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SUMMARY
Fermenting organisms are crucial for many biogeochemical and environmental
biotechnological processes: They supply reduced compounds to a second group of organisms
that thrive on respiration. Accelerating the fermentation process by releasing most of its
(Gibbs) energy, the guild of fermenting bacteria might be expected to be insensitive to the
overall thermodynamics of such processes, and hence to the redox potential of the electron
acceptor used by the respiring bacteria. To examine whether indeed the fermentation part of
this ecology is independent of its overall thermodynamics, glucose-degrading consortia were
enriched from anaerobic sediment from the Scheldt estuary in Belgium, under nitrate-, iron-,
sulfate-reducing, or methanogenic conditions. This was done by a dilution-to-extinction
approach. The time-courses of glucose fermentation and electron-acceptor reduction obtained
under the four conditions were correlated with phylogenetic information derived from 16S
rRNA gene-based pyrosequencing analysis. Contrary to the above expectations, we found
large differences in the species composition and physiology of the glucose-fermenting guild,
between the four different redox conditions. The differences in fermentation behavior were
not due to toxicity of the reduced electron acceptors produced, but could be related to the
identities of the enriched species. We suggest that interaction with terminal electron
accepting microorganisms that consume the fermentation products and are defined by the
dominant redox condition, is the main factor determining the composition and functional role
of the fermenting guild: Thermodynamics rules after all. However, it does so not directly
but indirectly, through the cohabiting species.
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INTRODUCTION
Primary fermenting microorganisms play an important role in anaerobic biogeochemical and
environmental biotechnological processes such as wastewater treatment and bioremediation
of halogenated hydrocarbons (DiStefano and Palomar, 2010; Maphosa et al., 2010). They
initiate the anaerobic mineralization of complex organic matter, hydrolysing biopolymers to
monomers and fermenting these so as to produce substances that could function as electron
donors in subsequent detoxifying redox processes (Schink, 1997). Bacteria can employ a
wide range of metabolic pathways to ferment sugars such as glucose, with a variety of
products (Table 1). Even when taking into account the uphill component of ATP synthesis,
the net Gibbs free energy dissipation driving these processes is large (third column of Table
1), suggesting that the fermenting microorganisms could live effectively on their own; this
Gibbs free energy drop should suffice to drive (Westerhoff & Van Dam, 1987) the processes
of life, even if products were to accumulate.
Table 1. Standard Gibb’s Free Energy (ΔG°’), amount of ATP produced per molecule of glucose fermented,
and Gibbs energy dissipated for a number of glucose fermentation processes ranked in order of the driving force
(ΔGnet,estimated). ΔGnet,estimated is the net Gibbs free energy dissipation when taking into account the Gibbs free
energy of ATP synthesis (estimated as number of ATP multiplied by 45 kJ/mol (Westerhoff and Dam, 1987))
and the number of ADP molecules phosphorylated to become ATP.

Glucose fermentation reaction

AT
P
yiel
(kJ/mol) d
ΔG°'

ΔGnet;
estimated
(kJ/mol)

Glucose --> 1.33 propionate- + 0.67 acetate- + 0.67 CO2 + 0.67 H2O
+ 2H+
Glucose + H2O --> acetate- + ethanol + 2 CO2 + 2H2 + 3H+

-312

2.7

190

-305

3.0

170

Glucose --> 2 ethanol + 2 CO2
Glucose -->0.67 butyrate- + 0.67 acetate- + 2.67 H2 + 2 CO2 + 1.33 H+

-235
-247

2.0
2.7

145
126

Glucose --> 2 lactate- + 2 H+

-198

2.0

108

Glucose --> 3 acetate- + 3H+

-311

3.0

91

Glucose + H2O --> acetate- + ethanol + 2 formate- + 3 H+
Glucose + 2 H2O --> 2 acetate- + 2 CO2 + 4 H2 + 2 H+

