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Abstract
High molecular weight poly aromatic hydrocarbons (HMW PAHs) are well known for their hydrophobicity and they get strongly adsorbed onto the soil particles.  
Generally, surfactants facilitate the biodegradation of PAH by enhancing their solubility and desorption of hydrophobic compounds from soil particles. To investigate 
the role of synthetic surfactant in biodegradation of PAHs, two bacterial strains BP10 and P2 were incubated in soil spiked with pyrene and phenantherene (100 μg 
g-1of soil each) in isolation and in combination with/without Tween 80. After 14 days of incubation, pyrene and phenantherene were degraded by a combination of 
BP10 and P2 to the extent of 98% and 99%, respectively. Addition of tween 80 reduced the degradation of pyrene and phenantherene by 35 and 10%, respectively. 
Biosurfactant produced by selected strains i.e. BP10 and P2 could enhance desorption of pyrene (100 μg g-1of soil) by about 27% and 12%, respectively. However, 
desorption activity was relatively higher (32 and 29%, respectively) in case of phenanthrene (100 μg g-1of soil) from the spiked soil. Present study showed that 
in spite of additional chemical surfactant, bioaugmentation of highly petroleum hydrocarbon degrading bacterial combination was very effective in boosting the 
bioremediation of PAHs- contaminated sites.

Key words: Biodegradation, Poly aromatic hydrocarbons, Bacterial consortium, Surfactant, Cell hydrophobicity.

Cellular & Molecular Biology
Cell. Mol. Biol. 2014; 60 (5): 22-28                                              
Published online December 24, 2014 (http://www.cellmolbiol.com)
Received on May 13, 2014, Accepted on July 28, 2014.
doi : 10.14715/cmb/2014.60.5.5

Introduction
 
PAHs are ubiquitous contaminants present in the 

environment, mainly originating from anthropogenic 
activities like burning of fossil fuels, coal liquefaction 
and gasification process, oil seepage and accidental 
spillage of hydrocarbons and petroleum industries (1). 
Low Molecular weight PAHs are known to be highly 
toxic while HMW PAHs are genotoxic. Besides, many 
of the constituents of PAHs are not only carcinogenic 
and mutagenic, but also potent immunotoxicants (2). 
Pyrene and phenanthrene are two PAHs that are listed 
in 16 PAHs as priority pollutants by United State Envi-
ronmental protection Agency (USEPA). They are highly 
recalcitrant under normal conditions because of their 
strong molecular bonds and hydrophobic nature.

In the past two decades, a number of bacteria have 
been identified as “PAH degraders”. Among them, Pseu-
domonas sp. has been widely reported but least informa-
tion is available on Ochrobactrum sp.   Various authors 
supported the idea to use consortium than monoculture 
for achieving higher efficiency of biodegradation (3). 
The co-operation between the individual species in the 
consortium and complementary effects of microbes on 
each other may ultimately account for enhanced growth 
and survivability of consortium members (4) that direct-
ly or indirectly boost the rate of biodegradation.

The low water-solubility of petroleum hydrocarbon 
(PAH) increases sorption of compound to soil micelle 
and limits their availability to biodegrading microor-
ganisms (5). Biodegradation of PAH is reportedly 
enhanced if the bioavailability to organisms could be 

increased (6).  Surfactants are chemical agents that faci-
litate the mass-transfer of hydrophobic pollutants from 
a solid or non-aqueous liquid phase into the aqueous 
phase by decreasing the interfacial tension. Application 
of non-ionic surfactants (NISs) is usually preferred to 
boost the PAH biodegradation as they are less toxic to 
bacteria than the anionic and cationic surfactants (7).

In this study, degradation of two PAHs i.e. pyrene 
and phenanthrene was observed in the presence of two 
PAHs degrading bacterial strains i.e. Pseudomonas 
stutzeri BP10 and Ochrobactrum intermedium P2 in 
isolation and combination with /without surfactant to 
determine the role of consortium and surfactant on the 
degradation process. Simultaneously, bacterial biomass, 
enzyme induction and desorption of pyrene by bacterial 
biosurfactants were also observed.

Materials and methods

Bacterial Strains 
Two bacterial strains Pseudomonas stutzeri BP10 

and Ochrobactrum intermedium P2 selected for this 
study were capable of degrading high molecular weight 
PAH such as pyrene (8). These strains were isolated from 
the crude oil contaminated soil collected form Barauni 
Oil Refinery, Barauni, Bihar (India). These strains are 
registered in NCBI (National Center for Biotechnology 
Information) database having accession no. KC493413 
and KC493414, respectively.

