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Abstract The objectives of this work were to

isolate the microorganisms responsible for a

previously observed degradation of polycyclic

aromatic hydrocarbons (PAH) in soil and to test

a method for cleaning a PAH-contaminated soil.

An efficient PAH degrader was isolated from an

agricultural soil and designated as Mycobacterium

LP1. In liquid culture, it degraded phenanthrene

(58%), pyrene (24%), anthracene (21%) and

benzo(a)pyrene (10%) present in mixture (initial

concentration 50 lg ml–1 each) and phenanthrene

(92%) and pyrene (94%) as sole carbon sources

after 14 days of incubation at 30�C. In soil,

Mycobacterium LP1 mineralised 14C-phenan-

threne (45%) and 14C-pyrene (65%) after

10 days. The good ability of this Mycobacterium

was combined with the benzo(a)pyrene oxidation

effect obtained by 1% w/w rapeseed oil in a

sequential treatment of a PAH-spiked soil (total

PAH concentration 200 mg kg–1). The first step

was incubation with the bacterium for 12 days

and the second step was the addition of the

rapeseed oil after this time and a further incuba-

tion of 22 days. Phenanthrene (99%), pyrene

(95%) and anthracene (99%) were mainly

degraded in the first 12 days and a total of 85%

of benzo(a)pyrene was transformed during the

whole process. The feasibility of the method is

discussed.
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Introduction

Polycyclic aromatic hydrocarbons (PAH) are

widely distributed environmental pollutants from

natural and anthropogenic sources that include

e.g. combustion processes and production and use

of creosote and coal-tar (Howsan and Jones

1998). PAH are degraded by a wide range of

microorganisms (Cerniglia 1992; Mueller et al.

1996), among which several actinomycetes are

represented. The ability of members of this group

to degrade PAH could be explained in part by

their capacity to transform natural complex

organic substances, such as lignin-related com-

pounds (Ball et al. 1989), to produce biosurfac-

tants or emulsifiers (Bicca et al. 1999; Kim et al.

2000) and by the hydrophobicity of the cell

surfaces, which allows the close contact with or

adhesion to low water soluble or lipophilic mol-

ecules and which favours the uptake process

(Bastiaens et al. 2000). Some rhodococci, for
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instance, degrade naphthalene, phenanthrene and

anthracene, in many cases accompanied by the

production of biosurfactants (Allen et al. 1997;

Dean-Ross et al. 2001; Andreoni et al. 2004) and

several mycobacteria are able to mineralise

anthracene and pyrene, a process that is facili-

tated by the presence of mycolic acids in their cell

wall, which allows better attachment to the

hydrophobic compounds (Heitkamp et al. 1988;

Dean-Ross and Cerniglia 1996; Wick et al. 2002).

Low molecular weight PAH (2–3 aromatic

rings) are relatively easily metabolised but those

with high molecular weight (more than 3 rings) are

slowly transformed due to the increase in their

hydrophobicity (Kanaly and Harayama 2000) and

the decrease in bioavailability due to their absorp-

tion into the organic matter, strong binding to soil

particles and sequestration inside micropores

(Hatzinger and Alexander 1995). Bioremediation

techniques often include the addition of supple-

ments to enhance bioavailability and biodegrada-

tion of the PAH by indigenous or inoculated

microorganisms. Carmichael and Pfaender (1997)

divide the supplements into three general catego-

ries according to their impact on the microbial

processes: surfactants that enhance the availability

of the pollutants (Carriere and Mesania 1995),

specific carbon sources or inducers that promote

the growth of a particular group of degraders

(Wong et al. 2002; Lee et al. 2003), and organic

and inorganic nutrients that increase the size and

activity of the soil microbial community. Some

PAH are degraded only in the presence of an

additional co-substrate, sometimes another PAH,

by cometabolism or by stimulation of biodegra-

dation (Bouchez et al. 1999; Kanaly et al. 2000).

