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rene metabolism by aerobic
bacterial isolates for the effective management of
leachates in an aqueous system

Ebciba C., Pavithra N., Chris Felshia S. and Gnanamani A. *

In the present study, the styrene metabolic profile of three aerobic bacterial isolates explored in a batch

mode study. The isolates found application in the management of elachates in the waste dump yard.

These three bacterial species have different origins and were studied as a single and mixed consortia.

The Lysinibacillus strain M01 (from marine sources), Lysinibacillus strain WD03 (from a waste dump yard),

and Pseudomonas strain BG07 (from bovine gut) were used in the present study. The styrene

concentration was fixed in the range between 0.5 and 1.5 mL L�1. The metabolites obtained upon

microbial degradation were assessed using high-performance liquid chromatography (HPLC), UV-visible

spectroscopy, and FTIR spectroscopy (Fourier transform infrared spectroscopy). Furthermore, the genes

(Sty A, B, C, D, and E) responsible for the degradation of styrene by the three abovementioned isolates

were identified using PCR with respective designed primers. Instrumental analyses revealed the presence

of phenylacetic acid (PAA) at significant levels in the growth medium after the scheduled experimental

period and confirmed the metabolism of styrene by the chosen isolates. Compared to the case of

individual cultures, the results of the mixed consortia support the metabolism of styrene at appreciable

levels. The present study provides a suitable biological solution for the management of leachates

containing styrene and a way to achieve industrially important chemicals (PAA) through a microbially

mediated process.
Introduction

Styrene is a starting material in the production of synthetic
polymers such as polystyrene and styrene–butadiene rubber.1 The
petrochemical, resin, rubber, and polymer industries generate
signicant amounts of polystyrene wastes, which accumulate in
the soil upon disposal. Leaching of styrene molecules contami-
nates the aqueous system and exerts toxic effects on living
organisms.2 Studies have been reported on the presence of styrene
monomers, trimers, and oligomers in the leachates of waste
dump yards.3–5 In addition, the presence of styrene in water
bodies, industrial effluents, and soil has been reported in the
literature.6,7 Detailed studies on the harmful effects of styrene,
toluene, phenol, and formaldehyde on the environment have also
been reported in the literature.8–11 Since long-time exposure to the
leachates of polystyrene has adverse effects on human health, the
removal of polystyrene from the environment12 is indispensable.
Over the past few decades, several thermal, chemical, and bio-
logical techniques have been implemented for the removal of
polystyrene wastes.13 Moreover, techniques including bioltra-
tion,12 UV-based photodegradation,14 thermo-oxidative degrada-
tion,15 and hydrolytic degradation16 have been adopted to reduce
Chennai 600 020, Tamil Nadu, India.
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polystyrene contamination. However, the high cost, low efficiency,
and long duration of the degradation process and the toxic nature
of the degradation products are the major drawbacks. In the past
decade, an attempt was made towards the microbial degradation
of styrene in the leachate.17 Although the degradation of styrene by
single cultures, viz., Pseudomonas sps., Corynebacterium strains,
Xanthobacter sps., and Rhodococcus sps. are in reports,1,18 however,
meagre reports are on the mixed aerobic mixed culture system.
Some methanogenic microbial consortia (Clostridium and Enter-
obacter spp.) isolated from anaerobic sewage sludge transform
styrene under strict anaerobic conditions.19 However, research
initiatives are required for the microbial degradation of the
styrene molecules in the leachates. Hence, herein, an attempt was
made to explore the efficacy of aerobic bacterial isolates of three
different origins as a single culture and a mixed consortium for
the effective metabolism of styrene, and then, these bacterial
isolates were applied for the management of leachates containing
styrene.

In brief, in the present study, the efficacy of three potential
bacterial isolates of three different origins was screened for
styrene metabolism. Subsequently, the degradation of styrene
was assessed based on the characterization of the metabolized
products. Since the styrene metabolism of the two of the iden-
tied species of the present study has not been in reports till
date, exploring the genes responsible for the degradation of
RSC Adv., 2020, 10, 26535–26545 | 26535
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styrene was accordingly executed. Based on the observations,
the representative styrene metabolic pathways of the isolates
were elucidated.
Materials and methods
Isolation of styrene-degrading organisms

