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Abstract In this study, a number of slurry-phase

strategies were trialled over a 42 day period in order to

determine the efficacy of bioremediation for long-term

hydrocarbon-contaminated soil (145 g kg-1 C10–

C40). The addition of activated sludge and nutrients

to slurries (bioaugmentation) resulted in enhanced

hydrocarbon removal (51.6 ± 8.5 %) compared to

treatments receiving only nutrients (enhanced natural

attenuation [ENA]; 41.3 ± 6.4 %) or no amendments

(natural attenuation; no significant hydrocarbon

removal, P \ 0.01). This data suggests that the

microbial community in the activated sludge inoculum

contributed to the enhanced removal of hydrocarbons

in ENA slurries. Microbial diversity in slurries was

monitored using DGGE with dominant bands excised

and sequenced for identification. Applying the differ-

ent bioremediation strategies resulted in the formation

of four distinct community clusters associated with the

activated sludge (inoculum), bioaugmentation strat-

egy at day 0, bioaugmentation strategy at weeks 2–6

and slurries with autoclaved sludge and nutrient

additions (bioaugmentation negative control). While

hydrocarbon-degrading bacteria genera (e.g. Aqua-

bacterium and Haliscomenobacter) were associated

with the hydrocarbon-contaminated soil, bioaugmen-

tation of soil slurries with activated sludge resulted in

the introduction of bacteria associated with hydrocar-

bon degradation (Burkholderiales order and Klebsiella

genera) which presumably contributed to the

enhanced efficacy for this slurry strategy.

Keywords Activated sludge � Bioaugmentation �
Hydrocarbons � Slurry phase bioremediation

Introduction

The refining of oil as well as petrochemical manufac-

turing has left a legacy of contamination in the form of

hydrocarbon-contaminated soils and groundwater.

The use of bioremediation, which relies on the

metabolic potential of microorganisms for the degra-

dation of contaminants in the environment, represents
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an attractive option because of its clean and green

image and low cost. A popular bioremediation strategy

is natural attenuation (NA) and because it is non-

intrusive, it has been successful used in the treatment

of several contaminated sites (Aburto et al. 2009; Fahy

et al. 2005). Other benefits of NA may include reduced

use of energy and lower remediation costs during site

treatment. However, NA timeframes may be lengthy

depending on site characteristics and environmental

conditions. Therefore, in order to increase the rate of

degradation, other bioremediation strategies may be

used including enhanced natural attenuation (ENA)

and bioaugmentation. The former attempts to enhance

the activities of indigenous pollutant degraders by the

addition of inorganic nutrients, electron acceptors,

water or electron donors (Atlas and Philp 2005), while

the latter involves the inoculation of exogenous

strain(s) in order to degrade specific pollutants thereby

increasing the rate of degradation. Bioaugmentation

has been used for soil remediation in agriculture and

wastewater treatment for several years (Vogel 1996).

Moreover, successful bioaugmentation strategies in

laboratory-based studies have been reported with

several treatments including aerobic or anaerobic

conditions, soil, groundwater and the degradation of

a wide range of substrates (Watanabe et al. 1996;

Weiner and Lovley 1998). Activated sludge is a

popular inoculum used for bioaugmentation to

enhance hydrocarbon biodegradation. Inocula of this

nature have been successfully applied for the remedi-

ation of contaminated matrices including oilfield

producing water and contaminated soils (Juteau et al.

2003; Tellez et al. 2002; Zhao et al. 2006). A recent

review discusses the effectiveness and limitations of

bioaugmentation strategies in laboratory trials and

field applications (Tyagi et al. 2011).

In this study, slurry phase biodegradation of long-

term hydrocarbon contaminated soil was investigated.

Slurry phase treatments were chosen as previous

studies demonstrated the lack of hydrocarbon removal

in conventional ‘solid phase’ biopiles even though the

microbial community possessed the catabolic ability

(alkB) to degrade hydrocarbons (unpublished results).

