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Abstract

The annual production of plastics has doubled over the past 15 years and, consequently, a large amount of plastic has accu-
mulated in the environment generating ecological problems. In this study, a Paenibacillus sp. isolate was obtained from a
landfill from Brazil and it presented the alkane hydroxylase gene (alkB). Weight loss of low-density polyethylene (LDPE) was
measured and a significant difference in final weight compared to initial weight was assessed. Some chemical characteristics,
such as bond scissions and formation of new functional groups [carboxylic acids (33002500 cm™), esters (1210-1163 cm™"),
and ethers (1075-1020 cm™!)], were detected by Fourier-transform infrared spectroscopy. Bacterial colonization on the plastic
surface and physical changes, as formation of cracks and pits, was visualized by scanning electron microscopy. This isolate
was susceptible to all the antimicrobials tested. Therefore, this isolate possesses great potential to degrade polyethylene and

become an option for LDPE bioremediation.
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Introduction

Bioremediation is a process in which living organisms are
used to remove or reduce pollutants in the environment.
This process is considered a viable alternative for the treat-
ment of different contaminated environments, such as soil,
water, and industrial effluents. The bioremediation process
can be applied in situ, in which the treatment is carried out
directly in the contaminated or ex situ, in which it is neces-
sary for the excavation and the removal of the contaminated
region from its place of origin. This technique can be used
to remove different pollutants, including plastics (Lee et al.
2011; Lii et al. 2011).

Polyethylene (PE) is a linear and thermoplastic hydro-
carbon polymer, which consist of long chains of ethylene
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monomers (Usha et al. 2011). This type of plastic is the main
commercially produced synthetic polymers and has been
widely used in the manufacturing plastic bags, disposable
containers, and bottles (Byuntae et al. 1991; Balasubrama-
nian et al. 2010; Gajendiran et al. 2016). Low-density poly-
ethylene (LDPE) is normally not reactive at room tempera-
ture, except when strong oxidizing agents are used, it has a
density range of 0.910-0.940 g x cm~ and can withstand
high temperatures (Pramila and Ramesh 2011).

The use of polyethylene is increasing worldwide at a rate
of 12% per year and approximately 140 million tons are pro-
duced worldwide each year (Sharma et al. 2015). Due to this
large amount of polyethylene, it accumulates in the environ-
ment, generating plastic waste, which needs thousands of
years to be degraded (Usha et al. 2011). There are different
methods of plastics disposal, such as incineration, recycling,
and landfills; however, each one has its own inherent limita-
tions. Thus, the role of microorganisms is very important for
the plastic degradation (Sharma and Sharma 2004; Deepika
and Jaya 2015).

Paenibacillus is a bacterial genus classified as faculta-
tive anaerobic, endospore-forming, and originally included
in the Bacillus genus. Bacteria belonging to this genus
have already been detected in several sources, such as soil,
water, vegetables, animals, and humans. Some Paenibacillus
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species produce antimicrobials compounds and enzymes
involved in the bioremediation process (Grady et al. 2016).
Many bacteria and fungi degrade different groups of
plastics, and the potential of polyethylene degrading micro-
organisms has been investigated since the year 1961 (Fuhs
1961; Raziyafathima et al. 2016). Studies using an n-alkane-
degrading enzyme for the study of low-molecular-weight
polyethylene (LMWPE) have already been performed. How-
ever, there are a few reports of environmental bacteria codi-
fying genes for polyethylene degradation (Yoon et al. 2012).
In this study, the ability to degrade LDPE films was inves-
tigated by a bacterium isolated from a landfill from Brazil.

Materials and methods
Soil samples

Four samples were collected randomly from a landfill and
solid-waste incinerator at Ribeirdo Preto, Sdo Paulo, Bra-
zil. They were obtained from the superficial layer of soil
(5-10 cm) and were transferred to sterile plastic bags. After
that, the samples were stored at 4 °C for further experiments.