Tagging of Bacterial Strains against Antibiotics 
As soil autoclaving decreases the soil nutrition va-
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lue and cannot be applicable in field, bacterial strains 
were tagged with antibiotics to know the survivability 
of inoculated bacterial strains in the soil (unsterilized) 
during experiment. These strains were tagged with van-
comycin at a concentration of 250µg ml-1whichdid not 
permit the growth of native bacteria in soil. Tagging of 
bacteria was performed by growing them separately on 
NA (Nutrient Agar) plate supplemented with different 
antibiotics with increasing concentration of vancomy-
cin (up to 250µg ml-1). 

Screening of Non-ionic Surfactants
To select a surfactant for microcosmic study, four 

non-ionic surfactants i.e. Tergitol 7, Triton X-100, 
Tween 80 and Brij 35 were screened based on the emul-
sification index and bacterial sensitivity to these deter-
gents before using them in microcosmic study. For this 
purpose, 5 ml of benzene or hexadecane was added to 
5 ml of aqueous phase containing 500 mg l-1 of selected 
non-ionic surfactant and agitated vigorously for 5 min 
on a vortex. After 24 h, total height of both organic and 
aqueous phase (HT) and height of emulsified layer (HE) 
were recorded.  Emulsification index was calculated as 
following:   

E24 (%) = (HE/ HT) x 100			   (1)

To check the toxic effect of selected surfactants, 
BP10 was inoculated in MSM (Minimal Salt Media) 
with/without these surfactants and incubated at 35oC for 
6 days. Growth of bacterial strain was observed based 
on the absorbance of media at 600 nm at the interval of 
24 hr.

Reduction of surface tension by different concentra-
tion of selected surfactant was determined to decide its 
concentration for microcosmic study. Surface tension of 
distilled water with or without surfactant was determi-
ned through drop method by using stalagmometer and 
r.d. bottle using relative density of distilled water as 
standard at room temperature 25oC. Surface tension was 
calculated as given below.

γm = (nw x dm x γw)/(nm x dw) 		  (2)

where γm and γw  are surface tension of media and 
distilled water, dm and dw are weight of 25 ml of water 
with surfactant and distilled water and nw and nm are 
the no. of drops of water with surfactant and distilled 
water for a fixed volume through stalagmometer.  

  
Experimental Setup

Garden soil, collected from CSIR-National Botanical 
Research Institute, Lucknow, U.P. (India) was air dried, 
sieved through 2 mm sieve. Soil was spiked with pyrene 
and phenantherene (each of 100 µg g-1 of soil) by adding 
pyrene and phenanthrene with acetone. The mixture 
was vigorously stirred and left in dark place for removal 
of acetone for 24 h. Hundred gram of spiked garden soil 
was uniformly spread over each petri dish (n=15). Two 
selected bacterial strains, BP10 and P2, were enriched 
in 250 ml nutrient broth enriched with 100 mg l-1 pyrene 
and phenanthrene in 500 ml Erlenmeyer flask in an or-
bital shaker for 24 h at 35oC and 150 rpm. Cells were 
harvested by centrifugation at 5000 x g for 10 min to 

get pellets of intact bacterial cells. Subsequently, cell 
pellets were washed with sterilized double distilled 
water (DDW) to remove nutrients and PAHs sticking 
to the cell surface. Cell pellets were resuspended in ste-
rilized DDW and vertexed properly before they were 
inoculated in spiked soil in petri dishes. One set of three 
petri dishes was inoculated with P2 and the other set 
by BP10. The three petri dishes out of six petri dishes 
inoculated with P2+BP10 contained tween 80 (200 μg 
g-1 of soil) The bacterial inocula were maintained in the 
range of 6-7 x 105 CFU (Colony Forming Unit) g-1 of 
soil. Three petri plates without any bacterial inoculums 
were maintained to study natural degradation of pyrene 
in soil which served as control. All the petri plates 
were kept in culture room at 37oC for 28 days. 5 g soil 
samples were taken out from each set at zero day, 7th 
day and 14th day. Simultaneously, growth of bacteria in 
terms of CFU, protein content of soil and specific acti-
vity of dioxygenase enzymes (catechol 1,2dioxygenase 
and catechol 2, 3 dioxygenase) were also monitored.

Extraction and Analysis of Pyrene and Phenantherene
Remaining amount of pyrene and phenantherene was 

extracted by benzene through solid: liquid (1: 10 w/v) 
extraction. Benzene extracted sample was collected 
after centrifugation at 10,000 x g for 10 min. Extracts 
were evaporated under a gentle nitrogen hood and dis-
solved in 2 ml acetone (2 ml). Samples were analyzed 
for pyrene by the gas chromatograph (Agilent GC model 
7890A) with flame ionization detector using capillary 
BP-5 column (5% phenyl methyl polysiloxane column, 
30 m x 0.32 mm x 0.25 µm). Both injection and detector 
temperatures were maintained at 280oC. The initial oven 
temperature was kept 80oC for 2 min and increased to 
300oC with 15oC increase per min. 

Bacterial Growth  
Bacterial growth was assessed by CFU counting. 

