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Abstract

Biodegradation is an eco-friendly measure to address plastic pollution. This study screened four bacterial isolates that were
capable of degrading recalcitrant polymers, i.e., low-density polyethylene, polyethylene terephthalate, and polystyrene. The
unique bacterial isolates were obtained from plastic polluted environment. Dermacoccus sp. MRS (accession no. OP592184)
and Corynebacterium sp. MR10 (accession no. OP536169) from Malaysian mangroves and Bacillus sp. BS5 (accession
no. OP536168) and Priestia sp. TL1 (accession no. OP536170) from a sanitary landfill. The four isolates showed a gradual
increase in the microbial count and the production of laccase and esterase enzymes after 4 weeks of incubation with the
polymers (independent experiment set). Bacillus sp. BS5 produced the highest laccase 15.35+0.19 U/mL and showed the
highest weight loss i.e., 4.84+0.6% for PS. Fourier transform infrared spectroscopy analysis confirmed the formation of
carbonyl and hydroxyl groups as a result of oxidation reactions by enzymes. Liquid chromatography—mass spectrometry
analysis showed the oxidation of the polymers to small molecules (alcohol, ethers, and acids) assimilated by the microbes
during the degradation. Field emission scanning electron microscopy showed bacterial colonization, biofilm formation, and
surface erosion on the polymer surface. The result provided significant insight into enzyme activities and the potential of
isolates to target more than one type of polymer for degradation.

Keywords Enzymes - Fourier transform infrared spectroscopy - Field emission scanning electron microscopy - Liquid
chromatography—mass spectrometry - Mangrove - Sanitary landfill
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to this work. The rapid increase in global plastic production from 1.5

million tons in the 1950s to 335 million tons in 2016 has
generated enormous plastic waste (Lebreton et al. 2018).
The continuous accumulation of plastic waste due to anthro-
pogenic activities has deeply disturbed land and ocean and
has contributed to increasing global warming and carbon
footprint. Some of the most commonly and widely used plas-
tic products are made of LDPE (low-density polyethylene),
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and create environmental and ecological risks (Teuten et al.
2009). Therefore, it is very important to take serious action
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to combat the challenge of plastic pollution and to overcome
its impact. Complete recycling of plastic is still unachiev-
able as only 9% to 12% of the total global plastic is recycled,
while the rest of the plastic waste generated is either inciner-
ated or dumped on land, ultimately settling down in nearby
water bodies or oceans (Jadaun et al. 2022). Plastic waste
accumulates in both terrestrial and aquatic ecosystems, pos-
ing a significant threat to animals. Ingestion of plastic mate-
rials by these animals leads to severe and often lethal effects
on their bodies (Quero and Luna 2017; Wang et al. 2022).
Plastic also alters the physical properties of the soil, plant
root traits, and nutrient uptake (Rillig et al. 2019). Although
the effect of plastic waste or microplastic on humans is still
unexplored, exposure to microplastic via inhalation can lead
to particle toxicity (Wright and Kelly 2017; Sun et al. 2021).

Out of many synthetic plastics released as waste, LDPE,
PET, and PS are the most common types of plastic waste
stream and constitute an approximate proportion of 20, 11,
and 6%, respectively (Fotopoulou and Karapanagioti 2017).
The natural degradation of plastic waste by hydrolysis,
biodegradation, and photodegradation has attracted much
attention in recent years (Cai et al. 2018). However, prop-
erties in the plastic like shape, size, hydrophobic nature,
high molecular weight, crystallinity, and additives prolong
the degradation process, if not negligible (Li et al. 2021).
Inherently, microorganisms are identified as the decompos-
ers of natural polymers by converting them into value-added
products (Jadaun et al. 2022). Subsequently, microbes are
also explored for the biodegradation of synthetic polymers
(Danso et al. 2019; Jadaun et al. 2022; Zhang et al. 2022)
such as LDPE by Acinetobacter pitti IRN19 (26.8% deg-
radation efficiency at 30 °C for 4 weeks, Montazer et al.
2018), Enterobacter cloacae AKS7T (9% degradation effi-
ciency when the polymer is processed at 30 °C for 45 days,
Sarker et al. 2020), Halomonas sp. (1.72% degradation
efficiency at 30 °C for 90 days, Khandare et al. 2021),
Brevundimonas sp. MGS1 (4.64% degradation efficiency at
37 °C for 30 days), Arthrobacter sp. SW4 (2.62% degrada-
tion efficiency at 37 °C for 30 days), and Arthrobacter sp.
PD2 (2.21% degradation efficiency at 37 °C for 30 days)
(Singh et al. 2023). Similarly, degradation of PET film was
observed using engineered Clostridium thermocellum (62%
degradation efficiency at 60 °C for 14 days, Yan et al. 2021),
and degradation of PS film was observed by Rhodococcus
ruber C208 (0.8% degradation efficiency in 56 days, Mor
and Sivan 2008), Exiguobacterium sp. YT2 (7.5% degrada-
tion efficiency in 60 days, Yang et al. 2015). The biodegra-
dation of synthetic plastic can be explained as changes in
the polymer structure and properties (such as reduction in
weight and mechanical strength) under the transformative
actions of microbial enzymes (Danso et al. 2019). During
polymer degradation, microbes first adhere to the surface,
thereby colonizing the surface. Microbes further secrete

@ Springer

extracellular enzymes, that bind to the polymer surface and
cause hydrolytic cleavage. The polymer is cleaved to dimers
and monomers and mineralized to carbon dioxide and water,
which are used by microbes as energy sources (Tokiwa et al.
2009). Compared to the traditional chemical recycling pro-
cesses, biocatalytic recycling is eco-friendlier as it offers a
definitive solution for clearing plastic waste, leading to a cir-
cular economy. Although the biodegradation of plastic waste
is well-defined, low degradation efficiency, long degradation
time, and lack of hydrolytic and functional groups in LDPE
and PS make it more challenging for biodegradation. Con-
sidering the ubiquity of plastic waste in different ecosystems
and the tremendous genetic diversity of microorganisms, it is
important to identify microbes that can target a wide variety
of plastics in the waste in a given biome. This will help to
screen the target-specific approach for the degradation and
will also help to identify the most efficient enzyme involved
during the degradation of a wide variety of plastic waste.
To achieve this, the present study was designed to explore
microorganisms from one of the most plastic-contaminated
sites i.e., sanitary landfill (sludge) and mangrove forests
(sediment). Sanitary landfill sites are preferred to discover
new microorganisms with plastic degrading ability due to
their pre-exposure and natural ability to degrade structures
similar to polymers (Song et al. 2015). Landfill ecosystems
are rich in aromatic and halogenated hydrocarbons like ben-
zene and tetrachloroethylene; microbes degrade and utilize
these hydrocarbons for their growth (Meyer-Dombard et al.
2020). Similarly, mangrove forests offer one of the extreme
environmental conditions, such as large quantities of carbon,
high salinity, pH, and anoxic soil. The roots of mangrove
forests often capture the plastic debris (a mixture of various
types of plastics) that are washed off the shore and from
waste generated at the terrestrial sites (Deng et al. 2021).
The plastic waste disintegrates into microplastic and is col-
onized by the microorganisms that consequently degrade
the plastic waste. Hence, mangrove sites also serve as the
ideal niche for discovering unique microorganisms for the
degradation of a broad variety of plastic. Although biodeg-
radation of plastic is one of the extensively studied topics,
most of the research papers are limited to structural changes,
surface topography, and viability of microorganisms dur-
ing degradation. Hence, questions such as the identification
of microbial isolates which can have a broad host range,
detection of some common enzymes that play a crucial role
during degradation, and by-product analysis released during
degradation can help to understand biodegradation in-depth
and ensure the process of complete degradation.
Therefore, the present study was designed to identify
plastic-degrading microorganisms that can degrade com-
mon polymers that constitute the maximum share in waste
generation i.e., LDPE, PET, and PS. Sludge and sediment
samples collected from Berjaya Sanitary Landfill, Bukit
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Tagar, Selangor, Malaysia, and Malaysian mangroves were
screened to isolate bacteria that can degrade the three differ-
ent polymers in the absence of carbon for 4 weeks. The deg-
radation of LDPE, PET, and PS was analyzed by determin-
ing the viability of cells, changes in the functional group of
the polymers, surface erosion, weight loss of the polymers,
enzyme production (laccase and esterase activity), and end-
product analysis to confirm the biodegradation. The outcome
of the study will highlight enzymatic activities and oxidation
and hydrolysis reactions involved in the degradation of the
recalcitrant polymers LDPE, PET, and PS. The end prod-
uct analysis will confirm the formation of small molecules
released during the degradation of polymers which can help
to understand the biodegradation mechanism in a better way.