-218
-215

3.0
4.0

83
35

Glucose + 6 H2O --> 6 CO2 + 12 H2

-26

0.0

26

However, at ambient conditions molecular hydrogen in the submicromolar range could exert
a back pressure on the fermentative metabolisms that produce hydrogen (Schink, 1997).
Fermenting microorganisms can also be inhibited by the acetate and other volatile fatty acids
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they produce, certainly at relatively high concentrations of the undissociated acids
(micromolar range) (Fukuzaki, Nishio, and Nagai, 1990; Fukuzaki, Nishio, Shobayashi, et
al., 1990). In such cases, the complete anaerobic oxidation of organic matter might require
some collaboration between primary fermenting microorganisms and the functional groups of
microorganisms one step down the chain, especially under energetically less favourable redox
conditions (Schink, 1997; Stams and Plugge, 2009), but then again, co-habitation with
anaerobic respiring microorganisms that consume the fermentation products largely removes
the inhibitory effects of the latter, enabling the fermentative bacteria to shift their
fermentation patterns towards higher energy and growth yields (Iannotti et al., 1973;
Scheifinger et al., 1975; Chen and Wolin, 1977).
The complexity of microbial networks that degrade anaerobically organic matter tends
to increase as the redox process becomes energetically less favourable: methanogenesis is the
least exergonic (i.e. energetically downhill) anaerobic process and involves the cooperation
of primary fermenting bacteria with four other metabolic groups of microorganisms (Schink,
1997). Secondary fermenters (syntrophs) convert the metabolites of primary fermenting
bacteria into products (acetate, formate and hydrogen) that can be utilized by
hydrogenotrophic and acetoclastic methanogens. Sulfate- and iron-respiring bacteria are
metabolically more versatile than methanogens and many couple the oxidation of primary
fermentation products, but generally not glucose, to the reduction of sulfate and ferric iron
(Schink, 1997). Nitrate is the thermodynamically most favorable anaerobic electron acceptor
and nitrate-reducing microorganisms can completely degrade sugars to carbon dioxide
(Schink, 2006a).
The identities of the respiring microorganisms depend strongly on the anaerobic
electron acceptor used (Stams, 1994; Schink, 1997). While primary fermenting
microorganisms may control degradation fluxes in anaerobic, organic-material-degrading
environments (Röling et al., 2007), little is known about the impact of redox conditions on
the identities of the fermenting species and on the fermentation patterns they employ. On the
basis of the strong negative standard Gibbs free energy of glucose fermentation reactions
(Table 1) we were expecting that the identity of the fermenting microorganisms would not
differ much between redox conditions because the latter only directly affect the subsequent
group of respiring microorganisms. To test this expectation, we here set out to examine (i)
whether indeed the composition of the fermenting guild was independent of the redox
conditions, and (ii) whether redox conditions influence the actual fermentation processes.
And we wanted to do this for a natural environment relevant for the detoxification of
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pollutants.
To this aim, anaerobic enrichments were established using anaerobic sediment from
the Scheldt Estuary near Appels in Belgium. This location was selected because four different
redox processes (i.e. nitrate-, iron-, and sulfate-reduction and methanogenesis, i.e. reduction
of carbon dioxide to methane) occur there in situ (Middelburg et al., 1996; Laverman et al.,
2006; Pallud and Van Cappellen, 2006; Lin et al., 2007). A dilution-to-extinction approach
(Lin et al., 2007) was applied to enrich and subsequently characterize both phylogenetically
and physiologically the dominant glucose-fermenting microorganisms under four different
electron accepting conditions (nitrate, iron, sulfate and carbon dioxide). And we found that
our expectation was wrong; with a most surprising conundrum as a result.
MATERIAL AND METHODS
Site description and sampling
The sampling site Appels (Belgium 51o01 N, 04o03E) is located in the fresh water zone of the
Scheldt estuary, a 22 000 km2 large estuary situated in Northwestern France, Western
Belgium and the Southwestern part of The Netherlands (detailed site description can be found
in (Hyacinthe and Van Cappellen, 2004)). Anaerobic river sediments were collected March
4th, 2010, in a non-vegetated part of the marsh using three bleach-sterilized PVC cores (5.5
cm in diameter, 30 cm in length). Sediment cores were capped and transferred immediately
into an 2.5 L anaerobic jar containing oxygen scavenger (AnaeroGen TM, Oxoid, England),
transported to the laboratory and stored at 4ºC in the dark under continuous flushing with an
anaerobic gas mixture (80% N2-20% CO2) until processing the next day. The cores were then
cut with a saw under sterile, anaerobic conditions, and the upper 5-15 cm of the sediment was
collected and homogenized using a sterile spoon. Ten grams of sediment were frozen at -20ºC
for subsequent molecular characterization (see below for detailed explanation). The
remainder was directly used for the enrichments. Geochemical characteristics of the sediment
have been reported (Lin et al., 2007).
Enrichment strategy
Anoxic carbonate-buffered mineral medium was prepared according to (Widdel and Bak,
1992) with the NaCl concentration adjusted to 35 mM. Glucose was used as a carbon source
at a final concentration of 2 mM. Four different electron accepting conditions were achieved
either by adding NaNO3, to 20 mM; Fe(III) nitrilotriacetic acid (FeNTA), to 60 mM; Na2SO4,
to 15 mM; or just CO2 (to 30 mM HCO3-); i.e., at concentrations which should allow for
complete mineralization of the carbon source. Cysteine (1.7 mM final concentration) was
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used as oxygen scavenger, except for the FeNTA microcosms where FeCl2 (0.5 mM) was
applied. Completed media were dispensed into sterile serum bottles, and sealed with butyl
rubber stoppers (Sigma-Aldrich, Germany) after flushing with anaerobic gas to create an
N2/CO2 (80:20 v/v) atmosphere.
Dilution-to-extinction enrichments were done in triplicate and, initiated by mixing 1 g
of sediment with 9 ml of basal media containing one of the four electron acceptors and
vortexing for 3 minutes. One ml of suspension was subsequently inoculated into 9 ml of
medium, followed by 10-fold serial dilution down to 10-7. After 2 months, enrichments were
scored as active (‘positive’) on the basis of glucose consumption (less than 0.3 mM
remaining) and reduction of >25% of the electron acceptors for nitrate- and iron-reducing
enrichments, or production of minimally 1 mM sulfide or 0.05 mM methane in sulfatereducing and methanogenic consortia, respectively. For each of the four redox conditions, 3
ml from the bottle that housed the highest dilution that was still active, was pooled into a
single serum bottle. Bottles containing 50 ml fresh basal medium with the electron acceptor
corresponding to the dilution-to-extinction condition were inoculated at 1% (v/v from this
bottle, in triplicate. All enrichments were incubated statically at 25ºC in the dark, while uninoculated controls were run in parallel. Transfers (1% v/v) to fresh basal medium containing
the same electron acceptor were carried out monthly.
For detailed molecular and physiological characterization, enrichments belonging to
the seventh transfer were sampled during the fermentation phase both at 17-71 hours, and at
2-4 weeks after the transfer.
Sensitivity of fermenting communities to reduced redox products
The potential effect of the reduced compounds sulfide and ferrous iron on the composition of
fermenting communities was established. Methanogenic enrichments belonging to the first
transfer were inoculated into 10 ml fresh methanogenic basal medium and served as a
control. Two treatments were applied, employing concentrations of ferrous iron (as FeCl2) or
sulfide (as Na2S) in the iron- (~10 mM ferrous iron) and sulfate-reducing enrichments (~5
mM sulfide). Treatments and controls were performed in triplicate. Transfers to fresh basal
medium containing the same electron acceptor and potentially inhibitory chemical were
carried out after two weeks. Enrichments belonging to the third transfer were used for
community characterization.
Analytical procedures
Glucose was measured by HPLC (LC-10AT, Shimadzu, Kyoto, Japan) on a packed AminexHPC 87H column (300 x 7.8 mm; Biorad Laboratories, Hercules, CA, USA), and a refractive
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index detector (RID-10A, Shimadzu, Kyoto, Japan) according to (Rossell et al., 2008).
Organic acids were determined by capillary electrophoresis (Waters Capillary Ion Analyzer,
Milford, Mass., USA) (Zaura et al., 2011). Ethanol was measured enzymatically (Bergmeyer,
1980). Methane was quantified on a HP 5890A gas chromatograph (Agilent Technologies,
Santa Clara, CA, USA) fitted with a Porapak N column (10 ft 1/8 inch, 80/100 mesh) and
flame ionization detector (FID). Helium was used as the carrier gas, at 25 ml min-1 flow. The
oven, injection and detector temperatures were 80°C, 100°C and 275°C, respectively.
Hydrogen was analysed by gas chromatography with a Shimadzu GC-14B (Shimadzu,
Kyoto, Japan) equipped with a packed column (Molsieve 13 × 60/80 mesh, 2-m length, 2.4mm internal diameter; Varian, Middelburg, The Netherlands) and a thermal conductivity
detector. The oven temperature was 100°C, and the injector and detector temperatures were
90 and 150°C, respectively. Argon was the carrier gas at a flow rate of 30 ml min−1.
Headspace concentrations of methane and hydrogen were converted to aqueous
concentrations, using tabulated Henry’s law constants (Mackay and Shiu, 1981; Sander,
1999).
Spectrophotometric analyses of total oxidized nitrogen, nitrite (Standing Committee
of Analysts, 1981), sulfide (Cline, 1969) and both ferrous and total iron (Viollier et al., 2000)
were performed in a Spectramax (Molecular Devices, Sunnyvale, CA).
Carbon recovery was calculated as follows,
mM product i ×n(i C atoms)
×100
mM glucose consumed×6 C atoms

and electron recovery,
!,!(mM

product i ×reduction grade i ) + (mM TEA. (j) reduced×e(j))
×100
mM glucose consumed×24 electrons

