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Abstract A controlled field experiment was con-
ducted to assess the potential for fermentative—meth-
anogenic biostimulation (by ammonium-acetate
injection) to enhance biodegradation of benzene,
toluene, ethylbenzene and xylenes (BTEX) as well
as polycyclic aromatic hydrocarbons (PAHs) in
groundwater contaminated with biodiesel B20 (20:80
v/v soybean biodiesel and diesel). Changes in micro-
bial community structure were assessed by pyrose-
quencing 16S rRNA analyses. BTEX and PAH
removal began 0.7 year following the release,
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concomitantly with the increase in the relative abun-
dance of Desulfitobacterium and Geobacter spp. (from
510 52.7 % and 15.8 to 37.3 % of total Bacteria 16S
rRNA, respectively), which are known to anaerobi-
cally degrade hydrocarbons. The accumulation of
anaerobic metabolites acetate and hydrogen that could
hinder the thermodynamic feasibility of BTEX and
PAH biotransformations under fermentative/methano-
genic conditions was apparently alleviated by the
growing predominance of Methanosarcina. This sug-
gests the importance of microbial population shifts
that enrich microorganisms capable of interacting
syntrophically to enhance the feasibility of fermenta-
tive—methanogenic bioremediation of biodiesel blend
releases.

Keywords Biodegradation - Biodiesel - BTEX -
PAH - Pyrosequencing - Syntrophy

Introduction

The use of biodiesel blends as an alternative renewable
transportation fuel is increasing worldwide to alleviate
dependence on fossil fuels and to minimize atmo-
spheric emissions and greenhouse effects. The
increasing biodiesel demand can, however, increase
the probability of groundwater contamination as result
of accidental and incidental spills during its produc-
tion, transportation and storage. Although biodiesel is
commonly referred to as a harmless and readily
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Table 1 Main reactions involved in biodiesel, BTEX and PAH degradation and AG® values (kJ mol™h)

Reactions involved in linoleic acid (1, 2, 3 and 4), benzene (5, 6, 7 and 8) and naphthalene

AG® reaction®

(9, 10, 11 and 12) degradation (kJ mol ™)
Linoleic acid (C3.,)
(1) C1gH3,0,~ + H" + 16H,0 — 9CH;COO™ + 9H" + 14H, +272.33
(2) 9CH;COO™ + 9H™* + 18H,0— 36H, + 18CO, +854.26
(3) 50H, + 12,5CO, — 12,5CH4 + 25H,0 —1634.34
(4) Sum (1) + (2) + (3): C1gH3,0,~ + H' + 9H,0 — 12,5CH, + 5,5CO, —507.75
Benzene
(5) C¢Hg + 6H,0 — 3CH;COO~ + 3H' 4 3H, +70.73
(6) 3CH;CO0~ + 3H' + 6H,0 — 12H, + 6CO, +284.754
(7) 15H, + 3,75CO, — 3,75CH4 + 7,5H,0 —490.30
(8) Sum (5) + (6) + (7): C¢Hg + 4,5 H,O — 3.75CH,4 + 2.25CO, —134.82
Naphthalene
(9) CoHg + 10H,0 — 5CH;COO~ + 5H™+ 4H, +101.12
(10) 5CH;COO~ + 5H"+ 10H,0 — 10CO, + 20H, +474.59
(11) 24H, 4+ 6CO, — 6CH,4 + 12H,0 —784.48
(12) Sum (9) + (10) + (11): C;oHg + 8H,0O — 6CH,4 + 4CO, —291.75

AGp(aq) values of linoleic acid and naphthalene were obtained in Lalman (2000) and Dolfing et al. (2009), respectively. All other
compounds AG/° (aq and g (for Hy)) values were obtained in Thauer et al. (1977)

# Standard Gibbs energies were calculated under standard conditions (1 M solute concentration, pH = 7, T = 298 K and gas partial

pressure of 1 atm)

biodegradable biofuel (Zhang et al. 1998), it is usually
blended with petroleum diesel fuel that contains
priority pollutants such as benzene, toluene, ethylben-
zene and xylenes (BTEX) and polycyclic aromatic
hydrocarbons (PAH). These hydrocarbons include
carcinogenic compounds (e.g., benzene and benzo[a]-
pyrene) that are generally monitored to determine the
need for corrective remedial action.

