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A B S T R A C T

The aim of this study was to understand the role of indigenous soil microbial communities on the biodegrada-
tion of polycyclic aromatic hydrocarbons (PAHs) and to determine whether PAHs degradation potential in soils
may be evaluated by analysis of bacterial diversity and potential metabolisms using a metagenomics approach.
Five different soils were artificially contaminated with seven selected PAHs and the most abundant bacterial
taxa were assessed by sequencing the 16S rRNA gene, and linking them to PAH biodegradation efficiencies. A
PICRUSt approach was then led to estimate the degradation potentials by metagenomics inference.

Although the role of bacteria in PAHs degradation is not directly established here, the presence of a large
number of bacteria belonging to the Betaproteobacteria class correlated to a higher degradation of LMW PAHs. A
link with specific bacterial taxa was more difficult to establish concerning HMW PAHs, which seemed to require
more complex mechanisms as shown by PICRUSt.

1. Introduction

Polycyclic aromatic hydrocarbons (PAHs) are hydrophobic aromatic
compounds containing two or more fused phenyl and/or pentacyclic
rings in linear, angular or cluster arrangements [1,2]. They are known
to be carcinogenic, mutagenic and genotoxic to both aquatic and ter-
restrial organisms [3–5]. PAHs are semi-volatile ubiquitous pollutants
produced by incomplete combustion of organic material, such as fossil
fuel or garbage, and also come partly from petroleum product spillage
or from natural sources such as forest fires and volcanic eruptions [6,7].
Among these different sources, the major release of PAHs in the envi-
ronment is attributable to human activities, and they accumulate in soils
after their atmospheric emission and wet or dry deposition [8].

PAHs are known to cause adverse human and ecological health ef-
fects, and following their concentration and behavior in soils is essential
because soils are considered to be one of the most important natural re-
sources for Human beings [9]. PAH physico-chemical properties (high
chemical stability, low vapor pressure, low solubility, high water-or-
ganic carbon Koc partition coefficient) make them persistent in soils,
this persistence being also dependent on soil physico-chemical prop-
erties and soil microbial ecology [10–12]. Among remediation meth-
ods, natural bioremediation or enhanced biodegradation are commonly
studied approaches for the decontamination of polluted soils [13,14].
Indeed, microorganisms naturally present in soils are able to degrade
PAHs, either by metabolism (direct consumption by microorganisms)

or by cometabolism (indirect degradation). It is generally admitted
that bacteria are able to degrade low molecular weight (LMW) PAHs
[15,16], while fungi are more suitable to degrade high molecular weight
(HMW) PAHs (>4 aromatic rings) by extracellular enzymatic activities
[17–20]. Consequently, the presence of both bacteria and fungi shows
better degradation results [21].

Different bacteria have been described as capable of PAH degrada-
tion, and several strains that can grow using PAHs as sole carbon source
(by the metabolic way) have been isolated from soils. These bacteria be-
long to different classes such as α-, β- and γ-Proteobacteria [14,22,23],
Bacteroidetes [24], Actinobacteria [25], Nocardioides [26] or Firmicutes
[27]. Betaproteobacteria have also often been described as capable of
PAH degradation [22,28–30]. It has been shown that in an agricultural
soil, after 90 days of incubation with phenanthrene (PHE), pyrene (PYR)
or a mix of seven PAHs, the proportion of Betaproteobacteria increased
significantly, showing their degradation capacity [31]. Among Betapro-
teobacteria, the Burkholderiales order is particularly known to degrade
PAHs [32]. It has also been shown that Gammaproteobacteria are capa-
ble of PAH degradation [29,31], and particularly the Xanthomonadales
order [30,33].

Although most of the degrading bacteria already described are cul-
turable, i.e. able to grow on culture media, the vast majority of soil mi-
cro-organisms are not culturable (i.e. from 90% to 99.99% [34]). Sev-
eral techniques have been described to observe the whole community
structure and to quantify the microbial populations (e.g. DGGE [35];
ARISA [31]). The recent technological advances in sequencing technol
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Fig. 1. Location of the five sampling sites in the Seine river watershed, Normandy, France, and type of soil according to the World Reference Base for Soil Resources (WRB).

ogy now allow easier access to metataxogenomics, i.e. to read thousands
of 16S rRNA sequences per sample. In this context, the analysis of bac-
terial diversity may help to define the PAH degradation potential in a
sample by identifying bacteria known to be able to metabolize PAHs
and by determining their abundance [11,12,36,37]. Interestingly, this
metataxogenomics approach can be completed by a metagenomics ap-
proach [38–42]. Indeed, the genes present (and thus the degradation po-
tential) in the bacterial community could be predicted by inferring the
gene content for each OTU (Operating Taxonomic Unit) from the clos-
est sequenced genomes, via phylogenetic investigation of communities
by reconstruction of unobserved states (PICRUSt approach). The aim of
our study was to determine if the initial microbiological parameters of
natural soils might help to understand the degradation behavior of LMW
and HMW PAH in the case of an on-point contamination. In this con-
text, links between soil biological parameters (total abundance, diver-
sity, abundance of some particular bacteria described as capable of PAH
degradation in the literature and PICRUSt approach) and PAH biodegra-
dation were compared in five dissimilar freshly contaminated soils.

2. Materials and methods

2.1. Chemicals

All organic solvents were purchased from VWR (Fontenay sous Bois,
France) and were of HPLC grade. The seven selected PAH standards
were obtained from Sigma-Aldrich-Fluka (St Quentin Fallavier, France):
phenanthrene (PHE) and perdeuterated phenanthrene, fluoranthene
(FLT), pyrene (PYR), benzo[b]fluoranthene (BbF), benzo[k]fluoran-
thene (BkF), benzo[a]pyrene (BaP) and benzo[g,h,i]perylene (BghiP).

2.2. Soils, experiments and PAH analyses

2.2.1. Sampling sites
Five soils were collected from the surface horizon (0–15 cm) in

Northern France (Normandy) in spring 2012, and were sieved (2-mm

sieve). Sampling site locations are shown in Fig. 1. PPY and GCY soils
are agricultural Luvisols, which are located on the Seine river plateau
and were under permanent grassland and annual crops, respectively. Pv
and SER soils are Gleysols located close to the Seine river (periodically
flooded). The soil named TB is a forest soil (Gleysol), also located close
to the Seine River, and also periodically flooded [43].

2.2.2. Dissipation time-course studies
Each soil (triplicates for each date) was spiked with a total of

300 mg kg−1 of seven selected PAHs. The complete procedure, which
gives a good contamination homogeneity in the spiked soils without ad-
verse effects on the organic matter and microorganism communities, is
described in Crampon et al. [43]. PAH analyses were carried out just
after microcosm preparation and after 8, 30, 60 and 90 days of incu-
bation. Extractions were performed using a microwave-accelerated ex-
traction (MAE) technique on 1 g crushed dried soil [44]. Extracts were
analyzed with a 6850 gas chromatographer from Agilent (USA) cou-
pled with a 5975C mass spectrometer. The detection and quantification
thresholds, calculated respectively as 3 and 10 times the standard devi-
ation of the blank sample noise, were 1.5/5 µg L−1 for PHE, 2.5/8.5 µg
L−1 for FLT, PYR, BbF and BkF, 3.5/11.5 µg L−1 for BaP and 5/16.5 µg
L−1 for BghiP. Again, the complete procedure can be found in Cram-
pon et al. (2014) [43]. In this study, we decided to compare only the
biodegradation of LMW PAH to the biodegradation of HMW PAH in the
five soils. Consequently, the LMW PAH degradation corresponds to the
mean degradation of PHE, FLT and PYR (≤ 4 aromatic rings) and the
HMW PAH degradation corresponds to the mean degradation of BbF,
BkF, BaP and BghiP (≥ 5 aromatic rings). Degradation parameters were
represented by the percentage dissipated after 90 days (%90), by the
initial degradation speed (V0) and the time necessary for 50% PAH dis-
sipation (DT50) (supplementary material SM1).

