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Metal-reducing bacteria direct electrons to their outer surfaces,
where insoluble metal oxides or electrodes act as terminal electron
acceptors, generating electrical current from anaerobic respiration.
Geobacter sulfurreducens is a commonly enriched electricityproducing organism, forming thick conductive biofilms that magnify
total activity by supporting respiration of cells not in direct contact
with electrodes. Hypotheses explaining why these biofilms fail to
produce higher current densities suggest inhibition by formation of
pH, nutrient, or redox potential gradients; but these explanations
are often contradictory, and a lack of direct measurements of cellular growth within biofilms prevents discrimination between these
models. To address this fundamental question, we measured the
anabolic activity of G. sulfurreducens biofilms using stable isotope
probing coupled to nanoscale secondary ion mass spectrometry
(nanoSIMS). Our results demonstrate that the most active cells are
at the anode surface, and that this activity decreases with distance,
reaching a minimum 10 μm from the electrode. Cells nearest the
electrode continue to grow at their maximum rate in weeks-old
biofilms 80-μm-thick, indicating nutrient or buffer diffusion into the
biofilm is not rate-limiting. This pattern, where highest activity occurs at the electrode and declines with each cell layer, is present in
thin biofilms (<5 μm) and fully grown biofilms (>20 μm), and at
different anode redox potentials. These results suggest a growth
penalty is associated with respiring insoluble electron acceptors at
micron distances, which has important implications for improving
microbial electrochemical devices as well as our understanding of
syntrophic associations harnessing the phenomenon of microbial
conductivity.
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limiting, cell metabolism should be most rapid near the electrode.
If diffusion is limiting, most cell activity is hypothesized to occur
near the top.
Geobacter sulfurreducens is a model organism used to study
extracellular electron transfer and biofilm conductivity (16–21),
as it can be grown using solid anodes or insoluble metal oxides, or
in syntrophic granules with other bacteria as terminal electron
acceptors (22). Under optimal conditions with a suitably poised
electrode, G. sulfurreducens will form conductive biofilms over 20
cell layers thick within 3 d and produce current densities on the
order of 1 mA∙cm−2 (23–26). A universal observation during G.
sulfurreducens electrode experiments is that in the early stages of
colonization, each new layer of cells results in a nearly proportional
increase in total electrical current, suggesting that the first few
layers have sufficient access to both medium nutrients and electron
disposal pathways. As biofilm thickness exceeds about 10 μm,
however, the addition of new biomass fails to proportionally increase total current (27, 28). Despite its importance in engineering
better water treatment technologies and improving anaerobic digestion, the location of the active cell population, and the fundamental limitation controlling electrical current production in these
communities, remains unknown.
The most common method used to detect stratification within
electrode biofilms is cell viability staining in conjunction with
Significance
Electricity-producing bacteria are potential power sources,
fermentation platforms, and desalination systems, if current
densities could be increased. These organisms form conductive
biofilms on electrodes, allowing new cell layers to contribute to
current production until a limit is reached, but the biological
underpinning of this limit is not well-understood. We investigated the limitation behind this phenomenon using stable
isotope probing and nanoscale secondary ion mass spectrometry, showing active cells are restricted to layers closest to the
electrode. This metabolic observation fundamentally changes
our understanding of electron flow and cell growth within
current-producing biofilms and provides constraints on the
physical structure of natural communities reliant on this process for growth. We predict improvements in biofilm conductivity will yield higher current-producing systems.
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icrobial communities in nature exist predominantly as
biofilms (1, 2). These dense cell aggregates coat mineral
surfaces and multicellular organisms in aquatic environments,
sediments, soils, and the subsurface, controlling the majority of
metal, sulfur, nitrogen, and carbon cycling (3–6). Due to their high
cell densities, diffusion of buffering agents and respiratory substrates to inner layers is limited (1, 7–11). Stratification of biofilms
into phenotypically (12) and metabolically (13) separate regions is
well-documented, creating structured microhabitats that alter respiration of organic matter (5), biodegradation of substrates (14),
and inhibition by antibiotics (2).
Biofilms composed of metal-reducing bacteria represent a
special case, as a subset of these organisms create between-cell
conductive pathways directing electrons to acceptors many microns away. Electrodes colonized by such bacteria can oxidize
organic wastes or power remote devices in a host of new electrochemical technologies, but the fundamental limits to conductive electrode biofilm metabolic activity are not understood (15).
Unlike biofilms growing on a surface, where cells near the medium
interface have optimal access to nutrients, a conductive community faces a paradox; cell layers close to an electrode have best
access to the electron acceptor, but those farther from the electrode have best access to soluble electron donors and buffering
agents diffusing in from the medium (16). If conductivity is rate-
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utilizing different metabolic machinery, allowing uniform growth
throughout analogous to metabolic differentiation reported in
Shewanella biofilms (52). This leaves open the fundamental
mystery of what restricts cell growth in conductive microbial
communities that depend on extracellular electron transfer.
To conclusively identify regions of growth within electrodereducing biofilms and test the hypothesis that metabolic stratification occurs, we directly imaged G. sulfurreducens anabolic activity in biofilms at subcellular resolution by coupling stable isotope
probing with nanoscale secondary ion mass spectrometry (nanoSIMS). Biofilms were grown on polished graphite electrodes at 2
different redox potentials under conditions optimized to reproducibly capture cells during exponential current increase at a very
early stage (∼5-μm thickness), after the onset of current plateau
(∼20-μm), and after 2 wk of continuous biofilm accumulation
(∼80-μm) (25, 53). These experimental conditions are highly reproducible and have been shown to produce biofilms expressing all
of the conductive components common to G. sulfurreducens biofilms reported in the literature (54, 55). At these various points in
biofilm development, standard growth medium was substituted for
stable isotope-enriched medium containing 15N-enriched ammonium as the N source, 13C-enriched acetate as the C source and
electron donor, and 2H-enriched water serving as a passive tracer
of anabolism (56). 15N, 13C, and 2H incorporation was visualized at
∼100-nm spatial resolution, allowing for assignment of activity at
the scale of single cells within biofilms at various stages of development. In all cases and redox potentials, the highest anabolic
activity occurred at the electrode surface, with a near-linear decrease in activity with distance from the electrode. This distancedependent decline was also evident in biofilms only a few cells thick,
as well as in 2-wk-old biofilms, suggesting that electron transfer over
distance, rather than diffusion of nutrients from the medium, is the
primary cause of current limitations in these environments.
Results
Metabolic Activity Decreases from the Electrode Surface toward the
Outer Edge of the Biofilm. To analyze anabolic activity within