The high biochemical oxygen demand exerted by
indigenous microorganisms during biodiesel biodegra-
dation rapidly drives impacted aquifers towards meth-
anogenic conditions. This phenomenon is particularly
noticeable at the source zone region where higher
concentration of organic compounds stimulates the
consumption of terminal electron acceptors. Under
methanogenic conditions where the energetic yield is
close to the minimum needed for microbial sustenance
(~—20KkJ mol ™! required for ATP formation) (Schink
1997), bioremediation is usually accomplished by
syntrophic microorganisms (Morris et al. 2013). Syn-
trophic anaerobes can play a critical role in the
biodegradation of long-chain fatty acids (Sousa et al.
2009), BTEX (Rakoczy etal. 2011) and PAH (Berdugo-
Clavijo et al. 2012), since initial fermentative/
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methanogenic biotransformations are thermodynami-
cally unfeasible (endergonic) (Table 1, reactions 1, 5
and 9) without consumption of degradation byproducts
by commensal microorganisms. Long-chain fatty acids
(represented by linoleic acid) derived from biodiesel
esters hydrolysis can be further oxidized to acetate and
hydrogen via -oxidation (Sousa et al. 2009). Although
this reaction is thermodynamically unfeasible (Table 1,
reaction 1), it might proceed if syntrophic microorgan-
isms consume metabolites that can impose thermody-
namic constraints (reactions 2 and 3) thus making the
overall reaction exergonic (reaction 4). Similarly,
fermentative/methanogenic BTEX and PAH biodegra-
dation (represented by benzene and naphthalene,
respectively) is plausible (reactions 8 and 12) when
syntrophic microorganisms consume the metabolites
(reactions 6, 7, 10 and 11).

We previously demonstrated that anaerobic biosti-
mulation by the addition of ammonium acetate into
B20 contaminated groundwater induced fermenta-
tive—methanogenic conditions that enhanced BTEX
removal (Ramos et al. 2013). This enhancement in
BTEX anaerobic biodegradation was hypothesized to
occur due to the proliferation of putative hydrocarbon
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degraders thriving syntrophically with methanogenic
archaea. Nonetheless, the microbial community struc-
ture was not characterized to identify potential
syntrophic associations. Therefore, in this work,
microbial 16S rRNA pyrosequencing analyses were
conducted to assess temporal changes in microbial
community structure during anaerobic biostimulation
of groundwater contaminated with a biodiesel blend.
Emphasis was placed on studying microbial popula-
tions putatively associated with aromatic hydrocarbon
biodegradation. This information advances our current
understanding of fermentative—methanogenic biopro-
cesses by identifying dominant microorganisms dur-
ing anaerobic bioremediation of B20 releases.

Materials and methods
Controlled release field experiment

A controlled release field experiment was monitored
over 2 years to investigate whether anaerobic biosti-
mulation could enhance BTEX biodegradation under
fermentative—methanogenic conditions. Detailed infor-
mation on this experiment set up and groundwater
monitoring was previously described (Ramos et al.
2013). Briefly, a source zone was established by
releasing 100L of B20 (20 % v/v soybean biodiesel
and 80 % v/v diesel) into an area of 1 m? x 1.6 m deep
down to the water table. Fermentative—methanogenic
biostimulation was performed by weekly injection of
ammonium acetate (300 mg L") into 5 wells installed
1.5 m upstream of the source zone.

Chemical analyses

Groundwater was monitored at the source zone since
biodiesel blend releases are not readily miscible in
groundwater and behave as a fixed, decaying, yet long-
lived source with relatively small region of influence
compared to soluble biofuels such as ethanol (Corseuil
et al. 2011). Groundwater pH, redox potential,
dissolved oxygen, nitrite, nitrate, sulfate, sulfide,
ferrous iron, acetate, BTEX and methane were mon-
itored over time (Ramos et al. 2013).

PAH were extracted from 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). Detection limits were (in
parenthesis): naphthalene (7 ug L™"), methylnaphtha-
lene (5 ug L"), dimethylnaphthalene (7 pg L"), ace-
naphthylene (8 pg L"), acenaphthene (8 pg L™,
fluorene (8 g L™h, phenanthrene (9 pug L™h,
anthracene (9 pg L"), fluorathene (10 pg L™"), pyr-
ene (9 ng L"), benzo[a]anthracene (9 ue L™, chry-
sene (10 pg LY, dibenzo[a, hlanthracene (12 ne LY,
benzo[b]fluoranthene (12 pg L_l), benzo[k]fluo-
ranthene (31 pg L™"), benzo[a] pyrene (36 pg L™Y),
indeno[1,2,3-cd]pyrene (28 png L_l) and benzo[g,h,i]-
pyrene (11 pg L™h.

Dissolved hydrogen analyses were conducted
2.4 years following the B20 release using in situ
passive samplers. These samplers were deployed for
5 days in groundwater, according to the methods
developed by Spalding and Watson 2006 and Spalding
and Watson 2008. Hydrogen was measured by a gas
chromatography (model UC-13 Construmaq equipped
with a 30-ft long x 1/8 in stainless-steel column
packed with 100/120 mesh Haye SepD solid phase and
thermal conductivity detector). The detection limit
was 1077 M.

Microbial analysis

16S rRNA pyrosequencing analyses were conducted
to identify, characterize and assess temporal changes
in microbial community structure during anaerobic
biostimulation of groundwater contaminated with a
biodiesel blend. DNA samples were extracted from
groundwater before the B20 release as background
information on indigenous microorganisms and then
after 0.3, 0.7, 1.0, 1.4 and 1.6 years following the fuel
release.