Vegetable oils may play an important role in

PAH degradation. The presence of peanut oil

has been shown to enhance degradation of

anthracene in liquid medium and soil slurry

(Pannu et al. 2003), while rapeseed and babassu

oil stimulate the production of biosurfactants

(Sim et al. 1997; Vance-Harrop et al. 2003),

which in turn can enhance the solubilisation of

PAH (Page et al. 1999). Peanut, sunflower and

rapeseed oils are also efficient in solubilising and

extracting PAH from contaminated soils (Berg

Schuur and Mattiasson 2003; Pannu et al. 2004;

Gong et al. 2005).

In a previous work we studied the degradation

of a mixture of PAH by Rhodococcus wratislavi-

ensis in soils amended with rapeseed oil (Pizzul

et al. 2006b). We found that two distinct pro-

cesses, one biological and one abiotic, resulted in

degradation of PAH. Biological processes de-

graded phenanthrene and pyrene to a large

extent, either by R. wratislaviensis or by the

indigenous microflora. The abiotic process, which

occurred in the presence of 1% (w/w) rapeseed

oil, mainly transformed the benzo(a)pyrene but

the biological process also contributed to a small

extent. Anthracene was degraded by the biolog-

ical activity or oxidised by the abiotic process.

The total degradation obtained probably was not

optimal when the two processes occurred simul-

taneously, since the microorganisms were nega-

tively affected by the high concentration of

rapeseed oil needed for the abiotic process.

Therefore, a two-step biological-abiotic process

was proposed as a remediation technique in

PAH-contaminated soils. In the same experiment,

high mineralisation and degradation levels for

some of the PAH were obtained in the control

soil, indicating the presence of potential indige-

nous PAH-degrading microorganisms.

In the first part of the present work we describe

the isolation, identification and characterisation

of a PAH-degrading microorganism from an

agricultural soil. This microorganism was used in

the second part of the study, where we report the

results of the application of the proposed sequen-

tial biological-abiotic treatment to a PAH-spiked

soil and discuss the feasibility of the method.

Materials and methods

Chemicals

Anthracene (>96%) and phenanthrene (>97%)

were purchased from Merck (Hohenbrunn, Ger-

many), pyrene (98%) was purchased from Al-

drich, anthraquinone (>99%) was supplied by

Fluka (Steinheim, Germany) and benzo(a)pyrene

(97%) was supplied by Sigma-Aldrich (Stein-

heim, Germany). The labelled compounds [9-14C]

phenanthrene (specific activity 55.7 mCi mmol–1;

radiochemical purity 98.9%) and [4, 5, 9, 10-14C]
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pyrene (specific activity 55 mCi mmol–1; radio-

chemical purity 97.8%) were supplied by Sigma

(USA) and [7,10-14C] benzo(a)pyrene (specific

activity 61.0 mCi mmol–1; radiochemical purity

98.9%) was supplied by Amersham Biosciences

(UK). Toluene (HPLC grade) was provided by

Fisher Scientific (UK). Rapeseed oil was a gift

from JTI-Swedish Institute of Agricultural and

Environmental Engineering (Uppsala, Sweden).

Soil

The soil used in the experiments was an agricul-

tural topsoil containing 1% organic carbon and

0.11% nitrogen and with a pHwater of 6.6. It was

collected in Uppsala, Sweden, sieved (<2 mm)

and stored at 4�C until used.

Isolation of pyrene-degrading bacteria from

soil

The soil was spiked with phenanthrene, anthra-

cene, pyrene and benzo(a)pyrene, incubated for

49 days at 30�C and then stored at –20�C until

used. A sample (1 g) of thawed soil was added to a

100 ml Erlenmeyer flask containing 25 ml of

minimal salt medium (modified from Mandel-

baum et al. 1993) with pyrene as the only carbon

source (80 lg ml–1) and Delvocid� (Gist-Bro-

cades, The Netherlands) (1 g l–1) to reduce fungal

growth, and incubated at 30�C and 150 rpm. The

culture was maintained by consecutive transfers

into fresh medium at 8-day intervals. After the

third transfer, dilutions of the enrichment culture

were spread on Tryptic Soy Broth (3 g l-l) agar

plates and incubated at 30�C. Single isolates were

selected based on colony morphology and tested

for degradation of pyrene. Each isolate was grown

in GYM Streptomyces medium (4 glucose l–1, 4 g

yeast extract l–1 and 10 g malt extract l–1; pH 7.2)

