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Abstract This study aimed to formulate novel microbial con-
sortia isolated from plastic garbage processing areas and there-
by devise an eco-friendly approach for enhanced degradation
of low-density polyethylene (LDPE). The LDPE degrading
bacteria were screened and microbiologically characterized.
The best isolates were formulated as bacterial consortia, and
degradation efficiency was compared with the consortia for-
mulated using known isolates obtained from the Microbial
Culture Collection Centre (MTCC). The degradation products
were analyzed by FTIR, GC-FID, tensile strength, and SEM.
The bacterial consortia were characterized by 16S ribosomal
DNA (rDNA) sequencing. The formulated bacterial consortia
demonstrated 81 ± 4 and 38 ± 3 % of weight reduction for
LDPE strips and LDPE pellets, respectively, over a period of
120 days. However, the consortia formulated by MTCC
strains demonstrated 49 ± 4 and 20 ± 2 % of weight reduction
for LDPE strips and pellets, respectively, for the same period.
Furthermore, the three isolates in its individual application
exhibited 70 ± 4, 68 ± 4, and 64 ± 4 % weight reduction for
LDPE strips and 21 ± 2, 28 ± 2, 24 ± 2 % weight reduction for
LDPE pellets over a period of 120 days (p < 0.05). The end
product analysis showed structural changes and formation of
bacterial film on degraded LDPE strips. The 16S rDNA

characterization of bacterial consortia revealed that these or-
ganisms were novel strains and designated asEnterobacter sp.
bengaluru-btdsce01, Enterobacter sp. bengaluru-btdsce02,
and Pantoea sp. bengaluru-btdsce03. The current study thus
suggests that industrial scale-up of these microbial consortia
probably provides better insights for waste management of
LDPE and similar types of plastic garbage.
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Introduction

One of the severe threats to global ecosystem is the enor-
mous accumulation and biomagnification of synthetic plas-
tic polymers such as low- and high-density polyethylene
due to the lack of efficient and safe approaches for
recycling and disposal (North and Halden 2013). The envi-
ronmental accumulation of plastic debris is a rising concern
while the usage exceeds 260 million tonnes of plastic per
annum (Barnes et al. 2009; Hopewell et al. 2009). The use
of polyethylene increases at a rate of 12 % per year (Usha
et al. 2011). Despite the advantages, plastics have many
detrimental impacts mainly due to the nonbiodegradable
nature of these polymers (Hester and Harrison 2011;
Deepika and Jaya 2015; Sen and Rault 2015).

Plastic pollution led to the accumulation of polymers in
bionetwork which causes pernicious impact on living systems
(Bhardwaj et al. 2012). Approximately, 60 % of total plastic
wastes which constitutes 9205 t per day are recycled and about
6137 t are not recycled appropriately. There are many cities in
India such as Delhi, Chennai, Mumbai, and Kolkata produc-
ing 689, 429, 408, and 425 t of plastic wastes per day,
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respectively. A survey conducted by the Central Pollution
Control Board, Govt. of India (CPCB 2013), found that 15,
342 t of plastic wastes are generated every day in 60 major
cities which constitute a total of 5,600,000 t per year.
Bengaluru is one of the major cities in India that generates
more than 4000 t of plastic garbage every day (CPCB 2013).

In recent years, there has been alarming public concern in
India over environmental deterioration associated with the im-
proper disposal of plastic wastes. Microbial biotechnology
approaches can more efficiently clean up these plastic wastes
than conventional methods can and greatly reduce the use of
land-based disposal methods. Bioremediation is one of the
best approaches in which nutrients are introduced to stimulate
the activity of microorganisms already present in the plastic-
contaminated soil or by incorporating novel microflora to such
polluted areas (bioaugmentation). This approach regarded as
the best and safest method possibly produces less toxic end
products in comparison with recycling, land filling, and incin-
eration (Kumar et al. 2007). It exploits the utility of microbial
metabolism to degrade and transform various hydrocarbon
derivatives such as polychlorinated biphenyls (PCBs),
polyaromatic hydrocarbons (PAHs), and heterocyclic com-
pounds into less toxic or nontoxic substances (Nakajima-
Kambe et al. 1999; Das et al. 2013).

Formulation of novel microbial consortia for efficient and
eco-friendly degradation is gaining attention due to consider-
able advantages over the application of pure isolates in xeno-
biotic degradation (Sah et al. 2011). This approach is generally
accepted as ideal, while microbial consortia enhance the rate
of safe detoxification by co-metabolism or gratuitous degra-
dation (Tribedi et al. 2012; Bhardwaj et al. 2012). The screen-
ing of microbial consortia from enormously polluted areas
offers wide scope and applications. Even though the explora-
tion of microorganisms towards detoxification of xenobiotics
are well studied, the screening and utilization of novel micro-
bial consortia with enhanced biodegradation potential still
constitute a scope in process development and patent search
(Vijaya and Reddy 2008). Hence, the current study aims to
characterize and formulate novel microbial consortia from
plastic garbage processing areas with high degradation poten-
tial in comparison with few known hydrocarbon-degrading
isolates.

