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Abstract Polyaromatic hydrocarbons (PAHs) utilizing
bacteria were isolated from soils of seven sites of Mathura
refinery, India. Twenty-six bacterial strains with different
morphotypes were isolated. These strains were acclima-
tized to utilize a mixture of four polycyclic aromatic hy-
drocarbons, i.e., anthracene, fluorene, phenanthrene, and
pyrene, each at 50 mg/L concentration as sole carbon
source. Out of total isolates, 15 potent isolates were sub-
jected to 16S rDNA sequencing and identified as a mem-
ber of diverse genera, i.e., Bacillus, Acinetobacter,
Stenotrophomonas, Alcaligenes, Lysinibacillus,
Brevibacterium, Serratia, and Streptomyces. Consortium
of four promising isolates (Acinetobacter, Brevibacterium,
Serratia, and Streptomyces) were also investigated for
bioremediation of PAH mixture. This consortium was
proved to be efficient PAH degrader resulting in 40–

70 % degradation of PAH within 7 days. Results of this
study indicated that these genera may play an active role in
bioremediation of PAHs.
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Introduction

Polyaromatic hydrocarbons (PAHs) represent a large
group of environmentally persistent, organic pollutants
which are ubiquitous in aquatic and terrestrial ecosys-
tems (Shiaris 1989). These are formed due to incomplete
combustion of organic substances such as coal, oil, gas,
wood, garbage, and from petrochemical/oil refining in-
dustries (Nam et al. 2003). These PAHs gain entry into
the soil and gets accumulated in zones rich in organic
matter, where they are likely to be retained for many
years due to their persistence and hydrophobicity
(Krauss et al. 2000). However, the threat of percolation
of recalcitrant polyaromatics from the spent oily sludge
into the ground water looms large and environmental
management of the recalcitrant polyaromatic hydrocar-
bons becomes more significant because of their carci-
nogenicity and mutagenicity.

PAHs concentrations in Asian countries have shown
an increasing trend in the last decade due to increase in
fossil fuel combustion and indiscriminate dumping of
petroleum refinery effluents. Factors like hydrophobic-
ity, aqueous solubility, and polarity have a large influ-
ence on the bioavailability of pollutants. Contaminated
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soils often contain a separate non-aqueous phase liquid
(NAPL) that may be present as droplets or films on soil
surfaces. Many pollutants, especially those that are hy-
drophobic, are virtually insoluble in water and remain
adsorbed in the NAPL (Pandey and Jain 2002). PAHs
have been found to persist in the NAPL due to their low
water solubility and high octanol-water partition coeffi-
cients. Therefore, for biodegradation to occur, bacteria
must have access to the target compounds, either by
dissolution of the target compounds in the aqueous
phase or by adhesion of the bacteria directly to the
NAPL-water interface. However, the intracellular local-
ization of the PAH degrading enzymes implies that the
PAHs have to be solubilized and must enter into the
cytoplasm before they can be metabolized (Herrenkohl
et al. 2001; Schluep et al. 2001; Wick et al. 2001)

In India, a study on PAHs and PCBs contamination
level in soil sample around Mathura refinery indicated
that the contamination of PAHs ranged between 6.76
and 13.44 μg g−1 including fluoranthene, chrysene,
benzo (b) fluoranthene in the samples collected through-
out the year from Mathura-Agra highway (Sharma and
Rawat 2013). Nowadays, there is a general awareness
about the detrimental effects of PAH products and sub-
products that are being released and dispose into the
environment as many PAHs and their epoxides are
highly toxic, mutagenic, and/or carcinogenic to micro-
organisms as well as to higher forms of life including
humans (Rengarajan et al 2015). Natural habitats usual-
ly exhibit highly diversified microbial communities
which exhibit high taxonomic and functional diversity
(Lindstrom et al 1999). Contaminated sites may harbor a
number of microorganisms capable of degrading and
utilizing polyaromatic hydrocarbons which can be
exploited for amelioration of such sites (Baboshin
et al. 2008; Kang et al. 2003). Potential isolates from
PAH-polluted sites have been found to be more active
than those originating from uncontaminated sites; as
these bacteria are adapted to the contaminated environ-
ments. The metabolic cooperation of several microor-
ganisms may result in enhanced PAH utilization, since
metabolic intermediates produced by one group of mi-
croorganisms may serve as substrates for the growth of
others.