In the equations ‘mM product (i)’ refers to the concentration of fermentation product i
produced. The number of carbon atoms per molecule of fermentation product i is indicated by
n(i). Reduction grades of glucose (24) and fermentation products were calculated on the basis
of the valence of the elements in these compounds, with C = 4, H = 1, O = -2 and N = -3. The
number of electrons accepted per molecule electron acceptor (TEA) j reduced is indicated by
e(j). Carbon dioxide production, as the potential result of respiration, and carbon assimilated
into the biomass were not included in the balances.
Molecular community fingerprinting
DNA was extracted from 0.3 g of natural sediment or from the cell pellet derived from 4 ml
of culture after centrifugation (13 000 rpm, 10 min), using the PowerSoil DNA Kit (MO BIO
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Laboratories, Solana Beach, CA, USA) according to manufacturer´s instructions. 16S rRNA
gene fragments of Bacteria and Archaea were amplified by PCR, followed by Denaturing
Gradient Gel Electrophoresis (DGGE) for community profiling, as described previously
(Direito et al., 2011).
Phylogenetic analysis of microbial communities
PCR amplicon libraries of the ribosomal RNA gene V5-V7 hypervariable region were created
using the forward 785F and reverse 1175R primers (Kraneveld et al., 2012). The primers
included at their 5´end a 454 Life Sciences (Branford, CT, USA) adapter A (for forward
primer) and B (for reverse primer) and a unique ten-nucleotide barcode in the forward primer.
The amplification mix (25 µl) contained 12.5 µl GoTaq Colorless Master Mix plus 6.7
µl Nuclease-free water (Promega, Madison, WI, USA), 0.4 µM of each primer and 3 µl of
undiluted DNA template. After denaturation (95°C; 120 sec), 9 cycles consisting of
denaturation (95°C; 30 sec), annealing (53°C; 30 sec), and extension (72°C; 80 sec) were
performed, followed by 29 cycles of denaturation (95°C; 30 sec), annealing (62°C; 30 sec),
extension (72°C; 80 sec) plus a final extension (72°C; 180 sec). PCR products were loaded
onto 1.2% agarose gel and purified using the MinElute Gel Extraction kit (Qiagen, Hilden,
Germany). Quality and size of all amplicons were analyzed using the DNA 1000 Chip kit on
the Agilent 2100 Bioanalyser (Santa Clara, CA, USA) and quantified with the Quant-iT
PicoGreen dsDNA kit (Invitrogen, Breda, the Netherlands). In three samples (FeIII_b. F,
CO2_a. F and NO3_b. F) corresponding to the fermentation phase, PCR yielded less than 20
ng of product. For these samples, a PCR was employed as described above, but applying 16
cycles instead of 29 in the second step and using primers without barcodes and adaptors.
Next, 1 µl was used as template for a second PCR reaction using barcoded primers, as
follows: initial denaturation at 95 for 120s; 29 cycles (95°C for 30s, 62°C for 30s and 72°C
for 80), ending with a final elongation step at 72°C for 180s.
Amplicon libraries were pooled in equimolar amounts of 20 ng per sample followed
by evaporation to dryness under vacuum (overnight, room temperature) using a Centrivap
concentrator Labcondo (Beun De Ronde, Abcoude, the Netherlands) connected to an
automatic freeze-dryer (Virtis, Gardiner, N.Y.; Cenco Instrumenten, Breda, The Netherlands)
and resuspended to a final concentration of 20 ng DNA/µl of Nuclease-free water (Promega,
Madison, WI, USA). The quality and size of the final amplicon mix was analysed with a
Bioanalyser (Agilent Technologies, Santa Clara, CA, USA) and sequenced with a 454
Genome Sequencer FLX (GS-FLX) system (Macrogen Inc., Seoul, South-Korea).
Sequences were analysed using QIIME (Caporaso, Kuczynski, et al., 2010) version
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1.4.0. Data quality control was accomplished by first splitting the reads per individual
sample according to their barcodes. Barcodes and primers were trimmed off. Reads with a
quality score below 25 on average for the entire read, with a quality score below 25 for the 50
nt sliding window check, reads with more than one error in barcode or an ambiguous base
call (N<0), reads that were too short (<150nt) or too long (>1000), and homopolymer
sequences of ≥ 6 nucleotides were filtered out. One mismatch in each primer was allowed.
The dataset was de-noised (Reeder and Knight, 2010) using Denoiser version 1.3.0 and
chimeras were eliminated with UCHIME version 4.2.40 (Edgar et al., 2011) using its
“reference” and “de novo” modes. Sequences were clustered into OTUs (Operational
Taxonomic Units) with UCLUST Reference Optimal algorithm (Edgar, 2010) with a 97%
similarity threshold. For taxonomy assignment the RDP classifier (Cole et al., 2009) was
utilized to align the sequences to the SILVA rRNA database (Pruesse et al., 2007) trimmed to
span the targeted hypervariable regions V5-V7 (Brandt et al., 2012). Taxonomy-assignment
OTUs were aligned using PyNast (Caporaso, Bittinger, et al., 2010) with 150 nt minimum
aligned sequence length and minimum percent identity of 75%.
UPGMA cluster analysis with Pearson correlation as similarity measure, rarefaction
of individual samples (using a subsampling of 107 sequences), nonmetric multidimensional
scaling (NMDS), Multivariate analysis of variance (MANOVA), and calculation of number
of taxa (S) and Shannon H diversity index were performed in PAST version 2.14 (Hammer et
al., 2001). Chao1 species richness estimator was calculated in EstimateS (Version 8.2.0)
(Colwell, 2009).
Phylogenetic analysis of Archaea was performed for bands excised from DGGE gels.
DNA was eluted from the bands by incubation overnight at 4°C in 50 µl of TE buffer. One µl
of the eluted DNA was used as a template for a PCR reaction with primers pARCH34f and
pARCH519r (Øvreås et al., 1997; Vetriani et al., 1999) without GC-clamp. Bidirectional
sequencing of the product was carried out by Macrogen Europe (Amsterdam, The
Netherlands). Contig assembly used DNA Baser software. The assembled sequences were
compared with sequences deposited in GenBank using BLAST (Altschup et al., 1990).
Accession numbers
Nucleotide sequences obtained in this study have been deposited in the European Nucleotide
Archive under accession number PRJNA289909.
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RESULTS
Glucose-fermenting consortia were successfully enriched under each of the four electronaccepting conditions employed. For each redox condition three replicates were obtained.
DGGE analysis revealed that after three transfers at 1% v/v, no major changes in community
composition occurred during subsequent transfers, suggesting consortium stability had been
achieved. Consortia were analysed both physiologically and phylogenetically during the
seventh transfer.
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Fig 1. Time-course of glucose fermentation (solid lines and left ordinates) and reduction of terminal electron
acceptors (dashed lines and right ordinates), in consortia enriched in triplicate (a, b and c) under nitrate-reducing
(A), iron-reducing (B), sulfate-reducing (C) or methanogenic conditions (D). Error bars indicate standard
deviations of three technical replicates. In A the absolute values of the changes in electron acceptor (nitrate) are
plotted, while in B, C, D the reduced product (ferrous iron, sulfide, methane) concentrations of the TEAs (ferric
iron, sulfate, carbon dioxide) are shown.