CFU of BP10 and P2 per g of soil was determined on 
NA plates supplemented with vancomycin (250 μg m 
l-1) after incubation for 48 h at 37oC in the culture cabi-
net. 

 
Protein Extraction and Estimation 

Soil protein was extracted in 1N NaOH solution by 
following the procedure of Rahman et al. (9). 1 g of soil 
was suspended in 10 ml of distilled water and mixed 
vigorously on vertex. After settling the soil particles, 1 
ml of supernatant was centrifuged at 13000 rpm for 10 
min. Thereafter, supernatant was discarded and the pel-
let was redissolved in 1 ml of 1N NaOH. It was kept for 
3 min in water bath at boiling temperature for cell lysis. 
1 ml of 1M H3PO4 was added after samples were cooled 
to room temperature (25oC). Sample, thus prepared, was 
used for the protein estimation and enzyme assay. Pro-
tein was estimated by following the method of Lowry 
et al. (10). 

Dioxygenase Activity
Catechol 1, 2 dioxygenase (C12O, EC 1.13.11.1) 

was assayed by the method of Hegeman (11) using the 
colorimetric procedure to detect the product cis, cis- 
muconate (pH = 7.0, λ = 260 nm; ε = 25600 molcm-1).
Reaction mixture contained 1µmol of EDTA, 0.1 µM of 
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microcosmic study to see the role of surfactant on PAHs 
degradation.

For determination of its concentration, reduction of 
surfactant tension of water was observed at different 
concentrations of Tween 80. After 200 ppm of Tween 
80, reduction in surface tension became stable (Fig.2). 
Hence, it was assumed that this concentration repre-
sented the critical micelle concentration of this surfac-
tant.

Degradation of Pyrene and Phenanthrene
When two bacterial strains were incubated in soil 

spiked with two PAHs (pyrene and phenanthrene, 100 
ppm each) for 14 days, LMW PAH i.e. phenanthrene 
was degraded at higher rate than pyrene. Phenanthrene 
degradation was more than 80% by individual bacterial 
strains, where as their combination enhanced the degra-
dation up to 93% within 7 days of incubation (Fig 3A). 
But addition of surfactant reduced the phenanthrene 
degradation by bacterial combination up to 64% after 7 
day of incubation. After 14 days of incubation, bacterial 
consortium degraded 99% of phenanthrene in absence 
of surfactant, where as presence of surfactant reduced 
the efficiency of degradation by about 20%.

Due to high molecular weight, pyrene was found to 
be more recalcitrant than phenanthrene. Only combina-
tion of bacterial strain could degrade more than 50% of 
pyrene after 7 days of incubation (Fig. 3B). For same in-
cubation period, bacterial combination boosted the de-
gradation rate of pyrene by 55% and 75% as compared 
to degradation by individual bacterial strains i. e. BP10 
and P2, respectively. But application of exogenous sur-
factant reduced the degradation rate by about 80%.After 

catechol, 8.7 µM of sodium phosphate buffer (pH=7.0) 
and protein sample (0.02-0.06 mg of protein) in a final 
volume of 1 ml. The increase in OD260 was used as a 
measure for accumulation of cis, cis-muconic acid.

Catechol 2, 3 dioxygenase (C23O, EC 1.13.11.2) 
was determined with an increase in OD375 concomitant 
with the formation of 2-hydroxymuconic semialdehyde 
(pH = 7.5, λ = 375 nm;    ε = 33400 mol-1cm-1) using UV-
VIS Spectrophotometer. Reaction mixture contained 48 
µM of sodium phosphate buffer (pH = 7.5), 0.1 µM ca-
techol and protein extract (0.02-0.06 mg of protein) in 
a final volume of 1 ml. Protein samples was heated for 
10 min at 60o C before the enzyme activity was assayed 
following the method of Klecka and Gibson (12).

Cell Hydrophobicity of Bacterial Strains and Desorp-
tion of PAHs by their Biosurfactants

Bacterial surface activity of selected strains for the 
aromatic compound (benzene) was determined by using 
modified method of Rosenberg (13). Bacterial strains 
were enriched in 20 ml MSM supplemented with pyrene 
and phenanthrene (100 μg g-1 of soil each) for 7 days 
in an orbital shaker at 35oC and 150 rpm. Cells were 
harvested by centrifugation and resuspended in sterile 
MSM. OD600 of cell suspension (1.5 ml) was adjusted 
around 0.5. Benzene (200 μl) was added to cell sus-
pension and vortexed for 3 min. Change in OD600 was 
recorded for cell suspension after allowing the benzene 
and aqueous phase to separate. Cell hydrophobicity was 
expressed as cell adherence (%) to the crude oil which 
was calculated as given below.

Bacterial adherence (%) = (1-(Ac/Ao)) x100	 (3)

Where Ac and Ao are absorbance of cell suspension 
after and before treatment with benzene, respectively.

