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ombined  iron  and  sulfate  reduction  biostimulation  as  a  novel
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 i g  h  l  i g  h  t  s

Two  long-term  controlled  biodiesel
blend  field  experiments  were  moni-
tored.
Combined  iron  and sulfate  reduc-
tion processes  were  stimulated  in  one
experiment.
BTEX  and  PAH  source-zone  degrada-
tion was enhanced  relative  to natural
attenuation.
Geobacter  spp.  and  GOUTA19  spp.
played  a key  role  in  B20  source-zone
biodegradation.
Biostimulation  with  AMD-
derived  product  can  cleanup
B20-contaminated  groundwater.
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a  b  s  t r  a  c  t

The  use  of  biodiesel  as a transportation  fuel  and  its growing  mandatory  blending  percentage  in diesel
increase  the  likelihood  of contaminating  groundwater  with  diesel/biodiesel  blends.  A  100L-field  exper-
iment  with  B20  (20%  biodiesel  and 80%  diesel,  v/v) was  conducted  to  assess  the  potential  for  the
combined  biostimulation  of  iron  and  sulfate  reducing  bacteria  to enhance  BTEX  and  PAH  biodegrada-
tion  in  a diesel/biodiesel  blend-contaminated  groundwater.  A  B20 field  experiment  under  monitored
eywords:
romatic hydrocarbons
iesel/biodiesel blends
iostimulation

ron reduction
ulfate reduction

natural  attenuation  (MNA)  was  used  as  a baseline  control.  Ammonium  acetate  and  a  low-cost  and
sustainable  product  recovered  from  acid mine  drainage  treatment  were  used  to  stimulate  iron  and
sulfate-reducing  conditions.  As  a result,  benzene  and  naphthalene  concentrations  (maximum  concen-
trations  were  28.1  �g L−1 and  10.0  �g  L−1, respectively)  remained  lower  than  the  MNA  experiment
(maximum  concentrations  were  974.7  �g  L−1 and  121.3  �g  L−1, respectively)  over  the  whole  experiment.
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Geochemical  changes  were  chronologically  consistent  with  the  temporal  change  of  the  predominance  of
Geobacter  and GOUTA19  which  might  be the key  players  responsible  for the  rapid  attenuation  of  benzene
and naphthalene.  To  the  best  of our knowledge,  this  is the  first  field  experiment  to  demonstrate  the
potential  for the  combined  iron  and  sulfate  biostimulation  to enhance  B20 source-zone  biodegradation.
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L B20 field experiment under monitored natural attenuation was
used as a baseline control [10]. The experimental areas were cov-
. Introduction

The growing use of biodiesel as a transportation fuel and its
urrent mandatory blending percentage of 8% in diesel (predicted
o reach 15% by 2020 [1]) will increase the likelihood of ground-
ater contamination by diesel/biodiesel blends through accidental

r incidental spills. Although biodiesel is biodegradable [2,3], it
an contain BTEX (benzene, toluene, ethyl-benzene and xylenes)
nd PAH (polycyclic aromatic hydrocarbons) when blended with
iesel, which are priority contaminants that include recalcitrant
nd carcinogenic compounds (i.e. benzene and benzo[a]pyrene)
nd require remedial action when released into the environment.
urthermore, when biodiesel is blended with diesel, biodiesel can
e preferentially biodegraded [4,5] and thus, hinder BTEX degrada-
ion [5–8]. Therefore, remediation strategies need to be developed
or the cleanup of diesel spills when amended with biodiesel. The
igh biochemical oxygen demand exerted by biodiesel blends typ-

cally leads to anoxic zones [6,9,10] that favor anaerobic strategies
or treating biodiesel-diesel releases to groundwater.

Anaerobic approaches have been applied for the remediation
f diesel-contaminated aquifers [11–14]. Field experiments with
iesel/biodiesel blends amended with ammonium acetate to pro-
ote methanogenic conditions demonstrated an enhancement of

TEX biodegradation compared to monitored natural attenuation
MNA) [10]. Nevertheless, methanogenic processes are energeti-
ally less favorable and lead to slower biodegradation rates relative
o other anaerobic approaches such as iron or sulfate reduction
15]. BTEX and PAHs biodegradation have been widely reported
nder iron [14,16–19] and sulfate reduction [11,20–26], while the
ombined application of both these terminal electron-accepting
rocesses (TEAP) to cleanup BTEX and PAHs-contaminated ground-
ater has not yet been demonstrated.

Laboratory studies have shown that biodiesel fatty acid
ethyl esters (FAMEs) were efficiently biodegraded under nitrate-

eduction [27], sulfate-reduction [28] and methanogenesis [29].
iodiesel hydrolyzed metabolites, such as long-chain fatty acids
LCFA), were oxidized by obligate syntrophs [30,31], iron (III) [32]
nd sulfate reducers [33,34]. Furthermore, a microcosm study
ndicated that methanogens, sulfate and nitrate-reducers could
ll be implicated in diesel/biodiesel biodegradation [9]. Although
ron and sulfate reducers demonstrated potential for metaboliz-
ng biodiesel and diesel compounds, the combined application
f iron and sulfate reduction have yet to be shown to speed up
ioremediation of BTEX and PAH in source-zone of diesel/biodiesel
lend-contaminated groundwater.

In this study, a field experiment was conducted to assess the
ombined biostimulation of iron and sulfate reduction as a novel
pproach to enhance BTEX and PAH source-zone biodegradation
f a B20 blend. Since biodiesel is not readily miscible and dis-
olves slowly into the groundwater, it exerts long-term effects
ver a relatively small region of influence [6] that thereby sup-
orts our focus on source-zone biodegradation. A low-cost and
ustainable product recovered from acid mine drainage was used

o stimulate both iron and sulfate reducing conditions. Microbial
ommunities were assessed to discern key players associated with
20 anaerobic (iron and sulfate reduction) biodegradation. To the
© 2016  Elsevier  B.V.  All  rights  reserved.

best of our knowledge, this is the first field experiment to demon-
strate the potential of combined iron and sulfate reduction TEAP to
enhance the cleanup of BTEX and PAH in a biodiesel blend (B20)-
contaminated groundwater.

2. Materials and methods

2.1. Site description

The field experiment was  conducted at Ressacada Experimen-
tal Farm, in Florianópolis, SC, Brazil (Latitude: 27◦30′S, Longitude:
48◦30′W).  Regional geology is characterized by unconsolidated
deposits of eolian, alluvial, lacustrine and marine sands and the
subsurface layer is composed of 89.3% sand, 2.4% silt and 8.4% clay.
The climate is mesothermic humid with an average groundwater
temperature of 22◦ C and annual average precipitation of 1780 mm.
Average soil organic carbon is 0.33%, effective average porosity is
0.28 and groundwater flow velocity is 6.5 m year−1. The biostimula-
tion experiment was established in an area of 180 m2, containing 30
multilevel sampling wells (SW) installed perpendicular to ground-
water flow direction (Fig. 1). Each well contained a bundle of 3/16”
ID polyethylene tubing to allow groundwater sampling at different
depths (2, 3, 4, 5 and 6 m below ground surface (BGS)).

100 L of B20 (20% palm biodiesel and 80% commercial diesel, v/v)
and a tracer solution (3 kg of potassium bromide dissolved in 6 L of
groundwater pumped from an uncontaminated aquifer in a neigh-
boring area) were released into a source-zone area of 2 × 1.5 × 1.8 m
at the surface of the water table. Although the simulated release
was conducted with commercial diesel, this bioremediation tech-
nology aimed at removing recalcitrant compounds (i.e., benzene
and naphthalene) that are likely present in either commercial or
weathered diesel [35]. Nevertheless, initial peak concentrations
of recalcitrant compounds and their degradation rates over time
would be difficult to assess in a weathered diesel-contaminated
site, thus justifying the release with commercial diesel. In order
to establish iron and sulfate-reducing conditions, 100 kg of a low-
cost and sustainable product recovered from acid mine drainage
(AMD) treatment were added to the source-zone. The solid AMD
product was  obtained through a sequential precipitation method
[36] and was used as a supplementary source of iron oxyhydroxide
particles (goethite 88.3% w/w) and sulfate (1.7% w/w) to stimulate
iron and sulfate reduction processes. The characteristics of the AMD
product is given in Table 1, based on the methods described pre-
viously [36]. AMD  product produced a pH of 4.96 when added to
water. Moreover, 2 kg of ammonium acetate were added to accel-
erate the initial growth of iron reducing microorganisms associated
with anaerobic aromatic hydrocarbon degradation, such as Geobac-
ter spp. [17,19,37], as previously demonstrated in other studies that
added acetate as a biostimulatory compound [38,39]. Both AMD
product and ammonium acetate were added on top of the water
table, immediately after B20 was released. A past adjacent 100-
ered with gravel and tarp to minimize rainfall infiltration effects on
NAPL dissolution.
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Fig. 1. Schematic (A) plan view and (B) cross section from A’ to A of the experimental are
areas  in the cross section.

Table 1
Characteristics of the AMD  product.

Elements Content (%)

Total sulfates 1.73
Iron oxide (Goethite) 88.30
Aluminum oxide 0.69
Silicon dioxide 0.97
Manganese oxide 0.10
Magnesium oxide 0.11
Calcium oxide 3.64
Sodium oxide 0.34
Barium oxide 0.25
Zinc oxide 0.31

2

g
D
F
b
w
(
p

Hydroxidesa 3.56

a Ignition loss during thermogravimetric analyses.

.2. Physicochemical analyses

A peristaltic pump and Teflon tubing were used to collect
roundwater samples into capped sterile vials without headspace.
issolved oxygen was measured on site using a QED Micropurge
low Cell (MP20). Benzene (detection limit 1 �g L−1) was  analyzed

y gas chromatography using a GC HP model 6890 II equipped
ith a flame ionization detector (FID), HP 1 capillary column

30 m × 0.53 mm × 2.65 mm)  and HP 7694 headspace auto sam-
ler. Naphthalene (detection limit 7 �g L−1) was  extracted from
a. All distances are given in meters. Well cluster screens are shown as black shaded

groundwater using solid phase SPE cartridges, according to EPA
method 525.2, and measured by gas chromatography (HP model
6890 II with a flame ionization detector (FID) and HP-5 capillary
column). Acetate, bromide and sulfate were analyzed by ion chro-
matography using a Dionex ICS-3000 equipped with a conductivity
detector and an AS22 column (detection limit 0.1 mg  L−1). Ferrous
iron (Fe2+) (detection limit 0.01 mg  L−1) and sulfide (S2−) (detection
limit 5 �g L−1) analyses were conducted using a spectrophotometer
(DR/2500, HACH), with the 1.10 phenanthroline and colorimetric
methylene blue method, respectively [40]. According to Gilbert,
1987 [41], when there is a value below the detection limit, one half
of it may  be used rather than reporting it as zero thus, we adopted
half of detection limit for such cases.

2.3. Microbial analyses

Groundwater samples were filtered with a 0.22 �m pore size
Millipore membrane (polyethersulfone, hydrophilic) and DNA was
extracted using the MoBio Power SoilTM kit (Carlsbad, CA). Biomass
(total bacteria), iron (Geobacteraceae) and sulfate reducers and
the gene encoding benzylsuccinate synthase �-subunit (bssA), a

catabolic gene biomarker used to assess the presence of anaerobic
aromatic hydrocarbon degraders [42] were quantified by real-time
quantitative polymerase chain reaction (qPCR). Primer sequences
used for each analysis are given in Table 2. The quantification assays
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Table  2
Primers sequences used for qPCR and sequences with adapters used for 16S rRNA sequencing.

