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Abstract
Cable bacteria are filamentous members of the Desulfobulbaceae family that oxidize sulfide with oxygen or nitrate by
transferring electrons over centimeter distances in sediments. Recent studies show that freshwater sediments can support
populations of cable bacteria at densities comparable to those found in marine environments. This is surprising since sulfide
availability is presumably low in freshwater sediments due to sulfate limitation of sulfate reduction. Here we show that cable
bacteria stimulate sulfate reduction in freshwater sediment through promotion of sulfate availability. Comparing
experimental freshwater sediments with and without active cable bacteria, we observed a three- to tenfold increase in
sulfate concentrations and a 4.5-fold increase in sulfate reduction rates when cable bacteria were present, while abundance
and community composition of sulfate-reducing microorganisms (SRM) were unaffected. Correlation and ANCOVA
analysis supported the hypothesis that the stimulation of sulfate reduction activity was due to relieve of the kinetic limitations
of the SRM community through the elevated sulfate concentrations in sediments with cable bacteria activity. The elevated
sulfate concentration was caused by cable bacteria-driven sulfide oxidation, by sulfate production from an indigenous sulfide
pool, likely through cable bacteria-mediated dissolution and oxidation of iron sulfides, and by enhanced retention of sulfate,
triggered by an electric field generated by the cable bacteria. Cable bacteria in freshwater sediments may thus be an integral
component of a cryptic sulfur cycle and provide a mechanism for recycling of the scarce resource sulfate, stimulating sulfate
reduction. It is possible that this stimulation has implication for methanogenesis and greenhouse gas emissions.

Introduction

The availability of sulfate in freshwater sediments is low
compared with coastal marine systems. Water column
concentrations in freshwater systems are generally 2–3

orders of magnitude lower than in marine systems, and
while sulfate penetrates meters into marine sediments, the
penetration depth of sulfate into freshwater sediments is
typically restricted to <10 cm [1]. As a consequence, sulfate
reduction typically contributes more to anaerobic miner-
alization in coastal marine sediments [2] than in freshwater
sediments, where methanogenesis dominates the anaerobic
carbon turnover at the expense of sulfate reduction [1, 3].
Enhanced supply of sulfate to freshwater sediments, for
instance via increased transport from the water column, may
however result in stimulated sedimentary sulfate reduction
activity and a concurrent decrease in methanogenesis [4].

Experimentally determined sulfate reduction rates (SRR)
(i.e., rates determined with the 35SO4

2− radiotracer method
[5]) often exceed the rates that can be derived from reaction
transport modeling of sulfate concentrations in the sediment
porewater [6–8]. For freshwater sediments, this discrepancy
can be quite extensive. Bak and Pfennig [9] and Urban et al.
[10] thus showed that rates determined from diffusional
sulfate fluxes only accounted for 2% of the experimentally
derived SRR in Lake Constance, Germany, and Little Rock
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Lake, Wisconsin, USA, respectively, while in the oligoha-
line (salinity <2 g kg−1) part of Chesapeake Bay the diffu-
sional flux model could account only for <10% of the
sulfate reduction activity [11]. One reason for this dis-
crepancy is that sulfate reduction is accompanied by oxi-
dation of sulfide back to sulfate [12], with the anaerobic
sulfide oxidation driven by buried oxidized metals like iron
and manganese [7, 13–15]. Such coupled sulfate reduction
—sulfide oxidation is invisible in the porewater chemistry,
and thus represents a cryptic sulfur cycle [6] not accounted
for in sulfate gradient analysis of porewater depth profiles.
The cryptic sulfur cycle can be an important component of
sulfate-limited freshwater environments [16].

Cable bacteria are filamentous bacteria of the Desulfo-
bulbaceae family that perform electrogenic sulfide oxidation
(e-SOx) [17, 18] — a process by which the half reaction of
sulfide oxidation is coupled to oxygen or nitrate reduction
centimeters away [19, 20]. Cable bacteria and e-SOx are
present in marine, brackish, freshwater, and aquifer sedi-
ments [21–24]. It has been shown that cable bacteria via
e-SOx can enhance the concentration of sulfate in surface
layers of marine sediments [25, 26]. Three separate
mechanisms can be at play. Firstly, the end product of
e-SOx is sulfate [17, 26, 27], which makes cable bacteria
potential players in the cryptic sulfur cycle. Secondly,
e-SOx promotes dissolution of solid phase sulfides such
as iron sulfides through acidification of the porewater
[26, 28–30]. Subsequent oxidation of the freed sulfide can
contribute to further accumulation of sulfate in subsurface
layers of the sediment [25, 26, 28]. Finally, e-SOx induces
electric fields [21, 26, 31, 32], which initiate ionic drift [33]
and thus promote the downward transport of sulfate into the
sediment, reducing its loss to the environment [26]. It is
very likely that these e-SOx driven mechanisms operate
intensively in freshwater sediments colonized by cable
bacteria, in particular because electric fields generated
through e-SOx, and hence the potential for sulfate retention,
are much stronger in freshwater sediments compared with
marine sediments [24, 32]. Consequently, the presence of
cable bacteria could lead to significant enhancement of
sulfate availability in otherwise sulfate-scarce environ-
ments, and thereby lift the kinetic limitation [10, 34, 35] of
the community of sulfate-reducing microorganisms (SRM),
leading to higher SRR in sediments with cable bacteria
activity than in sediments without.

In the present study, we test the hypothesis that cable
bacteria enhance sulfate availability in freshwater sediments
via e-SOx. We further test if such enhancement of sulfate
availability is correlated with an increased SRR, and
thereby if cable bacteria promote sulfate reduction via e-
SOx. In a follow-up experiment, we test if cable bacteria
also influence the abundance and community composition
of SRM via their alteration of the geochemical environment

through e-SOx [29, 30, 36]. This analysis was performed to
determine if possibly increased SRRs in cable bacteria-
inhabited sediments could be explained by e-SOx-induced
shifts in the SRM community structure.

Our study was performed with sediments from two
eutrophic lakes: Skanderborg Sø and Vilhelmsborg Sø, both
situated in Jutland, Denmark. The presence of e-SOx was
addressed through fine-scale measurements of oxygen,
sulfide, pH, and electric potential (EP) distributions in
microcosms with and without cable bacteria performing e-
SOx, prepared with sediments from both lakes. The effect
of e-SOx on sulfate availability was addressed through
measurement and modeling of the sulfate depth distribution
in the microcosms, while the effect of e-SOx on sulfate
reduction was addressed through measurements of the SRR
using radiotracers. The size and composition of the SRM
community was analyzed by qPCR and amplicon sequen-
cing of the gene encoding the beta subunit of the dissim-
ilatory (bi)sulfite reductase (dsrB) [37] in sediments with
and without cable bacteria performing e-SOx.

