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Abstract The resiliency of plastic products against
microbial degradation in natural environment often
creates devastating changes for humans, plants, and
animals on the earth’s surface. Biodegradation of
plastics using indigenous bacteria may serve as a crit-
ical approach to overcome this resulting environmen-
tal stress. In the present work, a polyethylene degrad-
ing bacterium Alcaligenes faecalis strain ISJ128
(Accession No. MK968769) was isolated from par-
tially degraded polyethylene film buried in the soil at
plastic waste disposal site. The biodegradation studies
were conducted by employing various methods such
as hydrophobicity assessment of the strain ISJ128,
measurement of viability and total protein content of
bacterial biofilm attached to the polyethylene surface.
The proliferation of bacterial cells on polyethylene
film, as indicated by high growth response in terms
of protein content (85.50 pg mL7!) and viability
(10'° CFU mL™"), proposed reasonable suitability of
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our strain A. faecalis ISJ128 toward polyethylene deg-
radation. The results of biodegradation assay revealed
significant degradation (10.40%) of polyethylene film
within a short period of time (i.e., 60 days), whereas
no signs of degradation were seen in control PE film.
A. faecalis strain I1SJ128 also demonstrated a removal
rate of 0.0018 day™' along with half-life of 462 days.
The scanning electron microscope (SEM) and Fourier
transform infrared (FTIR) spectroscopy studies not
only displayed changes on polyethylene surface but
also altered level of intensity of functional groups and
an increase in the carbonyl indexes justifying the deg-
radation of polyethylene film due to bacterial activ-
ity. In addition, the secondary structure prediction (M
fold software) of 16STDNA proved the stable nature
of the bacterial strain, thereby reflecting the pro-
found scope of A. faecalis strain ISJ128 as a potential
degrader for the eco-friendly disposal of polyethylene
waste.
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Introduction

Manufactured plastics are regarded as materials of
utmost importance in modern civilization. This is
attributed to their exceptional properties such as
3D structure, corrosion resistance, hydrophobicity,
and so forth. Plastics, on the other hand, are indeed
a vital component of our daily lives owing to their
low production costs, high durability, and versatil-
ity (Ali et al., 2021; Carmen, 2021; Ru et al., 2020).
Synthetic polymers are divided into two types, i.e.,
CC polymers and CO polymers. Polymers featuring
a C spine, including polypropylene (PP), polyeth-
ylene (PE), polyvinyl chloride (PVC), and polysty-
rene (PS), comprise about 77% of the international
economy. Furthermore, CO polymers (polyethylene
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terephthalate—PET, polyurethane—PU, and so on)
account for more than 18% of the global market.
Among all, the low-density polyethylene (LDPE) has
got immense applications including packaging foam,
carry bag, milk packets, housewares, fluid containers,
toys, and clothing, etc., due to its versatility (Carmen,
2021). Throughout 1950-2020, the entire quantity of
plastics produced was found to be approximately 8.3
billion metric tonnes. The plastic production grows at
a 5% annual rate (Geyer et al., 2017; Jambeck et al.,
2015); however, the United Nations anticipate that
plastics production will get doubled by 2035 (Velis,
2014), and reach 1800 metric tonnes by 2050 (Barra
& Leonard, 2018; Gallo et al., 2018). Interestingly,
around 90% of the products made with plastic are
used once and then discarded. The massive usage of
plastic polymers has resulted in vast amounts of plas-
tic wastes, triggering environmental concern (Barnes
et al., 2009; Cézar Cabaiias et al., 2014; Galgani et al.,
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2019; Jambeck et al., 2015; Morét-Ferguson et al.,
2010; Rochman et al., 2013; Wagner et al., 2014).
According to Geyer et al. (2017), around 12,000 mil-
lion tons of plastic waste will be accumulating in the
environment till 2050. Unfortunately, according to
recent figures, 76% of all plastic output is eventually
discarded. Out of which, 9% is recycled, 12% is incin-
erated, and 79% being subjected to landfill or may
end up in the marine and terrestrial habitats (Garcia
and Robertson, 2017; Geyer et al., 2017). These plas-
tic wastes eventually find their way to water bodies
and landfill sites, where they remain for decades, pol-
luting the environment and posing a serious threat to
most life forms, including all types of terrestrial eco-
systems such as deserts, forests, grasslands, and polar
regions (Gregory, 2009; Zylstra, 2013). The PE waste
buried in soil may affect the drainage system, disturb
soil fauna, and decrease the soil quality leading to a
declined agricultural yield (Ali et al., 2021). Plastic
pollution also has a negative impact on the aquatic
environment, as evidenced by a decrease in the num-
ber of marine species (Browne et al., 2011). After
disposal, the degradation of plastics such as LDPE in
the natural environment is extremely difficult, which
directly pollutes the environment and disturbs the
ecosystem which may raise the concern about sus-
tainable development (Kumar et al., 2021). Concept
of sustainable development was discussed in 1972 as
part of the United Nations Conference (Stockholm)
(Mata-Lima et al., 2016). The environmental degra-
dation has been listed as a serious issue according to
the agenda 2030 for sustainable development as dis-
cussed in 2015 at the Rio20, the conference for sus-
tainable development (de Sousa et al., 2021).
Therefore, elimination of these hazardous sub-
stances from the environment has now become a pre-
requisite requirement of the present era. However, a
number of conventional methods, i.e., landfilling,
incineration, chemical treatment, and thermal degra-
dation used in the management of polyethylene waste,
are already known to have hazardous effects on the
environment including living organisms (Yang et al.,
2011). For instance, direct incineration of polyethyl-
ene waste produces vapors composed of many toxic
carcinogenic compounds like ketones, acrolein, along
with greenhouse gases like methane exerting seri-
ous health and environmental problems for humans
(Briassoulis, 2004; Patel et al., 2021). The increas-
ing levels of LDPE waste, decrease landfill capacity.