Target gene/group Forward primer Reverse primer Reference

Total bacteria
(qPCR)

(341f) 5′CTACGGGAGGCAGCAG3′ (534r)
5′ATTACCGCGGCTGCTGGCA3′

[71]

bssA
(qPCR)

(7772f)
5′GACATGACCGACGCSATYCT3′

(8546r)
5′TCGTCGTCRTTGCCCCAYTT3′

[42]

Geobacteraceae
(qPCR)

(561f)
5′GCGTGTAGGCGGTTTCTTAA3′

(825r)
5′TACCCGCRACACCTAGTTCT3′

[72]

SRB*
(qPCR)

(361f) 5′AAGCCTGACGCASCAA3′ (685r)
5′ATCTACGGATTTCACTCCTACA3′

[72]

16S amplicon PCR 5′TCGTCGGCAGCGTCAGATGTGTATAAGA 5′GTCTCGTGGGCTCGGAGATGTGTATAAG [44]
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(Illumina) GACAGCCTACGGGNGGCWGCAG

Sulfate-reducing bacteria (SRB) genes were quantified using the primers 361F and 6
ncluding Geobacter,  Pelobacter (including fermentative species), Desulfovibrio, Desu

or total bacteria and bssA gene were performed by Rotor-Gene
®

 (QIAGEN). Each 20 �L PCR reaction mixture contained 10 �L 2x
ensiFAST SYBR No-ROX Mix, 400 nM of each primer, 6.4 �L sterile
NAase-free water and 2 �L DNA template. Iron and sulfate reducer
nalysis was performed in an Eppendorf (Model Mastercycler

®
ep

ealplex Thermal Cyclers, CA, USA) and PCR reaction mixture con-
ained 1x SYBR GREEN (Applied Biosystems, Foster City, CA, USA),
00 nM forward and reverse primers, 2 �L DNA template and sterile
NAase-free water (final volume of 25 �L).

Temperature settings for total bacteria followed the
ensiFASTTM SYBR No-ROX kit protocol: 95 ◦C for 2 min  fol-
owed by 30 cycles (95 ◦C for 5 s, 65 ◦C for 10 s and 72 ◦C for 15 s).

elting curves were constructed from 50 to 99 ◦C, read every
◦C for 5 s. Temperature conditions for bssA gene were: 95 ◦C for
5 min, followed by 40 cycles (95 ◦C for 15 s, 55 ◦C for 20 s, 72 ◦C
or 20 s) and 72 ◦C for 2 min. Melting curves were constructed
rom 55 to 95 ◦C and read every 0.6 ◦C for 2 s [43]. Temperature
onditions for iron and sulfate reducers: 50 ◦C for 2 min, 95 ◦C for
0 min  and 40 cycles (95 ◦C for 15 s and 58 ◦C for 1 min), followed
y 95 ◦C for 15 s, 60 ◦C for 15 s, and 95 ◦C for 15 s for the melting
urve. To estimate microbial community concentrations, standard
urves were performed by serial dilutions with the DNA of the
ollowing microorganisms: Pseudomonas aeruginosa (101–107

ene copies, r2 = 0.97) for the quantification of total bacteria and
eobacter metallireducens (101–107 gene copies, r2 = 0.99), to
uantify bssA gene, Geobacteraceae and sulfate-reducing bacteria
SRB). Detection limit of each assay was about 102 gene copies g−1.

16S ribosomal RNA (rRNA) sequencing was performed to assess
he shifts in microbial community structure and to discern the key
layers in B20 anaerobic biodegradation. The V3 and V4 regions
f the 16S rRNA gene (rrs) were amplified by PCR [44]. PCR assays
ere conducted in a Biometra

®
Tpersonal Thermal Cycler using the

rimer sets described in Table 2. Each 25 �L PCR reaction mixture
ontained 2.5 �L Taq Buffer 10x, 0.5 �L Titanium Taq50x, 0.5 �L
NTP 10 mM,  10 �M of each amplicon PCR primer, 18 �L ultra-pure
ater and 2.5 �L DNA template. The following cycling conditions

sed were: 95 ◦C for 3 min, followed by 25 cycles (95 ◦C for 30 s,
5 ◦C for 30 s, 72 ◦C for 30 s) and 72 ◦C for 5 min. Triplicate reac-
ions for each sample were pooled, visualized on 1.5% agarose gels,
urified with illustraTM GFXTM PCR DNA and Gel Band Purification
it (GE), eluted in 20 �L of Tris-Cl 10 mM pH 8.5 and DNA concen-
ration was determined with a Qubit 2.0 fluorometer (Invitrogen,
arlsbad, CA). Sequencing runs were performed on the Illumina
iSeq platform. Amplicons were demultiplexed and trimmed by

he MiSeq System and forward and reverse reads, containing the
arget sequence with its corresponding primer, were compiled as
astq files.
The first 20 nucleotides of the fastq files obtained from Illu-
ina sequencing were trimmed using FastX-Toolkit. Sequence

uality was verified with a quality score graphic and a Phred
core of 20 using the Quantitative Insights Into Microbial Ecology
AGACAGGACTACHVGGGTATCTAATCC

 target ∂-Proteobacteria complementary to many iron- and sulfate-reducing genera
robium, Desulfuromusa, and Desulfuromonas (including dissimilatory S reducers)].

– QIIME (v1.9.0, http://qiime.org/index.html) software package.
Illumina paired-end reads were assembled by PANDAseq [45],
using the default quality scores. Merged sequences were clustered
in operational taxonomic units (OTUs) and blasted against the
most recent Greengenes database (http://greengenes.lbl.gov/cgi-
bin/nph-index.cgi), with 97% similarity, using QIIME pick otus.py
script and uclust [46].

3. Results and discussion

Injection of ammonium acetate and the product recovered from
acid mine drainage (AMD) treatment established iron and sulfate-
reducing conditions in groundwater as intended. This was  indicated
by the decrease in dissolved oxygen concentrations (from 2.7 to
0.5 mg  L−1) and the rapid increase in iron (II) concentrations (from
0 to 36.5 mg  L−1) after 3 months followed by the decrease in sul-
fate concentrations (from 38.8 to 20.6 mg  L−1) 7.4 months after the
release (Fig. 2), while in the MNA  experiment, iron (II) and sul-
fate concentrations were lower over the whole experimental time
frame (average concentrations were 8.0 mg L−1 and 2.1 mg  L−1,
respectively) after B20 release.

The increase in the electron acceptor pool (by adding a sup-
plementary source of iron (III) and sulfate) was hypothesized to
accelerate BTEX and PAH source-zone biodegradation. In the MNA
site, dissolved concentrations of benzene and naphthalene were
consistently high over the 4.4 years of monitoring (maximum
concentrations were 974.7 �g L−1 and 121.3 �g L−1, respectively),
while in the biostimulated plot, benzene and naphthalene were
lower (maximum concentrations were 28.1 �g L−1 and 10.0 �g L−1,
respectively) over the whole experimental time frame (Fig. 3).
Benzene concentrations dropped below the maximum contami-
nant level (MCL) for benzene in drinking water (5 �g L−1) [47] and
were below detection limit (1 �g L−1) after 1.1 years, while ben-
zene concentrations in the MNA  site were above the MCL  even
after 4.4 years following the release (Fig. 3). The same pattern was
observed for naphthalene concentrations that were kept below
MCL  (60 �g L−1) [48] during the whole biostimulated plot exper-
iment (maximum concentration detected was 10 �g L−1), whereas
in MNA, naphthalene remediation goals were only achieved after
4.4 years (34.8 �g L−1) (Fig. 3). A B20 methanogenic biostimu-
lated field experiment conducted by Ramos et al. (2013) [10] also
observed an enhanced BTEX biodegradation as compared to the
MNA site, but the dissolved benzene concentrations were higher
(maximum concentration of 900 �g L−1) than those observed in the
present experiment (28.15 �g L−1) and did not meet environmen-
tal guidelines (32 �g L−1) even after 1.6 years. Thus, these findings
suggest that combined iron and sulfate reduction biostimulation

could be a more suitable approach to BTEX and PAH cleanup in a
B20-contaminated source-zone groundwater.

Biostimulation with ammonium acetate and AMD  recovered
product led to an enhanced growth of total biomass and aro-

http://qiime.org/index.html
http://qiime.org/index.html
http://qiime.org/index.html
http://qiime.org/index.html
http://qiime.org/index.html
http://greengenes.lbl.gov/cgi-bin/nph-index.cgi
http://greengenes.lbl.gov/cgi-bin/nph-index.cgi
http://greengenes.lbl.gov/cgi-bin/nph-index.cgi
http://greengenes.lbl.gov/cgi-bin/nph-index.cgi
http://greengenes.lbl.gov/cgi-bin/nph-index.cgi
http://greengenes.lbl.gov/cgi-bin/nph-index.cgi
http://greengenes.lbl.gov/cgi-bin/nph-index.cgi
http://greengenes.lbl.gov/cgi-bin/nph-index.cgi
http://greengenes.lbl.gov/cgi-bin/nph-index.cgi
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Fig. 3. Benzene (A) and naphthalene (B) dissolved concentrations (�g L−1) as a func-
tion of time at 3 m below ground surface (bgs) at the source zone. Dashed lines
ig. 2. Iron (II) (A) and sulfate (B) concentrations (mg  L−1) as a function of time at
 m below ground surface (bgs) at the source zone of both the monitored natural
ttenuation and biostimulation experiments.

atic hydrocarbon degraders. Among the multiple mechanisms
hat can potentially influence aromatic compound concentrations
n groundwater, biodegradation apparently prevailed over abiotic
rocesses (i.e.  dissolution, dispersion, sorption, dilution, etc.). Over-
ll biomass based on 16S rRNA gene copies (rrs gene copies) was
hown to increase (from 6.2 × 106 to 7.6 × 108 gene copies g−1

otal suspended solids) 3 months after B20 release. The enhanced
iomass growth and the continuous low dissolved concentrations
f benzene and naphthalene (approx. 2 and 1 orders of magnitude

ower than for the MNA  site, respectively) observed over the entire
xperimental time frame in the biostimulated site was  consistent
ith the biodegradation of these contaminants. An increase in gene

opy numbers of iron and sulfate reducers and a gene marker
ssociated with anaerobic aromatic hydrocarbon biodegradation
bssA gene) was observed. After 3 months following B20 release,
ssA increased from 3.3 × 104 to 1.3 × 107 gene copies g−1, and
emained at similar levels over the entire experiment. An increase
n Geobacteraceae (from 2.2 × 103 to 4.1 × 107 gene copies g−1) and
ther sulfate reducers (101 to 3.8 × 107 gene copies g−1) (Fig. 4)
as also observed after 3 and 7.4 months following the release,

nd their presence was chronologically correlated with the geo-

hemical changes mentioned previously. Furthermore, potential
nhibitory effects of biodiesel or acetate on BTEX and PAH atten-
ation might have been alleviated due to the presence of these
pecific hydrocarbon degraders, since they have previously been
represent maximum contaminant level (MCLs) for benzene (A) and naphthalene
(B).

shown to be involved in FAME, LCFA and acetate biodegradation
[28,32–34,49,50]. Ramos et al. [10], showed no BTEX biodegrada-
tion inhibition due to acetate after 0.7 years, and yet did not observe
degradation as rapidly as in the present study. In the MNA  site,
these specific degraders were not detected (Fig. 4) and BTEX and
PAH persisted over the 4.4 years monitored. Thus, the combined
stimulation of iron and sulfate reduction seemed to have acceler-
ated BTEX and PAH biodegradation in diesel/biodiesel blends and
was likely to have enhanced overall B20 compound source-zone
biodegradation.

A beneficial response of microbial networks involved in B20
compounds anaerobic biodegradation was observed and to gain
insight into the shifts in microbial communities over time and
the key players involved in BTEX and PAH biodegradation, 16S
rRNA gene sequencing was carried out. Background samples
revealed a more diverse microbial community (as compared to
the samples after B20 release) containing mainly aerobes (Fimbri-
imonas spp., Planctomyces spp., Salinispora spp.) [51–53], facultative
aerobes (Rhodoplanes spp., Staphylococcus spp., Cupriavidus spp.,
Pseudomonas spp.) [54–57] and nitrate/nitrite reducers (Candida-
tus koribacter spp., Alicyclobacillus spp., Candidatus solibacter spp.,

Planctomyces spp.) [52,58–61] (Fig. 5). This is consistent with the
groundwater microaerophilic conditions (1.2 mg  L−1 of dissolved
oxygen) encountered prior to the controlled release.
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Data obtained from Ramos et al. [10].

