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Anodes Stimulate Anaerobic Toluene Degradation via Sulfur Cycling
in Marine Sediments
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Hydrocarbons released during oil spills are persistent in marine sediments due to the absence of suitable electron acceptors be-
low the oxic zone. Here, we investigated an alternative bioremediation strategy to remove toluene, a model monoaromatic hy-
drocarbon, using a bioanode. Bioelectrochemical reactors were inoculated with sediment collected from a hydrocarbon-contam-
inated marine site, and anodes were polarized at 0 mV and +300 mV (versus an Ag/AgCl [3 M KCl] reference electrode). The
degradation of toluene was directly linked to current generation of up to 301 mA m ™2 and 431 mA m ™ for the bioanodes polar-
ized at 0 mV and +300 mV, respectively. Peak currents decreased over time even after periodic spiking with toluene. The moni-
toring of sulfate concentrations during bioelectrochemical experiments suggested that sulfur metabolism was involved in tolu-
ene degradation at bioanodes. 16S rRNA gene-based Illumina sequencing of the bulk anolyte and anode samples revealed
enrichment with electrocatalytically active microorganisms, toluene degraders, and sulfate-reducing microorganisms. Quantita-
tive PCR targeting the a-subunit of the dissimilatory sulfite reductase (encoded by dsrA) and the a-subunit of the benzylsucci-
nate synthase (encoded by bssA) confirmed these findings. In particular, members of the family Desulfobulbaceae were enriched
concomitantly with current production and toluene degradation. Based on these observations, we propose two mechanisms for

bioelectrochemical toluene degradation: (i) direct electron transfer to the anode and/or (ii) sulfide-mediated electron transfer.

he large number of oil spills from offshore extraction plat-

forms, ships, or more diffuse sources poses major concerns
to aquatic ecosystems (1). Volatile organic compounds (VOCs),
such as hexane, benzene, toluene, ethylbenzene, and xylenes
(BTEX), are a large fraction of petroleum hydrocarbons, repre-
senting up to 15% of all hydrocarbon contaminants (2). These
compounds can have a broad range of toxicity on a large number
of organisms (3), affecting natural biota and ecosystems (4), fish-
eries (5), and human health (6). Although the most dramatic ef-
fects usually are observed when a large volume of oil is spilled, it
also has been shown that small quantities of oil can severely im-
pact marine ecosystems (7).

When an oil spill occurs, a variety of hydrocarbon removal
strategies can be applied to minimize negative environmental im-
pacts. Biological methods now are widely used due to their low
cost, adaptability to local conditions, and potential for full con-
taminant mineralization (8). In confined environments, such as
marine sediments and aquifers, the excess of carbon source due to
the presence of contaminants leads to rapid depletion of both
nutrients (9) and thermodynamically favorable terminal electron
acceptors (10), which reduce the biodegradation rate of pollut-
ants. The degradation of contaminants is stimulated by overcom-
ing the limitations to the metabolism of naturally present micro-
organisms.

One of the most used bioremediation approaches is the stimula-
tion of aerobic metabolism by adding oxygen to the environment
(11). However, oxygen diffusion is limited, and oxygen losses can
occur due to reaction with reduced species, such as Fe*™ or Mn*™,
present in these environments (12, 13). Furthermore, oxygen natu-
rally escapes from the contaminated area. Continuous amendment
with electron acceptors therefore is required, which increases the
overall process cost and field implications (14).

Electron acceptor limitations in oil-contaminated sediments
can be overcome by using bioelectrochemical systems (BESs) (15,

January 2016 Volume 82 Number 1

Applied and Environmental Microbiology

16). Benthic BESs have been described already as a suitable tech-
nology to power oceanographic devices by harvesting energy from
anaerobic sediments from the ocean floor (17, 18). A BES is a
device in which electrogenic microorganisms oxidize an electron
donor using an electrode as a sole electron acceptor (19). Recently,
laboratory-scale studies demonstrated that BES-based technolo-
gies can be successfully applied to remove both aliphatic and
aromatic hydrocarbons from oil-contaminated sediments (14,
20-22), groundwater (21), and refinery wastewater (23) with
simultaneous current production. Very few studies have discussed
the possibility of bioelectrochemically degrading toluene by either
inoculating BES reactors with hydrocarbon contaminated sedi-
ment (14) or using pure cultures of, e.g., Geobacter metallireducens
(14) and Pseudomonas putida (24). Linking electrocatalysis in
complex systems to the microbial communities involved still is
lacking, as is an in-depth knowledge of the microbial ecology and
energy flows associated with hydrocarbon degradation using an
anode. There are indications that iron-reducing (21), nitrate-re-
ducing (16, 25), and aerobic bacteria (25) play a significant role in
hydrocarbon degradation, as they have been found in biofilms
formed on anodes. Earlier research also demonstrated that sulfide
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TABLE 1 Chemical characterization of sea sediment used as the
microbial inoculum

Parameter Value
Solid-phase density (g cm™?) 2.53 = 0.03
Porosity 0.54 = 0.01
Median grain size (um) 175+ 8
Organic C (%) 0.65 = 0.07
N total (%) 0.085 = 0.006
C/N ratio 9.0 £0.2

Ca (%) 0.81 = 0.04
Mg (%) 0.32 = 0.01
Fe (%) 0.71 = 0.02
Mn (%) 0.0084 = 0.0002
P (%) 0.022 =+ 0.001
S (%) 0.23 = 0.01

can serve as a shuttle to convey electrons from acetate to an anode
(26). Considering the high concentration of sulfate in marine sys-
tems (~28 mM), anaerobic hydrocarbon degradation linked to
sulfate reduction may occur, leading to the formation of sulfur
intermediates after partial oxidation at anodes. It has been specu-
lated that sulfur metabolism can play a role in electron transfer
between the electron donor and the anode during benzene degra-
dation in a BES (21).