Materials and methods

Sample collection

Seven plastic garbage processing areas from rural and urban
regions of Bengaluru, India, were selected as the sampling
spots that included Bommanahalli (Urban Bengaluru, India,
12° 53′ 54″ N and 77° 37′ 4 E), Karnataka Compost
Development Corporation (Rural Bengaluru, 12° 53 46 N

and 77° 38′ 58″ E), Bingipura (Urban Bengaluru, 12° 49′
35″ E and 77° 37′ 58″ E), Mandur (Urban Bengaluru, 134′
57″N and 77° 43′ 36″ E), Mavallipura (Urban Bengaluru, 13°
7′ 11″ N and 77° 31′ 23″ E), Kanakapura (Urban Bengaluru,
12° 32′ 46″ N and 77° 25′ 12 E), and Lakshmipura Bande
(Urban Bengaluru, 12° 56 50 N and 77° 33′ 37″ E). The soil
samples highly contaminated with plastic debris were collect-
ed from selected spots. Three sets of 500 g of soil samples
were collected in sterile zip-lock pouches (15 × 15 cm) from
each spot, transported with precautions, and stored in cartons
with ice packs. The temperature and pH of the soil samples
were recorded by thermometer (BremedDigital Thermometer,
BD 1200) and pH strips (Sigma-Aldrich, 7.0–14.0 pH, reso-
lution 0.5 pH unit) at the time of sample collection. The tem-
perature and pH of the soil samples in garbage processing
areas were observed to be the ranges of 28–46 °C and 8.0–
8.9, respectively. The samples were processed within 12 h of
their collection.

Isolation and screening of plastic-degrading bacteria

The soil samples were serially diluted by standard methods
(Geldreich et al. 1972). Different forms of plastic used in the
study were low-density polyethylene (LDPE) strips (5 × 1 cm)
and LDPE pellets (1.0 g l−1). Isolation and screening of
plastic-degrading bacteria were performed using minimal me-
dia plates (Hemashenpagam et al. 2013) containing LDPE
powder (1.0 g l−1) as nutritional source. The LDPE powder
was obtained from Sarvodaya polymers, one of the main plas-
tic manufacturers in Bengaluru, India. The minimal media
contained ammonium sulfate (1.0 g l−1), di-potassium phos-
phate (7.0 g l−1), potassium phosphate (2.0 g l−1), magnesium
sulfate (0.1 g l−1), bacteriological agar (2.0 g l−1), and LDPE
powder (1.0 g l−1).

Study of the rate of LDPE degradation

The isolates were cultivated on minimal media and in-
cubated at 37 °C for 96 h, and the plates were observed
for bacterial colonies. The number of bacteria from all
the plates were enumerated (CFU/g), and physiological
characteristics of the bacterial colonies were studied.
The LDPE-degrading bacteria were identified by zone
clearance method (Dey et al. 2012) using coomassie
blue (Howard and Hilliard 1999). The plates without
LDPE were used as the control. Further, the bacterial
isolates were inoculated in minimal media broth con-
taining LDPE strips (5 × 1 cm) and LDPE pellets
(1.0 g l−1). The broth cultures were incubated at
37 °C for 120 days. The degradation was periodically
monitored by measuring the weight of LDPE pellets and
strips. The plastics in minimal media with bacterial iso-
lates were used as test samples, and the tubes with

18308 Environ Sci Pollut Res (2016) 23:18307–18319



plastics exposed to media without any bacteria were
used as control. The percentage LDPE degradation was
estimated by the following formula.

Percentage weight loss ¼ Initial weight−Final weight
Initial weight

� 100

Microbial characterization of isolated bacteria

Themorphological features of five main isolates from selected
samples were studied by Gram staining (Beveridge 2001).
The cultural characteristics of these isolates were studied by
plating them on selective and differential media such as
MacConkey’s agar (Mossel et al. 1962) and Blood agar
(Pelczar et al. 1977) (Himedia India). The isolates were further
characterized by standard biochemical tests (Murray et al.
2003; Lee et al. 2003; Stager et al. 1983; Taylor and
Achanzar 1972; Titters and Sancholzer 1936; Klein et al.
1991; Jurtshuk and McQuitty 1976).