A sharp increase in the relative abundance of the Geobacter

enus (from 0.6 to 90.6% of the total Bacteria 16S rRNA gene)
as observed 3 months after the release, as hypothesized to

ccur following the amendment of ammonium acetate and the
MD  product (Fig. 5). Members of Geobacteraceae have previously

ig. 5. Temporal changes in 16S rRNA gene relative abundance (%) of bacteria commun
xperiment.
 Materials 326 (2017) 229–236

been described as dominant members of microbial communi-
ties in iron-rich subsurface environments [17,37] and are able
to degrade organic/aromatic compounds coupled to dissimilatory
iron(III) reduction [12,13,17,19,62]. Therefore, the predominance of
Geobacter up to 7.4 months (Fig. 5), is consistent with acetate deple-
tion (from 67.8 mg  L−1 to below detection limit (0.1 mg L−1) at 7.4
months) and the increased iron (II) production (from 0 to 45 mg L−1,
at the same time frame). In addition, the observed low aromatic
hydrocarbon concentrations are consistent with Geobacter genus
playing a key role in benzene and naphthalene biodegradation
under iron-reducing conditions.

Sulfate-reducing conditions were established after iron reduc-
tion ebbed as reflected by the decrease in both iron (II)
concentration and Geobacter spp. abundance. Sulfate consumption
was observed after 7.4 months (Fig. 2) and community dominance
shifted towards the genus GOUTA19 (family Thermodesulfovibri-
onaceae), which represented 59.6% of total Bacteria 16S rRNA
gene copies after 13 months following the B20 release (Fig. 5).
Although GOUTA19 has been previously observed in rice paddy soils
irrigated by acid mine drainage-contaminated water [63], alfalfa-
rice rotation system [64], oil-storage cavities [65] and in reactors
amended with monochlorobenzene-contaminated groundwater
[66], this is the first field experiment to implicate GOUTA19 as a
potential key player in the anaerobic degradation of diesel mono
and polyaromatic hydrocarbons in groundwater. The presence of
Thermodesulfovibrionaceae-related bacteria has also been observed
in sulfate reduction processes [33,63,67]. This is consistent with the
observed decrease in sulfate concentrations and with sulfate reduc-
tion being the main TEAP at this point in time. Although hydrogen
sulfide is generally produced during sulfate reduction [68], sulfide
was not detected over the 13 months of groundwater monitoring.
The absence of measureable sulfide production could be attributed
to iron sulfide precipitation that was consistent with the decrease
in iron (II) (Fig. 2) as well as the apparent ubiquity of this reaction
in anaerobic environments [26,33,69,70]. Since hydrogen sulfide
can inhibit microbial activity [26], the combined use of iron and
sulfate reduction TEAPs can potentially offset the toxicity effects
exerted on microbial communities as iron sulfide precipitates and

reduces the occurrence of hydrogen sulfide in groundwater. The
predominance of GOUTA19 genus, the consumption of sulfate and
the very low dissolved concentrations of benzene and naphthalene
after 13 months following the release supports the involvement

ities at 3 m below ground surface (bgs) at the source zone of the biostimulation
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. Conclusions

 The low-cost and sustainable product recovered from AMD  treat-
ment proved to be an efficient supplementary source of iron
oxyhydroxide and sulfate that increased the electron acceptor
pool and enhanced BTEX and PAH source-zone biodegradation.
Application of this product represents a sustainable strategy for
the removal of priority pollutants in groundwater.

 Combined biostimulation of iron and sulfate-reduction
accelerated BTEX and PAH source-zone biodegradation in
diesel/biodiesel blends and maintained low dissolved concentra-
tions of benzene and naphthalene over the entire experiment as
compared to the baseline control experiment under monitored
natural attenuation.

 The application of this bioremediation strategy promoted a ben-
eficial response of microbial community networks and a shift in
dominance towards Geobacter spp. and GOUTA19 spp., both of
which might be key players in the anaerobic biodegradation of
B20 compounds under iron and sulfate reduction.

 To the best of our knowledge, this is the first field experiment
to study BTEX and PAH biodegradation in diesel/biodiesel blends
under combined iron and sulfate reduction and to demonstrate
the potential of added iron and sulfate for the cleanup of B20-
contaminated source-zone groundwater.

cknowledgments

This research was primarily funded by Petróleo Brasileiro S/A
 PETROBRAS (contract number: 0050.0076426.12.9). Additional
unds were provided by National Council for Scientific and Techno-
ogical Development (CNPq) (special visiting researcher program

 PVE and scholarships) and the Coordination of Improvement of
igher Education Personnel (CAPES) (scholarships). We  would like

o thank Dr. Ana Maria Rubini Liedke for her help with the micro-
ial analysis and Dr. Sandrine Demaneche for the Illumina Miseq
equencing.

eferences

[1] Brazil Law 13.263 from March 23, (2016). http://www.planalto.gov.br/ccivil
03/ Ato2015-2018/2016/Lei/L13263.htm (Accessed 28 June 2016).

[2] E. Sendzikiene, V. Makareviciene, P. Janulis, D. Makareviciute,
Biodegradability of biodiesel fuel of animal and vegetable origin, Eur. J. Lipid
Sci. Technol. 109 (2007) 493–497, http://dx.doi.org/10.1002/ejlt.200600243.

[3]  A.P. Mariano, R.C. Tomasella, L.M. de Oliveira, J. Contiero, D. de, F.D. Angelis,
Biodegradability of diesel and biodiesel blends, Afr. J. Biotechnol. 7 (2008)
1323–1328.

[4] M.  Owsianiak, Ł. Chrzanowski, A. Szulc, J. Staniewski, A. Olszanowski, A.K.
Olejnik-Schmidt, H.J. Heipieper, Biodegradation of diesel/biodiesel blends by
a  consortium of hydrocarbon degraders: effect of the type of blend and the
addition of biosurfactants, Bioresour. Technol. 100 (2009) 1497–1500, http://
dx.doi.org/10.1016/j.biortech.2008.08.028.

[5]  D.T. Ramos, H.S.C. Lazzarin, P.J.J. Alvarez, T.M. Vogel, M. Fernandes, M.  do
Rosário, H.X. Corseuil, Biodiesel presence in the source zone hinders aromatic
hydrocarbons attenuation in a B20-contaminated groundwater, J. Contam.
Hydrol. 193 (2016) 48–53, http://dx.doi.org/10.1016/j.jconhyd.2016.09.002.

[6] H.X. Corseuil, A.L. Monier, A.P.N. Gomes, H.S. Chiaranda, M.  do Rosario, P.J.J.
Alvarez, Biodegradation of soybean and castor oil biodiesel: implications on
the  natural attenuation of monoaromatic hydrocarbons in groundwater,
Ground Water Monit. Remediat. 31 (2011) 111–118, http://dx.doi.org/10.
1111/j.1745-592.2011.01333.x.

[7] M.H. Yassine, S. Wu,  M.T. Suidan, A.D. Venosa, Aerobic biodegradation kinetics
and mineralization of six petrodiesel/soybean-biodiesel blends, Environ. Sci.
Technol. 47 (2013) 4619–4627, http://dx.doi.org/10.1021/es400360v.

[8] J.M. Borges, J.M. Dias, A.S. Danko, Influence of the anaerobic biodegradation of

different types of biodiesel on the natural attenuation of benzene, Water Air
Soil Pollut. 225 (2014) 1–10, http://dx.doi.org/10.1007/s11270-014-2146-z.

[9]  G. Sørensen, D.V. Pedersen, A.K. Nørgaard, K.B. Sørensen, S.D. Nygaard,
Microbial growth studies in biodiesel blends, Bioresour. Technol. 102 (2011)
5259–5264, http://dx.doi.org/10.1016/j.biortech.2011.02.017.

[

 Materials 326 (2017) 229–236 235

10] D.T. Ramos, M.L.B. da Silva, H.S. Chiaranda, P.J.J. Alvarez, H.X. Corseuil,
Biostimulation of anaerobic BTEX biodegradation under fermentative
methanogenic conditions at source-zone groundwater contaminated with a
biodiesel blend (B20), Biodegradation 24 (2013) 333–341, http://dx.doi.org/
10.1007/s10532-012-9589-y.

11] M.  Reinhard, S. Shang, P.K. Kitanidis, E. Orwin, G.D. Hopkins, C.A. LeBron,
In  situ BTEX biotransformation under enhanced nitrate- and sulfate-reducing
conditions, Environ. Sci. Technol. 31 (1997) 28–36, http://dx.doi.org/10.1021/
es9509238.

12] R.T. Anderson, J.N. Rooney-Varga, C.V. Gaw, D.R. Lovley, Anaerobic benzene
oxidation in the Fe(III) reduction zone of petroleum-contaminated aquifers,
Environ. Sci. Technol. 32 (1998) 1222–1229, http://dx.doi.org/10.1021/
es9704949.

13] T. Zhang, T.S. Bain, K.P. Nevin, M.A. Barlett, D.R. Lovley, Anaerobic benzene
oxidation by Geobacter species, Appl. Environ. Microbiol. 78 (2012)
8304–8310, http://dx.doi.org/10.1128/AEM.

14] C. Dorer, C. Vogt, T.R. Neu, H. Stryhanyuk, H.-H. Richnow, Characterization of
toluene and ethylbenzene biodegradation under nitrate-, iron(III)- and
manganese(IV)-reducing conditions by compound-specific isotope analysis,
Environ. Pollut. 211 (2016) 271–281, http://dx.doi.org/10.1016/j.envpol.2015.
12.029.

15] D.R. Lovley, Cleaning up with genomics: applying molecular biology to
bioremediation, Nat. Rev. Microbiol. 1 (2003) 35–44, http://dx.doi.org/10.
1038/nrmicro731.

16] D.R. Lovley, M.J. Baedecker, D.J. Lonergan, I.M. Cozzarelli, E.J.P. Phillips, D.I.
Siegel, Oxidation of aromatic contaminants coupled to microbial iron
reduction, Nature 339 (1989) 297–300, http://dx.doi.org/10.1038/339297a0.

17] S. Botton, M.  van Harmelen, M. Braster, J.R. Parsons, W.F.M. Röling,
Dominance of Geobacteraceae in BTX-degrading enrichments from an
iron-reducing aquifer, FEMS Microbiol. Ecol. 62 (2007) 118–130, http://dx.doi.
org/10.1111/j.1574-6941.2007.00371.x.

18] R. Kleemann, R.U. Meckenstock, Anaerobic naphthalene degradation by
Gram-positive, iron-reducing bacteria, FEMS Microbiol. Ecol. 78 (2011)
488–496, http://dx.doi.org/10.1111/j.1574-6941.2011.01193.x.

19] J. Li, W.  Cai, Y. Zhao, J. Dong, S. Lian, Effects of groundwater geochemical
constituents on degradation of benzene, toluene, ethylbenzene, and xylene
coupled to microbial dissimilatory Fe(III) reduction, Environ. Eng. Sci. 31
(2014) 202–208, http://dx.doi.org/10.1089/ees.2012.0515.

20] R.U. Meckenstock, E. Annweiler, W.  Michaelis, H.H. Richnow, B. Schink,
Anaerobic naphthalene degradation by a sulfate-reducing enrichment
culture, Appl. Environ. Microbiol. 66 (2000) 2743–2747.

21] T. Nakagawa, S. Sato, Y. Yamamoto, M.  Fukui, Successive changes in
community structure of an ethylbenzene-degrading sulfate-reducing
consortium, Water Res. 36 (2002) 2813–2823.

