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Extracellular electron transfer through microbial
reduction of solid-phase humic substances

Eric E. Roden'*, Andreas Kappler?, Iris Bauer?, Jie Jiang?, Andrea Paul®, Reinhard Stoesser?,

Hiromi Konishi' and Huifang Xu'

The decay of soil and sedimentary organic matter yields organic
compounds with a high molecular weight, termed humic
substances’. Microorganisms can transfer electrons to dis-
solved humic substances?, and reduced humic substances
can rapidly reduce iron(il1) oxides®. Thus, dissolved humic
substances can serve as electron shuttles that promote iron(ii1)
oxide reduction in sediments®>*. However, most humic sub-
stances in soils and sediments are in particulate, rather than
dissolved, form’; the ability of microorganisms to reduce solid-
phase humics and their capacity to shuttle electrons is thus far
unknown. Here we show through incubation experiments and
electron spin resonance measurements that iron(ii)-oxide-
reducing bacteria can transfer electrons to solid-phase humic
substances in sediments sampled from wetlands. Although
the electron-accepting capacity of the solid-phase humics was
modest, solid-phase humics significantly accelerated iron(ii)
oxide reduction, by shuttling electrons from bacteria to oxide
surfaces. Microbial solid-phase humics reduction represents
a new mechanism for extracellular electron transfer that can
facilitate reduction of iron(111) oxide and other redox reactions
in sediments and soils.

Microbial reduction of solid-phase Fe and Mn oxides is an
important pathway for organic matter oxidation and other bio-
geochemical processes in sedimentary environments™®. A previ-
ous study documented changes in the relative abundance of ox-
idized and reduced solid-phase (0.1 M NaOH-extractable) humic
substances (abbreviated hereafter as HS,;q) with depth in lake
sediments’. These results provided the first evidence that HS,.q
are subject to reduction in sediments in a manner analogous to Fe
and Mn oxides. The depth distribution of HS,;4 redox speciation
was correlated with that of reactive (1 M HCl-extractable) Fe, as
well as the abundance of culturable humic-acid- and Fe(11)-oxide-
reducing bacteria. These results indicated a role for dissimilatory
Fe(111)-reducing bacteria (FeRB) in HSy4 reduction in the sedi-
ment. This idea is consistent with the ability of FeRB to reduce
dissolved humics?, the suggestion that HS,,j;q can react in aqueous
suspension as if their redox-active surface groups were present
in solution® and the finding that insoluble activated carbon can
serve as an electron acceptor and redox mediator for anaerobic
microorganisms’. Experiments are required, however, to explicitly
determine whether FeRB can reduce HSi4.

We evaluated the ability of two well-known FeRB, Geobacter
sulfurreducens and Shewanella putrefaciens, to transfer electrons
to HSyq in Fe-stripped sediments from a freshwater wetland
in the Talladega National Forest in Alabama, USA (see the
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Figure 1| Microbial and chemical reduction of Fe-stripped Talladega
Wetland surface sediment. a, Reduction by acetate/fumarate-grown

G. sulfurreducens strain PCA cells. b, Reduction by lactate/fumarate-grown
S. putrefaciens strain CN32 cells. ¢, Abiotic reduction by H,/Pd. Reducing
equivalents (given in e- equiv) in unfiltered and filtered samples refer to
sediment suspensions analysed by the shuttling assay (see Supplementary
Fig. S1) without and with filtration, respectively. HCI-Fe(I1) refers to
unfiltered samples analysed by 0.5 M HCl extraction followed by
determination of Fe(l1) with ferrozine. The dashed lines in a and b show
nonlinear least-squares regression fits to a first-order rate law (see legend
for Supplementary Fig. S7).
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Figure 2 | ESR spectra of reduced and non-reduced Fe-stripped Talladega Wetland surface sediment. a, H, /Pd-reduced (solid line) and non-reduced
(dashed line) sediment at pH 7. b, Reduced sediment at pH 3 (dashed line) and 11 (solid line). ¢, The clay mineral illite before (dashed line) and after
(solid line) exposure to Hy /Pd. The peak in the centre of the spectra represents an overlay of both organic radicals and paramagnetic centres originating
from inorganic compounds. In a and b, the two smaller peaks to the left and right of the organic radical peak are from a manganese calibration standard.