Materials and methods
Polymer materials

Polyethylene (low density, pellet, CAS number 428043),
polystyrene (pellet, CAS number 331651) and polyethylene
terephthalate (granules, CAS number 429252) and culture
media (Maximum Recovery Diluent, Reasoner’s 2A agar,
and Bushnell Haas Broth) were purchased from Sigma-
Aldrich, USA. Solvents and chemicals utilized throughout
the experiments were of analytical grade (excluding metha-
nol, and HPLC grade). For the degradation study, the poly-
mers were surface sterilized in 70% ethanol in a glass petri
dish and dried at 55 °C in an oven dryer (Memmert, Malay-
sia). The pre-treatment of the three polymers was conducted
with ultraviolet (UV) radiation (30 W, with a UV intensity
of 125 uW/cm?) for 1 h in the Biosafety Cabinet, Microbiol-
ogy Lab, School of Science, Monash University, Malaysia.

Soil and leachate sample collection

Bacterial isolates were isolated from the leachate samples
collected from a sanitary landfill in Selangor (3°30'10"” N
101°28"24"E) and soil samples were collected from the
mangrove forest of Carey Island, Selangor (2°49"28"'N,
101°20"25"E), a state on the west coast of Peninsular Malay-
sia. Both mangrove and landfill projects have the following
myABS permit application; Ref: 131933 and Ref: 604107,
respectively. Both the samples were placed in sterile plastic
bags and transported to the laboratory for the isolation of
pure microbial cells.

Isolation and screening of bacteria
for biodegradation assay

Leachate and soil samples (1 mL) were diluted with 9 mL
of maximum recovery diluent (isotonic diluent containing

peptone 1.0 g/L and sodium chloride 8.5 g/L) at room tem-
perature (Montazer et al. 2018). The serially diluted diluents
were plated on R2A (Reasoner’s 2A agar) and incubated
at 37 °C overnight to obtain pure individual colonies. Pure
colonies were assessed for morphological characterization
and Gram stain analysis (Binnerup et al. 1998). Pure cultures
were suspended in 50% (v/v) glycerol/nutrient broth (Hime-
dia, India, Catalogue number MM244) and stored at — 80 °C
for long-term experimental studies. The microbial cells were
further screened for lipolytic enzyme activity qualitatively
(following the standard protocol of Jaiganesh and Jaganathan
2018). Isolates that exhibited an orange halo zone indicated
the hydrolysis reaction and were consequently selected for
the biodegradation assay. All the experiments were carried
out in triplicate (n=3).

Molecular identification of the bacterial isolates

The four pure culture isolates (two obtained from land-
fill and two obtained from mangrove soil) were obtained
by screening of the esterase enzyme. All the isolates were
grown in nutrient broth overnight at 37 °C. The bacterial
cells were centrifuged at 6000 rpm for 2 min to pellet down
the cells, and the supernatant was discarded. The bacterial
pellet was used for DNA isolation. Genomic DNA isolation
was performed using the VIVANTIS GF-1 nucleic acid iso-
lation kit following the manufacturer’s protocol. DNA qual-
ity and concentration were determined using the BioDrop
UV/VIS spectrophotometer by checking the absorbance ratio
at 260/280 nm. High-quality genomic DNA was subjected
to PCR amplification of the 16S rRNA gene. The gene was
amplified using the 27F (5'-AGAGTTTGATCCTGGCTC
AG-3") and 1492R (5'TACGGYTACCTTGTTACGACTT-
3") universal primers. The PCR conditions used were (i) 1
cycle of initial denaturation at 94 °C for 2 min; (ii) 34 cycles
at 94 °C for 30 s, 62 °C for 30 s, and 72 °C for 30 s for the
denaturation, annealing and extension steps, respectively;
and (iii) 1 cycle at 72 °C for 7 min for the final extension
of the amplified DNA. The PCR products were then puri-
fied using the QIAquick PCR purification kit (Qiagen) and
submitted for Sanger sequencing with the help of a com-
mercial service provider (Apical Scientific Sdn. Bhd., Selan-
gor, Malaysia). The DNA sequences obtained were analyzed
using the software Molecular Evolutionary Genetic Analysis
(MEGA) version 7.0 (Kim et al. 2012). The sequences were
trimmed for ambiguous nucleotides and assembled at the
overlapping regions. The 16S rRNA gene sequences were
then analyzed using the NCBI BLAST tool and EzBioCloud
server (http://www.ezbiocloud.net/eztaxon) to identify the
closest neighbors (Yoon et al. 2017; Larkin et al. 2007). The
16S rRNA gene sequences were aligned with the closest taxa
using ClustalW (Larkin et al. 2007). Using the aligned 16S
rRNA gene sequences, phylogenetic trees were built by the
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neighbor-joining (NJ) algorithm (Saitou and Nei 1987). The
robustness of phylogenetic inference from the tree topology
was estimated by 1000 bootstrap replicates. The 16S rRNA
gene sequences of the bacterial isolates were submitted to
GenBank (http://www.ncbi.nlm.nih.gov), and the accession
numbers are listed in Table 1.

Biodegradation of LDPE, PET, and PS

The four bacterial isolates were cultivated in nutrient
broth (HiMedia Labs) (overnight at 37 °C with agitation at
120 rpm) until the cultures attained log phase (absorbance
of 1.00 at 600 nm). The microbial counts of the inoculum
were recorded as colony-forming units (CFU/mL) (Kim
et al. 2023). The initial microbial count of the isolates was
recorded as 3.8 x 10° CFU/mL for MR5 and 4.8 x 10° CFU/
mL for MR10, 5.1 x 10° CFU/mL for BSS, 4.5 x 10° CFU/
mL for TL1, at the beginning of the biodegradation experi-
ment. The biodegradation experiment setup contained Bush-
nell Hass (BH) medium and UV-pretreated polymers (LDPE,
PET, and PS) (55 +0.3 mg), and the experiment setup con-
tained (i) polymers with bacterial isolates, (ii) only bacterial
isolates, and (iii) only polymers. All the flasks were kept in
the incubator shaker (Lab Companion, USA) at 37 °C at
90 rpm for 4 weeks. The degradation assay was carried out
in triplicates (n=3). The BHB media was screened for the
growth of bacterial isolates (by determining the OD value
at 600 nm, microbial viable count, and cell dry weight) in
7 day intervals for 4 weeks.

Determination of bacterial growth and dry cell
weight

The growth of the four bacterial isolates (MRS, MR10,
BSS5, and TL1) was measured by determining the absorb-
ance (Optical density) at 600 nm and microbial viable count
(CFU/mL) after 7 days intervals for 4 weeks using a UV
spectrophotometer (Tecan Spark 10 M, Austria) (Banerjee
et al. 1993). Baseline correction of the instrument was done
using the absorbance of the media without bacterial cul-
ture. In addition to bacterial growth, one mL of BHB broth
was withdrawn from each experiment setup and centrifuged

(12000 rpm, 5 min at 25 °C) to collect the cell pellets. The
pellets were dried at 45 °C (oven dryer, Memmert, Malaysia)
and were weighed to estimate the dry weight of the bacterial
cells (Ren et al. 2019).