Biosurfactant of selected bacterial strains were iso-
lated by the following the method of Yakimov et al. 
(14). 100 ppm of isolated biosurfactant was prepared 
in 20 mM phosphate buffer (pH 7.0). 5 ml of this solu-
tion was added in 1 g of soil spiked with pyrene and 
phenanthrene (each100 µg g-1 of soil).  After 5 min of 
vertexing, aqueous sample was separated by centrifu-
gation (10,000 rpm at 4oC). Amount of pyrene and phe-
nanthrene present in aqueous phase was extracted in 
benzene and detected by GC as given above.

Results

Screening of non-ionic surfactant
As non-ionic surfactants are known as less toxic to 

microbes, four non ionic surfactants were screened on 
the basis of their emulsification capability with petro-
leum hydrocarbons. Benzene was taken as model com-
pound for aromatic hydrocarbons. It was found that 
E24% with benzene and hexadecane was highest (35.5% 
and 70.8%) in the presence of Tween 80.  

When BP10 was grown in MSM with and without 
different non-ionic surfactants, it was observed that 
Tween 80 had minimum effect on the growth of bacteria 
and might be utilized by bacteria for its growth because 
the growth of BP10 in MSM supplemented with Tween 
80 was comparatively higher than that in MSM alone 
(Fig.1). Therefore, this surfactant was selected for the 

Figure 1. Growth of BP10 (OD600) in MSM supplemented with / 
without non-ionic surfactants.

Figure 2. Surface tension reduction (%) of distilled water due to 
addition of Tween 80.
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was found to be always higher than the catechol 2,3 
dioxygenase. The results indicated that ortho cleavage 
pathway was more prominent in the degradation of poly 
aromatic hydrocarbons.

Catechol 1, 2 dioxygenase activity was higher on 7th 
day of incubation but decreased on 14th day in case of 
bioaugmented bacterial strains used either individually 
or in the combination without Tween 80 (Table 1). The 
highest activity of catechol 1, 2 dioxygenase (653.5 μ 
mol mg-1 of protein) was recorded in consortium, fol-
lowed by BP10 (453.2 μ mol mg-1 of protein) and P2 
(379.3 μ mol mg-1 of protein) on 7th day of incubation.
The enzyme activity was reduced by about 62% in the 
presence of Tween 80.

Catechol 2, 3 dioxygenase activity increased with in-
creasing the incubation day except in the case of BP10. 
Its activity was recorded highest again in consortium 
(57.8 μ mol mg-1 of protein) followed by BP10 (44.2 
μ mol mg-1 of protein) and least in the case of bacterial 
combination with Tween 80 (31.2 μ mol mg-1 of pro-
tein). Similar to the activity of catechol 1, 2 dioxyge-
nase, the activity of catechol 2, 3 dioxygenase activity 
was also reduced (85%) due to supplementation of che-
mical surfactant.
Cell hydrophobicity and desorption of pyrene and phe-

14 days of incubation, about 87% degradation of pyrene 
and 74% degradation of phenanthrene was contributed 
by this combination after substraction of natural degra-
dation of pyrene (11%) and phenanthrene (25%) as ob-
served in control.

Bacterial biomass
As selected bacterial strains were already tagged 

with the antibiotic, only colonies of bioaugmented bac-
terial strains were appeared on nutrient agar plates sup-
plemented with vancomycin (250 μg ml-1) after 48 h of 
incubation. Highest bacterial count (4.15 x 107 CFU g 
-1 of soil) was observed in soil inoculated with bacterial 
consortium, followed by bacterial count of BP10 (3.75 x 
107 CFU g -1 of soil) and P2 (3.27 x 107 CFU g -1 of soil) 
in soil after 14 days of incubation (Fig.4). The bacterial 
count in soil without surfactant (4.15 x 107 CFU g -1 of 
soil) was higher than that supplemented with surfactant 
(2.18 x 107 CFU g -1 of soil).

Soil protein
Induction of protein by soil microbes and bioaug-

mented bacterial strains in soil increased with increasing 
the incubation period (Fig.5). Induction of protein cor-
respond the bacterial growth and degradation of PAHs. 
The highest protein induction (6.14 mg g-1 of soil) was 
observed in soil inoculated with bacterial consortium, 
followed by individual member BP10 (4.95 mg g-1 of 
soil) and P2 (4.57 mg g-1 of soil). The protein content 
inpresence of Tween 80 (3.23 mg g-1 of soil) was almost 
reduced to half the value of recorded for consortium 
(6.14 mg g-1 of soil). 

Dioxygenase activity
Polyaromatic hydrocarbons are degraded by both 

mono-oxygenase and di-oxygenase enzymes however, 
dioxygenase activity is more predominant during de-
gradation. Bioaugmentation of selected bacterial strains 
enhanced the dioxygenase activity in soil as compared 
to very low dioxygenase activity in control (no bacte-
rial augmentation). Activity of catechol 1,2 dioxygenase 

Figure 3. Degradation of PAHs, spiked in soil, by different treat-
ments.