Study of growth parameters

The three isolates which demonstrated maximum LDPE deg-
radation was selected, and plastic degradation studies were
performed under varying conditions of pH and temperature.
This is performed to study ideal environmental conditions for
LDPE degradation. The varying conditions of pH used in the
study were 5.54, 6.13, 7.27, 8.55, and 9.02. The varying tem-
perature conditions were 4, 25, 37, and 45 °C. The control and
test samples were prepared, and degradation study was carried
out for a period of 120 days.

Formulation of microbial consortia and determination
of rate of LDPE degradation

The pure cultures of Enterobacter spp. (IS2 and IS3) and
Pantoea spp. (IS5) that showed maximum percentage of deg-
radation for LDPE strips and pellets were selected to formu-
late the consortia. These three isolates were effectively grown
in minimal media and showed best degradation for LDPE
strips and pellets. Approximately 5 g of LDPE strips
(5 × 1 cm) were incorporated in 1000 ml of minimal media
containing 3 ml of microbial consortia. Similarly, 5 g of LDPE
pellets were incorporated in 1000 ml of minimal media con-
taining 3 ml of microbial consortia. The microbial consortia
were prepared by inoculating 1 ml each freshly prepared log
phase cultures of IS2, IS3, and IS5 into a conical flask con-
taining 1000 ml minimal media broth. The optical density of
individual cultures was maintained to be 0.7–0.9 at 600 nm.
The numbers of cells present in each inoculum were enumer-
ated by a hemocytometer and which were found to be approx-
imately 1.8 × 109 cells ml−1. The test and control samples were

incubated at 45 °C for 120 days in a bacteriological incubator.
The percentage of degradation for LDPE strips and LDPE
pellets by microbial consortia was periodically estimated by
weight loss method by the following formula:

Percentage weight loss ¼ Initial weight−Final weight
Initial weight

� 100

The numbers of viable bacterial count in the degradation
phase (after 120 days) of LDPE strips and pellets in minimal
media at 45 °C were enumerated by serial dilution techniques
(CFU ml−1) to ensure the growth and survival of bacteria at
this temperature and high alkaline pH.

Comparative analysis of LDPE degradation using known
isolates

Three bacteria which are known to degrade polyethylene
(Obradors and Aguilar 1991), included Pseudomonas putida
MTCC 2445 (designated as MTCC1), Pseudomonas stutzeri
MTCC 2643 (designated as MTCC2), and Bacillus subtilis
MTCC 9447(designated as MTCC3) which were obtained
from the Microbial Type Culture Collection Centre and
GenBank (MTCC), Chandigarh, India. These bacterial strains
were studied for LDPE degradation in minimal media (pH
8.5) at 45°. The optical density of individual strains was main-
tained to be 0.7–0.9 at 600 nm. These growth parameters were
selected based on our previous findings (Skariyachan et al.
2015). These strains were inoculated to minimal media con-
taining LDPE strips and pellets. Similarly, separate sets were
prepared by inoculating the isolates described in the current
study which showed significant degradation towards LDPE
strips and pellets. The LDPE strips and pellets incorporated
in the minimal media with bacterial consortia were used as test
samples, and the tubes with these plastics exposed to media
without any bacterial consortia were used as control. The test
and control tubes were incubated at 45 °C for 120 days in a
bacteriological incubator. The biodegradation was periodical-
ly monitored by weight loss method, and the percentage of
weight loss for LDPE strips and pellets were estimated using
the formula mentioned in the previous section.

The degradation efficiency of microbial consortia formu-
lated in the current study was further compared with microbial
consortia formulated using the strains of MTCC1, MTCC2,
and MTCC3. The MTCC consortia were formulated by inoc-
ulating 1 ml of each of the three cultures (OD 0.7–0.9 at
600 nm) into a conical flask containing 1000 ml minimal
media with the same environmental parameters as mentioned
previously. Approximately 5 g of LDPE strips (5 × 1 cm) and
LDPE pellets were separately incorporated in 1000ml of min-
imal media each containing 3 ml of MTCC consortia. The test
and control samples were incubated at 45 °C for the period of
120 days in a bacteriological incubator. The percentage of
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degradation for LDPE strips and LDPE pellets by MTCC
consortia was periodically estimated by weight loss method.

Molecular characterization of the best isolates by 16S
rDNA sequencing

The bacterial isolates IS2, IS3 and IS5 which exhibited max-
imum biodegradation properties towards LDPE strips and pel-
lets were subjected to 16S ribosomal DNA (rDNA) gene se-
quencing. This procedure was carried out at BioAxis DNA
Research Center Private Limited, Hyderabad, India. The se-
quence obtained was subjected to BLAST (www.ncbi.nlm.
nih.gov/BLAST) search for retrieving the best homologous
sequences. These sequences were analyzed for evolutionary
relationship by constructing phylograms using distance-based
(neighbor joining) method (Saitou and Nei 1987), and the tree
was visualized by TreeView software (Page 2002). The 16S
rDNA sequences of the isolates were deposited to GenBank
(www.ncbi.nlm.nih.gov/GenBank).