Determination of weight loss of LDPE, PET and, PS

Weight loss of the LDPE, PET and PS were determined after
4 weeks of incubation. The polymers were suspended in the
sodium dodecyl sulfate (SDS) (2%) for 30 min followed by
washing with sterile distilled water for 20 min to remove
the excess bacterial cells from the surface. The granules
were dried overnight (50 °C in oven, Memmert, Malaysia)
to ensure complete drying before measuring the weight loss
(Harshvardhan and Jha 2013). The weight loss of the poly-
mers was calculated using the following formula:

Initial weight — Final weight

Weight loss(%) = x 100

Initial weight

Quantitative analysis of laccase and esterase
during biodegradation

Quantitative estimation of laccase enzyme activity was per-
formed in 7 day intervals for 4 weeks of incubation from
each experiment set (Khandare et al. 2021). The BHB broth
was centrifuged (6000 rpm for 5 min at room temperature)
to obtain cell-free supernatant, which was further used as an
enzyme against the respective substrate to quantify enzyme
activities. The reaction mixture contained 2 mM guaiacol
(1 mL), 10 mM sodium acetate buffer (pH 4.6, 3 mL) and
cell-free supernatant (1 mL). The reaction mixture was incu-
bated at 30 °C for 15 min (Papinutti and Martinez 2006).
Cell-free supernatant from the control flask served as a
blank to analyze the non-enzymatic degradation of the sub-
strate. The absorbance of the reaction mixture was recorded
at 450 nm. One unit of the laccase activity was defined as
1 pmol guaiacol transformed into product per minute at
30 °C.

Quantitative estimation of esterase activity was deter-
mined quantitatively following protocol by Kay et al.

Table 1 16S rRNA gene analysis of plastic degrading bacteria with reference to EzBioCloud

Strain  Sequence  Gen bank accession Top match in EzBioCloud Accession number Similarity (%)
length (bp) number of the identified published in EzBio-
isolate Cloud
MR5 1462 OP592184 Dermacoccus nishinomiyaensis strain DSM 20448(T) X87757 99.72
MRI10 1456 OP536169 Corynebacterium sanguinis CCUG 58655(T) FJ269041 100
BS5 1475 OP536168 Bacillus siamensis KCTC 13613(T) AJVF01000043 99.86
TL1 1389 OP536170 Priestia megaterium NBRC 15308(T) JIMHO01000057 99.71
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(1993). The reaction mixture contained 0.8 mL phosphate
buffer (0.1 M, pH 7.0), 134 uL of substrate PNP (p-nitro-
phenyl butyrate), and 0.066 mL of cell-free supernatant and
incubated at 30 °C for 30 min. The reaction mixture was
observed for the color change, and absorbance was measured
using a spectrophotometer at 410 nm. Cell-free supernatant
from the control flask served as a blank to analyze the non-
enzymatic degradation of the substrate. One unit of esterase
activity was defined as the amount of enzyme required to
release 1 uM of PNP per minute at 30 °C.

Characterization of the degraded polymer by FTIR
spectroscopy

LDPE, PET, and PS recovered from each treatment after
4 weeks of treatment were washed with sterile water and
disinfected with ethanol (70%) to remove excess bacterial
cells from the surface. The granules were dried overnight
(50 °C in oven, Memmert, Malaysia), and analyzed using
attenuated total reflection Fourier-transform infrared spec-
troscopy (Perkin Elmer FT-IR C106361). The changes in
the functional groups were identified based on the peaks
detected in the spectra. The absorbance was determined in
the mid-IR region of 400-4000 cm™! wavenumber (modified
from Albertsson and Karlson 1990).

Field emission scanning electron microscopy
analysis of degraded polymer

Polymers (LDPE, PET, and PS) were recovered after
4 weeks of incubation from each treatment to observe the
bacterial colonization and changes in the structural mor-
phology using Field emission scanning electron microscopy
(FESEM). Each polymer sample was washed with 2% SDS
(Sodium dodecyl sulfate) solution followed by rinsing in dis-
tilled water for 30 min to remove excess bacterial cells from
the surface and dried (50 °C overnight, Lab dryer, Model
FDD-1000D, Malaysia). Dried polymers were gold-coated
(Quorum, Q150R Rotary Pump Coater, UK) to increase the
surface conductivity, and images were obtained from the
FESEM microscope (Hitachi SUS010, USA).

Detection of compounds by liquid chromatography-
mass spectrometry analysis

Liquid chromatography—mass spectrometry (LC-MS) analy-
sis was performed using cell-free supernatant after 4 weeks
of degradation assay. BHB broth (30 mL) was collected
from each experiment set and centrifuged at 12,000 rpm for
10 min at room temperature. The supernatant was collected
and freeze-dried. Freeze-dried samples were dissolved in
methanol (1 mg/mL) and sonicated for 10 min. The result-
ant supernatant (1 pL) was used for LC-MS (Agilent 1290

Infinity LC system coupled to Agilent 6520 Accurate-
Mass Q-TOF mass spectrometer with dual ESI source,
School of Medicine, Monash University Malaysia). The
column used was Agilent Eclipse XDB-C18 Narrow-bore,
150 mm X 2.1 mm, 3.5 micron (P/N 930990-902), at 25 °C,
the flow rate was 0.5 mL/min and the run time was 30 min.
Data analysis was carried out using Agilent Mass Hunter
Qualitative Analysis B.07.00.

Statistical analysis

Data were analyzed statistically using the Statistical Package
for Social Sciences (SPSS) software. The data were sub-
jected to a one-way analysis of variance (ANOVA) for main
effects followed by the Tukey post hoc test at p value <0.05.

Results and discussion
Biodegradation of LDPE, PET, and PS

In the present study, soil and sediment samples from the
two most plastic-polluted sites (mangrove forest and sani-
tary landfill) were screened for the degradation study. In the
past 2 decades (2000-2021), 290 research articles describing
plastic degradation have been published (Akinpelu and Nchu
2022), and most of them have presented partial degrada-
tion or structural damage of the plastic. It is, therefore, very
important to identify and screen common microorganisms
that can target more than one type of plastic to accelerate the
degradation capacity. The present study showed the identi-
fication of novel isolates from plastic-polluted sites that had
a broad host range and were able to target one of the most
common pollutants in the environment (LDPE, PET, and PS,
together constitute 37% of plastic waste generated, Fotopou-
lou and Karapanagioti 2017). In the present study, the three
polymers LDPE, PET, and PS were pre-treated by using UV
radiations. The process of pre-treatment using UV rays is
a well-studied and environmentally friendly technique. In
nature, biodegradation of plastic waste is only carried out
by microorganisms after the physiochemical deterioration
(Gewert et al. 2015). It was observed that the UV treatment
reduced the hydrophobicity of the polymers and enhanced
the enzyme activity for bacterial surface colonization as seen
in FESEM images. By-product analysis (LC-MS) showed
the formation of short-chain compounds (such as ether, ester,
and alcohol). It is reported that UV or heat pre-treatment can
generate oxygen free radicals within the polymeric surface,
that further participate in the polymer degradation pathway
to form short-chain compounds (olefins and ketones). These
short-chain compounds are easily attacked by exoenzymes
secreted by microorganisms for further degradation (Gew-
ert et al. 2015; Yamada-Onodera et al. 2001). One of the
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earlier studies has shown the successful implication of UV
rays (longer incubation time, shorter distance, and a dose of
7.02x 102 pW cm~? s) resulted in higher roughness, hydro-
philicity, biofilm formation, and surface degradation of PS
and LDPE after 45 days of incubation (Taghavi et al. 2021).
Alternatively, Montazer et al. (2018) showed that the pre-
treatment with UV radiation (artificial and natural) modified
the LDPE surface and accelerated the biodegradation.
Identification of the bacterial isolates was performed
using partial 16S rRNA gene sequencing, phylogenetic
analysis, and sequence similarity is presented with the top
match from the EzBioCloud database (Fig. 1). The isolates
(MR5, MR10, BS5, and TL1) were screened qualitatively for
lipolytic activity (Fig. S1) and further selected for biodegra-
dation analysis of LDPE, PET, and PS. The 16S rRNA gene
sequencing of the isolates obtained from mangrove sedi-
ment i.e., MRS showed 99.72% sequence similarity with
Dermacoccus nishinomiyaensis strain DSM 20448(T).
Dermacoccus sp. MRS is an aerobic Gram-positive coccus
bacterium and it belongs to the Dermacoccaceae family that
has been studied in the degradation of polyethylene (Bolo
et al. 2015) but the mechanism and the enzymes involved
in the degradation were not explored. Also, Dermacoccus
sp. MRS has not been explored in the degradation of any
other polymers. Similarly, MR10 showed 100% 16S rRNA
gene sequence similarity with Corynebacterium sanguinis
CCUG 58655(T). Corynebacterium sp. MR10 is an aerobic
Gram-positive short rod-shaped bacterium, and it belongs

(a)

= Dermacoccus barathri MT2.17 (AY894328)
100’ Dermacoccus profundi MT2.2T (AY894329)
" Dermacoccus abyssi MT1.1T (QWLMO01000032)

