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Differential utilization of pyrene as the sole source of
carbon by Bacillus subtilis and Pseudomonas aeruginosa
strains: role of biosurfactants in enhancing bioavailability
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Introduction

Polycyclic aromatic hydrocarbons (PAHs) produced as a

consequence of fossil fuel utilization, combustion process

and chemical manufacture (Evans et al. 1990; Christensen

and Zhang 1993), represent an important class of

environmental pollutants owing to their toxic nature and

carcinogenic potential (International Association of

Research Chemists 1983). Further, due to the hydropho-

bic nature of PAHs, most of these compounds in aquatic

and terrestrial ecosystems bind to particulates in soil and

sediments, rendering them available for biological uptake

resulting in their accumulation in food chains that

imposes a severe health threat to human populations

(Morehead et al. 1986). Pyrene represents one of the most

abundant high-molecular weight pericondensed PAHs,
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Abstract

Aims: Our goal is to compare the efficiency of utilization of pyrene as the sole

source of carbon for growth and energy by two nonactinomycetous groups of

bacteria viz., Bacillus subtilis DM-04 and Pseudomonas aeruginosa mucoid (M)

and nonmucoid (NM) strains, isolated from a petroleum-contaminated soil

sample of north-east India.

Methods and Results: Bacillus subtilis DM-04 and P. aeruginosa M and NM

bacterial strains were capable of secreting biosurfactant in the culture medium

while growing on pyrene and their pyrene utilizing efficiency was demonstrated

by correlating the bacterial growth in the presence of pyrene as the sole source

of carbon along with a concomitant decrease in pyrene content from the cul-

ture medium with respect to time. The biosurfactant secreted by the respective

bacterial strains enhanced the apparent solubility of pyrene by factors of 5–7

and influenced the bacterial cell surface hydrophobicity resulting in higher

uptake and utilization of pyrene by bacteria. The growth of B. subtilis DM-04

and P. aeruginosa M and NM strains at the expense of pyrene after 96 h

showed an assimilation of about 48Æ0 ± 1Æ1% (mean ± SD) and 32Æ0 ± 0Æ6%

(mean ± SD) of pyrene carbon, respectively, showing differences in metabolism

of pyrene by these bacterial strains.

Conclusions: Bacillus subtilis DM-04 strain exhibited higher utilization and cel-

lular assimilation of pyrene compared with P. aeruginosa M and NM strains.

Further, the biosurfactants produced by the bacteria under study are capable of

enhancing the solubility of pyrene in aqueous media and can influence the cell

surface hydrophobicity of the biosurfactant-producing strains that results in a

higher uptake of pyrene.

Significance and Impact of the Study: It may be suggested that the bacteria

used in this study are suitable candidates for practical field application for

effective in situ bioremediation of pyrene-contaminated sites.
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possessing mutagenic and carcinogenic potential, and

therefore its removal from the environment is a challen-

ging task for scientists.

Degradation of pyrene or other PAHs in the environ-

ment occurs predominantly by microbial processes and

therefore during recent years interest in the utilization of

bacterial processes for the treatment of PAH-contamin-

ated soil and ground waters has increased significantly

(Gibson and Sayler 1992; Sims et al. 1993; Boonchan

et al. 2000; Feitkenhauer et al. 2003). However, it has

been shown that biodegradation of high-molecular weight

compounds with four or more rings, such as pyrene, are

more difficult than low-molecular weight compounds

(Chen and Aitken 1999). This problem has been aggrava-

ted further due to the low bioavailability of pyrene or

other PAHs to biodegrading microbes owing to their

hydrophobic nature (Mihelcic et al. 1993). To overcome

this problem, several researchers have investigated the

addition of chemical surfactant or biosurfactant in culture

medium to enhance the biodegradation of hydrophobic

substrates (Zhang and Miller 1992; Miller and Zhang

1997; Barkay et al. 1999). This has stimulated research

aimed at isolating and characterizing biosurfactant-produ-

cing microbial cultures able to degrade and/or utilize py-

rene and other PAHs (Heitkamp et al. 1988; Foght and

Westlake 1988; Feitkenhauer et al. 2003; Guo et al. 2005).

Although several reports are available on the degrada-

tion of pyrene by the actinomycetes group of bacteria

(Kanaly and Harayama 2000; Vila et al. 2001; Guo et al.

2005), a survey of the literature shows that there is a

dearth of knowledge on the biodegradation of pyrene

by nonactinomycetes group of bacteria. Our preliminary

studies have shown that three thermophilic strains of

bacteria viz. Bacillus subtilis DM-04, and Pseudomonas

aeruginosa mucoid (M) and nonmucoid (NM), isolated

from a petroleum-contaminated soil sample from north-

east India, are capable of utilizing hydrocarbons as the

sole source of carbon and can secrete a large amount

of biosurfactant while growing on a hydrocarbon-rich

medium (Das and Mukherjee 2005; Mukherjee and Das

2005), a property that is suitable for field application for

bioremediation of pyrene-contaminated sites. However,

prior to advocating in situ field application, there is

an urgent need to explore further the pyrene utilization

capacity of these bacteria in a laboratory bench scale study.