22] M.  Safinowski, R.U. Meckenstock, Methylation is the initial reaction in
anaerobic naphthalene degradation by a sulfate-reducing enrichment culture,
Environ. Microbiol. 8 (2006) 347–352, http://dx.doi.org/10.1111/j.1462-2920.
2005.00900.x.

23] J. Dou, X. Liu, Z. Hu, D. Deng, Anaerobic BTEX biodegradation linked to nitrate
and sulfate reduction, J. Hazard. Mater. 151 (2008) 720–729, http://dx.doi.
org/10.1016/j.jhazmat.2007.06.043.

24] J.-C. Tsai, M.  Kumar, J.-G. Lin, Anaerobic biotransformation of fluorene and
phenanthrene by sulfate-reducing bacteria and identification of
biotransformation pathway, J. Hazard. Mater. 164 (2009) 847–855, http://dx.
doi.org/10.1016/j.jhazmat.2008.08.101.

25] D. Bozinovski, M.  Taubert, S. Kleinsteuber, H.-H. Richnow, M.  von Bergen, C.
Vogt, J. Seifert, Metaproteogenomic analysis of a sulfate-reducing enrichment
culture reveals genomic organization of key enzymes in the m-xylene
degradation pathway and metabolic activity of proteobacteria, Syst. Appl.
Microbiol. 37 (2014) 488–501, http://dx.doi.org/10.1016/j.syapm.2014.07.
005.

26] W.H. Huang, C.M. Kao, Bioremediation of petroleum-hydrocarbon
contaminated groundwater under sulfate-reducing conditions: effectiveness
and mechanism study, J. Environ. Eng. 142 (2016) 4015089, http://dx.doi.org/
10.1061/(ASCE)EE.1943-7870.0001055.

27] J.F. Stolz, P. Follis, G. Floro, R. Donofrio, J. Buzzelli, M.  Griffin, Aerobic and
Anaerobic Biodegradation of the Methyl Esterified Fatty Acids of Soy Diesel in
Freshwater and Soil Environments, Duquesne University, Pittsburg, 1995
http://biodiesel.org/reports/19950101 gen-273.pdf.

28] D.F. Aktas, J.S. Lee, B.J. Little, R.I. Ray, I.A. Davidova, C.N. Lyles, J.M. Suflita,
Anaerobic metabolism of biodiesel and its impact on metal corrosion, Energy
Fuels 24 (2010) 2924–2928, http://dx.doi.org/10.1021/ef100084j.

29] S. Wu,  M.H. Yassine, M.T. Suidan, A.D. Venosa, Anaerobic biodegradation of
soybean biodiesel and diesel blends under methanogenic conditions, Water
Res.  87 (2015) 395–402, http://dx.doi.org/10.1016/j.watres.2015.09.024.

30] D.Z. Sousa, H. Smidt, M.M.  Alves, A.J.M. Stams, Ecophysiology of syntrophic
communities that degrade saturated and unsaturated long-chain fatty acids,
FEMS Microbiol Ecol. 68 (2009) 257–272, http://dx.doi.org/10.1111/j.1574-
6941.2009.00680.x.

31] A.J.M. Stams, C.M. Plugge, Electron transfer in syntrophic communities of
anaerobic bacteria and archaea, Nat. Rev. Microbiol. 7 (2009) 568–577, http://

dx.doi.org/10.1038/nrmicro2166.

32] J.D. Coates, D.J. Lonergan, E.J. Philips, H. Jenter, D.R. Lovley, Desulfuromonas
palmitatis sp. nov., a marine dissimilatory Fe(III) reducer that can oxidize
long-chain fatty acids, Arch. Microbiol. 164 (1995) 406–413.