The serious disadvantages associated with conven-
tional methods of waste management have caused an
urgency to carry out remedial measures on polyeth-
ylene waste. An efficient and eco-friendly approach
suitable for plastic waste management is still missing.
In this concern, several reports are focusing on the
possibility of microbial degradation of plastic waste
(Sarkhel et al., 2020; Zhang et al., 2020). Micro-
organisms play an important part in the biologi-
cal decomposition of plastics materials (Shah et al.,
2008). However, a major obstacle to biodegradation
of LDPE is due to its resistance toward biological
attack resulting from its three-dimensional structure,
high molecular weight, hydrophobic nature, and lack
of functional groups recognizable by microbial enzy-
matic systems (Hamid, 2000; Harshvardhan & Jha,
2013).

Many studies have been conducted on the inves-
tigation of biodegradation of PE in natural environ-
mental conditions including seawater, soil, compost,
and sludge (Albertsson et al., 1987; Hadad et al.,
2005; Karlsson et al., 1988; Kumar et al., 2007; Lee
et al., 1991; Nanda & Sahu, 2010; Sudhakar et al.,
2008). In biodegradation studies, several bacterial
and fungal isolates have been shown to be capable
of degrading polyethylene polymer; however, break-
down rates may vary and are often modest even after
prolonged treatment period (Restrepo-Flérez et al.,
2014). Polyethylene biodegradation is aided by a vari-
ety of microbes that includes Rhodococcus (Sivan
et al., 2006), Bacillus (Novotny et al., 2018; Sudha-
kar et al., 2008), Brevibacillus (Hadad et al., 2005),
Kocuria (Harshvardhan & Jha, 2013).), Pseudomonas
(Gupta & Devi, 2020; Kyaw et al., 2012), Acinetobac-
ter (Pramila & Ramesh, 2015), Micrococcus (Gupta
et al., 2022). Although the exploration of microor-
ganisms toward the polyethylene degradation is well
studied, the quest for novel microorganisms with
enhanced biodegradation ability is the need of the
present period (Reddy, 2008; Tribedi & Sil, 2013).

Alcaligenes faecalis is a Gram-negative, obligate
aerobic, oxidase-positive, catalase-positive, non-fer-
menting bacteria. It is often found in soil, water, and
in hospital settings and has been shown to be impor-
tant in the biodegradation of ochratoxin A (Zhang
et al., 2017), the breakdown of the organic pesticide
endosulfan (Kong et al., 2013), and the degrada-
tion of chrysene and diesel oil (Igwo-Ezikpe et al.,
2009). Furthermore, it is a favorable bacterium for
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polyethylene breakdown (Nag et al., 2021). It has
been shown that A. faecalis secretes extracellular
enzymes capable of degrading polyethylene through
surface degradation, such as lipase, CMCase, xyla-
nase, and protease (Nag et al., 2021). Moreover, the
extracellular polymers released by this microbe func-
tion as surfactants, promoting the interchange of
hydrophilic and hydrophobic phases. Such encounter
favors the growth of microbes on to the polyethylene
surfaces. However, studies on biodegradation of poly-
ethylene, particularly LDPE, by Alcaligenes bacte-
rium are scarce. In the current paper, biodegradation
of LDPE has been investigated, utilizing an indig-
enous bacterial strain A. faecalis 1SJ128 isolated from
waste disposal sites.