Materials and methods

Sampling

Surface sediment and water were collected from Skander-
borg Sø (56°0′45.80″ N, 9°54′58.22″ E) and Vilhelmsborg
Sø (56°4′4.14″ N, 10°11′8.89″ E), two shallow, eutrophic,
alkaline (pH is 8.3–8.6 according to our data) and dimictic
lakes located in Eastern Jutland, Denmark. Skanderborg Sø
has an area of 8.7 km2 and an average water depth of 7.8 m
(max. 18 m); Vilhelmsborg Sø has an area of 0.019 km2 and
an average depth of ~1 m (max. 3 m). Sampling for the
biogeochemical experiments was performed in December
2016 and February 2017. Sampling for the follow-up ana-
lysis of SRM abundance and community structure was
performed in September 2017.

Surface sediments were collected at a water depth of
0.5–1 m. The sediments were collected with a shovel,
transferred to a barrel and brought to the laboratory within
approximately 1 h after sampling. Surface water was col-
lected in 20 L jars. The concentration of sulfate in the
Skanderborg Sø water was 287 ± 16 μM upon sampling and
the conductivity was 0.12 S m−1. The sediment was sandy.
Concentration of sulfate in the Vilhelmsborg Sø water
was 202 ± 3 μM upon sampling and the conductivity was
0.1 S m−1. The sediment was silty.

Sediment handling and incubation

For the experiments, we adapted the design that has been
used in former studies to document e-SOx [20] and to
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investigate its geochemical implications [26]. This experi-
mental design includes the incubation of macrofauna-free
sediments in the presence of an oxic water column
(a treatment promoting e-SOx) and in the presence of an
oxygen-free water column (a control treatment without
e-SOx). The approach presumes that oxygen in the water
column, aside from driving e-SOx, does not interfere sig-
nificantly with the sulfur cycle in the oxygen-free sediment
layers below the oxic zone, during the course of the
experiment. This presumption is justified as follows: (i)
solid-phase oxidized iron and manganese, formed through
direct reaction with oxygen in the oxic zone, cannot exert an
effect in the anoxic zone without mechanical mixing, e.g., by
bioturbation [38], which has been excluded in our setup;
(ii) dissolved compounds such as nitrate and nitrite, formed
through nitrification in the oxic zone, may extend the impact
of oxygen downwards by only a few mm [39–41], as nitri-
fication typically accounts for <20% of the oxygen con-
sumption [42]; and (iii) the oxidation of sulfides such as iron
sulfides or dissolved hydrogen sulfide to sulfate in the
oxygen-affected zone is insignificant in comparison to the
oxidation of sulfides in the zone not affected by oxygen [26].

For the biogeochemical experiments the sediment was
sieved (mesh size= 0.5 mm) to remove larger fauna and
stones; no precautions were taken to prevent reoxidation of
reduced iron and manganese present initially in the sedi-
ment batch. Five liters of the homogenized sediment was
then transferred to each of two 10 L aquaria. After carefully
leveling the sediment surface, five liters of in situ water
were added gently to minimize sediment resuspension. The
resulting sediment and water column height was 10 cm
each. The sediment in one aquarium, assigned as ES-free
sediment (e-SOx-free sediment), was incubated in the
absence, or near absence, of oxygen in the overlying water.
Previous studies have shown that absence of oxygen or
severe hypoxia (O2 concentrations <10% of air saturation)
prevent e-SOx and cable bacteria development [20, 26, 43].
The water column was maintained hypoxic by gently pur-
ging N2 gas with 0.04% CO2 (AGA, Sweden) into the
aquarium, which was sealed with a lid. The oxygen con-
centration in the water column was consistently low
(0–15 μM) throughout the incubation period of 6 weeks, as
measured with a custom-built O2 sensor [44]. To maintain a
constant water chemistry, the water column was renewed
every 3 days with O2-free water from the field site. The
sediment in the other aquarium, assigned as ES-sediment
(e-SOx sediment), was incubated in the presence of an air-
saturated water column. The overlying water was aerated
with a submerged air pump and kept in equilibrium with the
atmosphere. As above, the water in the aquaria was renewed
every 3 days to maintain a constant water chemistry. Both
aquaria were kept at 15 °C for the entire 7-week study
period. After 5 weeks of incubation, microprofiles of EP

distributions, H2S, pH, and O2 were measured with micro-
sensors. After 6 weeks of incubation, sediment cores were
retrieved from both aquaria for measurements of SRR, sul-
fate concentrations in the sediment porewater, and sediment
porosity. The presence of cable bacteria in sediment from the
two aquaria was evaluated by fluorescence in situ hybridi-
zation (FISH) with probe DSB706 as described previously
(Schauer et al. [45], Lucker et al. [46]); see also Fig. S1.)

For the community analysis experiment, the sediment was
sieved as described above and then transferred to glass core
liners (Height: 10 cm, Inner diameter: 2 cm). For each lake
three cores, assigned as ES-cores (e-SOx cores), were placed
in an aquarium with oxic lake water, while another three,
assigned as ES-free cores (e-SOx-free cores) were placed in
an aquarium with oxygen-free lake water. The aquaria were
maintained for 6 weeks as described above. After 6 weeks,
EP microprofiling was performed to confirm the presence or
absence of active cable bacteria in the sediments. At the end
of the incubation, the sediment cores were sliced into sec-
tions (0–3, 3–21, and 21–40mm). Subsamples from each of
the sections were transferred into sterile microcentrifuge
tubes (Eppendorf, Germany) and frozen at −20 °C for later
analysis of the SRM community using qPCR and Illumina
MiSeq sequencing of the dsrB gene.