Initial studies on the selection of site and the screening of
potential bacterial isolates were carried out during the years
2013–2017, and three potential sites, viz., municipal solid waste
dump yard located at Perungudi, Chennai, Tamil Nadu (latitude
and longitude coordinates are 12.965365 and 80.246109,
respectively), marine sediment sludge samples, Ennore, Tamil
Nadu, Chennai; (latitude and longitude coordinates are
13.206524 and 80.327225, respectively), and the bovine gut
(slaughter house, Kodungaiyur slaughter house, Tamil Nadu,
Chennai) as the cattle in the developing countries ingest plastic
wastes along with food, were examined for the possibility of
having styrene-degrading bacterial species.20

Bacterial isolation was carried out by a serial dilution
method. The isolates exhibiting growth in a mineral salt
medium in the presence of styrene at 0.5 mL L�1 concentration
were screened, isolated, and identied (as described herein-
aer) based on their morphology, biochemical analysis, and 16S
rDNA sequence. The identied isolates were then stored in
a nutrient agar slant at 4 �C until use. The composition of the
basal mineral medium used in the present study is as follows
(per liter of dis. H2O): 0.80 g NH4Cl, 0.70 g K2HPO4, 0.1 g
MgSO4$7H2O, 9.20 mg disodium EDTA, 7.0 mg FeSO4$7H2O,
2.0 mg CaSO4, 0.10 mg boric acid, 0.10 mg ZnSO4$7H2O,
0.02 mg MnSO4$4H2O, 0.01 mg cobalt nitrate, 0.01 mg sodium
molybdate dihydrate, and 0.50 mg CuSO4$5H2O.
Identication of the isolates

Preliminary identication. The three selected isolates were
subjected to morphological and biochemical characteriza-
tions.21 The size and shape of the organisms were determined
using a light microscope (Nikon Eclipse 80i) and a scanning
electron microscope (Phenom 1817-Thermo sher Scientic
India Pvt. Ltd., United States). The biochemical characterization
includes indole, methyl red, citrate, urease, and enzyme
production assays, assessment of the catalase and oxidase
activity, fermentation test of carbohydrates, such as mannitol,
glucose, and arabinose, hydrolysis tests of starch and gelatin,
and nally the growth analysis of the isolates in 5% NaCl.21
Table 1 Details of the primers used for the PCR amplification of the gen

Genes Forward primer (50 to 30) Start–stop Revers

Sty A TCCGTTTGCGACGAAGGTA 6361–6380 CGAGC
Sty B ATAATGCTGCCCAGCAAGC 3216–3235 CTCCA
Sty C GATAGCGGTGGCATTCGTT 8203–8222 CCGCG
Sty D CGCTACTGCGGAATGACAA 11 626–11 645 CAAAG
Sty E CGCTGATCGATGGAAGCTCT 16 043–16 422 GCTCT

26536 | RSC Adv., 2020, 10, 26535–26545
Molecular identication. Aer the physical and biochemical
characterizations, molecular identication of these three
isolates was carried out.22 In brief, the DNA of the three isolates
was extracted using the boiling lysis method23 and checked for
its purity based on the 260/280 nm ratio (NanoDrop quanti-
cation, Biotek (Epoch, USA)). The 16S rDNA gene sequence was
retrieved by PCR amplication using the universal 16S rRNA
bacterial primers FP (forward primers) (50-GATTAGA-
TACCCTGGTAGTCCAC-30) and RP (reverse primers) (50-
CCCGGGAACGTATTCACCG-30). The PCR (Eppendorf,
Hamburg, Germany) amplication reaction was conducted for
35 cycles. The expected amplicon size for 16S rRNA is 610 bp.
The amplied PCR products were visualized under UV light and
documented by a gel documentation system (GELSTAN).
Furthermore, the PCR products were subjected to sequencing
using the Applied Biosystems™ 3500 Genetic Analyzer and
BigDye terminator kit in accordance with the manufacturer's
(Applied Biosystems) instructions and analysed by the sequence
A6 soware (version 5.4). The blast analysis of the sequence was
performed using megablast, and the phylogenetic tree with
similar sequences was generated by neighbour-joining species
and accordingly identied.24 The sequences of the identied
isolates were submitted to the NCBI GenBank, and the acces-
sion numbers were received.
Styrene metabolism