In this study, bioelectrochemical toluene degradation occur-
ring at the marine sediment-water interface was assessed using
BESs inoculated with marine sediment from a petroleum-con-
taminated site. The objectives of this study were to (i) investigate
the biodegradability of toluene in BESs inoculated with the marine
contaminated sediment, (ii) evaluate the effect of anode potential
on toluene biodegradation, (iii) identify the most abundant mi-
crobial populations involved in bioelectrochemical toluene deg-
radation process, and (iv) investigate the role of the sulfur cycle on
toluene biodegradation in BESs.

MATERIALS AND METHODS

Bioelectrochemical reactor setup, operation, and experimental condi-
tions. The bioelectrochemical experiments were carried out using cus-
tom-made five-neck glass BES reactors with 250 ml total volume (27). The
anodic chamber was filled with 190 ml of artificial ocean water (Instant
Ocean sea salt) as the growth medium to simulate marine environments
(pH 6.4) and 10 ml of marine sediment as the microbial inoculum (Mok-
baai, Netherlands) (Table 1) provided by the Royal Netherlands Institute
for Sea Research. The marine sediment was collected from a hydrocarbon-
contaminated site in which the presence of the so-called cable bacteria has
been described previously (28). Prior to the electrochemical experiment
setup, the anode chamber was flushed with N,:CO, (90:10) for 30 min to
ensure anoxic conditions. Toluene (23 wl; ~40 mg liter ') acted as the
sole source of carbon. Following each depletion of toluene from the me-
dium, toluene again was spiked into the anode chamber using a microsy-
ringe. The cathodic chamber was filled with diluted artificial ocean water
(1:4 dilution with distilled water; pH 8.2) in order to avoid the oxidation
of the cathode material. Anodes were graphite plates (Mersen, Bay City,
MI) with a geometric surface area of 8 cm?. A titanium wire (1 mm diam-
eter; Advent Research Materials, Oxford, England) fixed in the top center
of the graphite plate served as a current collector. The wire was covered
with a heat-shrinkable polytetrafluorethylene (PTFE) tube (Sigma-Al-
drich) in order to prevent corrosion due to the salinity of the medium.
Cathodes were constructed using stainless steel mesh (4.5 by 5.0 cm)
connected to titanium wire current collectors. The anodic chamber and
the cathodic chamber were separated using a cation exchange membrane
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(Ultrex) soaked in 5% NaCl for at least 24 h before use. If not stated
otherwise, all potential values refer to the Ag/AgCl (3 M KCl) reference
electrode. All bioelectrochemical experiments were conducted at room
temperature (22 = 2°C) in duplicate or triplicate with the aid of a poten-
tiostat (VSP; BioLogic, France). Anodes were poised at 0 mV (reactors ROa
and ROb) and +300 mV (reactors R300a, R300b, and R300c¢), and the
current profiles were recorded using chronoamperometry. Two abiotic
controls (ocean water plus toluene, here referred to as AbO and Ab300)
and one control without toluene (sediment plus ocean water, referred to
as Sed300) also were set up. Further details of the experimental design are
provided in Table S1 in the supplemental material. Current density pro-
files and concentrations of toluene, sulfate, and sulfide were monitored
over time. The current density was calculated considering the geometric
surface area of the electrodes. Cyclic voltammetry (CV) was conducted
under substrate turnover (presence of toluene at ~5 mg liter ') and sub-
strate non-turnover conditions (absence of toluene) (29) using a scan rate
of I mVs™ " in order to detect redox-active moieties in the electrochemical
process. At the end of the experiments, bioanodes and bulk anolyte sam-
ples were collected and stored at —20°C for the analysis of the microbial
communities.

Chemical analyses. Samples for toluene analysis were acidified (pH 2)
and stored at 4°C until analysis (EPA method 5035A) (30). The analysis
was carried out by a gas chromatograph-flame ionization detector
GC-FID (Agilent 6890N) equipped with a headspace autosampler (Agi-
lent 7697A) (EPA method 5021A) (31). The toluene removal rate was
estimated by the first-order kinetic constant calculated during the second
batch cycle, when the current reached the highest peak, to minimize the
effects due to toluene adsorption onto the graphite electrode. Rates of
toluene removal were reported as the mass of toluene removed per work-
ing volume of reactor per day (and as the mass of toluene removed per
mass of sediment per day).

In order to monitor sulfate consumption, samples were filtered and
stored at 4°C until the analysis using an ion chromatograph (Metroohm
761 Compact IC). Sulfide was measured immediately after sampling with
the Nanocolor sulfide standard test (Macherey-Nagel, Diiren, Germany)
according to the manufacturer’s instructions.

Microscopy analysis. Scanning electron microscopy-energy disper-
sive spectrometry (SEM-EDS) (JEOL JSM-7600F) and fluorescence in situ
hybridization (FISH) (Nikon A1R) analyses were performed on bioanode
samples at the end of the experiments. For SEM-EDS, the bioanode was
fixed in 2% paraformaldehyde and 1.5% glutaraldehyde for 2 h at 4°C,
subsequently washed with phosphate-buffered saline (PBS) (130 mM
NaCl, 10 mM phosphate buffer, pH 7.2), and fixed with 1% OsO, in PBS
for 90 min. The treated bioanode then was washed twice with distilled
water and 25% ethanol and dehydrated in a series of ethanol solutions
(25%, 40%, 50%, 60%, 70%, 80%, 90%, and 100%) for 5 to 10 min each.
Finally, the bioanode was critical point dried using a gradient series of
ethanol-hexamethyldisilazane (HMDS) solutions (25%, 50%, 75%, and 3
rounds at 100%) for 10 min each, dried overnight, and covered with a thin
layer of Au. Samples for FISH were fixed with 4% paraformaldehyde for 4
h, washed in PBS, and stored in PBS-ethanol (50%) at —20°C until the
analysis. FISH was performed using a mixture of Cy3-labeled SRB385 and
SRB385Db (32) probes targeting the 16S rRNA of deltaproteobacterial
sulfate-reducing bacteria (SRB). Probe coverages were estimated by RDP
ProbeMatch tools using the RDP database (33). Coverage data for tar-
geted SRB Deltaproteobacteria are reported in Table S2 in the supplemen-
tal material.