Bacterial isolation

Isolation of the LDPE degrading bacteria was performed
according to Yoon et al. (2012) with modifications. The
minimum salt medium (MSM) was composed by K,HPO,
0.5 g L~!; KH,PO, 0.04 g L7!; NaCl1 0.1 g L™!; CaCl,.2H,0
0.002 g L~!; (NH,),S0, 0.2 g L~; MgSO,.7H,0 0.02 g L°!;
FeS0O, 0.001 g L', The final pH was adjusted to 7.8.

From each soil sample collected, 1 g was added in 10 mL
of Brain Heart Infusion (BHI) (Oxoid, United Kingdom).
After 24 h of incubation at 37 °C, 10 mL of the culture were
added in an Erlenmeyer flask with 90 mL of MSM con-
taining the polyethylene bags. After 1 week of incubation,
200 pL. were withdrawn and inoculated into BHI agar plates.
This procedure was repeated for 4 weeks.

Detection of the alkB gene

The genomic DNA was extracted using the using the
QIAamp DNA Mini Kit (QIAGEN) according to the manu-
facturer’s recommendations. PCR reactions were performed
to detect alkB gene in the isolates obtained from the land-
fill using the primers and conditions described by Yang
et al. (2015). All reactions were performed using 100 ng
of genomic DNA and the amplicons were sequenced for
confirmation.
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Bacterial identification

Bacteria carrying the alkB gene were identified by the con-
ventional biochemical tests and molecularly by sequencing
the 16S rRNA gene using primers fd1_fow (5'-AGAGTT
TGATCCTGGCTCAG-3') and rp2_rev (5'-ACGGCTACC
TTGTTACGACTT-3’) according to Weisburg et al. (1991).
The obtained sequences were compared to those available in
GenBank (http://blast.ncbi.nlm.nih.gov/Blast.cgi).

Films of polyethylene bags

Polythene bags were collected from supermarkets and cut
in pieces of 5 cm in diameter, which were disinfected with
ethanol solution 70%. One pre-treatment of polyethylene
was carried out to study polyethylene biodegradation. The
polyethylene bags were transferred to a solution contain-
ing 10 mL of bleach, 70 mL of Tween 80, and 983 mL of
distilled water, which were kept stirring during 30—60 min
(El-Shafei et al. 1998). The strips were stirred for 1 h into
a beaker containing distilled water and, posteriorly, they
were aseptically transferred for an ethanol solution 70% v/v
for 30 min. Then, the polyethylene strips were incubated at
45-50 °C overnight. Polyethylene bags without any treat-
ment were also used.

Microbial degradation of polyethylene bags
and weight measurement

The same procedure of microbial isolation was used for
microbial degradation of the polyethylene bags. The pol-
yethylene bags chemically treated and also those without
any treatment were inserted aseptically in different flasks
containing 90 mL of MSM. Then, the bacterial isolate was
added, and the flasks incubated at 37 °C in an incubator
shaker for 3 months. After incubation of the polyethylene
bags, they were washed with sterile distilled water and alco-
hol, and then, they were air-dried. Posteriorly, they were
weighed (final weight). Percentage of polyethylene degrada-
tion was determined by the following:

Initial weight — Final weight

Percentage (%) degradation = % 100.

Initial weight

Fourier-transform infrared spectroscopy (FT-IR)
analysis

Chemical changes, such as appearance or disappearance
of bond scissions and new functional groups in the LDPE
surface, were analyzed by Fourier-transform infrared spec-
troscopy (FTIR). Structural changes in the polyethylene
strips were investigated using the EQUINOX 55 FT-IR
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spectrometer with a spectrum from 400 to 4000 wavenum-

bers cm™ .

Scanning electron microscopy (SEM) analysis

Scanning electron microscopy (SEM) analyzed some physi-
cal properties of the LDPE film, such as micro-cracks, sur-
face changes, pits, and holes. The samples were metallized
using gold particles (three discharges of 40 mA/50 s in argon
atmosphere), a high vacuum metalizator (Bal-Tec SCD 005),
and the SEM (Leo, 435VF, U.K.) at 15.00 kV EHT. Three
successive magnifications (2.0, 5.0, and 10.0 KX) were
performed.