2.3. DNA quantification and bacterial identification

Natural soils (in triplicates) were used for soil genomic DNA extrac-
tions using PowerSoil DNA isolation kit (Mo-Bio Laboratories) accord-
ing to manufacturer recommendations. Extracted DNA was quantified
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Table 1
Results of bacterial diversity analyses on the five studied soils. The diversity indexes were calculated with data from NGS sequencing (with the total number of observed OTUs, Chao1 being the specific richness index and Simpson the total diversity index) for
a similarity threshold of 97%.

GCY PPY Pv SER TB

Number of observed OTUs 951.79 ± 38.75 691.42 ± 38.59 779.93 ± 189.20 792.92 ± 167.58 743.70 ± 20.95
Inverted Simpson 238.75 ± 17.60 161.08 ± 16.89 196.85 ± 126.20 169.22 ± 118.88 64.78 ± 1.86
Chao1 2048.28 ± 187.79 1396.29 ± 65.94 1630.35 ± 380.59 1712.54 ± 263.12 1669.40 ± 89.32
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Fig. 2. (a) Proportions of different phyla or classes among the 50 first OTUs in terms of quantity and (b) Quantity of these phyla or classes as a sum of the observed OTUs.

Fig. 3. Dendrogram comparing the structure of the bacterial communities of the five stud-
ied soils. Dendrogram was built with UPGMA algorithm and from the Bray-Curtis distances
for a similarity threshold of 97%. The values next to the branches correspond to 1000
sub-samplings with normalization at 2463 sequences per sample.

using NanoDrop 2000 (Thermo Scientific) and samples were stored at
−20 °C before further analyses.

DNA samples were then prepared for 454 pyrosequencing after am-
plification using universal primers 27 F (5′ – AGA GTT TGA TCC TGG
CTC AG - 3′) and 533R (5′ – TTA CCG CGG CTG CTG GCA C - 3′), ex-
tended at the 5′ end by 10 bp multiplex identifiers (MIDs, Roche). Am-
plifications used GoTaq G2 Green Master Mix (Promega) and were car-
ried out during 30 cycles (30 s at 95 °C, 30 s at 60 °C, 30 s at 72 °C).

After quality checking by agarose gel electrophoresis and quantifica-
tion using NanoDrop, three independent PCR products per sample were
pooled together to minimize PCR bias on sequencing. One equimolar
mixture was then made from PCR products from the five soils.

454-pyrosequencing was carried out on a GS FLX 454 (Beckman
Coulter Genomics, USA). A sequencing half plate was used, which pro-
duced 316.5 megabases corresponding to 716,250 sequences having a
median size of 490 bp. Sequence analyses like reducing sequencing
error, removing chimeras, grouping into Operating Taxonomic Units
(OTUs), aligning to the SILVA database alignment, and classifying using
the RDP reference files were performed using MOTHUR software (ver-
sion 1.36.1), as recommended by its author [44].

As the two primers used for sequencing are tagged by a MID, it was
expected that approximately half of the sequences obtained were se-
quenced from each primer. In addition, because of stringent trimming,
we obtained a final sequence size of about 250 bp. Consequently, to fa

cilitate sequence alignment and thus further analyses, it was decided to
deal separately with the sequences obtained from the forward primer
(16S-0027 F, corresponding to the V1 and V2 16S rDNA regions) to
those obtained from the reverse primer (16S-0533R, corresponding to
the V3 16S rDNA region). In this paper, only the results from V1 and V2
16S rDNA regions are presented, as no major difference was observed
compared to the V3 region. The alpha diversity of the samples was es-
timated using the Chao1 richness estimators and the inverse Simpson
diversity index. To compare the community structures (beta diversity) a
dendrogram was constructed using the UPGMA algorithm (Unweighted
Pair Group Method with Arithmetic Mean) and the Bray-Curtis index.

All 16S rRNA gene sequences have been submitted to the NCBI Short
Read Archive under the Bioproject accession number PRJNA312913
(native soil).

2.4. PICRUSt approach

Gene prediction with phylogenetic investigation of communities by
reconstruction of unobserved states (PICRUSt) was used here to deter-
mine the degradation potential of the bacterial communities of the five
soils from 16S rRNA sequences obtained by pyrosequencing. PICRUSt is
a computational approach that enables to accurately predict gene fam-
ily of bacterial communities using 16S rRNA sequences, with the accu-
racy of 82–95% compared with metagenome. PICRUSt uses evolution-
ary modeling to predict metagenomes from 16S data compared with a
reference genome database.

Thanks to the composition of the bacterial communities in the five
studied soils, it was thus possible to predict the mean relative abun-
dances of gene functions, including PAH degradation. In the five studied
soils, OTUs (97% identity) deduced from the 16S rRNA sequences were
normalized by PICRUSt, i.e. each OTU count was divided by the 16S
rRNA copy number found in the corresponding ancestral genome in-
ferred. Then, the KEGG profiles (http://www.kegg.jp/) were calculated
with the PICRUSt algorithm from the metagenome inferred [38]. KEGG
pathways linked to PAH degradation were specifically extracted and
compared to soil degradation kinetic parameters for LMW and HMW
PAH.

3. Results and discussion

3.1. PAH degradation kinetics

Degradation kinetics of the seven spiked PAHs were monitored dur-
ing 90 days on the five studied soils and presented in a previous study
[43]. The degradation curves for the 7 studied PAHs in the five soils
and the summary of degradation results are however provided in the
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Fig. 4. Principal coordinate analysis (PCoA) showing the correlations between (i) phyla/classes abundance within the 50 first OTUs in terms of abundance in the 5 studied soils, (ii) the
diversity indexes calculated with data from NGS sequencing (Nb OTUs is the total number of observed OTUs, Chao1 the specific richness index and Simpson the total diversity index) for
a similarity threshold of 97% and (iii) the mean degradation efficiency (%90) of LMW and HMW PAHs in the five studied soils.

supplementary material (SM2). The shapes of these curves seem coher-
ent with the literature. A two-step degradation pattern was observed for
LMW PAHs [45], which first degrades rapidly before slowing down after
90 days when all the easily accessible PAHs have been degraded. The
remaining PAHs correspond to the low bioaccessible fraction [46].