qPCR assays for the quantification of toluene-degrading and sul-
fate-reducing bacteria. The microbial biofilm was aseptically removed
from the anodes, and total bacterial DNA was extracted using the
FastDNA spin-for-soil kit (MP Biomedicals, Solon, OH). DNA also was
extracted from the bulk anolyte collected from the reactors. Quantitative
PCR (qPCR) assays targeting genes encoding 16S rRNA, the a-subunit of
the dissimilatory sulfite reductase (dsrA), and the a-subunit of the ben-
zylsuccinate synthase (bssA) were carried out in 10-pl reaction mixtures
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TABLE 2 Primers sets used for the qPCR assays

Bioanode for Toluene Degradation

Target gene and primer Annealing temp* (°C) Primer sequence (5'-3") Size (bp) Reference
16S rRNA
1055F 58 ATGGCTGTCGTCAGCT 351 34
1392R ACGGGCGGTGTGTAC
dsrA
DSR67F 58 SCACTGGAARCACGG 943 35
Del1075R GYTCVCGGTTCTTDC 36
bssA
7768F 53 CAAYGATTTAACCRACGCCAT 795 37
8543R TCGTCRTTGCCCCAYTTNGG

@ Primer annealing temperature was optimized for this work.

consisting of 3 .l template DNA, 500 nM each primer, and 7 pl of SsoAd-
vanced universal SYBR green supermix (Bio-Rad, United Kingdom) on a
CFX96 Touch qPCR machine (Bio-Rad, United Kingdom). Details of
primer sequences and annealing temperatures are given in Table 2 (34—
37). Amplification conditions were the following: initial denaturation at
95°C for 5 min, followed by 40 cycles consisting of 95°C for 30 s, annealing
for 30 s, and 72°C for 40 s, after which the data were acquired. All DNA
samples were tested for amplification inhibition by sample dilution. Sam-
ple, standards, and no-template control (NTC) reactions were carried out
in triplicate. The specificity of amplification was verified via the genera-
tion of melting curves (65 to 95°C with a 1°C hold for 5 s). Gene abun-
dances were estimated following the one-point calibration method (OPC)
in order to account for possible discrepancies between PCR efficiency of
the standards and the DNA extracted from the anodes and the bulk
anolyte (38). From every qPCR assay, raw fluorescence data (non-baseline
corrected) from individual PCRs were imported into LinRegPCR
(2014.x) for optimal baseline subtraction and estimation of threshold
cycle number (Cq) and efficiency (E) (39). OPC was performed by defin-
ing one standard containing a known number of target genes (N yundard>
equivalent to 10° to 10° genes). The template concentration of a sample,
N, was estimated from standards showing similar Cq values using

sample>
the equation
standar
ECq dard
_ standard
NO sample NO standard X ECq sample
sample

(38). Egandara and Eg,pp,p Were calculated from the arithmetic mean of
triplicate reactions. Ny gmp1e Values were converted to gene number per
nanogram of extracted DNA to allow direct comparison between anode
and bulk samples.

Standards were prepared using plasmids (pCR 2.1-TOPO) containing
sequence-verified dsrA, bssA, and 16S rRNA genes. Using the vector-spe-
cific primers pUC-F (5'-GTT TTC CCA GTC ACG AC-3’) and pUC-R
(5'-CAG GAA ACA GCT ATG AC-3') (Invitrogen, Paisley, United King-
dom), standards were obtained by amplification following an initial de-
naturation at 95°C for 10 min, 35 cycles consisting of 94°C for 1 min, 57°C
for 1 min, and 72°C for 1.5 min, and then final elongation at 72°C for 10
min. Amplicon size was verified by agarose gel electrophoresis, purified
with a GeneJET PCR purification kit (Life Technologies, United King-
dom), and quantified with a Quant-iT PicoGreen double-stranded DNA
assay kit using a fluorescence-based microplate reader (Infinite 200 PRO;
Tecan, United Kingdom). Standard gene abundances were calculated
from the DNA concentration, amplicon length, and mean mass of a base
pair (1.1 X 10~ 2" g). The linear range of quantification and the detection
limits were determined by analyzing triplicate dilution series of the stan-
dards (107 to 10" target molecules per 1 l).

Amplification of 16S rRNA genes, sequencing, and sequence analy-
ses. The V5-V6 hypervariable regions of the 16S rRNA gene were PCR
amplified and sequenced by MiSeq Illumina (Illumina, Inc., San Diego,
CA) using a 250-bp-by-2-paired-end protocol. The multiplexed libraries
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were prepared using a dual PCR amplification protocol as previously de-
scribed (40). Briefly, the first PCR was performed in three 75-pl volume
reaction mixes with GoTaq Green master mix (Promega Corporation,
Madison, WI) and 1 pM each primer. 783F and 1046R primers were used
(41, 42). The second PCR was performed in three 50-p.l volume reaction
mixes by using 23 pl of the purified amplicons (Wizard SV gel and PCR
cleanup system; Promega Corporation, Madison, WI) from the first step
as the template and 0.2 wM each primer. Primer sequences contained the
standard Nextera indexes (Illumina, Inc., San Diego, CA). DNA quantity
after the amplification was measured using a Qubit (Life Technologies,
Carlsbad, CA). DNA sequencing was carried out at Parco Tecnologico
Padano (Lodi, Italy). Reads from sequencing were demultiplexed accord-
ing to the indexes. The Uparse pipeline was used for the following elabo-
rations (43). Forward and reverse reads were merged with perfect over-
lapping and quality filtered with default parameters. Singleton sequences
(i.e., sequences appearing only one time in the whole data set) were re-
moved both from the whole data set and from each sample data set. Op-
erational taxonomic units (OTUs) were defined for the whole data set,
clustering the sequences at 97% sequence identity and defining a repre-
sentative sequence for each cluster. A subset of 6,000 random sequences
was chosen from each sample, and the abundance of each OTU was esti-
mated by mapping the sequences of each sample against the representative
sequence of each OTU at 97% sequence identity. Classification of the
sequences representative of each OTU at different taxonomic ranks was
done using the RDP classifier (33).