Glucose fermentation and reduction of electron acceptors
Complete fermentation of glucose (2 mM) occurred during the first 24-29 hours, except for
enrichments under nitrate-reducing conditions (2-4 days) and the iron-reducing consortium
FeIII_b, which required 8 days (Fig. 1; Table 2). Fermentation profiles and changes in
electron acceptors (Fig. 1), as well as carbon- and electron-balances for glucose and
fermentation products of less than 100% (Table 2), indicate that the onset of reduction of
electron acceptors coincided with glucose depletion in most cases. However, nitrate reduction
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in NO3_a and NO3_b started virtually simultaneously with the oxidation of glucose, while
methane production was delayed by between one and three days in methanogenic
enrichments (Fig 1D).
Concentrations of fermentation products revealed clear differences in fermentation
profiles between the four electron accepting conditions (MANOVA, p<0.05). Within the
triplicates smaller differences were observed (Table 2). Fermentation patterns were
comparable for NO3_a and NO3_c consortia, with lactate, ethanol and propionate in about
equimolar amounts (0.5 mM). Only these two consortia produced net propionate (Table 2). In
NO3_b little fermentation product was detected after glucose depletion. Products from
fermentation were nearly completely consumed within two weeks (Table 3), while between
55 and 76% of the added nitrate was reduced (Fig. 1A).
All three iron-reducing consortia showed butyrate production (Table 2). In contrast to
the nitrate-reducing consortia, they produced formate (0.3-1.7 mM). Also here, two replicates
(FeIII_a and FeIII_c) revealed similar fermentation patterns, while the FeIII_b consortium
did not produce lactate. Instead, it produced more acetate and butyrate, while a little
hydrogen (<0.1 mM) was observed. Unlike the nitrate-reducing consortia, fermentation
products of the iron-reducing consortia did not disappear after the fermentation phase (Table
3). Lactate and formate (60-70% removed) in FeIII_c and hydrogen (44%) in FeIII_b, were
partially consumed after 2 weeks whereas other metabolites (acetate and butyrate)
accumulated further. Around 60% of Fe(III) was reduced to Fe(II) (Fig. 1B).
The glucose fermentation phase in sulfate-reducing and methanogenic consortia was
characterized by the production of higher lactate concentrations (1.5-2.4 mM), while acetate
was about 50% of the lactate concentration (Table 2). Directly after glucose depletion,
formate was only detected in one of the sulfate-reducing consortia (SO4_c), at a
concentration (3 mM) close to those in the three methanogenic consortia (4-6 mM). All
consortia produced ethanol (< 0.5 mM). After the fermentation phase, differences between
the two redox conditions, but also between replicates, became larger. Under sulfate-reducing
conditions, lactate was virtually completely consumed while ~2 mM remained in two
methanogenic consortia (Table 3). Formate was not consumed under sulfate-reducing
conditions, and even increased in SO4_a (to ~3 mM), while about 50% of formate in CO2_a
and CO2_b and about 90% in CO2_c was consumed in the second phase. Acetate was the
major fermentation product and increased further, reaching nearly 7 mM under sulfate
reducing conditions, while under methanogenic conditions it accumulated alongside
propionate (~1.5 mM) after fifteen days (Table 3).
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Glucose
consumption
(hours) a
71
95
48
24
191
24
24
29
24
24
24
24

Lactate
0.4±0.0
0
0.5±0.1
0.8 ± 0.0
0
0.5 ± 0.2
1.7 ± 0.2
1.7± 0.1
2.1 ± 0.1
1.5 ± 0.5
1.8 ± 0.2
2.4 ± 0.2

Products of
C
eTEA reduction balance balance
Formate Acetate Ethanol Propionate Butyrate H2
(mM) c
%
%
0
0.5 ± 0.0 0.2 ± 0.1
0.4 ± 0.0
0.2 ± 0.0
0
<0.1
39.1
65.8
NO2− 0.7 ± 0.0
0
0.2 ± 0.0 0.2 ± 0.0
0
0
0
7.2
67.0
0
2.6 ± 0.2 0.6 ± 0.1
0.6 ± 0.0
0
0
0.2 ± 0.0
80.9
79.4
1.7 ± 0.1 1.2 ± 0.0
ND
0
0.4 ± 0.0
0
0.6 ± 0.0
69.7
67.4
0.3 ± 0.0 1.9 ± 0.1
ND
0
1.2 ± 0.1 <0.1 Fe(II) 11.9 ± 0.6
75.7
109.7
1.5 ± 0.0 1.1 ± 0.1
ND
0
0.9 ± 0.0
0
0.5 ± 0.1
74.0
76.2
0
1.1 ± 0.1 0.3 ± 0.0
0
0
0
0.1 ± 0.0
65.8
70.4
0
0.9 ± 0.2 0.1 ± 0.0
0
0
0
S2<0.1
57.8
59.0
3.3±0.3 1.0 ± 0.1 0.3 ± 0.1
0
0
0
0.1 ± 0.0
102.1
92.4
3.9 ± 0.4 0.7 ± 0.1 0.4 ± 0.0
0
0
0
0
88.3
75.2
4.2 ± 1.3 0.8 ± 0.1 0.3 ± 0.0
0
0.1 ± 0.0
0
CH4
0
100.1
85.4
6.0 ± 1.3 1.1 ± 0.1 0.2 ± 0.0
0
0
0
0
133.2
109.7
Products of glucose fermentation (mM) b

Diversity
fermentation phase d
Shannon_H Chao 1
0.7
9.5
0.8
30.0
1.8
15.0
0.2
2.0
1.9
39.5
0.0
1.0
0.9
19.0
ND
ND
1.1
7.0
ND
ND
0.5
6.0
0.4
4.0

b

Time required (hours) for complete consumption of 2 mM glucose.
Average ± S.D. (n=2). ND, not determined for samples with high background (FeIII) in the medium.
c
TEA is terminal electron acceptor. Average ± S.D. (n=2)
d
Diversity in terms of Shannon index (H) and Chao 1, based on pyrosequencing data obtained during the fermentation phase, was calculated after subsampling 107
sequences. ND, not determined for samples for which less than 107 sequences were obtained.

a

NO3_a.F
NO3_b.F
NO3_c.F
FeIII_a.F
FeIII_b.F
FeIII_c.F
SO4_a.F
SO4_b.F
SO4_c.F
CO2_a.F
CO2_b.F
CO2_c.F

Enrichments

Table 2. Fermentation profiles and diversity at the time (second column) when glucose had been consumed, in fermenting consortia enriched under four different redox
conditions, and examined during the seventh transfer. For each condition enrichment was done in triplicate (_a, _b and _c), the extension .F indicates samples were taken
from the fermentation phase.
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1.2±0.4

0.6±0.3

0.2±0.1

0.4±0.0

0.1±0.0

0.1±0.0

2.2±0.1

1.8±0.7

0.1±4.1

FeIII_a

FeIII_b

FeIII_c

SO4_a

SO4_b

SO4_c

CO2_a

CO2_b

CO2_c

0.6±0.0

1.8±0.2

1.2±0.0

3.3±0.1

0.0±0.1

3.1±0.1

0.4±0.5

3.1±0.4

2.7±0.4

0.0±0.3

4.8±0.0

3.4±3.1

3.3±0.1

8.6±0.1

5.1±0.1

7.1±0.1

1.5±0.2

2.5±0.1

1.4±0.6

0.0

0.0

<0.1

Acetate

0.2 ± 0.0

0.2 ± 0.0

0.6 ± 0.0

0.6 ± 0.1

0.6 ± 0.0

0.2 ± 0.0

ND

ND

ND

<0.1

<0.1

<0.1

Ethanol

1.7±0.0

1.5±1.5

1.3±0.1

0

0

0

0

0

0

<0.1

0

0.0

Propionate

0

0.2±0.3

0.5±0.1

0

0

0

1.8±0.1

2.2±0.1

0.7±0.9

0

0

0.1 ± 0.0

Butyrate

0.065

0.4

0

<0.1

0

0

0

<0.1

0

0

0

0

H2

1.3

0.6

1.1

ND

1.4

1.4

0.5

0.3

0.6

2.3

0.2

0.3

Shannon_H

13.5

16.0

9.7

ND

7.0

14.7

5.0

8.0

6.0

17.4

4.5

8.0

Chao 1

Diversity one-month old b

b

Average ± S.D. (n=2). ND, not determined for samples with high background (FeIII) in the medium.
Shannon_H and Chao 1 based on pyrosequencing data obtained in one-month old enrichments, were calculated using a subsampling of 107 sequences. ND, not determined
for samples for which less than 107 sequences were obtained.

a

0.0

NO3_c

0.0±0.2

0.0±0.2

0.0

0.0±0.1

NO3_a

Formate

Lactate

NO3_b

Enrichments

End products of metabolism (mM) a

Table 3. Fermentation products observed after 15 days of incubation and diversity after one month in glucose-fermenting consortia enriched under four different redox
conditions, and examined during the seventh transfer. For each condition enrichment was done in triplicate (_a, _b and _c).

