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ow-density polyethylene (LDPE), a commonly-used

packaging material that is resistant to degradation

under  natural  conditions, contributes to

environmental pollution. Recently, considerable

attention has been focused on microorganisms
capable of degrading polyethylene-based plastic waste. In this
study, bacterial strains with unique capabilities to use low-
density polyethylene as sole carbon source were isolated from a
hyperalkaline spring (pH 11) through enrichment culture
procedures. The process of biodegradation was observed for 90
days in a synthetic medium containing LDPE films. The
bacterial isolates, phylogenetically-affiliated with Bacillus
krulwichiae, Bacillus pseudofirmus, Prolinoborus fasciculus,
and Bacillus sp., were able to reduce the weight of the residual
polymer up to 9.9%, 8.3%, 5.1%, and 6.3%, respectively. The
viability of the isolates was correlated with an increased protein
density of the biomass. SEM analysis revealed that the strains
exhibited strong adhering capabilities as indicated by
morphological changes that occurred on the surface of LDPE
films incubated with bacterial isolates. Fourier transform
infrared spectra showed changes in keto carbonyl index, ester
carbonyl bond index, internal double bond index, and vinyl bond
index supporting the depolymerization activity of the isolates.
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Reduction in percent crystallinity of the films incubated with
isolates was also observed. This study confirmed the ability of
the selected microorganisms to utilize LDPE as carbon source,
and to degrade the films without thermal and oxidative pre-
treatments.
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INTRODUCTION

Plastics are long-chain synthetic polymer that are used in various
fields as replacement for paper and other cellulose-based
products for packaging due to their bio-inert and excellent
moisture barrier properties (Andrady 2011). The annual global
demand for plastics has consistently increased over the years and
presently stands at about 245 million tons. Unfortunately, the
accumulation of plastic wastes in the environment causes
pollution, reduces soil fertility, minimizes water percolating
capacity of plants, threatens animal life by plastic ingestion, and
releases harmful chemicals that lead to health problems (Pramila
and Ramesh 2015). These negative effects are clearly apparent
as plastics are resistant to the natural process of degradation
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(Kumar et al. 2007). One of the most common type of synthetic
polymers found in solid waste is low-density polyethylene
(LDPE).

LDPE is one of the most inert plastic materials, a characteristic
that is largely contributed by its high molecular weight, three-
dimensional structure and hydrophobicity as proven by several
long-term degradation studies (Hadad et al. 2005). In another
study (Potts, 1978), no sign of biodegradation was observed in
polyethylene sheet incubated in moist soil for 12 years. Further,
polyethylene films incubated in soil for 32 years showed only
partial degradation (Otake et al. 1995). Several biodegradation
studies, however, reported the potential of photo- and thermal-
based pre-treatments in enhancing biodegradation rate of
polyethylene. In a long-term study on the biodegradation
conducted in soil, the UV-irradiated **C-labelled polyethylene
samples, released < 0.5% carbon dioxide by weight after 10
years. Consistent with its inert nature, the non-irradiated'“C-
labelled polyethylene sheet incubated in soil for the same length
of time evolved < 0.2 % carbon by weight (Albertsson and
Karlsson 1990). It has been proposed that UV exposure and
thermal treatment generate macro radical in the amorphous
region of the polyethylene film and that through a series of
reactions, these free radicals will then be converted to carbonyl
groups that can be utilized by microorganisms in the degradation
process (Raut et al. 2015).

Biodegradation entails the utilization of polymers by
microorganisms as sources of carbon and energy for their
growth (Albertsson et al. 1997). Microbial degradation involves
the use of extracellular and intracellular depolymerases by
organisms to break down organic substances. Exoenzymes from
microorganisms introduce a chain cleavage of the polymer
producing oligomers and monomers that can be absorbed and
utilized for microbial metabolism. Most microbes that
demonstrated the capacity to degrade polyethylene were
identified as bacterial species belonging to genera
Pseudomonas, Streptococcus, Staphylococcus, Micrococcus,
and fungi species belonging to genera Aspergillus and
Trichoderma (Swift1997).