Materials and methods

Screening of bacterial isolates for polyethylene
degradation

Pre-treatment of PE sheets

Transparent low-density polyethylene (LDPE) sheets
generally used for packaging were purchased from
VSPN packaging industries, Bhagwanpur, Harid-
war (Uttarakhand), India. LDPE sheets were cut into
minor sections and sterilized with 70% ethanol, fol-
lowed by heating with xylene at 60 °C for 5-15 min
until the polyethylene dissolved completely. The
resulting slurry was cooled by immersing the beaker
in an ice bath. The solvent was extracted from the
slurry using sterilized muslin cloth. The residue was
further washed with ethanol for 2-3 times to remove
the residual xylene. The resulting polyethylene pow-
der was kept as such to evaporate remaining ethanol
and then dried overnight in hot air oven at 60 °C.
Finally, the polyethylene powder was stored at room
temperature for further experimental analysis (Azeko
et al., 2015; Bhatia et al., 2014).

Isolation of LDPE degrading bacterial strains
Partially degraded polyethylene films were collected
from waste disposal site of Rishikesh, Uttarakhand

(30° 07" 35.76"” N and 78° 16' 34.86" E), in order
to isolate polyethylene degrading bacterial strain
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with all necessary precautions (Fig. 1). The sample
was collected randomly from the superficial layer of
soil (5—15 cm) in depth, using pre-sterilized spatula
in sterile zip-lock bags (HiMedia) by using aseptic
techniques, sealed properly, transported to the labora-
tory, and analyzed within 24 h after collection (Zaki
et al., 2012). Bacterial strains were isolated on nutri-
ent agar by employing serial dilution and spread plate
technique. The plates were incubated at 37 °C for
24-48 h. Colonies with varying morphological traits
were chosen and sub-cultured on nutrient agar for fur-
ther investigation (Pepper et al., 1995).

Selection of PE degrading bacterial strains using
clear zone assay

The bacterial isolates obtained from waste disposal
site were screened for polyethylene degradation on
minimal salt medium (MSM) containing dipotas-
sium hydrogen phosphate (0.1 g L7!), potassium
dihydrogen phosphate (3.0 g L™!), sodium chloride
(5.0 g LY, ammonium chloride (2.0 g LY, magne-
sium sulfate (0.2 g L™1), calcium chloride (0.1 g L™"),
KCI (0.15 g L"), and agar powder (15 g L™") incor-
porated with 1 g L™ of fine LDPE powder as the sole
carbon source (added to the medium after sterilization
to avoid deformation (Russell et al., 2011). The bac-
terial strains were streaked on mineral salt medium
containing fine LDPE powder as only carbon source;
then, the plates were incubated at 30-35 °C for

Fig. 1 Photograph of sampling site from where partially
degraded polyethylene was collected for the isolation of bac-
teria
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14-28 days (Skariyachan et al., 2015). After comple-
tion of incubation period, the inoculated MSM plates
were treated with Coomassie brilliant blue R-250
(0.1%) for 20 min. The solution was then poured off
as well as the plates were again flooded for 20 min
with a de-stain solution containing 40% (v/v) meth-
anol and 10% (v/v) acetic acid. After this, isolates
showing zone of clearance against a blue background
were considered as positive for the test and selected
as the utilizer of polyethylene (Howard and Hilliard
1999). The isolates showing positive results in clear
zone test were repeatedly sub-cultured on nutrient
agar medium to obtain pure culture of bacterial iso-
lates and stored at 4 °C.

Identification of bacterial strain ISJ 128
Morphological and biochemical characterization

The bacterial strains were differentiated through col-
ony morphology, microscopic examination, and bio-
chemical test. Morphological characterization of the
clear zone-positive isolate was done by Gram’s stain-
ing method (Beveridge, 2001). Further characteri-
zation was carried out using the criteria outlined in
Bergeys’s manual of determinative bacteriology (Holt
et al., 1994). Standard physiological and biochemi-
cal properties, e.g., oxidase and catalase production,
lipid, starch and casein hydrolysis, gelatin liquefac-
tion, nitrate reduction, and acid production from car-
bohydrates, were determined by conventional meth-
ods (Chandra et al., 2016; Shah et al., 2014).

Molecular characterization

The genomic DNA of bacterial strain ISJ128 was iso-
lated using the method described by Ganesan et al.,
2017. The 16S rRNA genes were amplified by poly-
merase chain reaction with dNTP, Buffer, Taq poly-
merase and by using universal primer sequence AGA
GTTTGATCMTGGCTCAG and CGGTTACCTTGT
TACGACTT. Thirty-five cycles of PCR were per-
formed, and the finally obtained product was stored
at 4 °C. After that the amplified product run on 1%
agarose gel at 80 V for 60 min and the gel was visu-
alized under UV light. Automated sequencing was
carried out according to the Sanger di-deoxy chain-
termination method. The obtained DNA sequences
were compared with the reference species of bacteria,

contained in genomic database, using the BLAST
tool in NCBI platform (http://www.ncbi.nlm.nih.
gov/BLAST), and similarity between the strains was
matched. The DNA sequences were aligned, and
MEGA X software was used to create a phylogenetic
tree using phylogeny bootstrapping and the neighbor-
joining method. The 16S rRNA sequence was depos-
ited in the GenBank, NCBI database.