Some parameters were evaluated thanks to the degradation kinetic
curves, especially for the LMW PAHs (PHE, FLT and PYR), for which
degradation was faster. DT50, corresponding to the time necessary for
50% dissipation, was measured (for PAHs having reached 50% dissi-
pation only), and the V0 parameter (corresponding to the degradation
rate in the first degradation step) was also measured for the three LMW
PAHs on the five soils (SM1). As previously explained, results will be
presented here as LMW vs HMW PAHs. Overall for the LMW PAHs, the
degradation was slow in PPY and GCY soils (low Vo values, high DT50
values), faster in SER and TB soils, and maximum in Pv soil (which pre-
sented the highest V0 value and the lowest value of DT50). The degrada-
tion of LMW PAHs was thus slow in Luvisols, and quite fast in the three
Gleysols. Trends were very similar between the V0 DT50 and the dissi-
pated percentage after 90 days (%90) for LMW PAHs (0.76 > r > 0.98,
Pearson’s correlation coefficients). Moreover, V0 and DT50 values are
not relevant for HMW PAHs (because of a too low or no degradation).
Consequently, the degradation results are only presented as mean dissi-
pated values after 90 days for LMW vs HMW PAHs in the present article.
As shown in previous papers, the soil parameters and the bioaccessibil-
ity of PAHs could not explain the observed differences in PAHs degra-
dation between the five soils, in the case of a recent PAH contamination
[43,47]. The bacterial diversity was hence more thoroughly studied for
the five soils, by sequencing the 16S rRNA gene and comparing these
results with the degradation efficiency.

3.2. Soil bacteria vs PAHs degradation

3.2.1. Bacterial diversity
To evaluate total bacterial diversity, a metagenomics approach tar-

geting the 16S rRNA gene (i.e. meta taxogenomics) was used. Universal
primers enable to estimate bacterial diversity through sequencing tech-
niques such as Roche 454 (pyrosequencing or 454 GS FLX, shotgun ap-
proach). This approach was applied to the five studied soils (in tripli-
cates for each soil). After demultiplexing and reduction of sequencing
errors, we obtained an average of 4000 sequences per replicate of soil,
with a median size for the sequences of 231 base pairs, corresponding to
the regions V1 and V2 of the ADNr 16S gene. Various analyses were car-
ried out using the Mothur software according the author’s recommen-
dations [44]. First, the alpha diversity of each soil was estimated with
the inverted Simpson and Chao1 indexes. These indexes estimates the
diversity and the species richness of each soil, respectively (Table 1, for
97% similarity corresponding to the species/genus level). The number
of sequences per sample (coverage) was sufficient to obtain a good esti-
mation of these diversity indexes. Overall, and whatever the similarity
threshold used to define the OTUs, we observed that the GCY soil pre-
sented the highest bacterial diversity (inverted Simpson) and the highest
species richness (Chao1; Table 1). Consequently, only the results with a
similarity threshold of 97%, i.e. corresponding to clustering at about the
genus level, are presented here.

Pv and SER soils presented an intermediate diversity and species
richness compared to the other soils, with however a great variability
between the replicates. TB soil presented the smallest diversity but the
species richness was comparable to those of Pv and SER soils. Lastly,
PPY soil presented a diversity comparable to those of Pv and SER soils,
but with the lower species richness.

5
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Fig. 5. Principal coordinate analysis (PCoA) showing the correlations between (i) the abundance of the 50 first OTUs in terms of abundance in the 5 studied soils (pls. refer to Table 2 for
OTUs correspondence) and (ii) the mean degradation efficiency (%90) of LMW and HMW PAHs.

A comparison of soil diversity at a high taxonomic rank (phylum or
class) among the 50 more abundant OTUs showed only few differences
between the five soils (Fig. 2). It can be noted that the proportions of Al-
pha-, Beta- and Gammaproteobacteria were quite similar for all the stud-
ied soils (Fig. 2a). However, in terms of quantity, the TB soil has a lower
diversity, more Proteobacteria represented in the 50 first OTUs (Fig. 2b),
and also more Betaproteobacteria. Finally, the structures of the bacterial
communities were compared by building a dendrogram from Bray-Cur-
tis distances at the threshold of 97% similarity (Fig. 3). This showed
good similarities between soils. Moreover, as expected, PPY and GCY
soils, which are physico-chemically and geographically close, showed
similar bacterial community structures. The three Gleysols were more
similar to each other and formed a group of three soils differing from
the Luvisols. The similarities of the bacterial communities between SER
and Pv soils were greater than with the TB soil.

The diversity results were compared to PAH degradation parame-
ters using principal coordinate analysis (PCoA) (Fig. 4). On one hand,
quite a good correlation (r = 0.619, Pearson’s correlation coefficient)
was observed between the Chao1 index and the degradation (%90) of
LMW PAHs. This correlation with LMW PAH degradation percentage af-
ter 90 days of soil ageing confirms that the abundance of some bacteria,
those capable of metabolizing these molecules, was an important factor
controlling their degradation. On the other hand, total diversity, repre-
sented by the Simpson index, as well as the total number of OTUs, had
little importance on PAH degradation, as observed in Fig. 4.

A higher degradation of HMW PAHs seemed to correlate here with a
higher abundance of three taxa: alpha- and gamma-proteobacteria classes,
and sphingobacteria phylum. The degradation of HMW PAHs was in-
deed higher in Luvisols, which are those containing the higher num-
bers of these taxa. The abundance of the other phyla/classes was hard
to correlate here with PAH degradation after 90 days (Fig. 4). The
capacity to metabolize PAHs is often strain dependent, thus the links

between degradation and soil bacteria were then analyzed for a finer
phylogenetic classification using another PCoA analysis (Fig. 5). Each
OTU number is represented in the PCoA (50 first OTUs in terms of abun-
dance), and the correspondence of these OTUs with their taxonomic
classification (obtained by comparison with the Genbank database, for a
97% similarity threshold) is presented in Table 2. We could first observe
from Fig. 5 that the abundance of more OTUs correlated to a higher
degradation of LMW PAHs compared to the phylum/class phylogenetic
range presented in Fig. 4.

Indeed, concerning the degradation of LMW PAHs, the abundance of
17 OTUs out of 50 correlated well together (OTUs n ° 1, 3, 6, 12, 15, 21,
24, 26, 28, 29, 33, 35, 39, 43, 44, 48 and 49; Fig. 5). Concerning HMW
PAH degradation, the percentage degraded after 90 days correlated well
to the abundance of 18 other OTUs (9, 11, 13, 14, 18, 22, 25, 27, 30,
31, 32, 34, 36, 41, 42, 45, 46 and 50). Of note, the number of OTUs
that correlated to degradation, whether LMW or HMW PAHs, was al-
most identical whatever the similarity threshold 90, 95 or 97% (data not
shown). Consequently, there were only a few species/genus per family
that correlated to PAH degradation. The adaptation to the degradation
of the PAHs seems therefore both a strain / species specific property but
is also distributed widely throughout the Bacteria domain.