Electric potential, oxygen, sulfide, and pH

The depth distribution of the EP was measured with a
custom-built EP microelectrode [31] against the Red Rod
reference electrode (REF201 Radiometer Analytical, Den-
mark). Both electrodes were connected to an in-house-made
millivoltmeter with a resistance >1014 Ω (Aarhus University,
Denmark). The analog signal from the millivoltmeter was
digitized for PC-processing using a 16-bit A/D converter
(ADC-216; Unisense A/S, Denmark). Depth profiles of
H2S, O2, and pH were measured with custom made
microsensors [44, 47, 48]. The Red Rod reference electrode
was used as reference for the pH measurements. The total
sulfide concentration (Σ[H2S]= [H2S]+ [HS−]+ [S2−])
was calculated from the measured H2S concentration and
the pH according to Jeroschewski et al. [47]. All sensors
were connected to a four-channel multimeter (Unisense
Microsensor Multimeter, Ver 2.01; Unisense A/S, Den-
mark) with a built-in 16-bit A/D converter. Prior to depth
profiling the O2 sensor was calibrated in 0.7M alkaline
ascorbate solution (0 μM O2 at 15 °C) and air-saturated lake
water (325 μM O2 at 15 °C). The H2S sensor was calibrated
in a darkened calibration chamber containing O2-free HCl.
A three point calibration curve in the range 0–50 µM H2S
was made by adding fixed amounts of dissolved Na2S from
a 10 mM stock solution. Sulfide concentrations in the cali-
bration media were determined on Zn-acetate fixed sub-
samples as described by Cline [49]. The pH sensor was
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calibrated in AVS TITRINORM buffers (VWR Chemicals,
Denmark) having pH values of 4.0, 7.0, and 9.0, traceable
to standard reference material from NIST (www.nist.gov).
During profiling, the specific sensor was mounted on a
three-dimensional microprofiling system (Unisense A/S,
Denmark). The software program SensorTrace PRO (Uni-
sense A/S, Denmark) was used for data acquisition and to
control the microprofiling system. The microsensor profiles
were measured in grids of 10 × 10 cm. Each of the grid
points were separated by two centimeters. In total, 36 pro-
files were measured with each sensor. For the community
analysis experiment, one EP profile was measured per core
as described above. No further geochemical analyses were
performed.

Sulfate concentrations

Three sediment cores (inner diameter= 5 cm) were sampled
from both the ES-and ES-free sediments. The cores were
sliced into 3 mm sections down to 30 mm depth, and into
5 mm sections between 30 and 45 mm depth. Each section
was transferred to a 50 ml Falcon tube and centrifuged at
3000 × g for 5 min to separate the porewater from the
sediment matrix. The extracted porewater was then stored at
−20 °C until analysis. Sulfate concentrations were mea-
sured by ion chromatography (Dionex IC 3000 system,
Dionex, Sunnyvale, California, USA) as described in Roy
et al. [50]

Sulfate reduction rates

SRR were determined using the 35SO4
2− radiotracer method

[5, 50]. Previous studies have shown that the co-occurrence
of sulfate reduction and sulfide oxidation may lead to
underestimation of actual SRR when measured with the
35SO4

2− radiotracer method since the reduced 35S is con-
verted back into 35SO4

2− over time [51]. The degree of
underestimation increases with the incubation time, as
shown by direct measurements and modeling of tracer
experiments [51, 52]. Because we expected significant
sulfide oxidation in the ES-sediments due to e-SOx, we
initially performed time series experiments with these
sediments, which were incubated for 1, 5, and 20 min,
following the protocol outlined below. Based on the data
from these experiments, a standard incubation time of 5 min
was chosen for both the ES and ES-free sediments.

Sediment subsamples were collected from the ES and the
ES-free sediments (n= 3 per treatment) in 10 mL plastic
syringes modified with a vertical row of holes for tracer
injection covered by black gastight tape (Scotch Super 33+
Vinyl Electrical tape; 3M, Minnesota, USA). Twenty-five
microliters of carrier-free 35SO4

2− tracer (1.7 µM) were
injected horizontally at 3.5–38.5 mm depths, giving each

core an activity of ~400 kBq. This added ~1.5 nM to the
concentration of sulfate in the sediment porewater, as in
Holmkvist et al. [6]. At the end of the incubation period,
each core was sliced into five sections, spanning the depth
range 0 to ca. 45 mm. Each section was immediately
transferred to a 50 ml Falcon tube containing 5 ml 20% Zn-
acetate for inhibition of sulfate reduction, then frozen at
−20 °C. For analysis, the samples were thawed at room
temperature, and the total reduced inorganic sulfur (TRIS)
in the samples was separated from the sulfate by a single-
step cold chromium distillation [53]. The radioactivity of
35S contained within the TRIS pool and the SO4

2− pool was
counted in 10 mL Gold Star scintillation cocktail (Meridian
Biotechnologies, UK) with a liquid scintillation analyzer
(TriCarb 2900TR,Packard Instrument Company, Germany).
The SRR was calculated according to Tarpgaard et al. [54].

SRR ¼ φ � SO 2�
4

� � � atris
t � atotal

� 1:06; ð1Þ

where φ is the sediment porosity estimated from the density
and water content of sediment samples (the porosity was
0.94–0.44 along the depth horizon in Skanderborg Sø
sediments, and 0.96–0.64 in the Vilhelmsborg Sø sedi-
ment), [SO4

2−] is the sulfate concentration at a given depth,
(here estimated as the mean from three replicated samples),
atris is the radioactivity of TRIS pool, atotal is the total
radioactivity of the sample including both the radioactivity
of the TRIS and SO4

2− pool (corresponding to 35SO4
2−

initially present in the sample). The factor 1.06 is an isotope
fractionation factor proposed by Jorgensen [5].

QPCR and Illumina MiSeq sequencing of the dsrB
gene

DNA was extracted from 0.3 g of sediment using the
FastDNA Spin Kit for Soil (MP Biomedicals, California,
USA) with modifications described in Kamp et al. [55].
Both the dsrB gene and the gene encoding bacterial 16S
ribosomal RNA (rRNA) were quantified using SYBR-
green based quantitative PCR (qPCR) as described in
Jochum et al. [56]. Bacterial 16S rRNA genes were
quantified by qPCR using the primers 8Fmod and 338Rabc
[57]. DsrB genes were quantified using the primer variant
mixtures dsrB-F1a-h and dsrB-4RSI1a-f [58]. PCR
amplification and Illumina MiSeq sequencing of an ~350
bp fragment of the dsrB gene were performed using a
previously designed primer set (DSR1762Fmix 1–10 and
DSR2107Rmix 1–13 [59].

Data analysis

Student t test or Wilcoxon signed rank test were used to test
for differences in SRR and sulfate concentrations between
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ES sediment and ES-free sediment, separately for each
sampling site. The latter test was used on data series that did
not meet criteria for parametric methods, such as normal
distribution. The Shapiro–Wilk test was used to test for
normality. Pearson product moment correlation analysis
was used to investigate if SRRs were correlated with the
sulfate concentration. ANCOVA analysis was used to test if
difference in SRR among treatments could be explained by
a covariate: the sulfate concentration. All analyses were
performed using the R-base package version 3.4.2 [60] as
well as the package “lsmeans” [61].