Figure 4. Bacterial count of bioaugmented strains in soil.

Figure 5. Induction of protein by soil microbes.

Figure 6. Desorption of pyrene and phenantherene by biosurfactant 
of selected strains.
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formed the toxicity test that indicated the presence of 
solubilized phenanthrene due to presence of surfactant 
increased the toxicity by 100 fold. Feng et al. (27) found 
that addition of tergitol enhanced the surface activity of 
Pseudomonas putida 852, but reduced the same acti-
vity in case of Rhodococcus erythropolis 3586. Thus, 
biosurfactants have found more attention than synthetic 
surfactant due to low toxicity, low CMC, biodegradabi-
lity, ecological acceptability, high selective and specific 
activity at extreme temperature, pH and salinity (28).

Both selected strains in this study were able to pro-
duce biosurfactants (8). Biosurfactant produced by 
BP10 has high efficiency to mass transfer of pyrene and 
phenantherene from soil surface to aqueous solution. 
Simultaneously, cell hydrophobicity to aromatic com-
pound (benzene) and enzyme induction were also found 
to be the highest in BP10 than P2 strains. A higher rate 
of degradation of PAHs in BP10 than P2strain, might 
be contributed by cell inherent characteristics like cell 
hydrophobicity, biosurfactant production and enzyme 
activity as they are directly correlated with the degrada-
tion of petroleum hydrocarbons. 

Based on the foregoing observations, it was infor-
med that a suitable combination of potent hydrocarbon 
degrading and biosurfactant producing microbes might 
be able to induce degradative enzymes which directly 
contribute to the remediation of petroleum hydrocarbon 
contaminated sites. Application of individual strain with 
or without exogenous surfactants limit the process of 
PAH degradation.

Acknowledgement
Authors are thankful to the Head, Department of En-
vironmental Science, Babasaheb Bhimrao Ambedkar 
University, Lucknow and the Director, National Botani-
cal Research Institute, Lucknow for their active support. 
We are also grateful to CSIR for financial support in the 
form of research project NWP019.

Other articles in this theme issue include references (29-
44).
 
References

1.	 Juhasz, A.L., and Naidu, R. Bioremediation of high molecular 
weight polycyclic aromatic hydrocarbons : a review of the microbial 
degradation of banzo (a) pyrene. Int. Biodet. Biodeg. 2000, 45: 57-
88. doi: 10.1016/S0964-8305(00)00052-4
2.	 Mishra, S., Jyot, J., Khuad, R.C., and Lal, B. In situ biodegrada-
tion potential of an oily sludge degrading bacterial consortium. Cur-
rent Microbiol. 2001, 43(5): 328-335. doi: 1.1007/s002840010311
3.	 Kadali, K.K., Simons, K.L., Sheppard, P.J., and Ball, A.S. Min-
eralization of weathered crude oil by a hydrocarbonoclastic consor-

nanthrene by bacterial surfactant
Among the two bacterial strains, cell surface acti-

vity of BP10 was found to be highest i.e. 82 ± 0.8% and 
75 ± 1.1% for benzene. Desorption of phenantherene 
and pyrene was enhanced 32% and 27%, respectively, 
by the biosurfactant produced by BP10 (Fig.6).

Discussion

Use of autochthonous microbes are always prefer-
red for bioremediation as they are expected to be more 
adapted to particular soil environment than exotic spe-
cies (15). In this study, BP10 and P2, isolated from 
petroleum hydrocarbon contaminated soil showed their 
high efficiency to degrade PAHs compare to native mi-
crobes of soil. Combination of these strains boosted the 
degradation process as compared to bioaugmentation of 
individual bacterial strains. From environmental pers-
pective, using a microbial consortium always provides 
the metabolic diversity and robustness needed for the 
stability of ecosystem (16).

Presence of LMW PAH like phenantherene is re-
ported to enhance the degradation of HMW PAH like 
pyrene, fluoranthene and benzo(α)pyrene (17, 18).Whe-
reas Bouchez et al. (19) reported that the presence of 
fluoranthene as a second PAH resulted into reduced 
degradation of phenanthrene by Pseudomonas sp. strain 
S PheNaL. Similar to previous work (8), the present 
study revealed that the presence of phenanthrene as a 
second PAH substrate could reduce the degradation of 
pyrene from 96% to 88% in case of BP10, but there was 
negligible effect of phenanthrene in case of P2 bacterial 
strain.

Surfactants are able to facilitate the mass-transfer 
of hydrophobic pollutants from solid or non-aqueous 
liquid phase into aqueous phase by decreasing the in-
terfacial tension and by accumulating the hydropho-
bic compounds in the micelles (20). When surfactant 
concentration is above the critical micelle concentration 
(CMC), micelle aggregates provide an additional hydro-
phobic area in the central region of micelles enhancing 
the aqueous solubility of PAHs (21).