It was hypothesised that biodegradation was limited

by hydrocarbon bioavailability under constraints of

the solid phase biopile; an operational parameter

overcome through the use of slurries. It was further

hypothesised that the extent of slurry phase hydrocar-

bon biodegradation could be enhanced through

bioaugmentation with complex microbial communi-

ties such as those present in activated sludge. In order

to test these hypotheses, a combination of chemical

and molecular techniques were utilised to analyse

slurry phase treatments to determine the impact of

biodegradation strategy on hydrocarbon removal and

microbial community dynamics.

Materials and methods

Hydrocarbon contaminated soil was sampled from a

former oil refinery site in Australia. Historically

contaminated soil (*30 kg) was collected from

stockpiled material on-site with a bulk soil sample

being collected from the top 20 cm of the stockpile.

The bulk soil (\2 mm) had an initial hydrocarbon

concentration of 145 g kg-1 (C10–C40): the concen-

tration of various equivalent hydrocarbon molecular

weight ranges and other soil properties is listed in

Table 1. Determination of soil type was performed

using the methodology described by McDonald et al.

(1990) while soil moisture content, water holding

capacity, pH and organic matter content were deter-

mined using standard methods (Rayment and Higgin-

son 1992).

Preparation of slurries

Slurry phase hydrocarbon biodegradation experi-

ments were conducted in four separate 2 L bioreac-

tors for each treatment strategy. Soil slurries were

prepared by combining 240 g of hydrocarbon con-

taminated soil and 1.2 L of liquid (deionised water or

activated sludge sourced from Bolivar Wastewater

Treatment Plant (South Australia) to achieve a 20 %

(w/v) slurry. When nutrients were supplied to

stimulate microbial growth, (NH4)2 SO4 (2.8 g),

KH2PO4 (0.4 g) and K2HPO4 (0.4 g) were added

during the slurry preparation phase to achieve a C

(determined from hydrocarbon concentration):N:P

molar ratio of approximately 100:10:1. Bioreactor

treatments included:

• Hydrocarbon-contaminated soil plus water (NA).

• Hydrocarbon-contaminated soil plus water and

nutrients (ENA).

• Hydrocarbon-contaminated soil plus activated

sludge and nutrients (bioaugmentation).
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• Hydrocarbon-contaminated soil plus autoclaved

activated sludge and nutrients (bioaugmentation

negative control).

Autoclaved sludge was prepared by sterilising

activated sludge via autoclave (121 �C, 15 psi) on 3

occasions over a 6-day period. Slurries were incubated

at room temperature (22 ± 2 �C) for 42 days (in the

dark) with continuous aeration supplied via diffused

compressed air (1 L min-1). Samples (50 mL) were

removed weekly over the incubation period to analyse

changes in microbial populations and hydrocarbon

concentrations.

Hydrocarbon analysis

An accelerated solvent extraction method (ASE200

Accelerated Solvent Extraction System, Dionex Pty

Ltd, Lane Cove, NSW, Australia) was used to extract

hydrocarbons from contaminated soils as described

previously (Adetutu et al. 2012a). Prior to use, 1 g of

solvent washed silica gel (Davisil, Sigma-Aldrich Pty

Ltd, Sydney, Australia) sandwiched between 2 cellu-

lose filter circles was added to 11 mL ASE extraction

cells. Freeze-dried soil (2–10 g) was ground with

diatomaceous earth (Dionex), weighed into extraction

cells (on top of the silica layer) and surrogate

(phenanthrene 100 mg ml-1) added prior to sealing.

Soils were extracted using standard conditions

(150 �C, 10.34 MPa, static time 5 min) and a sol-

vent mixture consisting of hexane:acetone (1:1 v/v).

Soil extracts were concentrated to dryness under a

steady flow of nitrogen gas, resuspended in 2 mL of

hexane:acetone (1:1 v/v), filtered through 0.45 lm

Teflon syringe filters into 2 mL GC vials (Agilent

Technologies Australia, Forest Hills, VIC, Australia)

prior to analysis.