It is interesting to note that for LMW PAHs, the best correlations
were observed for OTUs belonging to the Betaproteobacteria class, of
which members have been described many times as capable of de-
grading PAHs [22,28–31], even if correlation was not evident at the
phylum/class rank (Fig. 4). This observation shows that PAH degra-
dation capacity is probably not common to the whole Betaproteobac-
teria class. The Burkholderiales order (and in particular the genus Po-
laromonas) has been described as capable of degrading LMW PAHs [32],
and is commonly found in the literature. The abundance of Polaromonas
genus (OTU 26) actually showed a good correlation with LMW PAHs
degradation. In addition, the abundance of OTUs 43 and 44 (from the
Rhodocyclaceae family, in the Betaproteobacteria class) correlated to a

6
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Table 2
Taxonomic correspondences of the 50 first OTUs in terms of abundance in the five studied soils at a similarity threshold of 97% with percentages of similarity by comparison with GenBank database.

Embranchment Phylum Class Order Family Genus

Otu00001 Bacteria(100) Proteobacteria(100) Betaproteobacteria(100) – – –
Otu00002 Bacteria(100) Proteobacteria(100) Betaproteobacteria(100) – – –
Otu00003 Bacteria(100) Proteobacteria(100) Gammaproteobacteria(100) Xanthomonadales(100) Sinobacteraceae(100) Nevskia(100)
Otu00004 Bacteria(100) Proteobacteria(100) Betaproteobacteria(100) unclassified(100) – –
Otu00005 Bacteria(100) Proteobacteria(100) Betaproteobacteria(100) Burkholderiales(100) Comamonadaceae(100) Albidiferax(100)
Otu00006 Bacteria(100) Nitrospira(100) Nitrospira(100) Nitrospirales(100) Nitrospiraceae(100) Nitrospira(100)
Otu00007 Bacteria(100) Proteobacteria(100) Betaproteobacteria(100) – – –
Otu00008 Bacteria(100) Proteobacteria(100) Betaproteobacteria(100) Burkholderiales(100) Oxalobacteraceae(100) Undibacterium(100)
Otu00009 Bacteria(100) Proteobacteria(100) Alphaproteobacteria(100) Rhizobiales(100) Bradyrhizobiaceae(100) Bradyrhizobium(89)
Otu00010 Bacteria(100) Proteobacteria(100) Betaproteobacteria(100) Burkholderiales(100) – –
Otu00011 Bacteria(100) Proteobacteria(100) Alphaproteobacteria(100) Rhizobiales(100) – –
Otu00012 Bacteria(100) Proteobacteria(100) Betaproteobacteria(100) Burkholderiales(100) Burkholderiales_incertae_sedis(100) –
Otu00013 Bacteria(100) Proteobacteria(100) Betaproteobacteria(99) – – –
Otu00014 Bacteria(100) Proteobacteria(100) Betaproteobacteria(100) Burkholderiales(100) Oxalobacteraceae(100) Collimonas(100)
Otu00015 Bacteria(100) Proteobacteria(100) – – – –
Otu00016 Bacteria(100) Proteobacteria(100) Betaproteobacteria(95) – – –
Otu00017 Bacteria(100) Proteobacteria(100) Alphaproteobacteria(100) – – –
Otu00018 Bacteria(100) Acidobacteria(100) Acidobacteria_Gp1(100) Acidobacteria_Gp1_order_incertae_sedis(100) Acidobacteria_Gp1_family_incertae_sedis(100) Gp1(100)
Otu00019 Bacteria(100) Acidobacteria(100) Acidobacteria_Gp4(100) Acidobacteria_Gp4_order_incertae_sedis(100) Acidobacteria_Gp4_family_incertae_sedis(100) Gp4(100)
Otu00020 Bacteria(100) Proteobacteria(100) Gammaproteobacteria(100) Xanthomonadales(100) Xanthomonadaceae(100) Dyella(100)
Otu00021 Bacteria(100) Proteobacteria(64) – – – –
Otu00022 Bacteria(100) Proteobacteria(100) Gammaproteobacteria(100) Xanthomonadales(100) Xanthomonadaceae(100) –
Otu00023 Bacteria(100) Proteobacteria(100) Betaproteobacteria(100) – – –
Otu00024 Bacteria(100) Proteobacteria(100) Betaproteobacteria(100) – – –
Otu00025 Bacteria(100) Proteobacteria(100) Betaproteobacteria(100) – – –
Otu00026 Bacteria(100) Proteobacteria(100) Betaproteobacteria(100) Burkholderiales(100) Comamonadaceae(100) Polaromonas(100)
Otu00027 Bacteria(100) Acidobacteria(100) Acidobacteria_Gp1(100) Acidobacteria_Gp1_order_incertae_sedis(100) Acidobacteria_Gp1_family_incertae_sedis(100) Gp1(100)
Otu00028 Bacteria(100) Proteobacteria(100) Betaproteobacteria(100) Burkholderiales(100) Burkholderiales_incertae_sedis(98) –
Otu00029 Bacteria(100) Bacteroidetes(100) Sphingobacteria(100) Sphingobacteriales(100) Chitinophagaceae(100) –
Otu00030 Bacteria(100) Firmicutes(100) Bacilli(100) Bacillales(100) Bacillaceae_1(93) Bacillus(87)
Otu00031 Bacteria(100) Proteobacteria(99) – – – –
Otu00032 Bacteria(100) Proteobacteria(100) Alphaproteobacteria(100) Alphaproteobacteria_order_incertae_sedis(75) Alphaproteobacteria_family_incertae_sedis(75) Rhizomicrobium(75)
Otu00033 Bacteria(100) – – – – –
Otu00034 Bacteria(100) Proteobacteria(100) Gammaproteobacteria(100) Xanthomonadales(100) Xanthomonadaceae(100) –
Otu00035 Bacteria(100) – – – – –
Otu00036 Bacteria(100) Proteobacteria(100) Betaproteobacteria(95) – – –
Otu00037 Bacteria(100) Bacteroidetes(100) Flavobacteria(100) Flavobacteriales(100) Flavobacteriaceae(100) Flavobacterium(100)
Otu00038 Bacteria(100) Acidobacteria(100) Acidobacteria_Gp6(100) Acidobacteria_Gp6_order_incertae_sedis(100) Acidobacteria_Gp6_family_incertae_sedis(100) Gp6(100)
Otu00039 Bacteria(100) Chloroflexi(99) Anaerolineae(99) Anaerolineales(99) Anaerolineaceae(99) –
Otu00040 Bacteria(100) Proteobacteria(100) Alphaproteobacteria(100) – – –
Otu00041 Bacteria(100) Proteobacteria(100) Alphaproteobacteria(100) Caulobacterales(100) Caulobacteraceae(100) Phenylobacterium(100)
Otu00042 Bacteria(100) Acidobacteria(100) Acidobacteria_Gp3(100) Acidobacteria_Gp3_order_incertae_sedis(99) Acidobacteria_Gp3_family_incertae_sedis(99) Gp3(99)
Otu00043 Bacteria(100) Proteobacteria(100) Betaproteobacteria(100) Rhodocyclales(98) Rhodocyclaceae(98) –
Otu00044 Bacteria(100) Proteobacteria(100) Betaproteobacteria(100) Rhodocyclales(100) Rhodocyclaceae(100) Dechloromonas(98)
Otu00045 Bacteria(100) Acidobacteria(100) Acidobacteria_Gp1(100) Acidobacteria_Gp1_order_incertae_sedis(100) Acidobacteria_Gp1_family_incertae_sedis(100) Gp1(100)
Otu00046 Bacteria(100) Proteobacteria(100) Deltaproteobacteria(100) Desulfuromonadales(100) Geobacteraceae(93) Geobacter(93)
Otu00047 Bacteria(100) Acidobacteria(100) Acidobacteria_Gp22(100) Acidobacteria_Gp22_order_incertae_sedis(100) Acidobacteria_Gp22_family_incertae_sedis(100) Gp22(100)
Otu00048 Bacteria(100) Acidobacteria(100) Acidobacteria_Gp6(100) Acidobacteria_Gp6_order_incertae_sedis(100) Acidobacteria_Gp6_family_incertae_sedis(100) Gp6(100)
Otu00049 Bacteria(100) Proteobacteria(100) Alphaproteobacteria(100) – – –
Otu00050 Bacteria(100) Acidobacteria(100) Acidobacteria_Gp1(100) Acidobacteria_Gp1_order_incertae_sedis(100) Acidobacteria_Gp1_family_incertae_sedis(100) Gp1(100)
– Unclassified
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Fig. 6. Results of PICRUSt analyses on the sequences of the five soils presented as PICRUSt
inferred abundances (%) of genes controlling drug and xenobiotics metabolism via cy-
tochrome P450 and PAHs degradation. By PICRUSt test, histograms with different letters
are significantly different from each other (P < 0.05, KW test with Conover-Iman compar-
ison).

