaks with the NIST
14s and the Wiley 8 database.

Modeling and validation of protein structure

Homology modelling was performed to generate
3D models for the enzyme laccase from Bacillus
cereus and Pseudomonas aeruginosa, due to their
unavailability. Sequences retrieved from Uniprot ID
AOAB855BJL6 and AOASDO9JAGO were used as tar-
get sequences for the enzyme from Bacillus cereus
and Pseudomonas aeruginosa respectively. The tar-
get sequences were subjected to BLASTp (Basic
Local Alignment Search Tool) in the PDB database.
Based on the results obtained, the 3D structures with
PDB IDs 6t0y, 1t8h, 6dZd, 1z9t and 7fbg were opted
as templates. 19 Homology models were generated
for each organism using Modeller 9.14, Swiss-Prot
and iTasser. The generated models were validated
by examining ERRAT (Colovos and Yeates 1993),
Verify3D (Bowie et al. 1991), ProSA (Wiederstein
and Sippl 2007) and Ramachandran plot (Liithy
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«Fig. 1 Isolated cultures O1-P and O2-B streaked onto A
HiCrome Bacillus agar and B Brain heart infusion agar for
growth and preliminary identification based on colony mor-
phology. On identifying the isolates by sequencing the 16S
rRNA gene, phylogenetic relationship was established between
polymer degrading species of the same genera C Pseudomonas
sp. and D Bacillus sp. by employing Neighbor-joining statis-
tical method, with bootstrap iterations set at 1000 which is
denoted as percentages in all branches. The nucleotide sub-
stitution is set at 0.01 per nucleotide position. The isolate
obtained in the study is mentioned with a marker and all the
isolates considered are provided with their GenBank accession
number in brackets

et al. 1992). These analyses provide us with the data
regarding the interaction among the non-bonded
atoms, compliance of the amino acid sequence of the
protein with the generated 3D model and other ste-
reo chemical qualities of the generated protein model
(Pontius et al. 1996).

Polymers used in the study

For the study, the most widely used polymers, including
polyethylene (PE), polyethylene terephthalate (PET),
polypropylene (PP), polystyrene (PS), polyurethane
(PU), and polyvinyl chloride (PVC) were chosen. The
3D structures of the above-mentioned polymers were
acquired from PubChem and Chemtube3D (https:/
pubchem.ncbi.nlm.nih.gov/) and (https://www.chemt
ube3d.com/).

Molecular docking

Molecular docking was performed using Autodock 4.2 to
predict the binding affinity that the laccase of the chosen
bacterial sources possesses for the target polymers. The
DoGSiteScorer-Binding site discovery tool (Volkamer
et al. 2012) was used to estimate the binding pocket of the
receptor. Prior to docking, the receptor molecules were
prepared by performing removal of water molecules,
addition of polar hydrogen and Gasteiger charges (Morris
et al. 1998). Every ligand was subjected to 10 Lamarckian
Genetic Algorithms with a maximum number of energy
evaluations set to 2,500,000. The docking score was cal-
culated in terms of binding energy for each polymer with
the laccase of both the organisms. The generated docked
conformations were visualized using open source molec-
ular visualization softwares such as PyYMOL and BIOVIA
Discovery Studio Client 2020.

Results
Isolation and identification of bacterial isolates

Individually streaked onto HiCrome Bacillus Agar for
preliminary identification were the cultures that were
able to survive in the mineral salt media until the 30th
day of incubation. The isolates O1-P and O2-B were
able to persist, which on streaking onto HiCrome
Bacillus agar differential media, exhibited distinctive
morphological characteristics (Fig. 1A). HiCrome
Bacillus Agar was chosen over other options in this
investigation, because it was anticipated that when
using soil as the sample source, the likelihood of iso-
lating a Bacillus sp is high. As mentioned by (Alippi
2019) Bacillus cereus produces bright blue colonies
on HiCrome Bacillus agar owing to the presence of
the enzyme beta-glucosidase in them, which breaks
down the chromogenic mixture in the media and pro-
duce blue colonies and hence, O2-B was tentatively
identified to be Bacillus cereus (Fig. 1). These iso-
lates were subjected to identification using MALDI-
TOF/MS, which identifies bacterial culture based on
their protein profiles. MALDI-TOF/MS identified the
obtained isolates to be Pseudomonas aeruginosa and
Bacillus cereus respectively, with a log score value
that ranged around 2 (Supplementary Figs. 1, 2).
This was further confirmed by sequencing their 16S
gene. The isolate O1-P exhibited 97.44% similarity
to Pseudomonas aeruginosa DSM 50071, whereas
the isolate O2-B showed 97.97% similarity to Bacil-
lus cereus ATCC 14579. The acquired 16S rDNA
sequences for the isolates O1-P and O2-B were
deposited in GenBank under the accession numbers
ON798416 and ON799262 respectively. To add upon,
the species obtained in this study have already been
reported to be capable of degradation in earlier inves-
tigations. Thus, these isolates may certainly be used
to understand the role of enzyme laccase in degrada-
tion (Bhatia et al. 2014) (Auta et al. 2017). Figure 1C,
D depicts the phylogenetic relationship established
between microbes of the same genus that have been
earlier reported for their degradation potential.