Although the the abovementioned microorganisms were found
to thrive in highly favorable environments, several studies have
reported that extremophiles inhabiting extremely harsh
conditions can also degrade polyethylene. Hadad et al. (2005)
and Duddu et al. (2015) have recently reported the degradation
of polyethylene by the thermophilic bacteria Brevibacillus
borstelensis and Streptomyces coelicoflavus. These reports
showed a metabolically diverse nature of extremophiles and
incited a compelling need to identify other organisms with
potential for degradation. Microorganisms isolated from
alkaline environments have been extensively investigated for
various biotechnological applications but their potential for
synthetic polymer degradation remains to be explored. These
microorganisms are present in naturally-occurring alkaline
environments, such as ocean water, soda lakes and deserts,
underground alkaline water, and alkaline springs that are
distributed worldwide (Horikoshi 2011). In the Philippines,
ophiolites have been identified as potential sources of
hyperalkaline waters driven by a geological process called
serpentinization. This process involves the weathering of
mineral-rich mafic and ultramafic rocks upon exposure to
carbon dioxide-charged waters producing serpentinite,
hydroxide, and carbonates along the process (Tiago et al. 2004).
During dissolution of minerals in rocks, protons are used and the
dominant hydroxide ions drive up the pH of the aqueous system,
generating an extremely alkaline pH in these serpentinizing
systems. Poon Bato Spring, a natural alkaline spring in
Zambales ophiolite complex of the Philippines, is a typical Ca?*

- OH-type water sourced in actively serpentinizing host rocks
(Cardace et al. 2015).

In the present study, the potential of LDPE-degrading bacteria
isolated from high pH spring in Zambales, Philippines was
determined in vitro by measurement of bacterial biomass on the
film, monitoring of change in weight of the LDPE samples,
variation in physical properties of the LDPE film, and changes
in the infrared spectra of the film after biotic exposure.

MATERIALS AND METHODS

Substrate

Low-density polyethylene (LDPE) in the form of garbage bags
were bought from a local supermarket. The substrate was
confirmed as LDPE after comparison with a spectral library
having 93% match to low-density polyethylene.

Sample collection

Water samples were collected from rock crevices of the Poon
Bato spring in Botolan, Zambales, Philippines (15°18°52.34” N
120°03°52.85” E). The samples were transferred aseptically into
sterile bottles for analysis. Temperature, pH, salinity, and
dissolved oxygen were measured using a water quality
multisensory equipment during sample collection. Water
samples were analyzed at the water testing laboratory of the
Department of Science and Technology (DOST)-Cordillera
Administrative Region (CAR).

Pretreatment and preparation of LDPE powder

LDPE bags were cut into small pieces of size 1.5 cm x 1.5 cm
and boiled with xylene for 15 minutes. After boiling, the pieces
were crushed with a blender at 3,000 rpm for 10minutes. The
resulting LDPE powder was washed with 70 % ethanol, dried
overnight in a hotoven at 60°C and stored at room temperature
(Das and Kumar 2014).

Enrichment and isolation of LDPE-degrading bacteria
Enrichment cultures were prepared by adding 10 mL of water
sample to 90 mL of synthetic medium (SM) containing (g/L of
distilled water): NH4NOs, 1.0; MgSO4 = 7H20, 0.2; K2HPOs,
1.0; CaClz2-2H20, 0.1; KCl, 0.15; yeast extract (Difco), 0.1; and
1.0 mg for each of the following micronutrients: FeSO4-6H20;
ZnS0O4:7H20 and MnSO4 (Balasubramanianet al. 2010) . The
solution was supplemented with 300 mg of LDPE powder while
the pH of the medium was adjusted to pH 11 by the addition of
Na2COs. The Na2COz was autoclaved separately from the other
components of the medium and was mixed after cooling to 50°C.
The sample solutions were incubated at 37°C in a shaker
incubator for 5 days.

Samples taken from the enrichment culture were serially diluted
and subsequently plated onto SM agar. All plates were incubated
at 37°C for 5 days. Distinct colonies were picked and purified
by streak plating method using the same medium. The cultures
were examined for their cultural characteristics, Gram reaction,
and were subjected to biochemical tests such as catalase and
oxidase tests. Pure cultures were maintained in 40% glycerol
stock solution and stored at -70°C biofreezer.

Sequencing and phylogenetic analysis of 16S rRNA genes of
the isolates

Amplification of 16S rRNA gene of the isolates was performed
by Macrogen Inc., Seoul, Korea using the bacterial primers 27F
(AGAGTTTGATCCTGGCTCAG) and 1492R
(GGGTTACCTTGTTACGACTT) (Lane 1991). Sequencing
was carried out by using Big Dye terminator cycle sequencing
kit v.3.1 (Applied BioSystems, USA). ChromasPro software

2 Philippine Science Letters

Vol. 11 (Supplement) | 2018



Table 1: Physicochemical characteristics of water samples obtained from Poon Bato Spring

Variable

Measurement

pH

Temperature ("C)
Conductivity (uS/cm)
Dissolved Oxygen (mg/L)
Calcium (mg/L)
Chloride (mg/L)
Sulfate (mg/L)
Magnesium (mg/L)
Iron (mg/L)

Nitrate (mg/L)
Manganese (mg/L)

11
28
781
3.6
50.3
20.3
4.16
131
0.12
<LoD*
ND**

*LoD — Limit of Detection (0.43 mg/L for nitrate)

