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Electron transport within living cells is essential for energy
conservation in all respiring and photosynthetic organisms. While
a few bacteria transport electrons over micrometer distances to
their surroundings, filaments of cable bacteria are hypothesized to
conduct electric currents over centimeter distances. We used
resonance Raman microscopy to analyze cytochrome redox states
in living cable bacteria. Cable-bacteria filaments were placed in
microscope chambers with sulfide as electron source and oxygen
as electron sink at opposite ends. Along individual filaments a
gradient in cytochrome redox potential was detected, which
immediately broke down upon removal of oxygen or laser cutting
of the filaments. Without access to oxygen, a rapid shift toward
more reduced cytochromes was observed, as electrons were no
longer drained from the filament but accumulated in the cellular
cytochromes. These results provide direct evidence for long-
distance electron transport in living multicellular bacteria.

cable bacteria | Raman spectroscopy | cytochrome c | conduction |
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able bacteria are multicellular, centimeter-long filamentous

bacteria that occur globally in marine and freshwater sediments
(1-5). In their presence the sediment exhibits an electrical coupling
between the oxidation of sulfide (H,S) in deeper sediment layers and
the reduction of oxygen (O,) near the sediment-water interface,
thereby generating a 1-4-cm-deep suboxic zone devoid of O, and
H,S (6, 7). Cable bacteria spanning this suboxic zone thus appear to
transfer electrons over centimeter distances, which is several orders
of magnitude longer than previously found in any organism (1, 7-10).
Long-distance electron transport by cable bacteria is supported by
several observations: (i) changes in oxygen availability in the water
column have an immediate effect on sulfide oxidation several cen-
timeters into the sediment, which is faster than what can be
explained by diffusion (6); (if) electron transport occurs even where
cable bacteria span a nonconductive barrier in the sediment like an
inserted glass bead layer or a filter with pore size >2 pm (1); and (iii)
a wire cutting through the suboxic zone rapidly disrupts conduction
(1). However, direct demonstration of electric conductance by in-
dividual cable-bacteria filaments is still lacking (1, 11).

The mechanism of conductance has remained unclear but
continuous periplasmic fibers, running along the entire filament
length, have been proposed as conducting elements (1). Elec-
trostatic force microscopy measurements indicated a significant
charge-storage capacity in these fibers (1). Capacitance has also
been observed in another electrogenic bacterium, Geobacter
sulfurreducens, where it is due to abundant c-type cytochromes
(12). The type and redox state of cytochromes can be analyzed
using resonance Raman microscopy (13), and this method has
revealed gradients in cytochrome redox states in electrically
conductive Geobacter biofilms (14-16). We hypothesized that
any electron conduction by the cable bacteria from sulfide to
oxygen must be associated with a potential gradient along the
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conductive structure (7). Since cytochromes are common electron
carriers in bacterial cells, we further hypothesized that, as seen in
Geobacter biofilms, this potential gradient should be reflected by
the redox state of cytochromes. Here we used resonance Raman
microscopy as a noninvasive technique to detect a gradient in
cytochrome redox state along living cable-bacteria filaments and
to demonstrate its dependence on an intact electrical connection
between the electron donor H,S and the electron acceptor O,.