All methanogenic consortia and SO4_a and SO4_c revealed hydrogen production
between day 1 and 4, with the highest values in CO2_b (0.8 mM), while in the other
consortia it ranged from 0.05 to 0.3 mM (data not shown). After 15 days, hydrogen declined
in all methanogenic enrichments, although in CO2_b about 30% remained (Table 3).
Methane was produced in all methanogenic enrichments (0.03- 0.2 mM; Fig 1D) and in one
of the sulfate-reducing conditions (SO4_a) (< 0.03 mM). In sulfate-reducing consortia up to
~1.5 mM of sulfide (Fig 1C) was produced.
Microbial community composition in relation to redox conditions
DGGE analysis (SI Fig. 1) and barcoded pyrosequencing (Fig. 2) consistently revealed that
redox conditions affected the community structure already during the early fermentation
stage (17-71 h after inoculation), without further major changes till the end of incubation (one
month) in most cases (Fig. 2, SI Fig. 2). FeIII_b and NO3_c were exceptions, with drastic
changes in community structure over time (Fig. 2, SI. Fig. 2).

Similarity
0

0.16

0.32

0.48

0.64

0.8

0.96
SO4_a
SO4_c
SO4_b
SO4_a.F
SO4_b.F
CO2_a.F
CO2_b.F
CO2_c.F
CO2_b
CO2_a
CO2_c
SO4_c.F
FeIII_b
NO3_c.F
FeIII_a
FeIII_a.F
FeIII_c.F
FeIII_c
NO3_c
NO3_a.F
NO3_a
NO3_b
NO3_b.F
FeIII_b.F

Fig 2. UPGMA cluster analysis on OTU abundances derived from 454 pyrosequencing of 16S rRNA genes.
Data were obtained from glucose-fermenting consortia enriched under four different redox conditions, in
triplicate (a-c), and transferred seven times to fresh medium. Samples taken during the fermentation phase
(indicated by the extension .F; see also Table 2) and after one month of incubation (no such indication).
Similarities were calculated based on Pearson correlation.
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Sulfate-reducing and methanogenic enrichments clustered together, over 90% in most cases,
with minor impact of redox condition. Nitrate- and iron-reducing consortia clustered
differently from each other and from the sulfate- reducing and methanogenic consortia, but
also differed substantially between replicates. Two iron-reducing consortia clustered together
(>96%), but a third (FeIII_b) was very different and changed dramatically in composition
over time (Fig. 2, compare FeII_b with FeII_b.F). The nitrate-reducing consortia were quite
diverse in composition, similarities between replicates immediately after fermentation not
exceeding 15% (Fig. 2).
Pyrosequencing data derived from original sediment, serial dilutions (pool) and
enriched consortia, resulted in a total of 12596 reads with 170 different OTUs. Rarefaction
analysis showed that saturation was approached at a relatively low sequencing effort (<100
sequences; data not shown) for all enrichments, indicating that we covered most of the
bacterial richness present in the consortia. Proteobacteria and Bacteroidetes were the
dominant phyla found in nitrate-reducing consortia (Fig. 3A and Fig. 3B). The dominant
species differed between the three different consortia obtained for the same nitrate condition:
Rhizobium and Parabacteroides dominated from the early fermentation phase in NO3_a and
NO3_b, respectively, where they represented 70-85% of the reads (Fig. 3A). Bacteroides and
Parabacteroides in NO3_a (3%) and Cellulomonas (18%) in NO3_b were also observed
(Fig. 3A). After a month, the respective dominance by Rhizobium and Parabacteroides had
increased further, each contributing to more than 96% of the reads in the corresponding
consortium (Fig. 3B). The species composition of the third nitrate-reducing consortium
(NO3_c) was highly different, dynamic and revealed high biodiversity (Tables 2 and 3).
Whereas Tolumonas (55%) dominated during the fermentation phase (Fig. 3A), after a month
it had been relegated to only 5%, while Rhizobium and Parabacteroides contributed together
half of the total reads, and genera such as Azoarcus (11%), Stenotrophomonas and
Simplicispira (>8%), and Paracoccus (4%) had increased considerably with time (Fig. 3B).
In two iron-reducing consortia (FeIII_a and FeIII_c), the family Aeromonadaceae (~98%)
dominated during the fermentation phase (Fig. 3A), with a minor decrease after a month (Fig.
3B). While Shewanella was hardly detected during the initial period (2±3%) (Fig. 3A), it
increased 2-4 fold, coinciding with iron reduction (Fig. 3B). The Parabacteroides (43%),
Aeromonadaceae (16%) and Trichococcus (~7%), present in the fermentation phase in
FeIII_b (Fig. 3A), were replaced by Cellulomonas (97%) after a month (Fig. 3B). The
dominance by Cellulomonas clearly differentiated the FeIII_b consortium from the other iron
reducing consortia, where this genus was present at less than 1% (Fig. 3B).
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Genus
Family
Order
Class
Phylum
Cellulomonas
Cellulomonadaceae
Micrococcales
Actinobacteria
Actinobacteria
Uncultured
Propionibacteriaceae
Propionibacteriales
Bacteroides
Bacteroidaceae
Parabacteroides
Porphyromonadaceae
Bacteroidales
Bacteroidia
Vadinbc27_wastewater-sludge_group
Rikenellaceae
Bacteroidetes
Flavobacterium
Flavobacteriaceae
Flavobacteriales
Flavobacteria
Wchb1-69
Wchb1-69
Sphingobacteriales
Sphingobacteria
Thricococcus
Carnobacteriaceae
Lactobacillales
Bacilli
Proteiniclasticum
Clostridiaceae
Firmicutes
Acetobacterium
Eubacteriaceae
Clostridiales
Clostridia
Clostridium
Lachnospiraceae
Rhizobium
Rhizobiaceae
Rhizobiales
Rhodobacter
Alphaproteobacteria
Rhodobacteraceae
Rhodobacterales
Paracoccus
Limnobacter
Burkholderiaceae
Schlegelella
Burkholderiales
Comamonadaceae
Betaproteobacteria
Simplicispira
Azoarcus
Rhodocyclaceae
Rhodocyclales
Desulfomicrobium
Desulfomicrobiaceae
Desulfovibrionales
Proteobacteria
Geothermobacter
Geobacteraceae
Deltaproteobacteria
Desulfuromonadales
Pelobacter
Desulfuromonadaceae
Tolumonas
Aeromonadaceae
Aeromonadales
Other
Shewanella
Shewanellaceae
Alteromonadales
Gammaproteobacteria
Salmonella
Enterobacteriaceae
Enterobacteriales
Other
Xanthomonadaceae
Xanthomonadales
Stenotrophomonas
Uncultured
Spirochaetaceae
Spirochaetales
Spirochaetes
Spirochaetes
Uncultured
Synergistaceae
Synergistales
Synergistia
Synergistetes
Acholeplasma
Acholeplasmataceae
Acholeplasmatales
Mollicutes
Tenericutes
Opb35_soil_group
Uncultured_bacterium Uncultured_bacterium Opb35_soil_group Verrucomicrobia
Others
Fig 3. Relative abundance (%) of OTUs derived from 454 pyrosequencing of 16S rRNA genes, in glucosefermenting consortia enriched under four different redox conditions, in triplicate (a-c), and transferred seven
times to fresh medium. Samples correspond to A) fermentation phase (indicated by the extension .F) and B)
after one month of incubation. Bacterial OTUs with relative abundances less than 1% or unclassified, are
grouped under ‘Others’.