*ND — Not Detected

g% @ PB14

9|~ EU375314 Bacillus sp. X2 16S

@ PB1

69
00" NR 114066 Bacillus krulwichiae strain NBRC 102362

Q|| ————® P85

%' NR 026139 Bacillus pseudofirmus strain DSM 8715

5

— NR 042894.1 Bacillus bogoriensis strain LBB3 16S ribosomal RNA gene partial sequence

NR 118626 Omithinibacillus contaminans strain CCUG 53201

8

0

| &

® P88

8

—
0%

1 NR 113330 Oceanobacillus indicireducens strain A21
44.[: NR 114343 Amphibacillus iburiensis strain N314

AL NR 119070 Bacillus horikoshii strain DSM 8719

® 93L NR 026138.1 Bacillus cohnii strain DSM 6307 16S ribosomal RNA gene partial sequence

NR 036907.1 Staphylococcus xylosus strain KL 162 16S ribosomal RNA gene partial sequence

NR 043204.1 Exiguobacterium profundum strain 10C 16S ribosomal RNA gene partial sequence

100" NR 104948 Prolinoborus fasciculus strain CIP 103579
NR 028928.1 Nesterenkonia lacusekhoensis strain EL-30 16S ribosomal RNA gene partial sequence
|'— NR 114872.1 Brevibacterium luteolum strain CF87 16S ribosomal RNA gene partial sequence
_',‘ KC734524.1 Microcella alkaliphila strain TRTYP4 16S ribosomal RNA gene partial sequence
EKJMMOBJ Microbacterium oxydans strain BPS6 16S ribosomal RNA gene partial sequence

U38488 Methanococcus voltae

Figure 1: Phylogenetic tree showing the relationship among 16S rRNA gene sequences of the bacterial isolates with reference sequences
obtained through BLAST analysis. The sequences alignment was performed using Clustal W program and the tree was constructed using
Neighborhood-Joining with Kimura 2 parameter distances in MEGA 6 software. Bootstrap values (1000) replicates are shown at the nodes. Sequences
designated as PB were obtained from the present study. Methanococcus voltae was used as outgroup.

(http://www.technelysium.com.au/) was used to manually
evaluate the sequences and to remove low quality regions
usually at the start and end of the fragment. DNA sequences
were analyzed using the BLAST tool at the National Centre for
Biotechnology Information (NCBI) server
(http://blast.ncbi.nlm.nih.gov). The sequences were submitted
for multiple alignments with reference sequences from the
GenBank database using Clustal W. Phylogenetic trees were
constructed with the Maximum Likelihood algorithm of MEGA
6 software (Tamura et al. 2011) with evolutionary distances
calculated according to Kimura’s two-parameter correction
method. The phylogenetic trees were evaluated through
bootstrap analysis from 1000 bootstrap replicates. All sequences

generated have been deposited in the GenBank database under
accession numbers MF407325-MF407328.

Polyethylene film biodegradation assay

Each isolate collected was tested for LDPE-degrading
efficiency. Flasks containing 300 mL of SM broth were added
with pre-weighed LDPE strips (1.5 cm x 1.5 cm size) that had
been dried overnight at 60°C, weighed, disinfected for 30
minutes in 70% ethanol, air-dried for 15 minutes in laminar
airflow chamber, and treated with mineral oil (0.05%) to allow
bacterial adhesion (Das and Kumar 2014). One mL of a 24- hour
bacterial culture maintained at a turbidity equivalent to 0.5
McFarland standards was added to the suspension. Flasks
containing non-inoculated SM medium supplemented with
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Table 2: Phenotypic characteristics of bacterial isolates from Poon Bato Spring

Isolate Cultural characteristics Cell morphology
(color, colony form, margin,
surface, elevation

PB1 Colorless, circular, entire, smooth, Rod
raised

PB5 Yellow, circular, curled, smooth, Rod
convex

PB8 Colorless, circular , entire, Rod

smooth, raised
PB14 Colorless, circular, entire, smooth, Rod

flat

Gram Reaction Catalase Test Oxidase Test

+ + +
+ + +
_ + +
+ + +

0.6 -
0.5 -
0.4 -
0.3 A
0.2 -
0.1 1

0 . . . . N

2 4 6 8 10 12 14
Incubation Period (Days)

Protein concentration mg/ml

1.2

0.8
0.6
0.4
0.2

Protein concentration mg/ml

2 4 6 8 10 12 14
Incubation Period (Days)

Protein concentration mg/ml

0.4 -
0.3 -
0.2 -

2 4 6 8 10 12 14
Incubation Period (Days)

0.25 ~
0.2 -
0.15 ~

0.05 -

Protein concentration (mg/ml)

2 4 6 8 10 12 14
Incubation Period (Days)

Figure 2: Protein content of attached bacterial isolates (A) Bacillus krulwichiae PB1 (B) Bacillus pseudofirmus PB5 (C) Prolinoborus
fasciculus PB8 and (D) Bacillus sp. PB14 on the surface of low-density polyethylene film.

polyethylene served as the control. All flasks were incubated at
37°C for 90 days (Gajendiran et al. 2016).