Besides the positive role played by the surfactant 
(22), sometimes, negative effects of these surfactants 
have also been observed by various researchers (23). In 
present study, addition of Tween 80 reduced the degra-
dation rate of PAHs in soil. Biodegradation of certain 
poorly soluble petroleum hydrocarbons may be inhi-
bited by surfactants as a result of (i) toxicity at high 
concentration of surfactant, (ii) preferential metabolism 
of the surfactant itself, (iii) interference with the mem-
brane uptake process, or (iv) reduced bioavailability 
of micelle hydrocarbons (24, 25).  Shin et al. (26) per-

Treatments
Incubation period

0 day 7th day 14th day
C12O C23O C12O C23O C12O C23O

Control 18.2 ± 1.4 10.2 ± 0.8 110.1 ± 5.8 23.6 ± 0.7 135.1 ± 3.4 32.7 ± 2.5
BP10 25.4 ± 0.5 9.8 ± 0.6 453.2 ± 2.3 47.2 ± 2.3 372.7 ± 2.8 44.2 ± 1.9
P2 21.2 ± 1.1 11.6 ± 0.7 379.3 ±11.2 29.8 ± 1.7 323.6 ± 4.2 32.6 ± 0.5
BP10+P2 25.4 ± 1.3 12.3 ± 0.6 653.5 ± 6.7 37.5 ± 2.9 530.4 ± 9.8 57.8 ± 0.8
BP10 +P2+Tw80 25.1 ± 0.9 11.9 ± 0.4 250.2 ± 4.7 21.6 ± 1.6 270.6 ± 19.4 31.2 ± 1.1

Table1. Catechol dioxygenase activities (μ mol mg-1 of protein) in different treatments.



27Copyright © 2014. All rights reserved.

B. Kumari et al. / Role of surfactant in biodegradation of PAHs.

the biodegradation of polycyclic aromatic hydrocarbon (PAH) mix-
tures, Biodegrad. 1999, 10: 429–435.
20.	Neu, T.R. Significance of bacterial surface-active compounds 
in interaction of bacteria with interfaces. Microbiol. Rev. 1996, 60: 
151-166. doi: 0146-749/96/$04.00+0
21.	Li, J.L., and Chen, B.H. Effect of non-ionic surfactants on bio-
degradation of phenanthreneby a marine bacteria of Neptunomonas-
naphathovarans. J. Hazard. Mater. 2008, 162(1): 66-73. doi: 
10.1016/j.jhazmat.2008.05.019
22.	Chen, H.J., Huang, S.L., and Tseng, D.H. Aerobic biotransforma-
tion of octylphenolpolyethoxylate surfactant in soil microcosms. En-
viron. Technol. 2004, 25: 201-210. doi: 10.1080/09593330409355453
23.	Lladó, S., Covino, S., Solanas, A.M., Viñas, M., Petruccioli, M., 
and D’annibale, A. Comparative assessment of bioremediation ap-
proaches to highly recalcitrant PAH degradation in a real indus-
trial polluted soil. J. Hazard. Mater.2013, 248-249: 407–414. doi: 
10.1016/j.jhazmat.2013.01.020
24.	Efroymson, R.A., and Alexander, M. Biodegradation by an Ar-
throbacter species of hydrocarbons partitioned into an organic sol-
vent. Appl. Environ. Microbiol. 1991, 57: 1441–1444. doi: 0099-
2240/91/051441/-07$02.00/0
25.	Mulligan, C.N., Yong, R.N., and Gibbs, B. F. Surfactant-en-
hanced remediation of contaminated soil: a review. Eng. Geol. 2001, 
60: 371–380.doi: 10.1016/S0013-7952(00)00117-4
26.	Shin, K.H., Ahn, Y., and Kim, K.W. Toxic effect of biosurfactant 
addition on the biodegradation of phenanthrene. Environ. Toxicol. 
Chem. 2005, 24: 2768-2774.doi: 10.1897/05-071R1.1
27.	Feng, W., Swift, S., and Singhal, N. Effects of surfactants on cell 
surface tension parameters and hydrophobicity of Pseudomonas pu-
tida 852 and Rhodococcus erythropolis3586. Colloids and surface B: 
Biointerfaces2013, 105: 43-50. doi: 10.1016/j.colsurfb.2012.12.034
28.	Anandaraj, B. and Thivakaran, P. Isolation and production of 
biosurfactant producing organism from oil spilled soil. J. Biosci. 
Technol. 2010, 1: 120-126.
29.	Singh, V. K., Singh, M. P. Bioremediation of vegetable and agro-
wastes by  Pleurotus ostreatus: a novel strategy to produce edible 
mushroom with enhanced yield and nutrition. Cell. Mol. Biol. 2014, 
60 (5): 2-6. doi: 10.14715/cmb/2014.60.5.2
30.	Vishnoi, N., Singh, D. P., Biotransformation of arsenic by bacte-
rial strains mediated by oxido-reductase enzyme system. Cell. Mol. 
Biol. 2014, 60 (5): 7-14. doi: 10.14715/cmb/2014.60.5.3
31.	Srivastava, A. K., Vishwakarma, S. K., Pandey, V. K., Singh, 
M. P., Direct red decolorization and ligninolytic enzymes produc-
tion by improved strains of Pleurotus using basidiospore derived 
monokaryons. Cell. Mol. Biol. 2014, 60 (5): 15-21. doi: 10.14715/
cmb/2014.60.5.4
32.	Pandey, V. K., Singh, M. P., Biodegradation of wheat straw 
by Pleurotus ostreatus. Cell. Mol. Biol. 2014, 60 (5): 29-34. doi: 
10.14715/cmb/2014.60.5.6
33.	Pathak, V. V., Singh, D. P., Kothari, R., Chopra, A. K., Phycore-
mediation of textile wastewater by unicellular microalga Chlorella 
pyrenoidosa. Cell. Mol. Biol. 2014, 60 (5): 35-40. doi: 10.14715/
cmb/2014.60.5.7
34.	Pandey, A. K., Vishwakarma, S. K., Srivastava, A. K., Pandey, V. 
K., Agrawal, S., Singh, M. P., Production of ligninolytic enzymes by 
white rot fungi on lignocellulosic wastes using novel pretreatments. 
Cell. Mol. Biol. 2014, 60 (5): 41-45. doi: 10.14715/cmb/2014.60.5.8
35.	Ayaz E., Gothalwal, R., Effect of Environmental Factors on Bac-
terial Quorum Sensing. Cell. Mol. Biol. 2014, 60 (5): 46-50. doi: 
10.14715/cmb/2014.60.5.9
36.	Singh, M. K., Rai, P. K., Rai, A., Singh, S., Alterations in lipid 
and fatty acid composition of the cyanobacterium Scytonema geitleri 
bharadwaja under water stress. Cell. Mol. Biol. 2014, 60 (5): 51-58. 
doi: 10.14715/cmb/2014.60.5.10