This has prompted us to investigate and compare the

pyrene utilization efficiency of B. subtilis DM-04 and

P. aeruginosa M and NM strains. There is hardly any

information on pyrene biodegradation by a B. subtilis

strain and the biodegradation potential of pyrene by Pseu-

domonas sp. isolated from Indian subcontinent has never

explored. Further, major biosurfactant secretion by B. sub-

tilis DM-04 is lipopeptide in nature containing higher

amount of surfactins compared with iturins (Mukherjee

and Das 2005), whereas biosurfactant secreted by P. aeru-

ginosa M and NM is found to be a complex mixture of

lipopeptides and glycoproteins (Das and Mukherjee 2005).

Therefore, our second objective was to explore the

role played by the different groups of biosurfactant in

enhancing the apparent solubility and further utilization

of pyrene by the biosurfactant-producing bacterial strain.

Materials and methods

Chemicals and media

Pyrene was purchased from Merck-Schuchardt, Germany.

Acetone and hexane were purchased from Merck India

Ltd, India. All other chemicals used were of analytical

grade with high purity.

Micro-organisms

Isolation, characterization and taxonomic identification of

biosurfactant-producing micro-organisms viz., B. subtilis

DM-04, P. aeruginosa M and NM strains were done by

following the standard biochemical and morphological

tests, and by gas-chromatographic (GC) analysis of bac-

terial cellular fatty acid methyl esters (Das and Mukherjee

2005; Mukherjee and Das 2005). These bacteria, isolated

from a crude petroleum oil-contaminated soil sample

from north-east India, were capable of secreting bio-

surfactant at thermophilic growth conditions (Das and

Mukherjee 2005; Mukherjee and Das 2005). They were

subcultured on nutrient agar plates before use as inocula

for pyrene degradation study.

Media and microbial growth in presence of pyrene

The composition of mineral-salts medium used in this

study was described previously (Das and Mukherjee

2005). To measure the microbial growth at the expense of

pyrene as the sole source of carbon, this compound dis-

solved in N¢,N¢-dimethylformamide (5% w/v) was added

in excess to sterile mineral-salts medium to give a final

concentration of 250 mg 100 ml)1 of culture. The flasks

were shaken at 200 rev min)1 and 37�C before inocula-

tion for the removal of volatile N¢,N¢-dimethylformamide.

If glucose was used as the sole or co-carbon source, it

was supplied to the culture medium at a final concentra-

tion of 100 mg l)1.

Three replicate batch cultures were grown in 250-ml

Erlenmeyer flasks containing 100 ml of mineral-salts

medium supplemented with either pyrene or glucose, or

pyrene and glucose as carbon source(s). Although these

bacteria are capable of growing in a wide range of tem-
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peratures (25–60�C), pyrene degradation study was per-

formed at their optimum growth conditions, viz. at 45�C

temperature and pH 7Æ0 for P. aeruginosa M and NM

strains (Das and Mukherjee 2005) or at 55�C temperature

and pH 8Æ0 for B. subtilis DM-04 strain (Mukherjee and

Das 2005) with 200 rev min)1 rotary shaking. Uninocu-

lated flasks and flasks without pyrene served as controls.

Pyrene and protein concentrations were measured after

24, 48 and 96 h of microbial growth.

Determination of bacterial growth in presence of pyrene

Bacterial growth by utilizing pyrene was assessed by meas-

uring the bacterial cell population, protein concentration

(Lowry et al. 1951), dry biomass and the residual pyrene

remained in the culture medium (see below). Bacterial

dry biomass was determined by gravimetric method after

extracting the residual pyrene from the culture medium

followed by pelleting and drying the cells (Makkar and

Cameotra 1998).

Determination of pyrene biodegradation

Pyrene biodegradation by bacteria was determined by

quantifying the amount of pyrene remaining in the culture

medium at different time intervals. The residual pyrene in

the flasks was extracted with a mixture of chloroform and

methanol (v/v ¼ 20 : 10 ml) (Zhang et al. 2004). One

millilitre of extracted samples was then filtered through a

0Æ45-lm pore size filter and 20 ll of the filtrate was then

analysed for pyrene content by high-performance liquid

chromatography (HPLC) on a Waters reverse-phase C18

Nova pak column (3Æ9 · 150 mm; Waters, Vienna, Aus-

tria) by using isocratic elution with acetonitrile–water

(Pickard et al. 1999). Flow rate was adjusted to

1Æ0 ml min)1 and elution of pyrene was monitored at

273 nm. The amount of pyrene remaining in the experi-

mental flasks was estimated by measuring and comparing

the HPLC peak area of the eluted pyrene from the experi-

mental and control flasks. Pyrene concentration was

expressed as mean and standard deviations based on the

results obtained with triplicate flasks. Quantity of pyrene

remaining in the control (uninoculated) flasks at different

time intervals was considered as 100% amount and other

values were compared with that.