Growth kinetics in presence of LDPE
The sustainability of the isolates in the presence and

absence of LDPE sheets was assessed by monitoring
their growth in minimal media individually. During
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Fig. 2 Growth kinetics for the isolated cultures was monitored
for a period of 14 days by culturing the microbes in Mineral
salt media with only LDPE as carbon supplement. For com-

the initial phase of growth, the isolates were able to
survive by utilizing the residual media carried over
during inoculation. Around day 7 of incubation, the
samples that were not provided with LDPE sheets
started to slow down, while the isolates that were
provided with LDPE sheets as external carbon source
continued to grow progressively in their log phase.
Figure 2 depicts the growth profile of the isolates.
Both the isolates that were cultured in the absence
of LDPE sheets entered stationary phase early, with
their maximum absorbance not exceeding 0.4. This
reduction in growth rate could be attributed to the
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parison, control cultures were maintained without any form of
additional carbon source. A Pseudomonas aeruginosa O1-P, B
Bacillus cereus O2-B, C Co-culture (Both the isolates)

depletion of residual media and the lack of external
carbon source (LDPE sheets). While, the prolonged
log phase exhibited by isolates supplemented with
LDPE sheets emphasizes the ability of the obtained
isolates to utilize LDPE as their carbon source. In
particular, the isolate Pseudomonas aeruginosa
O1-P (Fig. 2A) cultivated in the presence of LDPE
remained in the log phase even after the 10th day of
incubation with their maximum absorbance ranging
around 0.8, clearly exhibiting a superior growth pat-
tern than Bacillus cereus O2-B (Fig. 2B).
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Fig. 3 The secretion of the enzyme laccase by the isolates was
observed both with and without LDPE (shown in the image
as LDPE +and LDPE—). Substrate called ABTS was used to
carry out the experiment. A The development of an intense
green colour denotes laccase formation. B The intensity of the
colour development was measured at 420 nm. The analyses
were performed in duplicates (n=3 replicates). The mean data
were used for preparation of the Fig. The bar graph was cre-
ated using Origin 2022b software. (Color figure online)

Qualitative assay for laccase enzyme production

The secretion of laccase by the obtained isolates as
a response to LDPE treatment was evaluated by per-
forming an assay that employs ABTS as substrate.
The cell-free supernatant of the cultures that were
grown with and without LDPE was used as the
enzyme source for this assay. The variation in the
intensity of the green color observed on performing
the assay indicates the level of laccase. As observed
in Fig. 3A, a significant rise in intensity was observed
in samples that were grown in presence of LDPE,
while the cultures grown devoid of LDPE did not
record an induced production of laccase. In specific,
the laccase level was notably higher in Pseudomonas
aeruginosa O1-P as compared to Bacillus cereus
02-B. The co-culture set-up that had both the isolates

ase det HV mago spot cu
andard LVD 20.00kV 10.0mm 800x 5.0 13pA 3.00 s

Fig. 4 At a magnification of 1000X, scanning electron micros-
copy was used to detect surface-level morphological changes
in the LDPE sheets that had been treated by microbes. LDPE
sheets that had not been treated served as the control. A Pseu-
domonas aeruginosa O1-P, B Bacillus cereus O2-B and C
Control

working in synergy also showed increased produc-
tion of laccase which may be mostly attributable to
the isolate Pseudomonas aeruginosa O1-P. The inten-
sity of the color formation observed visually was also
validated by measuring their absorbance at 420 nm as
shown in Fig. 3B.

@ Springer



392

Biodegradation (2023) 34:383-403

SEM analysis

The LDPE sheets that were subjected to microbial
treatment were examined for surface-level degenera-
tive characteristics, which revealed the formation of
fissures, holes, and grooves (Fig. 4A, B), suggesting
the possibility of the commencement of disruption in
the intact LDPE sheets. In contrast, the control LDPE
sheets that had not undergone microbial treatment
were observed to have majorly smooth and homoge-
neous surface. (Fig. 4C).