Determination of dry weight of residual LDPE

To facilitate accurate measurement of the dry weight of residual
LDPE, recovered LDPE films were washed with 2% (v/v)
aqueous sodium dodecy! sulfate (SDS) solution for 4 hours and
then with distilled water (Gilan et al.2004). The mineral oil
added on the LDPE films was removed using chloroform and
then SDS wash. The washed LDPE films were dried overnight
on a filter paper at 60°C before weighing. The weight loss was
calculated using the following equation: Percentage of weight

loss = [(Initial weight - Final weight)/ Initial weight] x 100
(Konduri et al. 2010).

Quantitative estimation of bacterial population on LDPE
films

Indirect estimation of the bacterial biomass was done by
determining the protein concentration on the LDPE films
utilizing the procedure of Hadad et al. (2005) with
modifications. Each bacterial isolate was inoculated into 14
flasks each containing SM broth supplemented with 30 mg
LDPE strips (1.5 cm x 1.5 cm size). The flasks were incubatedat
37°C from 1 to 14 days. The protein concentration was checked
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Table 3: Bacterial isolates and their phylogenetic affiliations

Nearest Phylogenetic

Accession number of the

Isolate Lo nearest phylogenetic % similarity Phylogenetic group
Affiliation affiliation
PB1 Bacillus krulwichiae NR_114066 97% Firmicutes
PB5 Bacillus pseudofirmus NR_026139 95% Firmicutes
PB8 Prolinoborus fasciculus NR_104948 99% Proteobacteria
PB14 Bacillus sp. EU375314 99% Firmicutes

Table 4: Carbonyl index obtained from FTIR spectra of low density polyethylene (LDPE) incubated for 90 days with bacterial isolates vs non-

inoculated polyethylene

Carbonyl Index

Isolate 30 days
Non-inoculated (Control) 0.009
PB1 0.009
PB5 0.003
PB8 0.014
PB14 0.012

60 days 90 days
0.011 0.006
0.005 0.008
0.004 0.005
0.009 0.007
0.015 0.007

every day by boiling the films with 5 mL of 0.5M of NaOH
solution for 30 minutes. The solution was then centrifuged for 1
minute at 5000rpm. The supernatants were combined and
subjected to UV-Vis spectrophotometer with the NaOH solution
serving as blank solution. Finally, the concentration of proteins
was computed using the equation described by Groves et al.
(1968): Protein concentration (mg/mL) = A2go (1.55) — Az60 (.76).

Fourier transform infrared (FTIR) spectroscopy analysis of
polyethylene

After 90 days of incubation, the LDPE films were washed with
2% SDS followed by sterile distilled water and dried overnight
at 50°C prior to submission for FTIR analysis. Changes in the
structure of polyethylene samples incubated with the bacterial
strains and non-inoculated control were analyzed by Fourier
transform infrared (FTIR) spectroscopy (Shimadzu Prestige,
Pike Technologies, USA). FTIR scan per sample was taken at
spectrum ranging from 400 cm™ to 4000 cm* at ambient room
temperature. Characteristic peaks of the spectra were determined
using Essential FTIR Software (Operant LLC, Madison, U.S.A).
The relative absorbance intensities of the ester carbonyl bond
(1740 cmY), the keto carbonyl bond (1715 cm™), the terminal
double bond (vinyl) bond (1650 cm) and the internal double
bond (908 cm) to that of the methylene bond (1465 cmt) were
evaluated using the following equation (Albertsson et al. 1997):
keto carbonyl bond index (KCBI) = li715/l14e5; ester carbonyl
bond index (ECBI) = li740/ lues; vinyl bond index (VBI) =
l1e50/l1465; and internal double bond index (IDBI) = lgos/l1465. The
crystallinity percentage of the polymer was calculated using the
following equation: % crystallinity = 100 — [{1 - (la/1.233Ib) /
1+ (la/lb)} x 100]: where la is the absorbance at 1473 and 1b is
absorbance at 1463. Carbonyl index was computed using the
following equation: CI = absorption at 1740 cm™* / absorption at
1460 cm! (Kyaw et al. 2012). Samples incubated with bacterial
isolates were subjected to FTIR analysis after every 30 days of
incubation.

Scanning electron microscopy of polyethylene

To examine the morphological changes on the surface of
polyethylene incubated with bacterial isolates, polyethylene
films were recovered from the SM media after 90 days of

incubation. The samples were washed with 2% SDS and distilled
water and finally flushed with 70% ethanol to remove surface-
adhered organisms. The films were air-dried overnight, gold-
coated, and visualized using scanning electron microscope
(JEOL, Model JSM-6390LV).