higher LMW PAHs degradation. Representatives of these taxa have also
been described as able to degrade PAHs and to possess specific PAH
RHD enzymes [28,29,48–50], and a cultivable member of this Rhodocy-
claceae family, that degrades PAHs, has been recently sequenced [51].
Interestingly, in a previous study using DNA Stable Isotope Probing,
we showed that all the bacteria implied in PHE degradation in Pv
soil belonged to the Betaproteobacteria class, especially in the Rhodocy-
claceae family [52]. Gammaproteobacteria have also been described as
capable of degrading PAHs [29], in particular the Xanthomonadales or-
der [30,33]. The abundance of the OTU 3 (Gammaproteobacteria, order
Xanthomonadales of the genus Nevskia) also showed a good correlation
with the degradation of LMW PAHs. As previously shown [52], Nevskia
was found as the main PHE degrader in PPY soil, with about 24%
relative abundance among bacteria labelled with 13C PHE (DNA-SIP).
Among these different OTUs, 6 were dominantly found in the PHE de-
graders of Pv and PPY soils (from the Rhodocyclaceae family (OTUs 43
and 44), Polaromonas (OTU 26), Nevskia (OTU 3), Burkholderiales order

(OTUs 5, 8, 10, 12, 14, 26, 28), Collimonas (OTU 14) and Dyella (OTU
20)). Their abundance should then logically lead to higher PHE (and
LMW PAH in extent) degradation. Finally, for LMW PAH degrada-
tion, good correlations were also observed with abundance of Nitrospira
(genus Nitrospira OTU 6), Acidobacteria (genus Gp6, OTU 48) and un-
classified bacteria or Proteobacteria. Overall, a large proportion of OTUs
whose abundance presented a good correlation with LMW PAHs degra-
dation belonged to the Betaproteobacteria class (7 over 17).

Concerning HMW PAH degradation, OTUs correlating with a higher
degradation belonged to a larger number of phyla and classes (out of
18 OTUs: 4 Alpha-, 4 Beta-, 2 Gamma- and 1 Delta-Proteobacteria, 5
Acidobacteria (genus Gp1 and Gp3), 1 Firmicutes (Bacilli Bacillus OTU
30), and unclassified Proteobacteria). For Alphaproteobacteria, correla-
tions were observed with the abundance of genus Bradyrhizobium, (OTU
9) and Rhizobiales order (OTU 11). In particular, a correlation was ob-
served for Firmicutes (genus Bacillus, OTU 30) and Deltaproteobacteria
(genus Geobacter (OTU 46). Some Deltaproteobacteria are known to de-
grade PAHs [53], but it is globally difficult to find literature about bac-
teria which effectively degraded HMW PAHs (5 or more aromatic rings)
[54], especially because of the low biodegradability of these molecules.
Comparison of our results with known strains able to degrade HMW
PAHs was therefore more difficult than for LMW PAHs, and the cor-
relation with the abundance of bacteria belonging to Betaproteobacteria
was finally much less apparent than for LMW PAHs. The few strains
described in the literature as capable of degrading HMW PAHs were
not found in the 50 first OTUs of our soils (for example Mycobacterium
sp [55–57], Sphingomonas paucimobilis [58], or Stenotrophomonas mal-
tophilia [59,60]).

3.2.2. Metagenomics inference
For the five soils, the functional profiles of bacterial communities

associated to PAH degradation was assessed by inferring the gene con-
tent for each OTU from the closest sequenced genomes (i.e. the PI-
CRUSt approach). The presented results concern the three mean KEGG
pathways linked to PAH degradation: “drug metabolism via cy

Fig. 7. Principal coordinate analysis (PCoA) of the different physico-chemical/biological parameters of the 5 studied soils. WRC = water retention capacity, TOC = Total Organic Carbon,
MPN PHE = most probable number of bacteria degrading PHE, Percent MPN PHE vs total = percentage of PHE degrading bacteria compared to total bacteria, PICRUSt inferences are
represented in italic, PAHs degradation parameters are represented in bold and underlined.
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tochrome P450″, “metabolism of xenobiotics via cytochrome P450″ and
“polycyclic aromatic hydrocarbon degradation” (Fig. 6). Overall, two
groups were clearly distinguished here: PPY and GCY Luvisols on the
one hand and Pv, SER and TB Gleysols on the other hand. Except for the
KEGG pathway “metabolism of xenobiotics via cytochrome P450″, PI-
CRUSt values were significantly different between (i) PPY/GCY and (ii)
Pv/SER/TB (P < 0.05, Kruskall-Wallis test with Conover Iman compar-
ison). Concerning the KEGG pathway “metabolism of xenobiotics via cy-
tochrome P450″, PPY was significantly different from Pv/SER/TB soils
when GCY was significantly different from SER soil only (P < 0.05,
Kruskall-Wallis test).

Thus, by functional inference, it appeared that the Luvisols (which
presented a faster HMW PAHs degradation) contained a higher PAH
degradation potential than the Gleysols (which presented a faster LMW
PAHs degradation). As co-metabolism with several different micro-or-
ganisms is often necessary to degrade HMW PAHs, the degradation po-
tential estimated by PICRUSt could be a quite good indicator of the
degradation kinetics of HMW PAHs, but not necessarily for LMW PAHs
which are more probably degraded through direct metabolism of few
specific strains.

3.3. Links between initial bacterial community and PAH degradation

As discussed so far, PAH degradation seems to be related to soil bi-
ological parameters in the case of a recent contamination, and espe-
cially to the presence of some specific bacteria, especially belonging to
the Betaproteobacteria class. The fact that soil physico-chemical parame-
ters, and so PAHs bioaccessibility, is not a limiting factor in our study is
partly due to the short contact time between spiked PAHs and the soils
during our experiments (three months), which might result in a rela-
tively good bioaccessibility of the PAHs [52]. In freshly contaminated
soils, such as those that are chronically and diffusely contaminated, the
bioaccessibility of PAHs, as well as OM content and nature, actually did
not appear to be the main parameters limiting biodegradation [43,47].