To amplify the 16S rRNA region two primer pairs
were used: one for Bacterial 16S and one for
Archaeal 16S. Bacteria 16S rRNA was amplified
within hyper variable region 3 and 4 (bases 347-803)
using primers designed specifically for 454 sequenc-
ing (which included 454 adapter sequence, 10 base
nucleotide barcode, and target primer). Target prim-
ers were: forward 5-GGAGGCAGCAGTRRGGAA
T-3', reverse 5'-CTACCRGGGTATCTAATCC-3'
(Nossa et al. 2010). Archaea 16S was amplified
between bases 571-1,204. Target primers were:
forward 5-GCYTAAAGSRICCGTAGC-3/, reverse
5-TTMGGGGCATRCIKACCT-3' (Gantner et al.
2011). PCR was carried out using Qiagen Top Taq
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PCR kit as per manufacturer’s specifications (Qiagen,
Carlsbad, California). Thermal cycling was carried
P~ out at 94 °C for 3 min, followed by 30 cycles of
g = g _ (94 °C for 30 s, 55°C for 30s, 72 °C for 60 s)
= 3 ‘C‘; g S followed by 10 min at 72 °C and hold at 4 °C. PCR
8 = 3 < a products were run on an agarose gel and the
.| & ; LT3 amplicons verified for size against DNA ladder and
g E g 'g ; § further excised for purification. Gel bands were
§ s § ) :% § purified using the Qiagen Qiaquick gel extraction
S R R kit as per manufacturer’s specifications. Purified
DNA was eluted with TE buffer, and quantified
using Picogreen fluorescent DNA quantitation kit.
" 16S amplicons from different samples were pooled in
% equimolar concentrations prior to emulsion PCR and
é 7“; sequencing 1'15ing Roche’454 Jr. Im'age .data. was
2 % ) é processed using the Amplicon processing plpehne. in
§ < 3 i the 454 Jr. (Roche, Branford, CT) suite of processing
g 3 : ¢ E software included with the sequencer.
.| 8 § E s = Raw sequencing data was initially processed using
g % 2 ; E» % the Ribosomal Database Project (RDP) Pyrosequenc-
% g S 5,) £ E ing pipeline (http://pyro.cme.msu.edu) (Cole et al.
a|l<OoO U n 2009). Raw sequences were first sorted by barcode,
and fusion primers were removed. Quality filter
removed sequences with lengths less than 150 bases or
y having more than one ambiguity (N) or those with
é . more than two changes in forward or reverse primers.
e & Filtered, trimmed sequence data was then classified
§ Z using RDP classifier at the genus level.
5 -
s s
213 5 2 Results and discussion
Elgs s
_g E ._‘é % % % é Eight domlnanto phy.logenetlc clflsses constituted t.he
3| 5855 5 =8 groundwater microbial community: B-Proteobacteria,
R << <2 v-Proteobacteria, 6-Proteobacteria, Bacilli, Clostridia,
Acidobacteria, Nitrospira and Holophagae (Table 2).
© % 5 = Prior to B20 fuel release, microaerophilic conditions
p_g s_§ é é prevailed with groundwater dissolved oxygen con-
g % _‘é‘ _‘é‘ _‘é‘ centration of 0.6 mg L™' and redox potential of
| E 8 %8 ¢ & +104 mV (Table 3). Such microaerophilic conditions
é é i i.:_ Ei: likely favored the growth of aerobic facultative
hydrocarbon degrading bacteria, including some
Janthinobacterium, Ralstonia, Pseudomonas and
g Geobacillus species (Fig. 1). After 0.3 year following
g § the fuel release, Burkholderia was the main bacterial
§ § ::0 S 3 genus detected. This bacterium is generally capable of
o g § % § 3 & degrading a variety of organic compounds (Philippe
% | & 3 g 2 § etal. 2001; Belova et al. 2006) (Table 2). Nonetheless,
Hlala = C=AQ negligible BTEX and PAH removal was observed
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_ during the time frame in which Burkholderia was
T_] a predominant (Figs. 1, 2). Therefore, it is plausible that
o o s 2o g the proliferation of Burkholderia was primarily asso-
=1V - ciated with the consumption of acetate or biodiesel
methyl-esters.
~ Noticeable BTEX removal occurred at 0.7 year,
E;,‘J _ - o % o o considerably faster than under natural attenuation
SE Jznmtes conditions (with a noticeable onset of BTEX biodeg-
radation after 2.5 years) (Ramos et al. 2013). BTEX
~ removal was accompanied by an increase in the
a relative abundance of Desulfitobacterium and Geob-
LEl2323&838¢% acter (from 5 to 52.7 and 15.8 to 37.3 % of total
Bacteria 16S rRNA, respectively) (Fig. 1). These
bacteria have been widely reported to participate in
| T: the anaerobifz biodegra.dation of .aromatic hydrocar-
“Sr 2l — 0 aomn bons under iron-reducing condm‘ons (Lovley et .al.
Nnola—on o oo 1993; Coates et al. 1995; Kunapuli et al. 2010), which
B is consistent with the observed accumulation of iron
‘f:: h (IT) (Table 3). Geobacter and Desulfitobacterium
- | = fo Teazaegd remained abundant even after the establishment of
§ € E - fermentative conditions (Fig. 2), suggesting that these
i” organisms may have relied on fermentative metabo-
< ~ lism as well (Cord-Ruwisch et al. 1998; Kunapuli et al.
; L _ L 2010). It should be noted that bacteria belonging to d-
a2 EE/D TTTIT9T T Proteobacteria (iron and sulfate-reducing genera
% including Geobacter, Pelobacter, Desulfovibrio, Des-
5 . ulfomicrobium, Desulfuromusa and Desulfuromonas)
% | 7_] were below detection limit (10> gene copies g~ ') in the
e 2 RZZZZ 23 experimental control plot not biostimulated (Ramos
A= T VYV VYV et al. 2013).
2 ~ The predominance of methanogenic archaeal com-
= 0 munities coincided with the establishment of metha-
g 8 E" EaREE8E <« nogenic conditions in groundwater (i.e., 17.5 mg
% e CH, L™' measured at 0.7 year following the fuel
‘é’ = release (Table 3)). Archaea community analysis
%’ %‘ revealed the presence of 7 different genera: Thermo-
§D g protei, Methanosarcinaceae, Thermogymnomonas,
B _§ Slgs8=zrgcR Methanosaeta, Methanosarcina, Methanospirillum
_% cE|F T OO and Methanoregula (Fig. 3). Thermoprotei, which
§ - N n o & N can thrive using iron (III) as a terminal electron
= R N acceptor (Slobodkin 2005; Wagner and Wiegel 2008)
E o were first detected after 0.3 year following the release
E % (Fig. 1) and concomitantly with the prevalence of
=g iron-reducing conditions (Fig. 2; Table 3). Both
é* ég g g z g 5 § § Methanosaeta and Methanosarcina are commonly
& found in acetate-rich methanogenic environments (Liu
- _ and Whitman 2008). The increased abundance of
% 2 % e e e e Methanosarcina compared to aceticlastic Methanosa-
HFIE2lo o 3 =~ ad eta (Liu and Whitman 2008) (Fig. 3) could be
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Fig. 1 Temporal changes
in 16S rRNA relative
abundance (%) of bacteria
communities in
groundwater samples from
the B20 source zone
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Fig. 2 a Iron (II), BTEX and total PAH concentrations and
associated changes in the abundance of the putative aromatic
hydrocarbon degraders Geobacter and Desulfitobacterium,
expressed as a % of the total Bacteria 16S rRNA. b Acetate
and methane profiles. The dashed horizontal line is the methane
solubility limit (22 mg L™' at 24 °C and 1 atm). Arrows
indicate the start and the end of biostimulation with ammonium
acetate
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attributable to their faster growth rates when acetate is
not limiting (Smith and Ingram-Smith 2007) and
versatile metabolism (e.g., hydrogenotrophic, aceti-
clastic or methylotrophic while Methanosaeta is
exclusively aceticlastic) (Galagan et al. 2002; Liu
and Whitman 2008).