Statistical analysis

Experimental results were expressed as the mean + standard
deviation of three independent replicates. Test of significance of
the differences among mean values was determined by one-way
analysis of variance (ANOVA) followed by Tukey’s test at the
5% level of significance (P < 0.05) using IBM Statistical
Package for the Social Sciences (SPSS) version 20.0 (IBM
Corporation, Armonk, NY, USA.

RESULTS AND DISCUSSION

Isolation and identification of LDPE-degrading bacteria

Bacterial isolates were obtained from Poon Bato Spring, a
natural alkaline environment in the Zambales ophiolite complex
of the Philippines. The measured pH was 11 and the temperature
was 28°C. Chemical analysis of the water samples revealed the
presence of calcium, magnesium, sulfate, chloride, and iron.
Calcium had the highest amount at 50.3 mg/L (Table 1). The
high concentration of calcium detected in the site confirmed that
the spring is typical Ca 2* -OH - type water generated by active
serpentinization process (Cardace et al. 2015). Initially, nine
isolates were obtained by enrichment culture supplemented with
LDPE as the sole carbon source. However, only four strains
have significantly reduced the weight of the polymer after 90
days of incubation. The four isolates were found to be Gram-
positive except PB8, catalase-positive, and oxidase-positive
(Table 2). Analysis of the 16S rRNA gene sequences revealed
that the isolates belong to two major groups of bacterial phyla,
phylum Firmicutes and phylum Proteobacteria. Specifically,
three of the isolates were affiliated with phylum Firmicutes,
which contains low G+C Gram-positive bacteria, represented by
the genus Bacillus while the remaining isolate was grouped
under phylum Proteobacteria, a diverse group of Gram-negative
bacteria, represented by genus Prolinoborus. All of the
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sequences analyzed showed high similarities (95-99%) to 16S
rRNA gene sequences of already characterized strains (Table 3).
A phylogenetic analysis confirmed their similarity to the
respective species (Fig. 1).

The phylum Firmicutes consists mostly of Gram-positive
bacteria which are phenotypically- and physiologically-diverse,
allowing them to inhabit a wide variety of environments
including hypersaline habitats. Members of this phylum have
been reported in bacterial diversity studies of alkaline
environments such as the Lonar Lake in India (Joshi et al.2008;
Kanekar et al. 2007), Cabeco de Vide aquifer in Portugal (Tiago
et al. 2004), the Cedars in California (Morrill et al.2013) and the
Manleluag hyperalkaline spring in the Philippines (Baculi et al.
2015) where the Firmicutes similarly made up the large portion
of the total isolates in the aforementioned sites. The genus
Bacillus is the most commonly found aerobic, eubacterial
alkaliphiles both in soda lakes and in less selective environments
(Horikoshi and Akiba 1982; Krulwich and Guffanti 1983). The
high occurrence of Bacillus species in highly alkaline saline
environments may be due to their nutritional versatility, stress-
tolerant thick-walled endospores, and broad tolerance for
environmental extremes (Satyanarayana et al. 2012). The
Bacillus krulwichiae isolated in this study was closely related to
an obligate alkaliphilic, halotolerant type strain bacterium
isolated from alkaline Lonar Lake in India (Tambekaret al.
2014) and from soil in Japan (Yumuto et al. 2003). Another
isolate obtained in this study was closely affiliated with Bacillus
pseudofimus previously isolated from alkaline water and
sediment samples in the study of Tambekar and Tambekar
(2013) and Ma et al. (2012), respectively. Hence, it can be
inferred that the alkaline pH of Poon Bato Spring can possibly
support the growth of this bacterium.

The phylum Proteobacteria encompasses a major proportion of
Gram-negative bacteria that are known to occur in a broad
spectrum of habitats including marine, hypersaline, alkaline and
acidic habitats due to their extreme metabolic diversity
(Horikoshi et al.2011). Microbial diversity studies have
previously reported the persistence of the members of the
phylum in alkaline environments such as the Tablelands
Ophiolite in Newfoundland, Canada (Brazelton et al. 2013), the
ikaite columns and the surrounding Ikka Fjords in Greenland
(Glaring et al. 2015), and the serpentinizing springs at The
Cedars, California (Suzuki et al. 2014). Members of the genus
Prolinoborus are distinct from other Gram-negative rods by
using proline as the only source of carbon and nitrogen, lack of
ability to use carbohydrate compounds, and nitrogenase activity
(Brenner et al. 2005). The isolate PB8 exhibited high sequence
similarity to the only species of this genus, Prolinoborus
fasciculus (formerly Aquaspirillum fasciculus) which has been
isolated from pond water and alkaline Lonar Lake in India
(Strength et al. 1976; Tambekar et al.2014). The presence of an
isolate in Poon Bato Spring that is closely related to P. fasciculus
strain is a new discovery since it has not been reported in other
serpentinization—hosted environment although it has been
isolated from a soda lake in India (Tambekar et al. 2014).