FT-IR

To look for modification in the chemical structure
undergone by the LDPE sheets after microbial treat-
ment, the FT-IR spectra of pure untreated LDPE
sheet were compared against the spectra of the LDPE
sheets that were treated with P. aeruginosa O1-P and
B. cereus O2-B. Characteristic peaks for LDPE were
noticed at 2850.83 and 2914.49 cm™! both indicat-
ing C—H stretching mode, 720.43 cm™! representing
CH, rocking vibration and 1469.78 cm-' represent-
ing C=C stretching vibration (Sowmya et al. 2014).

3 28 3 S @
& I3 2 g 5 S
& Q& & I c R
10
0 1 ] 1 g
AN A ‘ ‘
OH
-10 4
-
X -20 CH,
2 CH
‘®» -30
C
L
£ 404
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P.aeruginosa O1-P
€0 CHI! B.cereus 02-B
i ‘ —— Co-Culture
-70

T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
Wavelength (cm™)

Fig. 5 FT-IR spectra were obtained between 400 and
4000 cm™! for the LDPE sheets that had been subjected to
microbial treatment for 30 days. LDPE sheets that had not
been treated served as the control. The samples were treated
with microorganisms individually and in combination (Bacil-
lus cereus O2-B + Pseudomonas aeruginosa O1-P) denoted as
co-culture in the Fig. The graph was created using OriginPro
2022b software
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The band noticed at 1054—1200 cm™! in the untreated
LDPE was not detected in the other microbially
treated samples indicating a structural modification in
the treated LDPE sheets. Most importantly, the broad
peak at 3200-3500 cm™' was noticed only in the case
of Pseudomonas aeruginosa O1-P treated and the
co-culture set up, demonstrating the dominance of P.
aeruginosa O1-P over B. cereus O2-B in the degrada-
tion process (Fig. 5).

X-ray diffraction

The level of crystallinity of the LDPE sheets was
assessed by comparing the XRD spectra of the
untreated control sheet with that of the microbially
treated LDPE sheets. This would reveal the struc-
tural changes undergone by the polymer as a result of
microbial treatment. Maroof et al. 2020, in their study
have shown that the peaks at 19°, 21° and 23.7° which
are all reflections from the 001, 110 and 200 planes
respectively are all the characteristic peaks of pure
polyethylene. The intensity of the peaks is associated
with the crystallinity of the LDPE sheets (Mukherjee
and Kundu 2014). These specific peaks were moni-
tored in this XRD analysis, which revealed a dip in
their intensity in the case of microbially treated
LDPE sheets, thereby indicating the initiation of tran-
sition from a crystalline to an amorphous structure.
To understand this transition, % crystallinity was cal-
culated by considering the reference and characteris-
tic peaks of polyethylene (Table 1). The LDPE sheets
treated with P. aeruginosa O1-P has undergone about
8.9% decrease in crystallinity, whereas B.cereus
02-B has undergone about 7.3% decrease. In the co-
culture set-up, the authors were able to observe 10%
decrease in crystallinity (Fig. 6).

Table 1 Percentage of crystallinity of microbially treated and
untreated LDPE sheets

% Crystallinity

Control 80.8
P. aeruginosa O1-P 71.9
B. cereus O2-B 73.5
Co-culture 70.3
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Fig. 6 XRD spectra obtained at angles 10-40° for the LDPE
sheets that were microbially treated. LDPE sheets that had not
been treated served as the control. The samples were treated
with microorganisms individually and in combination (Bacil-
lus cereus O2-B + Pseudomonas aeruginosa O1-P) denoted as
co-culture in the Fig. The graph was created using OriginPro
2022b software

GC-MS analysis

GC-MS can provide valuable information about
the metabolic pathways utilized by the microorgan-
ism. The by-products formed due to the degradation
activity are revealed by the GC-MS analysis. The
spectra obtained from the LDPE sheets treated with
the isolates of this study shows the presence of inter-
mediates such as aldehydes, ketones and esters. The
compounds identified from the chromatogram of the
control samples were compared with the microbi-
ally treated samples (Table 2; Supplementary Fig. 3).
The GC-MS spectra reported the presence of silane,
which is used in the cross-linking of polyethylene
whose effect on the degrading process is not well
understood. The compounds such as oxalic acid,

and 1-hexadecanol with RT of 10.02 and 14.01 were
noticed in the sample treated with B. cereus O2-B,
whereas, in the sample treated with P. aeruginosa
O1-P, 1,2 naphthalene diol and dioctyadecyl diester
were observed with RT of 13.24 and 18.77 respec-
tively. Both the isolates reported the presence of alde-
hyde groups with RT of 7.72 indicating their degrada-
tion activity on the plastic sheets. The peaks denoting
the presence of solvent are not tabulated in Table 2.
The compounds reported in the GC-MS analysis fall
into the category of alcohols, aldehydes and esters
which are all identified to be intermediates in the
alkane-degrading pathways (Ru et al. 2020).