‘ Dermacoccus sp. MRS

100
Dermacoccus nishinomiyaensis DSM 204487 (X87757)

Calidifontibacter terrae R161" (KU881047)

0.0050

(c) w4 Bacillus cabrialesii TE3T MK462260
27, ' Bacillus inaquosorum KCTC 13429" AMXN01000021
Bacillus halotolerans ATCC 250967 LPVF01000003
Bacillus mojavensis RO-H-1T JH600280
Bacillus tequilensis KCTC 13622" AYTO01000043
14l Bacillus spizizenii NRRL B-23049" CP002905
Bacillus stercoris JCM 300517 MN536904
&7 Bacillus subtilis NCIB 3610T ABQL01000001
| Bacillus vallismortis DV1-F-3T JH600273
Bacillus nakamurai NRRL B-410917 LSAZ01000028
50f Bacillus sp. BS-5
50 Bacillus siamensis KCTC 136137 AJVF01000043
Bacillus amyloliquefaciens DSM 77 FN597644
Bacillus velezensis CR-5027 AY603658
Bacillus atrophaeus JCM 90707 AB021181

33 54

64

to the Corynebacteriaceae family. The common habitats
for the bacterial family are soil, water, and plants, and the
members have been earlier explored in the degradation of
hydrocarbons (Zhang et al. 2016), but have not been stud-
ied in plastic degradation. Alternatively, 16S rRNA gene
sequencing of the isolates obtained from the sanitary landfill
i.e., BS5 showed 99.86% sequence similarity with Bacil-
lus siamensis KCTC 13613 (T) and has been explored in
the degradation of LDPE (Maroof et al. 2021), however the
enzymatic mechanism of action was unexplored. Similarly,
TL1 showed 99.71% 16S rRNA gene sequence similarity
with Priestia megaterium NBRC 15308 (T). Priestia sp. TL1
is a Gram-positive rod-shaped bacterium that belongs to the
family Bacillaceae. Priestia sp. TL1 has been explored in
the bioremediation of salinized soil and metal removal (Bie-
dendieck et al. 2021). The relationship between isolates and
the type of members of their respective genera is presented
in the phylogenetic tree (Fig. 1). All four isolates served as
novel candidates to be studied in the degradation of LDPE,
PET, and PS.

LDPE, PET, and PS were screened for biodegradation by
analyzing bacterial growth (absorbance and microbial count)
(Fig. 2 and Fig. 3), cell dry weight (Fig. 4), and quantifica-
tion of laccase and esterase enzymes (Fig. 5 and Fig. 6).
Residual polymers were collected after 4 weeks of incu-
bation in the BHB media to analyze weight loss (Fig. 7),
surface damage (Fig. 8), and structural changes (Table 2).
The identification of small molecular weight compounds

(b)

100 | Corynebacterium sanguinis CCUG 58655™ FJ26904 1
Corynebacterium sp. MR-10
Corynebacterium qintianiae MC1420T MT043933
n| Corynebacterium mycetoides DSM 206327 LT629700
s Corynebacterium liangguodongii 2184 MG798930
| Corynebacterium lipophiloflavum DSM 442917 ACHJ01000075
DSM 442807 jgi.1096551

Cor um af subsp. afe
Corynebacterium timonense 54017447 CAJP01000048

Corynebacterium capitovis DSM 446117 AQUV01000005

(d)

78| Priestia aryabhattai BBW22 EF114313 99.57
52/t Priestia gingshengii G19 JX293295 97.93
98} Priestia megaterium NBRC 15308 JJMH01000057 99.71
100, Priestia sp. TL-1
Priestia flexa NBRC 15715 BCVD01000224 98.64
L Priestia paraflexa RC2 FN999943 97.8

Priestia koreensis DSM 16467 LILC01000014 95.92

Metabacillus iocasae S36 KY462210 96.57

00050

Fig. 1 Neighbor-joining trees showing the phylogenetic relationship of bacterial strains (a) MRS5; b MR10; ¢ BS5 and d TL1 and their closest
relatives based on 16S rRNA gene sequences. The number displayed at nodes are bootstrap values based on 1000 replications
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Fig.2 Absorbance measurement of bacterial growth at 7 day inter-
vals for 4 weeks during (a) LDPE; b PET, and ¢ PS degradation with
MRS5S, MR10, BS5, and TL1. Error bars indicate the standard error

released during degradation assay is presented in Table 3.
During the LDPE degradation, after 1 week of incuba-
tion, the four bacterial isolates Dermacoccus sp. MRS,
Corynebacterium sp. MR10, Bacillus sp. BS5 and Priestia
sp. TL1 showed growth which was recorded as increased
microbial count and cell dry weight (Figs. 3 and 4). Out of
the four isolates, BS5 was observed to be the most efficient
isolate for the degradation of all three polymers and this was
followed by TL1. The maximum absorbance (OD 600 nm)
for LDPE with BSS5 was recorded to be 0.327 +0.029, with
a microbial viable count of 8.01 x 10’ CFU/mL and dry
cell biomass as 0.066 +0.001 mg/mL. This was followed
by TL1, where maximum absorbance was recorded to be
0.166 -+ 0.008, microbial viable count of 6.21 x 10’ CFU/mL,
and dry cell mass of 0.0572 +0.008 mg/mL. Further BS5
produced the highest amount of laccase (12.33+0.7 U/mL)
and esterase (0.13+0.003 U/mL), followed by TL1 (laccase
produced, 7.06+0.4 U/mL and esterase, 0.09 +0.001 U/
mL) after 4 weeks of degradation (Figs. 5 and 6). The

(n=3). Values followed by the different letters are significantly differ-
ent within sampling days

isolate BS5 showed a weight loss of 3.83 +0.8% fol-
lowed by TL1 (2.21 £0.2%) (Fig. 7). Similarly, bacterial
isolates MR10 showed increased growth (0.165 +0.0039,
microbial viable count of 6.12x 10’ CFU/mL, dry cell
biomass of 0.044 +0.008 mg/mL) for 4 weeks. The iso-
late also produced laccase (6.78 0.7 U/mL) and esterase
(0.09 +£0.003 U/mL) and showed a weight loss of LDPE
(2.1£0.1%). The growth for the three isolates was recorded
to be increasing after 4 weeks of incubation. Alternatively,
MRS showed a decline in the growth after 21 days of incu-
bation. The isolate produced laccase (4.22 +0.2 U/mL) and
esterase (0.011+0.0003 U/mL) after 3 weeks of incuba-
tion, which was recorded to be highest in the 4 weeks and
showed a weight loss of 1.91 +0.2%. The growth, produc-
tion of enzymes (laccase and esterase), and weight loss of
LDPE showed the efficiency of all the isolates in utiliz-
ing LDPE as the sole carbon source during the degrada-
tion assay. LDPE has a C—C backbone which makes them
recalcitrant to biodegradation. UV-pretreatment of LDPE
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Fig.3 Determination of microbial viable count at 7 day intervals for 4 weeks during (a) LDPE; b PET, and ¢ PS degradations with MRS, MR10,

BS5, and TL1. Error bars indicate the standard error (n=23)

initiated auto-oxidation that facilitated surface coloniza-
tion and biofilm formation by bacterial isolates (Dey et al.
2020). The auto-oxidation resulted in the formation of low
molecular weight fragments such as alcohols, aldehydes,
and ketones via enzymatic activities. Laccase belongs to the
oxidase group of enzymes that performs depolymerization
of polymer chains by oxidative cleavage of the amorphous
region. The oxidative cleavage hence provides an accessi-
ble carbonyl region within the polymer chain (here LDPE)
for degradation (Kang et al. 2019). In the present study,
laccase mediated the oxidation of hydro-carbon backbone
of the polyethylene which initiated degradation (produces
water as a by-product) (Nunes and Kunamneni 2018) as evi-
denced by the weight loss recorded. The most significant
role of laccase was reported during the depolymerization
of polyethylene via oxidation of the polymer backbone by
Santo et al. (2013). The study also reported the efficiency to
degrade polyethylene immediately within 2 days of incuba-
tion. Some of the genera that have been reported for LDPE
degradation include Bacillus (10.7% weight loss in 28 days),

@ Springer

Brevibacillus, Listeria, Lysinibacillus (20% weight loss in
120 days), Micrococcus, Moraxella, Proteus, Pseudomonas
(20% weight loss in 120 days), Rhodococcus (2.5% weight
loss in 30 days mediated by laccase enzyme), Serratia (70%
weight loss in 36 days), Staphylococcus, Streptococcus,
Streptomyces, and Vibrio (Singh and Ting 2022; Restrepo-
Florez et al. 2014; Arutchelvi et al. 2008). Although a lot of
microorganisms have been explored for the degradation of
LDPE, most of them have only been highlighted with activi-
ties that altered the structural changes. Isolates identified
in the present study showed promising LDPE degradation
efficiency by involving plastic degrading enzymes and form-
ing small molecules obtained in LC-MS.