Several reports are available wherein biodegradation
of PAHs was achieved by bacteria (Arulazahan and
Vasudevan 2011; Hamamura et al 2013). Soil spiked
with high molecular weight PAHs benzoanthracene,
benzopyrene was bioremediated effectively achieved

by using Sphingobium indicum, Sphingobium
japonicum, and Stenotrophomonas maltophilia
bioaugmented with different co-substrates (Gurjeet
et al 2014).

Bioremediation by soil bacteria has been investigated
extensively during the last few decades as an alternative,
and less expensive, strategy for the destruction of PAH
contaminants. A number of strains such as
S. maltophilia strain VUN 10003, Mycobacterium sp.,
Gardona sp., Rhodococcus sp., Pseudomonas
aeruginosa, Burkholderia cepacia, Flavobacterium
sp., and Cycloclasticus sp. have been found to utilize
benz[a]anthracene, chrysene, fluoranthene, and pyrene
as a source of carbon and energy. However, most of the
information about metabolic pathways, enzymes, and
genes has been restricted to low molecular weight
(LMW) PAHs. Much less information is available on
the metabolism of high molecular weight (HMW)
PAHs, albeit research in the past decade on the bacterial
degradation of four-ring PAHs such as fluoranthene,
pyrene, benz[a]anthracene, etc. has advanced signifi-
cantly. Most of these bacteria involved in bioremedia-
tion are gram-positive, suggesting that these organisms
play a more important role than gram-negative bacteria
in the environmental degradation of HMW PAHs
(Juhasz et al. 2000; Kanaly and Harayama 2000;
Watanabe 2001). Studying the structure and dynamics
of microbial communities, capable of degrading differ-
ent pollutants in contaminated ecosystems, is relevant in
microbial ecology for the development of bioremedia-
tion strategies (Zhang et al. 2010). With this view, the
present study was undertaken with the soil collected
from the vicinity of an Indian oil refinery to isolate
promising bacteria for bioremediation of PAHs

Materials and method

Chemical sample collection and media

Polyaromatic hydrocarbon (PAHs) anthracene (97 %
purity), fluorene (95 %), phenanthrene (97 %), and
pyrene (96 %) were purchased from Merck Germany.
Other chemicals used in this study were purchased from
HiMedia India. Soil samples were collected from sites
of Mathura refinery India situated 27° 30′ N 77° 41′ E
27.5° N 77.68° E. For the purpose of soil sample col-
lection, Mathura refinery premises was divided into
seven parts based on the locations of different petroleum
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processing waste outlets and the flanking garden. Sam-
ples were collected with the help of an auger from 0 to
15 cm of top soil from seven different points within the
same area. A total of 35 soil samples were collected (5
from each 7 locations), i.e., Mathura agricultural field
(site 1, village, Dhana Teja 1 km from refinery), Mathu-
ra refinery agricultural field (site 2, range 100 m),
sewage sample Mathura refinery (site 3), which
was accumula ted outs ide the out le t p ipe
discharging refinery waste, bitumen unit Mathura
refinery (site 4), kerosene unit Mathura refinery
(site 5), aviation turbine fuel refining unit (site 6), and
sulphur unit (site 7, sulphur depositions in soil through
chimney of refinery). Five samples from each location
were pooled together, air dried, sieved through 200mesh
sieve, stored in polybags, and kept in refrigerator till
further analysis.