current-producing biofilms, G. sulfurreducens was grown with
graphite electrodes poised at +240 mV vs. standard hydrogen
electrode (SHE) as the sole terminal electron acceptor. Prior work
has shown that after an initial exponential phase where both cells
and current increase at a similar rate, biomass on the electrode
continues to increase but current does not, suggesting that only a
subset of the biofilm is actively growing (25). We first labeled cells
during this characteristic “plateau” phase, when the exponential
phase of current production had ceased; 83 h into the experiment,
the growth medium was replaced by growth medium containing
15
N-enriched ammonium, 13C-enriched acetate, and 2H-enriched
water. Current production by biofilms after addition of isotopically
labeled medium paralleled those exposed to a regular medium
control (Fig. 1A).
After an incubation period corresponding to the known doubling time of G. sulfurreducens (6.2 ± 0.7 h, n = 7), biofilms were
fixed, stained, and embedded in resin for imaging by electron
microscopy (Fig. 1B) and nanoSIMS analysis (Figs. 2 and 3).
Biofilms not exposed to isotopes were incubated in isotopically
labeled substrates after fixation as a control for nonspecific
binding and abiotic incorporation.
Electron microscopy showed biofilms 15- to 20-μm-thick, with
cells in the inner layers oriented perpendicular to the electrode
surface (Fig. 1B; 89 h of growth). Beyond ∼10 μm, cells lost this
orientation and appeared less tightly packed. These ultrastructural
features were similar to those previously demonstrated for G.
sulfurreducens grown on electrodes (24, 26). Thin sections of resinembedded biofilms were deposited on silicon wafers and analyzed
for 13C/12C, 15N/14N, and 2H/1H stable isotope incorporation.
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confocal microscopy. These methods, based on dyes that bind
DNA in cells with intact or compromised membranes, yield
conflicting results. Many studies report dead-staining cells near
the anode surface, and live-staining cells at the interface with
growth medium (23, 28, 29). However, others find the opposite, with live-staining cells at the anode and dead-staining cells
distant from the electrode (30, 31), or observe live-staining
cells throughout (32–34). A limitation of the stain-based approach is that positively charged propidium meant to indicate
“dead” cells will accumulate inside live respiring cells in response to high membrane potential (35) and DNA-based dyes
bind to extracellular nucleic acids often present in biofilms,
confounding attempts to resolve the central question of where
metabolic activity is occurring.
Long-range electron transfer from cells to electrodes requires
active metabolism coupled to a complex conductive matrix composed of pili (32), multiheme c-type cytochromes (24, 26, 36), and
polysaccharides (37), and studies have attempted to detect metabolic stratification by measuring expression of key genes within
biofilms. Through physical separation of inner (0 to 20 μm) from
outer (20 to 40 μm) biofilm layers followed by microarray analysis
(38), a modest down-regulation in genes associated with metabolic
activity was detected in outer biofilm layers. In contrast, fluorescent proteins driven by promoters for cytochromes, pili, or TCA
cycle genes did not reveal significant differentiation between inner
and outer layers in G. sulfurreducens electrode biofilms imaged by
confocal microscopy (34).
While imaging and transcriptional methods have produced
conflicting results, approaches focused on c-type cytochrome oxidation state or redox potential within G. sulfurreducens biofilms
consistently reveal gradients that suggest increased activity near
the electrode. Multiheme c-type cytochromes have characteristic
UV/vis and Raman spectroscopic signatures when in oxidized vs.
reduced states, enabling measurement of cytochrome oxidation
state using either visual light (39, 40) or confocal Raman microscopy (41–43). These spectral studies demonstrate that G.
sulfurreducens catabolic activity results in reduction of cytochromes, and reveal a higher ratio of reduced cytochromes in
layers farther from the anode surface. Measurements using microelectrodes mirror Raman-based cytochrome profiles, showing
that redox potential also becomes lower with distance from the
anode surface (44). While not direct assessments of cellular activity per se, reduced cytochromes and lower redox potential
should limit metabolic activity of cells farther from the electrode.
The opposite conclusion is proposed based on modeling of pH
gradients within current-producing biofilms. Substrate oxidation
coupled to electron removal at the electrode produces protons that
must diffuse out of the biofilm, and many models predict pH levels
should become inhibitory close to the electrode surface. Measurements with pH-sensitive dyes (45) or microelectrodes (44) have
confirmed pH can decrease slightly from the outer surface of a
thick (>50-μm) biofilm to an anode surface, where it could become
inhibitory. While most models suggest diffusion of electron donors
should be adequate in all regions of the biofilm (46), measurements of acetate concentrations within a very thick (>100-μm) G.
sulfurreducens biofilm using NMR (47) detected a gradual decrease
in acetate concentration from the bulk solution to the base of the
biofilm, further indicating a diffusional limitation could occur near
the electrode.
Sophisticated biofilm models and indirect measurements
continue to predict these contradictory hypotheses, ranging from
the idea of active biomass near the anode surface becoming
limited by conductivity as cells grow farther out (48), vs. a nearly
opposite configuration where pH- or nutrient-dependent effects
limit growth near the anode (46). The recent discovery of multiple redox potential-specific electron transfer pathways in G.
sulfurreducens (49–51) raises a third possibility, that microhabitats within the biofilm support different populations of cells
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Fig. 1. G. sulfurreducens biofilm structure is fully developed as the current
density plateau is reached. Current density generation (A) and transmission
electron microscopy image (B) of G. sulfurreducens biofilms. Cells were inoculated at time 0 on anodes poised at +240 mV. After 83 h of growth (arrow),
normal growth medium was exchanged with stable isotope-labeled medium
or unlabeled medium as a control.