The density of total cultivable bacteria was not correlated to PAH
biodegradation, as shown using a PCoA analysis (Fig. 7). In contrast, a
good correlation of LMW PAH degradation (%90) with (i) the amount
of specific PHE degrading bacteria (MPN PHE) and (ii) the relative per-
centage of PHE degrading bacteria (see supplementary material SM3)
among the total bacteria was clearly underlined here (Fig. 7). The bac-
teria involved in PHE degradation would then be, to a certain extent,
the same (or at least co-occurring) as those involved in the degradation
of FLT and PYR. The relative percentage of PHE degrading bacteria, or
LMW PAH degrading bacteria in a larger extent, would reflect the com-
petitiveness of these bacteria relative to the total microflora for a given
soil, and thus their ability to adapt rapidly to a new addition of PAHs in
the soil.

Soil pH also seemed to play a key role here. The soil pH was cor-
related to the degradation of LMW PAHs: the higher the pH was, the
faster was the degradation rate (high Vo, low DT50 values). In con-
trast, an acidic pH correlated well with a higher degradation (%90) of
HMW PAHs. A previous study [61] showed that neutral to slightly alka-
line soil pH promotes bacterial growth in soils, while an acidic pH fa-
vors the growth of fungal species. On the other hand, Machin-Ramirez
et al. (2010) showed that soil fungal communities are more capable of
degrading BaP than bacterial communities [17]. Degradation of BaP,
and HMW PAHs at large, could thus be favored in soils with a slightly
acidic pH (PPY and GCY soils) by the coexistence of fungal and bacte-
rial species (consortia), while a rather alkaline pH could favor the de-
velopment of the bacterial communities responsible for the fast degra-
dation of LMW PAHs. In this context, the results of the metagenomics
inference by PICRUSt analysis were interesting. The potential for PAH
degradation, including the potential metabolism via cytochrome P450
estimated by metagenomics inference, were found to be more abun-
dant on acidic PPY and GCY soils. These soils were also those in which

the higher HMW PAH degradation was observed. Finally, these results
highlighted two points: (i) the degradation of LMW PAHs seems related
to the abundance of specific bacteria able to quickly metabolize them
and to the proportion of these bacteria compared to total soil bacteria,
and (ii) HMW PAHs degradation seems related to the pH of the soil and
to the potential metabolisms via cytochrome P450 as well as PAH degra-
dation potential estimated by metagenomics inference.

4. Conclusions

This study showed the correlations between the degradation behav-
ior of PAHs (LMW for PAHs ≤ 4 aromatic rings and HMW for PAHs ≥ 5
aromatic rings) in five freshly contaminated soils and the abundance of
bacteria and the diversity parameters or PICRUSt inferences evaluated
with data from total soil bacterial DNA sequencing. Although the role
of bacteria in PAH degradation could not be directly established here,
the presence of a large number of some OTUs (particularly from the Be-
taproteobacteria class) correlated to a good degradation of LMW PAHs,
while the link with the HMW PAHs was more difficult to establish. The
degradation of HMW PAHs seemed to require more complex mecha-
nisms such as the actions of bacteria/fungi consortia, metabolisms im-
plying cytochrome P450 or global PAH degradation potential as shown
by metagenomic inference. It appeared that the bacteria involved in the
degradation of LMW PAHs were also globally different from those in-
volved in the degradation of HMW PAHs. The fate of PAHs after a recent
contamination seemed to be essentially controlled by soil microbiology
in the first months of the process.

Aknowledgements

The authors thank the “Région Haute Normandie” (France) for finan-
cial support through the Normandy SCALE research network (RESSOLV
research program). The authors are very grateful to Dr. Jennifer Hel-
lal from BRGM for her careful reading of the paper and the corrections
made.

Appendix A. Supplementary data

Supplementary material related to this article can be found, in the
online version, at doi:https://doi.org/10.1016/j.jhazmat.2018.07.088.

References

[1] C.E. Cerniglia, Biodegradation of polycyclic aromatic hydrocarbons, Curr. Opin.
Biotechnol. 4 (1993) 331–338.

[2] C. Cerniglia, Biodegradation of polycyclic aromatic hydrocarbons, Biodegradation
3 (1992) 351–368.

[3] M.S.S.G. Martins, Toxicity of Carcinogenic and Non-carcinogenic Polycyclic Aro-
matic Hydrocarbons and Their Mixtures to Aquatic Organisms Under Ecologi-
cally-relevant Scenarios, 2014.

[4] H.I. Abdel-Shafy, M.S. Mansour, A review on polycyclic aromatic hydrocarbons:
source, environmental impact, effect on human health and remediation, Egypt. J.
Pet. 25 (2016) 107–123.

[5] J. Cachot, O. Geffard, S. Augagneur, S. Lacroix, K. Le Menach, L. Peluhet, J.
Couteau, X. Denier, M. Devier, D. Pottier, Evidence of genotoxicity related to high
PAH content of sediments in the upper part of the Seine estuary (Normandy,
France), Aquat. Toxicol. 79 (2006) 257–267.

[6] A. Motelay-Massei, B. Garban, K. Tiphagne-larcher, M. Chevreuil, D. Ollivon, Mass
balance for polycyclic aromatic hydrocarbons in the urban watershed of Le Havre
(France): transport and fate of PAHs from the atmosphere to the outlet, Water Res.
40 (2006) 1995–2006.

[7] Z. Wang, J. Chen, X. Qiao, P. Yang, F. Tian, L. Huang, Distribution and sources of
polycyclic aromatic hydrocarbons from urban to rural soils: a case study in Dalian,
China, Chemosphere 68 (2007) 965–971.

[8] M. Tobiszewski, J. Namieśnik, PAH diagnostic ratios for the identification of pollu-
tion emission sources, Environ. Pollut. 162 (2012) 110–119.

[9] A.A. Jennings, Worldwide regulatory guidance values for surface soil exposure to
carcinogenic or mutagenic polycyclic aromatic hydrocarbons, J. Environ. Manage.
110 (2012) 82–102.

[10] E. Doyle, L. Muckian, A.M. Hickey, N. Clipson, Microbial PAH degradation, Adv.
Appl. Microbiol. 65 (2008) 27–66.

[11] S. Kuppusamy, P. Thavamani, M. Megharaj, K. Venkateswarlu, Y.B. Lee, R. Naidu,
Pyrosequencing analysis of bacterial diversity in soils contaminated long-term with

9



UN
CO

RR
EC

TE
D

PR
OO

F

M. Crampon et al. Journal of Hazardous Materials xxx (2018) xxx-xxx

PAHs and heavy metals: implications to bioremediation, J. Hazard. Mater.
317 (2016) 169–179.

[12] D.W. Lee, H. Lee, A.H. Lee, B.-O. Kwon, J.S. Khim, U.H. Yim, B.S. Kim, J.-J. Kim,
Microbial community composition and PAHs removal potential of indigenous bac-
teria in oil contaminated sediment of Taean coast, Korea, Environ. Pollut.
234 (2018) 503–512.