http://www.planalto.gov.br/ccivil_03/_Ato2015-2018/2016/Lei/L13263.htm
http://www.planalto.gov.br/ccivil_03/_Ato2015-2018/2016/Lei/L13263.htm
http://www.planalto.gov.br/ccivil_03/_Ato2015-2018/2016/Lei/L13263.htm
http://www.planalto.gov.br/ccivil_03/_Ato2015-2018/2016/Lei/L13263.htm
http://www.planalto.gov.br/ccivil_03/_Ato2015-2018/2016/Lei/L13263.htm
http://www.planalto.gov.br/ccivil_03/_Ato2015-2018/2016/Lei/L13263.htm
http://www.planalto.gov.br/ccivil_03/_Ato2015-2018/2016/Lei/L13263.htm
http://www.planalto.gov.br/ccivil_03/_Ato2015-2018/2016/Lei/L13263.htm
http://www.planalto.gov.br/ccivil_03/_Ato2015-2018/2016/Lei/L13263.htm
http://www.planalto.gov.br/ccivil_03/_Ato2015-2018/2016/Lei/L13263.htm
http://www.planalto.gov.br/ccivil_03/_Ato2015-2018/2016/Lei/L13263.htm
http://www.planalto.gov.br/ccivil_03/_Ato2015-2018/2016/Lei/L13263.htm
http://www.planalto.gov.br/ccivil_03/_Ato2015-2018/2016/Lei/L13263.htm
http://www.planalto.gov.br/ccivil_03/_Ato2015-2018/2016/Lei/L13263.htm
dx.doi.org/10.1002/ejlt.200600243
dx.doi.org/10.1002/ejlt.200600243
dx.doi.org/10.1002/ejlt.200600243
dx.doi.org/10.1002/ejlt.200600243
dx.doi.org/10.1002/ejlt.200600243
dx.doi.org/10.1002/ejlt.200600243
dx.doi.org/10.1002/ejlt.200600243
dx.doi.org/10.1002/ejlt.200600243
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0015
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0015
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0015
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0015
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0015
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0015
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0015
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0015
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0015
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0015
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0015
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0015
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0015
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0015
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0015
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0015
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0015
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0015
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0015
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0015
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0015
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0015
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0015
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0015
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0015
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0015
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0015
dx.doi.org/10.1016/j.biortech.2008.08.028
dx.doi.org/10.1016/j.biortech.2008.08.028
dx.doi.org/10.1016/j.biortech.2008.08.028
dx.doi.org/10.1016/j.biortech.2008.08.028
dx.doi.org/10.1016/j.biortech.2008.08.028
dx.doi.org/10.1016/j.biortech.2008.08.028
dx.doi.org/10.1016/j.biortech.2008.08.028
dx.doi.org/10.1016/j.biortech.2008.08.028
dx.doi.org/10.1016/j.biortech.2008.08.028
dx.doi.org/10.1016/j.biortech.2008.08.028
dx.doi.org/10.1016/j.biortech.2008.08.028
dx.doi.org/10.1016/j.jconhyd.2016.09.002
dx.doi.org/10.1016/j.jconhyd.2016.09.002
dx.doi.org/10.1016/j.jconhyd.2016.09.002
dx.doi.org/10.1016/j.jconhyd.2016.09.002
dx.doi.org/10.1016/j.jconhyd.2016.09.002
dx.doi.org/10.1016/j.jconhyd.2016.09.002
dx.doi.org/10.1016/j.jconhyd.2016.09.002
dx.doi.org/10.1016/j.jconhyd.2016.09.002
dx.doi.org/10.1016/j.jconhyd.2016.09.002
dx.doi.org/10.1016/j.jconhyd.2016.09.002
dx.doi.org/10.1016/j.jconhyd.2016.09.002
dx.doi.org/10.1111/j.1745-592.2011.01333.x
dx.doi.org/10.1111/j.1745-592.2011.01333.x
dx.doi.org/10.1111/j.1745-592.2011.01333.x
dx.doi.org/10.1111/j.1745-592.2011.01333.x
dx.doi.org/10.1111/j.1745-592.2011.01333.x
dx.doi.org/10.1111/j.1745-592.2011.01333.x
dx.doi.org/10.1111/j.1745-592.2011.01333.x
dx.doi.org/10.1111/j.1745-592.2011.01333.x
dx.doi.org/10.1111/j.1745-592.2011.01333.x
dx.doi.org/10.1111/j.1745-592.2011.01333.x
dx.doi.org/10.1111/j.1745-592.2011.01333.x
dx.doi.org/10.1111/j.1745-592.2011.01333.x
dx.doi.org/10.1021/es400360v
dx.doi.org/10.1021/es400360v
dx.doi.org/10.1021/es400360v
dx.doi.org/10.1021/es400360v
dx.doi.org/10.1021/es400360v
dx.doi.org/10.1021/es400360v
dx.doi.org/10.1021/es400360v
dx.doi.org/10.1007/s11270-014-2146-z
dx.doi.org/10.1007/s11270-014-2146-z
dx.doi.org/10.1007/s11270-014-2146-z
dx.doi.org/10.1007/s11270-014-2146-z
dx.doi.org/10.1007/s11270-014-2146-z
dx.doi.org/10.1007/s11270-014-2146-z
dx.doi.org/10.1007/s11270-014-2146-z
dx.doi.org/10.1007/s11270-014-2146-z
dx.doi.org/10.1007/s11270-014-2146-z
dx.doi.org/10.1007/s11270-014-2146-z
dx.doi.org/10.1016/j.biortech.2011.02.017
dx.doi.org/10.1016/j.biortech.2011.02.017
dx.doi.org/10.1016/j.biortech.2011.02.017
dx.doi.org/10.1016/j.biortech.2011.02.017
dx.doi.org/10.1016/j.biortech.2011.02.017
dx.doi.org/10.1016/j.biortech.2011.02.017
dx.doi.org/10.1016/j.biortech.2011.02.017
dx.doi.org/10.1016/j.biortech.2011.02.017
dx.doi.org/10.1016/j.biortech.2011.02.017
dx.doi.org/10.1016/j.biortech.2011.02.017
dx.doi.org/10.1016/j.biortech.2011.02.017
dx.doi.org/10.1007/s10532-012-9589-y
dx.doi.org/10.1007/s10532-012-9589-y
dx.doi.org/10.1007/s10532-012-9589-y
dx.doi.org/10.1007/s10532-012-9589-y
dx.doi.org/10.1007/s10532-012-9589-y
dx.doi.org/10.1007/s10532-012-9589-y
dx.doi.org/10.1007/s10532-012-9589-y
dx.doi.org/10.1007/s10532-012-9589-y
dx.doi.org/10.1007/s10532-012-9589-y
dx.doi.org/10.1007/s10532-012-9589-y
dx.doi.org/10.1021/es9509238
dx.doi.org/10.1021/es9509238
dx.doi.org/10.1021/es9509238
dx.doi.org/10.1021/es9509238
dx.doi.org/10.1021/es9509238
dx.doi.org/10.1021/es9509238
dx.doi.org/10.1021/es9509238
dx.doi.org/10.1021/es9704949
dx.doi.org/10.1021/es9704949
dx.doi.org/10.1021/es9704949
dx.doi.org/10.1021/es9704949
dx.doi.org/10.1021/es9704949
dx.doi.org/10.1021/es9704949
dx.doi.org/10.1021/es9704949
dx.doi.org/10.1128/AEM
dx.doi.org/10.1128/AEM
dx.doi.org/10.1128/AEM
dx.doi.org/10.1128/AEM
dx.doi.org/10.1128/AEM
dx.doi.org/10.1128/AEM
dx.doi.org/10.1128/AEM
dx.doi.org/10.1016/j.envpol.2015.12.029
dx.doi.org/10.1016/j.envpol.2015.12.029
dx.doi.org/10.1016/j.envpol.2015.12.029
dx.doi.org/10.1016/j.envpol.2015.12.029
dx.doi.org/10.1016/j.envpol.2015.12.029
dx.doi.org/10.1016/j.envpol.2015.12.029
dx.doi.org/10.1016/j.envpol.2015.12.029
dx.doi.org/10.1016/j.envpol.2015.12.029
dx.doi.org/10.1016/j.envpol.2015.12.029
dx.doi.org/10.1016/j.envpol.2015.12.029
dx.doi.org/10.1016/j.envpol.2015.12.029
dx.doi.org/10.1038/nrmicro731
dx.doi.org/10.1038/nrmicro731
dx.doi.org/10.1038/nrmicro731
dx.doi.org/10.1038/nrmicro731
dx.doi.org/10.1038/nrmicro731
dx.doi.org/10.1038/nrmicro731
dx.doi.org/10.1038/nrmicro731
dx.doi.org/10.1038/339297a0
dx.doi.org/10.1038/339297a0
dx.doi.org/10.1038/339297a0
dx.doi.org/10.1038/339297a0
dx.doi.org/10.1038/339297a0
dx.doi.org/10.1038/339297a0
dx.doi.org/10.1038/339297a0
dx.doi.org/10.1111/j.1574-6941.2007.00371.x
dx.doi.org/10.1111/j.1574-6941.2007.00371.x
dx.doi.org/10.1111/j.1574-6941.2007.00371.x
dx.doi.org/10.1111/j.1574-6941.2007.00371.x
dx.doi.org/10.1111/j.1574-6941.2007.00371.x
dx.doi.org/10.1111/j.1574-6941.2007.00371.x
dx.doi.org/10.1111/j.1574-6941.2007.00371.x
dx.doi.org/10.1111/j.1574-6941.2007.00371.x
dx.doi.org/10.1111/j.1574-6941.2007.00371.x
dx.doi.org/10.1111/j.1574-6941.2007.00371.x
dx.doi.org/10.1111/j.1574-6941.2007.00371.x
dx.doi.org/10.1111/j.1574-6941.2007.00371.x
dx.doi.org/10.1111/j.1574-6941.2011.01193.x
dx.doi.org/10.1111/j.1574-6941.2011.01193.x
dx.doi.org/10.1111/j.1574-6941.2011.01193.x
dx.doi.org/10.1111/j.1574-6941.2011.01193.x
dx.doi.org/10.1111/j.1574-6941.2011.01193.x
dx.doi.org/10.1111/j.1574-6941.2011.01193.x
dx.doi.org/10.1111/j.1574-6941.2011.01193.x
dx.doi.org/10.1111/j.1574-6941.2011.01193.x
dx.doi.org/10.1111/j.1574-6941.2011.01193.x
dx.doi.org/10.1111/j.1574-6941.2011.01193.x
dx.doi.org/10.1111/j.1574-6941.2011.01193.x
dx.doi.org/10.1111/j.1574-6941.2011.01193.x
dx.doi.org/10.1089/ees.2012.0515
dx.doi.org/10.1089/ees.2012.0515
dx.doi.org/10.1089/ees.2012.0515
dx.doi.org/10.1089/ees.2012.0515
dx.doi.org/10.1089/ees.2012.0515
dx.doi.org/10.1089/ees.2012.0515
dx.doi.org/10.1089/ees.2012.0515
dx.doi.org/10.1089/ees.2012.0515
dx.doi.org/10.1089/ees.2012.0515
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0100
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0100
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0100
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0100
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0100
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0100
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0100
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0100
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0100
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0100
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0100
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0100
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0100
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0100
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0100
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0100
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0100
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0100
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0100
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0100
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0100
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0100
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0100
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0100
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0100
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0100
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0105
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0105
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0105
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0105
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0105
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0105
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0105
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0105
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0105
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0105
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0105
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0105
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0105
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0105
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0105
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0105
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0105
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0105
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0105
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0105
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0105
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0105
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0105
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0105
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0105
dx.doi.org/10.1111/j.1462-2920.2005.00900.x
dx.doi.org/10.1111/j.1462-2920.2005.00900.x
dx.doi.org/10.1111/j.1462-2920.2005.00900.x
dx.doi.org/10.1111/j.1462-2920.2005.00900.x
dx.doi.org/10.1111/j.1462-2920.2005.00900.x
dx.doi.org/10.1111/j.1462-2920.2005.00900.x
dx.doi.org/10.1111/j.1462-2920.2005.00900.x
dx.doi.org/10.1111/j.1462-2920.2005.00900.x
dx.doi.org/10.1111/j.1462-2920.2005.00900.x
dx.doi.org/10.1111/j.1462-2920.2005.00900.x
dx.doi.org/10.1111/j.1462-2920.2005.00900.x
dx.doi.org/10.1111/j.1462-2920.2005.00900.x
dx.doi.org/10.1016/j.jhazmat.2007.06.043
dx.doi.org/10.1016/j.jhazmat.2007.06.043
dx.doi.org/10.1016/j.jhazmat.2007.06.043
dx.doi.org/10.1016/j.jhazmat.2007.06.043
dx.doi.org/10.1016/j.jhazmat.2007.06.043
dx.doi.org/10.1016/j.jhazmat.2007.06.043
dx.doi.org/10.1016/j.jhazmat.2007.06.043
dx.doi.org/10.1016/j.jhazmat.2007.06.043
dx.doi.org/10.1016/j.jhazmat.2007.06.043
dx.doi.org/10.1016/j.jhazmat.2007.06.043
dx.doi.org/10.1016/j.jhazmat.2007.06.043
dx.doi.org/10.1016/j.jhazmat.2008.08.101
dx.doi.org/10.1016/j.jhazmat.2008.08.101
dx.doi.org/10.1016/j.jhazmat.2008.08.101
dx.doi.org/10.1016/j.jhazmat.2008.08.101
dx.doi.org/10.1016/j.jhazmat.2008.08.101
dx.doi.org/10.1016/j.jhazmat.2008.08.101
dx.doi.org/10.1016/j.jhazmat.2008.08.101
dx.doi.org/10.1016/j.jhazmat.2008.08.101
dx.doi.org/10.1016/j.jhazmat.2008.08.101
dx.doi.org/10.1016/j.jhazmat.2008.08.101
dx.doi.org/10.1016/j.jhazmat.2008.08.101
dx.doi.org/10.1016/j.syapm.2014.07.005
dx.doi.org/10.1016/j.syapm.2014.07.005
dx.doi.org/10.1016/j.syapm.2014.07.005
dx.doi.org/10.1016/j.syapm.2014.07.005
dx.doi.org/10.1016/j.syapm.2014.07.005
dx.doi.org/10.1016/j.syapm.2014.07.005
dx.doi.org/10.1016/j.syapm.2014.07.005
dx.doi.org/10.1016/j.syapm.2014.07.005
dx.doi.org/10.1016/j.syapm.2014.07.005
dx.doi.org/10.1016/j.syapm.2014.07.005
dx.doi.org/10.1016/j.syapm.2014.07.005
dx.doi.org/10.1061/(ASCE)EE.1943-7870.0001055
dx.doi.org/10.1061/(ASCE)EE.1943-7870.0001055
dx.doi.org/10.1061/(ASCE)EE.1943-7870.0001055
dx.doi.org/10.1061/(ASCE)EE.1943-7870.0001055
dx.doi.org/10.1061/(ASCE)EE.1943-7870.0001055
dx.doi.org/10.1061/(ASCE)EE.1943-7870.0001055
dx.doi.org/10.1061/(ASCE)EE.1943-7870.0001055
dx.doi.org/10.1061/(ASCE)EE.1943-7870.0001055
dx.doi.org/10.1061/(ASCE)EE.1943-7870.0001055
dx.doi.org/10.1061/(ASCE)EE.1943-7870.0001055
http://biodiesel.org/reports/19950101_gen-273.pdf
http://biodiesel.org/reports/19950101_gen-273.pdf
http://biodiesel.org/reports/19950101_gen-273.pdf
http://biodiesel.org/reports/19950101_gen-273.pdf
http://biodiesel.org/reports/19950101_gen-273.pdf
http://biodiesel.org/reports/19950101_gen-273.pdf
http://biodiesel.org/reports/19950101_gen-273.pdf
http://biodiesel.org/reports/19950101_gen-273.pdf
dx.doi.org/10.1021/ef100084j
dx.doi.org/10.1021/ef100084j
dx.doi.org/10.1021/ef100084j
dx.doi.org/10.1021/ef100084j
dx.doi.org/10.1021/ef100084j
dx.doi.org/10.1021/ef100084j
dx.doi.org/10.1021/ef100084j
dx.doi.org/10.1016/j.watres.2015.09.024
dx.doi.org/10.1016/j.watres.2015.09.024
dx.doi.org/10.1016/j.watres.2015.09.024
dx.doi.org/10.1016/j.watres.2015.09.024
dx.doi.org/10.1016/j.watres.2015.09.024
dx.doi.org/10.1016/j.watres.2015.09.024
dx.doi.org/10.1016/j.watres.2015.09.024
dx.doi.org/10.1016/j.watres.2015.09.024
dx.doi.org/10.1016/j.watres.2015.09.024
dx.doi.org/10.1016/j.watres.2015.09.024
dx.doi.org/10.1016/j.watres.2015.09.024
dx.doi.org/10.1111/j.1574-6941.2009.00680.x
dx.doi.org/10.1111/j.1574-6941.2009.00680.x
dx.doi.org/10.1111/j.1574-6941.2009.00680.x
dx.doi.org/10.1111/j.1574-6941.2009.00680.x
dx.doi.org/10.1111/j.1574-6941.2009.00680.x
dx.doi.org/10.1111/j.1574-6941.2009.00680.x
dx.doi.org/10.1111/j.1574-6941.2009.00680.x
dx.doi.org/10.1111/j.1574-6941.2009.00680.x
dx.doi.org/10.1111/j.1574-6941.2009.00680.x
dx.doi.org/10.1111/j.1574-6941.2009.00680.x
dx.doi.org/10.1111/j.1574-6941.2009.00680.x
dx.doi.org/10.1111/j.1574-6941.2009.00680.x
dx.doi.org/10.1038/nrmicro2166
dx.doi.org/10.1038/nrmicro2166
dx.doi.org/10.1038/nrmicro2166
dx.doi.org/10.1038/nrmicro2166
dx.doi.org/10.1038/nrmicro2166
dx.doi.org/10.1038/nrmicro2166
dx.doi.org/10.1038/nrmicro2166
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0160
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0160
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0160
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0160
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0160
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0160
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0160
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0160
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0160
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0160
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0160
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0160
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0160
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0160
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0160
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0160
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0160
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0160
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0160
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0160
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0160
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0160
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0160
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0160
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0160
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0160
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0160
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0160
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0160
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0160
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0160
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0160


2 ardous

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

Environ. Microbiol. 59 (1993) 695–700.
[72] J.R. Stults, O. Snoeyenbos-West, B. Methe, D.R. Lovley, D.P. Chandler,

Application of the 5′ fluorogenic exonuclease assay (TaqMan) for quantitative
36 J.B. Müller et al. / Journal of Haz

33] R. Rabus, T.A. Hansen, F. Widdel, Dissimilatory sulfate- and sulfur-reducing
prokaryotes, in: M.  Dworkin, S. Falkow, E. Rosenberg, K.-H. Schleifer, E.
Stackebrandt (Eds.), The Prokaryotes, Springer New York, New York, NY, 2006,
pp.  659–768.

34] D.Z. Sousa, M.  Balk, M.  Alves, B. Schink, M.J. McInerney, H. Smidt, C.M. Plugge,
A.J.M. Stams, Degradation of long-Chain fatty acids by sulfate-reducing and
methanogenic communities, in: K.N. Timmis (Ed.), Handb. Hydrocarb. Lipid
Microbiol., Springer, Berlin, Heidelberg, 2010, pp. 963–980.

35] A.P. Mariano, D.M. Bonotto, D. de F. de Angelis, M.P.S. Pirôllo, J. Contiero,
Biodegradability of commercial and weathered diesel oils, Braz. J. Microbiol.
39  (2008) 133–142, http://dx.doi.org/10.1590/S1517-83822008000100028.