for 4 days on a shaker (150 rpm) at 30�C. The

culture was centrifuged (10 min, 970 · g), the

supernatant discarded and the pellet washed twice

with sterile tap water. The culture was then

diluted to an OD600 of 0.500 and 1 ml was added

to tubes containing pyrene (25 lg ml–1) as the sole

carbon source in 10 ml of minimal salt medium

(modified from Mandelbaum et al. 1993) and glass

beads, as described in Pizzul et al. (2006a). The

microorganisms were incubated at 30�C for

10 days and the concentration of the remaining

pyrene was measured at the end of the incubation

time. A sterile control was included. The exper-

iment was conducted in duplicate.

Identification of Mycobacterium LP1

Cells were incubated in GYM medium at 30�C for

4 days. The FastDNA� Spin Kit for soil (Qbio-

gene, Carlbac, CA, USA) was used to extract

DNA with the following modifications. A 1.5 ml

cell suspension was transferred to an 1.5 ml

Eppendorf tube and the cells were centrifuged

for 1 min at 16,000 · g using a Heraeus� BIO-

FUGE pico (DJB Labcare, Newport Pagnell,

Buckinghamshire, UK). The supernatant was

removed and 975 ll phosphate buffer and 125 ll

MT-buffer from the kit were added. Bead beating

was performed in a FastPrep� instrument for 60 s

at speed 5.0. All following centrifugation steps

were performed at a speed at 16,000 · g. The

DNA was eluted in 50 ll DES (DNA Elution

Solution-Ultra Pure Water, supplied with the kit)

and its concentration determined using a Nano-

Drop� ND-1000 Spectrophotometer (Baylor Col-

lege of Medicine, Huston, Texas, USA). The PCR

was performed using a ‘touchdown’ protocol

developed to amplify the 16S ribosomal rDNA

from actinobacteria (Stach et al. 2003). Ten to

100 ng of DNA and 10 pmol of the primers S-C-

Act-235-a-S-20 and S-C-Act-878-a-A-19, synthes-

ised by InvitrogenTM (Invitrogen Ltd, Paisley,

UK), were used for PCR amplifications. The

FailSafeTM PCR System with PreMix B (Epicen-

tre, Madison, Wisconsin, USA) was used accord-

ing to the instructions, except that the final

reaction volume was 50 ll. All PCR reactions

were conducted in a GeneAmp� PCR System

9700 (PE Applied Biosystems, Norwalk, CT,

USA). The PCR products were purified using

MiniElute PCR Purification Kit (Quiagene, Wesr

Sussex, UK), and sequenced in both directions

with the primers used in the PCR reactions using

BigDyeTM Terminator chemistry (Applied Bio-

systems, Foster City, CA, USA). All (two forward

and two reverse) sequence chromatograms were

assembled with the Staden Package (University

of Cambridge, UK). The consensus sequences
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were compared with the 16S rDNA sequences

from GenBank at the National Centre for Bio-

technology Information (NCBI—http://

www.ncbi.nih.gov/) using the basic local align-

ment search tool (BLAST) (Altschul et al. 1997).

Characterisation of Mycobacterium LP1

The ability of Mycobacterium LP1 (105 cfu ml–1)

to degrade phenanthrene, anthracene, pyrene and

benzo(a)pyrene, alone or in a mixture, was tested

in minimal salt medium (modified from Mandel-

baum et al. 1993) containing 50 lg ml–1 of each of

the PAH, as previously described (Pizzul et al.

2006a). The concentrations of the PAH were

determined after 14 days and the values com-

pared to sterile controls. The experiment was

conducted in duplicate.