Similarly, during the biodegradation of PET, at
the end of 4 weeks, BS5 showed the highest absorb-
ance (0.332+0.008) (Fig. 2), microbial viable count
(7.85x 107 CFU/mL) (Fig. 3), and cell dry biomass
(0.056 +0.007 mg/mL) (Fig. 4). This was followed by
TL1 (absorbance 0.22 +0.02, microbial viable count
of 5.89x 107 and cell dry biomass of 0.045 +0.009)
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Fig.4 Measurement of the dry weight of microbial cells at 7 day
intervals for 4 weeks during (a) LDPE; b PET, and ¢ PS degradations
with MR5, MR10, BS5, and TL1. Error bars indicate the standard

and MR10 (absorbance 0.22 +0.04, microbial viable
count of 5.89 x 10’ CFU/mL and cell dry biomass of
0.037 +£0.001 mg/mL). The three isolates BS5, TLI,
and MR10 showed a gradual increase in the growth and
biomass. In contrast, MRS showed the highest growth in
the 3 week (absorbance 0.14 +0.023, microbial viable
count of 3.58 x 107 CFU/mL, and cell dry biomass of
0.025+0.0003 mg/mL) and the growth declined at the
end of the fourth week compared to the three isolates. All
the isolates produced laccase and esterase enzyme which
subsequently increased for 4 weeks, where BS5 produced
the highest laccase (17.11 +£0.5 U/mL) (Fig. 5) and ester-
ase (1.1+0.02 U/mL) (Fig. 6) and showed a weight loss
of (4.44 +1.12%) (Fig. 7). This was followed by TLI1
(11.69 +0.1 U/mL of laccase, 0.45 +0.02 U/mL of ester-
ase production and 4.03 +£0.5% of weight loss) and MR10
(8.16 +0.1 U/mL of laccase, 0.13 +0.003 U/mL of ester-
ase production and weight loss of 3.43 +0.7%). Whereas,
MRS produced maximum laccase (5.07 +0.25 U/mL) after
3 weeks, however, maximum esterase (0.09 +0.003 U/mL)

error (n=3). Values followed by the different letters are significantly
different within sampling days

was recorded on the fourth week of degradation and exhib-
ited a weight loss of 2.42 +0.3%. The results highlighted
the efficiency of bacterial isolates to utilize PET as a sole
carbon source for their growth. Unlike, PE and PS, PET
has carbon and hetero atoms (ester or amide bonds) in the
main chain, has better thermal stability (can be molded by
melting), and is easily hydrolyzed compared to polymers
with only carbon backbone (Olabisi et al. 1997; Wei and
Zimmermann 2017). The monomers of PET are linked
together with ester bonds which can be hydrolyzed by
hydrolytic enzymes (which target ester bonds) found in
nature (Hiraga et al. 2019). The hygroscopic nature (i.e.,
it absorbs water from its surroundings and when heated,
the water hydrolyzes the polymer), contributed to decreas-
ing the resilience nature of PET which would have added
to the biodegradation (Auta et al. 2022). It is therefore
evident from the present study that, UV pretreatment,
modified the surface by decreasing the crystallinity (dense
structure) of PET which would have led to fragmenta-
tion (Gong et al. 2018). The surface modification and
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Fig.5 Quantitative analysis of laccase enzyme activities (U/mL) at
7 day intervals for 4 weeks during (a) LDPE; b PET, and ¢ PS deg-
radations with MR5, MR10, BS5, and TL1. Error bars indicate the

hydrolysis initiated the bacterial colonization (as observed
in Fig. 8) and biofilm formation. Bond cleavage of PET
was mediated by the esterase enzyme which resulted in the
formation of smaller molecules (such as esters, amides,
and heteroarenes) (Table 3) to be assimilated by bacterial
isolates. The activity of laccase was observed with the
weight loss of PET and the formation of ester and amides
(Table 3). Earlier reports have shown efficient and com-
plete degradation of PET after incubation of about 6 weeks
at 30 °C, with the involvement of PETase and MHETase
(Yoshida et al. 2016). However, only a handful of studies
have shown the biodegradation of PET by bacterial iso-
lates, namely, Streptomyces scabies (Jabloune et al. 2020),
Thermobifida alba AHK119 (54.2% weight loss in 21 days
by hydrolase enzymes) (Hu et al. 2010), Arthrobacter sul-
fonivorans, and Serratia plymuthica (Janczak et al. 2020),
Saccharomonospora viridis (27% weight loss in 3 days at
63 °C, Kawai et al. 2019). Our result showed increased
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laccase activity by BS5, TL1, and MR10 over a period of
28 days. Also, the isolates were able to depolymerize the
PET as evidenced by the formation of small molecules
(ester and amides) as observed in LC-MS analysis.

In the present study, all the bacterial isolates (MRS,
MR10, BSS, and TL1) showed biodegradation of PS effi-
ciently. BS5 showed the highest growth for 4 weeks (absorb-
ance of 0.59 + 0.5, microbial viable count of 7.04 x 10’
and cell dry biomass of 0.061 +0.006 mg/mL) (Figs. 2,
3 and 4) followed by TL1 (absorbance of 0.41+0.4,
microbial viable count of 6.91x 107 and cell dry bio-
mass of 0.059 +£0.001 mg/mL) and MR10 (absorbance of
0.45 +0.01, microbial viable count of 6.06x 107 and cell
dry biomass of 0.045+0.001 mg/mL). MRS showed the
highest growth and cell dry biomass after 3 weeks of incu-
bation and declined by the end of the fourth week. PS has
the same C—C backbone as PE, which makes PS recalci-
trant to biodegradation in natural conditions (Zhang et al.
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2022). UV pretreatment irradiated the PS surface, cleaving
the nearest hydrogen in the C-H bond which would have
resulted in chain scission and formed amines, alcohols, and
olefins (Table 2). The surface erosion, initiated coloniza-
tion and biofilm formation by the bacterial isolates, which
thereby used PS as the sole carbon source for their growth
during 4 weeks of biodegradation. As PS contains a bulky
styrene group on the side chain, it hinders the binding of
PS polymers within the active site of enzymes (Zhang et al.
2022). Therefore, PS undergoes the initial depolymeriza-
tion into oligomers or monomers (as seen in the LC-MS
result in Table 3). The depolymerization in the present
study was led by extracellular laccase and esterase by the
bacterial isolates (Fig. 5 and Fig. 6), which resulted in the
weight loss of PS (Fig. 7). The highest biodegradability for
PS was observed with BS5 that produced the highest lac-
case (15.35+0.19 U/mL) and esterase (1.04 +0.02 U/mL)
and exhibited a weight loss of 4.84 +0.6% compared to the
other isolates. Similarly, TL1 showed growth until fourth
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Fig.8 FESEM micrographs showing the surface appearance of (a)
control LDPE; b control PET; ¢ control PS; d MR5-treated LDPE;
e MR5-treated PET; f MRS5-treated PS; g MR10-treated LDPE; h and biofilm formation by bacterial isolates

MR10-treated PET; i MR10-treated PS; j BS5-treated LDPE; k BS5-
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Table 2 FTIR peaks assignment for LDPE, PET, and PS inoculated with bacterial isolates