Results

Positioning of Living Cable Bacteria in Gradients of Sulfide and
Oxygen. We constructed a microscope chamber setup (Fig. S1)
that allowed us to position individual cable-bacteria filaments
between a sulfide source and an oxygen source located 5 mm
apart from each other (17) (see SI Methods for details). Sedi-
ments from one freshwater site and two marine sites were
enriched for cable bacteria (SI Methods) and used as source of
sulfide and cable bacteria. Within a day, cable bacteria emerged
from the sediment and reached the oxic zone near the air inlet
(Movie S1 and ref. 17). Cable-bacteria filaments, which had
emerged from the sulfidic sediment but had not yet reached the
oxic zone, were used as controls. Swarming, microaerophilic
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single-celled bacteria positioned themselves approximately 1 mm  22). Along all cable-bacterium filaments connected to both O,
from the air inlet (Fig. 14), and microsensor measurements and H,S (n = 15), we observed a gradual decrease of the abso-
showed that this bacterial veil provided a good marker for the lute intensity of this 750-cm™' band from the sulfidic sediment
oxic—anoxic transition zone. Microsensor measurements further  toward the oxic zone (Fig. 2 B and C and Fig. S4). In the subset
confirmed the absence of sulfide and oxygen in a 4-mm-wide of thick filaments (n = 6), we also observed a gradual increase of
suboxic zone between the veil and the sediment edge (Fig. 1B).  the band at 1,637 cm™". In contrast, filaments without connection
to oxygen (n = 3) showed highly reduced spectra (n = 300) with
Resonance Raman Microscopy Reveals c-Type Cytochromes in Cable  high intensities of the 750-cm~! band, even close to the oxic—
Bacteria. We recorded nearly 2,000 Raman spectra for 15 cable-  anoxic transition. Filaments briefly incubated in oxic water (n =
bacteria filaments, which spanned the suboxic zone from sulfide  4) all showed spectra typical for oxidized cytochromes (n = 98),
to oxygen. Cable-bacteria diameters ranged from 1.6 to 6.6 pm,  with low intensities at 750 cm™" (Fig. S5). These controls dem-
and only motile filaments were used, as these are certain to  onstrate that the observed differences in cytochrome band in-
be metabolically active. All filaments displayed the four most  tensities along cable-bacteria filaments were not due to varying
prominent bands reported for c-type cytochromes at 750 (v;5  cytochrome abundance along the filaments, but are caused by
pyrrole breathing mode), 1,130 (v2,), 1,315 (v21), and 1,588 cm™' the cytochrome redox state.
(v2) (Fig. 24 and Figs. S2 and S3) (17), which all decreased in
intensity across the suboxic zone from near the sediment to the  Fast Shift in Cytochrome Redox State upon Disconnection of 0,. To
oxygen front. Thick filaments (>4-pm diameter) provided more  directly link the change in cytochrome redox state to electron
detailed spectra, with additional small bands of several vibra-  transport along individual bacterial cables, we used two experi-
tional modes of the cytochrome heme groups (Fig. 24 and Fig.  mental manipulations that have previously been demonstrated to
S2). Near the sediment, the v4 and v; bands were centered at  impede the electron flow in sediment cores with cable-bacteria
1,361 and 1,496 cm™', respectively (Fig. 24 and Fig. S2, red  activity (1, 6).
trace). Near the oxic zone, the overall spectra intensity de- First, we removed oxygen from the air inlet by either filling the
creased, the v, band shifted to 1,369 cm™', the v; band was no  inlet with oxygen-free water or by flushing it with dinitrogen gas
longer detectable, and a broad vy, mode at 1,637 cm™' appeared  (Fig. 34). Within approximately 10 min, the cytochrome redox
(Fig. 2 A and B, and Fig. S2, blue trace). All these changes are  state near the sediment, i.e., 4 mm away from the site of ma-
consistent with a c-type heme having a six-coordinated low-spin  nipulation, showed a small but significant shift toward a more
central iron atom varying its oxidation state from reduced (near  reduced pattern (Fig. 3B). This shift was more pronounced at the
the sediment) to oxidized (near oxygen) (18, 19). Broadening of ~ center of the suboxic zone (midpoint; Fig. 3 4 and B), where the
the v, (featuring a shoulder at 1,593 cm™") and v, bands suggests  initial cytochrome redox state was more oxidized, in concordance
the presence of at least two different conformers having His-Fe- ~ with the redox potential gradient from sediment to oxic zone
His and His-Fe-Met axial ligation (18). Both of these conformers  (Fig. 2C). The shift could be reversed by reintroducing oxygen,
were also detected for Geobacter species grown on electrodes,  which reestablished the original redox state within 3 min, i.e., as
where these cytochromes connect the cell metabolism to the fast as we could measure (Fig. 3C). Cable-bacteria filaments
electrode (13, 20). connected to the sediment but not to the oxic zone (Fig. 34) had
already highly reduced cytochromes and showed no change upon
Cytochrome Redox State Changes Gradually Along the Cable- removal of oxygen.
Bacterium Filaments. Throughout the rest of the study, the most In a second experiment, we stopped the electron transport by
prominent band in all cable-bacteria filaments, at 750 cm™" (Fig.  cutting individual filaments using a laser microdissection mi-
2A4 and Fig. S3), was used as proxy of cytochrome redox state (21,  croscope and measured the response in cytochrome redox state
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Fig. 1. (A) Dark-field micrograph of cable bacteria in the microscopic chamber setup reaching from sulfidic sediment (Left) to oxygen (Right). Arrows show
the position of the veil composed of swarming microaerophilic microbes (white) and the positions, where the reduced (red) and oxidized (blue) Raman spectra
shown in Fig. 2A were recorded. (B) Sulfide (red) and oxygen (blue) concentration gradients across the chamber setup as determined by microsensor mea-
surements (n = 6). Gray shading indicates the microaerophilic veil.
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Fig. 2. (A) Raman spectra from an individual cable-bacterium filament (site Rattekaai, The Netherlands) near sediment (red) and near oxygen (blue).

