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Abstract
Purpose We studied the effect of alternations of aeration on
both the autochthonous bacterial communities from an oily
sludge to the endogenous polycyclic aromatic hydrocarbons
(PAH) biodegradation compared to a permanent oxic
condition.
Methods Genomic and transcriptional analyses associated
with chemical measurements were used to assess the
dynamics of bacteria coupled to PAH removal during an
incubation of 26 days.
Results and conclusions The autochthonous bacterial com-
munities of an oil sludge showed a strong potential to adapt
and degrade PAH when they were subjected to alternating
anoxic/oxic conditions, as well as under an oxic condition.
In addition, changes in the bacterial communities were
related to the different phases of hydrocarbon degradation,
and the removal efficiency of PAH was similar in both
switching and permanent oxic conditions. This methodol-
ogy could be useful for an alternative solution of oil sludge
treatment with a low-cost processing, as its efficiency is

similar to that of a permanent oxic incubation which is
more expensive in oxygen supply.
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1 Introduction

Among the organic pollutants detected in contaminated
environments, hydrocarbons represent the most wide-
spread concern because of their persistence and toxicity
to biological functions (Doyle et al. 2008). The toxic oil-
recovery wastes and oil sludge can be treated by various
physiochemical methods that are very expensive
(Boopathy 2000; Vidali 2001), but biodegradation repre-
sents an alternative approach for the removal of organic
chemicals from contaminated sites. In fact, microorgan-
isms are known to have a strong potential for the
degradation of a wide range of organic chemicals, either
in oxic or in anoxic conditions (Heider et al. 1999; Head et
al. 2006). Several techniques including bioaugmentation
or biostimulation of such environments have been reported
to be efficient (Juteau et al. 2003; Chaîneau et al. 2005). In
the context of bioremediation, most studies were restricted
to either oxic or anoxic conditions for the biodegradation
processes (Eriksson et al. 1999; Boopathy 2004; Gafarov
et al. 2006). Nevertheless, oxic/anoxic switches could be
useful for a new strategy of bioremediation, by using the
different biodegradation capacities of autochthonous bac-
teria. Indeed, two previous studies have focused on this
alternative method with a specific interest on the fate of
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hydrocarbons (Löser et al. 1998; Vieira et al. 2009) but not
addressing the microbial communities. Even though,
bacteria have demonstrated to play a major role in the
transformation and biodegradation of organic pollutants
(Lovley 2003). Thus, the understanding of their role and
behavior in the biodegradation processes of contaminated
environments and their responses to environmental pa-
rameter changes are necessary to improve bioremediation
processes.

Molecular-based techniques are useful to assess the
dynamics and the involvement of microbial communities
in polluted environments. Most studies have focused on the
characterization of bacterial communities at a genomic level
during long treatment periods, without differentiating
between living, dormant, and dead microbial cells
(McNaughton et al. 1999; Iwamoto et al. 2000; Mills et
al. 2003). However, the characterization of the metaboli-
cally active microflora is of particular importance in
obtaining a global picture of the true bacterial community
involved in the removal of contaminants. Recent studies
have combined both genomic and transcriptional analyses,
giving a more complete vision of the total microbial
community and its active fraction (Nogales et al. 2001;
Moeseneder et al. 2005; Mills et al. 2005; Gentile et al.
2006).

The aim of this work was to characterize the successive
changes in the total and active autochthonous bacterial
communities in relation to polycyclic aromatic hydro-
carbons (PAH) depletion in an oil sludge during periodical
anoxic/oxic switches, using genomic and transcriptional
analyses. The impact of oxic/anoxic alternations has not so
far been studied, simultaneously for both the dynamics of
microbial communities and hydrocarbon degradation.

2 Materials and methods

2.1 Sludge sample and slurry preparation

The sample used in the experiments was collected from a
sedimentation tank supplied with discharges from a
petrochemical industry treatment plant to contaminated
rainfall water from these industrial areas (Etang de Berre,
south of France; 43°29′05″ N, 5°11′17″ E). This sample
was a viscous sludge composed of aged organic matter and
sediment subjected to long-term contamination by a wide
range of petrochemical products.