Methods section and Fig. la,b). Both organisms produced
solid-phase-reducing equivalents detected using an electron
shuttling assay (Supplementary Fig. S1) analogous to that used
in studies of dissolved humic substance reduction?. Only minor
electron equivalents were recovered in filtered samples, suggesting
direct electron transfer to solid-phase organics in the Talladega
Wetland sediment. There was no significant accumulation of
dilute HCl-extractable Fe(11), which indicated an absence of
Fe(ir) reduction activity in the Fe-stripped sediment'®. No
electron equivalents were produced in the absence of FeRB, or
in sediment-free cultures (Supplementary Fig. S2). The last result
proves that FeRB did not produce electron equivalents during the
about 1 min shuttling assay. Linkage between FeRB activity and
HS,,1iq reduction was demonstrated in 2-'*C-acetate experiments,
where accumulation of *CO, occurred only in the presence of
both Fe-stripped Talladega Wetland sediment and G. sulfurreducens
cells (Supplementary Fig. S3). There was only minor accumulation
of electron equivalents during exposure of Fe-stripped sediment
to fermentative metabolism by Escherichia coli (data not shown);
thus, the mere onset of low redox potential conditions was not
responsible for HS,yq reduction®. Exposure of the sediment to
H, in the presence of Pd catalyst, however, readily reduced HSiq
(Fig. 1¢), as observed previously for dissolved humic substances’.
Electron spin resonance (ESR) spectroscopy was used to evaluate
whether quinone moieties were involved in HS,,;q reduction in
a manner analogous to that demonstrated for dissolved humic
substances'"!?. The ESR signal in the range of the magnetic field
where organic radicals typically appear (g &~ 2) increased during
reduction by H,/Pd (Fig.2a), suggesting that electrons were
transferred to quinone moieties. However, paramagnetic centres
originating from phyllosilicates may also be observed in this spectral
region". Further ESR measurements were carried out on dry
sediments that had been adjusted at different pH values because
semiquinone-type radicals, in contrast to phyllosilicate centres,
exhibit pH dependence with an increase of signal intensity at higher
pH. Sediment adjusted to pH 11 showed a pronounced increase in
radical intensity compared with pH 3 sediments (Fig. 2b), indicat-
ing that quinone moieties were responsible for the observed signal
increase'>!*. In contrast, ESR measurements of purified clay min-
eral illite showed no changes in radical signals on exposure to H, /Pd
(Fig. 2¢); the organic radical signal was thus not directly influenced
by silicate phases in the sediment. Although these results are
consistent with the involvement of quinones in HS,;q reduction,
we cannot rule out contributions from other types of redox-active
site (for example, thiols, disulphides or nitrogen functional groups)
that would have been detected by the electron shuttling assay'.
Several other Fe-stripped sediments contained microbially and
chemically reducible HS;;q (Supplementary Fig. S4). In all cases
most of the electron-accepting capacity was contained in the solid
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Figure 3 | Microbial reduction of synthetic Fe(il1),, by FeRB in the
presence and absence of freeze-dried Talladega Wetland surface
sediment. a, Reduction by lactate/fumarate-grown S. putrefaciens cells.
b, Reduction by acetate/fumarate-grown G. sulfurreducens cells. The open
symbols show data for no-cells or no-sediment controls. The solid lines
show nonlinear least-squares regression fits of the ‘—Sed, +Cells’ data to
a first-order rate law (see legend for Supplementary Fig. S7). The dotted
and dashed lines show results of numerical simulations (see text and
Supplementary Fig. S9).

phase (Supplementary Fig. S5). The extent of chemical reduction
was about twofold higher than microbial reduction, which suggests
that H,/Pd was a more efficient reductant for HS,,j;4, in contrast
to dissolved humic substances where chemical and microbial
reduction lead to the same extent of reduction'®. ESR analysis of
a subset of these sediments verified that organic radical content
increased during chemical reduction (Supplementary Fig. S6).