[13] S. Gan, E.V. Lau, H.K. Ng, Remediation of soils contaminated with polycyclic aro-
matic hydrocarbons (PAHs), J. Hazard. Mater. 172 (2009) 532–549.

[14] A. Haritash, C. Kaushik, Biodegradation aspects of polycyclic aromatic hydrocar-
bons (PAHs): a review, J. Hazard. Mater. 169 (2009) 1–15.

[15] A.R. Johnsen, L.Y. Wick, H. Harms, Principles of microbial PAH-degradation in
soil, Environ Pollut 133 (2005) 71–84.

[16] N.C. Cottin, G. Merlin, Study of pyrene biodegradation capacity in two types of
solid media, Sci. Total Environ. 380 (2007) 116–123.

[17] C. Machín-Ramírez, D. Morales, F. Martínez-Morales, A. Okoh, M.
Trejo-Hernández, Benzo [a] pyrene removal by axenic-and co-cultures of some
bacterial and fungal strains, Int. Biodeterior. Biodegradation 64 (2010) 538–544.

[18] F. Fernández-Luqueño, C. Valenzuela-Encinas, R. Marsch, C. Martínez-Suárez, E.
Vázquez-Núñez, L. Dendooven, Microbial communities to mitigate contamination
of PAHs in soil—possibilities and challenges: a review, Environ. Sci. Pollut. Res. -
Int. 18 (2011) 12–30.

[19] T. Kadri, T. Rouissi, S.K. Brar, M. Cledon, S. Sarma, M. Verma, Biodegradation of
polycyclic aromatic hydrocarbons (PAHs) by fungal enzymes: a review, J. Environ.
Sci. 51 (2017) 52–74.

[20] M. Memić, M. Vrtačnik, B. Boh, F. Pohleven, O. Mahmutović, Biodegradation of
PAHs by Ligninolytic Fungi Hypoxylon Fragiforme and Coniophora Puteana, Poly-
cycl. Aromat. (2017) 1–8.

[21] R. Sungthong, M. Tauler, M. Grifoll, J.J. Ortega-Calvo, Mycelium-enhanced bacter-
ial degradation of organic pollutants under bioavailability restrictions, Environ.
Sci. Technol. 51 (2017) 11935–11942.

[22] C.O. Jeon, W. Park, P. Padmanabhan, C. DeRito, J.R. Snape, E.L. Madsen, Discov-
ery of a bacterium, with distinctive dioxygenase, that is responsible for in situ
biodegradation in contaminated sediment, Proc. Natl. Acad. Sci. 100 (2003)
13591–13596.

[23] J.M. Kim, C.O. Jeon, Isolation and characterization of a new benzene, toluene, and
ethylbenzene degrading bacterium, Acinetobacter sp. B113, Curr. Microbiol.
58 (2009) 70–75.

[24] H.E. Abd-Elsalam, E.E. Hafez, A.A. Hussain, A.G. Ali, A.A. El-Hanafy, Isolation and
identification of three-rings polyaromatic hydrocarbons (anthracene and phenan-
threne) degrading bacteria, Am. J. Agric. Environ. Sci. 5 (2009) 31–38.

[25] K.N. Timmis, T. McGenity, J. Van Der Meer, V. De Lorenzo, Handbook of Hydro-
carbon and Lipid Microbiology, Springer, Berlin, 2010.

[26] M. Zeinali, M. Vossoughi, S. Ardestani, Characterization of a moderate ther-
mophilic Nocardia species able to grow on polycyclic aromatic hydrocarbons, Lett.
Appl. Microbiol. 45 (2007) 622–628.

[27] O. Ben Said, M. Goñi‐Urriza, M. El Bour, M. Dellali, P. Aissa, R. Duran, Characteri-
zation of aerobic polycyclic aromatic hydrocarbon‐degrading bacteria from Bizerte
lagoon sediments, Tunisia, J. Appl. Microbiol. 104 (2008) 987–997.

[28] D.R. Singleton, R. Sangaiah, A. Gold, L.M. Ball, M.D. Aitken, Identification and
quantification of uncultivated Proteobacteria associated with pyrene degradation
in a bioreactor treating PAH-contaminated soil, Environ. Microbiol. 8 (2006)
1736–1745.

[29] F. Martin, S. Torelli, D. Le Paslier, A. Barbance, F. Martin-Laurent, D. Bru, R.
Geremia, G. Blake, Y. Jouanneau, Betaproteobacteria dominance and diversity
shifts in the bacterial community of a PAH-contaminated soil exposed to phenan-
threne, Environ. Pollut. 162 (2012) 345–353.

[30] E.V. Núñez, C. Valenzuela-Encinas, R.J. Alcántara-Hernández, Y.E. Navarro-Noya,
M. Luna-Guido, R. Marsch, L. Dendooven, Modifications of bacterial populations in
anthracene contaminated soil, Appl. Soil Ecol. 61 (2012) 113–126.

[31] M. Niepceron, F. Martin-Laurent, M. Crampon, F. Portet-Koltalo, M. Akpa-Vinces-
las, M. Legras, D. Bru, F. Bureau, J. Bodilis, GammaProteobacteria as a potential
bioindicator of a multiple contamination by polycyclic aromatic hydrocarbons
(PAHs) in agricultural soils, Environ. Pollut. 180 (2013) 199–205.

[32] C.O. Jeon, W. Park, W.C. Ghiorse, E.L. Madsen, Polaromonas naphthalenivorans
sp. nov., a naphthalene-degrading bacterium from naphthalene-contaminated sedi-
ment, Int. J. Syst. Evol. Microbiol. 54 (2004) 93–97.

[33] T. Gutierrez, D.H. Green, P.D. Nichols, W.B. Whitman, K.T. Semple, M.D. Aitken,
Polycyclovorans algicola gen. nov., sp. nov., an Aromatic-Hydrocarbon-Degrading
Marine Bacterium Found Associated with Laboratory Cultures of Marine Phyto-
plankton,, Appl. Environ. Microbiol. 79 (2013) 205–214.

[34] R.I. Amann, W. Ludwig, K.H. Schleifer, Phylogenetic identification and in situ de-
tection of individual microbial cells without cultivation, Microbiol. Rev. 59 (1995)
143–169.

[35] M. Niepceron, F. Portet-Koltalo, C. Merlin, A. Motelay-Massei, S. Barray, J. Bodilis,
Both Cycloclasticus spp. and Pseudomonas spp. as PAH-degrading bacteria in the
Seine estuary (France), FEMS Microbiol. Ecol. 71 (2009) 137–147.

[36] S. Lladó, S. Covino, A.M. Solanas, M. Petruccioli, A. D’annibale, M. Viñas, Pyrose-
quencing reveals the effect of mobilizing agents and lignocellulosic substrate
amendment on microbial community composition in a real industrial PAH-polluted
soil, J. Hazard. Mater. 283 (2015) 35–43.

[37] N. Haleyur, E. Shahsavari, M. Taha, L.S. Khudur, E. Koshlaf, A.M. Osborn, A.S.
Ball, Assessing the degradation efficacy of native PAH-degrading bacteria from

aged, weathered soils in an Australian former gasworks site, Geoderma 321 (2018)
110–117.