Weight reduction analysis

Polyethylene degradation was initially monitored by dry weight
reduction of polyethylene films incubated with the individual
isolates for 90 days. The present findings show that four
bacterial strains related to Bacillus and Prolinoborus were
capable of utilizing LDPE as carbon source. Among the nine
isolates tested, four were capable of LDPE degradation based on
weight loss after 90 days of incubation with significant
differences at p<0.05 when compared to the negative control.
The percentage weight loss was calculated as 9.9+ 0.05%, 8.3
+0.1%, 5.1+0.2% and 6.3+0.2% for isolates identified as
Bacillus krulwichiae, Bacillus pseudofirmus, Prolinoborus

fasciculus, and Bacillus sp., respectively. No weight loss was
estimated in the polyethylene films incubated without any of the
bacterial isolates.

Several studies have been undertaken in determining the role of
bacteria in biodegradation. However, only a few studies have
reported on the degrading capability of isolates from extreme
environments. Studies conducted by Hadadet al. (2005) and
Dudduet al. (2015) showed that the thermophilic bacteria
Brevibacillus borstelensisand Streptomyces coelicoflavus were
able to degrade LDPE with 11% and 30% weight loss in just 30
days and 120 days, respectively. Moreover, halophilic bacteria
have been reported to have the capability to degrade oils (Hao
and Lu 2009) and aromatic compounds (Nicholson and
Fathepure 2004).

During the 90-day incubation period, the highest percentage of
polyethylene biodegradation measured in terms of weight loss
was 9.9+0.05% demonstrated by isolate PB1 which is related to
Bacillus krulwichiae. The biodegradation level exhibited by this
strain was higher than the previously reported 5% and 9%
weight loss estimates of LDPE treated with Pseudomonas sp.
and Pseudomonas putida, respectively (Tribedi and Sil 2012;
Kyawet et al. 2012). In general, the biodegradation rate of LDPE
demonstrated by the isolates was higher compared to the 3.5 to
8.4% weight loss values of polyethylene incubated for 10 years
(Potts 1978; Albertsson and Karlsson 1990) and thermo-
oxidized polyethylene incubated for 3-5 years with Arthrobacter
parrafineus in the soil (Albertsson et al.1997).

The degradation of polymer is associated with several physical
and chemical processes that lead to only small structural changes
but significant damage to the quality of the material (Sudhakaret
al. 2008). Microorganisms use their exo-enzymes to break down
large and complex polymers into smaller chains of oligomers,
dimers or monomers with the help of several enzymes such as
dehydrogenases, dioxygenase and monooxygenase. These
smaller molecules can then be absorbed by the semi-permeable
membrane of microbes and be used as the carbon and energy
source (Singh et al. 2016). The results obtained demonstrate the
remarkable ability of Bacillus species to utilize LDPE as a
carbon source. Several Bacillus species, which include B.
amyloliquefaciens, B. sphericus, B. cereus, B. pumilus, and B.
subtilis (Sudhakaret al. 2008), have been observed to utilize
LDPE. However, Bacillus krulwichiae and Bacillus
pseudofirmus isolated in this study have not been reported as
showing the same capability. Similarly, the degradation of
polyethylene by Prolinoborus fasciculus has yet to be cited in
any biodegradation study inferring that such competency is a
new discovery.

Quantitative estimation of bacterial population on LDPE films
Measurement of bacterial biomass on the polyethylene film was
done through analysis of protein content of cells attached on the
films. The results indicated a biphasic pattern of growth
characterized by two exponential stages for most isolates (Fig.
2). Rapid colonization of the polyethylene occurred during the
first two to six days of incubation with isolates PB1, PB5, and
PB14. The initial increase in biomass can possibly be due to the
utilization of mineral oil as a carbon source (Gilan et al. 2004).