16 s tIDNA folding prediction and restriction sites
analysis

The secondary structure of the 16S rDNA was pre-
dicted by Mfold software (http://unafold.rna.albany.
edu/) to analyze the structural stability in terms of
Gibbs free energy (Zuker, 2003). The sequences
of bacterial strain ISJ128 were submitted to the
Mfold web server, and the parameters such as exte-
rior loop type, bulge loop size, base numbering fre-
quency, structure draw mode, structure annotation,
and structure rotation angle were fixed. The folding
of 16 s rIDNA was anticipated to occur at 37 °C in
1 M NaCl ionic environment devoid of divalent ions,
and restriction sites were identified using NEB cut-
ter (v 2.0) (nc2.neb.com/nebcutter2/) (Gupta & Rana,
2021).

Biodegradation assessment of PE Films using
bacterial strain ISJ128

In the present work all assays for evaluating the
bacterial biodegradation were performed employ-
ing Bushnell Haas Broth (BHM) medium, contain-
ing the following elements in distilled water (g L™"):
NH,NO; 1.0; K,HPO, 1.0; MgSO,, 0.2; KCI 0.15;
CaCl, 0.1; and each of the following microelements:
1.0 mg, FeSO,, 1.0 mg, ZnSO,, and 1.0 mg MnSO,.
0.1 g of LDPE samples (33 cm) was weighed and
disinfected with 70% ethanol for 30 min followed by
drying overnight at 60 °C (Das & Kumar, 2015). The
samples were then air-dried for 15 min in a laminar
airflow chamber and added to conical flasks contain-
ing 100 ml of Bushnell Hass Broth. After that LDPE-
supplemented medium was inoculated with 5 ml cul-
ture of (24 h old) bacterial strain 1SJ128 followed by
incubation for 60 days on a rotary shaker at 180 rpm
and 35 °C. Un-inoculated BHM along with polyeth-
ylene film as a substrate used as control. The polyeth-
ylene films were removed from the medium at every
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20 days of interval to measure weight loss in residual
films. The bacterial biofilm was removed from poly-
mer surface by soaking in 2% (v/v) sodium dodecyl
sulfate solution (SDS) for 4 h (Awasthi et al., 2017).
Following that, the PE films were washed with dis-
tilled water before being washed with 70% ethanol to
ensure most effective biofilm removal. The washed
polymer pieces were placed on a filter paper and
dried overnight at room temperature before weighing.

Initial weight — Final weight

%Weight loss = x 100

Initial weight

Assessment of hydrophobicity

The hydrophobicity of the bacterial cell surface was
determined using the bacterial adhesion to hydro-
carbon (BATH) test (Rosenberg et al., 1980). In this
assay, bacterial isolates were cultured in the medium
until they reached the mid-logarithmic phase, then
centrifuged (5000 rpm), and washed repeatedly with
phosphate urea magnesium (PUM) buffer contain-
ing following compositions (per liter): 17 g K,HPO,,
7.26 ¢ KH,PO,, 1.8 g urea, and 0.2 g MgSO,.7H,0.
The washed cells were resuspended in PUM buffer to
an optical density at 600 nm (ODy,) value of 1.0-1.2.
Aliquots (1.2 ml each) of this suspension were trans-
ferred to a set of test tubes, to which increasing vol-
umes (range 0-0.2 ml) of hexadecane were added. To
facilitate phase separation, the test tubes were shaken
for 10 min and then allowed to stand for 2 min. The
ODy, of the aqueous phase was measured with cell-
free buffer serving as reference.

Viability and biomass of strain ISJ 128

The treated LDPE films were removed from the
synthetic medium using sterile forceps and gently
washed with ultrapure water to remove loosely adher-
ent bacterial cell. The bacterial biofilm on LDPE
surface was removed by water bath sonication in
1 mL of 0.85% saline solution. After sonication, the
resulting saline solution thus obtained was used to
determine viability and biomass of bacterial biofilm
adhered on PE surface. The viability was monitored
(in term of CFU mL™!) on every 20™ day using serial
dilution and spread plating technique, while bio-
mass estimated in the form of protein concentration
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determined spectrophotometrically at 595 nm using
Bradford assay (Arkatkar et al., 2010).

Field emission scanning electron microscopy
(FE-SEM) of PE film

The LDPE films were recovered from the medium
(after 60 days), washed in phosphate buffer
(0.01 M) for 2 min, and then examined using scan-
ning electron microscopy (SEM) to confirm biofilm
formation by the strain ISJ128. To visualize topo-
graphical changes on surface of LDPE, the polymer
was washed with 2% (v/v) sodium dodecyl sulfate
(SDS) and ultrapure water for 5-8 min to elimi-
nate bacterial biomass followed by treatment in 4%
glutaraldehyde at 4 °C for 90 min and dehydrated
with ethyl alcohol (50%) for 25 min followed by
overnight incubation with 70% ethanol, dried, sput-
ter coated with gold for 40 s, and scanned at 20 kV
and 20000X magnification under scanning electron
microscope (Quanta 200 FEG; Thermo Fisher Sci-
entific, Waltham, MA) (Kyaw et al., 2012).