A slurry was obtained by homogenization of 20% (w/v)
oily sludge with a mineral medium (grams per liter of
distilled water): CaCl2.2H2O, 0.04; KH2PO4, 0.1; NaCl,
6.56; NH4Cl, 1; MgSO4, 0.2; KCl, 0.1; vitamin V7 solution

(Pfennig and Trüper 1992), 1 ml; trace element solution
SL12 (Overmann et al. 1992), 1 ml; selenite–tungstate
solution (Widdel and Bak 1992), 1 ml; pH 7.4.

2.2 Reactor systems and experimental conditions

The experimental system employed in this study consisted
of two reactors with a working volume of two liters in batch
conditions with stirring (350 rpm). The slurry (1.5 l) was
distributed in each reactor.

One reactor was maintained in permanent aeration with
an oxygen concentration over 2 mg/l. The second was
exposed to two anoxic/oxic periods of 10 days in the anoxic
condition and 3 days in the oxic condition. Aeration in the
reactors was provided by filtered air using bubble diffusers,
and the anoxic condition was obtained by stopping the
aeration. The reactors were incubated at room temperature
in the dark during 26 days. During the incubation, the
temperature ranged from 22°C to 27°C, and the pH ranged
from 6.5 to 8. The oxygen concentrations were over 2 mg/
l during the oxic periods and 0 mg/l during the anoxic
periods. Sampling for chemical and bacterial analyses was
carried out in both reactors at the beginning of incubation
(t0, no aeration in either reactors), after 10 days (t10), after
13 days (t13), after 23 days (t23), and finally, after 26 days
(t26).

2.3 Total DNA and RNA isolation

At the time of each switch, 2 ml in duplicates from both
reactors was collected to centrifuge at 4°C for 5 min at
10,000×g. Pellets were stored at −80°C until nucleic acid
extraction. DNA and RNA of the total bacterial community
were extracted using the Ultra Clean Soil DNA kit (MoBio
Laboratories) and RNA Powersoil Total RNA Isolation Kit
(MoBio Laboratories), respectively, according to the man-
ufacturer's instructions. All extractions were performed in
duplicates.

2.4 Reverse transcription of total RNA

Reverse transcriptions were performed on the RNA
extracts with High Capacity cDNA Reverse Transcription
Kit (Applied Biosystems) with the modification of using
the 1387R primer (5′-GGGCGGWGTGTACAAGGC-3′)
(Marchesi et al. 1998) instead of random primers.
Degradation of DNA was ensured by two DNAse treat-
ments with Turbo DNA-free Kit (Ambion, Applied
Biosystems) according to the manufacturer′s instructions.
Complementary DNA (cDNA) was stored at −20°C prior
to amplification. DNA contamination of RT samples was

Environ Sci Pollut Res (2011) 18:1022–1032 1023



controlled by amplifying nonreversed transcript samples
prior to PCR amplification.

2.5 DNA and cDNA amplification, purification,
and T-RFLP analysis

DNA and cDNA were amplified using bacteria primers 63F
(5′-CAGGCCTAACACATGCAAGTC-3′) and 1387R
(Marchesi et al. 1998). The primer 63F was labeled at the
5′ end with the phosphoramidite carboxyfluorescein dye
FAM. For each amplification reaction, 1 μl of diluted DNA
extract (1/5) or 2 μl of cDNA sample was added to the PCR
mix to a final volume of 50 μl. The mix consisted of 50 mM
buffer, 0.4 mM dNTP, 0.2 μM of each primer, and 1.25 U of
Taq polymerase (Ozyme). DNA was amplified in a thermo-
cycler (Eppendorf) using the following amplification pro-
gram: 95°C for 5 min (1 cycle), 45 s for 95°C, 58°C for 45 s,
72°C for 1 min (35 cycles), and 72°C for 10 min (1 cycle).