Fourier transform infrared analysis

The LDPE strips (exposed to the microbial consortia in culture
flasks) recovered after an incubation period of 120 days were
carefully rinsed with distilled water and air dried. The air-
dried LDPE strips were mixed with potassium bromide
(KBr) at a temperature of 27 °C for 5 days. KBr pellets of
the strips were prepared by freezing under liquid nitrogen a
1.50-mg plastic sample, in a stainless steel vial containing two
stainless steel balls. The vial was shaken for 25 s, and this step
was repeated to convert the film into fine powder. The finely
powdered film sample was mixed with 450mg powdered KBr
for 10 s in the same vial and the 350-mg portion of the mixture
was pressed to form the KBr disk and the transmission mea-
surement of the test and control (the untreated plastic strips)
were carried out (Shimadzu IR spectrophotometer, 8400S,
Japan). Similar protocols were followed for the FTIR analysis
of LDPE pellets.

Gas chromatography flame ionization detector analysis

Gas chromatography flame ionization detector (GC-FID)
analysis was carried out by a DB 5 column (Agilent 7890A,
6890N, Thermo Trace GC Ultra) to analyze the degradation
end products. The degraded LDPE films were pre-treated with
di-ethyl ether, and 1 μl of sample was injected into the column
with helium as carrier gas. The flow rate was adjusted to
2.0 ml m−1, and the monomers released as a result of degra-
dation were analyzed. The dimensions of the GC column were
30 ml × 0.30 mm ID × 0.25 μm film thickness. Temperature
ramp used in this study is as follows: initial temperature 40 °C;
holding time 2 m. The ramp rate is 10 °Cm−1, the temperature
is 310 °C, and holding time is 10 min.

Tensile strength analysis

The LDPE strips incubated in minimal media over a period of
120 days with bacterial consortia were washed by sterile dis-
tilled water and dried at ambient temperature. The LDPE
strips were cut into 2.5 × 1-cm pieces and placed on universal
testing machine (Instron) under axial loading. The strain rate
used in the study was 5 mm min−1. The reduction in tensile
strength of LDPE treated with bacterial culture was compared
with the control using the instrument (Mecmesin instrument
ILC Load Cell 500N). The results were analyzed based on the
peak loads. Similar studies were also conducted for degraded
LDPE pellets.

Scanning electron microscopy

The physical changes and bacterial colonization on the surface
of degraded LDPE strips were analyzed by high-resolution
scanning electron microscopy (Model Geminr; specifications:
w-filament, low vacuum and humidity capability, secondary
E-T and solid-state back-scattered electron detector, ultrathin
window EDS system (EDAX), and resolution at 20 kV:3 nm
in high vacuum). The degraded LDPE strips were used as test
samples and LDPE strips collected from the plastic processing
areas (without microbial consortia or incubation in minimal
media), and fresh LDPE strips were used as the controls. The
LDPE strips incubated in minimal media broth over a period
of 120 days with bacterial consortia were washed with 2 % (v/
v) aqueous sodium dodecyl sulfate (SDS) and distilled water
frequently through mild shaking for 5 min and flushed with
70 % alcohol. These steps were repeated for control samples.
The samples were further gold coated (13 nm width) for
20 min and placed on the holder and scanned under different
magnifications.

Statistical analysis

The experimental protocols mentioned in the study were rep-
licated as three independent trails, and one-way analysis of
variance (ANOVA) was performed to estimate the statistical
significance at p < 0.05 (Kruskala and Wallisa 1952).

Results and discussion

Isolation and screening of polyethylene-degrading
bacteria

The initial screening of polyethylene-degrading bacteria was
performed by incorporating LDPE powder in minimal media.
After an incubation period of 96 h, small, circular, cream-
colored, convex, and translucent colonies were observed in
all the minimal media plates. A total of 821 CFU/g were
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isolated in the minimal media from all the sampling spots.
When these colonies were stained with coommasie blue, clear
halos were evident around the bacterial colonies. This was the
initial indication of the abilities of bacterial isolates for LDPE
degradation in minimal media (Supplementary File, Fig 1).
Based on further microbiological characterization, it was ob-
served that 821 CFU/g belonged to five main isolates which
were designated as IS1, IS2, IS3, IS4, and IS5. From this
study, it was clear that the bacteria isolated from plastic gar-
bage processing areas are capable of utilizing polyethylene as
nutritional sources. There are studies which depicted that the
microorganisms screened from hydrocarbon-contaminated
soil demonstrated degradation capabilities (Yoon et al. 2012;
Duddu et al. 2015). Studies also revealed that Gram-negative
bacteria could easily adapt to the environment rich in polyeth-
ylene and similar polymers (Dey et al. 2012).