tia in marine microcosms. Water Air Soil Poll. 2012, 223(7): 4283-
4295. doi: 10.1016/j.mimet.2011.12.006
4.	 Sampath, R., Venkatakrishnan, H., Ravichandran, V., and 
Chaudhury, R.R. Biochemistry of TBT degrading marine Pseudo-
monas isolated from Indian coastal water. Water Air Soil Poll. 2012, 
223: 99-106. doi: 10.1007/s11270-011-0842-5
5.	 Atlas, R.M., and Bartha, R. Microbial Ecology. Fundamental 
and Applications. Benjamin Cummings Sci. Pub., CA, 1998, pp. 
556-598.
6.	 Kose, T., Mukai, T., Takimoto, K., and Okada, M. Effect of 
non-aqueous phase liquid on biodegradation of PAHs in spilled oil 
on tidal flat.Water Res. 2003, 37: 1729-1736. doi: 10.1016/S0043-
1354(02)00530-4
7.	 Jin, D.Y., Jiang, X., Jing, X., and Ou, Z.Q. Effects of concen-
tration, head group, and structure of surfactants on the degrada-
tion of phenanthrene. J. Hazard. Mater. 2007, 144: 215–221. doi: 
10.1016/j.jhazmat.2006.10.012
8.	 Kumari, B., Singh, S.N., Deeba, F., Sharma, M., Pandey, V. and 
Singh, D.P. Elucidation of Pyrene Degradation Pathway in Bacteria. 
Adv. Biores. 2013, 4(2): 151- 160
9.	 Rahman, K.S.M., Rahman, T.J., Banat, I.M., Lord, R., and Street, 
G. Bioremediation of petroleum sludge using bacterial consortium 
with biosurfactant. In: Environmental Bioremediation Technologies, 
Singh, S. N., Tripathi, R.D. (Eds), Springer, Germany, 2007, pp. 
391-408. doi: 10.1007/978-3-540-34793-4_17
10.	Lowry, O.H., Roserbrough, N.T., Farr, A.L., and Randall, R.J. 
Protein measurement with folin phenol reagent. J. Biol. Chem. 1951, 
193: 265-75.
11.	Hegeman, G.D. Synthesis of the enzymes of the mandelate path-
way by Pseudomonas putida. I. Synthesis of the enzymes in the wild 
type. J. Bacteriol. 1966, 91: 1140-1154.
12.	Klecka, G.M., and Gibson, D.T. Inhibition of catechol 2, 3-diox-
ygenase from Pseudomonas putida by 3-Chlorocatechol. Appl. Envi-
ron. Microbiol. 1981, 41(5): 1159-1165. doi: 0099-2240/81/051159-
07$02.00/0
13.	Rosenberg, M. Bacterial adherence to hydrocarbons: a use-
ful technique for studying cell surface hydrophobicity. FEMS Mi-
crobiol. Lett.1984, 22: 289-295. doi: 10.1111/j.1574-6968.1984.
tb00743.x
14.	Yakimov, M.M., Fredrickson, H.L., and Timmis, K.N. Effect 
of heterogeneity of hydrophobic moieties on surface activity of li-
chenysin A, a lipopeptidebiosurfactant from Bacillus licheniformis 
BAS50. Biotechnol. Appl.Biochem.1996, 23: 13–18. doi: 10.1111/
j.1470-8744.1996.tb00358.x
15.	Silva, I.S., dos Santos, E. da C., de Menezes, C.R., de Faria, 
A.F., Franciscon, E., Grossman, M., and Durrant, L.R. Bioreme-
diation of a polyaromatic hydrocarbon contaminated soil by native 
soil microbiota and bioaugmentation with isolated microbial con-
sortia. Bioresour. Technol. 2009, 100: 4669-4675. doi: 10.1016/j.
biortech.2009.03.079
16.	Nyer, E.K., Payne, F., and Suthersan, S. Environment vs. bacte-
ria or let’s play ‘name that bacteria’. Ground Water Monit. Remediat. 
2002, 23: 36–45.
17.	Somtrakoon, K., Suanjit, S., Pokethitiyook, P., Kruatrachue, M., 
Lee, H., and Upatham, S. Phenanthrene stimulates the degradation 
of pyrene and fluoranthene by Burkholderia sp. VUN10013. World 
J. Microbiol. Biotechnol. 2008, 24: 523–531. doi:10.1007/s11274-
007-9503-7
18.	McClellan, S.L., Warshawsky, D., and Shann, J.R. The effect of 
polycyclic aromatic hydrocarbons on the degradation of benzo[a]py-
rene by Mycobacterium sp. strain RJGII-135.Environ. Toxicol. Chem. 
2002, 21: 253–259. doi: 10.1897/1551-5028(2002)0212.0.CO;2
19.	Bouchez, M., Blanchet, D., Veronique, B., Haeseler, F., and Van-
decasteele, J.P.  Efficiency of defined strains and of soil consortia in 