Net production and consumption of sulfate was calcu-
lated from inverse modeling of the mean sulfate con-
centration profiles for each treatment, using the general
mass conservation equation [62], which for 1-D systems at
steady state has the form:

0 ¼ � dJ zð Þ
dz

þ R zð Þ; ð2Þ

here dJ(z)/dz is the flux derivative and R(z) the bulk reaction
term (R(z) < 0 for net consumption and R(z) > 0 for net
production of sulfate).

The flux component J(z) in Eq. 2 was defined from the
Nernst–Planck equation modified for porous media [26], as
this equation includes both a diffusion component and an
ionic drift component and thereby estimates correctly the
transports in systems with concentration gradients and
electric fields, such as cable bacteria colonized sediments:

J ¼ �ϕDs
dC

dz
þ nF

RT
C
dψ

dz

� �
; ð3Þ

here ϕ is the sediment porosity, DS is the diffusion
coefficient of sulfate in the sediment, which was estimated
from the porosity and the temperature- and salinity-
corrected diffusion coefficient of sulfate at infinite dilution
(DSO4) using the approximation DS= ϕ2 × DSO4 [63]. DSO4

(0.722 cm−2 d−1) was estimated with the function diffcoeff()
from the R-package “marelac” [64]. dC

dz denotes the sulfate
concentration gradient in the z-direction, n the charge
number of the sulfate ion (n=−2), F is the Faraday’s
constant (9.65 × 104 coulomb mol−1), R the gas constant
(8. 31 J mol−1 K−1), T the temperature (288 K) and dψ

dz is the
gradient of the EP. dψ

dz was calculated from polynomial fits
of the measured EP distribution in the sediments. A
modified version of the software tool PROFILE [65] that
implements Eq. 2 with Eq. 3 was used to calculate R(z) in
Eq. 2 (Burdorf, Van de Velde and Meysman in prep.)

R(z) estimates the difference between sulfate consump-
tion and gross sulfate production (GSP). With the sulfate
consumption being equivalent to sulfate reduction (SRR),
GSP at a given depth was calculated as:

GSP zð Þ ¼ R zð Þ þ SRR zð Þ; ð4Þ

The diffusive oxygen uptake (DOU) of the ES sediments
was calculated from 20 randomly selected oxygen profiles
from each of the lake sediments, using the software tool
PROFILE. The diffusion coefficient used in the calculations
(DS) was estimated from the porosity and the temperature/
salinity corrected diffusion coefficient for oxygen at infinite
dilution (DO2) using the approximation DS= ϕ2 × DO2. DO2

(1.621 cm−2 d−1) was estimated with the function diffcoeff()
from the R-package “marelac”.

The oxygen penetration depth (OPD) of the ES sedi-
ments was defined as the depth where the oxygen con-
centration was ≤0.1 µM. OPD was estimated for all
measured oxygen profiles and reported as the mean ± SE.

For analysis of the SRM community, quality control of
raw reads, trimming, chimera removal, and clustering into
amplicon sequence variants (ASVs) with DADA2 [66] was
carried out as described in detail in Marshall et al. [67], with
the exception that the sequencing reads were randomly
subsampled down to 4011 reads prior to clustering, to
account for differences in sequencing depth between sam-
ples. Classification was carried out using an existing dsrAB
database and classification scheme [37] updated for this
study by Ian Marshall, Aarhus University, to also include
cable bacteria dsrAB gene sequences [68]. Cable bacteria
ASVs were further identified by aligning them with a
database of known cable bacterial dsrB gene sequences
using BLASTn. Sequences are available in the GenBank
Sequence Read Archive database under accession numbers
SAMN10441970—SAMN10442005.

The absolute abundance of a given ASV in a sample was
then calculated as the product of its relative abundance and
the total number of dsrB genes present in the sample,
with the latter being estimated using qPCR. As our com-
parative analyses focused on the effect of cable bacteria on
the dsrB community, all cable bacteria-affiliated dsrB ASVs
were removed from the dataset prior to analysis. Richness
(here defined as the number of different dsrB ASVs) and the
Shannon diversity for ES and ES-free cores were calculated
from the dataset using the function estimate richness() from
the R-package phyloseq [69]. Student’s t test was used to
test for differences in richness, diversity, and general
abundance of dsrB ASVs between treatments (ES vs. ES-
free cores) for each lake. To address if SRM communities
differed between ES and ES-free cores, Bray–Curtis dis-
similarity indices were calculated from the dataset sepa-
rately for the two lakes, using the vegdist() function from
the R package vegan [70]. Differences between ES and ES-
free cores were evaluated with ANOSIM [71] using the
vegan function anosim(). The function exactTest() in the R-
package edgeR version 3.20.9 [72] was used to test for
significant (FDR-corrected p value <0.05) differences in the
abundance of individual dsrB ASVs between ES and ES-
free cores. All bioinformatics analyses were performed with
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nine replicates (data from three cores sliced in three sec-
tions) for ES and ES-free cores.

Results

Microelectrode profiles

The OPD of the ES sediments from Vilhelmsborg Sø and
Skanderborg Sø, was 3.1 ± 0.1 and 3.7 ± 0.1 mm, respec-
tively (Fig. 1a, c). The DOU of the sediments was 29.0 ±
1.9 and 23.2 ± 1.1 mmol m−2 d−1. Both sediments assigned
as ES sediments contained cable bacteria as indicated by
FISH (Fig. S1) and displayed features indicating e-SOx: pH
extremes were observed with maxima in the oxic zone and
minima in deeper oxygen-free layers, and the EP increased
with depth. The pH maximum was located in the upper
1 mm of the sediment in both cases and was only ~0.1 U
above the value in the water column. The pH minimum (6.2
± 0.1) was located at 24 mm depth in the Vilhelmsborg Sø
sediment. In the Skanderborg Sø sediment the pH minimum
(6.4 ± 0.1) was located at 23 mm depth. The EP (measured
relative to the water column) increased monotonically in
both ES sediments down to 24 mm, to a maximum value of
15.6 ± 0.2 and 12.7 ± 0.6 mV for the Vilhelmsborg Sø and
Skanderborg Sø sediment, respectively. From this depth, the
EP converged toward an asymptotic value. The electric field
(calculated as � dψ

dz ) was directed from the sediment toward
the water column in both cases. In the ES sediment from
Vilhelmsborg Sø, the magnitude of the field increased
from approx. 0.6 V m−1 in the oxic zone to a maximum of
1.0 Vm−1 in the 7.5–10.5 mm depth interval. Below
10.5 mm, the field strength decreased monotonically to near
zero values at ~24 mm depth. The field strength was slightly
lower in the Skanderborg Sø sediment. Here, the magnitude
of the field increased from ~0.2 V m−1 in the oxic zone to a
maximum of 0.9 V m−1 at 9 mm depth. Below this depth,
the field strength declined monotonically to near zero values
at ~24 mm depth. ∑H2S was below detection limit (2 µM) in
sediment from Vilhelmsborg Sø and <7 µM in the sediment
from Skanderborg Sø. In the latter, the free ∑H2S
was consumed at the border of the oxic zone and below.
Net ∑H2S consumption, calculated from the profile, was
<5 µmol m−2 d−1.