A principal component analysis (PCA) based on Hellinger-trans-
formed family relative abundance data and post hoc comparison of mean
abundances (Tukey-Kramer test) at family and OTU levels (95% confi-
dence level) were performed using STAMP (44). The post hoc tests were
performed by applying the Benjamini-Hochberg false discovery rate
(FDR) correction (45).

Nucleotide sequence accession number. The sequences were depos-
ited in the European Nucleotide Archive under accession number
PRJEB7900.

RESULTS

Toluene degradation and current production. Current produc-
tion in reactors R0Oa and ROb with the anodes polarized at 0 mV
was initiated after a short lag phase (Fig. 1A and B), albeit to alow
level, and likely was associated with residual organic carbon in the
sediment. After 7 days of the experiment, these reactors were
spiked with toluene. A maximum current density of 283 mA m >
(day 33) and 301 mA m™? (day 32) was reached in reactors R0a
and ROD, respectively, after the second cycle of toluene addition.
Following toluene depletion, the current decreased and toluene
was spiked again to observe a reproducible current production
(third batch cycle). The current density increased immediately
after spiking to 258 = 12 mA m ™ * in the third cycle and decreased
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FIG 1 Current density, toluene concentration, and sulfate concentration profiles in bioanodes polarized at 0 mV (versus an Ag/AgCl [3 M KCl] reference
electrode) (ROa [A] and ROb [B]) and at +300 mV (R300a [C], R300b [D], R300c [E]). Toluene degradation was concomitant with current production regardless
of the anode polarization, and sulfate removal after around 60 to 80 days coincided with toluene removal, suggesting a link between SRB and hydrocarbon

removal.

again in a reproducible fashion after toluene depletion in these
reactors. After further toluene additions, the current density did
not return to the same extent, while after 90 days of operation the
current density decreased to about 50 mA m™? in both reactors.
This decrease in the electrochemical performance was correlated
with the onset of sulfate reduction at this stage of the experiment.
Whereas the sulfate concentration decreased only slightly (257 *
52 mg liter ') during the first 58 days of reactor operation, it
dropped sharply when the current started to decrease on day 64
(ROa) and on day 61 (ROb) (Fig. 1).

Toluene measurements indicated that the concentration of tol-
uene in solution decreased sharply after addition, without a lag
phase, which likely relates to initial adsorption to the graphite
anode. This assumption was confirmed by the results of the abiotic
controls where toluene concentration dropped immediately after
addition, without current production (see Fig. S1 in the supple-
mental material). These results also confirm that toluene degra-
dation is coupled with current production during the first three
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cycles. Toluene removal in the subsequent cycles most likely was
linked to microbial sulfate reduction. The toluene degradation
rate was calculated during the second batch cycle at the highest
current production at ~1 mg liter ' day~ ' (~16 mg kg..qiment
day™") both for R0a and ROb reactors.

The anodes polarized at +300 mV in the duplicate reactors
R300a and R300b exhibited discrepancies in terms of current pro-
duction (Fig. 1C and D). In both of these reactors, a common lag
phase of about 10 days was observed before the current pro-
duction started. After the lag phase, the current density increased
to 100 = 14 mA m ™ >, When the reactors both were spiked with
toluene, the current in R300a increased up to 328 mA m™?> (day
29), but no further increase was observed in R300b. When toluene
was consumed in R300a the current dropped, but it recovered up
to 260 mA m ™ ? after toluene addition in the third cycle. Further
toluene additions did not result in any current production. The
decreasing trend in the bioelectrochemical performance in both
R300a and R300b also could be attributed to microbial sulfate
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FIG 2 Cyclic voltammograms recorded with reactor R300c at +300 mV (ver-
sus an Ag/AgCl [3 M KCl] reference electrode) during substrate turnover and
non-turnover conditions. The scan rate was 1 mV s~ '. A catalytic wave (be-
tween +170 and +340 mV) and an oxidation peak (+200 mV) were observed.

reduction as also observed for the two replicates at 0 mV (R0a and
RODb). To investigate which of the two profiles (R300a or R300b)
was representative, a third replicate (R300c) (Fig. 1E) was set up.
Similar to R300a and R300b, an initial lag phase of approximately
1 week was observed in the R300c reactor before the current den-
sity increased to 27 mA m ™. When the current decreased, toluene
was spiked in the reactor and the current increased up to 431 mA
m™? (day 34). The current dropped when toluene was depleted
and increased after a fresh toluene spike. Poor stability of current
output was observed after the toluene spiking. Any other fluctua-
tion of the current density (see Fig. 1E) was attributed to stirrer
malfunction and sulfate reduction. Initial toluene removal with-
out current production could be related to toluene adsorption
onto the graphite electrode, as observed for all replicates at +300
mV and on the basis of data from abiotic controls (see Fig. SI in
the supplemental material). The toluene degradation rate, calcu-
lated for the second cycle of toluene addition, was ~1 mg liter '
day ' (~16 mg Kgeqimene  day” '), which was exactly the same as
that for the bioanodes polarized at 0 mV.

To further elucidate whether toluene was used for current pro-
duction and to determine the contribution of the inherent content
of sediment to current production, a control reactor without tol-
uene addition (Sed300) was set up, and the anode was polarized
at +300 mV (see Fig. S1 in the supplemental material). The cur-
rent density remained under 50 mA m~* during 1 month of op-
eration, indicating that the presence of toluene was necessary for
current production.

Cyclic voltammograms were recorded on reactor R300c under
substrate turnover conditions (at maximum current density, day
35, and during the period of decreased current, day 38) and non-
turnover (no substrate addition) conditions (day 38). A catalytic
wave was observed between +170 to +340 mV, and an oxidation
peak was detected at +200 mV (Fig. 2), indicating the presence of
a redox-active moiety with an oxidation potential just below the
anode potential. No reduction current was observed in the back-
ward scan, indicating a nonreversible oxidation reaction at the
anode.