(B) Difference in normalized band intensity between either end of the suboxic zone. Red = data points closest to sediment (Fig. 1F and Fig. S4); blue = data points

closest to microaerophilic veil and oxygen. Stippled and open bars display band intensities at 750 and 1,637 cm

-1, respectively, given as percentage of the

maximum band intensities (mean + SD). Asterisks depict significant differences between cable-bacteria ends. n (for 750-cm~"/1,637-cm™~" band) = 15/6 fila-
ments (379/200 spectra, Shapiro-Wilk test P value: 0.493/0.28, t test Pvalue = 5.31 x 107%/8.8 x 107%). (C) Normalized band intensities (mean + SD) showing the
cytochrome redox gradient along a single cable-bacterium filament (Fig. S4M), reaching from sediment (to the left) toward oxygen. Gray shading indicates
the microaerophilic veil. (D) Conceptual model of electron transport in cable bacteria. Cells in the sulfidic zone, with reduced cytochromes, upload electrons
from H,S to periplasmic fibers, while cells in the oxic zone, with oxidized cytochromes, download electrons from these fibers to O,.

near the sediment edge (Fig. 44). An advantage of this approach
is that cutting a single filament will have only limited effects on
sulfide and oxygen gradients. Within 5 min, a clear shift toward
more reduced cytochromes was detected in the part of the cable
filament that was still connected to the sediment (Fig. 4B). Cable
bacteria not reaching the oxic zone showed no change in cyto-
chrome redox state upon cutting.

Discussion

In both manipulation experiments, we observed a significant shift
toward more reduced cytochromes when filaments were no
longer connected to oxygen. With the terminal electron ac-
ceptor suddenly unavailable, cytochromes in the cable bacteria
apparently accumulate electrons released by sulfide oxidation
in the sediment and thereby become more reduced. The re-
sponse time of minutes is too fast to be explained by diffusion
of chemical compounds over a distance of millimeters either
outside or inside the cable bacteria filaments. Therefore, we
infer from our manipulation experiments that the rapid changes
observed in the cytochrome redox state must depend on the
capability of transporting electrons across millimeter distances
from the sulfidic zone to the oxic zone.