Measurement of pyrene uptake by bacterial cells

Pyrene uptake by resting bacterial cells was measured by

spectrophotometric rate assay as described previously

(Stringfellow and Aitken 1995). Briefly, 1Æ0 · 107 bacterial

cells (final volume of 3Æ0 ml in 20 mmol l)1 phosphate

buffer containing 150 mmol l)1 NaCl, pH 7Æ0) were

placed in a 3Æ5-ml quartz cuvette in a U-2001 UV/Vis

Spectrophotometer (Hitachi, San Jose, CA, USA) and

60 ng of pyrene (in 10 ll of acetone) was injected into

the cuvette. A decrease in A273 was measured from 0 s to

30 min postaddition of pyrene. A control experiment was

run in parallel where 10 ll of acetone (without pyrene)

was added. Pyrene uptake was also measured in the pres-

ence of a suspension of killed cells. From a standard

curve of pyrene, decrease in pyrene content was calculated

and results were expressed as nanograms of pyrene uptake

by 1Æ0 · 107 bacterial cells.

To study the bacterial uptake of biosurfactant-solubi-

lized pyrene, stock solution of pyrene (in acetone) was

incubated with biosurfactants (final concentration

0Æ5 mg ml)1) from the respective bacterial strains over-

night at 30�C (see Pyrene solubilization assay) and then

60 ng of biosurfactant-solubilized pyrene was injected

into the cuvette containing 1Æ0 · 107 bacterial cells (final

volume of 3Æ0 ml). Pyrene uptake measurement was done

in the same manner as described above.

Pyrene solubilization assay

Pyrene solubilization assays were done as described by

Barkay et al. (1999). Briefly, 60 lg of pyrene (from

6 mg ml)1 stock in hexane) was distributed into glass test

tubes (10 · 170 mm) and kept open inside an operating

chemical fume hood to remove the solvent. Then, 3Æ0 ml

of assay buffer (20 mmol l)1 Tris–HCl, pH 7Æ0) and

1Æ0 ml of biosurfactant solution (0Æ5 mg ml)1) were

added. Tubes were capped with plastic closures and incu-

bated in a vertical position overnight at 30�C with shaking

(200 rev min)1) in the dark. Samples were filtered through

1Æ2-lm filters (Whatman, Clifton, NJ, USA), 2Æ0 ml was

removed in a clean test tube to which 2Æ0 ml of hexane

was added prior to extraction by vortexing for 2 min. This

emulsion was centrifuged at 9450 g for 10 min to separate

the aqueous and hexane phases. Pyrene in the hexane

extracts was measured spectrophotometrically at 273 nm

and from a calibration curve of pyrene in hexane, the

concentration of pyrene was determined. Control experi-

ments were also run in parallel where no biosurfactant was

added to pyrene before extraction with hexane.

Isolation of biosurfactant and determination of surface

active properties

Biosurfactant from B. subtilis DM-04 strain was isolated

by acid precipitation of cell-free fermentative broth fol-

lowed by its extraction with dichloromethane or meth-

anol (Mukherjee and Das 2005). Biosurfactant from

P. aeruginosa M and NM strains was isolated by acetone

precipitation followed by acidification by 6Æ0 n HCl (Das
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and Mukherjee 2005). The biosurfactants thus obtained

were dried in vacuum, weighed and expressed in grams

per litre of the cell free culture broth. Surface tension of

the culture medium was determined using a Du-Nouy

Tensiometer (Kruss 9KT Tensiometer, Kruss, Germany)

at room temperature (25�C) using the ring correction

mode of the instrument (Das and Mukherjee 2005).

Cell surface hydrophobicity test

Affinity of bacterial cells towards pyrene was measured by

determining the changes in cell surface hydrophobicity

during growth in mineral-salts medium with pyrene as a

substrate (Mukherjee and Das 2005). The cell surface hy-

drophobicity was expressed in terms of percentage of cells

transferred to the pyrene phase.

Statistical analysis

Statistical analysis was done by determining the level of

significance (1–5% level) between two sets of data by Stu-

dent’s t-distribution (P-value) analysis. Both the confid-

ence coefficient and degree of freedom were taken into

account when using the table of the t-distribution (Daniel

2000).

Results

Growth characteristics of microbes at the expense of

pyrene

All the microbes in the present study were able to utilize

pyrene as the sole source of carbon and energy as was

evident from the decrease in pyrene content from micro-

bial cultures containing pyrene (Fig. 1) with a concomit-

ant increase in (i) the absorbance of the culture medium

at 600 nm; (ii) bacterial dry biomass and (iii) protein

content with respect to time (Table 1). Bacterial growth

(biomass, protein content and bacterial cell density) was

negligible when grown in absence of pyrene when com-

pared with the growth of bacteria on pyrene medium,

demonstrating further the utilization of pyrene as the sole

source of carbon by bacteria (Table 1). However, the

growth of B. subtilis DM-04 strain in pyrene medium was

significantly higher (P < 0Æ01) compared with the ability

of P. aeruginosa M and NM strains to grow in pyrene-

rich medium (Table 1). Further, the addition of

100 mg l)1 of glucose in the growth medium resulted in

an enhancement of pyrene utilization and growth of bac-

teria under study (Table 1).