Fourier transform infrared (FTIR) spectroscopy

Modification in the structural and functional groups
of polyethylene films was analyzed by Fourier trans-
form infrared (FTIR) (Perkin Elmer, Spectrum EX)
spectra in the frequency range of 4000—400 cm™.
Furthermore, the absorbance of carbonyl index (the
ester carbonyl bond, keto carbonyl bond, terminal
double bond (vinyl), and the internal double bond)
was evaluated using the following formula: keto
carbonyl bond index (KCBI)=I11715/11465; ester
carbonyl bond index (ECBI)=11740/11465; vinyl
bond index (VBI)=11650/11465; and internal dou-
ble bond index (IDBI)=1908/11465. Carbonyl index
was used to measure that the degree of biodegrada-
tion has its value depending on the degradation.

Results and discussion

Isolation and screening of PE degrading bacteria

In the present study, eight bacterial isolates from the
soil adhered with partially degraded polyethylene
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film were evaluated for their ability to degrade
LDPE. The bacterial isolates were streaked on
minimal salt agar plate and incubated for 28 days at
35 °C. After staining with Coomassie brilliant blue,
one of these isolate ISJ128 produced clear zone
around its colony, demonstrating the development
of exo-enzymes that degraded and utilized LDPE
as sole carbon source present in minimal media. It
was apparent from the literature survey that the clear
zone assay is very straightforward and advanta-
geous technique for screening polyethylene degrad-
ing bacteria since the development of clear zone
around bacterial colony obviously demonstrates the
discharge of exo-enzymes, which inevitably brings
about polymer solubilization (Augusta et al., 1993).
It was confirmed in the preliminary study that strain
ISJ128 was capable of growing on synthetic mini-
mal salt media by producing clear zone around the
colony; in this manner, strain was additionally cho-
sen for performing biodegradation studies on LDPE
films (Table 1).

Phenotypical and molecular characterization of
1SJ128

Characteristic analysis of ISJ128 revealed isolate
ISJ128 to be a Gram-negative, non-spore form-
ing bacteria. The morphological and biochemical
characteristics are mentioned in detail in Table 2.
The sequence obtained was subjected to basic local
alignment search tool (BLAST) (http://blast.ncbi.
ntm.nih.gov) and deposited in NCBI with Accession
No. MK968769. The phylogenetic analysis of the
16S rRNA sequence revealed that the strain ISJ128
belonged to genus Alcaligenes and possessed 100%
similarity with several strains of A. faecalis, but
the closest one was A. faecalis strain BBRC13111
(BBJQO0100002499) based on maximum score
(Fig. 2). The nucleotide sequence reported here can
be obtained from NCBI nucleotide sequence database
under accession number MK968769.

Table2 Morphological and biochemical properties of 1SJ128

Characteristics ISJ128
Colony morphology

Color Off white
Surface shiny
Margin entire
Cell morphology

Gram staining -
Spore formation —
Shape Rod

Biochemical tests

Casein hydrolysis +
Starch hydrolysis -
Gelatin liquefaction -
Oxidase +
Catalase

Citrate utilization -
Voges-Proskauer +
Methyl red -
Carbohydrate fermentation

Fructose +
Sucrose -
Mannose -
Raffinose -
Lactose -
Sorbitol +

Prediction of 16S rRNA secondary structure and
restriction sites analysis

The concept of analyzing free energy linked with
the folding of 16S rRNA gene sequences from bac-
terial isolates could provide crucial information for
making concurrent prediction on gene stabilities.
The 16S rRNA folding was anticipated to explain
the evolutionary stability of ISJ128 gene sequences
(Fig. 3). The free Gibb’s energy of 16S rRNA in
its folded form was observed to be -545.90 kcal/
mol for A. faecalis 1SJ128 (Fig. 3a), respectively.
This study suggested the minimal energy level of

Table 1 Isolation and screening of bacterial isolates showing positive results for preliminary screening