Polymer Isolate name Wave Assignment Functional group Reference
number
(em™)
LDPE MRS5S 1054.89  —C-O stretch Alcohol, carboxylic acid, esters, ether ~Vimala and Mathew (2016)
1654.14  —C=0 bond Carbonyl group Kowalczyk et al. (2016)
MRI10 1683.90 —C=0 stretch Ketones and aldehydes Vimala and Mathew (2016)
BS5 1472.43 —C-H bend Alkanes Vimala and Mathew (2016)
653.67 =C-H bond Alkenes Vimala and Mathew (2016)
TL1 1472.43 —C-H bend Alkanes Vimala and Mathew (2016)
PET MRS5S 2959.82 —C-H stretch Alkanes Campanale et al. (2023); Fritz et al. (2022);
Vimala and Mathew (2016)
1452.96 —C-H bend Alkanes Vimala and Mathew (2016)
1174.83 —C-0 stretch Alcohol, carboxylic acid, esters, ethers Vimala and Mathew (2016)
MR10 2916.84 —C—H stretch Alkanes Campanale et al. (2023); Fritz et al. (2022);
Vimala and Mathew (2016)
2848.95 H-C=0:C-H stretch Aldehydes Campanale et al. (2023); Fritz et al. (2022)
1472.68 —C=0 stretch Inorganic carbonates Campanale et al. (2023); Fritz et al. (2022)
1462.72  —C-H bend Alkanes Campanale et al. (2023); Fritz et al. (2022);
Vimala and Mathew (2016)
1186.32 —C-O stretch Alcohol, carboxylic acid, esters, ethers Vimala and Mathew (2016); Kowalczyk
et al. (2016)
1173.60  —C-O stretch Alcohol, carboxylic acid, esters, ethers Kowalczyk et al. (2016)
BS5 2920.63 —C-H stretch Alkanes Campanale et al. (2023); Fritz et al. (2022);
Vimala and Mathew (2016)
2287.09 C=C conjugates Alkenes Campanale et al. (2023); Fritz et al. (2022)
969.91 =C-H bond Alkenes Coates (2000)
TL1 2961.99  —C-H stretch Alkanes Campanale et al. (2023); Fritz et al. (2022);
Vimala and Mathew (2016)
PS MRS 3661.20 —O-H stretch Alcohol Campanale et al. (2023); Fritz et al. (2022)
1685.01  —C=O stretch Ketones, aldehydes Vimala and Mathew (2016); Kowalczyk
et al. (2016)
MR10 3661.20 —O-H stretch Alcohol Campanale et al. (2023); Fritz et al. (2022)
1269.90 —C-0O stretch Alcohol, carboxylic acid, esters, ethers Vimala and Mathew (2016); Coates (2000)
BS5 1685.04  —C=O stretch Ketones, aldehydes Vimala and Mathew (2016); Kowalczyk
et al. (2016)
1311.37 —C-O stretch Alcohol, carboxylic acid, esters, ethers Vimala and Mathew (2016); Kowalczyk
etal. (2016)
1199.87 —C-O stretch Alcohol, carboxylic acid, esters, ethers Vimala and Mathew (2016); Coates (2000)
TL1 1311.37 —C-O stretch Alcohol, carboxylic acid, esters, ethers Vimala and Mathew (2016); Kowalczyk

et al. (2016)

week and produced extracellular laccase (12.15+ 1.0 U/mL)
and esterase (0.44 +0.02 U/mL) and exhibited a residual
loss of PS (3.43 +£0.5%), followed by MR10 (6.26+0.2 U/
mL of laccase, 0.22 +0.003 U/mL of esterase produced and
exhibited a weight loss of 3.23 +0.34%). It was observed
that MRS showed growth until 3 weeks and produced
extracellular laccase (maximum laccase produced on the
4 week 6.57 +0.14 U/mL) and exhibited a weight loss of
2.42+0.3%. However, the growth and enzyme production
decreased after the 3 week. Overall, PS has a hydrophobic
property, and the addition of antioxidants, stabilizers, and

additives makes the polymer less interactive with extracel-
lular enzymes (Jadaun et al. 2022; Zhang et al. 2022). How-
ever, the isolates obtained from sanitary landfill (BS5 and
TL1) and mangrove sediment (MRS and MR10) successfully
colonized the PS surface and initiated biodegradation with
the help of laccase and esterase enzymes. Recent reports
have shown the involvement of various genera in PS deg-
radation including Bacillus (9.9% weight loss in 28 days),
Pseudomonas (10% weight loss in 28 days), Enterobacter
(0.8% weight loss in 60 days), Klebsielaa, Micrococcus,
Exiguobacterium, Lysinibacillus (29.5% weight loss in
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Table 3 Detection of the compounds released during LDPE, PET, and PET degradation using LC-MS

Treatment Putative identifi-  Chemical formula M/z value Retention Area under curve Compound clas- Figure
cation time sification
MR5-PE  Eplerenone C,, Hzo Og 432.23 14.08 7902.406 Steroid acid ester

1-Monopalmitin ~ C,9 H3;3 O, 353.2674 19.48 7583.297 Fatty acid .D/Yf)jvvvvvv\/\m
Oleamide C,3 H;s NO 282.28 19.59 47,679.968 Fatty acid amide SRS
MRS-PET  Eplerenone C,, H;, Og 432.23 14.08 5686.824 Steroid acid ester 7 /Y

Oleamide C,3 H;s NO 282.28 19.59 33,568.5 Fatty acidamide . j
MR5-PS Pyropheophor- C;3 H3y N, O 535.26 11.27 160,786.44 Conjugate acid
bide a
MRI10-PE  Bisindolylmaleim- C,s Hy, N, O, 4351783 9.62 32,212.928 N-alkylindole
ide I
Oleamide C,s H3;s NO 282.28 19.59 24,615.552 Fatty acid amide .
MRI10-PET 2-Pentadecylfuran C,g H3, O 296.29 20.01 7127.4 Heteroarene
MR10-PS  Scandenin C,6 Hyg Og 435.1783  9.62 29,658.904 Pyrano isoflavo-
noids
2-Pentadecylfuran C,g H3, O 296.29 20.02 7251.9 Heteroarene
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Table 3 (continued)

Treatment Putative identifi-  Chemical formula M/z value Retention Area under curve Compound clas- Figure
cation time sification
BS5-PE Avermectin Blb  C33H,404 593.3078 11.73 22,696.52 Pyran (organic het-
aglycone eromonocyclic
compound)
Eplerenone C,,H3,0¢ 432.2384 14.09 6193.017 Steroid acid ester
Emmotin A CisHx0, 279.15 16.90 70,535.08 Tetralin T
3-Butylidene- C,H,,0; 205.08 16.93 13,042.15 Benzofuran =
7-hydroxyph-
thalide
BS5-PET  Hypoxanthine CsH,N,O 137.0455 093 7753.264 Purine
BS5-PS Hypoxanthine CsH,N,O 137.0454  0.92 4127.172 Purine
Pyropheophor- C33H3,N,O3 5352685 11.286 96,154.923 Conjugate acid
bide a
Avermectin Blb  C33H,404 593,092 11.742 28,521.75 Pyran (organic het-

aglycone

eromonocyclic
compound)
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Table 3 (continued)

Treatment Putative identifi-  Chemical formula M/z value Retention Area under curve Compound clas- Figure
cation time sification
TL1-PE Pyropheophor- C;33H3,N,O4 535268  11.089 185,400.28 Conjugate acid
bide a
4,5-Di-O-methyl-  C,,H,(Og 404.2057 13.118 18,167.422 Benzopyran ~
8-prenylafzel-
echin-4beta-ol
1-Monopalmitin ~ C;gH330, 331.2841 19.501 5272.619 Fatty acids
TL1-PET  1-Monopalmitin ~ C;4H330, 353.2662 19.502 6686.466 Fatty acids
TL1-PS 11S-hydroxy-tet-  C,,H,305 2622371  9.694 3495.573 Fatty acids
radecanoic acid
Pyropheophor- C;33H3,N,O4 5352682 11.092 228,578 Conjugate acid
bide a
Xestoaminol C C,,H;NO 230.2481 12.186 6734.208 Fatty alcohol
Eplerenone C,4H3,0¢ 432.2376  14.093 8284.218 Steroid acid ester T /Y
1-Monopalmitin ~ C,gH330, 331.2843 19.49 7784.968 Fatty acids
Dodemorph C,sH;sNO 2822791 19.588 10,490.056 Morpholine