Gas chromatograms of hydrocarbon extracts were

generated using an Agilent Technologies 7890A gas

chromatograph with flame ionisation detector. Sam-

ples were separated using a 15 m 9 0.32 mm

9 0.1 lm Zebron ZB-5HT (5 % phenyl, 95 % dim-

ethylpolysiloxane) Inferno column with a 5 m 9

0.25 mm inert guard column (Phenomenex Australia,

Lane Cove, NSW, Australia). Operating conditions

were as follows: The oven temperature was pro-

grammed at 40 �C for 3 min followed by a linear

increase to 375 �C at 25 �C min-1, held at 375 �C for

5 min. Injector and detector temperatures were main-

tained at 300 and 380 �C, respectively. Hydrocarbon

concentration was quantified according to defined

hydrocarbon fractional ranges (C10–14, C15–28, C29–36,

C37–40) using Window defining standards (Accustan-

dard Inc., New Haven, CT, USA). Hydrocarbon

concentrations were reported per g freeze-dried soil.

TPH concentration was quantified according to Dan-

die et al. (2010). Surrogate recovery during TPH

quantification ranged from 94 to 103 % while results

of duplicate analysis of the same sample showed a

standard deviation of less than 8 %.

DNA extraction and PCR

Microbial community DNA was extracted directly

from the slurries collected on day 0 and weeks 2, 3, 4,

and 6 using the UltraClean Soil DNA kit (MoBio

Laboratories, Solana Beach CA) and PCR amplifica-

tion of 16S rDNA genes was performed using primer

pair 341FGC and 518R (Muyzer 1993) as described by

(Sheppard et al. 2011). The cycling conditions were as

Table 1 Hydrocarbon concentration following slurry phase treatment of hydrocarbon contaminated soil

Slurry Treatment Time

(weeks)

Hydrocarbon (mg kg-1)

C10–C14 C15–C28 C29–C36 C37–C40 C10–C40

NA No amendments 0 4005 ± 980 72910 ± 11825 43440 ± 7400 24600 ± 4630 144955 ± 24650

NA No amendments 6 1445 ± 290 73535 ± 8110 49950 ± 7350 24885 ± 5820 149815 ± 16585

NP Nitrogen and phosphorus

(N–P) addition

6 870 ± 370 42260 ± 5060 28860 ± 2875 15935 ± 1395 87925 ± 9635

AS Activated sludge plus

N–P addition

6 550 ± 210 34750 ± 6240 23780 ± 3980 13450 ± 2340 72530 ± 12765

KAS Killed activated sludge

plus N–P addition

6 760 ± 100 42580 ± 6465 28420 ± 5350 15720 ± 4215 87480 ± 16050

Data represents the mean and standard deviation of quadruplicate slurry samples
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follows: 1 cycle at 95 �C for 5 min, 30 cycles of 45 s

at 94 �C, 45 s at 58 �C and 45 s at 72 �C and a final

extension at 72 �C for 10 min.

DGGE and sequence analysis

DGGE was carried out on selected PCR amplicons on a

Universal Mutation Detection System D-code apparatus

(Biorad, CA, USA) with a 9 % polyacrylamide gel using

a 40–60 % denaturing gradient at 60 �C for 20 h. DGGE

gels were silver stained (Girvan et al. 2003), scanned and

saved as tiff files with an Epson V700 scanner. Digitised

gel images were then analysed with TotalLab analysis

package (Non-linear Dynamics, USA). Unweighted pair

group with mathematical averages (UPGMA) dendro-

grams were then generated with TotalLab and bacterial

community diversity determined with Shannon–Weaver

Diversity Index (H0) using the formula—
P

pi LN pi

(Girvan et al. 2003). Where necessary data were

transformed and statistical significance was determined

in replicate samples comparison by either T test or

analysis of variance (ANOVA) and Tukey tests (Sigma

Stat 2.03, Systat, London). Bands of interest were

excised and incubated in nuclease free water overnight at

70 �C and re-amplified with 341F-GC and 518R and

their sequence identities determined as described in

(Aleer et al. 2011).

Statistical analyses

Principal component analysis (PCA) was carried out

using SPSS version 19 on the matrix data obtained

from Phoretix 1D analysis (TL 120) as described

previously (Adetutu et al. 2012b).