In all nanoSIMS analyses, the greatest cellular activity (isotope
enrichment) was near the electrode surface, and activity approached
zero at a distance >10 μm from the electrode. The 14N12C− ion
image was best for visualizing G. sulfurreducens biomass because
of the lack of nitrogen in the embedding resin (Fig. 2A). The heavy
nitrogen ion 15N12C−, as well as the 15N fractional abundance (15F)
images, demonstrate high anabolic activity where cells are adjacent
to the anode (Fig. 2 B and C). This maximum cellular activity at the
anode interface decreased with distance to a minimum at 10 μm,
followed by a second small peak in cellular anabolic activity close to
15 μm from the electrode. The activity associated with this second
peak was more heterogeneous than what was documented near the
electrode surface, but was a consistently observed feature under
these incubation conditions.
The 15N fractional abundance for all nanoSIMS acquisitions of
3 biological replicates grown at +240 mV is shown in Fig. 2D.
The features of these isotope enrichment curves within the ∼20-μm
biofilm were reproducible, including an early peak in activity at
the anode surface, a linear decrease with distance to a minimum
isotope enrichment value, and the occurrence of a secondary small
peak between this minimum and the outer surface of the biofilm.
The fractional abundances of 15N, 13C, and 2H depicted in Fig.
3 A–C all showed clear enrichment at the biofilm–anode interface, with 15N, 13C, and 2H incorporation decreasing with
distance from the anode surface (Fig. 3). Although these independent isotope tracers will be incorporated in different proportions into the major classes of biomolecules (i.e., lipids,
proteins, etc.), the general activity pattern remained the same for
13
C, 2H, and 15N enrichment. Here we present data from the 15N
enrichment as this yielded the highest signal-to-noise ratio, with
little to no exogenous nitrogen in the resin to dilute the signal
from the stable isotope probing experiment (57).
With a fractional abundance of 15N added to growth media at
0.06, a G. sulfurreducens cell (15F = 0.0036) doubling in 6 h would
reach an 15N fractional abundance value of ∼0.03 in our experiments, assuming all N came from the added NH4+. Consistent
with this prediction, peak values of fractional abundance were as
high as 0.025 at the anode surface at the end of the 6-h incubation,
allowing us to infer that cells closest to the electrode were doubling at nearly their maximum reported rate during the stable
isotope probing experiment, even though they were positioned at
the base of the biofilm farthest from the growth medium.
Exponentially Growing Biofilms a Few Cell Layers Thick Already
Display Anabolic Activity Gradients. Early in growth experiments,