After 96 h of incubation with B. subtilis DM-04 strain,

the concentration of pyrene decreased from 2Æ5 mg ml)1

(initial concentration) to 1Æ36 mg ml)1, with a corres-

ponding increase in B. subtilis DM-04 biomass from

0Æ3 mg l)1 at time of inoculation to a maximum of

1300 mg l)1 (Table 1). Given that carbon accounts for

approximately 50% of cell dry weight (Vila et al. 2001)

and considering that growth of B. subtilis DM-04 in

absence of pyrene and glucose was negligible (Table 1), it

indicates a conversion of approximately 48Æ0 ± 1Æ1%

(mean ± SD) of pyrene as cellular carbon in B. subtilis

DM-04 strain. Similar calculation shows cellular assimil-

ation of pyrene in P. aeruginosa M and NM strains with

an efficiency of 32Æ0 ± 0Æ6% (mean ± SD) post 96 h of

growth.

Biosurfactant production during microbial growth on py-

rene

Observation of both surface-active properties and emulsi-

fying activities supported that all the strains used in this

study produced biosurfactant in pyrene-mineral salts med-

ium (Table 2). The biosurfactant produced by B. subtilis

DM-04, and P. aeruginosa M and NM strains reduced

the surface tension of growth medium from 67Æ4 ±

0Æ5 mN m)1 (mean ± SD, n ¼ 3) to 30Æ0 ± 0Æ2 mN m)1

(mean ± SD, n ¼ 3), 45Æ9 ± 0Æ3 mN m)1 (mean ± SD,

n ¼ 3) and 45Æ0 ± 0Æ7 mN m)1 (mean ± SD, n ¼ 3),

respectively, post 48 h of growth in pyrene medium, dem-

onstrating biosurfactant secreted by B. subtilis DM-04 was

more efficient (P < 0Æ01) than P. aeruginosa M and NM

strains in reducing the surface tension of growth medium.

The secretion of biosurfactant started after 24 h of growth

and continued up to 96 h. Interestingly, as oppose to
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Figure 1 Comparison of pyrene biodegradation by Bacillus subtilis

and Pseudomonas aeruginosa strains. Residual pyrene was extracted

from the culture supernatants after 96 h of bacterial growth and

quantified by reverse phase (RP)-high-performance liquid chromatog-

raphy. Results represent the mean ± SD of three independent experi-

ments. aSignificance of difference with respect to pyrene utilization in

presence of glucose (P < 0Æ01). bSignificance of difference with

respect to pyrene utilization by B. subtilis DM-04 strain (P < 0Æ05). (h)

Glucose added, ( ) glucose depleted.
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B. subtilis DM-04 strain, biosurfactant production by

P. aeruginosa M and NM strains did not increase

(P > 0Æ05) post 48 h of growth in glucose medium.

Pyrene solubilization by biosurfactant

The effect of biosurfactant on the apparent aqueous solu-

bility of pyrene was determined by test tube solubilization

assay in the presence of biosurfactant (500 lg ml)1) pro-

duced by respective bacterial strains. Solubility of pyrene

in presence of biosurfactants from B. subtilis DM-04,

P. aeruginosa M and NM strains was significantly higher

(P < 0Æ001) than its solubility in the absence of biosurfac-

tant (Fig. 2). Moreover, the crude biosurfactant secreted

by P. aeruginosa NM strain showed a higher pyrene solu-

bilization effect (P < 0Æ05) compared with pyrene solubi-

lization by crude biosurfactant from P. aeruginosa M and

B. subtilis DM-04 strains (Fig. 2).

Role of biosurfactants in pyrene uptake

Figure 3 shows that in all three groups of bacteria,

uptake of biosurfactant-solubilized pyrene was much

higher when compared with the unsolubilized pyrene. Up-

take of pyrene did not occur in a suspension of killed cells

(control), and even if a trace quantity of biosurfactant-

solubilized pyrene was adsorbed on the surface of bacterial

cells, this was taken into consideration for calculating the

actual pyrene uptake by bacterial cells. Interestingly,

P. aeruginosa NM strain did not demonstrate pyrene

uptake up to 30 min of incubation (Fig. 3) and 12 ng of

pyrene uptake was observed 60 min postincubation with

unsolubilized pyrene (data not shown). However, the addi-

tion of biosurfactant-solubilized pyrene resulted in an
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Figure 2 In vitro pyrene solubilization effect of crude biosurfactant

(500 lg) from Bacillus subtilis DM-04, Pseudomonas aeruginosa mu-

coid (M) and nonmucoid (NM) strains. Results represent the

mean ± SD of three independent experiments. In the control experi-

ment, pyrene was not incubated with biosurfactant. Significance of

difference with respect to pyrene solubilization in absence of biosurf-

actants (control) (aP < 0Æ001). Significance of difference with respect

to pyrene solubilization by biosurfactants from B. subtilis DM-04 and

P. aeruginosa M strain (bP < 0Æ05).
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Figure 3 A comparison of uptake of unsolubilized and biosurfactant-

solubilized pyrene by Bacillus subtilis DM-04 and Pseudomonas aerugi-

nosa mucoid (M) and nonmucoid (NM) strains at different time inter-

vals. The solid line (—-) and broken line (- - - - -) indicate the

incubation of bacteria with biosurfactant-solubilized or unsolubilized

pyrene respectively. Results represent the mean ± SD of three individ-

ual experiments. Symbols: B. subtilis (d); P. aeruginosa M ( ); P. ae-

ruginosa NM (s). Significance of difference with respect to uptake of

unsolubilized pyrene. aP < 0Æ05, bP < 0Æ01 and cP < 0Æ001.