Enrichment, isolation, and identification of PAH
utilizing bacterial strain

Soil sample (10 g) from each site was taken into pre
sterilized flask containing 100 mL Bushnell and Haas
1941 of medium spiked with PAH mixture 50 mg L−1

comprising of Bushnell and Haas medium (B&H medi-
um) and minimal medium comprised of NH4NO3 (1 g),
MgSO4.7H2O (0.2 g), CaCl2.2H2O (0.02 g), and
KH2PO4 (1 g), K2HPO4 (1 g), FeCl3 (0.001 g), and agar
(20 g) per liter of the medium (pH 7.0–7.2) was used for
isolation of PAH utilizing bacteria. Medium supple-
mented with PAH mixture at 50 mg L−1 each was
achieved after evaporating PAH solution in acetone in
pre sterilized flask followed by addition of B&H medi-
um. Flasks were kept for 15 days in dark at 30 °C
in Kuhner incubator shaker at 150 rpm. Medium
(1 mL) was transferred to 99 mL of fresh BH
medium containing 50 mg L−1 PAH mixture and
incubated under same conditions. This process was
repeated three times. A portion of 100 μL of the
suspension was plated onto solid minimal PAH
medium plate containing 50 mg L−1 PAH mixture
as a sole source of carbon and incubated for 7 days
at 30 °C. Different morphotypes were selected and
purified further. Nutrient agar medium for bacteria
and GYMA for actinobacteria were used for fur-
ther sub culturing. Screening of the isolates for
their PAH utilization efficiency was done by ob-
serving their growth potential on PAH containing
minimal medium plates. The presence or absence

of growth was recorded after 24 h of incubation at
30±1 °C.

Chemotaxis assay

Chemotaxis response of various isolates for PAH was
determined by drop assay method. Bacterial cells in
logarithmic phase of growth were harvested from
40 mL nutrient broth and resuspended in 12 mL of
chemotaxis buffer (100 mM potassium buffer pH 7,
20 mM EDTA to and optical density 0.7 approximately
at 600 nm). This suspension (0.1 mL) was spread plated
on Nutrient agar/GYMA plates. A test attractant, i.e.,
anthracene or fluorene, was added to the center of petri
dish. Formation of concentric ring of turbidity near
center of petri dish was recorded as positive chemotactic
assay. Succinate was used as chemo attractant in posi-
tive control.

Biosurfactant production

The amount of crude biosurfactants produced by PAH
cultures in the culture medium was estimated by turbi-
dimetric method. Fifty milliliters of sterilized minimal
medium with glucose (2 % w/v) as carbon source was
taken in 250 mL of Erlenmeyer flask. Flasks were
inoculated with PAH utilizing bacteria and incubated
at 30 °C, 180 rpm for 48 h. Supernatant was obtained
after centrifugation of broth at 10,000 rpm for
30 min. HCl (6 N) was added to cell-free super-
natant till pH 2 was attained. Further supernatant
was allowed to stand for 30 min at 4 °C. The
mixture was vortexed to get homogeneous solu-
tion. Absorbance was recorded at 600 nm and concen-
tration of biosurfactant was calculated by using method
of Mukherjee et al. (2009).

Analysis of 16S rDNA sequences

For 16S rDNA sequence analysis of the bacterial strains,
their genomic DNAwere isolated following the method
of Charles and Nester (1993) followed by 16S RNA gene
amplification using primers, pA forward, (5′–CACGGA
TCCAGAGTTTGATTCTGGCTCAG–3′) and pH re-
verse, (5′–GTGCTGCAGGGTTACCTTGTTACGAC
T–3′) for bacteria (Edwards et al. 1989, Xcleris,
Ahmedabad India). The purified PCR product was se-
quenced using ABI PRISM™ 3130xl Genetic analyzer
(Applied Biosystems, CA, USA). All the sequence were
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determined and aligned with BLAST on the NCBI site
website (http://www.ncbi.nlm.nih.gov). Phylogenetic
tree were constructed with MEGA 4 software (version)
and the neighbor joining (NJ) method with pairwise
alignment and bootstrap 1000 replications.

PAH degradation assay

In order to confirm the extent of degradation, four
isolates were chosen on the basis of their growth at
higher concentration (100 mg L−1) of PAHs. The four
strains PL-2, PL-44, PL-68, and PAH-13 were sub-
cultured at 30 °C on PAH medium. Degradation of four
PAHs (fluorene, phenanthrene, anthracene, and pyrene)
was studied as mixture, with 50 mg L−1 of each PAH
compound, under controlled conditions in BH medium
incubated with chosen strains. The medium was inocu-
lated with cell suspension (OD600=0.6) followed by
incubation in shaker at 30 °C and 150 rpm for 7 days.
After incubation, the samples were used to quantify the
residual PAHs. For the extraction of residual PAHs, the
samples were extracted with ethyl acetate and the
resulting extract after drying with sodium sulphate was
quantified by HPLC. HPLC analysis was carried out
using a Hewlett Packard HPLC instrument (series 1100)
equipped with degasser, quaternary pump, photo diode-
array detector connected with rheodyne injection system
(20 μL loop), and a computer (model vectra). The
stat ionary phase consis ted of PAH column
LiChroCART 250-4LiChrospher PAH. Chromatogram
was recorded in a Windows’ NT based HP chemstation
program. Acetonitrile: water (75:25) at 0.5 mL min−1