28Copyright © 2014. All rights reserved.

B. Kumari et al. / Role of surfactant in biodegradation of PAHs.

nothece bullosa. Cell. Mol. Biol. 2014, 60 (5): 82-89. doi: 10.14715/
cmb/2014.60.5.14
41.	Arun, N., Vidyalaxmi, Singh, D. P., Chromium (VI) induced oxi-
dative stress in halotolerant alga Dunaliella salina and D. tertiolecta 
isolated from sambhar salt lake of Rajasthan (India). Cell. Mol. Biol. 
2014, 60 (5): 90-96. doi: 10.14715/cmb/2014.60.5.15
42.	Prakash, S., Singh, R., Lodhi, N., Histone demethylases and 
control of gene expression in plants. Cell. Mol. Biol. 2014, 60 (5): 
97-105. doi: 10.14715/cmb/2014.60.5.16
43.	Singh, A. K., Singh, M. P., Importance of algae as a poten-
tial source of biofuel. Cell. Mol. Biol. 2014, 60 (5): 106-109. doi: 
10.14715/cmb/2014.60.5.17
44.	Dixit, S., Singh, D. P., Role of free living, immobilized and non-
viable biomass of Nostoc muscorum in removal of heavy metals: An 
impact of physiological state of biosorbent. Cell. Mol. Biol. 2014, 60 
(5): 110-118. doi: 10.14715/cmb/2014.60.5.18

37.	Singh, M. P., Pandey, A. K., Vishwakarma, S. K., Srivastava, 
A. K., Pandey, V. K., Singh, V. K., Production of cellulolytic en-
zymes by Pleurotus species on lignocellulosic wastes using novel 
pretreatments. Cell. Mol. Biol. 2014, 60 (5): 59-63. doi: 10.14715/
cmb/2014.60.5.11
38.	Chandra, P., Singh, D. P., Removal of Cr (VI) by a halotolerant 
bacterium Halomonas sp. CSB 5 isolated from sāmbhar salt lake 
Rajastha (India). Cell. Mol. Biol. 2014, 60 (5): 64-72. doi: 10.14715/
cmb/2014.60.5.12
39.	Tewari, S., Arora, N. K., Talc based exopolysaccharides for-
mulation enhancing growth and production of Hellianthus annuus 
under saline conditions. Cell. Mol. Biol. 2014, 60 (5): 73-81. doi: 
10.14715/cmb/2014.60.5.13
40.	Kumar, M., Singh, P., Tripathi, J., Srivastava, A., Tripathi, M. 
K., Ravi, A. K., Asthana, R. K., Identification and structure elucida-
tion of antimicrobial compounds from Lyngbya aestuarii and Apha-