Table 2 Production of biosurfactant by bacteria on different carbon

source(s)

Carbon source(s)

Yield of biosurfactant (mg l)1)

After 48 h After 96 h

Bacillus subtilis DM-04

None (control) ND ND

Pyrene 200 ± 21 300 ± 29*,**

Glucose 150 ± 11 240 ± 12*,**

Pyrene + glucose 300 ± 34 600 ± 39*,***

Pseudomonas aeruginosa M

None (control) ND ND

Pyrene 100 ± 12 200 ± 14*

Glucose 108 ± 11 100 ± 13

Pyrene + glucose 200 ± 19 500 ± 33*

Pseudomonas aeruginosa NM

None (control) ND ND

Pyrene 100 ± 12 200 ± 12*

Glucose 110 ± 13 99 ± 10

Pyrene + glucose 198 ± 18 500 ± 29*

Values represent the mean ± SD of three individual experiments. Sig-

nificance of difference with respect to biosurfactant production post

48 h of growth (*P < 0Æ01). Significance of difference with respect to

biosurfactant production by P. aeruginosa M and NM strains

(**P < 0Æ01, ***P < 0Æ05).

ND, not determined (concentration was below the detectable limit).
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increase in the rate of pyrene uptake by P. aeruginosa NM

strain.

Bacterial cell surface hydrophobicity

The cell surface hydrophobicity exhibited by B. subtilis

DM-04 (6Æ0 ± 0Æ3%; mean ± SD, n ¼ 3) in pyrene phase

was significantly higher (P < 0Æ01) compared with the

same property displayed by P. aeruginosa M (4Æ0 ± 0Æ5%;

mean ± SD, n ¼ 3) and NM (3Æ5 ± 0Æ5%; mean ± SD,

n ¼ 3) strains showing that the former bacteria possess

much more affinity towards pyrene.

Discussion

There are many reports on bacterial degradation of pyrene,

mainly by actinomycetes groups of bacteria such as Myco-

bacterium and Rhodococcus (Kanaly and Harayama 2000;

Vila et al. 2001). Besides, a variety of nonactinomyces

bacteria such as P. aeruginosa, Pseudomonas pudita and

Flavobacterium sp. were reported to utilize pyrene, when

supplemented with other forms of organic carbon (Trze-

sicka- Mlynarz and Ward 1995). Moreover, soil Pseudo-

monas sp. was capable of degrading PAHs, but failed to

utilize them as the sole source of carbon and energy (Foght

and Westlake 1988). In contrast, we demonstrated that util-

ization of pyrene as the sole source of carbon and energy by

B. subtilis DM-04 and P. aeruginosa strains is possible,

perhaps owing to their ability to produce biosurfactants in

the culture medium. We have provided further evidence of

utilization of pyrene by Bacillus and Pseudomonas bacteria

as the sole source of carbon by demonstrating the correla-

tion between increase in bacterial growth (dry biomass,

protein concentration and bacterial cell density) and a

concomitant decrease (biodegradation) in pyrene content

from the culture medium with respect to time.

Survival of micro-organisms in pyrene medium after

their inoculation is a key deciding factor in the rate of

biodegradation of this compound either in soil or in

liquid phase. As all the bacteria in the present study were

isolated from a crude petroleum oil-contaminated

(hydrocarbons rich) soil sample, they survived and adop-

ted to the pyrene-rich liquid environment very easily,

which was evident from the significant increase

(P < 0Æ01) in the population of B. subtilis and P. aerugi-

nosa strains in pyrene medium when compared with con-

trol. Further, the optimum growth temperature range of

these bacteria is well suited for in situ bioremediation

application in the soil of the tropical countries like India,

where the outdoor temperature may reach up to 50�C.

The growth (dry biomass yield) of B. subtilis DM-04

and P. aeruginosa M and NM strains at the expense of

pyrene after 96 h of inoculation indicated a greater

(P < 0Æ01) assimilation of pyrene carbon in B. subtilis

DM-04 compared with other two bacteria under study,

showing differences in utilization of pyrene by these bac-

terial strains, isolated from the same soil. Therefore, we

agree with the finding of Vila et al. (2001) that all pyrene

lost from the growth medium cannot be considered

assimilated because some of it must have been respired.