when current and biomass are increasing exponentially and biofilms are only ∼5-μm-thick, all cells are hypothesized to be doubling at maximal rates. Samples from this growth phase were
analyzed to determine anabolic activity and test if such biofilms
20718 | www.pnas.org/cgi/doi/10.1073/pnas.1912498116

showed evidence of metabolic stratification. The thickness of
biofilms harvested during this early phase (Fig. 4A) ranged between
2 and 4 μm (Fig. 4 B and C; 35 h of growth), and all exhibited a
similar magnitude and trend of isotope incorporation (Fig. 4D).
The peak enrichment value, reflecting the maximal growth rate
of cells in thin biofilms, was indistinguishable from thicker biofilms. Importantly, the region of fastest growth occurred at the
same location in thin biofilms as in older biofilms. This indicated
that cells in the upper layers of thick biofilms did not inhibit
growth of their brethren at the anode surface, such as by consuming acetate before it diffused to the inner layers, or by acidification. Surprisingly, in these thin biofilms, a decline in metabolic
activity was still detected with increasing distance, following the
same trend as seen in thicker biofilms. Based on these observations, distance from the anode is a key variable slowing cell growth
even at short distances, compared with the presence of additional
bacteria or thickness of the biofilm. Additional nanoSIMS images
of 15N incorporation and plots for exponential and plateau phase
can be found in SI Appendix, Fig. S1.
Lowering Redox Potential of the Anode Increases the Gradient in
Anabolic Activity. Lowering the redox potential of an anode

makes electron transfer by G. sulfurreducens less favorable. Under
these conditions, the slower metabolic rate of cells could reduce
demands on the conductive network or slow consumption of nutrients relative to diffusion into the biofilm, extending the zone where
growth is possible. Conversely, if redox potential simply decreases
with distance from the anode without a concomitant change in
metabolic rate, starting at a lower potential would shrink the region
where growth is possible. To directly test how cellular activity patterns were affected by anode potential, we analyzed the isotope
incorporation patterns of G. sulfurreducens biofilms grown at −100
mV vs. SHE compared with those grown under the more optimal
+240 mV. Four separate biofilms were grown at this lower potential,
subjected to labeled media at various points during or after exponential current increase to create labeled biofilms ∼5- and ∼15-μmthick, and analyzed as before with isotope incorporation data binned
every half-micron from the surface of the anode (Fig. 5 A–E).
The major similarity between these biofilms and those grown at
+240 mV was the dominant trend of metabolic activity decreasing
with distance from the anode surface. However, the decline in
activity occurred much more rapidly when the anode potential was
lower (−100 mV), with no initial peak in activity. Additionally, the
second peak of activity beyond 10 μm was absent, yielding a much
simpler pattern which decreased rapidly with distance from the
anode. Overall, the use of a lower redox potential reduced the
distance from the electrode where activity was detected.
Increased Driving Force at the Electrode Surface Does Not
Immediately Change Anabolic Activity Patterns. The difference

between biofilms grown at −100 mV vs. +240 mV indicated a
strong impact of anode potential on metabolic stratification in
biofilms. As many microbial electrochemical systems cycle or shift
the anode potential during experiments or treatments, we investigated the ability of these biofilms to respond to a sudden transition in potential. Biofilms were grown at −100 mV until current
plateau stage, isotopically labeled growth medium was added as
before, and then the electrode potential was changed to the more
favorable +240 mV. The resulting 15N fractional abundance plots
resembled those grown and labeled at −100 mV, including a steep
decrease in isotope incorporation with distance and lack of significant peaks in distant regions of the biofilm (Fig. 5F). This indicated that over the short term, the more favorable potential
could not be transmitted farther from the anode, or the conductive
network in these biofilms could not be remodeled within 6 h, to
allow the increased driving force at the base of the biofilm to be
used by cells more distant from the electrode as observed in
biofilms initiated at +240 mV (Fig. 2).
Chadwick et al.
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Fig. 2.
N incorporation reveals anabolic activity patterns within G. sulfurreducens biofilms. Representative nanoSIMS analysis of G. sulfurreducens biofilms. (A)
14 12 −
N C ion image demonstrating biofilm morphology and spatial resolution. The graphite anode is located below the biofilm and the vertical black zone is a
crack in the resin. (B and C) Heavy-nitrogen isotope image 15N12C− (B) and 15N fractional abundance image (C) reveal an enrichment at the anode surface. Graded
scales (Right) serve as legends of abundance (A and B) or fractional abundance (C) measured throughout the biofilm. In C, only pixels corresponding to the biofilm
are displayed (Materials and Methods), and a 1-pixel-radius Gaussian blur is applied for image clarity. (D) Anabolic activity patterns in replicate G. sulfurreducens
biofilms (n = 3). Colored lines represent the average 15N fractional abundance of different locations within a single biofilm. Transparent envelopes surrounding
lines represent the SD of fractional abundance at each distance calculated based on multiple acquisitions of each biofilm (the numbers of acquisitions per biological replicate are shown in parentheses in the legend). Black lines represent controls that were chemically fixed before incubating with isotopically labeled
media, indicating live cells are required for isotope incorporation.