One year after the release, Methanoregula and
Methanospirillum were detected in groundwater
(Fig. 3). The presence of these hydrogenotrophic
microorganisms (Worm et al. 2011; Bréuer et al.
2011) suggests their role as H, consumers that could
alleviate the thermodynamic constraints caused by H,
accumulation (Table 1, reactions 3, 7 and 11).

Syntrophic cooperation between aromatic
hydrocarbons degraders and methanogens

Syntrophic relationships allow microorganisms to
thrive in energetically constrained systems (e.g.,
methanogenic environments). To discern whether a
biological process meets the requirements for being
considered syntrophy, one may consider the reactions
involved and discern whether they are feasible without
microbial cooperation (Morris et al. 2013). Table 1
summarizes the need for syntrophic cooperation to
enhance the thermodynamic feasibility of biodiesel,
BTEX and PAH biodegradation.
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Fig. 3 Temporal changes
in 16S rRNA relative
abundance (%) of Archaea
communities in
groundwater samples from
the B20 source zone

Fig. 4 Thermodynamic
feasibility of benzene

(0.9 mg LY (a) and
naphthalene (0.16 mg L™")
(b) fermentation to acetate
and hydrogen (Table 1,
reactions 5 and 9) for typical
H, concentrations of

1077 to 107" M (grey
diagonal lines), dissolved
H, concentration detected in
groundwater at 2.4 years
(black diagonal lines) and
pH = 4.5. Grey vertical
lines represent acetate
concentration at 0.3

(131 mg L™h, 0.7

(5 mg L™") and 1.0 year
(8.9 mg L~Y) after the
release. Black vertical lines
correspond to acetate
concentration at 2.4 years
B39mgL™h
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Thermodynamic calculations considered the high-
est contaminant concentrations (0.9 mg L™" for ben-
zene and 0.16 mg L™ for naphthalene) and typical
dissolved H, concentrations found in anaerobic aqui-
fers (10~" to 10~° M) (Heimann et al. 2009), as well as
dissolved H, concentrations detected in groundwater
2.4 years after the release. As shown in Fig. 4a, the
presence of 131 mg L™ of acetate (at 0.3 year)
hindered fermentative/methanogenic BTEX biodeg-
radation (represented by benzene) for dissolved H,
concentrations >0.2 x 10~% M. With a decrease in
acetate concentrations from 131 to 5 mg L™ (mea-
sured at 0.7 year) benzene biodegradation became
thermodynamically feasible. These predictions were
in agreement with the observed in situ BTEX removal
pattern shown in Fig. 2. Biodegradation of PAH
(represented by naphthalene, 0.16 mg L™") was ther-
modynamically feasible for almost all H, concentra-
tions except 107" M (at 1.0 year) (Fig. 4b).