The ability of Mycobacterium LP1 to mineral-

ise 14C-phenanthrene, 14C-pyrene and 14C-

benzo(a)pyrene in soil spiked with a mixture of

phenanthrene, anthracene, pyrene and

benzo(a)pyrene (50 mg kg–1 each) was tested as

previously described (Pizzul et al. 2006b). The

soil was autoclaved twice (20 min, 121�C) before

the addition of the PAH and the inoculum

(105 cfu g–1). In brief, mineralisation was deter-

mined by collecting 14CO2 from the degradation

of the PAH in a NaOH solution and measuring

the radioactivity in a liquid scintillation counter

(Beckman LS 600 series, USA), after mixing with

4 ml of Insta-Gel Plus (Perkin–Elmer, USA).

Mineralisation was expressed as 14CO2 produced

as a percentage of the initial radioactivity. The

experiment was run in triplicate.

Sequential treatment of PAH-contaminated

soil

A soil sample (200 g) was spiked with a mixture

of the following PAH: anthracene, phenanthrene,

pyrene and benzo(a)pyrene (50 mg kg–1 of each )

in an acetone solution (Brinch et al. 2002). After

evaporation of the acetone, the soil was inocu-

lated with Mycobacterium LP1 to a final concen-

tration of 106 cfu g–1. Soil without addition of

microorganisms was used as the control. After

12 days of incubation, rapeseed oil (1% w/w) was

added to half the samples. The soil was incubated

at 30�C and the water content was kept at 60% of

the water-holding capacity. Samples were taken

at the beginning of the experiment, 5 and 10 days

after the inoculation and 5, 10 and 22 days after

the addition of rapeseed oil, and the PAH

concentrations determined. The experiment was

conducted in triplicate.

Analytical methods

PAH in liquid media were extracted by adding

10 ml of toluene to the culture tubes and shaking

vigorously for 1 h on a shaking table (adapted

from Karstensen 1997). PAH in soil were

extracted by adding 10 ml of toluene and 10 ml

of a 0.05 M Na4P2O7 solution to tubes containing

5 g of soil and shaking vigorously for 16 h. In both

cases, the extracts were centrifuged for 10 min at

358 · g and a portion of the toluene layer was

centrifuged again at 5411 · g and analysed

directly by GC-MS. The recovery was higher

than 95% for all the compounds. The GC-MS

analysis was performed as previously described

(Pizzul et al. 2006a).

Results

Isolation of pyrene degraders

In a previous work we found that the autochtho-

nous microflora in an agricultural soil was able to

degrade phenanthrene, anthracene and pyrene to

a large extent (Pizzul et al. 2006b). In order to

identify the PAH-degraders, a sample of the

control soil from that experiment was used as

inoculum for an enrichment culture using pyrene

as the sole carbon source. Seven distinct isolates

(A, B, C, D, E, F or G) based on different colony

morphology were obtained. Three of the strains

degraded pyrene to different extents. Isolates F

and G degraded 6 and 23% respectively, while the

highest degradation was obtained with isolate D

(65%). Isolates A, B, C and E did not degrade

pyrene. From these results it was concluded that

isolate D could be one of the main microorgan-

isms responsible for the degradation of pyrene in

the soil and this strain was further identified and

characterised.
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Identification of Mycobacterium LP1

A 594 base-pair sequence was obtained from the

16S ribosomal RNA gene using the primers S-C-

Act-235-a-S-20 and S-C-Act-878-a-A-19.

Sequence similarity searches were performed

against publicly available ribosomal RNA

sequences. Our sequence was found to be iden-

tical to ten sequences in the database (Mycobac-

terium gilvum; AF544637, M. gilvum; AF544636,

M. gilvum; AF544635, M. gilvum; AF544634,

M. gilvum; AF544633, Mycobacterium sp.;

AY694989, Mycobacterium sp.; AJ245704, Myco-

bacterium sp.; AJ245703, Mycobacterium sp.;

X81891, M. gilvum; ATCC 43909). Accordingly,

our isolate belongs to the genus Mycobacterium,

and probably represents a M. gilvum strain,

although the resolution of our sequence analysis

is insufficient to differentiate on the level of

strains. The metabolic traits of our isolate indeed

agree with previous studies of M. gilvum (Habe

et al. 2004; Mutnuri et al. 2005). Mycobacterium

spp. are well known PAH-degraders that com-

monly are isolated from PAH-contaminated soil

(Cheung and Kinkle 2001).