The above-described e-SOx features were not expressed
(or only to a much lesser extent) in the sediments assigned
as ES-free sediments and no cable bacteria could be
detected by FISH. In the sediment from Vilhelmsborg Sø
(Fig. 1b), pH decreased monotonically from 8.6 in the water
column to an asymptotic value of ~7 at 10 mm depth. An
overall but minor decrease in pH with depth (<0.1 U cm−1)
was also observed for the Skanderborg Sø sediments
(Fig. 1d). The EP measured in the Vilhelmsborg Sø

Vilhelmsborg Sø

Skanderborg Sø

A B

C D

ES sediment ES-free sediment

ES sediment ES-free sediment

Fig. 1 Depth profiles of the ∑H2S concentration (black dots), pH
(yellow dots), electric potential (EP) distribution (white dots), and
oxygen concentration (red dots) in ES sediment and ES-free sediment
from Vilhelmsborg Sø (a, b) and Skanderborg Sø (c, d). Error bars
indicate standard error of the mean (n= 36). Only every second point
of each data series is plotted for clarity. Two series of pH profiles were
measured in the ES-sediments: a series measured with a depth reso-
lution of 100 µm in the upper 6 mm of the sediment and a series
measured with a depth resolution of 400 µm in the full domain.
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sediment relative to the water column increased mono-
tonically to 2.7 ± 0.9 mV at a depth of 10mm and thereafter
remained constant within the SE. The magnitude of the
electric field estimated from the EP signal was 0.4Vm−1 in
the top sediment and declined to near zero values at 10mm
depth. While the cause of this field remains unclear, it was
likely unrelated to cable bacterial activity as the field
remained unaffected by horizontal cuts (data not shown). No
changes in EP with depth, and consequently no electric fields,
were observed in the Skanderborg Sø sediment. Average
∑H2S was below 6 µM in both sediments, but only detectable
in the sediments from Vilhelmsborg Sø (Fig. 1b, d).

Sulfate concentrations

Sulfate concentrations (Fig. 2) were generally higher in the
ES sediments than in the ES-free sediments (Wilcoxon
signed rank test: p < 2.2 × 10−16, n= 84, for Vilhelmsborg
Sø and p= 1.2 × 10−14, n= 84 for Skanderborg Sø). The
inventory of sulfate present in the 0–4.25 cm domain of the
ES sediment from Vilhelmsborg Sø was more than ten
times higher than the inventory present in the same domain
of ES-free sediment (27.5 ± 4.5 vs. 2.2 ± 0.2 mmol m−2).
For the Skanderborg Sø sediments, the inventory of sulfate
present in the 0–3 cm domain of the ES sediment was three
times higher than the inventory present in the same domain
of ES-free sediment (9.4 ± 0.4 vs. 3.6 ± 1.2 mmol m−2). The
difference in sulfate inventories among ES and ES-free
sediments were significant for both the sediment from
Vilhelmsborg Sø and the sediment from Skanderborg Sø
(Student’s t test, p ≤ 0.03, n= 6).

The sulfate profiles measured in ES sediments suggested
net production of sulfate in both oxic and anoxic layers.
Sulfate profiles measured in the ES-free sediments sug-
gested exclusively consumption. Reaction transport mod-
eling of the mean profiles confirmed this pattern: net sulfate
production occurred in the upper 10 mm of the ES sediment
from Skanderborg Sø and in the upper 20 mm of the cor-
responding sediment from Vilhelmsborg Sø. Reaction
transport modeling further suggested that the 0–4.5 cm
domain of the ES-sediment from Vilhelmsborg Sø was a
sulfate source, with an estimated net production of sulfate
amounting to 0.98 mmol m−2 d−1. In contrast, the modeling
showed that the 0–4.5 cm domain of the ES-free sediment
from Vilhelmsborg Sø, as well as both the ES and ES-free
sediment from Skanderborg Sø, were sulfate sinks. The net
sulfate consumption in these sediments was estimated to
0.77, 0.24, and 0.11 mmol m−2 d−1, respectively.

Sulfate reduction rates

Sulfate reduction was below detection limit in the upper
3.5 mm of the ES sediments, likely because these layers

were exposed to oxygen during the incubation (Fig. 3).
Below this depth, sulfate reduction was measurable
throughout the 4–4.45 cm deep sediment column in both ES
and ES-free sediments. Volume-specific SRR in oxygen-
free sediment strata were significantly higher in the ES-
sediments than in the ES-free sediments (Student’s t test:
p= 6.5 × 10−5, n= 27 for the Vilhelmsborg Sø sediment,
and p= 0.035, n= 27 for the Skanderborg Sø sediment).
The total depth-integrated SRR was 3–4.5-fold higher in
these sediments compared to their respective ES-free
sediments (13.0 ± 1.0 vs. 2.5 ± 0.9 mmol m−2 d−1 for

Vilhelmsborg Sø

Skanderborg Sø

ES sediment ES-free 
sediment

A B

ES-free 
sediment

C D

ES sediment

Fig. 2 Sulfate concentrations (black dots), R(z) (gray bars) in ES
sediment, and ES-free sediment from Vilhelmsborg Sø (a, b) and
Skanderborg Sø (c, d). Error bars indicate standard error of the mean
(n= 3). Positive values for R(z) signify net production, negative values
net consumption of sulfate. The black line represents the modeled
sulfate concentration. Dashed line in a and c represents the lower
boundary of the oxic zone.