36] S.L.F. Andersen, R.G. Flores, V.S. Madeira, H.J. José, R.F.P.M. Moreira, Synthesis
and characterization of acicular iron oxide particles obtained from acid mine
drainage and their catalytic properties in toluene oxidation, Ind. Eng. Chem.
Res. 51 (2012) 767–774, http://dx.doi.org/10.1021/ie201269y.

37] B. Lin, H.V. Westerhoff, W.F.M. Röling, How Geobacteraceae may dominate
subsurface biodegradation: physiology of Geobacter metallireducens in
slow-growth habitat-simulating retentostats, Environ. Microbiol. 11 (2009)
2425–2433, http://dx.doi.org/10.1111/j.1462-2920.2009.01971.x.

38]  J.A. Livermore, Y.O. Jin, R.W. Arnseth, M.  LePuil, T.E. Mattes, Microbial
community dynamics during acetate biostimulation of RDX-contaminated
groundwater, Environ. Sci. Technol. 47 (2013) 7672–7678, http://dx.doi.org/
10.1021/es4012788.

39] D.T. Ramos, M.L.B. da Silva, C.W. Nossa, P.J.J. Alvarez, H.X. Corseuil,
Assessment of microbial communities associated with
fermentative-methanogenic biodegradation of aromatic hydrocarbons in
groundwater contaminated with a biodiesel blend (B20), Biodegradation 25
(2014) 681–691, http://dx.doi.org/10.1007/s10532-014-9691-4.

40] American Public Health Association (APHA), Standard Methods for the
Examination of Water and Wastewater, American Public Health Association,
American Water Works Association and Water Pollution Control Federation,
Washington D.C, 1992.

41] R.O. Gilbert, Statistical Methods for Environmental Pollution Monitoring, John
Wiley & Sons, 1987.

42] C. Winderl, S. Schaefer, T. Lueders, Detection of anaerobic toluene and
hydrocarbon degraders in contaminated aquifers using benzylsuccinate
synthase (bssA) genes as a functional marker, Environ. Microbiol. 9 (2007)
1035–1046, http://dx.doi.org/10.1111/j.1462-2920.2006.01230.x.

43]  W.  Sun, X. Sun, A.M. Cupples, Presence, diversity and enumeration of
functional genes (bssA and bamA) relating to toluene degradation across a
range of redox conditions and inoculum sources, Biodegradation 25 (2014)
189–203, http://dx.doi.org/10.1007/s10532-013-9651-4.

44] A. Klindworth, E. Pruesse, T. Schweer, J. Peplies, C. Quast, M. Horn, F.O.
Glöckner, Evaluation of general 16S ribosomal RNA gene PCR primers for
classical and next-generation sequencing-based diversity studies, Nucleic
Acids Res. 41 (2013) e1, http://dx.doi.org/10.1093/nar/gks808.

45] A.P. Masella, A.K. Bartram, J.M. Truszkowski, D.G. Brown, J.D. Neufeld,
PANDAseq: paired-end assembler for illumina sequences, BMC  Bioinf. 13
(2012) 31, http://dx.doi.org/10.1186/1471-2105-13-31.

46] J.G. Caporaso, J. Kuczynski, J. Stombaugh, K. Bittinger, F.D. Bushman, E.K.
Costello, N. Fierer, A.G. Peña, J.K. Goodrich, J.I. Gordon, G.A. Huttley, S.T.
Kelley, D. Knights, J.E. Koenig, R.E. Ley, C.A. Lozupone, D. McDonald, B.D.
Muegge, M.  Pirrung, J. Reeder, J.R. Sevinsky, P.J. Turnbaugh, W.A. Walters, J.
Widmann, T. Yatsunenko, J. Zaneveld, R. Knight, QIIME allows analysis of
high-throughput community sequencing data, Nat. Methods 7 (2010)
335–336, http://dx.doi.org/10.1038/nmeth.f.303.

47] Brazil National Council of the environment (CONAMA). CONAMA Resolution
396  from April, 3 (2008). http://www.mma.gov.br/port/conama/legiabre.
cfm?codlegi=562 (Accessed 28 June 2016).

48] Environmental Company of the São Paulo State (CETESB) Board decision 045
from February, 20 (2014). http://www.mma.gov.br/port/conama/legiabre.
cfm?codlegi=562 (Accessed 28 June 2016).

49] S. Kleinsteuber, K.M. Schleinitz, C. Vogt, Key players and team play: anaerobic
microbial communities in hydrocarbon-contaminated aquifers, Appl.
Microbiol. Biotechnol. 94 (2012) 851–873, http://dx.doi.org/10.1007/s00253-
012-4025-0.

50] S.J. Callister, M.J. Wilkins, C.D. Nicora, K.H. Williams, J.F. Banfield, N.C.
VerBerkmoes, R.L. Hettich, L. N’Guessan, P.J. Mouser, H. Elifantz, R.D. Smith,
D.R. Lovley, M.S. Lipton, P.E. Long, Analysis of biostimulated microbial
communities from two field experiments reveals temporal and spatial
differences in proteome profiles, Environ. Sci. Technol. 44 (2010) 8897–8903,
http://dx.doi.org/10.1021/es101029f.

51] W.-T. Im,  Z.-Y. Hu, K.-H. Kim, S.-K. Rhee, H. Meng, S.-T. Lee, Z.-X. Quan,
Description of Fimbriimonas ginsengisoli gen. nov., sp. nov. within the
Fimbriimonadia class nov., of the phylum Armatimonadetes, Antonie Van
Leeuwenhoek 102 (2012) 307–317, http://dx.doi.org/10.1007/s10482-012-
9739-6.

52] J. Bauld, J.T. Staley, Planctomyces maris sp. nov.: a marine isolate of the
Planctomyces-Blastocaulis group of budding bacteria, Microbiology 97 (1976)
45–55, http://dx.doi.org/10.1099/00221287-97-1-45.

53] L.A. Maldonado, W.  Fenical, P.R. Jensen, C.A. Kauffman, T.J. Mincer, A.C. Ward,

A.T.  Bull, M.  Goodfellow, Salinispora arenicola gen. nov., sp. nov. and
Salinispora tropica sp. nov., obligate marine actinomycetes belonging to the
family Micromonosporaceae, Int. J. Syst. Evol. Microbiol. 55 (2005) 1759–1766.

54] A. Srinivas, C. Sasikala, C.V. Ramana, Rhodoplanes oryzae sp. nov., a
phototrophic alphaproteobacterium isolated from the rhizosphere soil of
 Materials 326 (2017) 229–236

paddy, Int. J. Syst. Evol. Microbiol. 64 (2014) 2198–2203, http://dx.doi.org/10.
1099/ijs.0.063347-0.

55] W.E. Kloos, Natural populations of the genus Staphylococcus, Annu. Rev.
Microbiol. 34 (1980) 559–592, http://dx.doi.org/10.1146/annurev.mi.34.
100180.003015.

56] Y. Sato, H. Nishihara, M.  Yoshida, M.  Watanabe, J.D. Rondal, R.N. Concepcion,
H.  Ohta, Cupriavidus pinatubonensis sp. nov. and Cupriavidus laharis sp. nov.,
novel hydrogen-oxidizing, facultatively chemolithotrophic bacteria isolated
from volcanic mudflow deposits from Mt.  Pinatubo in the Philippines, Int. J.
Syst. Evol. Microbiol. 56 (2006) 973–978, http://dx.doi.org/10.1099/ijs.0.
63922-0.

57] H. Shim, B. Hwang, S.-S. Lee, S.-H. Kong, Kinetics of BTEX biodegradation by a
coculture of Pseudomonas putida, Biodegradation 16 (2005) 319–327, http://
dx.doi.org/10.1007/s10532-004-1842-6.

58] N.L. Ward, J.F. Challacombe, P.H. Janssen, B. Henrissat, P.M. Coutinho, M.  Wu,
G.  Xie, D.H. Haft, M.  Sait, J. Badger, R.D. Barabote, B. Bradley, T.S. Brettin, L.M.
Brinkac, D. Bruce, T. Creasy, S.C. Daugherty, T.M. Davidsen, R.T. DeBoy, J.C.
Detter, R.J. Dodson, A.S. Durkin, A. Ganapathy, M.  Gwinn-Giglio, C.S. Han, H.
Khouri, H. Kiss, S.P. Kothari, R. Madupu, K.E. Nelson, W.C. Nelson, I. Paulsen, K.
Penn, Q. Ren, M.J. Rosovitz, J.D. Selengut, S. Shrivastava, S.A. Sullivan, R. Tapia,
L.S.  Thompson, K.L. Watkins, Q. Yang, C. Yu, N. Zafar, L. Zhou, C.R. Kuske, Three
genomes from the phylum Acidobacteria provide insight into the lifestyles of
these microorganisms in soils, Appl. Environ. Microbiol. 75 (2009)
2046–2056, http://dx.doi.org/10.1128/AEM.02294-08.

59] H. Miettinen, R. Kietäväinen, E. Sohlberg, M.  Numminen, L. Ahonen, M.
Itävaara, Microbiome composition and geochemical characteristics of deep
subsurface high-pressure environment, Pyhäsalmi mine Finland, Front.
Microbiol. (2015) 1203, http://dx.doi.org/10.3389/fmicb.2015.01203.

60]  T. Imperio, C. Viti, L. Marri, Alicyclobacillus pohliae sp. nov., a thermophilic,
endospore-forming bacterium isolated from geothermal soil of the
north-west slope of Mount Melbourne (Antarctica), Int. J. Syst. Evol.
Microbiol. 58 (2008) 221–225, http://dx.doi.org/10.1099/ijs.0.65092-0.

61] C. Scheuner, B.J. Tindall, M.  Lu, M.  Nolan, A. Lapidus, J.-F. Cheng, L. Goodwin, S.
Pitluck, M.  Huntemann, K. Liolios, I. Pagani, K. Mavromatis, N. Ivanova, A. Pati,
A.  Chen, K. Palaniappan, C.D. Jeffries, L. Hauser, M.  Land, R. Mwirichia, M.
Rohde, B. Abt, J.C. Detter, T. Woyke, J.A. Eisen, V. Markowitz, P. Hugenholtz, M.
Göker, N.C. Kyrpides, H.-P. Klenk, Complete genome sequence of Planctomyces
brasiliensis type strain (DSM 5305(T)), phylogenomic analysis and
reclassification of Planctomycetes including the descriptions of Gimesia gen.
nov. Planctopirus gen. nov. and Rubinisphaera gen. nov. and emended
descriptions of the order Planctomycetales and the family Planctomycetaceae,
Stand Genomic Sci. 9 (2014), http://dx.doi.org/10.1186/1944-3277-9-10.

62]  R.A. Maithreepala, R. Doong, Transformation of carbon tetrachloride by
biogenic iron species in the presence of Geobacter sulfurreducens and electron
shuttles, J. Hazard. Mater. 164 (2009) 337–344, http://dx.doi.org/10.1016/j.
jhazmat.2008.08.007.

63] M.  Sun, T. Xiao, Z. Ning, E. Xiao, W.  Sun, Microbial community analysis in rice
paddy soils irrigated by acid mine drainage contaminated water, Appl.
Microbiol. Biotechnol. 99 (2015) 2911–2922, http://dx.doi.org/10.1007/
s00253-014-6194-5.

64] A.R. Lopes, C.M. Manaia, O.C. Nunes, Bacterial community variations in an
alfalfa-rice rotation system revealed by 16S rRNA gene 454-pyrosequencing,
FEMS Microbiol. Ecol. 87 (2014) 650–663, http://dx.doi.org/10.1111/1574-
6941.12253.

65] K. Watanabe, Y. Kodama, N. Kaku, Diversity and abundance of bacteria in an
underground oil-storage cavity, BMC  Microbiol. 2 (2002) 23, http://dx.doi.org/
10.1186/1471-2180-2-23.