PCR products were purified with GFX PCR Purifi-
cation Kit (Amersham Biosciences) and digested with
3 U of HaeIII or 3 U of HinfI in a total volume of 10 μl
at 37°C for 3 h. These enzymatic restrictions (1 μl) were
mixed with 20 μl of deionised formamide and 0.5 μl of
internal size standard (TAMRA Size Standard Gene
Scann-500, Applied Biosystems). The samples were
denaturated for 5 min at 95°C and immediately chilled
on ice then electrophoresed in a capillary electrophoresis
(ABI Prism 310 Genetic Analyser, Applied Biosystems).
The lengths of fluorescently labeled terminal restriction
fragments (TRFs) were determined by comparison with
internal standards, using Genescan software (Applied
Biosystems). TRFs with a peak height lower than 30
fluorescence units were excluded from the analyses.
Similarities between communities were analyzed by
Principal Component Analysis and Cluster Analysis with
Primer 6 version 6.1.6 (Primer-E) using S17 Bray Curtis
similarity. Canonical Correspondence Analysis was per-
formed with MVSP v3.13p.

2.6 cDNA library and sequencing

Pooled RNA extraction duplicates from each bioreactor
sample were amplified as described above using 16S
ribosomal RNA (rRNA) bacteria primers 63F and 1387R.
PCR products were cloned into Escherichia coli using the
TOPO Cloning Kit (Invitrogen). The ligated plasmids were
transformed in Escherichia coli TOP10F′ (Invitrogen)
following the manufacturer′s instructions. Cloned 16S
rRNA gene fragments were amplified using primers M13
surrounding the cloning site. Inserts were sequenced by
GATC Biotech SARL (Konstanz, Germany). Sequences

(about 850 bp) were first analyzed using the CHECK
CHIMERA program on the Ribosomal Database Project
website (http://rdp8.cme.msu.edu/html/) (Cole et al. 2003).
Then, the sequences were compared with the GenBank
nucleotide database by basic local alignment search tool
online searches (Altshul et al. 1997). Multiple sequence
alignment of clones was performed using CLUSTALX

(Thompson et al. 1997). Phylogenies were constructed with
the Molecular Evolutionary Genetics Analysis version 3.0
(MEGA) program (Kumar et al. 2004) using the Kimura
(1980) two-parameter model and the neighbor-joining
algorithm (Saitou and Nei 1987). The significance of the
branching order was determined using bootstrap analysis
with 1,000 resampled data sets. Paleontological Statistics
version 1.60 software (http://folk.uio.no/ohammer/past/)
was used to perform rarefaction analysis and to calculate
diversity indices for each clone library, with the clone
phenotype similarity defined at 97% of the 16S rRNA gene
sequence similarity. In order to determine the significance
of differences between the clone libraries, the LIBSHUFF
(LIBrary SHUFFling) method was applied (Singleton et al.
2001).

2.7 Nucleotide sequence accession numbers

The sequences determined in this study have been
submitted to the EMBL database and assigned accession
numbers FN429386–FN429651.

2.8 Hydrocarbons extraction and purification

Ten milliliters of slurry were filtered through glass micro-
fiber filters (grade GF/F, Whatman). Filters were spiked
with five aromatic perdeuterated hydrocarbons surrogate
standard (LGC standard; Molshein, France) and then
extracted twice with 40 ml of dichloromethane in an
ultrasonic bath (15 min). Organic extracts were dried over
Na2SO4 and concentrated by rotary evaporation. Samples
were purified through low-pressure liquid chromatography
on an open silica–alumina column (saturate and aromatic
compounds were eluted simultaneously with a mixture of
dichloromethane/pentane, 20/80). The solvent was then
evaporated to 2 ml, and samples were analyzed by gas
chromatography coupled with mass spectrometry.

2.9 Hydrocarbons analysis

Hydrocarbons were analyzed with an HP 6890 N (Hewlett–
Packard; Palo Alto, CA, USA) gas chromatograph
connected to an HP MSD 5973 mass spectrometer. The
gas chromatograph was equipped with a capillary column
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HP 5 MS, 60 m×0.25 mm ID×0.25 μm film thickness. The
splitless injector temperature was maintained at 270°C. The
carrier gas (He) was maintained at 1 ml/min. The oven
temperature was programmed from 50°C (1 min) to 300°C
with a ramp of 5°C/min. Hydrocarbons were quantified
using the single ion monitoring mode with the molecular
ion for each compound at 1.4 cycles/s. The Chemstation
software was used for determining the concentration of
individual PAH in sediment samples. The analysis of
hydrocarbons was normalized with 17 αβ-hopane (m/z=
191) as a conserved internal standard according to Prince et
al. (1994).