Styrene metabolism studies were conducted with the single
isolate as well as with the mixed consortia containing all the
three cultures. The styrene concentration utilized herein varied
from 0.5 to 1.5 mL L�1. Styrene at the respective concentration
was added to 250 mL of a sterile mineral salt medium in
a 500 mL capacity Erlenmeyer ask and inoculated with an 18
hour-old culture at 2.0% (OD600 1.0) concentration for both the
single and the mixed consortia. Aer the inoculation, the
samples were incubated at 37 �C and 150 rpm for 72 hours. The
assessment of the growth prole (at 4 hours intervals), biomass
production (wet and dry), and nature of the released metabo-
lites was performed according to the protocols summarized
hereinaer. In brief, the growth prole was assessed by
measuring the optical density (600 nm) at 4 hour intervals,
where the plain medium served as a blank. For biomass deter-
mination, the samples were subjected to centrifugation at
10 000 rpm and 4 �C, and the measured weight of the cell mass
free from supernatant was taken as the wet weight. The wet
mass was then exposed to drying at 70 �C for two hours, and the
mass of the dried cells was accordingly measured. The nature of
es chosen for the present study

e primer (50 to 30) Start–stop Tm GC content

GTATCGGTGATTCCA 7019–7000 59.97 55
TCAGTCTGGATCCGC 3931–3912 59.97 55–60
ATTGGGAGAGAAGTT 8797–8816 59.97 55
TATCGCCCGTAGCC 11 943–1962 59.97 55
CGGCATAGAAGGGAC 17 023–17 004 59.97 55

This journal is © The Royal Society of Chemistry 2020
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Table 2 Biochemical and morphological characteristics of Lysinibacillus sp. WD03, Lysinibacillus sp. M01, and Pseudomonas sp. BG07 (Bergey's
Manual of Determinative Bacteriology, 1974)

Biochemical and morphological
characteristics Lysinibacillus sp. WD03 Lysinibacillus sp. M01

Pseudomonas
sp. BG07

Gram staining + + �
Shape Irregular rod Irregular rod Short rod
Motility Motile Motile Motile
Spore staining + + �
Indole � � �
Methyl red � � �
Voges–Proskauer � � �
Citrate � � +
Urease + + �
Glucose � � �
Arabinose � � �
Mannitol � � +
Starch � � �
Gelatin + + +
NaCl 5% + + +
Oxidase + + +
Catalase + + +

Fig. 1 (a–c) Plate morphology, Gram staining (light microscope), scanning electron microscopy, and phylogenetic profile obtained via the 16S
rDNA analysis for the styrene-metabolizing microbial isolates employed in the present study: (a) Lysinibacillus sp. strain M01, (b) Lysinibacillus sp.
strain WD03, and (c) Pseudomonas aeruginosa sp. strain BG07.

This journal is © The Royal Society of Chemistry 2020 RSC Adv., 2020, 10, 26535–26545 | 26537
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Fig. 2 (a–d) Growth profile of the bacterial isolates with varying concentrations of styrene at different hours intervals: (a) Lysinibacillus sp. strain
M01, (b) Lysinibacillus sp. strain WD03, (c) Pseudomonas aeruginosa sp. strain BG07, and (d) a mixed consortium. (e) Biomass profile (wet and dry)
of the chosen isolates in the presence of styrene at 1.0 mg mL�1 after 72 hours of incubation.
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the released metabolites was evaluated as described
hereinaer.
Extraction and analysis of the metabolized products

Aer 72 hours of incubation, the styrene-amended cultures of
both the single and the mixed consortia were centrifuged at
10 000 rpm for 20 min at 4 �C, and the bacterial cells were
discarded. The supernatant was taken, extracted with equal
volumes of ethyl acetate, and further evaporated with nitrogen
26538 | RSC Adv., 2020, 10, 26535–26545
gas. The concentrated samples were dissolved in acetonitrile
and subjected to the following analyses.25,26

The extracts of the metabolized products were primarily
analyzed using UV-visible spectroscopy (Shimadzu 2450) fol-
lowed by FTIR spectroscopy (Fourier transform infrared
spectroscopy-Jasco 4700) and HPLC analysis.27 For high-
performance liquid chromatography (HPLC) analysis, the
samples were ltered with 0.22 mm pore-sized PVDF syringe
lters (Merck Millipore) and analyzed using a C18 reverse phase
column (Waters, India, Spherisorb (100 � 4.6 mm) column),
This journal is © The Royal Society of Chemistry 2020
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with 5 mm particles as the stationary phase, connected to
a photodiode detector and fraction collector. The mobile phase
used herein was 70% (v/v) methanol with 0.1% (w/v) phosphoric
acid in an isocratic mode at the ow rate of 0.8 mL min�1.
Molecular analysis