Determination of rate of LDPE degradation

The rate of LDPE degradation was determined by weight loss
method wherein LDPE films and pellets were incorporated in
minimal media as nutritional source by the isolates. This study
demonstrated that IS1, IS2, IS3, IS4, and IS5 showed 59 ± 3,
70 ± 4, 68 ± 4, 52 ± 2, and 64 ± 4 % degradation for LDPE
films over a period of 120 days, respectively. Similarly, IS1,
IS2, IS3, IS4, and IS5 showed 16 ± 2, 21 ± 2, 28 ± 2, 19 ± 2,
and 24 ± 2 % degradation for LDPE pellets over a period of
120 days, respectively (Fig.1). However, there were no reduc-
tion in the weight of LDPE strips and pellets used as controls.
Similarly, the known isolates obtained from MTCC indicated
that MTCC1, MTCC2, and MTCC3 showed 38 ± 3, 45 ± 4,
and 31 ± 3 % degradation for LDPE strips and 15 ± 2, 11 ± 2,
and 13 ± 2 % degradation for LDPE pellets for 120 days,

respectively (Fig. 1). The data was found to be statistically
significant (p < 0.05). From this data, it is clear that the isolates
described in the current study demonstrated greater degrada-
tion of LDPE than did known isolates obtained from MTCC.
Furthermore, this study noticed that the growth rate of MTCC
isolates was slower than that of our isolates. Previous studies
reported 20 % of weight reduction for LDPE films by few
American Type Culture Collection (ATCC) strains over a pe-
riod of 120 days (Kyaw et al. 2012). However, the current
study suggested 52–70 % of degradation for LDPE films by
the bacterial isolates.

The LDPE films and pellets are the two important forms of
plastic used in the current study. This was due to the regional
importance and availability of LDPE films and pellets for the
plastic manufacturers. The survey was conducted prior to the
sampling; this study noticed that the LDPE pellets were rou-
tinely used for the making of most of the hard plastic materials
in the city, whereas the LDPE films were commonly used for
the manufacturing of soft polyethylene carry bags, sheets,
decorative, wrappers, etc. These types of plastic materials
were very common in the sampling site during the time of
sample collection. Hence, LDPE strips and pellets were used
in this study.

Microbial characterization of the isolated bacteria

Most of the bacterial isolates were identified as Gram-negative
bacilli after Gram staining (Beveridge 2001). When the iso-
lates (n = 5) were grown over MacConkey’s agar (Mossel
et al. 1962), 60 % of the isolates (IS2, IS3, and IS5) showed
lactose-fermenting, circular, large, convex, shiny colonies.
Forty percent (IS1 and IS4) exhibited nonlactose-fermenting,
circular, medium-sized translucent colonies. Likewise, when

Fig. 1 Biodegradation potential
of the bacterial isolates screened
from various plastic garbage
processing areas towards low-
density polyethylene (LDPE) in
comparison with known LDPE-
degrading strains obtained from
MTCC studied by weight loss
method. IS1, IS2, IS3, IS4, and
IS5 indicate the major types of
screened isolates, and MTCC1,
MTCC, and MTCC3 indicate the
known LDPE-degrading strains.
Figure shows the degradation
potential of isolates (IS1–1S5)
towards LDPE strips and pellets
over a period of 120 days
(p < 0.05)
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plated to blood agar (Pelczar et al. 1977), 100 % the isolates
were demonstrated as nonhemolytic bacteria. Hence, the bac-
terial isolates considered as generally recognized as safe
(GRAS) and scaling up of such isolates as potential
polyethylene-degrading bacteria probably offer scope and
applications.