3 Results and discussion

3.1 Removal of PAH

The concentration of total PAH in the sludge was about 62
±2 mg/g of dry sediment, with 61%, 30%, 8%, and 0.2% of
hydrocarbon molecules with 2, 3, 4, and 5–6 aromatic
rings, respectively. For each family of PAH, the abundance
of alkylated compounds appeared to be more important

than that of the parent compounds. This profile is typical of
petrogenic oil (Wang and Stout 2007).

Total PAH removal was about 93% after 26 days in both
the switching anoxic/oxic and permanent oxic conditions
(data not shown). By using the same incubation methods
with pristine sand contaminated with diesel, Löser et al.
(1998) observed less than 50% of diesel biodegradation and
noticed no difference of biodegradation efficiency between
the two conditions over a period of 27 days. In contrast,
Vieira et al. (2009) obtained similar total petroleum
hydrocarbon depletion than in our study by using the same
methodology, with addition of adapted bacteria. These
authors also observed a better efficiency when switching
between anoxic/oxic conditions.

Figure 1 shows the removal percentages of six families
of PAH for the five sampling points (t0, t10, t13, t23, and
t26) in the reactors. In the case of switching anoxic/oxic
condition, PAH were not, or weakly, depleted during the
first 10 days of the anoxic period. After the three
subsequent days of aeration (t13), an important removal
of PAH with two and three aromatic rings was observed
(Fig. 1a). After 23 days of incubation, they were all
depleted to about 95%. In contrast, fluoranthenes/pyrenes

Fig. 1 Removal percentages of
PAH families (parent and alky-
lated forms) during 26 days of
incubation for the switching
anoxic/oxic (a) and the perma-
nent oxic (b) reactors. white
diamond benzo(b)thiophenes,
black triangle naphthalenes,
black square fluorenes, straight
line phenanthrenes+anthracenes,
white circle dibenzothiophenes,
black diamond fluoranthenes
+pyrenes, multiplication symbol
chrysenes
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(4 aromatic rings) showed only a weak depletion at t10, and
chrysene (4 aromatic rings) removal started only after t13
(Fig. 1a). In the permanent oxic condition (Fig. 1b), the
lighter PAH (i.e., with 2 and 3 aromatic rings) were almost
completely removed after 10 days of incubation. In
contrast, fluoranthenes, pyrenes, and chrysenes (heavier
PAH) started to decrease in concentration only after 10 days
of incubation. The removal of the lighter PAH (2 and 3
aromatic rings) in both incubation conditions was obtained
either by the activity of aerobic autochthonous bacteria in
the oil sludge or by volatilization (in particular, of 2
aromatic rings), after the air supply. Furthermore, in the
switching anoxic/oxic condition, chrysenes and fluoran-
thenes showed a similar removal after only 3 days of
aeration (following 10 days of anoxia) than in the oxic
condition after 13 days. These hydrocarbons are known to
be relatively recalcitrant to natural degradation processes,
but their degradation has been reported both in anoxic
(Foght 2008) and oxic conditions (Peng et al. 2008),
sometimes in co-metabolism (Beckles et al. 1998; Baboshin
et al. 2008). In our study, the anoxic period appears to have
an influence on the degradation of these molecules,
probably by stimulating anaerobic metabolisms, thus
preparing the conditions for a better degradation by aerobic
metabolisms after the oxygen supply. Similarly, Abril et al.
(2010) and Bastviken et al. (2004) demonstrated that an
anoxic period preceding an oxic period promotes the
organic matter biodegradation. In addition, Hulthe et al.
(1998) showed that re-exposure to oxygen of oxic coastal
sediments buried to anoxia stimulates the biodegradation of
organic matter. Thus, a step of anoxia by switching between
anoxic/oxic conditions stimulates the biodegradation of
hydrocarbons (see discussion below). Further studies are
needed to understand the role of anaerobic metabolisms in
this process.