3D Model generation and validation

With more than 70 PDB structures available for vari-
ous fungal laccases, very few 3D structures were
available for bacterial laccases and thus homology
modeling was performed by choosing the closely
related structures as templates. The sequence data
for the laccase of B. cereus and P. aeruginosa were
obtained from Uniprot with ID AOA855BJL6 and
AOA8DIJAGO respectively. To identify the homolo-
gous relationship of the target sequences, BLASTP
was performed against the PDB database. The struc-
tures with a sequence identity of more than 30% were
opted as templates for both the sequences to perform
homology modelling. The generated homology mod-
els were examined and validated (Supplementary
Tables 1, 2) by analyzing their ramachandran plot
(Fig. 8A, C), ProSA (Fig. 8B, D), ERRAT and Verify
3D. The root mean square (RMSD) value which was
calculated by superimposing the generated models
with their respective template structures was crucially
considered to single out the most preferable model
(Fig. 7C, D).

For Bacillus cereus, the homology model number
19 (Supplementary Table 1) that had an overall qual-
ity factor of 89.28% generated by ERRAT was chosen
to be further used in the study. The selected model
also had a better RMSD value of 0.053 A and around
89.7% of their amino acid residues were placed in
the favorable region as per the Ramachandran plot
(Fig. 8A). The Verify3D score was recorded to be
91.39%, which also falls above the cut-off score to
qualify as a good model. To add upon, the structural
validation was performed by ProSA, which evaluated
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Table 2 List of identified compounds produced due to the degradation of polyethylene when treated with the isolates P.aeruginosa

O1-P and B.cereus O2-B

S.No. RT Control P.aer O1-P B. cer O2-B Name of the compound Reference library Entry No
1 3.49 v Silane NIST 14s 14723
2 4.56 v m-ethyl toluene NIST 14s 5431

3 4.89 v Xylene NIST 14s 2476

4 5.10 v 1,6 heptadien-3-yne NIST 14s 2711

5 7.35 v v v 1,4-diethyl benzene NIST 14s 6365

6 7.53 v v Acetophenone NIST 14s 4177

7 7.72 v v Benzaldehyde NIST 14s 5387

8 8.87 v 1-propanone NIST 14s 22139
9 8.97 v 1,2 propanedione Wiley8 42228
10 10.02 v Oxalic acid NIST 14s 197609
11 10.12 v Docosanoic acid NIST 14s 240614
12 13.24 v 1,2-Napthalene diol NIST 14s 51337
13 13.95 Isohexyl neopentyl ester NIST 14s 93800
14 14.01 v 1-hexadecanol Wiley 8 238037
15 18.77 v Dioctadecyl ester Wiley 8 388510
16 18.79 v 1-tetradecanol NIST 14s 139881
17 32.96 v 1,2-Benzene dicarboxylic acid Wiley 8 381700
18 37.17 Heptasiloxane NIST 14s 33493

*RT Retention Time

the z-score of the generated protein model to be —8.3.
As depicted by ProSA plot (Fig. 8B), the z-score of
the generated model is estimated to be within the
range of other native proteins of similar size, that
were determined by other experimental methods such
as X-Ray and NMR. Henceforth, taking into account
all the data obtained from various validation methods,
the model number 19 was considered to be a better
model to be further pursued in the study.

Similarly, in the case of Pseudomonas aeruginosa,
it was homology model number 19 (Supplementary
Table 2) that exhibited better configurations than the
others as validated by the methods mentioned above.
The selected homology model showed an over-
all quality factor of 89 and 96.73% being the score
generated by Verify3D validation. On validating the
model with the ramachandran plot (Fig. 8C), 87.60%
of amino acid residues were found to be present in the
favourable region, but had only 0.6% amino acid resi-
dues in the disallowed region, while the rest 10.7 and
1.1% of the amino acid residues fall under allowed
and generously allowed regions respectively. The
RMSD value was determined to be 0.638 A favouring
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the selection of this model. Furthermore, the z-score
obtained from ProSA validation was —5.74, which
also falls into the range of other similar native pro-
teins that were experimentally determined (as repre-
sented in plot Fig. 8D). Considering the data of all the
validation methods, homology model number 19 was
selected (Supplementary Table 2). The final 3D struc-
tures generated for the enzyme laccase of both organ-
isms were visually represented in Pymol, an open-
source molecular visualization software (Fig. 7A, B).