Isolate PB8 was unable to utilize mineral oil as source of carbon.
Mineral oil could enhance adherence of cells on the surface of
polyethylene presumably by mediating the hydrophobic
interactions between the cells on the bacterial biofilm, and the
polymer (Balasubramanian et al. 2010; Gilan et al. 2004). The
eventual decrease in bacterial biomass after the first exponential
growth indicates a depletion of mineral oil as carbon source.
Once the mineral oil has been consumed, a low-density
population of cells capable of using LDPE as the carbon source
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Figure 4: Fourier transform infrared spectra of LDPE after 90 days of incubation with bacterial isolates (A) Bacillus krulwichiae PB1, (B)
Bacillus pseudofirmus PB5, (C) Prolinoborus fasciculus PB8, and (D) Bacillus sp. PB14. The colors indicate the length of incubation period when
the measurement was taken: green = 30 days of incubation, blue = 60 days of incubation, pink = 90 days of incubation).

developed on the polyethylene. This observation confirms the
results of Hadad et al. (2005) on biodegradation of polyethylene
by the thermophilic bacterium, Brevibacillus borstelensis. In
their study, bacterial colonization of the polyethylene measured
as extractable protein by B. bortelensis initially increased
followed by a gradual decrease leading to the absence of
extractable protein until the 20" day of incubation. A slow and
constantly proliferating biofilm eventually developed on the
polyethylene film following the decline in the protein content of
the fast-proliferating cells. Similarly, Gilan et al. (2004) reported
the development of low-density biofilm of Rhodococcus ruber
using LDPE film as carbon source after the utilization of mineral
oil.

Fourier transform infrared (FTIR) spectroscopy analysis

Fourier transform infrared analysis enables the determination of
degradation products, chemical moieties incorporated into the
polymer such as branches, co-monomers, unsaturation, and
presence of additives such as antioxidants (Sudhakar et al.
2008). Analyses were conducted to monitor the formation or
disappearance of acids (1715 cmt), ketones (1740 cm), and
double bonds (1640 and 908 cm™) to explain the mechanisms of
biodegradation process. The control spectra of the polyethylene
film not treated with any of the isolates displayed distinctive
bands that characterize a typical LDPE (Fig. 3). The
characteristic absorption bands were assigned at 2920 cm (CH:
asymmetric stretching), 2850 cm* (CH2 symmetric stretching),
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Figure 5: FTIR indices of LDPE films exposed to the isolates for 90 days. (KCBI-keto carbonyl index; ECBI-ester carbonyl index; VBI-vinyl bond
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Figure 6: Kinetics of crystallinity changes of untreated LDPE films and films treated with bacterial isolates throughout the 90-day incubation

period.

1473, 1462, and 1437 cm* (C=C bending deformation), and 727
and 723 cm (C-H bend mono) (Gulmine 2002).

The intensity of peaks varied in different regions after 30, 60 and
90 days of incubation of the test samples with the bacterial
isolates. Generally, there was a decrease in the intensity of peaks
that corresponded to C=C bending deformation (1473, 1462, and
1437 cm™®, and C-H bend mono (727 and 723 cm™) on the films
incubated with the isolates (Fig. 4). Moreover, strong absorption
peaks at 1462 cm and 1437cm™ became less prominent after
microbial treatment. The intensity of these peaks was further
reduced in the case of isolates PB1 and PB8.

Carbonyl residues at the typical carbonyl peak (1712 cm) were
reduced upon incubation with bacterial isolates PB1, PB8, and
PB14 indicating carbony! utilization (Fig. 4). The initial abiotic
step in degradation of polyethylene involves polymer chain
oxidation which forms carbonyl groups that subsequently forms
carboxylic groups that eventually undergo B-oxidation.
Complete degradation happens via citric acid cycle resulting in
the formation of CO2 and H20 (Albertsson et al. 1997). The
carbonyl index is the ratio between the absorbance peaks of
carbonyl group to CH2 at 1462-1463cm™. Initially, carbonyl
index increased relative to the control for strains PB1, PB8, and
PB14 after 30 days of incubation (Table 4). Prolonged exposure

of the films to these isolates led to a decrease in carbonyl index
presumably due to the utilization of low molecular weight
oxidation products. Similar activity was reported in the
polyethylene degradation studies by Gilan et al. (2004),
Sudhakar et al. (2008), Hadad et al. (2005), and Volke-
Sepulveda et al. (2001). On the other hand, the increase in
carbonyl index was evident throughout the 90-day incubation of
the polyethylene films with isolate PB5 which can be attributed
to biological activities of the microorganisms that lead to the
formation of ketone or aldehyde C=0 groups (Esmaeili 2013)
which was confirmed by peak formations. Moreover, this may
also be due to microbial oxidation of short chains of alkanes
forming carboxylic acids (Manzur et al.2004). This increase in
carbonyl index as a result of biodegradation is similar to the
results of Balasubramanian et al. (2010).

The KCBI, ECBI, and VBI of the polyethylene increased when
incubated with most of the isolates (Fig. 5). Although KCBI and
VBI were lower than the control when using isolate PB5, a
consistent increase in KCBI and VBI values was observed with
this isolate throughout the 90-day incubation time presumably
due to the emergence of keto and ester carbonyl as the primary
products of enzyme activity particularly involving
oxidoreductase (Karlssonand Albertsson 1998). Furthermore,
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Figure 7: Scanning electron micrographs revealing the surface morphology of LDPE films after 90 days of incubation without bacterial
isolate (A-C), and with bacterial isolates Bacillus krulwichiae PB1 (D-F), Bacillus pseudofirmus PB5 (G-1), Prolinoborus fasciculus PB8 (J-L),

and Bacillus sp. PB14 (M-O) (2,500x, 5,000x and 10,000x).