The mass-normalized electron-accepting capacity of the various
HSoia-containing materials was 10-50-fold lower than that of
isolated humic and fulvic acids'™'. This makes sense given
the roughly 10-fold lower organic carbon and nitrogen content
of the sediments. However, even organic-rich peat from the
Okefenokee Swamp and commercially available humus (40-50%
organic carbon) had microbial electron-accepting capacities only
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Figure 4 | TEM analysis of Fe(l11),,/Fe-stripped Talladega Wetland sediment mixture. a, Zero-energy-loss TEM image. b,c, EFTEM carbon and iron
maps. d, EELS spectra of Fe(I11)am/sediment mixture versus Fe(ll1),m alone. b and € demonstrate the association of carbon with Fe(111)am on smectite
clay plates. Note the absence of carbon on clay plates without associated Fe(l11) oxide (upper left and lower right). The carbon film used to support the
colloidal sample is visible in the upper right hand corner of the carbon map. The peak at 284.8 eV in d indicates the presence of 1s-*C = C bonds in

aromatic moieties.

2-3-fold higher than most of the sediments examined here (see
Supplementary Information). These findings indicate that most
organic carbon in organic-rich soils and sediments (that is,
humins') is not redox active (see Supplementary Information for
calculations), and signal caution regarding speculations that HSjiq
could play a major role in mediating (either directly or indirectly
through inorganic sulphur cycling!”) anaerobic carbon flow in
deeply buried sediments'®".

Microbial HSjq reduction does, however, have major im-
plications for transformations of inorganic and organic natural
compounds and contaminants that are reactive towards reduced
quinones'***2!, Our results showed that the abundance of redox-
active HS;,;¢ was much higher than dissolved humic substances
in equilibrium with the sediments in aqueous suspension (Sup-
plementary Fig. S5). Recent data suggest that even organic-rich
peat sediments with a relatively high dissolved organic carbon
concentration having the maximum electron-accepting capacity
demonstrated so far for dissolved humics'” would be expected
to have only a few tenths of a millimole per litre of bulk dis-
solved electron-accepting capacity, about 10-fold lower than bulk
solid-phase electron-accepting capacities estimated from the data
in Supplementary Fig. S5 (see Supplementary Information for
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calculations). If reduced HS,,jq has intrinsic reactivity comparable
to dissolved humic substances (see below), then HS,;q may play a
key but thus far unrecognized role in electron transfer reactions in
soils and sediments. This conclusion is consistent with the suggested
role of HS,,,4 compounds in promoting reductive dechlorination of
carbon tetrachloride by FeRB (ref. 22).

Experiments with acetate-oxidizing FeRB from Talladega Wet-
land surface sediment (see the Methods section) showed that HS,iq
in Talladega Wetland sediments accelerated synthetic amorphous
Fe(1r1) oxide (Fe(111),,) reduction as much as the known elec-
tron shuttling compound? anthraquinone-2,6-disulphonate, and
more than surface sediment pore water (dissolved organic carbon
about 30 mg C1~'; Supplementary Fig. S7). Freeze-dried surface
sediment that had been washed twice with distilled water stimulated
reduction as much as unwashed material, but the wash water
(which contained about 100 mg C17") had no effect. Combustion
of freeze-dried surface Talladega Wetland sediment completely
eliminated its stimulatory effect on Fe(111),,, reduction. Collectively,
these results suggested that HS,,};q in the sediment was responsible
for accelerating Fe(1n),, reduction in a manner analogous to
dissolved humic substances?. These findings agree with the report
that addition of soil can accelerate synthetic Fe(11),,, reduction®.
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Experiments with G. sulfurreducens and S. putrefaciens
confirmed that modest amounts (50 g1™") of Fe-stripped Talladega
Wetland sediment greatly increased the rate of Fe(111),,, reduction
(Fig. 3). Comparable results were obtained with the wild-type
strain of S. oneidensis strain MR-1 with a lower concentration
(0.5mgml™") of Talladega Wetland sediment. Parallel experiments
were conducted with two S. oneidensis MR-1 mutants (mtrC and
mtrB) defective in outer-membrane proteins known to be involved
in reduction of metal oxides®. The relative decrease in Fe(111),,
reduction rate in the presence of HSq for the two mutants
compared with the wild type was similar to the relative decrease in
Fe(111),,, reduction rate in the absence of HS,,iq (Supplementary
Fig. S8). These findings indicate that Fe(111),, and HSq were
reduced by the same extracellular electron transfer system.