Sample code Sampling site Coordinates

Isolated bacterial strains Positive for clear zone

SANI5 Ganga vatika, Rishikesh 30° 07 35.76” N and

78°16'34.86" E

ISJ126, 1SJ127, 1SJ128, 1SJ129,  1SJ128
ISJ130, ISJ131, ISJ132, 1SJ133
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Fig. 2 Phylogenetic relationship of A. faecalis 1SJ128 based on 16S rRNA gene nucleotide sequences. Numbers at the nodes indi-

cate bootstrap values from the neighbor-joining analysis of resampled data sets
Biodegradation assessment of PE films using

bacterial strain ISJ128

Weight reduction of polyethylene is a simple and

16S rRNA sequences, specifying high folding sta-
efficient method of quantifying biodegradation. The

bility of nucleotides in the organisms. The restric-
tion analysis of 16S rRNA sequence of A. faecalis
strain ISJ128 showed 54% and 46% GCAT content,

respectively (Fig. 3b).
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Fig. 3 Predicted secondary structure of 16S rRNA isolated from bacterial strain A. faecalis 1SJ128 (A). Restriction sites on the 16S
rRNA sequence of A. faecalis 1SJ128 (B)
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adaptive response of bacterial cell on PE surface is
the initial requirement for biodegradation (Gupta
et al., 2016). The experiments were conducted in trip-
licates, and reduction in the weight of treated LDPE
polymer was recorded after 20, 40, and 60 days dur-
ing incubation period (Fig. 4). The signs of signifi-
cant weight loss (10.4%) were detected in LDPE after
treatment with A. faecalis 1SJ128 after completion
of incubation period (60 Days), whereas no signs of
degradation were observed in control LDPE films.
Statistical analysis results indicated that the reduc-
tion in the weight of LDPE with incubation period
was significant (p <0.05). The results clearly dem-
onstrated that bacterial isolate ISJ128 exhibited sig-
nificantly higher weight loss after completion of
incubation period. Similar findings were reported
by Harshvardhan and Jha (2013) for K. palustris, B.
pumilus, and B. subtilis responsible for the reduction
in the weight of LDPE by 1+0.033%, 1.5+0.038%,
and 1.754+0.06%, respectively. On the other hand,
in another study, Auta et al. (2017) recorded 1.6%
weight loss for polyethylene by Bacillus cereus. Com-
parable findings have been accounted for by different

Fig. 4 Percentage biodeg-

radation of polyethylene

film treated with bacterial 10
strain 1SJ128. Value repre-
sents the average of three
independent experiments

[=)]

% WEIGHT LOSS
N w » %]

[y
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researchers (Kyaw et al.,, 2012; Farzi et al., 2019;
Gupta & Devi, 2020; Gupta et al., 2022). Moreover,
removal rate constant and half-life of residual LDPE
were also calculated using first-order kinetic model
where A. faecalis strain ISJ128 exhibited a shorter
half-life of 462 days along with an expected removal
rate constant of 0.0018 day~".

Assessment of hydrophobicity

The propensity of bacteria to utilize any substrate as
a carbon and energy source is largely determined by
their adhesion or growth to that substrate (Rosenberg
et al., 1980). In the present study, a BATH assay was
performed to investigate the interaction between the
bacterial isolate and polyethylene in Fig. 5. In car-
bon-starved conditions, the bacterial surface turns
out to be more hydrophobic and adhesive than non-
starved condition (Kavitha & Bhuvaneswari, 2021).
The development of an efficient biofilm is the con-
sequence of broad bacterial colonization on LDPE
surface. The BATH test findings demonstrate that
ISJ128 cells had 33.5% hydrophobicity in 0.2 mL

40 60
INCUBATION PERIOD (DAYS)
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Fig. 5 Waterfall graph 105 -
showing % decrease in
hydrophobicity of bacte-
rial isolate ISJ128 upon 100
increasing concentration of
hexadecane (ml). O.D (opti-
cal density) was determined %
spectrophotometrically at
600 nm by BATH test 9
o
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c
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of hexadecane (Fig. 5). The relocation of bacterial
cells from aqueous phase to hexadecane is conceiv-
ably connected to a decrease in turbidity of fluid pro-
gressively work featuring the capacity of our strain
ISJ128 in adhering to polymer surface. In the view of
this study, strain ISJ128 produces a significant meas-
ure of biofilm on the LDPE surface which was later
confirmed by FE-SEM investigation. It is clear from
the experimental values that ISJ128 displayed a sig-
nificant reduction in turbidity of aqueous phase even
at a low concentration (0.2 ml) of hexadecane, indi-
cating its strong adherence to hydrophobic surface.
Formation of biofilm on hydrophilic or hydrophobic
surface is influenced by a number of factors such as
properties of substrate as well the force that attracts
the bacteria toward polymer surface. As per literature
survey, Harshvardhan and Jha (2013) observed a 10%
and 24% decrease in turbidity of Bacillus subtilis and
Bacillus pumilus, respectively. In another research,
Orr et al. (2004) documented a significant reduction
of cell surface hydrophobicity (20%) for Rhodococ-
cus ruber strain. In the view of this study, we state a
decrease in turbidity of the aqueous phase of ISJ128,
following addition with hexadecane. Because of the
hydrophobic nature of polyethylene, an organism with

0.05 0.10 015 020
Hexadecane (ml)

a greater cell surface hydrophobicity is predicted to
utilize the polymer more efficiently since hydropho-
bicity facilitates the interaction of bacteria with poly-
ethylene (Orr et al., 2004). Our findings support this
activity since they displayed excellent adherence to
hydrocarbons.