Antimicrobial susceptibility testing

The resistance profile was determined by minimum inhibi-
tory concentration (MIC) as recommended by the Clinical
Laboratory Standards Institute (CLSI 2016). A total of ten
antimicrobials were tested, being ampicillin, cefotaxime,
ceftazidime, ceftriaxone, imipenem, gentamicin, tetracy-
cline, ciprofloxacin, levofloxacin, and chloramphenicol.
Staphylococcus aureus ATCC 29213 strain was used as
control in this experiment.

Results and discussion

To isolate bacteria capable of degrading polythene, soil sam-
ples were collected from a landfill and five isolates were
obtained, which were analyzed for the presence of alkB
gene. Among these isolates, just one presented the alkB gene
(GenBank accession number MK045309). This isolate was
identified as Paenibacillus sp. (GenBank accession number
MKO053775) and named DK1.

Kohno et al. (2002) detected the alkB gene in bacterial
isolates belonging to at least nine different genera and sug-
gested that these bacteria are common in alkane-degrading
environments. Yoon et al. (2012) stated that alkane hydroxy-
lase, encoded by the alkB gene, is a key enzyme that cata-
lyzes the first step in the alkane degradation reaction, so this
same type of enzyme could also be involved in the polyeth-
ylene degradation.

Heiss-Blanquet et al. (2005) reported the alkB gene in
soil samples and observed that, in soil contaminated with

hydrocarbons, the quantity of the alkB gene was larger.
Many studies have concluded that naturally growing soil
microorganisms can degrade polyethylene (Deepika and
Jaya 2015; Gajendiran et al. 2016; Gnanavel et al. 2016;
Singh et al. 2016; Peixoto et al. 2017). Although the alkB
gene has been detected in different bacterial genera, there
are no reports of this gene in bacteria belonging to the genus
Paenibacilllus.

Many studies have investigated the biodegradation of
LPDE in different bacterial genera, including Bacillus and
Lysinibacillus (Esmaeili et al. 2013; Singh et al. 2016). To
our knowledge, there are no reports of Paenibacillus spe-
cies degrading polyethylene as a single bacterium, although
there is one report of Paenibacillus macerans colonizing
polyethylene surface as a member of a bacterial consortium
(Nowak et al. 2011).

A significant difference in the final weight compared to
the initial weight was obtained. The percent of weight loss
after incubation with polyethylene bags chemically treated
was more than twice, comparing to those bags with no
treatment (Table 1). The weight loss of the polythene films
can be associated with the breakdown of carbon backbone,
which probably occurs due to enzymatic degradation by the
studied bacterium. Some studies have also shown weight
loss results similar to those found in the present study (Kyaw
et al. 2012; Deepika and Jaya 2015; Singh et al. 2016).

The potential of DK1 isolate towards biodegradation of
LDPE was analyzed by FTIR (Figs. 1, 2). It was observed
variation in the intensity of bands in different regions in
the presence of Paenibacillus sp. in both cases. Absorption
bands were assigned at 719 cm™!, 730 cm™! (C-H bend-
mono), 1462 cm™!, 1472 cm™! (C=C stretch) and 2920,
2850 cm™! (both due to C—H stretch) for control spectrum
(Figs. 1, 2).

In the case of films with chemical treatment, new
absorption bands between 1000 and 1700 cm™~! (1029 and
1371 cm™') of the spectra are possibly due to the oxi-
dized fractions, such as moieties containing —OH groups,
which result from the biodegradation by the selected
microorganisms (Corti et al. 2010). The carboxylic
acids (3300-2500 cm™"), esters (1210-1163 cm™!), and
ethers (1075-1020 cm™!) were also formed at different
frequencies. Terminal doubles bonds (1650 cm™!) were
also formed. In the case of no-treated film, it could be
observed the formation of a peak at 970 cm™, indicating

Table 1 Measure of weight loss

Treatment Initial weight (g) Final weight (g) Weight loss (g)  Weight loss (%)
No treatment 0.0147 0.0130 0.0017+0.0001 11.6