The differences between sulfate-reducing and methanogenic consortia on the one hand and
the two other types of enrichments on the other hand were already obvious at the phylum
level, with Firmicutes strongly dominating instead of Proteobacteria (Fig. 3A and Fig. 3B).
Trichococcus was the most dominant genus during glucose fermentation under both sulfatereducing (72±23%) and methanogenic conditions (92±7%) (Fig. 3A), their number of reads
dropped on average by 20% after a month (Fig. 3B). Clostridium was detected in SO4_a
(9%) and SO4_c (35%) during the fermentation phase while after a month between 5-12% of
the reads in sulfate-reducing and 3-8% in methanogenic enrichments belonged to this genus.
Spirochaetaceae and Pelobacter (2-10%), and Wchb1 69 (~5%) (observed only after one

Chapter 3 77

month) were solely found under these less energetically favourable conditions.
A few differences were obvious between the sulfate- and methanogenic consortia.
Desulfomicrobium increased from 3±2% in the fermentation phase to more than 15%,
coinciding with sulfate reduction, while it constituted less than 1% of reads in methanogenic
consortia at any time during incubation. Proteiniclasticum was almost exclusively present
under methanogenic conditions, and not under sulfate-reducing conditions with the exception
of the methane-producing SO4_a (< 1%). While this genus represented a relatively high
abundance in CO2_c after a month (22 %), it did not contribute more than 2% of the reads in
the other methanogenic consortia. Archaea were only detected in consortia exhibiting
methane production: Methanosarcina were the dominant Archaea in SO4_a, and
Methanospirilum (CO2_a and CO2_b) and Methanobacterium (CO2_c) in methanogenic
enrichments (SI Fig. 3).
During the fermentation phase no clear relation between type of redox condition and
bacterial diversity was observed (Table 2). However, after a month (Table 3), NO3_a, NO3_b
and all iron-reducing consortia contained the lowest species richness (Chao 1=6.3±1.6),
whereas richness and Shannon diversity index (H’) under less energetically favourable
sulfate-reducing (Chao 1=10.8±5.4) and methanogenic conditions (Chao 1=13.1±3.2)
increased.
Impact of redox products on community structure
Methanogenic consortia were enriched in the presence of ferrous iron or sulfide to elucidate
if fermenting community composition is affected by the accumulated redox products. DGGE
analysis showed that biological triplicates clustered together (Fig. 4A). Consortia enriched in
the presence of high sulfide differed by about 30% from the non-treated control. This
difference was as high as 50% for consortia with high ferrous iron (Fig. 4A). Despite this,
banding patterns were similar. Pyrosequencing analysis (Fig. 4B) showed that relatively high
concentrations of ferrous iron or sulfide had a dual effect on community composition: the
most dominant species remained dominant, but there was a substantial change in the
subdominant species. Trichococcus (64±11%) dominated all three consortia (Fig. 4B), as
described above for sulfate-reducing and methanogenic enrichments (Fig 3A and Fig. 3B).
The control enrichment contained Shewanella and Pelobacter in relatively high proportions
(~14%). Shewanella was also enriched in the presence of sulfide (9%) as was Pelobacter in
the presence of ferrous iron (4%). Though not found in the control, Clostridium and
Parabacteroides represented 11±10% and 4±2% of reads in the enrichments supplemented
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with ferrous iron and sulfide, respectively. Desulfomicrobium (12%) and Acholeplasma (6%)
in the presence of ferrous iron, and Acidaminobacter, Saccharofermentans and
Acetobacterium (~ 3%) under sulfide amendment, were also found (Fig. 4B).
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Fig 4. Sensitivity of fermenting communities to reduced redox products. (A) Cluster analysis of bacterial 16S
rRNA gene fragment-based DGGE profiles of one month-old methanogenic consortia, exposed during three
transfers to ferrous iron or sulfide, and untreated controls. Similarities were calculated based on Pearson
correlation. (B) relative abundance (%) of OTUs derived from 454 pyrosequencing. Bacterial OTUs with
relative abundances of less than 1%, or unclassified, are grouped under ‘Other’.
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Evolution of communities from Appels sediments upon dilution-to-extinction
In order to evaluate our enrichment strategy, pyrosequencing of sediment as well as of the
pooled inoculum used to initiate the enrichments (and derived from dilution-to-extinction
culturing; see Material and methods), was carried out. The highest species richness
(Chao1=144±14) and Shannon biodiversity indices (H’=3.9 ±0.1) were observed for native
sediment. Both richness (Chao1= 81) and diversity (H´= 3.4) diminished in the pool of
dilution-to-extinction runs.
Most of the phyla observed in native sediment were detected in the pooled inocula
derived from it. However Chloroflexi, Nitrospirae, Planctomycetes and Verrumicrobia
disappeared completely after dilution-to-extinction culturing (SI. Fig. 4). Of the 132 OTUs
encountered in the natural sediment, 26% were found in the pool and an average of 14±2% in
each type of enrichment (27% for all enrichments combined). Trichococcus, the dominant
OTU in sulfate-reducing and methanogenic consortia (> 60%), constituted 6% of the reads in
the sediment (SI. Fig. 4). Likewise, Rhizobium and Parabacteroides observed in nitratereducing enrichments (up to 36% of reads), Shewanella, present mainly in iron-reducing
enrichments (4%), and Pelobacter, Clostridium and Wchb1-69 in sulfate-reducing and
methanogenic consortia (2-11%) were fairly abundant in the natural bacterial community
(0.5-2.2%). 40% of the OTUs found in the pool, such as Simplicispira and Desulfomicrobium
were observed in the consortia, while they could not be detected in the sediment. Several
OTUs abundant in the pool (Pseudomonas, Vogesella and Aquabacterium) decreased to
0.1%, or were even undetectable in any of the consortia. On the other hand, Cellulomonas
present in the sediment and pool at low abundances (0.2%), Tolumonas observed only in the
pool (0.2%), and Azoarcus and Paracoccus undetected in both sediment and pool, were main
genera in some of the established consortia (SI. Fig. 4).
DISCUSSION
Influence of redox conditions on consortium composition
The identity of a microorganism in terms of its 16S rRNA gene sequence, does not
necessarily inform on its functional capacities. By following in parallel community
composition, glucose fermentation and consumption of electron acceptors over time in
sequential batches, we aimed to relate fermentation to the microorganisms performing the
process. After dilution into fresh medium, first the fermenting microorganisms will grow,
followed by microorganisms respiring their fermentation products, with the exception of
some organisms that can couple glucose consumption with reduction of TEA.
80 Chapter 3