66] A. Alfreider, C. Vogt, W.  Babel, Microbial diversity in an in situ reactor system
treating monochlorobenzene contaminated groundwater as revealed by 16S
ribosomal DNA analysis, Syst. Appl. Microbiol. 25 (2002) 232–240.

67] S. Bhatnagar, J.H. Badger, R. Madupu, H.M. Khouri, E.M. O’Connor, F.T. Robb,
N.L. Ward, J.A. Eisen, Genome sequence of the sulfate-reducing thermophilic
bacterium Thermodesulfovibrio yellowstonii strain DSM 11347T (Phylum
Nitrospirae),  Genome Announc. 3 (2015), http://dx.doi.org/10.1128/genomeA.
01489-14.

68] A. Sherry, N.D. Gray, A.K. Ditchfield, C.M. Aitken, D.M. Jones, W.F.M. Röling, C.
Hallmann, S.R. Larter, B.F.J. Bowler, I.M. Head, Anaerobic biodegradation of
crude oil under sulphate-reducing conditions leads to only modest
enrichment of recognized sulphate-reducing taxa, Int. Biodeterior. Biodegrad.
81 (2013) 105–113, http://dx.doi.org/10.1016/j.ibiod.2012.04.009.

69] M.T. Madigan, J.M. Martinko, D. Stahl, D.P. Clark, Brock Biology of
Microorganisms, 13 edition, Pearson, San Francisco, 2010.

70] E.A. Atekwana, G.Z.A. Aal, Iron biomineralization controls on geophysical
signatures of hydrocarbon contaminated sediments, J. Earth Sci. 26 (2015)
835–843, http://dx.doi.org/10.1007/s12583-015-0611-2.

71] G. Muyzer, E.C. de Waal, A.G. Uitterlinden, Profiling of complex microbial
populations by denaturing gradient gel electrophoresis analysis of
polymerase chain reaction-amplified genes coding for 16S rRNA, Appl.
ribosomal DNA and rRNA analysis in sediments, Appl. Environ. Microbiol. 67
(2001) 2781–2789, http://dx.doi.org/10.1128/AEM.67.6.2781-2789.2001.