Electrogenic sulfide oxidation mediated by cable bacteria stimulates sulfate reduction in freshwater. . . 1239



the Vilhelmsborg sediment and 16.4 ± 4.7 mmol vs. 5.6 ±
0.6 mmol m−2 d−1 for the Skanderborg Sø sediment).

For both lake sediments, the volume-specific SRR was
significantly correlated with the sulfate concentration (Pear-
son product moment correlation, p= 4.98 × 10−6, r= 0.76
for the Vilhemsborg sediments, and p= 6.71 × 10−5 r= 0.69
for the Skanderborg sediments). When this apparent depen-
dency between sulfate and sulfate reduction was taken into
account through ANCOVA analysis, no significant differ-
ence in SRR between ES-sediments and ES-free sediments
were seen (ANCOVA: p= 0.15 for the Vilhelmsborg Sø
sediment, and p= 0.31 for the Skanderborg Sø sediment).

Gross sulfate production

GSP, estimated as the sum of SRR and R(z) in Fig. 2, was seen
in the entire 0–4 cm domain of both the ES and the ES-free
sediments (Fig. 4). For the ES sediment from Vilhelmsborg Sø,
the depth-integrated GSP was 13.6mmolm−2 d−1, and sulfate
production in the 3.1mm deep oxic zone contributed to 2.4%
of the overall production. For the ES-free sediment, the depth-
integrated rate of GSP was 1.7mmolm−2 d−1. For the ES
sediment from Skanderborg Sø, the depth-integrated rate of
GSP was 16.1mmolm−2 d−1, and sulfate production in the
3.7mm deep oxic zone contributed to 0.2% of the overall
production. For the ES-free sediment, the depth-integrated rate
of GSP was 5.5mmolm−2 d−1.

Vilhelmsborg Sø

Skanderborg Sø

A B

C D

ES sediment ES-free 
sediment

ES sediment ES-free 
sediment

Fig. 3 Sulfate reduction rates (gray bars) and sulfate concentrations
(black dots) in ES sediments and ES-free sediments from Vilhelms-
borg Sø (a, b) and Skanderborg Sø (c, d). Error bars indicate standard
error of the mean (n= 3). Dashed line in a and c represents the lower
boundary of the oxic zone.

A B

C D

Vilhelmsborg Sø

ES sediment ES-free 
sediment

ES sediment ES-free 
sediment

Skanderborg Sø

Fig. 4 Gross sulfate production rates estimated from reaction transport
modeling and measured SRR for ES and ES-free sediments from
Vilhelmsborg Sø (a, b) and Skanderborg Sø (c, d). Dashed line in a
and c represents the lower boundary of the oxic zone.
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SRM abundance and community composition

EP profiling in ES and ES-free cores (Fig. S2) reproduced
the patterns observed in ES and ES-free sediments from
biogeochemical experiment, justifying the comparison
between the two experiments. Three dsrB ASVs (ASV52,
ASV374, and ASV830) were identified as cable bacteria, all
~97% identical to the dsrB of the freshwater species Ca.
Electronema palustris [68], which is well within the species
threshold for SRM [37]. Only ASV52 was consistently
found in all samples, while the other ASVs were rare (<0.05
and <0.02% of all SRM). In Vilhelmsborg Sø, total cable
bacteria accounted for 0.7% and 0.2% of the total dsrB pool
in the ES and ES-free cores, respectively, which corre-
sponds to 1.6 × 107 ± 3.8×106 and 4.3 × 106 ± 8.9 × 105 gene
copies cm−3, respectively. Since no e-SOx was detected in
the ES-free cores, the latter dsrB genes likely represent
remnant DNA or inactive cells. In Skanderborg Sø, cable
bacteria accounted for 0.3% and 0.04% of the total dsrB
pool in the ES and ES-free cores, respectively, which cor-
responds to 3.4 × 105 ± 2.3 × 103 and 3.1 × 104 ± 3.1 × 104

gene copies cm−3, respectively.
When comparing overall dsrB gene copy numbers to 16S

rRNA gene copy numbers for both lakes (Vilhelmsborg Sø:
5.4 × 1010 ± 2.8 × 109 16S rRNA gene copies cm−3 vs. 2.5 ×
109 ± 1.9 × 108 dsrB gene copies cm−3; Skanderborg Sø:
1.5 × 109 ± 2.8 × 107 16S rRNA gene copies cm−3 vs. 6.8 ×
107 ± 2.0 × 106 dsrB gene copies cm−3), SRM accounted for
4–5% of the total bacterial population, which is a typical
SRM fraction for freshwater sediments [73]. In both lakes,
dsrB families commonly found in freshwater sediment [73]
like Desulfobacteraceae, Desulfobulbaceae, and the Desul-
fobacca acetoxidans lineage, were among the most abun-
dant SRMs, together with a few unclassified families
(Fig. 5). The size, richness, and diversity of the dsrB-car-
rying communities in both lake sediments was not sig-
nificantly different between ES and ES-free cores.

In Vilhelmsborg Sø, the abundance of dsrB genes
inferred from qPCR was similar in ES and ES-free cores at
depths >0.3 mm (Fig. 5a; Student’s t test, p= 0.74). Above
this depth, dsrB gene abundance in the ES cores was 66% of
that in the ES-free cores. There was no significant difference
in ASV richness of the dsrB community between ES and
ES-free cores (125 ± 2 vs. 129 ± 2 for the ES and ES-free
cores, respectively, Student’s t test, p= 0.11), and the
Shannon diversity of the dsrB community was almost
identical (3.64 ± 0.04 vs. 3.68 ± 0.02 for the ES and ES-free
cores, respectively, Student’s t test, p= 0.386). The same
dominant dsrB families were present in both ES and ES-free
cores (Fig. 5b), with Desulfobacteraceae, a family from an
unclassified lineage, an unclassified family of the Delta-
proteobacteria supercluster, and Desulfobulbaceae as the
most abundant families (Figs. 5b and S3). ANOSIM

analysis of the Bray–Curtis dissimilarity indices suggested a
small (R= 0.277) but significant (p= 0.009) dissimilarity
between the dsrB communities in the ES and the ES-free
cores. However, none of the individual dsrB ASVs showed
a significant (FDR-corrected p value <0.05) difference in its
abundance between ES and ES-free cores (Table S1).