In order to identify the genes responsible for the metabolism of
styrene by the chosen isolates, PCR amplication studies were
carried out for the genes Sty A, Sty B, Sty C, Sty D, and Sty E. The
Sty A and Sty B genes are the styrene monooxygenase genes,
which are accountable for the transformation of styrene to
epoxy styrene. On the other hand, Sty C is responsible for the
production of an enzyme, epoxy styrene isomerase, which in
turn helps in the conversion of epoxy styrene to phenyl acetal-
dehyde; moreover, Sty D encodes an enzyme, phenyl
Fig. 3 PCR amplification profiles of the genes Sty A, Sty B, and Sty C (lane
DNA marker lane is lane 4 for Lysinibacillus sp. strain M01; Lysinibacillus s
respective negative control (E. coli MTCC 443).

This journal is © The Royal Society of Chemistry 2020
acetaldehyde dehydrogenase, which is responsible for oxidizing
phenyl acetaldehyde to phenylacetic acid.28 The Sty E gene has
been found to be responsible for the production of phenylacetyl
CoA, which in turn helps in the transportation of styrene across
membranes.29 The DNA extracted from E. coli, MTCC 433 strain,
acts as a negative control. Table 1 summarizes the details of the
primers designed for the respective genes selected for this
study.

PCR amplication was carried out in duplicate using 0.25 U
Taq polymerase, 10� Taq buffer, 0.25 mM dNTP mix, 1.5 mM of
each forward and reverse primers, and 2.5 ml (10–100 ng) of
template DNA in a total volume of 20 ml. The PCR amplication
was performed for 40 cycles under the following conditions:
initial denaturation at 94 �C for 3 min, at 95 �C for 45 s (DNA
denaturation), at various annealing temperatures for each gene
1–3) and Sty D and Sty E (lane 5 & 6) responsible for styrenemetabolism;
p. strain WD03; and Pseudomonas aeruginosa sp. strain BG07 with the

RSC Adv., 2020, 10, 26535–26545 | 26539

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra03822a


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
Ju

ly
 2

02
0.

 D
ow

nl
oa

de
d 

on
 2

/1
2/

20
26

 7
:1

7:
11

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
for 45 s (primer annealing), at 72 �C for 45 s (DNA extension), at
59 �C for 30 s (extra annealing), and a nal extension at 72 �C for
10 minutes in a thermal cycler (Eppendorf, Hamburg, Ger-
many). Herein, ten ml of each reaction product was mixed with
10 mL of 2� loading buffer, fractionated in a 2% agarose gel
containing ethidium bromide (1 mg mL�1) using a 100-bp DNA
ladder (Promega) as a size marker, and visualized under UV
light according to the protocol followed elsewhere.
Statistical analysis

Statistical analysis was performed for the experiments con-
ducted on the growth of the isolates and metabolic studies.
One-way ANOVA with multiple comparisons was performed
using GraphPad prism (Version 5.0) to compare the means
between the experimental groups. A p value of <0.05 was
considered signicant.
Fig. 4 (a) UV-vis spectra of the metabolites obtained from each
bacterial isolate; (b) (inset image) UV-vis spectra of standard styrene.
Results and discussion

Recently, for the effective management of pollutants,
researchers have suggested numerous methods; however, only
few of these methods have been extended to the eld scale with
promising results. Since most of the pollutants are of petro-
chemical origin30 and polymeric in nature, their removal is
highly challenging. Studies have indicated the presence of
polymeric substances in leachates; this is an alarming signal as
these substances can have adverse effects on the biological life
in the ecosystem. The biological methods are considered eco-
friendly and viable; nevertheless, the identication of a poten-
tial bacterial isolate for the management of pollutants of poly-
meric nature is a challenging mission.