Results and discussion

Slurry phase hydrocarbon biodegradation

In order to assess the degradative potential of biore-

mediation strategies for the treatment of hydrocarbon

contaminated soil, three different slurry treatments

were prepared: (i) hydrocarbon-contaminated soil plus

water, (non-amended slurries, i.e. natural attenuation),

(ii) hydrocarbon-contaminated soil plus water and

nutrients (nutrient slurries, i.e. ENA), (iii) hydrocar-

bon-contaminated soil plus activated sludge and

nutrients (augmented slurries, i.e. bioaugmentation).

In addition, a fourth slurry treatment was prepared

(hydrocarbon-contaminated soil plus autoclaved acti-

vated sludge and nutrients) to act as a control for

bioaugmentation investigations.

Table 1 and Fig. 1 show the concentration of C10–

C14, C15–C28, C29–C36, C37–C40, and C10–C40 hydro-

carbon fractional ranges at the start of slurry phase

treatment (T = 0) and at the end of the 6 week

treatment period. In slurries without nutrient or

inoculum amendments, some variability in hydrocar-

bon concentration was observed, due to soil hetero-

geneity, however, no significant difference in C15–

C28, C29–C36, C37–C40, and C10–C40 hydrocarbon

fractional range concentrations (P [ 0.1) was

observed over the 6 week treatment period (Table 1).

Nitrogen and phosphorus concentrations were low in

this soil and slurry system (\1 mg kg-1) which

presumably restricted hydrocarbon degradation due

to nutrient limitations (Tyagi et al. 2011). In contrast,

in nutrient amended slurries where nitrogen and

phosphorus were added to stimulate bacterial growth,

a significant decrease (P \ 0.001) in all hydrocarbon

fractional ranges was observed (Table 1; Fig. 1).

Following 6 weeks treatment, the concentration of

C10–C40 hydrocarbons was reduced by 41.3 ± 6.4 %

although 87.9 ± 9.6 g C10–C40 hydrocarbons kg-1

was still present in soil recovered from the slurry

reactor. Presumably, longer treatment times may

result in further removal of hydrocarbons, however,
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Fig. 1 Hydrocarbon concentration (filled square C10–C14; open
square C15–C28; C29–C36; C37–C40) following 6 weeks of

slurry phase treatment of hydrocarbon contaminated soil.

Treatment strategies included no amendments (NA), nitrogen

and phosphorus (N–P) addition (ENA), activated sludge plus N–P

addition (AS) and killed activated sludge plus N–P addition

(KAS). The hydrocarbon concentration in the soil prior to

treatment is also shown (soil T = 0). Data represents the mean

and standard deviation of replicate (n = 4) samples
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the rate of hydrocarbon removal may be slower than

initial rates due to the utilisation of the labile

hydrocarbon pool and the decreased flux of C10–C40

hydrocarbons from the sorbed to aqueous phase

(Dandie et al. 2010).

In slurries amended with nutrients and activated

sludge, hydrocarbon removal for all fractional ranges

was enhanced following 6 weeks of treatment com-

pared to other treatments (Table 1; Fig. 1). The

concentration of C10–C40 hydrocarbons was reduced

to 75.5 ± 12.8 g C10–C40 hydrocarbons kg-1 (i.e.,

51.6 ± 8.5 % removal) compared to 87.5 ± 16.0 g

C10–C40 hydrocarbons kg-1 (i.e. 41.6 ± 10.7 %

removal) for slurries amended with nutrients and

autoclaved sludge. Although hydrocarbon biodegra-

dation was enhanced through the addition of activated

sludge, the reduction in total hydrocarbon concentra-

tion was not statistically significant compared to slurry

treatments where nutrients were added alone

(P = 0.1025) or where nutrients and autoclaved

sludge (P = 0.1951) was added. However, the

decrease in C29–C36 hydrocarbon concentration was

significant (P \ 0.1) compared to treatments without

‘active’ sludge amendments. The statistical signifi-

cance of hydrocarbon biodegradation results between

slurry treatments with and without activated sludge

amendments was in part due to the large standard

deviations associated with the determination of hydro-

carbon concentration resulting from heterogeneity

issues associated with complex samples of this nature.