IDBI increased when the polyethylene was incubated with
isolates PB1 and PB8.

Low-density polyethylene is insoluble in nature due to their
crystalline structure (Pierre and Chiellini 1986). In this study,
there was an observed reduction in the crystallinity of the
polyethylene after 90 days incubation with isolates PB5 and PB1
(Fig. 6). The decrease in crystallinity supports the conversion of
crystalline structures of the LDPE films into an amorphous
structure as a consequence of degradation. On the other hand,
abiotic degradation results in the remaining polymer becoming
more organized after release of the degradation products
(Albertsson et al.1995) as indicated by the increase in percent
crystallinity of the control. Furthermore, the observed increase
in crystallinity in the film incubated with PB1 and PB8 after 60
days of incubation can be attributed to microbial attack on
amorphous fractions rather than crystals because the latter are

more resistant to enzymatic attack.The subsequent decrease in
crystallinity at the end of the 90-day incubation for both strains
was possibly caused by the microbial attack on smaller crystal
structures which were formed during the initial attack on
amorphous fractions (Manzur et al. 2004). The results obtained
are similar to the findings of Manzur et al.(2004) on the
biodegradation of physicochemically- treated LDPE by a
consortium of filamentous fungi and of Volke-Sepulveda et
al.(2001) on biodegradation of LDPE.

Scanning electron microscopy (SEM) analysis

The changes in the surface morphology of the LDPE films were
investigated by SEM after 90 days of incubation. The control
sample, incubated without any of the bacterial isolates, had a
smooth surface with no pits, cracks or any particles attached to
the surface. In contrast, LDPE films treated with the bacterial
isolates had surface alterations characterized by pits, cracks,
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erosions, and roughness (Fig.7). The observed changes in
surface morphology suggest an ability to colonize and probably
adhere to the LDPE films by means of extracellular polymeric
substances that are primarily polysaccharides (Raut et al. 2015).
Although further investigation is needed to elucidate the
underlying mechanism of LDPE degradation, it can be inferred
that the process involves a series of enzymatic solubilization
steps (Kyaw et al. 2012). The adherence of microorganisms
through polymeric substances plays an important role in
transporting depolymerizing enzymes (Raut et al.2015). The
presence of pits and cavities may be due to the absence of a
uniform distribution of short branches in the polymer matrix that
suggests the penetration of bacteria into the LDPE matrix during
degradation (Manzur et al. 2004). Surface erosion is the primary
cause of mass loss from the surface of the film (Gajendiran et al.
2016). The occurrence of several non-uniformly scattered
whitened areas and erosion zones indicates surface erosion
mechanism involved in degradation which might be due to
enzyme catalytic action (Bhatia et al. 2014). These findings are
consistent with the biodegradation efficiency of bacterial
isolates reported by Negi et al. (2009).

Generally, the isolates showed degradation efficiency based on
the reduction in dry weight of the polymer, formation and
disappearances of several functional groups as revealed by the
changes in peaks of FTIR spectra, and morphological changes
on the polymer as shown by SEM analysis.

CONCLUSIONS

The present study on in-vitro biodegradation clearly showed that
bacteria isolated from a hyperalkaline spring can degrade low-
density polyethylene, a polymer that is resistant to natural
process of degradation. Bacterial isolates, phylogenetically
related to Bacillus krulwichiae, Bacillus pseudofirmus,
Prolinoborus fasciculus, and Bacillus sp., were able to colonize
and degrade LDPE films based on weight reduction, appearance
and disappearance of various functional groups as revealed by
FT-IR analysis, and structural changes on the film by SEM
analysis. Moreover, the actively increasing metabolism of the
isolates as revealed by protein quantification supported their
ability to utilize LDPE as carbon source. The degradation
capability of the bacterial strains could be due to the occurrence
of certain enzymatic activities that lead to a chain cleavage and
assimilation of the hydrocarbon backbone of the polymer. This
study demonstrated the ability of the isolates to degrade
polyethylene even in the absence of prior oxidation treatments.
The results showed that selected microorganisms exhibited great
potential for LDPE biodegradation, a discovery which can be
used in reducing solid waste currently accumulating in natural
environments. Determination of bacterial protein concentrations
using samples incubated at longer periods combined with cell
surface hydrophobicity analysis will lead to improvements in
understanding the colonization and biofilm formation on the
film. Microbial consortia can be formulated and evaluated for
their efficacy in enhancing the rate of LDPE biodegradation.
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