As expected (Stams, 1994; Schink, 1997), we did observe a selection for terminal
electron accepting microorganisms specific for the particular electron acceptor applied in the
enrichment and this was indeed in ways that are understandable on the basis of the known
capabilities of the identified microorganisms. The growth of denitrifying Azoarcus,
Rhizobium, Stenotrophomonas, Simplicispira and Paracoccus (Garcia-Plazaola et al., 1993;
Baker et al., 1998; Springer et al., 1998; Lu et al., 2007; Yu et al., 2009) corresponded with
consumption of fermentation products and nitrate as electron acceptor. Lactate- and formateconsuming, iron-reducing Shewanella (Nealson and Scott, 2006) increased over time when
ferric iron was the electron acceptor, and sulfate-reducing Desulfomicrobium (Kuever et al.,
2005) with sulfate. Methanogenic Methanosarcina, Methanobacterium and Methanospirilum
(Thauer et al., 2008) dominated under methanogenic conditions.
On the basis of thermodynamic considerations we were expecting that, in contrast
with the electron accepting organisms, the identity of the fermenting microorganisms should
not differ between redox conditions: glucose fermentation reactions all have a strong negative
standard Gibbs free energy (Table 1), much more than sufficient to provide the ATP necessary
for growth; except when acetate and hydrogen are products, more than 30% of the Gibbs
energy is dissipated with the sole effect of enhancing the process rate (Westerhoff & Van
Dam, 1987). The results of the present study contradict this expectation. Under the least
favourable redox conditions (i.e. sulfate and carbon dioxide) mainly Trichococcus and to a
lesser extent Clostridium grew during the fermentation phase. These genera are well-known
for their fermentation capacity (Liu et al., 2002; Masset et al., 2012). However, under more
favourable redox conditions a higher diversity in known glucose consumers was observed,
i.e. Rhizobium, Parabacteroides and Tolumonas (Garcia-Plazaola et al., 1993; Caldwell et al.,
2011; Tan et al., 2012) with nitrate