Viability and biomass of strain ISJ 128

Low-density polyethylene surfaces were rapidly colo-
nized by the isolate during first 20 days of incubation.
A persistent rise in ISJ128 biofilm density was noted
throughout the experiment right up to the last day of
the incubation period (Fig. 6a). Maximum biofilm
density, i.e., 1.24x10'° CFU mL™! was noted after
60 days of incubation. During the incubation period,
the density of planktonic cells of A. faecalis 1SJ128
was also found to be increased from 1.0x 10'° (20th
day) to 1.3%x 10'° (60th day). The root cause of this
increase might be those bacterial cells that disen-
gaged from the active biofilm over polymer surface.
Our finding suggests that increased bacterial cell
hydrophobicity facilitates effective biofilm formation
by ISJ128 on polyethylene film. It has been found in
published research that microorganisms frequently

@ Springer
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Fig. 6 Viable cell counts
(CFU mL™!) of bacterial
strain ISJ128 values repre-
sent the mean of three inde-
pendent experiments. Bars
indicated standard error
mean (= SEM). Statistical
significance was calculated
by one-way ANOVA at 4E+09
p <0.05 significance level
(A). Protein contents of
bacterial cultures in Bush- 0 3
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form biofilm on polymer surfaces, resulting in better
remediation mainly due to higher microbial biomass,
i.e., CFU mL™!, resulting in enhanced adaptability of
bacterial cells on polymer surface (Bhatia et al., 2014;
Sudhakar et al., 2008). The viability of bacterial cell
on the surface of LDPE was monitored after every
20 days during 60 days of incubation period. The data
clearly showed that bacterial strain ISJ128 initiated
the development of biofilm within the first 20 days
(Fig. 6a). A rise in the growth rate of bacteria dur-
ing first 20 days of treatment does not essentially sug-
gest a high response and enhanced efficiency of the
isolates but rather a period that permits microorgan-
isms to interact favorably with the polymer surface
and facilitating rapid metabolism (Gupta et al., 2022).
Thus, it appears that in the presence of LDPE films
our isolate, namely A. faecalis 1SJ128, displayed a
remarkable adaptability in carbon-starved conditions
and developed a thick biofilm matrix on polymer
surface.

@ Springer
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The quantity of total protein content (ug mL™!)
was estimated as O.D (Fig. 6b). The total protein
content was used to determine the progression of
biofilm formation on PE surface with time. Results
depicted in Fig. 6b exhibited a pattern similar to that
of the viability of the biofilm measured in the form
of CFU/cm?. In this work, we observed the highest
level (85.3 ug mL™!) protein content of A. faecalis
ISJ128 after 60 days of incubation, indicating a sig-
nificant amount of bacterial population on PE sur-
face as the incubation progressed. This increase in
protein content during incubation reflects an increase
in surface-attached biomass, which may suggest that
biomass on LDPE films is proliferating continuously.
The results are similar to those of Duddu et al. (2015)
who reported 70 ug mL™! total protein content of
surface-attached biomass of Streptomyces sp. Arkat-
ker et al. (2010) reported biomass for Pseudomonas
azotoformans, Bacillus flexus, and Bacillus subti-
lis ranging from 190 to 244 pg mL™! on UV-treated
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polypropylene surface. However, protein content for
thermally treated polypropylene for the same bacte-
ria isolates ranged from 44 to 48 ug mL™' after an
incubation of 12 months. On the other hand, Orr et al.
(2004) demonstrated 4.1 ug mL~" protein concentra-
tion of R. ruber for UV pretreated polyethylene after
30 days.

Surface analysis of degraded PE

Formation of biofilm and deformation of surface
micromorphology of polyethylene films were visu-
alized with scanning electron microscopy (SEM).
As seen in Fig. 7B and C, a dense biofilm was
formed on polyethylene surface after 60 days of
incubation. The presence of fully covered biofilm
of ISJ128 on polyethylene surface demonstrates its
excellent adhesion capabilities to polyethylene. The
analysis of control and bacterial treated polyethyl-
ene films indicates changes in the polymer surface.

The untreated sample maintained intact surface
integrity without any significant changes (Fig. 7A),
whereas polyethylene films treated with ISJ128
exhibited degrading signs on PE surface in the form
of surface bioerosion such as cracks, pits, voids, and
folding on its surface (Fig. 7D). Aravinthan et al.
(2016) observed consistent results after exposing
polypropylene to B. flexus and B. subtilis for one
year. This could be due to an exo-enzyme produced
by bacteria in response to nutritional stress. Surface
bioerosion is the primary cause of mass loss from
the surface. Many researchers have documented the
similar morphological changes in LDPE breakdown
by microorganisms (Auta et al., 2017; Farzi et al.,
2019; Kyaw et al., 2012).