Extended Biofilm Operation Does Not Change the Location of
Metabolically Active Cells. These results indicate that as biofilms

at both high and low redox potentials add additional biomass, cells
in the outer layers of the biofilm are at a disadvantage compared
with their counterparts at the biofilm–anode interface. After the
biofilm reaches a characteristic thickness, additional layers cannot
contribute, producing the signature of a constant current plateau.
Microbial electrochemical applications often maintain biofilms for
weeks in this constant-current mode (23, 28, 29, 31), while the data
presented thus far are derived from much younger biofilms. One
hypothesis that could explain earlier reports of the majority of live
cells located at the top of biofilms is that during longer experiments with thicker biofilms, the activity pattern changes. To test
Chadwick et al.

this possibility, 4 replicate G. sulfurreducens biofilms were grown
for at least 2 wk with normal growth medium on electrodes poised
at +240 mV vs. SHE. Unlabeled medium was exchanged as
needed to keep nutrient levels in excess and prevent starvation,
maintaining current production above 500 μA∙cm−2 for this entire
period. After this extended operation, biofilms were supplied with
isotopically labeled medium for 6 h and prepared as before.
Electron microscopy revealed much larger biofilms, often over
80 μm in thickness. However, unlike the younger biofilms, cells in
top layers of the long-term biofilm showed evidence of lysis or
consumption of cellular material, with low cellular electron density
documented in all 4 replicates (Fig. 6A and SI Appendix, Fig. S2).
The frequency of intact cells increased with depth into the biofilm
PNAS | October 8, 2019 | vol. 116 | no. 41 | 20719
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Fig. 3. 13C and 2H incorporation follow the same pattern as 15N. (A–C) Fractional abundance of 15N (A), 13C (B), and 2H (C) binned every half-micron from the
anode surface (red lines). Graded scales (Right) serve as legends of fractional abundance measured throughout the biofilm. (D–F) Half-micron binned fractional
abundance as a function of distance from the electrode for 15N, 13C, and 2H, respectively, from representative samples.

and, at the anode–biofilm interface, the majority of cells appeared
intact, as determined by cell morphology and electron density in
the cytoplasm. These patterns were consistent with the measurements of Schrott et al. (31), who found the DNA content of
Geobacter biofilms increased steadily as biofilms were grown for
similar periods of time, but the RNA:DNA ratio dropped sharply,
consistent with degradation of anabolic capacity.
Representative nanoSIMS isotope ratio images collected from
various positions in the biofilm demonstrated that cells located
near the anode were the only bacterial cells showing metabolic
activity. Despite the large amount of cell mass in the upper
portion of the biofilm, the peak activity level near the electrode
was similar to those measured for 5- and 15-μm-thick biofilms
(Fig. 6B). Cells in outer layers, far from the anode, showed very
little evidence of anabolic activity, with only occasional weak
cellular enrichment signals. Consistent with our interpretation
of cell lysis in upper layers, cells with higher electron density
also contained substantially higher 14N12C counts relative to
the top of the biofilm, reflecting high cellular concentrations of
nitrogen-containing biomolecules in cells adjacent to the electrode (Fig. 6A and SI Appendix, Fig. S2). These results indicated that for consistently poised and maintained electrode
biofilms, active growth continued near the electrode surface,
pushing older cells out to the biofilm–medium interface, with
surprisingly no apparent inhibition or contribution from nearly
80 μm of cells above the active layer.
Are Cellular Activity Profiles Due to Cell Growth Only at the Electrode
Surface? Our isotope labeling experiments were conducted within

an estimated doubling of G. sulfurreducens to minimize the potential for altering cellular activity–distance profiles due to active
cell division; however, it is possible that cells at the anode surface
are dividing faster than the 6-h labeling. To verify that the observed activity patterns in our experiments represent snapshots of
20720 | www.pnas.org/cgi/doi/10.1073/pnas.1912498116