Chemical 0.0146 0.0101 0.0045+0.0001 30.8
No-treatment negative control  0.0146 0.0142 0.0004+0.0001  0.03
Chemical negative control 0.0145 0.0142 0.0003+0.0001  0.02
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Fig. 1 FTIR spectra after 3 months of incubation with polyethylene bags with chemical treatment. a MSM after 90 days, b Paenibacillus sp.
after 30 days, ¢ Paenibacillus sp. after 60 days, and d Paenibacillus sp. after 90 days
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Fig.2 FTIR spectra after 3 months of incubation of incubated with polyethylene bags without treatment. a MSM after 30 days, b Paenibacillus
sp. after 30 days, ¢ Paenibacillus sp. after 60 days, and d Paenibacillus sp. after 90 days

the occurrence of internal double bonds (Figs. 1, 2). Our
findings are consistent with the study of other authors,
which have demonstrated the spectra of the polyethylene
films incubated in soil with several new bands due to the
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degradation process (Gajendiran et al. 2016; Divyalakshmi
and Subhashini 2016; Esmaeili et al. 2013).

Since most bacterial surfaces are hydrophilic, the hydro-
phobicity of polyethylene regularly interferes with bacterial
adhesion to the surface. Microbial degradation of polymers,
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such as polyethylene, demands the formation of biofilm on
its surface, permitting that bacteria utilize the non-soluble
substrate (Gilan et al. 2004). Besides, the synthesis of bio-
films by bacteria favors their adhesion to surfaces and sur-
vival in environments with low nutrient (Linos et al. 2000).
This fact can explain the better biodegradation of polyeth-
ylene in the case of film with chemical treatment, when
measured by weight loss and FTIR. In contrast, film without
treatment did not produce a significant biofilm and was less
biodegraded, since it was less hydrophilic.

SEM investigated the changes in the surface of the
LDPE films. The control film of polyethylene bag without
treatment revealed smooth and homogeneous morphology
(Fig. 3a); however, no special features were detected after
chemical treatment in the SEM micrograph of the films
(Fig. 3b). After incubating the film with MSM, superficial
salts attached can be observed (Fig. 3c, d). In the case of
LDPE film incubated with the Paenibacillus sp. DK1, it was
observed the surface deformation after 90 days of incubation
in both cases (Fig. 3E and 3F; Fig. 3g). Bacteria were also
noticed on the film surface, indicating their strong adhering
capabilities and capacity to use LDPE (Fig. 3f-h).

In the film chemically treated, the bacterium attached
to the polyethylene film was seen in higher quantity when
compared to the film without treatment, and a larger num-
ber of holes and ruptures were detected. These findings are
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Fig.3 SEM of polyethylene films. a No-treated film; b chemically
treated film; ¢ no-treated film incubated on MSM; d chemically
treated film incubated on MSM; e, f no-treated film incubated with
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consistent with FTIR and lose weight experiments. Degra-
dation marks can be observed in both cases at places where
the bacterium was attached along with the pits and pockets
(Fig. 3e-h). Our results are consistent with the other authors
reporting the formation of cavities and the presence of bio-
film (Bonhomme et al. 2003; Kyaw et al. 2012).

Bacterial resistance to antimicrobials has become a public
health problem and the environment acts as a reservoir of
multi-drug-resistant bacteria and antimicrobial resistance
genes (Berendonk et al. 2015; Furlan and Stehling 2017).
The antimicrobial resistance profile, the DK1 isolate, was
susceptible to all antimicrobials, providing an additional
benefit for its use in bioremediation.

Conclusions

In this study, a bacterial isolate identified as Paenibacillus
sp. was obtained from a landfill and solid-waste incinera-
tor from Brazil as pure culture. This isolate presented abil-
ity to degrade LDPE, and it was able to modify and colo-
nize LDPE as carbon source after 3 months of incubation.
Besides that, DK1 present a low resistance profile. There-
fore, this isolate could be used for bioremediation as a prom-
ising tool for polythene degradation.
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Paenibacillus sp. on MSM; g, h chemically treated film incubated
with Paenibacillus sp. on MSM
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