The strain was designated Mycobacterium LP1.

Characterisation of Mycobacterium LP1

Mycobacterium LP1 was tested for its ability to

degrade PAH in liquid cultures. When the com-

pounds were added individually as the sole

carbon source, Mycobacterium LP1 degraded

92% of phenanthrene and 94% of pyrene,

whereas no degradation of anthracene or

benzo(a)pyrene was observed (Table 1). When

the PAH were present in a mixture, the degrada-

tion of phenanthrene and pyrene was 58% and

24%, respectively. Moreover, anthracene (21%)

and some benzo(a)pyrene (10%) were degraded

after 14 days in the presence of the other PAH.

The ability of Mycobacterium LP1 to mineral-

ise PAH was tested in soil spiked with the four

PAH and with 14C-phenanthrene, 14C-pyrene or
14C-benzo(a)pyrene. The soil was sterilised be-

fore treatment to avoid overestimations, since the

soil used as inoculum for the isolation of Myco-

bacterium LP1 and the soil used in the minerali-

sation study were collected from the same site.

Mycobacterium LP1 mineralised 45% of the 14C-

phenanthrene and 65% of 14C-pyrene after

39 days, most of the mineralisation occurring in

the first 10 days (Fig. 1). No mineralisation of
14C-benzo(a)pyrene was observed. However, as

the concentration of the remaining PAH was not

determined at the end of the trial, we do not know

the final levels of degradation of each of the PAH

and how anthracene and benzo(a)pyrene were

affected by the presence of the other PAH in the

soil. Furthermore, because the PAH were added

in a mixture, we do not know whether the

mineralisation of the PAH could have been

higher if they were added singly, as was observed

for the degradation in the liquid cultures.

Sequential treatment of PAH-contaminated

soil

Degradation of PAH after inoculation (the

‘biological’ step)

The first step in the sequential treatment was

the inoculation of the soil with Mycobacterium

LP1. The degradation values for the different

PAH after the first 10 days of incubation are

shown in Table 2. Higher degradation of phen-

anthrene, pyrene and anthracene was obtained in

the inoculated soils than in the control soils. The

degradation of benzo(a)pyrene was similar in

both soils.

Degradation of PAH after addition of rape-

seed oil (the ‘abiotic’ step)

The second step of the treatment started with

the addition of rapeseed oil (1% w/w) at day 12.

The final degradation values obtained at the end

of the incubation time are summarised in Table 3.

The degradation values for phenanthrene and

pyrene in the inoculated soils at day 34 (Table 3)

did not differ greatly from those at day 10

(Table 2) since these compounds had been almost

completely degraded during the first step. How-

ever, there was an effect of the rapeseed oil on

the degradation of these two compounds by the

autochthonous microflora in the control soil

(Table 3). The inhibitory effect of the rapeseed

oil was reflected in the lower degradation values

for phenanthrene (85%) and especially pyrene

(33%) (Table 3) compared to the control soil

without rapeseed oil, where the indigenous
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microorganisms degraded 99% of phenanthrene

and 92% of pyrene.

The degradation of anthracene was similar for

all the treatments (Table 3). Anthraquinone was

formed as a product of the oxidation of anthra-

cene in the presence of rapeseed oil, as previously

reported (Pizzul et al. 2006b). The concentration

of this metabolite rapidly increased after the

addition of oil to 14.2 mg kg–1 in the inoculated

soil and to 43.5 mg kg–1 in the control soil (data

not shown). The transformation of anthracene

into anthraquinone was almost stoichiometric,

and therefore the smaller production of anthra-

quinone in the presence of Mycobacterium LP1

was due to the lower concentration of anthracene

present in the soil at the time of addition of the oil

(Table 2).