126 days), Serratia, and Acinetobacter (13 and 25% weight
loss in 60 days) (Zhang et al. 2022). The isolates reported
in the present study are novel and have not been reported in
the biodegradation of PS. While BS5 and TL1 showed maxi-
mum laccase activity on the 28th day of degradation activity,
the weight loss was observed to be 4.84 +0.6%. Also, the
depolymerization of PS generated smaller molecules includ-
ing amide, ester, ether, acid, alcohol, and amines.
Although MRS showed increased growth for 3 weeks
when incubated with LDPE, PET, and PS, the growth and
enzyme production declined after 3 weeks. The decline in
growth could be due to cell lysis, nutrient depletion, and the
formation of inhibitory products (Auta et al. 2018; Montazer
et al. 2018) (not analyzed in this study) and needs further
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investigation. The experimental control sets containing
only bacterial isolates showed no growth and the control set
with only polymers showed no changes in the absorbance
value for 4 weeks. It was also observed that although the
four isolates showed laccase and esterase production, the
concentration of enzymes varied significantly. This could
be due to various factors, such as the molecular weight of
the polymers, the functional groups present, chemical bonds,
hydrophilic or hydrophobicity with the surface, and crystal-
linity (Chamas et al. 2020; Singh and Ting 2022). Consider-
ing the complex structure of polymers, the pre-treatment by
UV radiation played a significant role in surface modifica-
tion, thereby accelerating the biodegradation. The time of
incubation and the nutrient media also play a significant role
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in the degradation. As the present study was carried out for
4 weeks (BSS5, TL1, and MR 10 showed a gradual increase in
the microbial viable count and enzyme production), increas-
ing the time of incubation and change of the nutrient media
can help to increase the efficiency of the bacterial isolates.

Structural analysis of LDPE, PET, and PS
during biodegradation

The surface morphology of the degraded polymers was ana-
lyzed using FESEM (Fig. 8). The image showed the rough
and damaged surface of the three polymers LDPE, PET, and
PS. The change in the surface morphology was due to UV
irradiation, which can be further seen in FTIR images (Fig.
S2-S7). The images showed that MRS (Fig. 8d-f), MR10
(Fig. 8g—i), BS5 (Fig. 8j-1), and TL1 (Fig. 8m—o), colonized
the polymer surface and formed biofilm. The colonization
of the bacterial isolates on the surface was mediated by the
auto-oxidation which was initiated by the UV pre-treatment.
Further, the isolates produced extracellular laccase and ester-
ase to oxidize and hydrolyze the polymer backbone. This
can be observed after 4 weeks of incubation of LDPE, PET,
and PS where surface damage was visible through numer-
ous pores/holes, cracks, erosions, and grooves. However, the
uninoculated polymer remained smooth, and no changes in
the surface morphology were observed (Fig. 8a—c).
Biodegradation of LDPE, PET, and PS was further deter-
mined by FTIR spectroscopy (Table 2, Fig. S2-S7) after
4 weeks of degradation assay. Exposure to UV irradiation for
a long period resulted in structural change with the addition
and deletion of functional groups in the LDPE, PET, and
PS which was observed in the FTIR analysis. FTIR spectra
for the LDPE without bacteria (control) showed peaks at
2916.09 cm™! and 2848.40 cm™!, which correspond to the
C—H stretch, and 1462.85 cm™!, which corresponds to the
C-H bond (Fig. S2-S7). Both peaks correspond to alkanes,
which are the primary constituents of the LDPE and are sus-
ceptible to bacterial enzymes (Jeon and Kim 2016). Micro-
bial colonization reduced the hydrophobicity of the LDPE
and accelerated biofilm formation (as observed in Fig. 8).
LDPE treated with MRS, showed two new peaks when com-
pared to the control LDPE, i.e., 1054.89 cm™!, which cor-
responds to —C—O stretch for alcohol, carboxylic acid, esters,
ether, whereas the other peak at 1654.14 cm™! showed
—C =0 bond for carbonyl group. Similarly, LDPE treated
with MR 10 showed a peak at 1683.90 cm™! corresponding
to the —C = O stretch, which shows the formation of ketones
and aldehydes. The formation of smaller molecules (ketones,
aldehydes, ester, ethers, and many more like them) could be
mineralized by the bacterial cells via  oxidation that breaks
down the LDPE surface (Bitalac et al. 2023). Similarly, the
FTIR spectra of LDPE with BS5 and TL1 showed one com-
mon peak at 1472.43 cm™!, which attributed to the -C—H

bonds for alkanes (Mohanan et al. 2020; Yoon et al. 2012).
The alkanes are the primary constituents of LDPE that are
susceptible to degradation by bacterial enzymes (Jeon and
Kim 2016). The current study also demonstrated enhanced
levels of laccase during LDPE degradation, which may also
play a role in the shifting of peaks. An earlier study reported
LDPE film degradation using bacteria from marine sites and
showed the FTIR spectra of LDPE with a shift in peaks with
a decrease in transmittance of functional group and side-
chain peak (Khandare et al. 2021).

FTIR spectra of PET treated with MR5 showed
three peaks, in which 2959.82 cm™! (=C-H stretch) and
1452.96 cm™! (~C-H bend) both corresponded to alkanes.
In addition, the formation of a peak at 1174.83 cm™! (-C-0
stretch) attributed to alcohol, carboxylic acid, esters, and
ethers was observed. MR10 showed the maximum number
of peaks, showing the efficiency of mangrove microbes in
the surface modification of the PET. MR 10 showed peaks at
2916.84 cm™! (-C—H stretch), 2848.95 cm™' (H-C=0:C-H
stretch), 1472.68 cm™! (-<C=0 stretch), 1462.72 cm™' (-C-H
bend), 1186.32 cm™! (~C—O stretch) and 1173.60 cm™"
(—C-O0 stretch), which correspond to alkanes, aldehydes,
inorganic carbonates, alcohol, carboxylic acid, esters and
ethers. PET treated with BS5 and TL1 showed the devel-
opment of new peaks at 2920.63 cm™! and 2961.99 cm™!,
which correspond to the —C—H stretch reflecting alkanes
(Fig. S3). In addition, BS5-treated PET showed an addi-
tional peak at 969.91 cm™!, which is attributed to =C—-H
bond (alkenes). Earlier reports suggest spectra range from
1700-1500 cm™! reflect the formation of small molecules
during microbial degradation (Denaro et al. 2020). Simi-
larly, MRS and MR10-treated PS showed broad peaks at
3661.20 cm™! (—O-H stretch) which confirms the insertion
of the hydroxyl group in the PS, after bacterial decomposi-
tion (Kim et al. 2021). MRS showed an additional peak at
1685.01 cm™! (-C=0 stretch) which corresponds to ketones
and aldehydes and MR10 showed an additional peak at
1269.90 cm™! (—C-0 stretch) which attributed to alcohol,
carboxylic acid, esters, and ethers. BS5-treated PS showed
peaks at 1685.04 cm™! (<C=0 stretch), 1311.37 cm™! (-C-O
stretch), and 1199.87 cm™" (~C—O stretch) which correspond
to ketones, aldehydes, alcohol, carboxylic acid, esters,
ethers while TL1 showed only one peak at 1311.37 cm™!
(—C-O stretch) which corresponded to alcohol, carboxylic
acid, esters, and ethers. The FTIR spectra of PS-treated
with LDPE showed two additional peaks at 3661.20 cm™!
(—O-H stretch) corresponding to alcohol and 1685.01 cm™
—C=0 stretch) corresponding to ketones and aldehydes.
Similarly, MR10 showed peaks at 3661.20 cm™!' (-O-H
stretch) corresponding to alcohol and 1269.90 cm™! (-C-O
stretch) corresponding to alcohol, carboxylic acid, esters,
and ethers. TL1-treated PS showed only one additional peak
at 1311.37 cm™! (-C-O stretch) corresponding to alcohol,
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carboxylic acid, esters, and ethers. Whereas, BS5-treated PS
showed peaks at 1685.04 cm™! (=C=0 stretch) which attrib-
uted to ketones and aldehydes, and 1311.37 cm™! (-C-0
stretch), and 1199.87 cm™! (~C—O stretch) corresponding
to alcohol, carboxylic acid, esters, and ethers.