Microscopy analysis. FISH analysis performed using SRB385
and SRB385Db probes on the anode of R300c¢ revealed the pres-
ence of a biofilm containing SRB (Fig. 3). SRB were detected in all
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A 3(ﬁm

FIG 3 FISH images of the anode surface of reactor R300c at +300 mV (versus
an Ag/AgCl [3 M KCl] reference electrode). Red fluorescence indicated the
presence of sulfate-reducing bacteria. The hybridization was performed using
a mixture of Cy3-labeled SRB385 and SRB385Db probes targeting the 16S
rRNA of sulfate-reducing bacteria.

of the observed fields, confirming their important role in the pro-
cess of toluene removal from the reactors. SEM-EDS analysis of
samples collected from the same anode to assess the extent of the
electrochemical oxidation of sulfide (produced from sulfate) and
reduction to elemental sulfur on the anode (46) and to quantify
the amount of sulfur on the electrode surface revealed sulfur de-
position, ranging from 1.1% to 2.0% (see Fig. S2A in the supple-
mental material), and FeS, particles on the anode surface (see
Fig. S2B).

Quantification of anaerobic toluene-degrading and sulfate-
reducing bacteria. The a-subunit of the dissimilatory sulfite re-
ductase (dsrA) and the a-subunit of the benzylsuccinate synthase
(bssA) are genetic markers commonly used for the identification
and quantification of sulfate reducers and anaerobic toluene de-
graders, respectively, that use the fumarate addition pathway for
toluene degradation (37, 47). In order to assess the extent of the
enrichment of anaerobic toluene-degrading and sulfate-reducing
bacteria, the quantification of 16S rRNA, dsrA, and bssA genes was
carried out on DNA samples extracted from the anode and bulk
anolyte of reactors polarized at 0 mV and +300 mV. A linear
response (R* > 0.98) from 10" to 10 genes pl ™' was observed for
every qPCR assay. The detection limit (i.e., the lowest standard
concentration that is significantly different from that of the NTCs)
was 10 genes. 16S rRNA and bssA gene assays did not show dis-
crepancies in the efficiency of amplification of standards and sam-
ples (E ¢s ;rna = 1.9 and Ej 4, = 1.6, respectively, for both stan-
dards and samples). In contrast, the efficiency of amplification of
dsrA standards was significantly lower than that for the samples
(Egtandara = 1.49 and E,,,1 = 1.61). In order to account for this
discrepancy, which otherwise would lead to the overestimation of
dsrA gene abundance (48), the gene abundances were corrected by
following the one-point calibration method (OPC). The bioelec-
trochemical treatment led to a significant enrichment of dsrA and
bssA genes (Fig. 4; also see Table S3 in the supplemental material).
All bulk and anode samples retrieved from the reactors showed
from 3 to 6 orders of magnitude more dsrA gene copies than the
sediment used as the microbial inoculum. bssA gene abundances
also increased after treatment, accounting for 2- to 5-orders-of-
magnitude-higher values than those for the inoculum. In most of
the samples, dsrA and bssA values were of the same order of mag-
nitude. The highest dsrA and bssA gene abundances were observed
in samples retrieved from the reactors in which anodes had been
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FIG 4 Quantification of toluene-degrading bacteria and SRB in the anode and
bulk anolyte of reactors polarized at 0 mV and +300 mV (versus an Ag/AgCl [3
M KCl] reference electrode). White, black, and gray bars represent 16S rRNA,
dsrA, and bssA gene abundances, respectively. Bars are averages from triplicate
measurements, and standard deviations are shown. Sulfate reducers and tolu-
ene degraders were enriched during the bioelectrochemical process.

polarized at +300 mV (R300). For example, R300c-bulk and
R300b-anode contained four orders of magnitude or more 16S
rRNA, dsrA, and bssA genes than the sediment used as the inocu-
lum (Fig. 4; see Table S3). However, reactors at +300 mV (R300a
to R300c¢) also showed greater variability between replicates re-
garding catabolic gene content and the extent of the bacterial col-
onization of the anodes. The biofilms formed on the anodes of
R300a and R300b during the incubation showed 16S rRNA, dsrA,
and bssA gene abundances as high as those of the bulk sample. In
contrast, R300c showed a stronger SRB enrichment in the bulk
than in the anode sample, and it was the only reactor showing this
behavior (see Table S3). Both reactors with anodes polarized at 0
mV produced similar results. Both anodes (R0a and ROb) showed
similar 16S rRNA, dsrA, and bssA gene abundances that were two
orders of magnitude higher than those found in the bulk anolyte
(2 X 10° £ 0.4 X 10°and 4 X 10* = 0 X 10* 16S rRNA copies per
ng of DNA, respectively [means * standard errors]). A strong
correlation between dsrA and bssA gene abundances was observed
(R* = 0.785). The correlation was stronger (R* = 0.997) when
only the microbial communities in the bulk anolyte were consid-
ered (see Fig. S3B). The slope was between 0.72 and 0.77, suggest-
ing that around 80% of the SRB also carry bssA and therefore
could be involved in toluene degradation (see Fig. S3A). Although
this is a compelling observation, it is not possible to state defini-
tively that the same organisms harbor both bssA and dsrA; how-
ever, making the reasonable assumption that both dsrA and bssA
genes are present as single copies on the genomes of the organisms
detected (43), this is a valid interpretation of the data.

Structure and taxonomic composition of the microbial com-
munities. PCA based on Hellinger-transformed data for the rela-
tive abundance of taxa at the family level showed two main groups
within the samples (Fig. 5). Microbial communities from the bulk
anolyte of all reactors and from the start-up inoculum formed a
cluster in the lower part of the graph. The microbial communities
grown on the anodes during the experiments were positioned in
the upper part of the graph, with the only exception being the
microbial community on the anode of the reactor R300b, which
was close to the communities in the bulk anolyte and in the inoc-
ulum. PCA was further performed at the OTU level and the pre-
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FIG 5 Principal component analysis on Hellinger-transformed data of family
relative abundance calculated for microbial communities enriched at the an-
odes, in the bulk anolyte of reactors polarized at 0 mV and +300 mV (versus an
Ag/AgCl [3 M KCl| reference electrode), and in the start-up sediment used as
the inoculum. (Blue circles denote samples collected from the anodes, orange
square denotes microbial inoculum, and green triangles denote samples col-
lected from the bulk anolyte in the reactors at the end of the treatment.) The
microbial communities enriched on the anodes and in the bulk anolyte formed
separate groups.

vious observation was confirmed (see Fig. S4 in the supplemental
material).