and Aeromonadaceae family, Cellulomonas and

Parabacteroides (Stackebrandt and Kandler, 1979; Martin-Carnahan and Joseph, 2005; Tan
et al., 2012) with ferric iron as electron acceptor. Not only strictly fermenting
microorganisms appear to be active in nitrate-reducing enrichments, but in some consortia
also microorganisms capable of oxidizing glucose and reducing TEA simultaneously. In the
nitrate-reducing NO3_a and NO3_b consortia that we isolated, the transient and low
concentrations of fermentation products we observed, indicate that the primary metabolism in
these consortia was respiratory. For NO3_a, this type of metabolism is in accordance with the
large proportion of Rhizobia during the entire incubation (70 – 96%), which is a well-known
nitrogen fixing genus, that can consume glucose and denitrify in a free state (Garcia-Plazaola
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et al., 1993). Intriguingly, although putative fermenting genera such as Parabacteroides and
Cellulomonas (Stackebrandt and Kandler, 1979; Tan et al., 2012) were abundant in NO3_b
during glucose consumption, fermentation intermediates were not detected. Under these
conditions Cellulomonas may have performed nitrate respiration (Stackebrandt and Kandler,
1979) and the dominance of Parabacteroides (> 96%) at the end of the incubation suggests
that they might be involved in denitrification, although the latter genus has been described as
incapable of respiring nitrate (Sakamoto and Benno, 2006).
A possible alternative explanation for the differences in phylogenetic composition in
relation to redox conditions might relate to toxic effects of end products of the terminal
electron accepting processes. Ferrous iron can be toxic to anaerobic, fermenting streptococci
in the millimolar range (Dunning et al., 1998), and for anoxygenic phototrophs even at
concentrations as low as 5 µM (Poulain and Newman, 2009), while sulfide ( ~ 3 – 4.5 mM)
has toxic effects on methanogens (Speece, 1983). We investigated this potential toxic effect
for methanogenic consortia to enable straightforward data interpretation. The presence of
carbon dioxide as sole terminal electron acceptor served to prevent the growth of
chemolithotrophic microorganisms able to oxidize ferrous iron or sulfide, and to avoid the
occurrence of mineral precipitation reactions between the added potential toxic compound
and oxidized redox components (Madigan et al., 2012b). High concentrations of ferrous iron
or sulfide had negligible effects on the composition of the bacterial communities, as
evidenced by the high similarities obtained in both treatments compared to the control and
the consistently high abundance of Trichococcus. This suggests that our idea that (redox)
thermodynamics should not affect the composition of the guild of microorganisms engaged in
fermentation was incorrect. It appeared that thermodynamics did rule. But in the light of the
excess Gibbs energy of fermentation (Table 1), why and how would it?
More likely, redox conditions indirectly influenced the composition of the fermenting
guild and their fermentation pathways, via differences in activity of, and interactions with the
terminal electron-accepting microorganisms selected by the employed redox-thermodynamics
conditions. Consumption of accumulating fermentation products such as hydrogen and
acetate by terminal electron accepting microorganisms is required to prevent the product
inhibition of further fermentation by their accumulation, even if the thermodynamics remains
downhill (exergonic). Microorganisms which use different electron acceptors generally also
differ in their affinity and thresholds for electron donors, with lower affinities and higher
thresholds for microorganisms performing less favourable redox processes (Stams, 1994;
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Lovley et al., 1982; Hoehler et al., 2002). Thus the fermenting guild and its metabolism
might be differentially influenced, depending on the type of electron acceptor. At first sight, it
might be difficult to infer a direct influence of terminal electron accepting microorganisms, as
most of the glucose is consumed prior to the reduction of electron acceptor. However, this
interaction might be selected for as a consequence of the sequential cultivation in batch, of
which we investigated the seventh transfer.
Influence of redox conditions on the fermentation process
The different types of glucose fermentation reactions had a strong negative Gibbs standard
free energy in common (Table 1) and hence are possible under all redox conditions.
However, with respect to ATP gain per molecule glucose fermentation, the reaction to 2
acetate and 4 hydrogen (reaction 1 in Table 1) should be most favourable. Yet, this reaction
did not dominate in any of the enrichments. Furthermore, we observed clear differences in
glucose metabolism between the four redox conditions: the fermentation products differed.
The observed fermentation processes related well to what is known regarding the
fermentation abilities of the identified organisms. Among the nitrate-reducing consortia, only
in NO3_c, fermentation was the main metabolic process during glucose consumption. The
presence of Tolumonas agreed well with the observed transient acetate, ethanol and lactate
concentrations in this enrichment (Caldwell et al., 2011), and that of Parabacteroides with
the traces of propionate (Tan et al., 2012). Parabacteroides activity during the fermentation
phase in nitrate-reducing NO3_a and NO3_b consortia may explain the observed traces of
lactate, acetate and propionate (Tan et al., 2012).
In iron-reducing microcosms, fermentation was the dominant pathway of glucose
degradation as indicated by the high recovery of carbon in fermenting products after glucose
consumption (> 70%). In FeIII_a and FeIII_c, the glucose-consumers detected were related to
the Aeromonadaceae family, members of which (e.g. Tolumonas and Aeromonas) are wellknown for fermenting glucose with acid production (Fischer-Romero et al., 1996; Caldwell et
al., 2011). The dominance of this family (> 90%) till the end of the incubation may indicate
that this group was also responsible for iron reduction, as has been reported for Aeromonas
hydrofila (Knight and Blakemore, 1998). FeIII_b differed substantially from the other
replicates, both in composition and fermentation profile. The fermenting guild in this
consortium was composed of Parabacteroides, Aeromonadaceae and Trichococcus (Liu et
al., 2002; Martin-Carnahan and Joseph, 2005; Tan et al., 2012) during the first days; with
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acetate, butyrate, formate and hydrogen accumulating as fermentation products. In this
consortium a complete turn-over of the community took place subsequently with
Cellulomonas, capable of ferric iron reduction (Sani et al., 2002), replacing these strains.
The high abundance of Trichococcus during glucose consumption in sulfate-reducing
and methanogenic enrichments, matched the relatively high lactate concentrations,
accompanied by formate, ethanol and acetate (Liu et al., 2002). Moreover, Parabacteroides
and Clostridium detected during the initial fermentation phase in SO4_a and SO4_c may
have contributed to the fermentation of glucose (Masset et al., 2012; Tan et al., 2012). The
metabolically versatile Clostridia may also have performed an homoacetogenic metabolism
from C1 compounds such as formate (Diekert and Wohlfarth, 1994) in methanogenic
consortia and sulfate-reducing microcosms. Pelobacter may be responsible of propionate
production from fermentative growth on lactate (Schink, 2006b), under methanogenic
conditions.
Proteiniclasticum was exclusive to consortia with methane production and Archaea.
Its increase in the later stage of the incubation may have contributed to the propionate,
acetate and traces of butyrate found, the organism using proteolysis products (e.g. amino
acids) after cell lysis (Zhang et al., 2010), possibly stemming from the paracrystalline surface
layer (S-layer) common as cell wall of some methanogens (Madigan et al., 2012a). Under
sulfate-reducing conditions Desulfomicrobium probably reduced sulfate to sulfide coupled to
incomplete lactate oxidation (Kuever et al., 2005), explaining the accumulation of acetate in
one-month old sulfate enrichments. Methane production in SO4_a may be attributed to
Methanosarcina, a genus with a relatively broad substrate spectrum which prefers acetate
(Balch et al., 1979; Thauer et al., 2008). In methanogenic enrichments, the presence of
Methanospirilum in CO2_a and CO2_b and Methanobacterium in CO2_c suggests that these
genera were responsible for hydrogen and formate but not for acetate removal, with
subsequent methane production (Thauer et al., 2008).
Variation between the compositions of replicate consortia
The differences in microbial communities among triplicates of both nitrate- and iron-reducing
conditions, was perhaps the most substantial, and suggests that the Scheldt sediments harbor
several solutions with regard to the ability to grow fermentatively with glucose under a given
redox condition. Zhou et al. recently reported a different evolution of communities in 14
reactors incubated under identical environmental conditions and all receiving the same source
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of community (Zhou et al., 2013). These authors suggested that initial stochastic colonization
in combination with subsequent biological interactions led to different microbial community
structures. In our study these different communities shaping up differently under identical
conditions occurred primarily with the energetically most favourable electron acceptors.
Indeed, Trichococcus dominated in all replicas of the latter conditions and was also present in
relatively high abundance (6%) both in the Appels sediment as in the pool used to initiate our
enrichments. Alternatively, a stronger free energy drive may lead to a quicker fixation of any
stochastic ‘choice’’ of a culture for a solution, whereas a weaker free energy drive gives more
time to select for the best choice.
Dilution-to-extinction culturing approach led to the enrichment of fermenting
microorganisms relevant for the original sediment
Sediment from the Appels site was selected as starting material since a range of redox
processes (i.e. nitrate-, iron-, and sulfate-reduction and methane production) occur there in
situ (Middelburg et al., 1996; Laverman et al., 2006; Pallud and Van Cappellen, 2006; Lin et
al., 2007). This should facilitate the study of fermenting populations, and of their
fermentation pathways, under various redox conditions. However, the biogeochemical
complexity of sediment, with many electron donors and acceptors available for potential use,
hinders studying a single redox condition directly in the sediment, with for Appels as
additional complication that ferric iron is present in very high abundance (Lin et al., 2007).
Therefore, we embarked on a laboratory enrichment culturing approach combined with
culture-independent 16S rRNA gene-based analysis.
Culturing approaches are generally biased, therefore we first performed a dilution-toextinction approach for each redox condition, in order to favour the selection of the most
abundant, culturable species from the sediment over relatively rare but opportunistic and fastgrowing species (Button et al., 1993; Lin et al., 2007). A pool created by combining the
highest positive dilutions of each redox condition was subsequently used as source to
inoculate batches containing one of the four electron acceptors. By subjecting the sediment,
pool and enrichments to molecular genetic analyses, we observed that the objective of this
approach has been largely fulfilled in this study: although compared to natural sediment, the
culture strategy led to the enrichment of a relatively small number of phylotypes, the main
genera enriched, such as Trichococcus, Rhizobium, Parabacteroides and Clostridium, were a
relatively important part of the natural sediment used.
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Implications
Changes in environmental redox conditions frequently occur in subsurface plumes of organic
matter such as landfill leachates (Christensen et al., 2000). The present study indicates that
such changes would not only affect the terminal electron accepting microorganisms but, more
surprisingly, also the fermenting guild and their fermentation products. It is these fermenting
organisms that contribute strongly to the control of the rate of degradation of organic matter
in anaerobic environmental biotechnology (Röling et al., 2007). This implies that molecular
monitoring in pollution degrading plumes should not just focus on the terminal electron
accepting microorganisms, as generally done (Christensen et al., 2000), but should also
include the flux-controlling, fermenting microorganisms.
Assessment of the fermenting guild is particularly relevant for the anaerobic
bioremediation of chlorinated groundwater pollutants, where molasses, a waste product from
the sugar industry, are frequently dosed in situ. The molasses are used by fermenting
microorganisms to generate electron donors for the organohalide respiring microorganisms
(Kao et al., 2003; Maphosa et al., 2010) and to deplete other electron acceptors that compete
with organohalide respiration (Henry, 2010). As organohalide respiring microorganisms do
not much control the degradation of chlorinated pollutants but depend on the activity of
fermenting microorganisms (Röling et al., 2007), both the composition of the fermenting
guild resulting from molasses addition and the local, initial redox conditions, are likely to be
key factors in successful, effective bioremediation. Further systems microbiology analysis
(Röling et al., 2010) may contribute to improved control over decomposition of organic
waste through rational engineering of microbial community performance.
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SI. Fig 1. Cluster analysis of DGGE profiles of Bacteria (30-55% denaturant gradient) obtained from twelve
one-month old glucose-fermenting consortia enriched under four different electron-accepting conditions, and
analyzed during the seventh transfer. Similarities were calculated based on Pearson correlation.
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SI. Fig 2. Non-metric multidimensional scaling (NMDS) for OTUs derived from 454 Pyrosequencing of
glucose-fermenting consortia enriched under four redox conditions, in triplicate (a-c). Samples correspond to
fermentation phase (indicated by the extension .F) and one-month cultures during the seventh transfer. Pearson
correlation was used as similarity measure.
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