Conclusions

This assessment of microbial community structure over
time advances our understanding of the syntrophic
metabolic niches that evolve during fermentative—
methanogenic bioremediation of aromatic hydrocar-
bons. Microbial population shifts were consistent with
observed geochemical changes and dominance shifted
towards the putative anaerobic hydrocarbon degraders
Geobacter and Desulfitobacterium. The accumulation of
anaerobic metabolites acetate and H, that could thermo-
dynamically hinder BTEX and PAH biodegradation was
likely alleviated by the proliferation of Geobacter,
Desulfitobacterium and hydrogenotrophic or aceticlastic
Methanosarcina. Overall, this study suggests that
fermentative—methanogenic biostimulation can promote
favorable microbial population shifts that enhance the
natural attenuation of B20 blend releases.

Acknowledgments The authors thank PETROBRAS (Petréleo
Brasileiro S/A) for the research financial support as well as
CAPES (Coordination for the Improvement of Higher Level
Education Personnel) and CNPq (National Council for Scientific
and Technological Development) for providing scholarships.

References

Allen TD, Kraus PF, Lawson PA, Drake GR, Balkwill DL,
Tanner RS (2008) Desulfovibrio carbinoliphilus sp., a

benzyl alcohol-oxidizing, sulfate-reducing bacterium iso-
lated from a gas condensate-contaminated aquifer. Int J
Syst Evol Microbiol 58(6):1313-1317

Belova SE, Pankratov TA, Dedysh SN (2006) Bacteria of the
genus Burkholderia as a typical component of the micro-
bial community of Sphagnum peat bogs. Microbiology
75(1):90-96

Berdugo-Clavijo C, Dong X, Soh J, Sensen CW, Gieg LM
(2012) Methanogenic biodegradation of two-ringed poly-
cyclic aromatic hydrocarbons. FEMS Microbiol Ecol
81(1):124-133

Blackbourne R, Vadivelu VM, Yuan Z, Keller J (2007) Kinetic
characterisation of an enriched Nitrospira culture with
comparison to Nitrobacter. Water Res 41(14):3033-3042

Bodour AA, Wang JM, Brusseau ML, Maier RM (2003) Tem-
poral change in culturable phenanthrene degraders in
response to long-term exposure to phenanthrene in a soil
column system. Environ Microbiol 5(10):888-895

Briuer SL, Cadillo-Quiroz H, Ward RJ, Yavitt JB, Zinder SH
(2011) Methanoregula boonei gen. nov., sp. nov., an
acidiphilic methanogen isolated from an acidic peat bog.
Int J Syst Evol Microbiol 61(1):45-52

Bruce T, Martinez IB, Neto OM, Vicente ACP, Kruger RH,
Thompson FL (2010) Bacterial community diversity in the
Brazilian Atlantic forest soils. Soil Microbiol
60(4):840-849

Bryant MP, Campbell LL, Reddy CA, Crabill MR (1977)
Growth of Desulfovibrio in lactate or ethanol media low in
sulfate in association with H-utilizing methanogenic
bacteria. Appl Environ Microbiol 33(5):1162-1169

Chauhan A, Ogram A (2006) Fatty acid-oxidizing consortia
along a nutrient gradient in the Florida Everglades. Appl
Environ Microbiol 72(4):2400-2406

Coates JD, Lonergan DJ, Philips EJP, Jenter A, Lovley DR
(1995) Desulfuromonas palmitatis sp., nov. A marine dis-
similatory Fe(IIl) reducer that can oxidize long chain fatty
acids. Arch Microbiol 164(6):406—413

Coates JD, Ellis DJ, Gaw CV, Lovley DL (1999) Geothrix
fermentans gen. nov., sp. nov., a novel Fe(Ill)-reducing
bacterium from a hydrocarbon-contaminated aquifer. Int J
Syst Evol Microbiol 49(4):1615-1622

Cole JR, Wang Q, Cardenas E, Fish J, Chai B, Farris RJ, Kulam-
Syed-Mohideen AS, McGarrell DM, Marsh T, Garrity GM,
Tiedje JM (2009) The Ribosomal Database Project:
improved alignments and new tools for rRNA analysis.
Nucleic Acids Res 37:141-145

Cord-Ruwisch R, Lovley DR, Schink B (1998) Growth of
Geobacter sulfurreducens with acetate in syntrophic
cooperation with hydrogen-oxidizing anaerobic partners.
Appl Environ Microbiol 64(6):2232-2236