The above results suggest that HS.q accelerated Fe(11r),y,
reduction by serving as a solid-state electron shuttle between
bacteria and oxide surfaces. This conclusion is consistent with the
lack of significant accumulation of dissolved reducing equivalents
in the Fe-stripped sediment microbial reduction experiments
(Fig. la,b), and the inability of dissolved humic substances
released from freeze-dried Talladega Wetland surface sediments
to stimulate Fe(1ir),, reduction (Supplementary Fig. S7). Some
of the acceleration could have resulted from reduction of HS,iq
independent of Fe(111), followed by rapid reaction of the reduced
humic substances with Fe(111),, on mixing of the solids during
sampling. Separate experiments verified that Fe(111),,,, reduction by
microbially reduced Fe-stripped Talladega Wetland sediment took
place within seconds. Numerical simulations (Supplementary Fig.
S9) were conducted to evaluate the significance of this pathway.
Reduction of HSgq and Fe(rir),, followed first-order kinetics
using rate constants obtained from data in Figs 1 and 3. Reaction
of Fe(111),,,, by reduced HS,j;4 was assumed to follow second-order
kinetics, using a rate constant of 600 (mmol1~!)~' h~'. Simulations
in which Fe(111),, reduction, HS.y4 reduction and reaction of
Fe(111),,, with reduced HS,,jq proceeded in parallel approximately
reproduced the observed Fe(1r) versus time data (Fig. 3, dotted
lines). Lower amounts of Fe(11) were produced in simulations in
which the reaction of Fe(1),, with reduced HSq took place
only at the times of sampling (Fig. 3, dashed lines). These results
indicate that HSyq shuttled electrons from FeRB to Fe(rir),m,
in the suspensions of Fe-stripped Talladega Wetland sediment
and synthetic Fe(111),y,.

Solid-phase electron shuttling must require intimate physical
association of organics with Fe(11r) oxide. Previous studies have
demonstrated coassociation of organic carbon with clays and
Fe(111) oxides in natural soils and sediments®>?%. Energy-filtering
transmission electron microscopy (EFTEM) and electron energy-
loss spectroscopy (EELS) were conducted to evaluate whether this
was the case in the Fe-stripped sediment/Fe(111),,, suspensions.
Zero-energy-loss transmission electron microscopy (TEM) showed
aggregates of Fe(111),, nanocrystals associated with smectite clay
plates (Fig. 4a). EFTEM C and Fe elemental maps indicated direct
association of C with Fe(111),,, nanocrystals, whereas clay plates
alone did not show significant associated C (Fig. 4b,c). Examination
of Fe(11r),, not exposed to Fe-stripped sediment showed only
minor C-Fe association (data not shown). EELS spectra of the
sediment/Fe(111),,, mixture showed a peak at 284.8 ¢V indicating
1s-t*C = C bonds associated with aromatic moieties” (Fig. 4d),
which were not present in suspensions of Fe(iir),, alone in
bicarbonate buffer. These data suggest that humic substances in the
Talladega Wetland sediment were coordinated with Fe(111),,, at the
nanometre scale in the sediment-oxide suspensions.

The ability of FeRB to transfer electrons to HSq and of
HSoiia to serve as an electron shuttle has important implications
for the redox biogeochemistry of sediments. A recent study®
provided evidence for electrical currents in sediments linked to
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extracellular electron transport through a conductive network
composed of bacterial nanowires*® combined with dissolved
electron shuttles and outer-membrane cytochromes. Our results
suggest that electron shuttling by HSq could play a role in
the operation of such a network. In addition, if redox-active
moieties in HSy,;q are associated with one another (for example,
in coordination with sediment mineral phases; Fig.4) at the
nanometre scale, it seems possible that HS,;q could be an integral
part of the network.

Methods

Solid-phase humic substance reduction. Sediments were stripped of their reactive
Fe content with dithionite-citrate-bicarbonate to avoid interference with the
electron shuttling assay (see below) for reduced humic substances. The Fe-stripped
sediments were washed extensively under oxic conditions to remove the extractant
and to reoxidize any redox-active solid-phase moieties that may have been reduced
during Fe extraction.

For microbial reduction assays, Fe-stripped surface sediment was suspended
(1g/20ml) in 30 mM NaHCO; buffer and inoculated with about 10° cells ml~!
of washed (twice in NaHCO; buffer) acetate/fumarate-grown Geobacter
sulfurreducens strain PCA or lactate/fumarate-grown Shewanella putrefaciens strain
CN32 with acetate or lactate as the energy source. For chemical reduction assays,
Fe-stripped sediment was suspended in either NaHCO; (pH 6.8) or 10 mM PIPES
buffer (pH 6.8) and incubated for 24 h with shaking (100 r.p.m.) under a 100% H,
atmosphere in the presence of five Pd-coated aluminium oxide pellets.