Moreover, our result is also in good agreement with the

findings of many other researchers, who observed that

microbial growth on pyrene did not result in complete

removal of the substrate (Mulder et al. 1998; Vila et al.

2001). Observed attenuation in pyrene degradation

occurred presumable by biofilm formation on pyrene

crystals and consequent prevention of pyrene dissolution,

while previously accumulated intermediates would allow

further cell growth (Vila et al. 2001).

The biochemical pathway for the biodegradation of

pyrene by microbes has been proposed (Cerniglia 1992;

Vila et al. 2001), and some of the metabolites of pyrene

metabolism are detected (Heitkamp et al. 1988; Vila et al.

2001). The identification of metabolites accumulating

during the growth of Mycobacterium sp. strain AP1 in

pyrene suggested that this strain initiates its attack on

pyrene by either mono-oxygenation or dioxygenation at

its C-4, C-5 positions to give trans- or cis-4,5-dihydropy-

rene, respectively (Vila et al. 2001). Dehydrogenation of

the cis-dihydroxypyrene to the corresponding diol, fol-

lowed by ortho cleavage of the oxidation ring to produce

phenanthrene 4,5-dicarboxylic acid in Mycobacterium sp.

was initially proposed by Cerniglia (1992). However, the

pathway(s) for pyrene degradation and assimilation in

B. subtilis DM-04 and P. aeruginosa M and NM strains

are yet to be discovered. Furthermore, it might be reason-

able to assume that several key factors, such as optimum

growth condition of bacteria (pH, temperature), pres-

ence of a specific and or higher amount of inducible

enzyme(s), substrate specificity of PAHs degrading

enzymes (Gibson and Subramanian 1984; Sharanagouda

and Karegoudar 2001), nature of biosurfactant secreted

by bacteria and bacterial cell surface hydrophobicity (Mu-

kherjee and Das 2005) are responsible for differential

uptake and higher metabolism (consumption) of pyrene

by B. subtilis DM-04 strain compared with P. aeruginosa

M and NM strains. In the present study bacteria con-

sumed a significantly higher proportion of pyrene than

that reported for the Mycobacterium sp. strain AP1 that is

capable of cellular assimilation of pyrene with an effi-

ciency of about 10% (Vila et al. 2001).

Phylogenetic analysis revealed that great diversity exists

among biosurfactant-producing microbes suggesting that

biosurfactant production is an important survival tool for

the biosurfactant-producing microbes (Maier 2003). Pro-

duction of biosurfactant is related to the utilization of
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available hydrophobic substrates by the biosurfactant-

producing microbes from their natural habitat, presuma-

bly by increasing the surface area of the substrates and

enhancing their apparent solubility and also influencing

the cell-surface hydrophobicity of bacterial cells towards

hydrophobic substrates like pyrene (Ron and Rosenberg

2001; Mukherjee and Das 2005). In the present study, all

the three bacteria were found to be efficient biosurfactant

producers on pyrene medium based on (i) surface tension

measurement of culture supernatants obtained post 48 h

of bacterial growth and (ii) by determining the yield of

biosurfactant. The production of biosurfactant by all the

three bacterial strains increased significantly when the

medium was supplied with glucose (as a co-substrate)

along with pyrene. Glucose, which is a versatile precursor

for many biomolecules, acts as an inducer and co-source

of carbon, energy and reducing power for microbes that

leads to substantial increase in bacterial biomass with a

corresponding increase in biosurfactant production.

Moreover, greater reduction of surface tension of growth

medium by biosurfactant produced by B. subtilis DM-04

strain compared with P. aeruginosa M and NM strains

may be related to production of surfactin-like lipopep-

tides by former bacteria (Mukherjee and Das 2005).

The pyrene uptake rates in all groups of bacteria

appear to be highly nonlinear, with much higher uptake

in the first 10 min than in the subsequent time interval.

However, we think that the argument of possible interfer-

ence in the absorbance of pyrene in the present experi-

ment due to release of pyrene metabolites is unlikely,

because no pyrene metabolite was detected by HPLC ana-

lysis post 60 min incubation of bacteria with pyrene (Das,

K and Mukherjee, A.K., unpublished observation). The

literature contains little information on pyrene uptake by

bacteria and its link to biosurfactant production. In this

study, we present the persuasive data showing that bio-

surfactants secreted by B. subtilis DM-04, P. aeruginosa M

and NM strains at a concentration of 0Æ5 mg ml)1

enhanced the apparent solubility of pyrene by factors 5–7

resulting in its higher uptake and metabolism by bacteria.