5788 | www.pnas.org/cgi/doi/10.1073/pnas.1800367115

At present, the exact role of the cytochromes in cable-bacte-
ria-mediated electron transport from electron donor to electron
acceptor remains elusive. The gradual change in cytochrome redox
state cannot result from a change in the external redox condi-
tions, as both oxygen and sulfide were absent from the in-
termediate, suboxic zone. The redox state of the cytochromes
thus reflects an internal redox potential gradient within indi-
vidual cable-bacteria filaments, which is consistent with three
scenarios. First, the cytochromes could theoretically be part of
the conductive structure, which would then suggest a mecha-
nism of electron hopping via heme groups along the redox
gradient (14, 23). However, the electron-hopping frequency and
the amount of heme groups required to explain the observed
rates of electron transport would be unprecedented (7). Sec-
ondly, cytochromes could operate in combination with pilus
nanowires, as proposed for electroactive biofilms thicker than
10 pm (24). Finally, the cytochromes could be involved in the
up- and downloading of electrons to and from a yet-unknown
internal conductive structure (Fig. 1D). Analogous to how a
voltmeter measures the electrical potential gradient along the
length of a resistor, the cytochromes would then measure the po-
tential gradient along the conductor. The observed gradient in

Bjerg et al.
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Fig. 3.

Effect of oxygen availability on cable-bacteria redox state. (A) Schematic of the setup for oxygen manipulation experiments. A filament (light-gray

wave) reaches out from sulfidic sediment (Left) toward the air inlet (Right), from which oxygen can be removed; dark-gray shading indicates the position of
the microaerophilic veil. Filaments that did not reach the veil were used as controls. Positions of Raman spectra recordings are marked with red (near
sediment) and purple (midpoint) arrows. (B) Change in cytochrome redox state resulting from a change in oxygen availability. Bars represent fold change in
normalized band intensities at 750 cm™" relative to the intensity in the presence of oxygen (mean + SD). Significant changes in redox state are marked by an
asterisk. n = 16 filaments near sediment (1,666 spectra, Shapiro-Wilk test P value: 0.0003, Wilcoxon sign test P value: 0.000122), n = 4 filaments at midpoint
(50 spectra, Shapiro-Wilk test P value: 0.551, t-test P value: 0.000488), and n = 6 control filaments near sediment (744 spectra, Shapiro-Wilk test P value: 0.903,
t-test P value: 0.659). (C) Change in cytochrome redox state (band intensity at 750 cm™") of a single cable-bacterium filament over time (42 min) during
changes in oxygen availability. Measurements were done at midpoint. White area represents time when the air inlet was flushed with N,; shaded blue area

represents time with oxygen available.

cytochrome redox states thus reflects the voltage drop along the
internal conductor of the cable bacteria.

This voltage drop can be quantified by applying the Nernst
equation and the ratio of reduced to oxidized cytochromes at either
side of the suboxic zone (for details see SI Methods). Using the
cable-bacteria filaments with the largest diameters and thus the best-
quality Raman spectra (Fig. S4 I-0), we calculated a voltage drop of
123-14.6 + 3.84.1 mV mm™' (mean + SD; n = 6; Dataset S1).
This voltage drop represents energy loss in the conductor. If ex-
trapolated to the natural setting, where cable bacteria typically
span suboxic zones of 20 mm, the voltage drop would be up to
293 mV to maintain the same current. Considering the theo-
retical maximum of about 1,000 mV available for aerobic sul-
fide oxidation, this is a significant dissipation of energy and it is
suggested that extension of the operational length of a cable
bacterium eventually forces a lower current or a lower energy
yield per electron transferred.

These findings hence provide direct evidence of long-distance
electron conduction in individual cable bacteria, which in our
experiments takes place over several millimeters, i.e., about
1,000x the length of individual cells. In natural sediments,

Bjerg et al.

long-distance electron transport by cable bacteria is extended to
centimeter distances (6).

Methods

Please see Supporting Information for a detailed description of the materials
and methods.

Sampling and Incubation. Surface sediment was collected from a freshwater
lake and two marine sites containing cable bacteria of the genera Candidatus
Electronema and Ca. Electrothrix (4). The sediments were enriched in the
laboratory for cable bacteria as previously described (1) and used for transfer
to microscope chamber setups.