Moreover, the removal of alkylated forms of the
heavier PAH started in the same period as the parent
compounds in both reactors. These molecules were also
removed to similar proportions as the parent compounds
by the end of incubation (data not shown). This result is
surprising because alkylated hydrocarbons are more
complex molecules and known to be more persistent
than their parent compounds (Folsom et al. 1999). The
presence of an alkyl branch may inhibit the orientation and
accessibility of the PAH to dioxygenases (Seo et al. 2009).
Again, in our study, a step of anoxia before an oxic period
favored the degradation of alkylated compounds. In
addition, oxic/anoxic switches stimulate both anaerobic
and aerobic metabolisms, enhancing the degradation of
refractory organic compounds (Aller 1994; Hulthe et al.
1998).

3.2 Dynamics of bacterial communities in permanent oxic
and in switching anoxic/oxic conditions

The terminal restriction fragment length polymorphism (T-
RFLP) fingerprints, based on 16S rRNA genes from
bacterial communities, were analyzed from samples col-
lected in the two reactors subjected to switching anoxic/
oxic and permanent oxic conditions. Cluster analysis (data
not shown) showed that duplicate T-RFLP patterns have
more than 80% similarity; thus, the mean of the duplicates
is presented in the results.

The principal component analysis (PCA) based on T-
RFLP fingerprints accounted for 89% of the distribution
(Fig. 2) and showed strong changes in the bacterial
communities during the 26 days of incubation in both
reactors. When considering an average similarity of 50%,
the samples were distributed in three distinct groups. The
cluster a contained all samples collected in all reactors at t0.
All samples subjected to switching anoxic/oxic condition,
at t10, t13, t23, and t26, clustered together (cluster b). The
cluster c grouped all samples from permanent oxic

Fig. 2 Bacterial community structure assemblages from switching
anoxic/oxic (swi) to permanent oxic (ox) reactors. PCA based on the
analysis of T-RFLP patterns of PCR-amplified 16S rRNA gene (mean
of duplicates). Percent similarity represents the similarity between T-
RFLP profiles, based on the presence of common TRFs within the
profiles (Bray Curtis similarity). Each number corresponds to the day
of sampling relative to the start of the experiment. straight line 50% of
similarity, broken line 75% of similarity. Clusters a, b, and c
correspond to t0 of both conditions, t10, t13, t23, and t26 of switching
and permanent oxic conditions, respectively

1026 Environ Sci Pollut Res (2011) 18:1022–1032



condition. A modification of bacterial community struc-
ture between the initial time and the end of incubation in
switching anoxic/oxic and permanent oxic conditions
revealed an adaptation of each community, specific to
the incubation. The incubation mode during the first
10 days (i.e., oxic period in the case of permanent oxic
condition and anoxic period in the case of switching
anoxic/oxic condition) caused a disturbance on the

bacterial community with a selection of the most adapted
bacteria. These observations are in accordance with
previous studies that showed a disturbance and a
selection of adapted or resistant bacteria during a limited
period after a stress (Zucchi et al. 2003; Noll et al. 2005;
Konopka et al. 2007; Bressan et al. 2008).

When considering an average similarity of 75%, we
observed a differentiation in the bacterial community

Fig. 3 Canonical correspondence analysis between total PAHs, two
and three aromatic rings, chrysene and fluoranthene contents, and
oxygen and bacterial communities (mean of duplicates based on T-

RFLP profiles) from each reactor. OX permanent oxic condition, SWI
switching anoxic/oxic condition. Each number corresponds to the day
of sampling relative to the start of the experiment

Fig. 4 Cluster analysis of the metabolically active bacterial commu-
nities in switching anoxic/oxic (swi) and permanent oxic (ox) reactors,
based on T-RFLP patterns of 16S rRNA (mean of duplicates). Each
number corresponds to the day of sampling relative to the start of the

experiment. Clusters a, b, and c correspond to t0 of both conditions,
t10, t13, t23, and t26 of switching and permanent oxic conditions,
respectively
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structure between 13 and 23 days, i.e., after 3 days of
aeration following the 10 days of anoxia, in the switching
anoxic/oxic condition and between 10 and 13 days in the
permanent oxic condition. The air supply could be the
origin of the second disturbance in the case of the switching
anoxic/oxic reactor, but the same disturbance was observed
in the permanent oxic reactor. Thus, the air supply is not the
only factor that can explain the changes in the bacterial
community structure.