In the present study, a batch-mode approach was designed to
achieve potential bacterial isolates for the management of
styrene molecules present in the leachates of a dump yard. The
sample site and the methodology followed in the present study
provided an appreciable number of organisms belonging to
various families and genera. However, based on styrene utili-
zation, only three potential isolates (each from one site) were
selected: M01 (isolate of marine origin), WD03 (isolate of waste
dump yard origin), and BG07 (isolate of bovine gut origin). The
isolates WD03 and M01 were Gram positive, spore forming, and
motile strains, whereas BG07 was a Gram negative, non-spore
forming, and motile strain. Table 2 presents the biochemical
prole of all the three isolates chosen for the present study. The
biochemical analysis revealed that the two isolates M01 and
WD03 belong to Bacillus genera and the isolate BG07 belongs to
Pseudomonas genera.31–33 Fig. 1a–c illustrate the plate
morphology, microscopic image, scanning electron microscopy
image, and the phylogenetic prole of all the three isolates M01,
WD03 and BG07, respectively. From the gene sequence and
blast analysis results, the isolates were accordingly identied as
Lysinibacillus sp., strain WD03; Lysinibacillus sp., strain M01;
and Pseudomonas aeruginosa strain BG07, the sequences were
deposited in the GenBank, and the accession numbers were
received as MN747168, MF755294.1, and MN737147.1
respectively.
26540 | RSC Adv., 2020, 10, 26535–26545
Fig. 2a–d depict the growth prole of the three isolates and
the mixed consortium with respect to time and the increasing
concentration of styrene. The optical density measured at
600 nm at 4 hour time intervals showed signicant variations in
the growth prole of the chosen isolates with respect to the
styrene concentration. The growth prole of all the organisms
displayed an extended lag phase. Compared to the case of the
minimal salt medium, the growth of the isolates in the presence
of styrene at lower concentrations ranging from 0.5 to 1.5 mL
L�1 was appreciable at a signicant level (P < 0.05). When the
optical densities were compared, the M01 strain (marine origin)
showed higher optical density as compared to the other isolates,
which has been well-reected by the biomass measurement
results (Fig. 2e). Higher values of both the wet and the dry mass
were obtained for the M01 strain as compared to those for
WD03 and BG01. These observations suggested that all the
three isolates were able to utilize styrene as a carbon source for
their growth and energy and showed growth at 1.5 mL L�1

styrene concentration. The noticeable growth of the organisms
at 1.5 mL L�1 is a signicant and promising nding for the
treatment of aqueous leachates. A study conducted on 63
industrial effluents showed that the level of styrene released to
the environment ranges from 6.3 to a maximum of 970 pg L�1.34

The results of the studies reported by Aalam et al. on styrene
degradation using Pseudomonas aeruginosa35 and León et al.
(1999) on the degradation of toluene and xylene with an
extended lag phase corroborate well with the present ndings.36

Most of the studies on styrene degradation have been carried
out using the gaseous form of styrene,37–41 and only few studies
have discussed the degradation of styrene in the aqueous
phase.42–45

With respect to the mixed consortium, its growth prole was
similar to that of the single culture; however, a signicant varia-
tion was observed in the optical density (Fig. 2d) and the produced
biomass (Fig. 2e). The enhanced growth in the consortia indicated
This journal is © The Royal Society of Chemistry 2020
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a possible synergism between the cultures; moreover, the
competition for the substratemay be responsible for the increased
growth and metabolism of styrene.46 According to Aalam et al.,47

the consortia containing four different microbial strains for the
degradation of styrene resulted in the survival of only one bacterial
strain, Pseudomonas aeruginosa, which exhibited the utilization of
styrene as the sole carbon source. Other than the abovementioned
study, no study has been reported on the role of Lysinibacillus sp.
in styrene degradation in the literature; therefore, in the present
study, we investigated the ability of Lysinibacillus sp. and Pseudo-
monas sp. in the form of a single and as a mixed system to
metabolize the styrene molecule.
Fig. 5 (a–f) FTIR spectra of themetabolites obtained via styrene degradat
standard phenylacetic acid (PAA), (c) Lysinibacillus sp. strain M01, (d) Lysin
and (f) mixed consortium.

This journal is © The Royal Society of Chemistry 2020
The metabolism of styrene in aerobic bacteria occurs via two
types of pathways: lower and upper pathways; the former
pathway involves vinyl side chain oxidation that converts
styrene to phenylacetic acid, and the latter pathway involves the
degradation of phenylacetic acid.14,32 The enzymes in the
organism play a crucial role in the metabolism of styrene. As
described above, ve different genes are responsible for the
metabolism of styrene.