Corseuil HX, Monier AL, Gomes APN, Chiaranda HS, Rosario
M, Alvarez PJJ (2011) Biodegradation of soybean and
castor oil biodiesel: implications on the natural attenuation
of monoaromatic hydrocarbons in groundwater. Groundw
Monit Remediat 31(3):111-118

Cramm R (2009) Genomic view of energy metabolism in
Ralstonia eutropha H16. J Mol Microbiol Biotechnol
16(1-2):38-52

Ding L, Yokota A (2010) Curvibacter fontana sp. nov., a mi-
croaerobic bacteria isolated from well water. J] Gen Appl
Microbiol 56(3):267-271

@ Springer



690

Biodegradation (2014) 25:681-691

Dolfing J, Tiedje JM (1991) Acetate as a source of reducing
equivalents in the reductive dechlorination of 2,5-dic-
hlorobenzoate. Arch Microbiol 156(5):356-361

Dolfing J, Xu A, Gray ND, Larter SR, Head IM (2009) The
thermodynamic landscape of methanogenic PAH degra-
dation. Microb Biotechnol 2(5):566-574

Galagan JE, Nusbaum C, Roy A, Endrizzi MG, MacDonalds P,
Fitzhugh W, Calvo S, Engels R, Smirnov S, Atnoor D,
Brown A, Allen N, Naylor J, Stange-Thomann N, Dearel-
lano K, Johnson R, Linton L, Mcewan P, Mckernan K,
Talamas J, Tirrell A, Ye WJ, Zimmer A, Barber RD, Cann
I, Graham DE, Grahame DA, Guss AM, Hedderich R, In-
gram-Smith C, Kuettner HC, Krzycki JA, Leigh JA, Li
WX, Liu JF, Mukhopadhyay B, Reeve JN, Smith K,
Springer TA, Umayam LA, White O, White RH, De
Macario EC, Ferry JG, Jarrell KF, Jing H, Macario AJL,
Paulsen I, Pritchett M, Sowers KR, Swanson RV, Zinder
SH, Lander E, Metcalf WW, Birren B (2002) The genome
of M. acetivorans reveals extensive metabolic and physi-
ological diversity. Genome Res 12(4):532-542

Gantner S, Andersson AF, Alonso-Saez L, Bertilsson S (2011)
Novel primers for 16S rRNA-based archaeal community
analyses in environmental samples. J Microbiol Methods
84(1):12-18

Geissler A, Merroun M, Geipel G, Reuther H, Selenska-Pobell S
(2009) Biogeochemical changes induced in uranium min-
ing waste pile samples by uranyl nitrate treatments under
anaerobic conditions. Geobiology 7(3):282-294

Hatamono M, Imachi H, Yashiro Y, Ohashi A, Harada H (2007)
Diversity of anaerobic microorganisms involved in long-
chain fatty acid degradation in methanogenic sludges as
revealed by RNA-based stable isotope probing. Appl
Environ Microbiol 73(13):4119-4127

He Q, Sanford RA (2004) Acetate threshold concentrations
suggest varying energy requirements during anaerobic
respiration by Anaeromyxobacter dehalogenans. Appl
Environ Microbiol 70(11):6940-6943

Heidelberg JF, Seshadri R, Haveman SA, Hemme CL, Paulsen
IT, Kolonay JF, Eisen JA, Ward N, Methe B, Brinkac LM,
Daugherty SC, Deboy RT, Dodson RJ, Durkin AS, Ma-
dupu R, Nelson WC, Sullivan SA, Fouts D, Haft DH,
Selengut J, Peterson JD, Davidsen TM, Zafar N, Zhou L,
Radune D, Dimitrov G, Hance M, Tran K, Khouri H, Gill J,
Utterback TR, Feldblyum TV, Wall JD, Voordouw G,
Fraser CM (2004) The genome sequence of the anaerobic,
sulfate-reducing bacterium Desulfovibrio vulgaris. Nat
Biotechnol 22(5):554-559

Heimann A, Jakobsen R, Blodau C (2009) Energetics con-
straints on H,-dependent terminal electron accepting pro-
cesses in anoxic environments: a review of observations
and model approaches. Environ Sci Technol 44(1):24-33

Imachi H, Sekiguchi Y, Kamagata Y, Hanada S, Ohashi A,
Harada H (2002) Pelotomaculum thermopropionicum gen.
nov., sp. nov., an anaerobic, thermophilic, syntrophic
propionate-oxidizing bacterium. Int J Syst Evol Microbiol
52(5):1729-1735

Kloos WE (1980) Natural populations of the genus Staphylo-
coccus. Annu Rev Microbiol 34:559-592

Kunapuli U, Jahn MK, Lueders T, Geyer R, Hermann JH,
Meckenstock RU (2010) Desulfitobacterium aromaticivo-
rans sp. nov. and Gebacter toluenoxydans sp. nov., iron-

@ Springer

reducing bacteria capable of anaerobic degradation of
monoaromatic hydrocarbons. Int J Syst Evol Microbiol.
60(3):686—695

Lalman JD (2000) Anaerobic degradation of linoleic (C18:2),
oleic (C18:1) and stearic (C18:0) acids and their inhibitory
effects on acidogens, acetogens and methanogens. Thesis.
University of Toronto