cellular activity within communities that are spatially stable during
the labeling period, we performed incubations in which biofilms
were labeled for approximately 2 h with 3 times the level of isotope enrichment added to the medium. In this experiment,
nanoSIMS analysis of a biofilm with similar final current densities
as those presented in Figs. 2 and 3 produced a similar activity
profile after only a 2-h isotope pulse (∼1/3 of a doubling), demonstrating that the observed pattern of isotope enrichment was not
simply due to physical displacement of Geobacter cells from the
electrode surface during biofilm growth but rather is an activity
profile that represents cells having lower anabolic activity as distance from the electrode increases (SI Appendix, Fig. S3).
Can Geobacter Respire in the Absence of Anabolic Activity? The incorporation of isotopically labeled substrates requires synthesis
of new cellular material from N, C, or H, and it is important to
consider that some cells could actively respire and contribute
to current production but not actively divide. Fast-growing heterotrophs like Streptococcus and Escherichia coli have welldocumented abilities to uncouple catabolic from anabolic metabolism (58), but this is less well documented in bacteria during
extracellular respiration. To examine the capacity of G. sulfurreducens
to produce current in the absence of anabolic activity, we treated
plateau-stage biofilms with tetracycline, an inhibitor of protein
synthesis. In the presence of excess acetate and other nutrients,
current production by tetracycline-treated biofilms decreased 95%.
When medium was replaced to wash tetracycline from the biofilms,
respiration recovered to near-original levels. These experiments
suggested that current production and anabolic activity were tightly
coupled in these biofilms (SI Appendix, Fig. S4).

Discussion
The results presented here demonstrate that G. sulfurreducens
biofilms experience a growth penalty with increasing distance from
Chadwick et al.
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average 15N fractional abundance for analyses of different locations within a single biofilm (the numbers of acquisitions per biological replicate are shown in
parentheses in the legend). Transparent envelopes surrounding lines represent the SD of fractional abundance at each distance. Black lines represent controls that
were chemically fixed before incubating with isotopically labeled medium. For comparison, data from D–F are overlaid on data in gray from Fig. 2D.
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Fig. 4. Decrease in anabolic activity with distance from the electrode is already present in thin biofilms. (A–C) Current density (A) and transmission electron
microscopy images (B and C) of representative G. sulfurreducens biofilms harvested during exponential phase. Graphite electrodes poised at +240 mV vs. SHE
served as the terminal electron acceptor, and normal growth media were exchanged with stable isotope-labeled media after 35 h of growth (arrow in A). (D)
Anabolic activity patterns in duplicate G. sulfurreducens biofilms. Red and purple lines represent the average 15N fractional abundance at different locations within
a single biofilm (the numbers of acquisitions per biological replicate are shown in parentheses in the legend). Transparent envelopes surrounding lines represent
the SD of fractional abundance at each distance. Black lines represent controls that were chemically fixed before incubating with isotopically labeled media. For
comparison, data from A and D are overlaid on data in gray from Figs. 1A and 2D, respectively, to show the similar maximum and decrease with distance features.
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Fig. 6. Anabolic activity pattern of G. sulfurreducens biofilms does not change after growth is maintained for 2 wk. (A) Electron microscopy and nanoSIMS
analysis of a representative 2-wk-old biofilm. Scanning electron microscopy image showing a 2-wk-old biofilm grown at +240 mV, demonstrating the thickness of
the biofilm and regions of cell lysis in the upper layers. Representative nanoSIMS images were taken in regions 1 to 4. (B) The 14N12C− ion image is shown along
with the 15N fractional abundance for each region next to their enlarged SEM image. (C) Anabolic activity patterns in 2-wk-old G. sulfurreducens biofilms. Dark
blue, light blue, light green, and dark green represent the 15N fractional abundance for analyses of regions 1, 2, 3, and 4, respectively. Data are representative of 3
biological replicates. Acquisition regions are 30-μm-square and serve as scale bars.

biofilms are not a monolithic and homogeneous entity but varied
and heterogeneous, with metabolically stratified regions. This
heterogeneity has implications for transcriptional, proteomic,
and metagenomic studies that treat entire biofilms as a single
community.
The transition from an exponential increase in current to a
plateau phase correlates with our findings of 2 major physiological
regions within the biofilm. First, our results show that at distances
of ∼10 μm from the anode, anabolic activity is reduced to a
minimum, regardless of the potential at which the electrode is
poised. Second, the regular orientation of the cells perpendicular
to the anode surface breaks down at approximately this same
point. Biofilms grown at high potential do continue to increase
total current at a slow but steady rate (Fig. 1A), and exhibit a
previously unrecognized secondary zone of modest anabolic activity in outermost layers (Fig. 2D), while low-potential biofilms do
not exhibit any further current increase within this secondary zone
(Fig. 5 A–D).
Our nanoSIMS activity data agree with redox potential and
cytochrome oxidation state measurements, and studies finding
significant differences between the inner ∼10 μm of these biofilms vs. outer layers (26, 33, 38). Specifically, previous results
using viability or respiratory stains suggested that while cells are
alive throughout the biofilm, outer layers had different metabolic rates based on transcriptional profiles (38) or changes in
protein abundance (24, 26). These previous results are consistent with the anabolic gradient presented in Fig. 2, producing a
quantitative measure of what were previously qualitative observations. Cells appear to only experience the set potential
20722 | www.pnas.org/cgi/doi/10.1073/pnas.1912498116