Microbial diversity in slurry bioreactors

Microbial diversity in hydrocarbon slurries was mon-

itored at the start of the experiment (day 0) and on

weeks 2, 3, 4 and 6 and compared with that of the

activated sludge (Fig. 2). The dendrogram created

from the DGGE gel showed four distinct community

clusters associated with (1) the activated sludge

(inoculum); (2) bioaugmented slurries with N–P

additions at day 0; (3) bioaugmented slurries with

N–P additions at weeks 2, 3, 4 and 6 and (4) slurries

with autoclaved sludge and N–P additions (bioaug-

mentation negative control). A clearer representation

of the four clusters can be seen through PCA (Fig. 3).

Microbial diversity in the bioaugmented (activated

sludge plus N–P addition) and killed control slurries

(autoclaved sludge plus N–P addition) from weeks 2

to 6 remained stable resulting in the formation of two

different clusters. This suggests that once the hydro-

carbon-degrading community becomes established

following an initial acclimation period (2 weeks), it

remains stable throughout the degradation period. The

augmented and killed control slurries corresponding to

day 0 also form a different cluster which is explained

by the fact that the activated sludge had just been

added to the soils creating a new microbial commu-

nity. As expected, the activated sludge profile also

forms a distinct cluster since it was obtained from a

different source (Australian wastewater treatment

plant) to the contaminated soil.

Dominant microorganisms in slurry phase

bioreactors

In order to identify the microbial component that may

be responsible for hydrocarbons degradation

(Table 1), prominent bands in the DGGE gel were

excised from the activated sludge and the bioaug-

mented slurries (Fig. 4). This approach allowed for the

identification of dominant organisms within slurry

phase microbial communities and their potential

ability to degrade hydrocarbons through database

searches. Some of the excised bands (bands 1, 2, 3 and

4; Fig. 4) were only present in the bioaugmented

slurries but not in the activated sludge alone suggest-

ing that these bacteria were dominant organisms in the

original hydrocarbon-contaminated soil. Six bands

from day 0 of the bioaugmented slurries were retri-

eved. Bands 1 and 2 matched with a Chitinophagaceae

bacterium (98 and 97 % similar respectively) found in

soil in an alkb gene diversity study (Schulz et al. 2012)

suggesting the presence of hydrocarbon degrading

potential. The genus Terrimonas of the Chitinophaga-

ceae family has been suggested to play an important

role in the degradation of anthracene in municipal solid

waste composting soil (Zhang et al. 2011). Band 3 was

similar (100 %) to an uncultured Haliscomenobacter

sp. Clone (EMBL Accession number: AEE50658). The

strain Haliscomenobacter hydrossis DSM 1100 con-

tains an aromatic hydrocarbon degradation membrane

protein (Daligault et al. 2011) and has been implicated

in hydrocarbon degradation (Table 2).

An uncultured Aquabacterium sp. clone was the

closest match to band 4 (100 %). The recently proposed

species Aquabacterium njensis strain HMGZ-01 T was

isolated from hydrocarbon-contaminated soil in New

Jersey and a preliminary screen of known alkane

Biodegradation (2012) 23:813–822 817
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oxidation enzymes identified two alkane monooxygen-

ase (alkB) genes, confirming its ability to degrade

hydrocarbons (Masuda 2009). Moreover, the methylo-

troph Methylibium petroleiphilum, a methyl tert-butyl

ether, benzene, toluene, xylenes and phenol degrader

(Deeb et al. 2001) is closely related to the Aquabacte-

rium genus within the Sphaerotilus-Leptothrix group

(Nakatsu et al. 2006). The detection of a large number

of methylotrophs in hydrocarbon-contaminated envi-

ronments such as in plumes from the recent Deepwater

Fig. 2 UPGMA

dendrogram of 16S rDNA

based DGGE profiles of

bacterial communities in

activated sludge (S) and

slurries containing

hydrocarbon-contaminated

soil and bioaugmented

activated sludge plus N–P

addition (AS) and killed

activated sludge plus N–P

addition (KAS). Scale refers

to percentage similarity.