Likewise, in Skanderborg Sø sediment, dsrB gene
abundance was similar in ES and ES-free cores (Fig. 5c;
Student’s t test, p= 0.2626), there was no significant dif-
ference in ASV richness of the dsrB community between
ES and ES-free cores (151 ± 4 vs. 132 ± 12 for the ES and
ES-free cores, respectively; Student’s t test, p= 0.14), and
the Shannon diversity of the dsrB community was also
almost identical (4.40 ± 0.04 vs. 4.34 ± 0.08 for the ES and
the ES-free cores, respectively; Student’s t test, p= 0.56).
The same dsrB families were most abundant in ES and ES-
free cores (Fig. 5d), which were both strongly dominated
(>70% of the total community) by unclassified and uncul-
tured lineages, although Desulfobacteraceae, Desulfo-
bulbaceae, and the Desulfobacca acetoxidans lineage were
still among the ten most abundant families (Figs. 5d
and S4). ANOSIM analysis of the Bray–Curtis dissimilarity
indices suggested a significant (p= 0.019) dissimilarity
between the dsrB communities in the ES and the ES-free
cores, which was however close to the dissimilarity within
the dsrB communities in the ES cores and ES-free cores,
respectively (R= 0.187); again, none of the individual dsrB
ASVs showed a significant (FDR-corrected p value <0.05)
difference in its abundance between ES and ES-free cores
(Table S1).

Discussion

In the present study, we have analyzed the impacts of cable
bacteria and e-SOx on sulfur cycling and SRM communities
in freshwater sediments. As our experiments were designed
to compare sulfur cycle processes between oxygen-exposed
sediments (the ES-sediments) and anoxic sediments
(the ES-free sediments), the validity of our conclusions
regarding the impact of e-SOx hinges on the assumption
that oxygen, aside from driving e-SOx, does not interfere
significantly with the sulfur cycle. As our setup excluded
bioturbation and thus prevented mechanical transport of
metal oxides from the oxic to the anoxic zone, oxygen could
only interfere with the sulfur cycle either directly through
oxidation of sulfur compounds in the oxic zone or indirectly
through the oxic formation and downward diffusion of
oxidants like nitrite and nitrate. According to our estimates
of GSP (Fig. 5), chemical or biological reoxidation of sul-
fides to sulfate in the oxic zone of the ES-sediments
was insignificant in comparison to the oxidation in the
oxygen-free layers: sulfate production in the oxic zone
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contributed to only 0.2–2.4% of the GSP. Sulfate reduction
was undetectable in the oxic zone but readily measured in
all ES-sediment layers below 3 mm depth, i.e., those not
directly exposed to oxygen (Fig. 3); considering the com-
mon redox cascade, where oxygen and nitrate reduction
precede sulfate reduction [74], this indicates that the indirect
effect of oxygen, e.g., via nitrate, on sulfur cycling was
negligible. Therefore, aside from driving e-SOx, oxygen
had only a marginal impact on sulfur cycling in the ES-
sediments, and the more than threefold higher sulfate

inventories and SRR observed in the ES-sediments in
comparison to the ES-free sediments thereby suggest that
e-SOx enhances sulfate concentrations and increases SRR.

The analysis of SRM communities in ES and ES-free
cores suggests on the other hand only very limited influ-
ences of cable bacteria-mediated e-SOx on the community
structure of SRMs, with no effect on overall abundance,
richness, and diversity, and only small changes toward a
minor dissimilarity between the SRM communities in ES
and ES-free cores (Fig. 5 and Table S1).

Vilhelmsborg Sø

Skanderborg Sø

ES cores ES-free
cores

ES cores ES-free
cores

*

*

A

*

*

B

C D

Fig. 5 Abundance and family-level affiliation of dsrB genes in sedi-
ments from Vilhelmsborg Sø (a, b) and Skanderborg Sø (c, d). For
each panel, left bars represent ES sediments, and right bars represent
ES-free sediments. Stacked bar plots (b, d) show mean relative

abundance for the ten most abundant dsrB families detected; oxidative
type dsrB families are marked by an asterisk. For unclassified dsrB
families, the next higher classified taxonomic rank is given. For
details, see Figs. S3 and S4.
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Cable bacteria stimulate sulfate accumulation

The 3–10-times larger pools of sulfate in ES sediments as
compared to the ES-free sediments were due to the mani-
festation of three mechanisms associated with e-SOx: (A)
enhanced sulfide oxidation; (B) mobilization and oxidation
of endogenous sulfur pools; and (C) enhanced downward
transport of sulfate.

(A) In general, depth integrated SRR values were much
higher than depth integrated rates of net consumption esti-
mated from reaction transport modeling. For sediments
assigned as sulfate sinks, i.e., the ES-free sediment from
Vilhelmsborg Sø and the ES and ES-free sediment from
Skanderborg Sø, the depth-integrated rate of net sulfate
consumption was 33%, 1.5%, and 2% of the experimentally
determined SRR, respectively. The discrepancy was even
more pronounced for the ES sediment from Vilhelmsborg
Sø, as this sediment was a sulfate source, despite high rates
of sulfate reduction. This indicates that sulfate reduction in
both ES and ES-free sediments was largely driven by sul-
fate produced within the sediment via sulfide oxidation
(the alternative explanation that our 35S-based SRRs were
severely overestimated is less likely since experimental
studies have shown that the technique can underestimate the
indigenous SRR due to reoxidation of the tracer [51]). Our
estimates of GSP (Fig. 4) reflect the rates of sulfide oxi-
dation taking place in the sediments. For the Vilhelmsborg
Sø sediment, the rate of sulfide oxidation needed to sustain
the sulfate production in the oxygen free sediment layers
was a factor of 7.8 higher in ES sediment than in the ES-
free sediment (13.6 vs. 1.7 mmol m−2 d−1). For the sedi-
ment from Skanderborg Sø, the corresponding rate of sul-
fide oxidation in the ES sediment was ca. 3 times higher
than rates estimated for the ES-free sediment (16.1 vs.
5.5 mmol m−2 d−1).

The direct contribution of e-SOx to sulfate production
can be estimated from the electron transfer rate of the cable
bacteria, which when calculated from the EP profiles as in
Damgaard et al. [31] amounted to 44 and 59 mmol elec-
trons m−2 d−1 for the Skanderborg Sø and Vilhelmsborg Sø
sediments, respectively. With the transfer of 8 moles of
electrons per mole of sulfide being oxidized to sulfate, the
rate of sulfate production via e-SOx would amount to 5.4
and 7.4 mmol m−2 d−1 in the Skanderborg Sø and Vil-
helmsborg Sø sediments, respectively. According to our EP
data (Fig. 1), the cable bacteria activity zone spans the
upper 2.4 cm of the sediment [32], and e-SOx would then
contribute to 44% of the sulfate production activity in the
corresponding oxygen free layers of the Skanderborg Sø
sediment (12.3 mmol m−2 d−1) and 100% in the Vilhelms-
borg Sø sediment (6.7 mmol m−2 d−1), respectively. It is
clear however, that e-SOx cannot fully account for all the

sulfate production activity in the ES-sediments inferred
from our data, as significant anaerobic sulfate production
was present also below the cable bacteria activity zone and
in the ES-free sediments (Fig. 5). In these strata, GSP was
probably, like for the ES-free sediments, due to sulfide
oxidation driven by, e.g., buried oxidized metals like iron
and manganese.