Leandro T, Franca L, Nobre MF, Schumann P, Rossell6-Mora
R, Costa MS (2012) Nevskia aquatilis sp. nov. and Nevskia
persephonica sp. nov., isolated from a mineral water
aquifer and the emended description of the genus Nevskia.
Syst Appl Microbiol 35(5):297-301

Liesack W, Bak F, Kreft JU, Stackebrandt E (1994) Holophaga
foetida gen. nov. sp. nov., a new homoacetogenic bacte-
rium degrading methoxylated aromatic compounds. Arch
Microbiol 162(1-2):85-90

Lima G, Parker B, Meyer J (2012) Dechlorinating microor-
ganisms in a sedimentary rock matrix contaminated with a
mixture of VOCs. Environ Sci Technol 46(11):5756-5763

Liu Y, Whitman WB (2008) Metabolic, phylogenetic and eco-
logical diversity of the methanogenic archaca. Ann NY
Acad Sci 1125(1):171-189

Liu A, Garcia-Dominguez E, Rhine ED, Young LY (2004) A
novel arsenate respiring isolate that can utilize aromatic
substrates. FEMS Microbiol Ecol 48(3):323-332

Lovley DR, Giovannoni SJ, White DC, Champine JE, Phillips
EJP, Gorby YA, Goodwin S (1993) Geobacter metallire-
ducens gen. nov. sp. nov., a microorganism capable of
coupling the complete oxidation of organic compounds to
the reduction of iron and other metals. Arch Microbiol
159(4):336-344

Morris BEL, Henneberger R, Huber H, Moissl-Eichinger C
(2013) Microbial syntrophy: interaction for the common
good. FEMS Microbiol Rev 37(3):384—406

Nazina TN, Tourova TP, Poltaraus AB, Novikova EV, Grigor-
yan AA, Ivanova AE, Lysenko AM, Petrunyaka VV, Osi-
pov GA, Belyaev SS, Ivanov MV (2001) Taxonomic study
of aerobic thermophilic bacilli: descriptions of Geobacillus
subterraneus gen. nov., sp. nov. and Geobacillus uze-
nensissp nov. from petroleum reservoirs and transfer of
Bacillus stearothermophilus, Bacillus thermo-catenulatus,
Bacillus thermoleovorans, Bacillus kaustophilus, Bacillus
thermoglucosidasius and Bacillus thermodenitrificans to
Geobacillus as the new combinations G. stearothermo-
philus, G. thermocatenulatus, G. thermoleovorans, G.
kaustophilus, G. thermoglucosidasius and G. thermodeni-
trificans. Int J Syst Evol Microbiol 51(2):433-446

Nevin KP, Lovley DR (2002) Mechanisms for accessing
insoluble Fe(II) oxide during dissimilatory Fe(III) reduc-
tion by Geothrix fermentans. Appl Environ Microbiol
68(5):2294-2299

Nossa CW, Obedorf WE, Yang L, AAS JA, Paster BJ, Desantis
TZ, Brodie EL, Malamud D, Poles MA, Pei Z (2010)
Design of 16S rRNA gene primers for 454 pyrosequencing
of the human foregut microbiome. World J Gastroenterol
16(33):4135-4144

O’Sullivan LA, Mahenthiralingam E (2005) Biotechnological
potential within the genus Burkholderia. Lett Appl
Microbiol 41(1):8-11

Patureau D, Godon JJ, Bouchez T, Bernet N, Delgenes JP,
Moletta R (1998) Microvirgula aerodenitrificans gen. nov.,



Biodegradation (2014) 25:681-691

691

sp. nov., a new gram-negative bacterium exhibiting co-
respiration of oxygen and nitrogen oxides up to oxygen-
saturated conditions. Int J Syst Evol Microbiol 48(3):
775-782

Philippe G, Vega D, Bastide J (2001) Microbial hydrolysis of
methyl aromatic esters by Burkholderia cepacia isolated
from soil. FEMS Microbiol Ecol 37(3):251-258

Rakoczy J, Schleinitz KM, Miiller N, Richnow HH, Vogt C
(2011) Effects of hydrogen and acetate on benzene min-
eralization under sulphate-reducing conditions. FEMS
Microbiol Ecol 77(2):238-247

Ramamoorthy S, Sass H, Langner H, Schumann P, Kroppen-
stedt RM, Spring S, Overmann J, Rosenzweig RF (2006)
Desulfosporosinus lacus sp. nov., a sulfate-reducing bac-
terium isolated from pristine freshwater lake sediments. Int
J Syst Evol Microbiol 56(12):2729-2736

Ramos DT, Da Silva MLB, Chiaranda HS, Alvarez PJJ, Corseuil
HX (2013) Biostimulation of anaerobic BTEX biodegra-
dation under fermentative methanogenic conditions at
source-zone groundwater contaminated with a biodiesel
blend (B20). Biodegradation 24(3):333-341