http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0165
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0165
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0165
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0165
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0165
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0165
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0165
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0165
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0165
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0165
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0165
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0165
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0165
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0165
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0165
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0165
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0165
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0165
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0165
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0165
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0165
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0165
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0165
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0165
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0165
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0165
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0165
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0165
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0165
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0165
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0165
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0165
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0165
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0165
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0165
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0165
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0170
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0170
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0170
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0170
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0170
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0170
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0170
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0170
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0170
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0170
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0170
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0170
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0170
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0170
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0170
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0170
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0170
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0170
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0170
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0170
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0170
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0170
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0170
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0170
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0170
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0170
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0170
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0170
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0170
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0170
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0170
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0170
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0170
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0170
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0170
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0170
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0170
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0170
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0170
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0170
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0170
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0170
dx.doi.org/10.1590/S1517-83822008000100028
dx.doi.org/10.1590/S1517-83822008000100028
dx.doi.org/10.1590/S1517-83822008000100028
dx.doi.org/10.1590/S1517-83822008000100028
dx.doi.org/10.1590/S1517-83822008000100028
dx.doi.org/10.1590/S1517-83822008000100028
dx.doi.org/10.1590/S1517-83822008000100028
dx.doi.org/10.1590/S1517-83822008000100028
dx.doi.org/10.1021/ie201269y
dx.doi.org/10.1021/ie201269y
dx.doi.org/10.1021/ie201269y
dx.doi.org/10.1021/ie201269y
dx.doi.org/10.1021/ie201269y
dx.doi.org/10.1021/ie201269y
dx.doi.org/10.1021/ie201269y
dx.doi.org/10.1111/j.1462-2920.2009.01971.x
dx.doi.org/10.1111/j.1462-2920.2009.01971.x
dx.doi.org/10.1111/j.1462-2920.2009.01971.x
dx.doi.org/10.1111/j.1462-2920.2009.01971.x
dx.doi.org/10.1111/j.1462-2920.2009.01971.x
dx.doi.org/10.1111/j.1462-2920.2009.01971.x
dx.doi.org/10.1111/j.1462-2920.2009.01971.x
dx.doi.org/10.1111/j.1462-2920.2009.01971.x
dx.doi.org/10.1111/j.1462-2920.2009.01971.x
dx.doi.org/10.1111/j.1462-2920.2009.01971.x
dx.doi.org/10.1111/j.1462-2920.2009.01971.x
dx.doi.org/10.1111/j.1462-2920.2009.01971.x
dx.doi.org/10.1021/es4012788
dx.doi.org/10.1021/es4012788
dx.doi.org/10.1021/es4012788
dx.doi.org/10.1021/es4012788
dx.doi.org/10.1021/es4012788
dx.doi.org/10.1021/es4012788
dx.doi.org/10.1021/es4012788
dx.doi.org/10.1007/s10532-014-9691-4
dx.doi.org/10.1007/s10532-014-9691-4
dx.doi.org/10.1007/s10532-014-9691-4
dx.doi.org/10.1007/s10532-014-9691-4
dx.doi.org/10.1007/s10532-014-9691-4
dx.doi.org/10.1007/s10532-014-9691-4
dx.doi.org/10.1007/s10532-014-9691-4
dx.doi.org/10.1007/s10532-014-9691-4
dx.doi.org/10.1007/s10532-014-9691-4
dx.doi.org/10.1007/s10532-014-9691-4
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0200
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0200
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0200
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0200
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0200
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0200
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0200
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0200
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0200
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0200
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0200
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0200
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0200
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0200
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0200
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0200
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0200
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0200
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0200
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0200
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0200
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0200
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0200
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0200
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0200
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0200
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0200
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0200
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0200
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0200
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0205
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0205
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0205
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0205
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0205
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0205
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0205
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0205
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0205
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0205
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0205
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0205
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0205
dx.doi.org/10.1111/j.1462-2920.2006.01230.x
dx.doi.org/10.1111/j.1462-2920.2006.01230.x
dx.doi.org/10.1111/j.1462-2920.2006.01230.x
dx.doi.org/10.1111/j.1462-2920.2006.01230.x
dx.doi.org/10.1111/j.1462-2920.2006.01230.x
dx.doi.org/10.1111/j.1462-2920.2006.01230.x
dx.doi.org/10.1111/j.1462-2920.2006.01230.x
dx.doi.org/10.1111/j.1462-2920.2006.01230.x
dx.doi.org/10.1111/j.1462-2920.2006.01230.x
dx.doi.org/10.1111/j.1462-2920.2006.01230.x
dx.doi.org/10.1111/j.1462-2920.2006.01230.x
dx.doi.org/10.1111/j.1462-2920.2006.01230.x
dx.doi.org/10.1007/s10532-013-9651-4
dx.doi.org/10.1007/s10532-013-9651-4
dx.doi.org/10.1007/s10532-013-9651-4
dx.doi.org/10.1007/s10532-013-9651-4
dx.doi.org/10.1007/s10532-013-9651-4
dx.doi.org/10.1007/s10532-013-9651-4
dx.doi.org/10.1007/s10532-013-9651-4
dx.doi.org/10.1007/s10532-013-9651-4
dx.doi.org/10.1007/s10532-013-9651-4
dx.doi.org/10.1007/s10532-013-9651-4
dx.doi.org/10.1093/nar/gks808
dx.doi.org/10.1093/nar/gks808
dx.doi.org/10.1093/nar/gks808
dx.doi.org/10.1093/nar/gks808
dx.doi.org/10.1093/nar/gks808
dx.doi.org/10.1093/nar/gks808
dx.doi.org/10.1093/nar/gks808
dx.doi.org/10.1093/nar/gks808
dx.doi.org/10.1186/1471-2105-13-31
dx.doi.org/10.1186/1471-2105-13-31
dx.doi.org/10.1186/1471-2105-13-31
dx.doi.org/10.1186/1471-2105-13-31
dx.doi.org/10.1186/1471-2105-13-31
dx.doi.org/10.1186/1471-2105-13-31
dx.doi.org/10.1186/1471-2105-13-31
dx.doi.org/10.1186/1471-2105-13-31
dx.doi.org/10.1186/1471-2105-13-31
dx.doi.org/10.1186/1471-2105-13-31
dx.doi.org/10.1038/nmeth.f.303
dx.doi.org/10.1038/nmeth.f.303
dx.doi.org/10.1038/nmeth.f.303
dx.doi.org/10.1038/nmeth.f.303
dx.doi.org/10.1038/nmeth.f.303
dx.doi.org/10.1038/nmeth.f.303
dx.doi.org/10.1038/nmeth.f.303
dx.doi.org/10.1038/nmeth.f.303
dx.doi.org/10.1038/nmeth.f.303
http://www.mma.gov.br/port/conama/legiabre.cfm?codlegi=562
http://www.mma.gov.br/port/conama/legiabre.cfm?codlegi=562
http://www.mma.gov.br/port/conama/legiabre.cfm?codlegi=562
http://www.mma.gov.br/port/conama/legiabre.cfm?codlegi=562
http://www.mma.gov.br/port/conama/legiabre.cfm?codlegi=562
http://www.mma.gov.br/port/conama/legiabre.cfm?codlegi=562
http://www.mma.gov.br/port/conama/legiabre.cfm?codlegi=562
http://www.mma.gov.br/port/conama/legiabre.cfm?codlegi=562
http://www.mma.gov.br/port/conama/legiabre.cfm?codlegi=562
http://www.mma.gov.br/port/conama/legiabre.cfm?codlegi=562
http://www.mma.gov.br/port/conama/legiabre.cfm?codlegi=562
http://www.mma.gov.br/port/conama/legiabre.cfm?codlegi=562
http://www.mma.gov.br/port/conama/legiabre.cfm?codlegi=562
http://www.mma.gov.br/port/conama/legiabre.cfm?codlegi=562
http://www.mma.gov.br/port/conama/legiabre.cfm?codlegi=562
http://www.mma.gov.br/port/conama/legiabre.cfm?codlegi=562
http://www.mma.gov.br/port/conama/legiabre.cfm?codlegi=562
http://www.mma.gov.br/port/conama/legiabre.cfm?codlegi=562
dx.doi.org/10.1007/s00253-012-4025-0
dx.doi.org/10.1007/s00253-012-4025-0
dx.doi.org/10.1007/s00253-012-4025-0
dx.doi.org/10.1007/s00253-012-4025-0
dx.doi.org/10.1007/s00253-012-4025-0
dx.doi.org/10.1007/s00253-012-4025-0
dx.doi.org/10.1007/s00253-012-4025-0
dx.doi.org/10.1007/s00253-012-4025-0
dx.doi.org/10.1007/s00253-012-4025-0
dx.doi.org/10.1007/s00253-012-4025-0
dx.doi.org/10.1021/es101029f
dx.doi.org/10.1021/es101029f
dx.doi.org/10.1021/es101029f
dx.doi.org/10.1021/es101029f
dx.doi.org/10.1021/es101029f
dx.doi.org/10.1021/es101029f
dx.doi.org/10.1021/es101029f
dx.doi.org/10.1007/s10482-012-9739-6
dx.doi.org/10.1007/s10482-012-9739-6
dx.doi.org/10.1007/s10482-012-9739-6
dx.doi.org/10.1007/s10482-012-9739-6
dx.doi.org/10.1007/s10482-012-9739-6
dx.doi.org/10.1007/s10482-012-9739-6
dx.doi.org/10.1007/s10482-012-9739-6
dx.doi.org/10.1007/s10482-012-9739-6
dx.doi.org/10.1007/s10482-012-9739-6
dx.doi.org/10.1007/s10482-012-9739-6
dx.doi.org/10.1099/00221287-97-1-45
dx.doi.org/10.1099/00221287-97-1-45
dx.doi.org/10.1099/00221287-97-1-45
dx.doi.org/10.1099/00221287-97-1-45
dx.doi.org/10.1099/00221287-97-1-45
dx.doi.org/10.1099/00221287-97-1-45
dx.doi.org/10.1099/00221287-97-1-45
dx.doi.org/10.1099/00221287-97-1-45
dx.doi.org/10.1099/00221287-97-1-45
dx.doi.org/10.1099/00221287-97-1-45
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0265
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0265
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0265
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0265
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0265
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0265
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0265
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0265
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0265
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0265
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0265
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0265
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0265
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0265
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0265
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0265
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0265
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0265
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0265
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0265
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0265
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0265
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0265
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0265
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0265
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0265
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0265
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0265
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0265
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0265
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0265
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0265
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0265
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0265
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0265
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0265
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0265
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0265
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0265
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0265
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0265
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0265
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0265
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0265
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0265
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0265
dx.doi.org/10.1099/ijs.0.063347-0
dx.doi.org/10.1099/ijs.0.063347-0
dx.doi.org/10.1099/ijs.0.063347-0
dx.doi.org/10.1099/ijs.0.063347-0
dx.doi.org/10.1099/ijs.0.063347-0
dx.doi.org/10.1099/ijs.0.063347-0
dx.doi.org/10.1099/ijs.0.063347-0
dx.doi.org/10.1099/ijs.0.063347-0
dx.doi.org/10.1099/ijs.0.063347-0
dx.doi.org/10.1099/ijs.0.063347-0
dx.doi.org/10.1146/annurev.mi.34.100180.003015
dx.doi.org/10.1146/annurev.mi.34.100180.003015
dx.doi.org/10.1146/annurev.mi.34.100180.003015
dx.doi.org/10.1146/annurev.mi.34.100180.003015
dx.doi.org/10.1146/annurev.mi.34.100180.003015
dx.doi.org/10.1146/annurev.mi.34.100180.003015
dx.doi.org/10.1146/annurev.mi.34.100180.003015
dx.doi.org/10.1146/annurev.mi.34.100180.003015
dx.doi.org/10.1146/annurev.mi.34.100180.003015
dx.doi.org/10.1146/annurev.mi.34.100180.003015
dx.doi.org/10.1146/annurev.mi.34.100180.003015
dx.doi.org/10.1099/ijs.0.63922-0
dx.doi.org/10.1099/ijs.0.63922-0
dx.doi.org/10.1099/ijs.0.63922-0
dx.doi.org/10.1099/ijs.0.63922-0
dx.doi.org/10.1099/ijs.0.63922-0
dx.doi.org/10.1099/ijs.0.63922-0
dx.doi.org/10.1099/ijs.0.63922-0
dx.doi.org/10.1099/ijs.0.63922-0
dx.doi.org/10.1099/ijs.0.63922-0
dx.doi.org/10.1099/ijs.0.63922-0
dx.doi.org/10.1007/s10532-004-1842-6
dx.doi.org/10.1007/s10532-004-1842-6
dx.doi.org/10.1007/s10532-004-1842-6
dx.doi.org/10.1007/s10532-004-1842-6
dx.doi.org/10.1007/s10532-004-1842-6
dx.doi.org/10.1007/s10532-004-1842-6
dx.doi.org/10.1007/s10532-004-1842-6
dx.doi.org/10.1007/s10532-004-1842-6
dx.doi.org/10.1007/s10532-004-1842-6
dx.doi.org/10.1007/s10532-004-1842-6
dx.doi.org/10.1128/AEM.02294-08
dx.doi.org/10.1128/AEM.02294-08
dx.doi.org/10.1128/AEM.02294-08
dx.doi.org/10.1128/AEM.02294-08
dx.doi.org/10.1128/AEM.02294-08
dx.doi.org/10.1128/AEM.02294-08
dx.doi.org/10.1128/AEM.02294-08
dx.doi.org/10.1128/AEM.02294-08
dx.doi.org/10.1128/AEM.02294-08
dx.doi.org/10.3389/fmicb.2015.01203
dx.doi.org/10.3389/fmicb.2015.01203
dx.doi.org/10.3389/fmicb.2015.01203
dx.doi.org/10.3389/fmicb.2015.01203
dx.doi.org/10.3389/fmicb.2015.01203
dx.doi.org/10.3389/fmicb.2015.01203
dx.doi.org/10.3389/fmicb.2015.01203
dx.doi.org/10.3389/fmicb.2015.01203
dx.doi.org/10.3389/fmicb.2015.01203
dx.doi.org/10.1099/ijs.0.65092-0
dx.doi.org/10.1099/ijs.0.65092-0
dx.doi.org/10.1099/ijs.0.65092-0
dx.doi.org/10.1099/ijs.0.65092-0
dx.doi.org/10.1099/ijs.0.65092-0
dx.doi.org/10.1099/ijs.0.65092-0
dx.doi.org/10.1099/ijs.0.65092-0
dx.doi.org/10.1099/ijs.0.65092-0
dx.doi.org/10.1099/ijs.0.65092-0
dx.doi.org/10.1099/ijs.0.65092-0
dx.doi.org/10.1186/1944-3277-9-10
dx.doi.org/10.1186/1944-3277-9-10
dx.doi.org/10.1186/1944-3277-9-10
dx.doi.org/10.1186/1944-3277-9-10
dx.doi.org/10.1186/1944-3277-9-10
dx.doi.org/10.1186/1944-3277-9-10
dx.doi.org/10.1186/1944-3277-9-10
dx.doi.org/10.1186/1944-3277-9-10
dx.doi.org/10.1186/1944-3277-9-10
dx.doi.org/10.1186/1944-3277-9-10
dx.doi.org/10.1016/j.jhazmat.2008.08.007
dx.doi.org/10.1016/j.jhazmat.2008.08.007
dx.doi.org/10.1016/j.jhazmat.2008.08.007
dx.doi.org/10.1016/j.jhazmat.2008.08.007
dx.doi.org/10.1016/j.jhazmat.2008.08.007
dx.doi.org/10.1016/j.jhazmat.2008.08.007
dx.doi.org/10.1016/j.jhazmat.2008.08.007
dx.doi.org/10.1016/j.jhazmat.2008.08.007
dx.doi.org/10.1016/j.jhazmat.2008.08.007
dx.doi.org/10.1016/j.jhazmat.2008.08.007
dx.doi.org/10.1016/j.jhazmat.2008.08.007
dx.doi.org/10.1007/s00253-014-6194-5
dx.doi.org/10.1007/s00253-014-6194-5
dx.doi.org/10.1007/s00253-014-6194-5
dx.doi.org/10.1007/s00253-014-6194-5
dx.doi.org/10.1007/s00253-014-6194-5
dx.doi.org/10.1007/s00253-014-6194-5
dx.doi.org/10.1007/s00253-014-6194-5
dx.doi.org/10.1007/s00253-014-6194-5
dx.doi.org/10.1007/s00253-014-6194-5
dx.doi.org/10.1007/s00253-014-6194-5
dx.doi.org/10.1111/1574-6941.12253
dx.doi.org/10.1111/1574-6941.12253
dx.doi.org/10.1111/1574-6941.12253
dx.doi.org/10.1111/1574-6941.12253
dx.doi.org/10.1111/1574-6941.12253
dx.doi.org/10.1111/1574-6941.12253
dx.doi.org/10.1111/1574-6941.12253
dx.doi.org/10.1111/1574-6941.12253
dx.doi.org/10.1111/1574-6941.12253
dx.doi.org/10.1186/1471-2180-2-23
dx.doi.org/10.1186/1471-2180-2-23
dx.doi.org/10.1186/1471-2180-2-23
dx.doi.org/10.1186/1471-2180-2-23
dx.doi.org/10.1186/1471-2180-2-23
dx.doi.org/10.1186/1471-2180-2-23
dx.doi.org/10.1186/1471-2180-2-23
dx.doi.org/10.1186/1471-2180-2-23
dx.doi.org/10.1186/1471-2180-2-23
dx.doi.org/10.1186/1471-2180-2-23
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0330
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0330
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0330
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0330
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0330
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0330
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0330
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0330
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0330
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0330
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0330
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0330
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0330
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0330
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0330
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0330
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0330
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0330
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0330
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0330
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0330
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0330
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0330
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0330
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0330
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0330
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0330
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0330
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0330
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0330
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0330
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0330
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0330
dx.doi.org/10.1128/genomeA.01489-14
dx.doi.org/10.1128/genomeA.01489-14
dx.doi.org/10.1128/genomeA.01489-14
dx.doi.org/10.1128/genomeA.01489-14
dx.doi.org/10.1128/genomeA.01489-14
dx.doi.org/10.1128/genomeA.01489-14
dx.doi.org/10.1128/genomeA.01489-14
dx.doi.org/10.1128/genomeA.01489-14
dx.doi.org/10.1128/genomeA.01489-14
dx.doi.org/10.1016/j.ibiod.2012.04.009
dx.doi.org/10.1016/j.ibiod.2012.04.009
dx.doi.org/10.1016/j.ibiod.2012.04.009
dx.doi.org/10.1016/j.ibiod.2012.04.009
dx.doi.org/10.1016/j.ibiod.2012.04.009
dx.doi.org/10.1016/j.ibiod.2012.04.009
dx.doi.org/10.1016/j.ibiod.2012.04.009
dx.doi.org/10.1016/j.ibiod.2012.04.009
dx.doi.org/10.1016/j.ibiod.2012.04.009
dx.doi.org/10.1016/j.ibiod.2012.04.009
dx.doi.org/10.1016/j.ibiod.2012.04.009
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0345
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0345
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0345
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0345
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0345
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0345
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0345
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0345
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0345
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0345
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0345
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0345
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0345
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0345
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0345
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0345
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0345
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0345
dx.doi.org/10.1007/s12583-015-0611-2
dx.doi.org/10.1007/s12583-015-0611-2
dx.doi.org/10.1007/s12583-015-0611-2
dx.doi.org/10.1007/s12583-015-0611-2
dx.doi.org/10.1007/s12583-015-0611-2
dx.doi.org/10.1007/s12583-015-0611-2
dx.doi.org/10.1007/s12583-015-0611-2
dx.doi.org/10.1007/s12583-015-0611-2
dx.doi.org/10.1007/s12583-015-0611-2
dx.doi.org/10.1007/s12583-015-0611-2
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0355
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0355
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0355
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0355
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0355
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0355
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0355
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0355
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0355
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0355
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0355
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0355
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0355
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0355
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0355
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0355
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0355
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0355
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0355
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0355
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0355
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0355
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0355
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0355
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0355
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0355
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0355
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0355
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0355
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0355
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0355
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0355
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0355
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0355
http://refhub.elsevier.com/S0304-3894(16)31134-7/sbref0355
dx.doi.org/10.1128/AEM.67.6.2781-2789.2001
dx.doi.org/10.1128/AEM.67.6.2781-2789.2001
dx.doi.org/10.1128/AEM.67.6.2781-2789.2001
dx.doi.org/10.1128/AEM.67.6.2781-2789.2001
dx.doi.org/10.1128/AEM.67.6.2781-2789.2001
dx.doi.org/10.1128/AEM.67.6.2781-2789.2001
dx.doi.org/10.1128/AEM.67.6.2781-2789.2001
dx.doi.org/10.1128/AEM.67.6.2781-2789.2001
dx.doi.org/10.1128/AEM.67.6.2781-2789.2001
dx.doi.org/10.1128/AEM.67.6.2781-2789.2001
dx.doi.org/10.1128/AEM.67.6.2781-2789.2001
dx.doi.org/10.1128/AEM.67.6.2781-2789.2001

	Combined iron and sulfate reduction biostimulation as a novel approach to enhance BTEX and PAH source-zone biodegradation ...
	1 Introduction
	2 Materials and methods
	2.1 Site description
	2.2 Physicochemical analyses
	2.3 Microbial analyses

	3 Results and discussion
	4 Conclusions
	Acknowledgments
	References