The microbial community in the sediment used as an inocu-
lum had higher diversity than the communities selected during
toluene biodegradation (Fig. 6; also see Table S4 in the supple-
mental material). The microbial communities in reactors were
enriched with respect to SRB. The Shannon index calculated on
the OTU relative abundance decreased from 4.6 in the inoculum
to 3.4 * 1.0 in the reactors after the process. Desulfobulbaceae were
abundant on the anodes of the reactors R0a and ROb. The enrich-
ment of Desulfuromonadaceae was observed in R0Oa both on the
anode and in the bulk samples. The family Desulfobacteraceae was
selected in the bulk samples of R0a and ROb and, to a lesser extent,
on the anode of ROD. Similarly, bioanodes polarized at +300 mV
were dominated by sulfate reducers: the Desulfobacteraceae were
the most abundant microorganisms on the anodes of R300a and
R300b, while the family Desulfobulbaceae dominated the anode of
R300c and, to a lesser extent, were present on the anode of R300a.
In the bulk anolyte, Desulfobacteraceae were the most highly rep-
resented microorganisms in the samples collected from R300a and
R300b, whereas the most abundant microorganisms in the bulk
sample collected from R300c belonged to the family Bacillaceae.

A post hoc test (Tukey-Kramer test; 95% confidence) was per-
formed in order to detect families associated with specific condi-
tions. The conditions applied during bioelectrochemical toluene
degradation led to the selection on the anodic biofilms of bacteria
belonging to the family Desulfobulbaceae, which had significantly
higher relative abundance in anode communities (43.6% =
29.1%) than in communities from non-anode samples (1.6% *=
1.0%) (see Fig. S5 in the supplemental material). The only anodic
sample that showed a poor enrichment of Desulfobulbaceae was
collected from the reactor R300b, which likely explains the low
current production even after repeated toluene additions in this
reactor. Therefore, the presence of Desulfobulbaceae may be linked
to the current production coupled with the biodegradation of tol-
uene. When the Tukey-Kramer test was repeated, excluding the
samples collected from R300b, a stronger difference between
anodic and bulk communities was observed (see Fig. S6). This
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FIG 6 Taxonomic composition at the family level of the microbial communities enriched at the anodes, in the bulk anolyte of reactors polarized at 0 mV
and +300 mV (versus an Ag/AgCl [3 M KCl] reference electrode), and in the sediment used as the inoculum. The families with a relative abundance of 5% (or
higher) are reported. Sulfate reducers and sulfur reducers were enriched during the bioelectrochemical treatment.

enforced the hypothesis that the family Desulfobulbaceae has a role
in current production.

The sequences of the most abundant OTUs (see Fig. S7 in the
supplemental material) were used to determine the best match to
sequences contained in the RDP database (see Data Set S1 in the
supplemental material). The results showed that the microorgan-
isms enriched in the reactors were phylogenetically related to the
sulfate reducers Desulfosarcina ovata, Desulfococcus multivorans,
and Desulfobacterium catecholicum and included sulfate-reducing
hydrocarbon degraders (Desulfotignum toluenicum and Desulfo-
bacula toluolica) (49-52). Furthermore, the Tukey-Kramer test
showed that OTUs phylogenetically related to Desulfobulbus rh-
abdoformis and Desulfobulbus propionicus were more abundant on
the anodes polarized at 0 mV (up to 28% of reads), while OTUs
phylogenetically related to Desulfotignum balticum, Desulfotignum
toluenicum, and Desulfobacula toluolica were more abundant in
the bulk anolyte (up to 46% of reads) (see Fig. S8).

DISCUSSION

Current production and toluene degradation. Toluene degrada-
tion in marine environments was studied in batch reactors by
applying different anodic potentials (0 mV and +300 mV). Re-
gardless of the applied potential, toluene degradation coupled
with current production was observed. So far, only one study has
examined the effect of electrode potential on hydrocarbon degra-
dation. Firman and colleagues assessed toluene degradation by
inoculating BESs with a pure culture of Pseudomonas putida F1
and applied anode potentials in the range of +75 to 500 mV.
Current production between 11 mA m™* and 94 mA m™ > was
directly correlated with the potential applied, but no information
about toluene degradation rates at the different potentials was
reported (24). Studies with more degradable substrates (i.e., ace-
tate) showed a discrepancy in the reported results. In some cases a
positive correlation between anodic potential and current pro-
duction was observed (53), while other studies have shown the
opposite trend (53, 54).
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The maximum current outputs of 301 mA m™* (0 mV) and
431 mA m™? (+300 mV) obtained in this study were higher than
the current densities obtained in other studies with toluene as the
carbon source. Lin and colleagues studied bioelectrochemical tol-
uene degradation with neutral red and ferricyanide as redox me-
diators (55). The power generation was increased when the medi-
ators were added, and the maximum voltage obtained was 110.4
mV. The voltage harvested in that case, corresponding to a current
density of less than 2 mA m™?, was significantly lower than the
values obtained in our experiments. In this case, however, the
anode was not poised, which could have affected current produc-
tion (55). A higher current density of about 150 mA m ™2 has been
reported when a pure culture of Geobacter metallireducens was
used with a graphite electrode polarized at +300 mV as the sole
electron acceptor (14). Very low current densities have been re-
ported in the case of other hydrocarbons. In a recent study, a
sediment microbial fuel cell was used to stimulate total petroleum
hydrocarbon degradation, and a peak current of 86 mA m™ > was
reached by using a biochar anode (25). However, the high current
densities obtained in this study could be attributed to the lower
sediment content, to salinity, and to relatively high sulfate concen-
trations in the medium that reduced the internal resistance.