(B) Modeling the sulfate profiles measured in the ES-free
and ES sediments showed net production of sulfate in
oxygen-free sediment layers, and this occurred exclusively in
the ES sediments (Fig. 2). Such net production points to the
presence of an internal sulfide pool being oxidized, as the
reoxidation of sulfide produced from sulfate reduction would
lead to no net change in the sulfate concentration profile. Net
production of sulfate in the anoxic zone has been observed in
marine sediments with e-SOx [26, 28], and in a few sedi-
ments from lakes and rivers [75]. In marine sediments with e-
SOx, the source of sulfide fueling this sulfate production has
been associated to the dissolution of solid phase iron sulfides,
as a result of the low pH and low sulfide concentrations
induced by e-SOx in the anoxic zone [25, 26]. The mobilized
sulfide is then oxidized to sulfate via e-SOx. Though iron
chemistry was not addressed in the present study, we expect
a similar mechanism operating in the freshwater sediments
studied here: pH and sulfide concentrations were similar to
those observed in marine sediments, and the color of the
suboxic zone in the ES sediments changed from black
(diagnostic color for amorphous FeS minerals) to greyish-
brown during the course of the incubation.

(C) Modeling the transport of sulfate from the individual
components of the Nernst–Planck equation (i.e., the diffu-
sive flux and the drift flux), showed a substantial con-
tribution of the drift flux to the overall transport of sulfate in
the ES sediments (Fig. 6) due to the relative strong electric
fields present there. Due to the orientation of the electric
field, the drift flux was directed downwards and therefore
counteracted the upward diffusive flux in the top 10–15 mm
of the sediments, leading to a net downward transport of
sulfate just below the sediment water interface. Hence,
sulfate produced from sulfide oxidation in the oxygen-free
zone was retained within the sediment and exposed to fur-
ther downward transport and metabolic conversions.

To summarize the above discussed mechanisms: by
lowering the pH and H2S concentration in the sediment,
cable bacteria promote mobilization of solid-phase sulfide
pools. Their e-SOx metabolism, in combination with con-
ventionally driven sulfide oxidation processes, assures that
this sulfide is oxidized to sulfate in the sediment. The
electric fields formed through e-SOx assist to retain the
produced sulfate in the sediment, and the sulfate is entering
a highly efficient reduction-oxidation cycle, which assures
regeneration of sulfate almost as fast as it is consumed.
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Cable bacteria promote sulfate reduction via
enhancement of sulfate concentrations

The 3–4.5-fold increase in the depth-integrated SRR
observed in the ES sediments was likely directly linked to
the ability of cable bacteria to significantly enhance sulfate
availability in an otherwise sulfate-scarce environment, and
thereby to soften the kinetic limitation of the SRM com-
munity. The correlation analysis performed on data from
our biogeochemical experiment showed a significant cor-
relation between SRRs and sulfate concentrations, in line
with the hypothesis that sulfate reduction was sulfate lim-
ited. Half-saturation constants of the SRM population that
support such sulfate limitation of the process may lie in the
range of 100–200 µM sulfate. Although half-saturation
constants vary considerably among cultured SRM [54],
this range has been found for natural SRM populations in
Scheldt River freshwater sediments [35]. The ANCOVA
analysis, which showed that the difference in SRR between
ES and ES-free sediments could be explained by covaria-
tion with the sulfate concentration, is in line with the
hypothesis that e-SOx-induced sulfate elevation was the
main factor driving the enhanced sulfate reduction activity
in the ES sediments.

The SRM community analysis performed in our second
experiment showed insignificant influence of cable bacteria
and e-SOx on the community structure and overall abun-
dance of SRMs. This observation provides evidence against

the hypothesis that the 3–4.5-fold higher SRR in ES sedi-
ments observed in our first experiment were caused by cable
bacteria-induced alternations of the SRM community.
Although cable bacteria harbor the dsrB gene and a full
sulfate reduction pathway [27], it is unlikely that the sti-
mulated SRR in the ES sediments can be explained with
sulfate reduction performed by cable bacteria. Firstly, cable
bacteria likely use the sulfate reduction pathway in reverse
during e-SOx [27] and typical cable bacteria features indi-
cative of e-SOx (Figs. 1 and S2) would not be present if
their major metabolic pathway was sulfate reduction. In
addition, the low abundance of cable bacteria-affiliated dsrB
ASVs, which were <0.8% of the total pool of ASVs in the
ES-cores from both Vilhelmsborg Sø and Skanderborg Sø,
implies that sulfate reduction by cable bacteria would
contribute very little to the total SRR.

Thus the simplest explanation for the stimulated SRR in
the ES sediments, in line with our data, is that cable bacteria
promote sulfate reduction via enhancement of sulfate
concentrations.

Conclusions and perspectives

Cable bacteria enhance sulfate concentrations both directly
through their metabolic activity, which includes the oxida-
tion of sulfide to sulfate, and indirectly via both the for-
mation of electric fields as well as mobilization of solid
phase sulfide. A sulfate-limited community of SRM then
takes advantage of the elevated sulfate concentrations,
increasing their cell-specific activities, and driving a general
increase in sedimentary SRR. This suggests a mutualistic
relationship between cable bacteria and SRMs in sulfate-
limited freshwater environments, where cable bacteria
support the SRMs with sulfate, which in turn provide sul-
fide to fuel e-SOx. Via e-SOx, cable bacteria can then be
important players in the cryptic sulfur cycle, but as inferred
from our data not the major drivers, and more quantitative
research on the sulfide oxidation mechanisms are needed to
fully constrain this cycle. The ability of cable bacteria to
intensify and expand sulfur cycling in freshwater sediments
may have implications for the mode of carbon turnover in
freshwater sediments, and a future venue of research could
be to test if this intensification of sulfur cycling causes cable
bacteria to indirectly reduce the rates of methanogenesis,
thereby reducing methane emissions from freshwater
systems.
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