flow rate was used as mobile phase. HPLC analysis was
performed at 254 nm wavelength suitable for each com-
pound by checking the absorption maxima in isoplot
option using photodiode array. Twenty microliters of
sample and standard PAH compounds were injected into
HPLC under standardized conditions. Each run
was repeated thrice and the detector response was
measured in terms of peak areas. Four PAHs, i.e.,
fluorene, phenanthrene, anthracene, and pyrene un-
der the described conditions of HPLC appeared at
retention times 6.98, 8.08, 8.98, and 13.0 min,
respectively. The data was analyzed and results
of PAH dissipation were expressed as percent deg-
radation of each PAH compound. Recovery studies
of all the PAHs (fluorene, phenanthrene, anthra-
cene, and pyrene) were calculated at five different
concentrations. Recoveries were found in the range

of 90–97 % except for fluorene which was 77–
78 %. The standard curve was found to be linear
and limit of detection of PAHs were 0.05, 0.02,
0.001, and 0.1 μg g−1 for fluorene, phenanthrene,
anthracene, and pyrene, respectively.

Results and discussion

A total of 66 bacterial strains were isolated from 7 soil
samples. Out of them, 26 potent bacteria were selected for
biochemical characterization on the basis of growth on
high concentration of individual PAH (fluorene, phenan-
threne, anthracene, and pyrene) as well as the mixture of 4
PAHs. The Bacillus sp. together accounted for 33 % of the
total number of bacteria. Streptomyces, Serratia,
Aeromonas,Burkholderia, andAerobacter each accounted
for smaller proportion about 4 % while other strain
accounted for 7 % and more as shown in Fig. 1.

Classification of PAH degrading bacteria in refinery
samples

Distribution of 26 isolates according to the site is presented
in Table 1. Two Bacillus strains, one Lysinibacillus, Ser-
ratia, Pseudomonas and one Aeromonas were isolated
from Mathura field soil (site 1). A total of five bacterial
strains belonging to different generawere isolated from site
2 (Mathura refinery field soil). Nine isolates were isolated
from the sewage sample of refinery, i.e., site 3 (Sewage
Mathura refinery) which included strains belonging to
genera Acinetobacter and Bacillus, Brevibacterium,
Burkholderia, and Sphingomonas. Streptomyces and Ba-
cillus strain were isolated from the Bitumen unit refinery
(site 4); Bacillus and Stenotrophomonas strain were isolat-
ed from kerosene unit of refinery site 5. From site 6
(aviation turbine fuel site) and site 7 (sulphur site), one-
one strain of Bacillus was isolated.

Taxonomic identification of the selected strains

Fifteen potent bacterial strains were subjected to
16S rDNA sequencing and were identified as
Acinetobacter sp., Brevibacterium sp., Alcaligenes
sp., Stenotrophomonas sp., Lysinibacillus sp., Ba-
cillus sp., Serratia sp., and Streptomyces sp.
(Chaudhary et al. 2011). Homology analysis of 16S
rRNA provides specific data that could be used to
determine both close and very distant relationships (Bull
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et al. 1992). BLAST homology search for 16S rRNA
gene sequences of the isolates indicated 98–99 % sim-
ilarity with their closest relative. Analysis of 16S rDNA
gene sequence of four experimental strains indicates that
they belong to genus Streptomyces, Serratia,
Acinetobacter, and Brevibacterium and submitted to
NCBI with accession nos. GQ904711, HQ536226,
HQ536214, and HQ536221 (Fig. 2).