The toluene removal rate was calculated to be ~1 mg liter "
day™" (~16 mg kg.qiment * day ') for both anode potentials
tested in this study. This value was slightly higher than the degra-
dation rates observed in studies with other mixed cultures able to
oxidize toluene by using an anode as the sole electron acceptor,
either with or without redox mediators (14, 55). The higher rate
found in our experiments could be linked to the adsorption of
toluene on graphite electrodes. The adsorption of hydrocarbons
often occurs when graphite electrodes are used; however, it has
been demonstrated that toluene degradation is not restricted to
adsorption onto the electrodes (14). To minimize adsorption ef-
fects, the degradation rate was calculated based on the results of
the second batch of toluene addition.
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The cyclic voltammograms obtained under substrate turnover
conditions and under substrate non-turnover conditions with re-
actor R300c (+300 mV) showed a nonreversible reaction. The
midpoint potential of the redox-active moiety in both turnover
and non-turnover conditions was located at around +200 mV.
This result suggests the involvement of this moiety in the electron
exchange process. The microbial community in this reactor was
dominated by members of the families Bacillaceae (bulk) and Des-
ulfobulbaceae (anode). Bacillus subtilis (family Bacillaceae) has
been reported to produce an undetermined electron shuttle with
an oxidation peak at +40 to +60 mV (56), a potential lower than
that observed in our study. To our knowledge, the nature and the
redox potential of the external electron transfer mediators in the
family Desulfobulbaceae have not been described yet in the litera-
ture. The nature of the redox-active moiety detected in R300c in
this study also is undetermined.

With the exception of reactor R300b, current production was
attributed to toluene degradation during the first three batch cy-
cles. After the third batch cycle, the current density decreased and
toluene removal most probably was coupled to sulfate reduction
(although the sulfide concentration was below the detection
limit). This shift in the microbial metabolism in a sulfate-rich
medium was previously described during bioelectrochemical ben-
zene and sulfide removal, but the current production did not de-
crease over time (21). Sulfate was abundantly present (2 g liter ")
in the bulk anolyte in our experiments, providing no substrate
limitations to sulfate-reducing microorganisms. The small anode
surface (8 cm?® geometric area) compared to the total working
volume (200 ml) favors such microorganisms that are not in direct
contact with the electrode. Thereafter, anode biofilm is enriched
with sulfate reducers that outcompete electroactive microorgan-
isms, limiting toluene diffusion to the anodic surface. A hypothet-
ical pathway of this limitation can be summarized as follows: when
the biofilm grows and becomes thicker, the cells on the outer
surface of the biofilm are the ones to degrade toluene; thus, the
thickness of the biofilm body limits electron transfer, resulting in
a decrease in current production. Electron transfer throughout a
biofilm has been shown to be facilitated when Geobacter is present
(57); however, Geobacter was not enriched in our reactors. Previ-
ous studies showed that when sulfate is present in the growth
medium, bacteria can oxidize organic substrates by sulfate reduc-
tion and concomitant sulfide production (58). Sulfide can be elec-
trochemically oxidized to elemental sulfur on the anodic surface
(46, 59, 60). In this work, sulfide was oxidized to sulfur and de-
posited on the anodic surface, as confirmed by both SEM results
(see Fig. S2 in the supplemental material) and microbial commu-
nity findings. 16S rRNA gene sequencing revealed that the family
Desulfuromonadaceae was enriched during treatment. Members
of this family have been found to reduce elemental sulfur to sulfide
(61), which can be reoxidized to elemental sulfur on the anodic
surface, enhancing current production as long as there is active
sulfur cycling (26). On the basis of the amount of sulfate reduced
in the reactors and assuming the complete reduction of sulfate to
sulfide followed by the complete oxidation of sulfide to elemental
sulfur on the electrode, between 60 and 120 mg of sulfur should
have been produced in the reactors at +300 mV (R300a, R300Db,
and R300c) and between 80 and 110 mg in the reactors at 0 mV
(R0Oa and RODb).

Microbial communities in toluene-degrading BES. Sulfur
metabolism was found to be linked with toluene degraders in the
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BES reactors. The reduction of sulfate to sulfide most probably
was occurring both on the electrode surface and in the bulk of the
reactor, whereas subsequent oxidation of sulfide to elemental sul-
fur most probably was happening on the electrode surface (bio)
electrochemically. The presence of SRB in the anodic biofilm was
demonstrated by FISH and confirmed by 16S rRNA gene sequenc-
ing and qPCR using dsrA-specific primers. SRB belonging to the
families Desulfobulbaceae and Desulfobacteraceae were found in
the microbial inoculum and were further enriched in BESs. Mem-
bers of these families have been described previously as key players
during hydrocarbon degradation under sulfate-reducing condi-
tions (62, 63). The same families (Desulfobulbaceae and Desulfo-
bacteraceae) have been reported previously to be enriched on
anodes during bioelectrochemical benzene degradation in sul-
fide-rich groundwater (21). Organisms related to Desulfobulbus
propionicus were able to produce current in sulfide-rich marine
sediment (64, 65). Similarly, in our work, organisms from the
family Desulfobulbaceae were found at significantly higher relative
abundances in the microbial communities of the anodic biofilms
than in those of the bulk anolyte. Filamentous Desulfobulbaceae,
the so-called cable bacteria, have been reported recently to per-
form electron transfer over centimeter-long distances in marine
sediments, delivering the electrons obtained by sulfide oxidation
(64, 65). Here, we observe that cable bacteria (Desulfobulbaceae)
might be involved in toluene degradation via sulfur metabolism,
although these bacteria generally are thought to oxidize sulfide in
sediments rather than organic matter (64). The role of Desulfob-
ulbaceae in current production is supported by the fact that one of
the bioanodes (reactor R300b) did not show current production
over the last month of operation despite repeated toluene spiking.
Microbial analysis showed the lowest abundance of Desulfobul-
baceae in this reactor (R300b). On the basis of these observations,
it is possible that bacteria related to the families Desulfobulbaceae
and Desulfobacteraceae were involved in hydrocarbon degradation
and/or in sulfide/sulfur oxidation with simultaneous electron
transfer to the anode.