Figure 3 shows the influence of PAH concentrations on
the bacterial community distribution. Total PAH, two- and
three-aromatic ring hydrocarbons, and fluoranthene and
chrysene contents were the main variables measured that

accounted for 50% of the bacterial community distribution.
The pattern of bacterial community structures from the
switching condition followed the total PAH and two- to
three-aromatic ring hydrocarbon contents until 23 days
(axis 1). The pattern of community structures from the
permanent aeration condition followed the oxygen variable.
These results suggest a succession of bacterial populations
within each community due to the loss of available
substrates (depletion of a part of organic matter including
two- and three-aromatic ring hydrocarbons) and the
production of biosurfactants, facilitating the biodegradation,
and intermediate metabolites that can serve as new sources
of carbon, energy, or as co-metabolites. Similarly, Viñas et
al. (2005) described changes in bacterial communities
during the incubation in an aerated creosote-contaminated
soil due to changes of substrates during the kinetics of total
petroleum hydrocarbon depletion. Kaplan and Kitts (2004)
observed a change in a petroleum land unit community
after the fast-degradation phase. Thus, in our study, the air
supply could cause a rapid aging of slurry in the reactors, in
turn stimulating bacterial activity for the utilization and
transformation of substrates. The combination of these two
parameters (air supply and hydrocarbon utilization)
explains the changes in diversity by selecting the bacteria
most adapted to new environmental parameters, including
oxygenation and available substrates, in the course of the
incubation.

To confirm these observations and to have a true picture
of the active fraction of bacteria involved in the commu-
nities, we focused on the dynamics of the metabolically
active bacterial communities. Metabolically active bacterial
communities from both reactors were analyzed for the five
sampling points. As observed at the taxonomic level (16S
rRNA gene), clustering analysis of T-RFLP profiles based
on 16S rRNA transcripts (Fig. 4) showed three distinct
clusters. Cluster a contained the samples at t0 (average
similarity of 7%). Clusters b and c contained all samples of
the switching anoxic/oxic condition and of the permanent
oxic condition, respectively (average similarity of 27%),
highlighting that each incubation condition involved a
specific structure of the metabolically active bacterial
communities. In addition, the increase of similarity over
time, in both reactors (Fig. 4), showed constant changes in
both bacterial community structures, according to the
profiles of clusters b and c. These results confirm previous

Fig. 5 Relative abundance (%) of phylogenetic groups in 16S rRNA
clone libraries from the beginning of the experiment for both reactors (a)
and after 26 days of incubation for switching anoxic/oxic condition (b)
and permanent oxic condition (c). Gammaproteobacteria,
Alphaproteobacteria, Betaproteobacteria, Bacteroidetes

Fig. 6 Phylogenetic tree based on the analysis of 16S rRNA cloned
sequences (730-bp aligned) from 26 days of incubation in switching
anoxic/oxic condition (SWI) to permanent oxic condition (OX). The
name of the clone corresponds to the code of the reactor followed by
the number of the clone. Percentages of 1,000 bootstrap resampling
are shown above or near the relevant nodes. The scale bar
corresponds to 0.02 substitutions per nucleotide position

�
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observations, i.e., a selection of the bacteria most adapted to
the incubation pressures and a succession of bacterial
populations according to the sequential utilization of
substrates over time.

3.3 Characterization of metabolically active bacterial
communities by clone libraries

In order to further characterize the modifications observed
in the metabolically active bacterial community structures
in each reactor, cDNA libraries were constructed at t0 (pool
of the two reactors) and t26 (t26ox and t26swi) (Fig. 5). A
total of 266 sequences of 16S rRNA were analyzed. The
comparison of the clone libraries with LIBSHUFF high-
lighted that 16S rRNA transcript sequences of the three
libraries (t0, t26ox, t26swi) were significantly different
(XYt0 t26swi, P value=0.003; XYt0 t26ox, P value=0.001;
XYt26swi t26ox, P value=0.001). A rarefaction analysis was
performed in order to determine whether the number of
clones analyzed was representative of the diversity. Al-
though the curves did not reach a plateau (data not shown),
the homologous curves obtained by comparison of t0,
t26swi, and t26ox clone libraries with LIBSHUFF indicated
that the libraries were representative of the most abundant
populations in the original communities (high homologous
coverage at an evolutionary distance of up to 0.05) (data
not shown). The Simpson′s index of the three libraries was
0.1297 for t0, 0.8445 for t26 in the switching anoxic/oxic
condition, and 0.9317 for t26 in the permanent oxic
condition, revealing an important increase in diversity over
the 26 days of the experiment.