Fig. 3 depicts an image of the PCR-amplied target genes,
corresponding to styrene degradation, for the isolates Lysiniba-
cillus sp., strain M01 and WD03, and Pseudomonas aeruginosa,
strain BG07, with respect to those of the negative control (E. coli).
ion by each isolate after 72 hours of incubation: (a) standard styrene, (b)
ibacillus sp. strain WD03, (e) Pseudomonas aeruginosa sp. strain BG07,
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The Lysinibacillus strain M01 showed amplication of the Sty A, B,
C, and D genes expressed at 389, 716, 152, and 215 base pairs,
respectively, and no amplication of the Sty E gene. In the case of
WD03, clear bands were observed, corresponding to 152, 716, 215,
and 389 bp. Some of the lanes displayed primer dimers, which
could be due to either increased volume of the primers or lack of
amplication. In the case of the Pseudomonas aeruginosa strain,
the amplication of Sty A (389 bp), Sty B (716 bp), and Sty D (215
bp) was observed, and nil amplication was noticed for Sty C and
E. The abovementioned observations match with those of the
studies on the Pseudomonas sp. strain Y2, Pseudomonas sp.
VLB120, P. putida SN1, and P. putidaCA-3.17,18 In addition, the roles
of Actinobacteria, a-, b-, and g-Proteobacteria, Sphingobacteria, and
Bacillus species, Bacillus megaterium and B. cereus43 support the
ndings of the present study. The expressions of styrene-
degrading genes were not observed with the negative control.
Fig. 6 (a–d) High-performance liquid chromatogram profiles of the met
of incubation: (a) Lysinibacillus sp. strain M01, (b) Lysinibacillus sp. strai
consortium.

26542 | RSC Adv., 2020, 10, 26535–26545
Fig. 4a and b depict the UV-visible spectra of standard
styrene and the cell-free medium aer 72 hours experimental
period for all the experimental samples. The substrate styrene
showed a plateau from 200 to 250 nm and a single maximum
absorption peak at 281 nm (Fig. 4b (inset)). However, the cell-
free medium of the single culture showed absorption peaks in
the range of 252–274 nm, and the mixed cultures showed
peaks at 268 and 274 nm (Fig. 4a), indicating that the substrate
styrene was metabolized by the isolates. These observations
imply that as compared to a single isolate, the consortia played
a signicant role. The absorption peak observed at 254 may be
attributed to the conjugation of the benzene ring with a less
extended secondary band. Furthermore, the peak observed at
274 nm matches with the absorption peak of aromatic acetic
acid.33

Fig. 5a–f depict the FTIR spectra of the concentrated cell-free
extract obtained from three different isolates and the consortia
abolites obtained from the experimental samples at the end of 72 hours
n WD03, (c) Pseudomonas aeruginosa sp. strain BG07, and (d) mixed

This journal is © The Royal Society of Chemistry 2020
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Table 3 List of the previous studies reported on the degradation of liquid styrene using various microbial isolates from different sources

S. no. Name of the organisms Concentration of styrene By-product formed Gene study Reference

1 Xanthobacter sp. strain 124X 0.01% to 0.1% (w/v) Phenylacetic acid Not done 42
2 14 strains of aerobic bacteria and 2

strains of fungi
10–500 mM Phenylacetic acid Not done 40

3 Pseudomonas putida S12 2 mL to 0.25 mL No by-product formed Not done 40
4 Streptomyces halstedii, Bacillus

megaterium, Sphingobacterium
spiritivorum, Bacillus cereus

0.5–2.0 mL L�1 No by-product formed Not done 43

5 Lysinibacillus sp., M01, Lysinibacillus sp.,
WD03, Pseudomonas aeruginosa BG07,
consortium of all three

0.5 to 1.5 mL L�1 Phenylacetic acid Done Present study
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samples aer 72 hours of growth (Fig. 5a–d) along with those of
the standards (Fig. 5a and b). Infrared peaks were observed at
690–750 cm�1 irrespective of the samples and accordingly
Fig. 7 Overall illustration of the styrene metabolism gene profile and the
strain M01, Lysinibacillus sp. strain WD03, and Pseudomonas aeruginosa

This journal is © The Royal Society of Chemistry 2020
indicated the presence of mono-substituted aromatic
compounds. Moreover, the peaks observed at 1650–1400 cm�1

support the observations implying the presence of an aromatic
pathways proposed for all the three chosen isolates: Lysinibacillus sp.
sp. strain BG07.
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compound. The medium-to-very broad band observed between
3400 and 2700 cm�1 indicated the presence of –OH stretch.48–50

The peaks observed for the cell-free medium match with those
of standard PAA (Fig. 5b). The samples of BG07 displayed
additional peaks, which also indicated the presence of an
aromatic compound. The prominent peaks observed at 1100,
1270, and 1300 cm�1 for all the single isolates may be attributed
to the incomplete metabolism of the styrene monomer or the
presence of respective aldehydes or ketones.