Molecular docking

The polymers were docked with the validated 3D
models generated for the enzyme laccase of Bacillus
cereus and Pseudomonas aeruginosa. The interac-
tion of the amino acids with the target polymers are
depicted in Figs. 9, 10. The data obtained from the
molecular docking study revealed that the residues
located around the Cu site were actively involved in
contributing to the catalytic domain of the protein.
It is the His47, His80, Cys121, Cys125, His142, His
250, Arg251 involved in interaction in B. cereus,
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Fig. 7 The generated 3D
models for the enzyme lac-
case for the isolated cultures
by Swiss-Model. A Bacil-
lus cereus O2-B [Model
No. 19]. B Pseudomonas
aeruginosa O1-P [Model
No.19]. Superimposed
imposed model of the built
3D model with the template
structure (PDB ID-7fbg).

C Bacillus cereus O2-B. D
Pseudomonas aeruginosa
O1-P

whereas it is His36, Val 68, Cys72, His89, Alal20,
lle125, His219, Arg220 in case of P. aeruginosa.
On closer inspection, it is evident that the aliphatic
hydrocarbons mostly interact via hydrophobic and
van der waals interactions, while the aromatic hydro-
carbons have been noticed to form H-bond with the
enzyme laccase. The predicted binding score and
interaction of the laccases with other common poly-
mers are tabulated in Tables 3, 4.

Discussion

Employing microbes for the bio-degradation of plas-
tics is currently being extensively investigated. It is
a well-known fact that soil microbes contribute to
the degradation of plastics, but, in their native state,
it takes around hundreds of years to achieve the
same. Pursuing clear knowledge of the mechanism
employed by these microbes would aid the research-
ers in engineering them to develop a real-life solution.

Hence, in this study, soil microbes from contami-
nated environments that have developed the ability to
thrive on LDPE as their sole carbon source were iso-
lated and identified via MALDI-TOF and 16s rDNA
sequencing. The screened LDPE degrading isolates
were identified to be Pseudomonas aeruginosa O1-P
and Bacillus cereus O2-B.

The identified isolates were monitored for their
growth pattern under the influence of LDPE to under-
stand their sustainability with LDPE as their carbon
source. As the overnight culture was added as inocu-
lum in the minimal media, the isolates were able to
utilize the carbon source from the carried-over media.
This was performed to stabilize the growth of the
isolates during the initial lag phase to avoid a com-
plete lack of carbon source. Interestingly, around day
7, as the residual carbon source in the media gradu-
ally depleted, the isolates began thriving on LDPE
sheets for their carbon source and recorded a steady
and prolonged log phase. While the isolates that were
not supplemented with LDPE sheets recorded slow
growth and entered the stationary phase early. This
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Fig. 8 The generated 3D models were validated by SAVES v6.0 using the Ramachandran plot and ProSA plot. A, B Bacillus cereus

02-B, C, D Pseudomonas aeruginosa O1-P

pattern was uniform to both of the obtained isolates
emphasizing their potential to sustain with LDPE as
their carbon source. This pattern of growth kinet-
ics observed in this study is in correspondence with
the earlier investigation where the growth pattern
of the isolate Pseudomonas citronellolis EMBS027
was assessed in presence of LDPE and glucose.
The isolate demonstrated a steady growth with their

@ Springer

maximum absorbance reaching up to 0.2 at 600 nm
when provided with glucose and 0.15 when supple-
mented with LDPE, at a similar time point, which
are almost on par with each other. This clearly shows
their ability to utilize and sustain with LDPE (Bha-
tia et al. 2014). This finding supports the claim
made in this study, that the isolates obtained in this
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investigation can maintain their growth cycle by sus-
taining with LDPE as their sole carbon source.