Chemotaxis assay

Out of 15, 4 strain were selected for PAH degradation as
they showed maximum growth on mixture of PAH.
Affinity of PL68 was maximum toward three-ring and
four-ring PAH. But we failed to observe the affinity of

potent isolates PAH-13, PL-2, and PL-44 on petriplate
as the selected strains were nonmotile.

Biosurfactant production

Biosurfactant secreted by bacteria are more effective
than chemical surfactants in enhancing the solubility
and biodegradation of petroleum hydrocarbons includ-
ing PAH (Cybulski et al. 2003; Wong et al. 2004).
Production of biosurfactant is related to the utilization
of available hydrophobic substrates by microbes from
their natural habitat, presumably by increasing the sur-
face area of substrates and increasing their apparent
solubility. However,
there are only a few reports of microorganisms

Fig. 1 The overall distribution of
PAH utilizing strains in Mathura
refinery region

Table 1 Distribution of bacterial isolates in soils of Mathura refinery

S. No Location Isolates pHa Dominant soil enzymesa Name of isolates

Site 1 Mathura agricultural field soil 6 7.1 Beta-glucosidase Bacillus (2)b, Lysinibacillus, Serratia,
Pseudomonas, and Aeromonas

Site 2 Mathura refinery field soil 5 6.9 Beta-glucosidase Pseudomonas, Alcaligenes, Bacillus,
Stenotrophomonas, and Lysinibacillus

Site 3 Mathura refinery sewage 9 6.5 Alkaline phosphatase, acid
phosphatase, aryl sulphatase,
laccase, lipase and catalase

Burkholderia, Acinetobacter (2)b, Aerobacter,
Alcaligenes, Bacillus (2)b, Sphingomonas,
and Brevibacterium

Site 4 Bitumen unit refinery 2 7.1 Dehydrogenase and aryl esterase Streptomyces rochei and Bacillus

Site 5 Kerosene unit of refinery 2 7.2 Aryl sulphatase Bacillus and Stenotrophomonas

Site 6 Aviation turbine fuel site 1 7.3 Aryl sulphatase Bacillus

Site 7 Sulphur unit of refinery 1 6.3 Aryl sulphatase Bacillus

a Information reproduced for soil pH and enzyme from Chaudhary et al. 2012 Environmental Monitoring and Assessment; 184(2):1145–
1156
bNumber of species of bacterial isolates based on biochemical identification
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producing surface-active compounds while growing on
crude petroleum-oil hydrocarbons (Chhatre et al. 1996).
In the present study, PAH bacteria were found to be
effective biosurfactant producers; the amount ranging
between 0.22 and 1.69 g L−1 on minimal medium,
providing the advantage of a continuous supply of nat-
ural, non-toxic, and biodegradable surfactants by bacte-
ria for solubilizing the hydrophobic hydrocarbons prior
to biodegradation.

Degradation of PAH

Four bacterial strain were selected on the basis of their
growth at higher concentration of PAH, Acinetobacter
calcoaceticus (PL-2) and Brevibacterium (PL-44) from
refinery sewage, Serratia (PL-68) from agricultural field,
Strepomyces rochei PAH-13 from bitumen unit ofMathura
refinery. When consortium of these four cultures were
evaluated for degradation of PAH mixture by HPLC anal-
ysis, the degradation rate of fluorene, anthracene, and
phenanthrene was higher as compared to that of pyrene
(four-ring PAH). PAH dissipation levels ranged between
40 and 70% in minimal media after 7-day incubation with
highest depletion recorded in the case of fluorene (70 %).
Phenanthrene and anthracene degradation was 55 and
53 %, and only 40 % of pyrene degradation was achieved
by combination of all four bacterial strains (Fig. 3). The
present results showed that the consortium of the four
microbes could degrade PAH but individual microbes
were less efficient, except S. rochei PAH 13 which could
degrade PAH efficiently in 15 days in submerged medium