Fourier transform infrared spectroscopy

FTIR is a spectroscopic analytical technique used to
detect chemical groups transformation. FTIR spectra

Fig. 7 Scanning electron microscope (SEM) photographs of
colonization and biofilm formation by A. faecalis strain ISJ128
on PE, blank (untreated) (A). A mature biofilm after 60 days

(B). Three-dimensional structures of A. faecalis 1SJ128 (C).
Formation of pits and cracks on the polyethylene surface after
60 days of incubation (D)
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«Fig. 8 FTIR spectra of polyethylene film used as control
sample (A). Polyethylene film treated with A. Faecalis strain
ISJ128 (B). KCBI, ECBI, VBI, and IDBI control sample and
polyethylene film treated with 1SJ128 (C)

of control (without bacteria) PE film exhibited a vari-
ety of peaks, indicating the complexity of LDPE film
(Fig. 8A). In contrast, the polyethylene film treated
with A. faecalis 1SJ128 displayed alternation in the
intensity of spectra in various regions (Fig. 8B). For
control spectrum, the characteristic band was del-
egated at 729.01 cm~! (C—H bending), 1,465.69 cm™!
(C-=H bending), 1713.55 cm™' (C=0 stretching),
2,855 cm™! (C-H stretching), and 2,916 cm™! (C-H
stretching). The shifting of existing peaks as well as
the appearance of some new band at 1200-1400 cm™!
region of FTIR spectra, indicates the formation
of new intermediates products (Fig. 8B). Bands
at 2916 cm™', 1713.55 cm™',1465.69 cm™', and
729.01 cm™' in the control spectrum shifted to
2914.50 cm™', 1715.81 cm™', 1466.99 cm™', and
725.19 cm™! in test spectrum, respectively, indicat-
ing formation of new peaks at various region during
biodegradation. Our findings were corroborated by
several previous investigations, for instance Das and
Kumar, (2015) recorded chemical groups transfor-
mation in their polyethylene degradation conducted
with Bacillus amyloliquefaciens. Da Luz et al. (2014)
identified similar tendency of chemical groups trans-
formation in oxo-biodegradable polymer with Pleu-
rotus ostreatus. The variation in peak intensities of
substantially all functional groups openly promotes
the conformational shift in treated polyethylene film.
Albertsson et al. (1987) earlier reported that the bio-
logical activity promotes the development of termi-
nal double bonds (IR 905-915 cm™'). An increase
in ester carbonyl bond index (ECBI), keto carbonyl
bond index (KCBI), vinyl carbonyl bond index (VBI),
and internal double bond carbonyl index (IDBI)
was clearly observed in the graph, calculated from
FTIR spectra (Fig. 8C). Initially, carbonyl index was
increased due to the oxidation of dissolved oxygen.
Previous reports also confirm that besides the for-
mation of carbonyl groups, the reduction of native
bonds observed in the FTIR spectrum of polyethyl-
ene also serves as an indication that the polymer has
been broken down to shorter chains (Rajandas et al.,
2012). In biodegradation, enzymes catalyze a particu-
lar or series of responses that lead to different kinds

of chemical transformations, like oxidation reduction,
hydrolysis, esterification, and molecular inner conver-
sion. Keto and ester carbonyls have been accounted
for as significant groups within the sight of oxidore-
ductase. Our findings are consistent with those of
Albertsson et al. (1987), who reported a rise in car-
bonyl index of low- and high-density polyethylene
due to microbial activity.

Conclusion

Environmental pollution resulting from PE waste is a
matter of global concern in the present time, which is
specifically because of its inert properties that resist
deterioration and degradation. Here, we have applied
a multidisciplinary approach to assess efficient bio-
degradation of PE using indigenous microorganisms
associated with partially degraded polyethylene col-
lected from waste dump sites. It is concluded that A.
Jaecalis 1SJ128 develops substantial microbial biofilm
over the LDPE surface causing its efficient biodegra-
dation within a short span of time. As un-pretreated
polyethylene was used for conducting biodegrada-
tion experiments, therefore, higher biodegradation
might be possible to achieve by our bacterial strain
for pretreated PE. Our study indicates that indig-
enous microbes from diverse environments such as
waste disposal sites are promising LDPE degraders,
and thus, may act as a suitable candidate to develop
environment-friendly approach for the management
of plastic waste. Alcaligenes sp. can be exploited as
a novel strain to devise an eco-friendly tool toward
plastic degradation. However, there is very limited
information available on degradation of LDPE using
large-scale studies. Further studies on isolation of
enzymes responsible for biodegradation of plastic on
molecular level will pave the way for large scale or
industrial scale-up.
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