The biochemical characteristics of the fivemain isolates are
shown in Table 1. Based on biochemical characterization, the
main LDPE-degrading isolates, IS1, IS2, IS3, IS4, and IS5,
were identified to be Proteus spp., Enterobacter spp.,
Enterobacter spp., Pseudomonas spp., and Pantoea spp., re-
spectively. The best LDPE-degrading isolates IS2, IS3, and
IS5 were grown luxuriously in minimal media by utilizing
LDPE as nutritional source, and they were identified to be
Enterobacter spp. and Pantoea spp. Previous studies sug-
gested that most of the hydrocarbon-degrading organisms
were Gram-negative bacteria (Kyaw et al. 2012; Nanda et al.
2010; John et al. 2012; Usha et al. 2011) in which
Pseudomonas spp. constitute major populations (Kyaw et al.
2012; John et al. 2012; Tribedi et al. 2012). This study showed
that Enterobacter spp. and Pantoea spp. demonstrated better
degradation potential than di Pseudomonas spp. (Fig. 1).
Furthermore, in the presence of LDPE, IS2, IS3, and IS5
showed enhanced growth in minimal media and demonstrated
better percentage degradation for polyethylene in comparison
with similar previous reports (Duddu et al. 2015; Dey et al.
2012; Usha et al. 2011).

Growth parameters for efficient degradation

When the species of Enterobacter and Pantoeawere grown at
varying pH and temperature conditions, these bacteria exhib-
ited maximum growth at 45 °C under pH 8.5 and showed
effective LDPE degradation. The viable bacterial count esti-
mated from the minimal media (with degraded LDPE film
after 120 days of incubation) showed that the number of bac-
terial isolates for IS2, IS3, and IS5 were found to be
1.63 × 105, 1.44 × 104, and 2.16 × 104 CFU ml−1 of inocu-
lums, respectively. The viable counts of microbial consortia at
the same conditions were found to be 2.31 × 105 CFUml−1 by
serial dilution techniques. Similarly, the viable bacterial count
estimated from the minimal media composed of LDPE pellets
demonstrated that the number of bacterial isolates for IS2, IS3,
IS5, and microbial consortia was found to be 1.02 × 102,
1.43 × 103, 1.12 × 103, and 1.12 ×103 CFUml−1 of inoculums,
respectively (Supplementary Materials, Table 1). This is an
indication of the growth and survival of these organisms in
the minimal media (pH 8.5) at 45 °C by utilizing LDPE as
their nutritional source. Furthermore, the number of bacteria
enumerated (CFU ml−1) from the minimal media plates main-
tained at 37 °C was found to be less than that of those plates
incubated at 45 °C. The percentage weight reductions for
LDPE strips and pellets under these conditions were found T
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to be 52–70 ± 4 and 16–28 ± 2 %, respectively, over a period
of 120 days. Most of the Gram-negative mesophiles prefer an
optimum pH of 7.2–7.5 for their growth and survival. The
current study showed that the isolates were effectively grown
at pH 8.5 suggesting that the massive discharges of plastic
garbage raise the soil pH and the bacteria became adaptable
to such environments. The underlying processes as a selection
pressure involving possible toxicity of plastics to microbes
and use of plastics as sole nutritional source probably contrib-
ute the microbial adaptability to the plastic-contaminated soil
environment. Further, the exact mechanism of LDPE degra-
dation at an unusual temperature of 45 °C needs to be ana-
lyzed by more sophisticated approaches or molecular level
studies. A preceding study on biodegradation of polyhydroxyl
butyrate by microbial isolates suggested that one of the ideal
parameters for effective biodegradation of various polymeric
substances is 45 °C and pH 7.0 (Lodhi et al. 2011).

Biodegradation potential of microbial consortia
over MTCC consortia

The microbial consortia formed using IS2, IS3, and IS5
showed maximum biodegradation properties in comparison
with individual application of IS2, IS3, and IS5 and MTCC
consortia. This study demonstrated that formulated micro-
bial consortia comprising IS2, IS3, and IS5 showed 81 ± 4
and 38 ± 3 % degradation for LDPE strips and LDPE pel-
lets, respectively, over a period of 120 days. In contrast,
consortia formulated by MTCC1, MTCC2, and MTCC3
demonstrated weight reduction of 49 ± 4 and 20 ± 2 % for
LDPE strips and LDPE pellets, respectively, over a period
of 120 days. Furthermore, the isolates in their individual
application exhibited 70 ± 4, 68 ± 4, and 64 ± 4 % weight
reduction for LDPE strips and 21 ± 2, 28 ± 2, 24 ± 2 %
weight reduction for LDPE pellets over a period of 120 days

which were also less in comparison with the percentage of
weight reduction showed by microbial consortia (Fig. 2).
When the study replicated as independent trails, all the data
were found to be statistically significant (p < 0.05). From
this study, it is clear that the formulated bacterial consortia
showed greater percentage of LDPE degradation than the
known MTCC isolates did. Furthermore, the formulation of
various bacterial strains in the form of consortia enhances
the percentage of degradation in comparison with the ap-
plication of isolates in their pure form, and this approach is
one of the efficient and eco-friendly approaches towards the
degradation of various plastic polymers as suggested in our
previous study (Skariyachan et al. 2015). Various studies
conducted on bioremediation using microbial consortia
over pure isolates suggested that consortia harbor high bio-
degradation potential in comparison with pure isolates
(Patel et al. 2012; Sah et al. 2011).