The addition of rapeseed oil favoured the

transformation of benzo(a)pyrene. After 34 days

of incubation, 85% of the compound was trans-

formed in the treatments with the oil, compared

to 48% in treatments without oil (Table 3).

Discussion

Characterisation of Mycobacterium LP1

Mycobacterium LP1 is able to use phenanthrene

and pyrene as sole carbon sources. However, the

presence of other PAH is required for anthracene

and benzo(a)pyrene degradation. Substrate inter-

actions for PAH mixtures (e.g. competitive inhi-

bition and cometabolism) have often been

observed (Walter et al. 1991; Bouchez et al.

1999; Dean-Ross et al. 2002) and they are difficult

to predict (Guha et al. 1999). These interactions

may play an important role in the degradation of

PAH in contaminated soils, where the com-

pounds are usually present in mixtures. However,

as the aim of our work was to obtain a general

overview of the ability of Mycobacterium LP1 to

degrade different PAH, these complex interac-

tions were not investigated.

In 1988, Heitkamp and co-workers reported for

the first time the isolation of a bacterium able to

extensively mineralise pyrene, which was identi-

fied as belonging to the genus Mycobacterium.

Since then, mineralisation of pyrene and other

PAH by different mycobacteria has been re-

ported by several authors (e.g. Boldrin et al. 1993;

Dean-Ross and Cerniglia 1996). As in the case of

Mycobacterium LP1, all the isolated PAH-

degrading mycobacteria belong to the ‘fast-grow-

ing mycobacteria’, i.e. they form colonies from

dilute inocula within 7 days under optimal condi-

tions (Hartmans and De Bont 1991) and are

distinct from the slow-growers, which include the

pathogenic species (Leys et al. 2005). Mycobac-

terium LP1 was found to be closely related to M.

flavescens (reclassified as M. gilvum by Kim et al.

2005), which was isolated from a polluted sedi-

ment and was able to mineralise pyrene (39%)

and phenanthrene (18%) in liquid culture but did

not utilise anthracene or benzo(a)pyrene (Dean-

Ross and Cerniglia 1996). Even though the results

Table 1 Degradation of phenanthrene, anthracene,
pyrene and benzo(a)pyrene, alone or in a mixture, by
Mycobacterium LP1 in liquid culture after 14 days of
incubation at 30�C

Degradation (%)

Alone Mixture

Phenanthrene 91.8* 58.1 ± 6.2
Anthracene 4.7 ± 7.6 20.8 ± 3.12
Pyrene 93.7 ± 0.04 23.8 ± 5.3
Benzo(a)pyrene – 10.3 ± 4.7

Values are means ± SD (n = 2)

* n = 1
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Fig. 1 Phenanthrene (dashed line) and pyrene (solid line)
mineralisation (as % of added 14C) by Mycobacterium
LP1, in sterile soil incubated at 30�C. Values are
means ± SD (n = 3)

612 Biodegradation (2007) 18:607–616

123



are not completely comparable because they were

obtained under different growth conditions, both

strains showed the same tendency for a higher

mineralisation of pyrene compared to phenan-

threne and no mineralisation of benzo(a)pyrene.

However, the mineralisation levels observed for

Mycobacterium LP1 were double those reported

for M. flavescens.

Some mycobacteria are able to degrade PAH

with more than four aromatic rings. For instance,

Mycobacterium sp. strain RJGII-135, isolated

from a former coal gasification site, degraded

benzo(a)anthracene and benzo(a)pyrene (Schnei-

der et al. 1996) and Mycobacterium PYR-1 -

degraded benzo(a)pyrene (Heitkamp and

Cerniglia 1988), in both cases cometabolically in

the presence of yeast extract, peptone and starch.