The difference in pyrene solubilization effect of biosurfac-

tants from different bacterial strains in this study may be

related to the chemical nature as well as surface properties

of biosurfactants (Das and Mukherjee 2005; Mukherjee

and Das 2005). For example, low-molecular weight bio-

surfactant-like lipopeptides secreted by Bacillus sp. have

low critical micelle concentrations (CMCs) that increase

the apparent solubility of hydrocarbons by incorporating

them into the hydrophobic cavities of micelles (Wick

et al. 2001) and alasan, a high-molecular weight bioemul-

sifier complex produced by Acinetobacter radioresistens

KA 53 enhances the aqueous solubility of PAHs by a

physical interaction, most likely of a hydrophobic nature

and increases the biodegradation rate of PAHs (Barkay

et al. 1999). Moreover, the significantly higher (P < 0Æ05)

pyrene solubilization effect of biosurfactant from P. aeru-

ginosa NM strain compared with P. aeruginosa M strain

reinforces the hypothesis that a minor variation in bio-

surfactant isoforms between these two strains may result

in a large variation of the emulsification property and

specificity of biosurfactants (Das and Mukherjee 2005). It

may be concluded that higher pyrene solubilization effect

of biosurfactant from P. aeruginosa NM strain enhanced

the uptake and subsequent utilization of pyrene and thus

sustained the growth of this bacteria in pyrene, otherwise

it might not be able to grow on pyrene. Further studies

to identify the metabolites in the degradation of pyrene

by B. subtilis DM-04 and P. aeruginosa M and NM are in

progress.

Acknowledgements

The authors are thankful to Prof. P.C. Deka, Chairman,

ONGC-sponsored Centre for Petroleum Biotechnology

and Vice-Chancellor, Tezpur University, for his useful

suggestion and encouragement to pursue the present

work. K. Das was a recipient of a Senior Research Fellow-

ship from the ONGC-sponsored Centre for Petroleum

Biotechnology, Department of Molecular Biology and

Biotechnology, Tezpur University.

References

Barkay, T., Navon-Venezia, S., Ron, E.Z. and Rosenberg, E.

(1999) Enhancement of solubilization and biodegradation

of polyaromatic hydrocarbons by the bioemulsifier Alasan.

Appl Environ Microbiol 65, 2697–2702.

Boonchan, S., Britz, M. and Stanley, G.A. (2000) Degradation

and mineralization of high molecular weight polycyclic

aromatic hydrocarbons by defined fungal-bacterial cocul-

tures. Appl Environ Microbiol 66, 1007–1019.

Cerniglia, C.E. (1992) Biodegradation of polycyclic aromatic

hydrocarbons. Biodegradation 3, 351–368.

Chen, S.H. and Aitken, M.D. (1999) Salicylate stimulates the

degradation of high molecular weight polycyclic aromatic

hydrocarbons by Pseudomonas sacchrophila P15. Environ

Sci Technol 33, 435–439.

Christensen, E.R. and Zhang, X. (1993) Sources of polycyclic

aromatic hydrocarbons to Lake Michigan determined from

sedimentary records. Environ Sci Technol 27, 139–146.

Daniel, W.W. (2000) Hypothesis testing. In Biostatistics: A

Foundation for Analysis in the Health Sciences, 7th edn ed.

Daniel, W.W. pp. 166–167. New York: John Wiley and

Sons, Inc.

Das, K. and Mukherjee, A.K. (2005) Characterization of bio-

chemical properties and biological activities of biosurfac-

Pyrene utilization by B. subtilis and P. aeruginosa strains K. Das and A.K. Mukherjee

202 Journal compilation ª 2006 The Society for Applied Microbiology, Journal of Applied Microbiology 102 (2007) 195–203

ª 2006 The Authors



tants produced by Pseudomonas aeruginosa mucoid and

non-mucoid strains isolated from hydrocarbon-contamin-

ated soil samples. Appl Microbiol Biotechnol 69, 192–199.

Evans, K.M., Gill, R.A. and Robotham, P.W.J. (1990) The

source, composition and flux of polycyclic aromatic hydro-

carbons in sediments of the river Derwent, Derbyshire,

U.K. Water Air Soil Pollut 51, 1–12.

Feitkenhauer, H., Müller, R. and Märkl, H. (2003) Degradation

of polycyclic aromatic hydrocarbons and long chain

alkanes at 60–70�C by Thermus and Bacillus spp.

Biodegradation 14, 367–372.

Foght, J.M. and Westlake, D.W.S. (1988) Degradation of poly-

cyclic aromatic hydrocarbons and aromatic heterocycles of

Pseudomonas species. Can J Microbiol 34, 1135–1141.

Gibson, D.T. and Sayler, G.S. (1992) Scientific Foundations of

Bioremediation – Current Status and Future Needs. Wash-

ington, DC: American Academy of Microbiology.

Gibson, D.T. and Subramanian, V. (1984) Microbial degrada-

tion of aromatic hydrocarbons. In Microbial Degradation of

Organic Compounds ed. Gibson, D.T. pp. 181–252. New

York: Marcel Dekker, Inc.

Guo, C.L., Zhou, H.W., Wong, Y.S. and Tam, N.F.Y. (2005)

Isolation of PAH-degrading bacteria from mangrove sedi-

ments and their biodegradation potential. Mar Pollut Bull

51, 1054–1061.

Heitkamp, M.A., Freeman, J.P., Miller, D.W. and Cernigllia,

C.E. (1988) Pyrene degradation by a Mycobacterium sp:

identification of ring oxidation and ring fission products.

Appl Environ Microbiol 54, 2556–2565.