An important point noticed in this study is the unequal
proportions of various forms of LDPE degradation by the
formulated bacterial consortia. This study suggested that two
different forms of LDPE are not degraded at the same propor-
tion by the screened isolates. The degradation of LDPE strips
by the isolates was greater in comparison with LDPE pellets.
This is probably due to the high surface area and lower thick-
ness of LDPE film where the bacterial colonization might
have aroused faster in comparison with LDPE pellets.
However, the exact fact behind this concept and scope of
various forms of plastics in degradation studies needed to be
explored. Few reports suggested that surface area features are
one of the main parameters for bacterial colonization which
demonstrated direct correlations to the degradation potential
of various hydrocarbon-degrading microorganisms (Tribedi
and Sil 2013). The current study formulated the bacterial con-
sortia by mixing IS2, IS3 (Enterobacter spp.), and IS5
(Pantoea spp.) which showed the best biodegradation

Fig. 2 The enhanced
biodegradation potential of
bacterial consortia formulated
using IS2, IS3, and IS5 in
comparison with the isolates in
their individual application and
the bacterial consortia formulated
by MTCC strains towards LDPE
strips and pellets over a period of
120 days (p < 0.05)
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activities. The study can be further extended by combining all
the five isolates described in the study. The mutualistic rela-
tionship and survival abilities of all these strains in minimal
media needed to be further studied. Several combinations of
clonal bacterial strains can be selected in appropriate ap-
proaches, and the biodegradation potential of the best combi-
nations can be further screened.

16S rDNA characterization

The sizes of 16S rDNA sequences of IS2, IS3, and IS5 were
identified to be 1496, 1409, and 1405 bp, respectively. From
the BLASTanalysis, it is evident that the 16S rDNA sequence
of IS2 showed 99 % sequence identity to Enterobacter
cloacae, while IS3 and IS5 showed 98 % sequence identities
to Enterobacter ludwigii and Pantoea agglomerans, respec-
tively. The evolutionary relationship established by the
neighbor-joining approach revealed that there is a high evolu-
tionary homologous relationship and sequence conservation
among 16S rDNA sequences of the isolates and the best ho-
mologous sequences. The GenBank accession numbers for
16S rDNA sequences of IS2, IS3, and IS5 are KT334807,
KT334808, and KT334809, respectively, which were

designated as Enterobacter sp. bengaluru-btdsce01,
Enterobacter sp. bengaluru-btdsce02, and Pantoea sp. benga-
luru-btdsce03, respectively. To the best of our knowledge, this
study is probably the first of its kind which report enhanced
LDPE degradation capabilities of Enterobacter spp. and
Pantoea spp. by growing in minimal media at high salinity.
These isolates were deposited to MTCC, Chandigarh, India.

FTIR and GC-FID analysis

The structural variations observed in the test LDPE strips,
pellets, and controls are shown in Fig. 3. The FTIR spectra
of one of the degraded LDPE strip demonstrated several peaks
in the range of 500–1700 cm−1 in comparison with the control
(Fig 3a, b). Similarly, the FTIR spectra of one of the degraded
LDPE pellets also illustrated little structural variation (peaks
between 721–1630 and 2852–3435 cm−1) in comparison with
the control (Fig 3c, d). This demonstrated that various forms
of LDPE treated with bacterial consortia underwent major
structural changes which are a direct indication of biodegra-
dation (Corti et al. 2010; Esmaeili et al. 2013) by the bacterial
consortia. Furthermore, GC-FID results of LDPE strips re-
vealed that there are major structural changes in the degraded

Fig. 3 The FTIR spectra of the degraded polyethylene (LDPE strips and
pellets) by bacterial consortia after 120 days: a FTIR spectrum of LDPE
strip (control); b FTIR spectrum of degraded LDPE strips (test); c FTIR

spectrum of LDPE pellet (control); d FTIR spectrum of degraded LDPE
strips (test). The marked regions show major structural variation
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LDPE strips in comparison with the control at RT 6.1 and
8.5 min. Many peaks at low responses were also observed in
the test sample when compared to the control (Fig. 4). The
current study thus illuminated structural changes respon-
sible for weight loss in degraded LDPE strips and pel-
lets by the selected microbial consortia. However, fur-
ther experimental studies such as nuclear magnetic res-
onance or similar techniques such as gel permeation
chromatography or viscometric analysis are required to
appreciate the structural variations and other changes
which resulted due to the microbial degradation of plas-
tic polymers.