Mycobacterium LP1 did not degrade benzo(a)py-

rene as sole carbon and energy source but a small

(10 %) degradation was observed in the presence

of the other PAH. Additional studies using

different co-substrates are needed to determine

whether the cometabolic processes reported for

other mycobacteria are also performed by Myco-

bacterium LP1.

Interestingly, Mycobacterium LP1, which was

as efficient as the pyrene-degrading strains re-

ported in the literature, was isolated from a non-

polluted soil. In a study of the PAH degradation

capacity of soil microbial communities, Johnsen

and Karlson (2005) showed that 14C-pyrene was

mineralised in all analysed samples from Danish

soils, regardless of whether they were from con-

taminated sites or not. Those authors suggested

that the background level of pyrene in soils in

industrialised areas was enough to maintain the

degradation traits in the gene pool of soil micro-

organisms. They also compared the PAH degra-

dation potential of the Danish soils according to

the time needed to achieve mineralisation of 10%

and 50% of the added 14C label, and reported

values of 36 and 54 days respectively for the

agricultural soil with the shortest lag phases, and 3

and 44 days for an industrial soil. When express-

ing our results in the same way, we obtained

values of 15 and 23 days, closer to those in a highly

contaminated soil than in a diffusely contaminated

one (Pizzul et al. 2006b).

Sequential treatment

In a previous work we studied the effect of the

addition of rapeseed oil on the degradation of

PAH in soil by Rhodococcus wratislaviensis

(Pizzul et al. 2006b). In the absence of rapeseed

oil, phenanthrene, anthracene and pyrene

were degraded by R. wratislaviensis and/or

the indigenous microflora. The presence of 1%

Table 3 Degradation of
phenanthrene (PHE),
anthracene (ANT),
pyrene (PYR) and
benzo(a)pyrene (BaP) in
soils with different
treatments, after 34 days
of incubation at 30�C

The values are
means ± SD (n = 3)

Treatment Degradation (%)

PHE ANT PYR BaP

Inoculated soil with
rapeseed oil

98.9 ± 0.2 98.9 ± 0.4 94.5 ± 0.9 85.0 ± 3.9

Inoculated soil without
rapeseed oil

99.0 ± 0.1 97.9 ± 0.9 96.6 ± 0.6 45.5 ± 4.3

Control soil with
rapeseed oil

85.3 ± 1.3 97.8 ± 0.4 32.9 ± 1.6 85.5 ± 0.9

Control soil without
rapeseed oil

98.8 ± 0.02 96.4 ± 0.5 91.8 ± 0.3 50.4 ± 2.9

Table 2 Degradation of phenanthrene, anthracene, pyrene and benzo(a)pyrene in soils inoculated with Mycobacterium
LP1 or without inoculum (control soil) after 10 days of incubation at 30�C, before the addition of rapeseed oil

Treatment Degradation (%)

Phenanthrene Anthracene Pyrene Benzo(a)pyrene

Inoculated soil 96.3 ± 0.1 78.4 ± 1.1 92.2 ± 1.4 22.7 ± 4.9
Control soil 72.2 ± 3.7 34.2 ± 3.4 17.6 ± 1.6 23.0 ± 4.3

The values are means ± SD (n = 6)
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rapeseed oil led to a high transformation of

anthracene and benzo(a)pyrene, mainly as a

result of abiotic processes, since similar transfor-

mation levels of these compounds were obtained

in sterile vs. inoculated liquid media (Pizzul et al.

2006a) and sterile vs. non sterile soil (unpublished

data). However the high amount of oil restrained

the biological processes and the degradation of

phenanthrene and pyrene was inhibited. There-

fore, the two-step sequential treatment was tested

as an alternative that exploits both mechanisms.

The results obtained in the present work

support the application of the sequential treat-

ment to clean up a PAH-contaminated soil. In the

first step, the inoculation with Mycobacterium

LP1 promoted the biological transformation of

phenanthrene, anthracene and pyrene. The PAH

remaining in the soil after the biological degra-

dation, especially benzo(a)pyrene, were trans-

formed abiotically with the addition of rapeseed

oil (1% w/w). This transformation may be due to

a process of lipid peroxidation occurring in the

presence of rapeseed oil (Pizzul et al. 2006b) but

the mechanisms behind the oil effect have not yet

been elucidated.