The understanding of the growth profile of the
obtained isolates helped in channelizing the study
towards understanding if the oxidative enzyme lac-
case has any role in the degradation process. With
recent studies revealing laccase as one of the predom-
inant enzymes in polyethylene degradation, the pres-
ence of laccase was assessed in the obtained isolates
(Santo et al. 2013; Sumathi et al. 2016; Ndahebwa
Muhonja et al. 2018). A laccase assay was employed
using ABTS as the substrate providing insights into
the relationship between the obtained soil isolates’
production of laccase and the breakdown process of
LDPE. In the current study, the production of lac-
case was observed to be induced in cultures that
were grown in presence of LDPE as their sole carbon
source in comparison to the cultures that were not
supplemented with LDPE. This increase in laccase

production observed under the influence of a poly-
mer (LDPE) was also noted by (Sumathi et al. 2016),
where, they illustrated how the production of laccase
by the bacteria Cochliobacillus sp. plays an important
role in the breakdown of low molecular weight PVC.
With a clear induction in laccase production noticed
in presence of LDPE, it could be implied that the
isolates are striving to survive in the nutrient-deficit
environment by triggering the production of laccase,
which would facilitate the bacteria to oxidize more
hydrocarbons, thereby increasing the susceptibility of
the hydrocarbon to fragmentation.

On establishing the association between the pro-
duction of laccase by the isolates and their sustain-
ability with LDPE degradation, the LDPE sheets
that were microbially treated were subjected to
instrumental examinations to analyze the structural,
morphological and chemical modifications that may
have occurred during the treatment. In recent studies,
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Table 3 The interactions of the various polymers with the amino acid residues of the enzyme laccase in Bacillus cereus, along with

their binding affinities

Polymers used

Bacillus cereus

Binding affin- H-interaction Hydrophobic interaction
ity (kcal/mol)
Polyethylene -2.67 - His47, His80, Cys121, Cys125, His 142, His 250, Arg 251
Polyethylene Terephthalate  —4.17 Cys 121, Cys 125 His 142
Polypropylene =23 - His 47, His 80, Cys 125, Ile 178, Tyr 183, His250
Polystyrene -1.05 - His 80, Cys125, Trp145, Trp146, Tyr183, Leu215, His 250
Polyurethane -5.57 Tyr122, His 142, His 80, Ala 123, Cys 125, His 250
Trpl145, Lys 146,
Arg259
Polyvinyl chloride -2.78 His250, His80, Trp145  His 47, Cys121, Ala 123, Cys 125

SEM, FTIR, and XRD

@ Springer

have been the most often
employed techniques to assess deterioration (Kun-
lere et al. 2019; Bardaji et al. 2019). Changes in the

surface topography of the LDPE sheets were observed
using SEM in the treated and untreated LDPE sheets
which indicates the disturbances in the intactness of
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Table 4 The interactions of the various polymers with the amino acid residues of the enzyme laccase in Pseudomonas aeruginosa,

along with their binding affinities

Polymers used Pseudomonas aeruginosa

Binding affinity

H-interaction

Hydrophobic interaction

(kcal/mol)
Polyethylene —-2.57 - His 36, Val 68, Cys 72, His 89, Ile 125, Tyr 130,
Ala 220, His 219
Polyethylene terephthalate -3.75 - Pro74, Prol123
Polypropylene —4.06 - Leu76, Alal20, Pro123, Ala 234
Polystyrene —4.08 - Leu76, Alal20, Pro123, Phe216, Ala234, Trp235
Polyurethane —4.58 GlIn34, Trp92, Cys72, His 36, Ala70, Lys229
GIn231
Polyvinyl chloride -3.83 - Pro74, Leu76, Alal20, Pro123, Ala234

the treated LDPE sheet (Fig. 4). Morphologically,
the introduction of grooves and fissures in the treated
sheets adds evidence to the occurrence of degrada-
tion. FT-IR was performed to obtain insights into
chemical modifications that the polymer would have
undergone. The broad peak recorded between 3200
and 3500 cm™' indicates the presence of a —OH
group. Since the hydrocarbon chain of the polymer
does not possess any —OH group in its native state
(as observed in control) (Fig. 5) the newly formed
—OH group in the microbially treated LDPE sheets
could be the resultant by-products from the oxidation
activity of the enzymes (Kumar Sen and Raut 2015;
Arregui et al. 2019). (Fig. 5). Importantly, as this
peak observed around 3200-3500 cm™! represents
the O—H group, it could also indicate the presence
of H-O-H. But due to the absence of a scissor peak
at 1630 cm™!, this broad peak would be associated
with the compound class of alcohols (Smith 2017).
As mentioned earlier, it is through the secretion of
enzymes that the microbes contribute to plastic deg-
radation. In specific, it is the oxidative enzymes such
as laccase that play a major role in initial degradation.
They function by oxidizing the terminal or sub-termi-
nal regions of the hydrocarbon chain, resulting in the
formation of alcohols, which are identified by FTIR
spectra and confirmed by GC-MS analyses in this
study. Also, given that laccase works by oxidation
and that Pseudomonas aeruginosa O1-P had recorded
an increased production of laccase, this OH peak
observed may be attributed to laccase’s activity. The
subsequent oxidations by these enzymes would result
in the formation of -CHO and —COOH groups in the
hydrocarbon chain, making them more susceptible to