Robertson WJ, Bowman JP, Franzmann PD, Mee BJ (2001)
Desulfosporosinus meridiei sp. nov., a spore-forming sul-
fate-reducing bacterium isolated from gasoline-contami-
nated groundwater. Int J Syst Evol Microbiol 51:133-140

Sanford RA, Cole JR, Tiedje JM (2002) Characterization and
description of Anaeromyxobacter dehalogenans gen. nov.,
sp. nov., an aryl-halorespiring facultative anaerobic my-
xobacterium. Appl Environ Microbiol 68(2):893-900

Schink B (1997) Energetics of syntrophic cooperation in
methanogenic degradation. Microbiol Mol Biol Rev
61(2):262-280

Shim H, Hwang B, Lee S, Kong S (2005) Kinetics of BTEX
biodegradation by a coculture of Pseudomonas putida and
Pseudomonas fluorescens under hypoxic conditions. Bio-
degradation 16(4):319-327

Slobodkin AI (2005) Thermophilic microbial metal reduction.
Microbiology 74(5):501-504

Smith KS, Ingram-Smith C (2007) Methanosaeta, the forgotten
methanogen? Trends Microbiol 15(4):150-155

Sousa DZM, Pereira AM, Stams AJM, Alves MM, Smidt H
(2007) Microbial communities involved in anaerobic
degradation of unsaturated or saturated long-chain fatty
acids. Appl Environ Microbiol 73(4):1054-1064

Sousa DZM, Smidt H, Alves MM, Stams AJM (2009) Eco-
physiology of syntrophic communities that degrade satu-
rated and unsaturated long-chain fatty acids. FEMS
Microbiol Ecol 68(3):257-272

Spalding BP, Watson DB (2006) Measurement of dissolved H,,
0, and CO, in groundwater using passive samplers for gas
chromatographic analyses. Environ Sci Technol 40(24):
7861-7867

Spalding BP, Watson DB (2008) Passive sampling and analyses
of common dissolved fixed gases in groundwater. Environ
Sci Technol 42(10):3766-3772

Tanaka K, Stackebrandt E, Tohyama S, Eguchi T (2000) Des-
ulfovirga adipica gen. nov., sp. nov., an adipate-degrading,
gram-negative, sulfate-reducing bacterium. Int J Syst Evol
Microbiol 50(2):639-644

Thauer RK, Jungermann K, Decker K (1977) Energy conser-
vation in chemotrophic anaerobic bacteria. Bacteriol Rev
41(1):100-180

Treude N, Rosencrantz D, Liesack W, Schnell S (2003) Strain
FAcl2, a dissimilatory iron-reducing member of the An-
aeromyxobacter subgroup of Myxococcales. FEMS
Microbiol Ecol 44(2):261-269

van der Zaan BM, Saia FT, Stams AJM, Plugge CM, de Vos WM,
Smidt H, Langenhoff AAM, Gerritse J (2012) Anaerobic
benzene degradation under denitrifying conditions: Pepto-
coccaceae as dominant benzene degraders and evidence for a
syntrophic process. Environ Microbiol 14(5):1171-1181

Villemur R, Lanthier M, Beaudet R, Lépine F (2006) The Des-
ulfitobacterium genus. FEMS Microbiol Rev 30(5):706-733

Wagner ID, Wiegel J (2008) Diversity of thermophilic anaer-
obes. Ann NY Acad Sci 1125(1):1-43

Ward NL, Challacombe JF, Janssen PH, Henrissat B, Coutinho
PM, Wu M, Xie G, Haft DH, Sait M, Badger J, Barabote
RD, Bradley B, Brettin TS, Brinkac LM, Bruce D, Creasy
T, Daugherty TM, Deboy RT, Detter JC, Dodson RJ,
Durkin AS, Ganapathy A, Dwinn-Giglio M, Han CS,
Khouri H, Kiss H, Kothari SP, Madupu R, Nelson KE,
Nelson WC, Paulsen I, Penn K, Ren Q, Rosovitz MIJ,
Selengut JD, Shrivastava S, Sullivan SA, Tapia R,
Thompson LS, Watkins KL, Yang Q, Yu C, Zafar N, Zhou
L, Kuske CR (2009) Three genomes from the phylum
Acidobacteria provide insight into lifestyles of these
microorganisms in soils. Appl Environ Microbiol
75(7):2046-2056

Worm P, Miiller N, Plugge CM, Stams AJM, Schink B (2011)
Syntrophy in methanogenic degradation. Microbiol Mo-
nogr 19:143-173

Zhang X, Peterson C, Reece D, Moller G, Haws R (1998)
Biodegradability of biodiesel in the aquatic environment.
Trans Am Soc Agric Eng 41:1423-1430

@ Springer



	Assessment of microbial communities associated with fermentative--methanogenic biodegradation of aromatic hydrocarbons in groundwater contaminated with a biodiesel blend (B20)
	Abstract
	Introduction
	Materials and methods
	Controlled release field experiment
	Chemical analyses
	Microbial analysis

	Results and discussion
	Syntrophic cooperation between aromatic hydrocarbons degraders and methanogens

	Conclusions
	Acknowledgments
	References