supplementedwith yeast extract (0.1%) as indicated in our
earlier studies (Chaudhary et al. 2011). However, the per-
cent degradation (28–92 %) was less as observed at
100 ppm PAH concentration after 15 days as compared
to the present study where the consortia resulting in faster
PAH degradation within 7 days. Several bacterial strains
have been reported to possess the metabolic routes re-
quired for the degradation of recalcitrant compounds. Spe-
cies of Pseudomonas, Mycobacterium, Haemophilus,
Rhodococcus, Paenibacillus, and Ralstonia are some of
the most extensively studied bacteria for their bioremedia-
tion capability (Farhadian et al. 2008; Haritash and
Kaushik 2009; de Carvalho et al. 2005). These strains are
able to degrade petroleum hydrocarbons and aromatic
hydrocarbons such as benzene, toluene, ethyl benzene,
and xylene (Pseudomonas, Rhodococcus, and Ralstonia),
as well as polyaromatic hydrocarbons such as naphthalene
(Pseudomonas), phenanthrene (Pseudomonas and Hae-
mophilus), anthracene (Rhodococcus), pyrene (Haemoph-
ilus and Mycobacterium) and the highly carcinogenic
benzo[a]pyrene (Rhodococcus andMycobacterium).

PAHs are environmental pollutants which are widely
distributed in the world. Pollutants introduced into soil
exert a negative influence on the microbiota. PAHs
exhibit toxic properties which clearly inhibit develop-
ment and metabolic activity of microorganism in most
cases (Kanaly and Harayama 2000). In some cases, the
stimulatory activity of substance originating from crude
oil had also been observed (Boopathy 2000) which
result from gradual adaptation of microorganisms to
pollutants and utilization of xenobiotics as sole source

Fig. 2 A phylogenetic
representation of four potent PAH
degrading strains
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of carbon and energy. Similarly in our study, the isolated
strains from Mathura region have potential to grow on
higher concentration of PAH. A major factor in PAH
degradation is the lack of bioavailability of the PAH due to
poor solubility in water, leading to accumulation. These
isolated strain used in the study are smart enough to tackle
the PAH uptake/degradation problem either by direct con-
tact, e.g., attaching themselves to these compounds or
indirectly by production of biosurfactant which make
PAHs bioavailable. In general, biosurfactant-enhanced bio-
remediation technology is still at its early phase. There is
growing interest in the use of biosurfactant for environ-
mental applications, as synthetic surfactants are generally
considered to be more toxic and require higher concentra-
tions than biosurfactants. In the past two decades, a number
of bacteria have been identif ied as BPAH
degraders,^ including the common genera of
Burkholderia (Kim et al. 2003), Rhodococcus (Di
Gennaro et al. 2001), Polaromonas (Pumphrey and
Madsen 2007), Bacillus (Annweiler et al. 2000),
Alcaligenes, and Stenotrophomonas (Boonchan et al.
1998). Thus, the combination of S. rochei (GQ904711),
A. calcoaceticus (HQ536214), Brevibacterium sp.
(HQ536221), and Serratia (HQ536226) could be
employed in the degradation of PAHs contamination as
consortium through biostimulation and bioaugmentation
approach. Taxonomic analysis indicated that gamma-
proteobacteria and actinobacteria were the most abundant
PAH degrading bacterial lineages in PAH-polluted soils.
The findings revealed differences in bacterial community
structures within the refinery site and confirm their poten-
tial to degrade higher levels of PAHs. These results call for

more intensive study to monitor microbial communities at
petroleumwaste polluted areas through modern diagnostic
tools.

Conclusion

This study is based on the morphological, physiological,
and phylogenetic profiling of PAH utilizing bacteria in
the soil of Mathura refinery which may be playing
important role in natural bioremediation of
polyaromatics. A significant representation of gamma-
proteobacteria and actinobacteria is a novel finding and
should be taken into consideration while developing
bioremediation strategies. Manipulation of such micro-
bial diversity in contaminated soils may provide safe,
economical, effective Bgreen,^ and economically viable
technology for bioremediation of PAH-contaminated
soils. Bacterial-PAH association formed in the vicinity
of refinery soils showed their preference for PAH. The
role of PAH degrading genes may be explored in further
study to decipher their role in metabolism of low mo-
lecular and high molecular weight PAHs. Similarly,
bioprospecting of potent microbes has led to con-
sortium development which may be tested in other
PAH-contaminated sites to efficiently biodegrade/
bioremediate the contaminated sites in India.
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