near the anode surface, while cells located farther from electrodes experience an increasingly reduced pool of extracellular
cytochromes to act as their electron acceptor (40–45, 59), which
ultimately makes electron transfer unfavorable to support
growth. The low redox potential in these outer layers still appears to allow some acetate oxidation to proceed, based on the
slow increase in current that occurs over subsequent days to
weeks. We hypothesize that the second zone of anabolic activity
in this region >10 μm from the electrode represents a shift
to a low potential-specific mode of growth, enabled by recently
discovered systems such as the quinol oxidase CbcL that
operates around potentials of −100 mV (50). The fact that
electrode surfaces poised at potentials near −100 mV fail to
develop a distant zone of growth supports this model, as potential should more rapidly decrease to an unfavorable value in
these biofilms. Alternatively, this second increase in anabolic
activity could represent a switch to reliance on long-range
electron transfer pathways such as those previously proposed
to be dependent on the presence of cytochrome polymers (36)
and/or pili (32, 33).
These data represent a direct quantitative measurement of
G. sulfurreducens anabolic activity at high spatial resolution
within conductive biofilms. Our results highlight the uniqueness
of current-producing biofilms, which stratify in a different
pattern from canonical biofilm models, with the most anabolically
active cells in bottom layers where dead or persister cells are
typically found (1, 2). The combined effect of factors that
could limit cellular metabolism within electroactive biofilms
favors growth at the biofilm–anode interface. Localization of
Chadwick et al.