The biological treatment of PAH-contami-

nated soils is often limited by the low bioavail-

ability of the pollutants. The combination of

biodegradation processes and the use of environ-

mentally friendly solvents to increase solubility

has been proposed as a way to overcome this

problem. The addition of paraffin oil to a slurry-

type bioreactor doubled the mineralisation of

pyrene by a Mycobacterium strain (Jimenez and

Bartha 1996). Due to the hydrophobic surface of

their cell walls, the bacteria adhered to the

emulsified solvent droplets, which also contained

the dissolved pyrene, and in this way the uptake

was enhanced. High degradation rates of a

mixture of PAH by Mycobacterium PYR-1 were

also obtained in a two-phase partitioning biore-

actor after the addition of a biodegradable

solvent, bis (ethyl-hexyl) sebacate, which in-

creased the solubilisation of the hydrophobic

compounds (MacLeod and Daugulis 2003).

Vegetable oils have been proposed as natural,

cost-effective and non-toxic solvents. Since high

removal efficiency (>90%) can be obtained,

remediation schemes have been developed based

on the solubilisation and extraction of the PAH

from the soils using, for example, peanut and

sunflower oil (Pannu et al. 2004; Gong et al. 2005;

Gong et al. 2006). However, these systems are

rather complex since (a) special containers or

columns are used for the extraction; (b) high

volumes of oil are required; (c) the oil has to be

recycled and a cleaning step, e.g. using activated

carbon, has to be included for the system to be

cost-effective; and (d) the activated carbon has to

be regenerated by microbial degradation or con-

ventional thermal treatment.

Berg Schuur and Mattiasson (2003) proposed a

two-step remediation treatment of PAH-contam-

inated soil that included first biodegradation by

PAH-degraders in a bioreactor, and then extrac-

tion of the remaining PAH with rapeseed oil in a

slurry system, using 1.5 to 7.5 ml of rapeseed oil

for 28 g soil (~5 to 26% v/w). The total concen-

tration of PAH decreased from 2470 mg kg–1 to

1366 mg kg–1 (44%) after 30 days in the bioreac-

tor and to 343 mg kg–1 (86%) after the oil

extraction. Even though high degradation levels

were obtained with this treatment, it involves the

use of bioreactors, which has the disadvantage

that the soil has to be removed and transported to

special facilities that require relatively high cap-

ital investment and that have high operating costs

(Mueller et al. 1996). In this case too, it is

important to regenerate and re-use the oil in

order to make this approach economically viable

(Berg Schuur and Mattiasson 2003).

Pannu et al. (2003) reported the effects of small

amounts of vegetable oil on the biodegradation of

PAH. The presence of 0.2% (v/v) of peanut oil had

a stimulatory effect on the degradation of PAH in

a soil slurry system, where 96% of phenanthrene,

74% of anthracene, 65% of pyrene and 70% of

benzo(a)pyrene were degraded after 24 days of

incubation at 30�C. The beneficial effect was

attributed to the solubilisation of the PAH in the

oil and subsequent transfer to the bacterial cells

associated with the oil drops and to the promotion

of biosurfactant production. Rather high degrada-

tion values may be obtained with this system but,

as described above, it has the same drawback of

involving the use of bioreactors.

The sequential treatment described in the

present study has the distinguishing characteristic

614 Biodegradation (2007) 18:607–616

123



that it is directly applicable to the soil and there is

no need for bioreactors or special equipment.

Moreover, the pollutants remaining after the

biological degradation are transformed chemi-

cally in the soil matrix after the oil addition in the

second step. The method has potential for scaling

up as it is simple, relatively fast and recycling of

the oil is not required since the amounts applied

are low. More studies are needed to better

understand the processes behind the oil effect

and to optimise the method.
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