Microscope Chamber Setups. Two microscope chamber setups (Fig. S1) were
used to examine cable-bacteria filaments. Both setups mimicked the redox
gradient conditions that cable bacteria experience in their natural habitat,
with a sulfide source (sediment) on one side, and an oxygen source (air) on
the other side. In setup A, two wells (diameter 1-4 mm, separation 5 mm)
were drilled into 4-mme-thick glass microscopy slides using a diamond drill.
One well was filled with the cable-bacteria—enriched sediment, while the
other was left open and hence filled with ambient air. Cable bacteria
reached out of the sediment and moved across the water zone toward the
air-filled well within 24 h (Movie S1).
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Effect of filament cutting on cable-bacteria redox state. (A) Schematic of the setup for laser-cut experiments. A filament (light-gray wave) reaches out

from sulfidic sediment (Left) toward the air inlet (Right); dark-gray shading indicates the position of the microaerophilic veil. Filaments that did not reach the
veil were used as controls. Positions of Raman spectra recordings are marked with red arrows (near sediment), positions of laser cuts are marked with green

bars. (B) Change in cytochrome redox state in response to laser cutting of the filaments. Bars represent fold change in normalized band intensities at 750 cm

-1

relative to the intensity before the cut (mean + SD). A significant change in redox state is marked by an asterisk. n = 10 filaments (1,143 spectra, Shapiro-Wilk
test P value: 0.117, t-test P value: 0.000517) and n = 5 control filaments (852 spectra, Shapiro-Wilk test P value: 0.84, t-test P value: 0.879).

In setup B, glass slabs were glued onto a microscope slide, creating a trench
in the middle, which was filled with the cable-bacteria—enriched sediment
and covered with a coverslip. As in setup A, cable bacteria reached out of the
sediment toward the oxic zone near the edge of the microscope slide.

Oxygen and Hydrogen Sulfide Microsensor Measurements. Microelectrodes for
0O, and H,S were inserted between the microscope slide and the coverslip of slide
setup B. O, and H,S concentration were recorded from the edge of the coverslip
until 2 mm into the suboxic zone, or all the way into the sediment, respectively.

Resonance Raman Microscopy. Raman spectra were recorded on confocal
Raman microscopes (Horiba and Renishaw) along individual filaments of
cable bacteria starting from the sediment and moving toward the air inlet. At
each longitudinal position, 2-3 line scans with 10-20 measuring points each
were performed across the filament. The vq5 (at 750 cm™") and the vy vi-
brational modes (at 1,637 cm™") were used as measure of cytochrome redox
state, and data reported for each filament position are means of the quality-
filtered and normalized band intensities (see Data Analysis in SI Methods).
Statistical analyses are described in S/ Methods.

Manipulation Experiments. Two manipulation experiments were performed
where electron transport was inhibited and the change in cytochrome redox
state was recorded by Raman microscopy. First, oxygen was removed from the
oxic end of slide setup A by either filling the air inlet with nitrogen-flushed,
oxygen-free water or by flushing it directly with a gentle flow of nitrogen gas.
Raman spectra were recorded at approximately 500 pm from the sediment
and at the midpoint between the sediment and the start of the oxic zone
every 1-3 min over a period of 15-30 min before and after the manipulation.
The first 5 min after removing oxygen were excluded to account for the time
it took to fully deplete oxygen at the end of the cable bacteria. Oxygen was
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reintroduced by stopping the flow of nitrogen gas, and the response in
cytochrome redox state was immediately recorded at midpoint only. Second,
a laser microdissection microscope (Leica) was used to make two cuts
10 pm apart in the cable bacteria filament, approximately 1,000 pm from
the sediment. Raman spectra were recorded at approximately 500 pm
from the sediment, directly before and about 5 min after the cut. In both
experiments, the band intensity at 750 cm™" before the manipulation was
normalized to 1, and any response to the manipulation is given as fold
change relative to that value. Cable-bacteria filaments, which were only
connected to the sediment but did not reach the oxic zone, were used
as controls.
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