An electron shuttling assay analogous to that previously described” was
used to quantify the amount of electrons transferred to Fe-stripped sediments
during microbial or chemical reduction (Supplementary Fig. S3). For unfiltered
samples, 0.25 ml of sediment suspension was reacted with 2 ml of 5mM ferric
iron complexed with nitriloacetic acid (Fe(111)-NTA) for 1 min. This reaction
mixture was then filtered (0.2 um) and 0.5 ml of filtrate was added to 5 ml of
50 mM HEPES-buffered ferrozine (1 gl~") solution®. Absorbance was measured
immediately at 562 nm. For filtered samples, 0.5 ml of sediment suspension was
filtered (0.2 um), and 0.25 ml of filtrate was reacted with 2 ml of 5mM Fe(111)-NTA
for 1 min. A 0.5 ml portion of the reaction mixture was then added to 5 ml
of buffered ferrozine solution and the absorbance at 562 nm was immediately
measured. The electron-accepting capacity (in umol e~ equiv/g dry sediment)
of the filtered (dissolved) and unfiltered (solid plus dissolved) component was
calculated by subtracting the initial (before reduction) from the final (after
reduction) amount of electrons transferred to Fe(1m).

ESR spectroscopy. Continuous-wave X-band ESR spectra were recorded at

25 °C with a MiniScope MS 300 (Magnettech GmbH) at 0.1 mW. Dry samples
of H,/Pd-reduced and unreduced sediment were measured in quartz glass tubes
with an inner diameter of 4 mm closed with plastic caps (Magnettech GmbH) and
parafilm to maintain anoxic conditions throughout the measurements.

Influence of HS,,;g on microbial Fe(111) ., reduction. Dilute HCl-extractable
Fe(11) production was monitored after addition of washed acetate/fumarate-grown
G. sulfurreducens PCA or lactate/fumarate-grown S. putrefaciens CN32 cells
(about 10® cellsml™!) to a suspension (about 20 mmol1~") of Fe(111),,, with or
without 50 g1=! of Fe-stripped Talladega Wetland sediment. Analogous experiments
were conducted with about 10° cellsml~! of Luria-Broth medium-grown
Shewanella oneidensis MR-1 cells incubated with 20 mM lactate and 1 mmoll™!
synthetic Fe(111),,,,. Both wild type and the outer-membrane mutants, m#rB and
mtrC (ref. 24), were studied.

FeRB enrichment culture experiments. An acetate-oxidizing, Fe(111) ,,-reducing
enrichment culture was obtained by adding portions of Talladega Wetland surface
sediment (0-1 cm depth interval) to anoxic, NaHCO;-buffered (pH 6.8) growth
medium containing acetate as the electron donor and synthetic Fe(111),,, as the
electron acceptor. The Fe(111),,, was synthesized as previously described!’. The
medium contained KH,PO, (0.44 mM), NH,ClI (4.4 mM) and 1 mll~" of trace
element and vitamin stock solutions'’, and was rendered anoxic by bubbling
with 80% N,/20% CO,. The effect of various amendments on synthetic Fe(111),,
reduction (Supplementary Fig. S7) was evaluated with the first 20 transfers of
one of three initial enrichments. All experiments were conducted in duplicate or
triplicate and included parallel non-amended controls. Each culture was inoculated
(10% vol/vol) with a previous generation of a non-amended control culture. This
approach ensured that a common suite of organisms was present in the various
treatments designed to examine the influence of the amendments on Fe(111),,
reduction. A 16S ribosomal RNA gene clone library revealed that the enrichment
culture was dominated by an organism 99% similar in 16S rRNA gene sequence
to Geobacter argillaceus.

The 0.5M HCl-extractable Fe(11) and Fe(1i1) content of the enrichment
cultures was determined using ferrozine as previously described'’. The dissolved
organic carbon content of pore water and culture medium amended with
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solid-phase sediment materials was determined by high-temperature combustion

with a Shimadzu TOC-5000 analyser following filtration through combusted glass and plant-mediated controls of subsurface wetland biogeochemistry. Ecology
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