Overall, by comparing all the spectra obtained (Table 2),
it can be observed that different strains might be target-
ing different moieties of the LDPE, PET, and PS back-
bones (Bitalac et al. 2023). In the present study, the identi-
fied strains successfully modified the polymer surface by
forming carbonyl groups (C=0) (range 1730-1650 cm™)
and alcohol groups (O-H). Similarly, the transmittance
at 1100-1150 cm™! (C-O stretch) represented the forma-
tion of small molecules such as alcohol, carboxylic acid,
esters, and ether by all the isolates during biodegradation.
This could be due to the aerobic degradation process, which
incorporated oxygen atoms in the damaged structure of the
polymers (Kowalczyk et al. 2016). The oxidation products
would have been then transformed into functional groups,
possibly by the Norrish type I and II mechanisms, as stated
by Dey et al. (2020). The addition of functional groups by
bacterial isolates reduced the hydrophobicity of the poly-
mers and facilitated bacterial colonization on the surface.
The activity of esterase and laccase thereby converted the
complex polymers to small molecules that can be taken up
by the isolates for their growth. This was further confirmed
by the weight loss of the residual polymer.

Analysis of degraded products using liquid
chromatography-mass spectrometry

The BHB broth used during the degradation of LDPE,
PET, and PS inoculated with MRS, MR10, BS5, and TL1
was analyzed for the degraded product by LC-MS analy-
sis. The control sets (broth without bacterial isolates) were
compared with the experiment sets (all three polymers with
bacterial isolates). The extraction method used in the study
has limitations, and the extracts collected in our experiment
might not include all of the intermediates formed during
the biodegradation of LDPE, PET, and PS. The LC-MS
data showed that the eluted compounds (putative identifi-
cation) contained carbon, hydrogen, and oxygen elements,
and significant differences were recorded in abundance,
which suggested unique compounds were obtained among
the experiment sets (Table 3). In total, 27 eluted products
were obtained from the experiment sets (polymers and bac-
terial culture) that were absent in the control set (experiment
set with only LDPE, PET, and PS). The ion chromatogram
obtained showed peaks that depicted individual products
generated during degradation. LDPE degradation by the
four isolates showed the formation of ester (eplerenone),
fatty acids (1-monopalmitin), fatty acid amide (oleamide),
hydrocarbon (tetralin), conjugate acid (pyropheophorbide
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a), and a few aromatic compounds containing benzene
(3-butylidene-7-hydroxyphthalide, N-alkylindole and 4,5-di-
O-methyl-8-prenylafzelechin-4-beta-ol) (Table 3). LC-MS
also identified some unknown compounds such as pyran
(avermectin B1b aglycone) which is a topic to be further
explored. The present study showed oxidation of the long
carbon—carbon chain of LDPE which could have been depo-
lymerized through enzymatic hydrolysis (laccase) leading to
the formation of small molecules (Fujisawa et al. 2001). The
degraded products were then possibly consumed by the bac-
terial isolates via -oxidation and TCA cycle metabolism (Ji
et al. 2013). However, the associated gene regulation studies
can substantiate the process of complete degradation. It can
also be estimated that all the isolates commonly oxidized the
LDPE by targeting —C—O and —C=O0 bonds during biodeg-
radation assay (Ji et al. 2013). The results from the current
study are in line with the earlier reports published by Ren
et al. (2019) and Kyaw et al. (2012). The studies showed
enzymatic hydrolysis of polyethylene indicating oxidation
reaction on the surface of the film by bacterial degradation,
and formation of small molecules mainly ester, acids, and
hydrocarbons.

PET degradation showed the formation of ester, amide,
hydrocarbon, and fatty acids which were commonly
observed with all the isolates (MRS, MR 10, BS5, and TL1).
MRS5-treated PET showed two unique peaks at retention
times of 14.8 and 19.59 min, that were putatively identi-
fied as eplerenone (steroid acid ester) and oleamide (a fatty
acid ester). MR10, BSS5, and TL1-treated PET showed one
chromatogram peak, at a retention time of 20.01, 0.93, and
19.50 min, and the compounds were identified as 2-pentade-
cylfuran (heteroarene, M/z value of 296.29), hypoxanthine
(purine, M/z value of 137.0455) and 1-Monopalmitin (fatty
acid, M/z value of 353.2662). The degradation of PET was
mediated by a PET-hydrolyzing enzyme (esterase) which
was produced by all the bacterial isolates. The esterase
enzyme is a member of o/p hydrolase superfamily with a
special function to convert the PET into monomers of tere-
phthalic acid (TPA) and mono (2-hydroxyethyl terephthalate
(MHET as reported by Yoshida et al. (2016). The current
study identified smaller molecules which shows the surface
damage of PET by the action of esterase enzymes. It can also
be predicted that all the isolates initiated the biodegradation
of PET commonly by hydrolyzing the -C—H bond during the
biodegradation assay (Jadaun et al. 2022). Earlier studies
have identified hydrocarbons such as phenanthrene, naph-
thalene, tetradecane, and diesel during the biodegradation
of PET (Denaro et al. 2020). Similarly, PET degradation by
Streptomyces species identified xylene and ethyl benzene as
the main metabolites (Farzi et al. 2019).

PS degradation showed the formation of amide, ester,
ether, acid, alcohol, and amines, which were commonly
observed with all the isolates (MRS, MR10, BS5, and TL1).
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MR5-treated PS was identified with pyropheophorbide a
(conjugate acid) and MR 10 and BS5-treated PS were iden-
tified with 2-pentadecylfuran (heteroarene). TL1-treated PS
identified 11S-hydroxy-tetradecanoic acid, 1-monopalmitin
(fatty acid), xestoaminol C (fatty alcohol), eplerenone (ster-
oid acid ester), and dodemorph (water-soluble morpholine)
and some unknown compounds. Elution of smaller mol-
ecules suggested the metabolism of bacterial isolates to
break the carbon—carbon backbones and aromatic rings in
the PS. Similar to LPDE degradation, laccase, lipases, and
oxidoreductases have been proposed to be involved in PS
degradation (Zhang et al. 2022). Although the main C-C
bond could be cleaved by the enzymes, the side chain of
the styrene group interferes with degradation. Therefore, the
enzymes first attack either the p-carbon of the main chain
(chain cleavage) or the aromatic ring (side-chain cleavage)
to break the PS into smaller molecules (Hou and Majumder
2021). The aromatic ring is further cleaved by hydrolases
into short-chain hydrocarbons, which are utilized as carbon
sources through the TCA (tricarboxylic acid) cycle (Zhang
et al. 2022; Kim et al. 2021). Although studies have high-
lighted the degradation of PS, by-product analysis is lim-
ited, and detailed determination of the enzymatic pathway
can further enhance the degradation mechanism (Kim et al.
2021).

Conclusion

This study demonstrated the microbe-assisted degrada-
tion of UV-pretreated LDPE, PET, and PS using bacte-
rial isolates Dermacoccus sp. MRS, Corynebacterium sp.
MR10 isolated from a Malaysian mangrove, and Bacillus
sp. BSS, and Priestia sp. TL1 from a sanitary landfill. The
study identified novel microbial isolates that showed a
broad host range and played a critical role in the degrada-
tion of three different polymers LDPE, PET, and PS. The
degradation was mediated by esterase and laccase enzymes
which played crucial roles in the breakdown of the poly-
mers. Further, the growth of bacterial isolates showed sig-
nificant changes in the physical and chemical structure of
the polymers. These changes were confirmed through FTIR,
FESEM, and LC-MS. FTIR analysis showed the formation
of new functional group peaks resulting from oxidation and
hydrolysis during polymer degradation. The depolymeriza-
tion process further led to the fragmentation of the poly-
mers into small molecules (esters, amides, acids) as evi-
denced by LC-quidMS analysis. FESEM analysis provided
visual evidence of microbial attachment, biofilm formation,
and surface erosion, which indicated that polymers served
as a carbon source for the bacterial isolates and provided
energy for their metabolic activities. Overall, the microbial
degradation with the involvement of laccase and esterase

showed weight reduction of the LDPE, PET, and PS, where
the highest weight reduction was observed for BS5-treated
PS (4.84 +£0.6%) and BS5-treated PET (4.44+1.12%) in a
very short incubation time (4 weeks). The results will serve
as the basis for future studies to look into potential bacterial
isolates that target simultaneous biodegradation of multiple
polymers. Future studies should focus on increasing higher
degradation rates by engineering enzymes and microorgan-
isms, biodegradation strategies using multiple enzymes, and
construction of metabolic pathways to upcycle the mono-
mers generated into value-added products.
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