International Association of Research Chemists. (1983) IARC

monographs on the evaluation of the carcinogenic risk of

chemicals to human. Polynuclear aromatic compounds.

Part 1. Int Assoc Res Chem Monogr 32, 355–364.

Kanaly, R.A. and Harayama, S. (2000) Biodegradation of high-

molecular weight polycyclic aromatic hydrocarbons by

bacteria. J Bacteriol 182, 2059–2067.

Lowry, O.H., Rosebrough, N.J., Farr, A.L. and Randall, R.J.

(1951) Protein measurement with the folin phenol reagent.

J Biol Chem 193, 265–275.

Maier, R.M. (2003) Biosurfactant: evolution and diversity in

bacteria. Adv Appl Microbiol 52, 101–121.

Makkar, R.S. and Cameotra, S.S. (1998) Production of biosurf-

actant at mesophilic and thermophilic conditions by a strain

of Bacillus subtilis. J Ind Microbiol Biotechnol 20, 48–52.

Mihelcic, J.R., Lueking, D.R., Mitzell, R.J. and Stapleton, J.M.

(1993) Bioavailability of sorbed- and separate-phase chem-

icals. Biodegradation 4, 141–153.

Miller, R.M. and Zhang, Y. (1997) Measurement of

biosurfactant-enhanced solubilization and biodegradation

of hydrocarbons. In Methods in Biotechnology, Vol. 2. ed.

Sheehan, D. pp. 59–66. Totowa, NJ: Humana Press.

Morehead, N.R., Eadie, B.J., Lake, B., Landrum, P.D. and

Berner, D. (1986) The sorption of PAH onto dissolved

organic matter in Lake Michigan waters. Chemosphere 15,

403–412.

Mukherjee, A.K. and Das, K. (2005) Correlation between

diverse cyclic lipopeptides production and regulation of

growth and substrate utilization by Bacillus subtilis strains

in a particular habitat. FEMS Microbiol Ecol 54, 479–489.

Mulder, H., Breure, A.M., van Honschooten, D., Grotenhuis,

J.T.C., van Andel, J.G. and Rulkens, W.H. (1998) Effect

of biofilm formation by Pseudomonas 8909N on the

bioavailability of solid naphthalene. Appl Microbiol Biotech-

nol 50, 277–283.

Pickard, M.A., Roman, R., Tinoco, R. and Vazquez-Duhalt, R.

(1999) Polycyclic aromatic hydrocarbon metabolism by

white rot fungi and oxidation by Coriolopsis gallica UAMH

8260 laccase. Appl Environ Microbiol 65, 3805–3809.

Ron, E.Z. and Rosenberg, E. (2001) Natural roles of biosurfac-

tants. Environ Microbiol 3, 229–236.

Sharanagouda, U. and Karegoudar, T.B. (2001) Degradation of

2-methylnaphthalene by Pseudomonas sp. strain NGK 1.

Curr Microbiol 43, 440–443.

Sims, J.L., Sims, R.C., Dupont, R.R., Matthews, J.E. and Rus-

sell, H.H. (1993) In situ Bioremediation of Contaminated

Unsaturated Subsurface Soils. EPA/540/S-93/501. Washing-

ton, DC: US Environmental Protection Agency.

Stringfellow, W.T. and Aitken, M.D. (1995) Competitive meta-

bolism of naphthalene, methylnaphthalenes and fluorene

by phenanthrene-degrading Pseudomonads. Appl Environ

Microbiol 61, 357–362.

Trzesicka- Mlynarz, D. and Ward, O.P. (1995) Degradation of

polycyclic aromatic hydrocarbon (PAHs) by mixed culture

and its component pure culture, obtained from PAH-

contaminated soil. Can J Microbiol 41, 470–476.

Vila, J., Lopez, Z., Sabate, J., Minguillon, C., Solanas, A.M.

and Grifoll, M. (2001) Identification of a novel metabolite

in the degradation of pyrene by Mycobacterium sp. strain

AP1: actions of the isolate on two- and three-ring

polycyclic aromatic hydrocarbons. Appl Environ Microbiol

67, 5497–5505.

Wick, L.Y., Colangelo, T. and Harms, H. (2001) Kinetics of

mass transfer-limited bacterial growth on solid PAHs.

Environ Sci Technol 35, 354–361.

Zhang, Y. and Miller, R.M. (1992) Enhanced octadecane dis-

persion and biodegradation by a Pseudomonas rhamnolipid

(surfactant) biosurfactant. Appl Environ Microbiol 58,

3276–3282.

Zhang, H., Kallimanis, A., Koukkou, A.I. and Drainas, C.

(2004) Isolation and characterization of novel bacteria

degrading polycyclic aromatic hydrocarbons from polluted

Greek soils. Appl Microbiol Biotechnol 65, 124–131.

K. Das and A.K. Mukherjee Pyrene utilization by B. subtilis and P. aeruginosa strains

ª 2006 The Authors

Journal compilation ª 2006 The Society for Applied Microbiology, Journal of Applied Microbiology 102 (2007) 195–203 203