[38] M.G. Langille, J. Zaneveld, J.G. Caporaso, D. McDonald, D. Knights, J.A. Reyes,
J.C. Clemente, D.E. Burkepile, R.L.V. Thurber, R. Knight, Predictive functional pro-
filing of microbial communities using 16S rRNA marker gene sequences, Nat.
Biotechnol. 31 (2013) 814–821.

[39] L. Wang, F. Li, Y. Zhan, L. Zhu, Shifts in microbial community structure during in
situ surfactant-enhanced bioremediation of polycyclic aromatic hydrocarbon-cont-
aminated soil, Environ. Sci. Pollut. Res. - Int. 23 (2016) 14451–14461.

[40] L. Brusetti, S. Ciccazzo, L. Borruso, M. Bellucci, C. Zaccone, L. Beneduce, Metatax-
onomy and functionality of wood-tar degrading microbial consortia, J. Hazard.
Mater. 353 (2018) 108–117.

[41] J. Liu, X. Chen, H.-y. Shu, X.-r. Lin, Q.-x. Zhou, T. Bramryd, W.-s. Shu, L.-n. Huang,
Microbial community structure and function in sediments from e-waste contami-
nated rivers at Guiyu area of China, Environ. Pollut. 235 (2018) 171–179.

[42] H. Ribeiro, T. de Sousa, J.P. Santos, A.G. Sousa, C. Teixeira, M.R. Monteiro, P. Sal-
gado, A.P. Mucha, C.M.R. Almeida, L. Torgo, Potential of dissimilatory nitrate re-
duction pathways in polycyclic aromatic hydrocarbon degradation, Chemosphere
199 (2018) 54–67.

[43] M. Crampon, F. Bureau, M. Akpa-Vinceslas, J. Bodilis, N. Machour, F. Le Derf, F.
Portet-Koltalo, Correlations between PAH bioavailability, degrading bacteria, and
soil characteristics during PAH biodegradation in five diffusely contaminated dis-
similar soils, Environ. Sci. Pollut. Res. - Int. 21 (2014) 8133–8145.

[44] P.D. Schloss, D. Gevers, S.L. Westcott, Reducing the effects of PCR amplification
and sequencing artifacts on 16S rRNA-based studies, PLoS One 6 (2011), e27310.

[45] S. Thiele-Bruhn, G.W. Brümmer, Kinetics of polycyclic aromatic hydrocarbon
(PAH) degradation in long-term polluted soils during bioremediation, Plant Soil
275 (2005) 31–42.

[46] G. Cornelissen, H. Rigterink, M.M. Ferdinandy, P.C. van Noort, Rapidly desorbing
fractions of PAHs in contaminated sediments as a predictor of the extent of biore-
mediation, Environ. Sci. Technol. 32 (1998) 966–970.

[47] M. Crampon, J. Bodilis, F. Le Derf, F. Portet-Koltalo, Alternative techniques to
HPCD to evaluate the bioaccessible fraction of soil-associated PAHs and correlation
to biodegradation efficiency, J. Hazard. Mater. 314 (2016) 220–229.

[48] O. Uhlik, J. Wald, M. Strejcek, L. Musilova, J. Ridl, M. Hroudova, C. Vlcek, E. Car-
denas, M. Mackova, T. Macek, Identification of bacteria utilizing biphenyl, ben-
zoate, and naphthalene in long-term contaminated soil, PLoS One 7 (2012),
e40653.

[49] R.K. Regonne, F. Martin, A. Mbawala, M.B. Ngassoum, Y. Jouanneau, Identifica-
tion of soil bacteria able to degrade phenanthrene bound to a hydrophobic sorbent
in situ, Environ. Pollut. 180 (2013) 145–151.

[50] A. Chemerys, E. Pelletier, C. Cruaud, F. Martin, F. Violet, Y. Jouanneau, Character-
ization of novel polycyclic aromatic hydrocarbon dioxygenases from the bacterial
metagenomic DNA of a contaminated soil, Appl. Environ. Microbiol. 80 (2014)
6591–6600.

[51] D.R. Singleton, A.N. Dickey, E.H. Scholl, F.A. Wright, M.D. Aitken, Complete
Genome Sequence of a Novel Bacterium within the Family Rhodocyclaceae That
Degrades Polycyclic Aromatic Hydrocarbons, Genome Announc. 3 (2015)
e00251–00215.

[52] M. Crampon, A. Cébron, F. Portet-Koltalo, S. Uroz, F. Le Derf, J. Bodilis, Low effect
of phenanthrene bioaccessibility on its biodegradation in diffusely contaminated
soil, Environ. Pollut. 225 (2017) 663–673.

[53] F. Bergmann, D. Selesi, T. Weinmaier, P. Tischler, T. Rattei, R.U. Meckenstock, Ge-
nomic insights into the metabolic potential of the polycyclic aromatic hydrocarbon
degrading sulfate-reducing Deltaproteobacterium N47, Environ. Microbiol.
13 (2011) 1125–1137.

[54] R.-H. Peng, A.-S. Xiong, Y. Xue, X.-Y. Fu, F. Gao, W. Zhao, Y.-S. Tian, Q.-H. Yao,
Microbial biodegradation of polyaromatic hydrocarbons, FEMS Microbiol. Rev.
32 (2008) 927–955.

[55] M.A. Heitkamp, C.E. Cerniglia, Polycyclic aromatic hydrocarbon degradation by a
Mycobacterium sp. In microcosms containing sediment and water from a pristine
ecosystem, Appl. Environ. Microbiol. 55 (1989) 1968–1973.

[56] R. Grosser, D. Warshawsky, J.R. Vestal, Indigenous and enhanced mineralization of
pyrene, benzo [a] pyrene, and carbazole in soils, Appl. Environ. Microbiol.
57 (1991) 3462–3469.

[57] J. Schneider, R. Grosser, K. Jayasimhulu, W. Xue, D. Warshawsky, Degradation of
pyrene, benz [a] anthracene, and benzo [a] pyrene by Mycobacterium sp. strain
RJGII-135, isolated from a former coal gasification site, Appl. Environ. Microbiol.
62 (1996) 13–19.

[58] D. Ye, M.A. Siddiqi, A.E. Maccubbin, S. Kumar, H.C. Sikka, Degradation of polynu-
clear aromatic hydrocarbons by Sphingomonas paucimobilis, Environ. Sci. Tech-
nol. 30 (1995) 136–142.

[59] A.L. Juhasz, R. Naidu, Bioremediation of high molecular weight polycyclic aro-
matic hydrocarbons: a review of the microbial degradation of benzo [< i> a</
i>] pyrene, Int. Biodeterior. Biodegrad. 45 (2000) 57–88.

[60] A.L. Juhasz, G. Stanley, M. Britz, Metabolite repression inhibits degradation of
benzo [a] pyrene and dibenz [a, h] anthracene by Stenotrophomonas maltophilia
VUN 10,003, J. Ind. Microbiol. Biotechnol. 28 (2002) 88–96.

[61] J. Rousk, P.C. Brookes, E. Bååth, Contrasting soil pH effects on fungal and bacterial
growth suggest functional redundancy in carbon mineralization, Appl. Environ. Mi-
crobiol. 75 (2009) 1589–1596.

10


	
	
	