Subscript numbers refer to

sampling time points (0, 2,

3, 4 and 6 weeks) while

subscript letters (A and B)

refer to duplicate samples

Fig. 3 Principal

component analysis of the

DGGE showing the

difference in microbial

communities of samples

from activated sludge

(S) and slurries containing

hydrocarbon-contaminated

soil and bioaugmented

activated sludge plus N–P

addition (AS) and killed

activated sludge plus N–P

addition (KAS). Subscript
numbers refer to sampling

time points (0, 2, 3, 4 and

6 weeks) while subscript
letters (A and B) refer to

duplicate samples
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Horizon oil spill (Redmond and Valentine 2011)

suggest an important role in the degradation of

hydrocarbons for these species. Bands 5 and 6 were

closely related (95 and 94 % respectively) to an

uncultured bacterium from west Pacific deep sea

sediments which have not been linked to hydrocarbons

degradation (Zeng et al. 2010).

It is well known that the metabolic capacity of

complex microbial communities found in activated

sludge is diverse due to the enrichment on a variety of

organic and inorganic constituents found in waste

water treatment facilities. As a result, determining the

identity of dominant organisms may provide qualita-

tive information regarding their catabolic potential.

Identifying prominent bacterial species in the acti-

vated sludge was achieved by excision and sequencing

of 10 bands (7-17, Fig. 4) from the DGGE gel. Two

bands (7 and 8) were similar (99 and 98 % respec-

tively) to an uncultured Chloroflexi bacterium clone.

Several Chloroflexi species have been found in

hydrocarbon-contaminated environments. An uncul-

tured Chloroflexi bacterium, previously reported from

a heavy metal-contaminated site, was the most dom-

inant member of a microbial community isolated from

a petroleum-contaminated aquitard (Van Stempvoort

et al. 2009). In more recent studies, members of the

Chloroflexi have been detected in a BTEX-contami-

nated aquifer (Berlendis et al. 2010) and in clone

libraries from 13C-labelled and unlabelled fractions of

DNA after 13C-toluene consumption from a tar-oil-

contaminated aquifer sediment (Winderl et al. 2010).

Other prominent bands within the activated sludge

(9 and 10) were closely related (96 and 98 %

respectively) to an uncultured bacterium isolate with

a trimethylamine (TMA)-degrading protein-like gene.

Although the closest match to band 11 was an

uncultured bacterium not linked to hydrocarbon

degradation (94 %), the sequences obtained from

bands 12 and 13 were closely related to a Burkholder-

iales bacterium (97 %) and an uncultured Klebsiella

clone (100 %) respectively. Several members of Burk-

holderiales and Klebsiella have been linked to the

degradation of hydrocarbons (Chamkha et al. 2011;

Chunyang et al. 2010; Pérez-Pantoja et al. 2011;

Rodrigues et al. 2009). Members of the Burkholderiales

have been found in two consortia with the ability to

degrade aliphatic and aromatic hydrocarbon binary

mixtures (Bacosa et al. 2010, 2011). Moreover, recent

studies have determined the presence and organization

of genes encoding oxygenases involved in aromatics

degradation in several Burkholderiales genomes

(Pérez-Pantoja et al. 2011) while bacteria related to

the Burkholderiaceae were also found to be associated

with anaerobic benzene degradation (van der Zaan

et al. 2012). Furthermore, there is a large number of

Klebsiella strains capable of hydrocarbon degradation

(Rodrigues et al. 2009). Recently, the species Klebsiella

aquatica was also found to degrade polyaromatic

hydrocarbons (Chunyang et al. 2010) while Klebsiella

oxytoca can degrade crude oil (Chamkha et al. 2011).

