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Humic substances as fully regenerable electron
acceptors in recurrently anoxic environments
Laura Klüpfel1†, Annette Piepenbrock2†, Andreas Kappler2* and Michael Sander1*

Humic substances form through the degradation of microbial
and plant precursors, and make up a significant fraction of
natural organicmatter in terrestrial andaquatic environments1.
Humic substances are redox-active2–4 and can act as terminal
electronacceptors inanaerobicmicrobial respiration4. Reduced
humic substances may become re-oxidized during aeration
of temporarily anoxic systems, such as wetlands, sediments
and many soils. If the transfer of electrons from anaerobic
respiration through humic substances to oxygen is sustained
overmany redox cycles, itmay competitively suppress electron
transfer to carbon dioxide, and thereby lower the formation of
methane in temporarily anoxic systems5–8. Here, we monitor
changes in the redoxstatesof four chemicallydistinctdissolved
humic substances over successive cycles of reduction by
the bacterium Shewanella oneidensis MR-1 and oxidation by
oxygen, in a series of laboratory experiments. We show
that electron transfer to and from these substances is fully
reversible and sustainable over successive redox cycles. We
suggest that redox cycling of humic substances may largely
suppress methane production in temporarily anoxic systems.

Humic substances (HS) are formed during degradation of
microbial and plant precursors and make up a significant fraction
of natural organic matter in terrestrial and aquatic environments1.
Under anoxic conditions, both dissolved and particulate HS
(refs 4,9)may accept electrons from anaerobicmicrobial respiration.
Microbial HS reduction involves electron transfer to quinone
moieties as well as other redox-active functional groups and metals
in the HS (Fig. 1)2,3,10. Reduced HS may serve as an electron donor
in anaerobic microbial respiration11 and can transfer electrons
to poorly soluble Fe(III) (oxyhydr)oxide minerals in soils and
sediments, thereby mediating dissimilatory Fe(III) reduction4,12,13,
and to a variety of organic and inorganic pollutants14, thereby
affecting their transformation and speciation. Electron transfer
to HS in anoxic systems is considered to competitively suppress
reduction of other terminal electron acceptors (TEAs), including
CO2 under methanogenic conditions (Fig. 1). It is reasonable to
expect that this suppression is strongly enhanced in temporarily
anoxic environments provided that O2 re-oxidizes microbially
reducedHS during intermittent aeration events and thereby restores
the capacity of HS to accept electrons in subsequent anoxic periods.
Temporarily anoxic conditions occur in sediments, soils, lakes with
transitory oxyclines, and wetlands, of which the last contribute an
estimated 15–40% of the global methane flux15. Although previous
work provided evidence for largely reversible electron transfer to
HS over repeated cycles of chemical and electrochemical reduction
and O2 re-oxidation3,16,17, electron transfer over repeated microbial

reductions and O2 re-oxidations has not been studied. Clearly, these
reactions warrant investigation given their expected importance to
redox dynamics, carbon cycling and greenhouse gas formation in
temporarily anoxic environments.

In this work we studied three fundamental aspects of HS
redox cycling in temporarily anoxic laboratory systems. First,
we determined whether electron transfer to and from HS was
reversible over a single cycle of microbial reduction followed by
O2 re-oxidation and whether it was sustainable over consecutive
redox cycles. Second, we tested whether the extent of microbial
HS reduction was controlled by system thermodynamics. Third,
we report the range of reduction potentials of electron-accepting
moieties in different HS. We studied these aspects by quantifying
the changes in the redox states of four humic acids (HAs)
over three successive cycles of reduction by S. oneidensis MR-1
under anoxic conditions and re-oxidation by O2 in well-controlled
laboratory incubation set-ups. The HAs were isolated from Pahokee
Peat (PPHA), Suwannee River (SRHA), Elliot Soil (ESHA) and
Leonardite Coal (LHA) and were selected to cover a range
of physicochemical properties3,10 (Supplementary Information).
From the known strains of HS-reducing bacteria, we chose the
facultative anaerobe S. oneidensis MR-1 because it is capable of
metabolizing under both anoxic and oxic conditions, which was a
prerequisite for our incubation set-ups. Furthermore, Shewanella
genera are highly abundant in temporarily anoxic systems, including
minerotrophic wetlands18, and marine and lake sediments19,20. The
redox states of the HAs during the incubations were monitored
by measuring the reduction potentials Eh of HA solutions and
by quantifying the electron-accepting and -donating capacities
(EAC, EDC) of the HAs (that is, the number of electrons that
were accepted and donated by a given HA mass when added
to electrochemical cells with well-defined reducing and oxidizing
conditions, respectively; schematic in Fig. 2a,b; see Methods). The
bi-directional electrochemical quantification of EAC and EDC was
used to determine the stoichiometries of the conversions of electron-
accepting and -donating moieties in the HAs and, hence, the
reversibility and sustainability of electron transfer to and from HAs
during redox cycling. This information cannot be obtained when
using traditional, one-directional assays in which only the reduction
of an added oxidant, commonly a Fe(III) species, is analysed4,9.