Tensile strength analysis

There were considerable differences in the percentage of elon-
gation of degraded LDPE films after 120 days by microbial
isolates in comparison with the control. The tensile strength
(TS) and extension at break (EAB) for the control LDPE strips
were found to be 19 ± 3 % MPa and 18 ± 3 % mm, respec-
tively. However, the TS and EAB of one of the degraded
LDPE strips by microbial consortia were found to be
16 ± 3 % and 13 ± 3 % mm after 120 days, respectively
(Fig. 5a). The decrease in TS and EAB indicates the change
in tensile strength by bacterial degradation of LDPE strips.

Fig. 4 Structural changes observed in the degraded LDPE products analyzed by GC-FID (a) and GC-FID analysis of the control (b). One of the
degraded LDPE films by microbial consortia after 120 days

Environ Sci Pollut Res (2016) 23:18307–18319 18315



Similarly, the reduction in compression of LDPE pellets ana-
lyzed by the tensile strength analysis showed that the force
required to deform one of the tested LDPE pellets to be
40 ± 3 % N in comparison with the control where the defor-
mation force was estimated to be 50 ± 3 % N (Fig. 5b). The
decrease in deformation force for tested in comparison with
the control samples indicates structural changes of LDPE pel-
lets by the bacterial consortia. All the findings related to ten-
sile strength analysis of the degraded polymers are in accor-
dance with the previous reports by Lee et al. (1991); Orhan
and Büyükgüngör (2000); Jakubowicz et al. (2011), and
Nowak et al. (2011).

SEM analysis

After 120 days of incubation in minimal media, erosion, for-
mation of pits and cavities, and attachment and colonization of
rod-shaped bacteria were apparent on the surface of LDPE
films (Fig. 6). However, the control samples showed no de-
fects or bacterial biofilm (Fig. 6a, c). The adhesion of bacterial
film to the polymer surface is one of the major reasons for
biodegradation (Das and Kumar 2015). The presence of pits
and cavities is probably due to the lack of a uniform distribu-
tion of short branches or photodegradable products in the
polymer matrix suggesting that the bacterial consortia might

Fig. 5 Tensile strength analysis of degraded polyethylene end products
by bacterial consortia. a Reduction in elongation of the LDPE strips
(control and test) analyzed for tensile strength. The dark peak indicates
the tensile strength of control. The light peak indicates the tensile strength
of degraded LDPE strips by bacterial consortia after 120 days. b The

reduction in compression of the LDPE pellets analyzed for tensile
strength. The dark peak indicates the tensile strength of control. The
light peak indicates the tensile strength of degraded LDPE strips by
bacterial consortia after 120 days
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have better interactions with the plastic surface during the
degradation (Manzur et al. 2004). The surface erosion mech-
anism involved in the degradation of plastic products is prob-
ably due to enzymatic reaction by bacterial consortia (Bhatia
et al. 2014). However, further studies are required to identify
the exact mechanism for degradation by microbial consortia.
The current study certainly provides insights for all the future
perspectives.

Conclusions

This study aimed to devise an eco-friendly approach by for-
mulating novel bacterial consortia of Enterobacter spp. and
Pantoea spp. screened from plastic garbage processing areas
towards the degradation of LDPE films and pellets. The bac-
teria were able to utilize LDPE as the nutritional source and
grown at a temperature of 45 °C and pH 8.5. The formulated

Fig. 6 Surface analysis of degraded LDPE by bacterial consortia
analyzed using SEM: a LDPE strip control; b degraded LDPE strips
after 120 days; c one of the plastic residues collected from the plastic
garbage processing area (control); d degradation of the plastic residue

by bacterial consortia after 120 days (d, e) Attachment of rod-shaped
bacterial consortia and formation of biofilms over the degraded LDPE
strips after 120 days
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microbial consortia demonstrated greater percentage of LDPE
degradation in comparison with the application of pure cul-
tures and bacterial consortia formulated using three known
isolates obtained from MTCC. The degradation products an-
alyzed for FTIR, GC-FID, tensile strength, and SEM revealed
major structural variations in the degradation of end products
and formation of bacterial biofilims on the surface of the
LDPE film over a period of 120 days. Thus, the current study
suggests that utility of microbial consortia with enhanced bio-
degradation potential is an eco-friendly approach for plastic
waste management. The current study is probably the first of
its kind which demonstrates the LDPE degradation potential
of bacterial consortia formulated by Enterobacter spp. and
Pantoea spp. This study paves a profound scope for industrial
scale-up and utilization of this microbial formulation as secure
remedies for low-density polyethylene and similar types of
polymer eradication from the plastic-polluted environments.
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