fragmentation. The increase in the secretion of lac-
case under the influence of LDPE (as observed in the
ABTS assay) (Fig. 3) helps us to understand and cor-
relate the occurrence of the —OH peak (Fig. 5) with
the enzyme’s role in degradation (Dey et al. 2020;
Mohanan et al. 2020). On the other hand, no peak was
observed at the 3200-3550 cm™' region in the case of
B. cereus O2-B, which also corresponds to the very
weak colour development observed when assayed
for the presence of laccase. Additionally, the band
observed around 10541200 cm™! was noticed in the
untreated sample and disappeared after treatment.
This band is associated with siloxane (Si—O-Si), a
common additive used in the commercial manufactur-
ing of LDPE for improving the lubricity of polyethyl-
ene. The disappearance of this band and other chemi-
cal modifications observed in the structural backbone
of the hydrocarbon indicates the signs of degradation
(Launer and Arkles 2013). To add upon this, vari-
ations in the intensity of the peaks in the XRD dif-
fractogram (Fig. 6) were also analyzed, which dem-
onstrates the decrease in the amount of crystalline
nature of the LDPE sheets in the case of microbially
treated samples. The calculated % crystallinity aided
in determining the structural modification under-
gone by the treated LDPE sheets. The 8—10% reduc-
tion noticed in the crystallinity of the LDPE sheets,
indicates their gradual transition to amorphousness
(Maroof et al. 2020).

On confirming the degradation of LDPE by
assessing their morphological, chemical and struc-
tural modifications, the intermediates formed during
the process of degradation were also assessed. In an
investigation by Kyaw et al. 2012, the intermediates
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produced as a result of Pseudomonas sp. acting on
LDPE were examined by performing GC-MS analy-
sis. The finding shows about 18 different compounds,
including the 1,2-benzene dicarboxylic acid and
heptadecyl ester that are also reported in the current
study. A study by Sangale et al. 2019, also reported
the presence of similar intermediates suggesting the
degrading mechanism employed by the microbes
hardly differs. The alkanes [CH,-CH,—CH,], that
are subjected to treatment by microbes would result
in alcohols [CH,~CH,—-CH,—OH],, with the action
of oxidative enzymes. The oxidative enzymes would
add oxygen molecules in the terminal or sub-terminal
ends of the alkane chain (Amobonye et al. 2021). The
presence of 1-hexadecanol in the microbially treated
samples and their absence in untreated samples serve
as evidence for the first step of the degradation pro-
cess. Hexadecane (C,¢H;,) being a straight-chain
alkane, the presence of 1-hexadecanol (C,H;,0)
shows the occurrence of terminal oxidation, thereby
serving as a confirmation for the action of oxidative
enzymes. Further action of the microbes by enzymes
such as dehydrogenases and esterases are reported to
play an important role in the formation of carboxylic
acids, ketones, and ester groups during the polymer
breakdown (Mahalakshmi and Siddiq 2012; Pramila
and Vijaya Ramesh 2015). The presence of com-
pounds such as oxalic acids even more substantiates
the action of degradation. Additionally, esters are
also noted in the GC-MS reports, which are formed
as by-products during the process of sub-terminal
oxidation. In the present study, the presence of major
classes of intermediates substantiates the onset and
progression of the polymer breakdown. The com-
pounds identified in this study can help in further elu-
cidating the metabolic pathways in plastic degrada-
tion by microorganisms.

With the data obtained from instrumental analyses
like SEM, FT-IR, XRD and GC-MS, evidence for the
progressive commencement of degradation have been
provided in this study. This clearly explains that the
observed induced secretion of laccase is the response
mechanism adapted by the bacteria to survive in a
carbon-depleted medium. The secreted enzymes oxi-
dize the hydrocarbon chain causing structural modi-
fication leading to degradation. As a clear relation-
ship has been established between laccase and LDPE
degradation, the study was further extended in silico
to analyze the efficiency of this enzyme against other
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commonly used polymers such as PET, PP, PS, PU
and PVC.