Fig. 6a–d illustrate the HPLC chromatograms of the cell-
free experimental samples respective to those of the single
isolates (M01, WD03, and BG07) and the consortia; in addi-
tion, Fig. 6a has an inset that depicts the chromatograms of
phenylacetic acid at different concentrations. All the experi-
mental samples invariably displayed a well-dened and high
intensity peak at the retention time of 4.7–5.0 minutes and
also showed less intense peaks between 3.0–4.5 and 5.5–6.0
minutes. Interestingly, the consortia sample showed a single
high intensity peak at 4.9 minutes. These observations sug-
gested that the intended styrene molecule was effectively
metabolized by the chosen isolates into an industrially
important chemical, namely phenylacetic acid. Previously,
studies51 have been reported on the degradation of styrene
and the formation of phenylacetic acid using bacterial strains
such as Rhodococcus opacus 1CP, Pseudomonas uorescens ST,
Sphingopyxis sp. Kp5.2, and Gordonia sp. CWB2, which
corroborate well with the present study. The less intense
peaks observed at different retention times along with the
high intensity peak could be due to the presence of remnants
of the incomplete metabolism. This conclusion has been
drawn based on the observations obtained for the consortia
samples, which showed only a single high intensity peak,
which more or less matches with the observations for phe-
nylacetic acid. Based on the obtained analytical and PCR
results, it has been hypothesized that the applied styrene may
be metabolized to phenylacetic acid. No further degradation
of phenylacetic acid was observed throughout the experi-
mental period.

Table 3 depicts the list of studies reported on the degra-
dation of styrene in an aqueous medium. In all these studies,
the bacterial strains employed were Xanthobacter sp., Pseudo-
monas putida, Streptomyces halstedii, Bacillus megaterium,
Sphingobacterium spiritivorum, and Bacillus cereus. Although
50% of the abovementioned studies revealed phenylacetic acid
as the product of the degradation of styrene, no discussions
were reported on the molecular level for the genes responsible
for styrene degradation. Based on the observations made in
the present study and the available literature, the styrene
metabolism pathway for all the three isolates chosen for the
present study was elucidated and is shown in Fig. 7. In brief,
Lysinibacillus spp. metabolizes styrene to phenylacetic acid
through its monooxygenase, oxide isomerase, and dehydro-
genase genes. Moreover, Pseudomonas sp. metabolizes the
applied styrene to phenylacetic acid despite the absence of
oxide isomerase, and the observed ambiguity necessitates
further research.
26544 | RSC Adv., 2020, 10, 26535–26545
Conclusion

In the present study, an attempt was made to achieve potential
aerobic bacterial isolates to metabolize styrene in a batch mode
study. Herein, three potential isolates from three different
origins showed growth at 0.5 mL L�1 styrene and were subjected
to styrene metabolism using a mineral medium as a single
culture and as a mixed consortium. The growth prole studies
suggested that the isolates were able to effectively utilize styrene
at 0.5–1.5 mL L�1 concentration, and at 2.0 mL L�1 concentra-
tion, the growth was almost nil (not shown). Among the three
isolates, the marine isolate showed an appreciable growth and
biomass, as demonstrated. Analyses on the nature of the
metabolized product suggested the presence of phenylacetic
acid. The relative gene expression studies for styrene metabo-
lism by the chosen isolates demonstrated the presence of Sty A,
Sty B, Sty C, and Sty D except for Sty E in Lysinibacillus spp. and
absence of Sty C and Sty E in Pseudomonas sp. On comparing the
metabolic proles of the single culture and the consortia, it was
concluded that the consortia should be preferred for the
complete metabolism of styrene. The ndings of the present
study suggested the possibility of aerobic management of
styrene present in the leachates of the waste dump yard and
provide a microbially mediated process to obtain the industri-
ally important chemical phenylacetic acid.
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