The three cDNA libraries showed that all sequences
clustered with the phylum Proteobacteria (Fig. 5). All
sequences obtained at t0 were related to the sequences
belonging to the Gammaproteobacteria, affiliated to Pseu-
domonadales (Fig. 5a). According to several reports, it was
not surprising to find an active bacterial community related
to Pseudomonas at the beginning of the experiment:
different substrates, including low-weight polyaromatic
compounds, are bioavailable for bacteria and could be
oxidized mainly by the pseudomonads (Singleton et al.
2005; Cappello et al. 2006; Popp et al. 2006). In addition,
several strains of the Pseudomonas genus have been
reported to produce biosurfactants (Ron and Rosenberg
2002). They can be considered as pioneer bacteria in the
degradation of PAH.

At the end of the experiment, in the switching
anoxic/oxic condition, Gammaproteobacteria (clone
sequences close to Pseudomonas genus; Fig. 6) were
dominant. Alphaproteobacteria (clone sequences close to
Stella, Caenimicrobium, Sphingomonas, Sandaracino-
bacter, Hyphomonas, Parvibaculum, Paracoccus, and
Rhodobacter genera; Fig. 6) and Betaproteobacteria

(clone sequences close to Ralstonia and Brachymonas
genera and to Burkholderiales; Fig. 6) were found at
lower percentages (Fig. 5b). In contrast, Alphaproteobac-
teria were dominant in permanent oxic condition
(Fig. 5c); Betaproteobacteria and Gammaproteobacteria
were present in lower abundance. In addition, few
members of the phylum Bacteroidetes were detected
(Fig. 6) and were closely related to Algoriphagus olei, a
new species isolated from an oil-contaminated soil
(Young et al. 2009). Most of the sequences obtained
were affiliated to strains isolated from oil-contaminated
sites (Greene et al. 2000; Singleton et al. 2006;
Shokrollahzadeh et al. 2008).

These results highlight an effective succession of
bacterial populations, in both reactors, related to the
incubation mode and to the changes in bioavailable
substrates over time. This phenomenon of successive
bacterial populations has been previously described by
Kaplan and Kitts (2004) who observed a dominance of
Flavobacterium and Pseudomonas during rapid hydrocar-
bon degradation in a petroleum land treatment unit,
followed by a dominance of other bacterial phylotypes.
They suggested specific bacterial phylotypes associated
with different phases of petroleum degradation. A similar
bacterial community succession was also observed by
Greene et al. (2000) in an enrichment of a soil with a
mixture of aromatic hydrocarbons.

This work highlights the link between the dynamics of
autochthonous bacterial communities and the degradation
of PAH in an oil-contaminated sludge subjected to
anoxic/oxic switches compared with a permanent oxic
condition. Genomic and transcriptional analyses of
bacterial communities appeared useful to obtain a global
picture of the dynamics of bacteria and for the charac-
terization of the metabolically active microflora. The
bioavailability of sources of carbon and energy and the
production of intermediate metabolites, whether toxic or
not, cause a rearrangement of the bacterial communities
with specific phyla associated with the different steps of
substrate biodegradation, i.e., a sequential utilization of
substrates. In addition, similar PAH removal efficiencies
in switching anoxic/oxic and permanent oxic conditions
were observed. Thus, autochthonous bacteria show a
strong ability to modify and adapt to changes of their
environment parameters (aeration versus anoxia). The
switching anoxic/oxic condition present the advantage to
be less expensive. According to the literature, switching
conditions provide less biomass during anoxic periods
and, consequently, less sludge to be eliminated in
posttreatment. This lower-cost method, without continu-
ous air supply, could be a useful approach for bioreme-
diation techniques especially for the treatment of PAH
contaminated sludge or effluents.
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