Molecular docking studies were employed to
reveal the polymer with which our target enzyme
can bind with better affinity, implying the possibil-
ity of a higher rate of degradation (Tables 3, 4).
With existing data on laccase, it was understood that
the region around the T1 copper site of the enzyme
formed the catalytic region of the enzyme making it
favourable for the binding of ligands. As the laccase
of Trametes versicolor has been extensively studied,
it was understood that the residues His 66, His 111,
Phe 162, Leu 164, Phe 332 and Pro 391 involved in
ligand interaction, while Asp 206 in the same region
contributed to the ligand stabilization along with His
458 (Arregui et al. 2019). In specific, it is histidine
that is predominantly engaged in the interaction, by
playing an important role in ligand stabilization as
a proton donor and acceptor. Thus, with the major
interactive sites of laccase from earlier studies as
reference (Arregui et al. 2019; Scheiner et al. 2002),
the interactions noticed in this study were analysed.
As mentioned earlier, in laccase of B.cereus, His47,
His80, Cys121, Cys125, His142, His 250 and Arg251
were found to be predominantly involved in interac-
tions with all ligands, while in P. aeruginosa, it was
His36, Val 68, Cys72, His89, Alal20, Ile125, His219,
Arg220. Among the predicted interacting residues, it
is histidine that is frequently observed contributing
to ligand stabilization Arregui et al. 2019. Moreo-
ver, with laccase being a multi-copper oxidase, the
amino acid residues present around the Cu site were
found to actively contribute to the catalytic activ-
ity of the enzyme (Figs. 9, 10). Additionally, it was
observed that the laccase was able to interact with
aromatic hydrocarbons with better affinity by read-
ily forming hydrogen bonds, whereas, the interac-
tion with the aliphatic hydrocarbons lacked hydrogen
bonds. The stability of the ligands lacking hydrogen
bonds could be attributed to the numerous hydropho-
bic interactions noticed (Yadalam et al. 2021). With
the aid of the other hydrophobic and van der waals
interactions observed, the oxidative enzymes would
be able to act on the hydrocarbon chain, thereby
subsequently reducing the hydrophobicity of the
polymer and favouring the access of polymers to the
enzymes. Further, in order to determine the polymer
towards which the enzyme would be highly efficient,
the predicted binding score and various docked poses
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obtained were analysed. The laccase of P. aeruginosa
generated a binding score of —4.58 kcal/mol against
polyurethane followed by —4.08 kcal/mol for poly-
styrene (Table 4). Similarly, the laccase of B. cereus
also recorded a binding score of —5.57 kcal/mol
against polyurethane (Table 3). The obtained binding
scores are in range with the binding score exhibited
by PETase against PET in a recent study (Duru et al.
2021). This enzyme PETase has been experimentally
demonstrated and supported with multiple data for its
exclusive mechanism against PET (Tanasupawat et al.
2016; Joo et al. 2018; Duru et al. 2021). In short, this
study suggests that the laccase of Pseudomonas aer-
uginosa and Bacillus cereus can function with higher
efficiency, initiating the oxidation of polymer, leading
to a domino of reactions, that would eventually result
in the breakdown of the hydrocarbon structures (Hub-
bard and Kamran Haider 2010).

Conclusion

The findings of this study provides insights into
the degradation mechanism employed by microbes
involving laccase. We identified isolates Pseu-
domonas aeruginosa O1-P and Bacillus cereus O2-B
that were able to thrive with LDPE as their only
carbon source. Further, FT-IR data revealed that
the LDPE sheets treated with Pseudomonas aerugi-
nosa had undergone oxidation which can directly be
correlated with the induced production of laccase.
Despite the minimal induction in the laccase produc-
tion in Bacillus cereus, LDPE sheets treated with
Bacillus cereus also exhibited progressive onset of
degradation as monitored by SEM, FT-IR, XRD and
GC-MS profiling. This puts forward the statement
that the degradation process is not caused by a sin-
gle enzyme. With an established link between laccase
and bio-degradation, laccase’s effectiveness against
other common polymers was examined in silico. The
enzyme also demonstrated better affinity for poly-
mers other than PE in molecular docking studies,
demonstrating its efficiency in breaking down multi-
ple polymers, making them a potential candidate to
be further explored for degradation studies. Exploit-
ing these enzymes by delving into proteomics and
understanding their metabolic pathways is the key to

the development of scale-able technologies to address
this global concern.
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