Microorganisms of the family Desulfuromonadaceae were en-
riched mainly in ROa and, to a lesser extent, in R300b. Desulfu-
romonas acetoxidans has been reported to use both elemental sul-
fur and the anode of a BES as terminal electron acceptors (66). The
abundance of this family suggests that metabolism related to ele-
mental sulfur reduction also plays an important role during tolu-
ene removal in our reactors. However, the role of sulfur cycle on
hydrocarbon degradation in BESs has not been completely eluci-
dated.

Members of the family Bacillaceae (phylum Firmicutes) were
relatively abundant in the bulk anolyte of reactor R300c. Their
ability to degrade aromatic hydrocarbons in aerobic conditions
was described previously (67). Members of the phylum Firmicutes
also were selected during the electrochemical degradation of pe-
troleum hydrocarbons in soil (25). Another recent study reported
the presence of Bacillus species in an anodic biofilm during cis-
dichloroethene oxidation; however, in this work the microbial
degradation was triggered by the presence of oxygen produced
due to high anodic potential (+1,300 mV) (68). Another study
showed that Bacillus subtilis was able to use an electrode as the
electron acceptor by excreting external mediators (56).

Interestingly, iron-reducing microorganisms, which usually
dominate the anodic communities in BES fed with more readily
degradable substrates, such as acetate, were scarce (69, 70).
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To strengthen the role of sulfur metabolism in hydrocarbon
degradation, other SRBs, closely related to Desulfobulbus rhabd-
oformis and Desulfobulbus propionicus, were selected at the anodes
and were significantly more abundant at the anode of the reactors
operated at 0 mV. Similarly, D. rhabdoformis was isolated from a
water-oil separation system (71), and the presence of this genus
has been widely described in petroleum reservoirs (72, 73). D.
propionicus also has been shown to grow using an electrode as the
sole electron acceptor (74).

Mechanisms of toluene degradation and final conclusions. A
maximum current density of 283 to 431 mA m™ > was recorded,
and a toluene degradation rate of ~1 mg liter ' day™' (~16 mg
Kg,ediment * day ') was observed regardless of the tested potential
(0 and +300 mV). The most abundant microorganisms enriched
both in the anodic and in the bulk communities were SRB, some of
which were phylogenetically related to known anaerobic hydro-
carbon degraders. This is logical if the environmental conditions
are taken into account; oxygen is quickly depleted when an oil spill
occurs due to the prominent presence of organic matter (75),
while under anaerobic conditions sulfate reduction typically is
enhanced (75). Toluene degradation rates under sulfate-reducing
conditions can vary by orders of magnitude. For example, micro-
cosm experiments assessing toluene removal in soils showed a
degradation rate of ~1 pg kg™' day™' (76), whereas the toluene
removal rate in microcosms inoculated with contaminated soil
and amended with sulfate as the electron acceptor was between 1
and 4 mg liter ' day ™' (77). The latter rates are similar to the
values obtained in our study (~1 mg liter ' day~'). Our results
confirmed that sulfur species may be involved in the production of
current during the bioelectrocatalytic degradation of toluene.
However, based on our findings, it cannot be ruled out that BES-
based toluene degradation contributed to toluene removal from
the sediment, as the anode might have served only as a sulfide
scavenger. Rakoczy and colleagues suggested that bioelectro-
chemical benzene degradation in sulfate-rich environments could
occur in the bulk anolyte rather than on the anodic surface. The
authors hypothesized that the electron transfer was mediated via
electron shuttling related to the sulfur cycle (21), which corrobo-
rates earlier findings of Dutta and colleagues in which acetate con-
sumption in BES was accelerated in the presence of sulfide (26). A
similar mechanism was described during ferric iron reduction,
where ferrihydrite was reduced to ferrous iron by sulfide produced
during microbial thiosulfate reduction (78, 79). The microbial
community characterization showed that different groups of mi-
croorganisms were enriched in the reactors, suggesting that com-
plex electron transfer pathways occurred during toluene removal
(see Fig. S9 in the supplemental material). Elucidating the com-
plex microbial interactions that occurred during bioelectrochemi-
cal toluene removal was not an explicit aim of the present work;
however, the main mechanisms can be hypothesized. Both biotic
and abiotic processes occurred on and in the proximity of the
anode. The cyclic voltammograms in our study indicate that direct
bioelectrocatalytic activity exists. Assuming that only sulfur-me-
diated electron transfer occurred, we estimate that between 700
and 1,100 mg liter " of sulfate should have been consumed. This
value is much higher than the sulfate reduction experimentally
observed, suggesting that direct electron transfer or sulfur cycling
was the prevalent mechanism during the first weeks of reactor
operation.

The enrichment of SRB suggests their involvement in toluene
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degradation coupled to sulfide production. Under these condi-
tions, sulfide can be electrochemically oxidized to elemental sulfur
on the anodic surface, which can further serve as the mediator
(46). The abundance of Desulfobulbaceae, however, indicates that
sulfide oxidation to elemental sulfur on the anodic surface is a
biologically mediated process. Furthermore, members of the Des-
ulfuromonadaceae identified in the BES may have a role in the
reduction of sulfur to sulfide, leading to internal sulfur cycling.
Nevertheless, further studies are needed to completely elucidate
the electron transfer mechanisms involved in toluene degradation
in the BES.

BES have been demonstrated to be a suitable technology to
power oceanographic devices by harvesting energy from the ocean
floor (18, 19). The results presented in this paper reinforce earlier
studies that suggest the potential of buried anodes to stimulate
hydrocarbon degradation in anoxic marine sediments (15). The
anode thus can serve both as a direct electron acceptor for micro-
bial respiration and as a scavenger to reduce the concentration of
toxic sulfide. Further studies should be focused on designing BES
configurations to achieve the best hydrocarbon removal perfor-
mance. Furthermore, nutrients could represent a limiting factor
to hydrocarbon degradation in marine environments (9), and fu-
ture works should explore the effect of inorganic nutrient limita-
tion on bioelectrochemical hydrocarbon removal in order to bet-
ter establish the advantages and the drawbacks of this technology.
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