Fig. 4 DGGE analysis of 16S rRNA gene fragment of total

bacterial population from the activated sludge and bioaugment-

ed slurries at day 0. Excised and sequenced bands are marked on

the gel. Lanes represent microbial communities from activated

sludge (S) and slurries containing hydrocarbon-contaminated

soil and bioaugmented activated sludge plus N–P addition (AS)

and killed activated sludge plus N–P addition (KAS). The

subscript number refer to sampling time point (time = 0 weeks)

while subscript letters (A and B) refer to duplicate samples
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These two bands were also the most prominent ones in

the bioaugmented slurries throughout the 6-week

treatment period suggesting that they are important

members of the hydrocarbon degrading community.

Bands 14, 15 and 16 matched (99, 92, 99 % respec-

tively) with uncultured bacteria found in an aquifer, a

reactor and a hypersaline microbial mat respectively

but have not been associated with hydrocarbons

degradation.

An uncultured Proteus sp. isolate was the closest

match to band 17 (90 %). Strain LM 18-6 identified as

Proteus mirabilis, was isolated from a gasoline-

contaminated soil and was able to degrade methyl-

tert butyl ether (Muñoz-Castellanos et al. 2006).

Moreover, another study reported that a Proteus

mirabilis strain was resistant to heavy metals, and it

was also shown to utilize aromatic hydrocarbons as a

sole source of carbon and energy (Filali et al. 2000).

Identifying microorganisms closely related to Klebsi-

ella, Chloroflexi and the Burkholderiales order in the

activated sludge suggests the capability of this inoc-

ulum to enhance slurry phase biodegradation due to

the potential role these organisms play in hydrocarbon

degradation following bioaugmentation.

Conclusion

In this study, the indigenous microbial population in a

long-term hydrocarbon contaminated soil was able to

degrade hydrocarbons in the C10–C40 fraction range

once nutrients were made available. The indigenous

population was highly diverse and contained hydro-

carbon-degrading bacteria such as members of the

Aquabacterium and Haliscomenobacter genera. More-

over, bioaugmentation of soil slurries with activated

sludge resulted in the enhanced capacity to biodegrade

hydrocarbons. The addition of activated sludge con-

taining microorganisms in the Klebsiella genera and

Burkholderiales order, enhanced hydrocarbon degra-

dation although longer degradation timeframes may

be required to demonstrate the potential of this

approach.

Table 2 Closest relatives of band sequences excised from the DGGE in Fig. 4

Sample Band Closest relative Accession number % Similarity

AS0
a 1 Chitinophagaceae bacterium MS281c JN616363 98

AS0 2 Chitinophagaceae bacterium MS281c JN616363 97

AS0 3 Uncultured Haliscomenobacter sp. clone WR41 HM208523 100

AS0 4 Uncultured Aquabacterium sp. clone RUGL1-394 GQ420898 100

AS0 5 Uncultured bacteria partial 16S rRNA gene, isolate DGGE band WP02-3-8 AM292550 95

AS0 6 Uncultured bacteria partial 16S rRNA gene, isolate DGGE band WP02-3-8 AM292550 94

Sb 7 Uncultured Chloroflexi bacterium clone MSB-5A8 DQ811890 99

S 8 Uncultured Chloroflexi bacterium clone MSB-5A8 DQ811890 98

S 9 Uncultured bacterium isolate DGGE gel band D3 TMA-degrading

protein-like gene

EF521194 96

S 10 Uncultured bacterium isolate DGGE gel band D3 TMA-degrading

protein-like gene

EF521194 98

S 11 Uncultured bacteria partial 16S rRNA gene, isolate DGGE band WP02-3-5 AM292547 94

S 12 Uncultured Burkholderiales bacterium clone PSB011.C21_P16 GU300280 97

S 13 Uncultured Klebsiella sp. clone G2-4 GQ471877 100

S 14 Uncultured bacterium clone B3_37 HM228719 99

S 15 Uncultured bacterium isolate DGGE gel band 14 FJ499355 92

S 16 Uncultured organism clone SBYH_3324 JN456305 99

S 17 Uncultured Proteus sp. isolate DGGE gel band UC05-3 JF833134 90

a Activated sludge plus N–P addition at time = 0 days
b Activated sludge inoculum
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