Materials and Methods
Geobacter Growth. All experiments were performed using our laboratory
strain of G. sulfurreducens PCA, with each experiment using freshly streaked
single colonies from freezer stocks. Anaerobic NB medium (0.38 g/L KCl,
0.2 g/L NH4Cl, 0.069 g/L NaH2PO4H2O, 0.04 g/L CaCl22H2O, 0.2 g/L MgSO47H2O,
1% [vol/vol] trace mineral mix, pH 6.8, buffered with 2 g/L NaHCO3 and
flushed with oxygen-free 80:20 N2:CO2 gas mix) with 20 mM acetate as
electron donor and 40 mM fumarate as electron acceptor was used to grow
liquid cultures from colony picks; 3-cm2 graphite electrodes were polished
using 1500-grade sand paper (Gator Finishing Products) followed by a 0.05-μm
alumina slurry (Buehler), and cleaned via sonication to serve as working
electrodes. Sterile 3-electrode conical reactors containing 15 mL acceptorfree medium with 40 mM acetate as the electron donor and 50 mM NaCl to
equilibrate salt concentrations were flushed with a mix of N2:CO2 gas (80:20,
vol/vol) until the O2 concentration reached less than 2 ppm. Cultures were
prepared by inoculating multiple 1-mL liquid cultures from different single
colonies inside an anaerobic chamber. Once these cultures reached late exponential phase, they were used to inoculate separate 10-mL cultures with
10% (vol/vol). Each reactor was then inoculated with 25% (vol/vol) from this
liquid culture as it approached acceptor limitation (as it reached an OD600 of
0.48). Working electrodes were set at either −100 or +240 mV vs. standard
hydrogen electrode and average current density was recorded every 12 s. All
experiments were carried out at 30 °C.
Stable Isotope Probe Medium. Heavy isotope-labeled medium was identical in
chemical composition to normal growth medium, with an increase in the final
heavy isotope of 15N to 6 atom% in ammonium, 13C to 6 atom% in both
acetate carbons, and 2H to 2 atom% in water. Enriched isotopic chemicals
were purchased from Cambridge Isotope (15NH4Cl [NLM-467]) and Sigma
(D2O [151882]; 13CH313CO2Na [282014]). Increased strength-labeled media
for short-term incubations were made using 3× the heavy-isotope percentage with identical concentrations of chemical species.
Stable Isotope Probing. Once the desired biofilm growth stage had been
reached, the potentiostat was paused, and medium was carefully exchanged for 15 mL labeled medium. For negative control samples, regular
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electrode growth medium was used instead of stable isotope-enriched
medium. Biofilms were then incubated for 6 h with working electrodes
poised at the same potential as during growth, or changed from −100 to
+240 mV (Fig. 5F).
Fixation and Embedding. After stable isotope incubation, graphite electrodes were harvested from each reactor, rinsed by placing in fresh medium
once to remove planktonic cells, fixed at room temperature for 1 h (2%
glutaraldehyde, 50 mM Hepes, pH 6.8), and stored at 4 °C in fixing solution.
Negative controls to test for nonspecific isotope binding were rinsed and
incubated for 6 h in stable isotope-enriched media before storing in fixative. Samples (still attached to graphite) were rinsed twice (50 mM Hepes,
pH 7) before negative staining in 1% OsO4, 50 mM Hepes (pH 7) for 2 h.
After rinsing again, samples were incubated for 1 h in 1% uranyl-acetate
and rinsed. Samples were then dehydrated with sequential 10-min incubations in 25, 50, 75, and 100% EtOH. A 50/50 (vol/vol) LR White resin
(Sigma-Aldrich; uncatalyzed) and EtOH solution were used to incubate
samples at room temperature overnight. Samples were then placed in
2-mL microcentrifuge tubes containing enough LR White solution (catalyzed
with benzoyl peroxide) to cover ∼0.5 cm above the graphite flag (∼1.5 mL)
and incubated at 60 °C overnight.
Sample Preparation for NanoSIMS. Resin-embedded biofilm-covered electrodes were cut perpendicular to the largest face of the electrode with a
jeweler’s saw, and a smooth face was prepared using a microtome and glass
knife. Thin sections between 200 and 500 nm were cut for nanoSIMS analysis
with a diamond knife. Floated sections were collected on glow-discharged
7- × 7-mm silicon wafers (Active Business). Sections on silicon wafers were
coated with 40-nm gold using a Cressington sputter coater.
Electron Microscopy. A subset of biofilm sections were imaged with transmission and scanning electron microscopy (TEM and SEM). For TEM, 100-nm
sections were cut using a diamond knife, collected on copper TEM grids, and
imaged on an FEI Tecnai (T12) operated at 120 keV. Sections collected on
silicon wafers (described above) were imaged on a Merlin Compact scanning
electron microscope (Zeiss).
NanoSIMS Data Acquisition. Isotope enrichment data were collected on a
CAMECA nanoSIMS 50L housed in the Center for Microanalysis at the California Institute of Technology. Gold-coated samples were presputtered with
a 90-pA primary Cs+ ion beam with aperture diaphragm D1 = 1 until the
14 12 −
N C ion counts stabilized. Data were collected using a 0.5-pA beam with
D1 = 3 and entrance slit (ES) = 2. Six masses were collected corresponding to
the 1H−, 2H−, 12C−, 13C−, 14N12C−, and 15N12C− ions, for the determination of
2 1
H/ H, 13C/12C, and 15N/14N ratios, respectively, using a tuning similar to that
described in Kopf et al. (57). Acquisitions were 10- to 40-μm-square raster
areas, with 128 × 128 to 512 × 512 pixels, and 1 to 4 planes were collected
per area. Dwell time settings resulted in acquisition times from 25 min to 2 h
per plane depending on the size of the rasters.
Data Processing. NanoSIMS.im data files were initially processed using the
Look@NanoSIMS Matlab GUI (62) to align planes and export raw data. All
subsequent data processing and analysis were done in Matlab. Regions
of acquisitions that contained Geobacter biofilm were outlined on the
14 12 −
N C mass image, where the surface of the electrode was traced by hand,
and each pixel of Geobacter biofilm was assigned a minimum distance to the
electrode surface by calculating the pairwise distance between each pixel in
the biofilm and the electrode surface. Biofilm pixels were assigned to bins of
0.5-μm increments from the anode surface, and the 15N12C− and 14N12C−
counts were pooled for each distance bin to calculate the fractional abundance of the heavy isotopes: 15F = 15N12C−/(15N12C− + 14N12C−). Pixels with
low 14N12C counts corresponding to the epoxy resin in-between cells were
omitted, as was the farthest-distance bin when it contained very few pixels.
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the most active cells at the electrode interface dispels the notion that pH or substrate limitation strongly inhibits growth of
cells in the inner layers of these biofilms, despite models predicting such an effect (44–47). In fact, in some cases, the
highest rates of growth occurred within pockets or pits inside
the graphite electrodes, where diffusion to cells was most severely restricted (i.e., SI Appendix, Fig. S1A). While these data
cannot resolve which components enable extracellular electron
transfer, our results constrain future models to ones that account for the major mode of biofilm growth occurring in layers
near the anode, that push biomass outward into increasingly
less favorable conditions.
These results support the widely held conclusion that G.
sulfurreducens biofilms are conductive at distances exceeding
10 μm, but reveal that “metabolism at a distance” comes with a
cost, which is eventually inhibitory to growth. While the exact
pattern of activity will vary between reactor designs, substrate
concentrations, and especially buffering capacity of the media,
the data presented here can be used to reconcile conflicting
models of electroactive biofilms. Follow-up studies using mutants lacking conductive appendages such as polymerized
OmcS cytochromes (36), or redox potential-specific oxidases
such as CbcL, could test new predictions regarding the molecular basis for growth within biofilms. With the growing
number of environmental Bacteria and Archaea shown to be
capable of direct extracellular electron transfer, either for microbial growth on metal oxide materials or to mediate syntrophic growth between microbes (e.g., refs. 22, 60, 61), enhancing
our mechanistic understanding of growth by current-producing
microorganisms is an important goal of environmental microbiology. Our findings place limitations on the extracellular
electron transfer process and help constrain the extent to which
it can support active cell growth in these increasingly important
microbial systems.
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