Anoxic incubation of HA samples inoculated with S. oneidensis
in growth medium containing the electron donor lactate (2 mM)
resulted in extensive microbial HA reduction, as evidenced from
the concomitant decreases in EACs and increases in EDCs over
time (Fig. 2c,e). Microbial HA reduction was fast over the first
three days, followed by slower, yet continuous reduction up to three
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Figure 1 | Redox cycling of HS in temporarily anoxic systems. a, Microbial reduction of HS under anoxic conditions and subsequent HS re-oxidation by O2
under oxic conditions. HA redox cycling is depicted by a quinone/hydroquinone pair along with the charging and discharging of a battery. The use of HS as a
TEA decreases the number of electrons transferred to inorganic TEA. Electron transfer to HS instead of CO2 suppresses hydrogenotrophic methanogenesis.
b, Temporarily anoxic systems include peatlands, sediments and many soils.

weeks of anoxic incubation. Subsequent aeration of the reduced
HA solutions for three days resulted in rapid HA re-oxidation, as
shown by pronounced increases in EACs and decreases in EDCs.
Re-oxidation of the reduced HAs restored a large fraction (between
85 and 105%) of the EACs measured before microbial reduction
(Supplementary Information). In agreement with the results from
the first redox cycle, incubation under anoxic and oxic conditions
in the second and third redox cycles resulted in microbial reduction
and re-oxidation of the HAs in the inoculated samples, respectively.
HA reduction during all three anoxic incubations demonstrates
that S. oneidensis, which was added only once at the start of the
incubations in single inocula, rapidly switched between anaerobic
respiration using HA as a TEA and aerobic respiration. In contrast
to the inoculated HA samples, there were no systematic changes in
redox states of the sterile HA controls (Fig. 2d,f) and of inoculated
and sterile HA-free controls (Supplementary Information) during
the anoxic and oxic incubations.

The sum of the EAC and EDC values of a given sample, which we
refer to as the electron exchange capacity (EEC), is a measure of the
total number of redox active moieties in that sample. Redox-active
moieties in the HA dominated the EEC values of inoculated and
sterile HA-containing samples, given that HA-free control samples
had much smaller EEC values (Supplementary Information). The
EEC values of each inoculated HA changed only marginally
over the course of the incubations (Fig. 2g,h) and the slopes of
regression lines on the EEC data of the inoculated HAs were either
statistically indistinguishable (PPHA, SRHA, ESHA) fromor slightly
larger (LHA) than those of the corresponding sterile HA samples
(Supplementary Information). This finding has several important
implications. First, the constant number of redox-active moieties in

the inoculated HA samples demonstrated equimolar conversions of
electron acceptors to donors during microbial HA reduction and of
donors to acceptors during O2 re-oxidation. Second, the equimolar
conversions of accepting and donating moieties imply that electron
transfer to the HAs was fully reversible with regard to the reference
states used in electrochemical quantification. Consequently, the
observation that inoculated HAs were slightly more reduced after
the re-oxidation steps than at the onset of the experiment must
have resulted from incomplete O2 re-oxidation of the reduced HAs
over the three days of oxic incubation and not from a loss of
electron-accepting moieties during HA redox cycling. Third, the
constant number of redox active moieties over successive redox
cycles demonstrates that HS constitute regenerable and sustainable
TEAs in temporarily anoxic environments.

We could ascribe the decreasing initial rates and final extents
of electron transfer to the HAs over the three microbial reduction
steps (Fig. 2) to the continuous depletion of the electron donor
lactate: at day 14 of the third anoxic incubation step, we collected
subsamples from the inoculated and sterile HA samples to which
we added fresh lactate to nominal concentrations of 2 mM. Lactate
re-addition to the inoculated HA samples stimulated HA reduction
during the subsequent 16 days of anoxic incubation as compared
with the original HA samples to which no further lactate was
added (see arrows in Fig. 2). Lactate re-addition to the sterile HA
subsamples did not affect their redox states. In a separate experiment
(Supplementary Information), PPHA samples inoculated with
S. oneidensis were incubated over three successive redox cycles in
medium containing 2 mM initial lactate and in medium containing
no lactate. Microbial PPHA reduction during the first anoxic
incubation was faster and more extensive in treatments with than
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Figure 2 | Redox states of inoculated and sterile HAs during successive anoxic and oxic incubations. a, Changes in the EACs and EDCs of HAs during
reduction by S. oneidensis MR-1 under anoxic conditions (N2) and subsequent re-oxidation under oxic conditions (O2). HA redox cycling is depicted by a
quinone/hydroquinone pair along with the charging and discharging of a battery. b, Constant redox states in sterile HA controls. c–h, EACs, EDCs and EECs
of inoculated (c,e,g) and sterile (d,f,h) PPHA, LHA, ESHA and SRHA over three successive anoxic–oxic incubation cycles. HA subsets were re-amended
with lactate during the third anoxic incubation.

without lactate. However, the differences between the treatments
became less pronounced during the second anoxic incubation and
were absent during the last anoxic incubation. These findings
support that lactate depletion resulted in decreasing rates and
extents of PPHA reduction. PPHA reduction in the absence of
lactate demonstrated that S. oneidensis MR-1 was capable of using
alternative, energetically less favourable electron donors that were
present either in the medium (such as amino acids or peptides21) or
stored intracellularly22.

At the end of each of the three anoxic incubation steps, all
inoculated HA samples still showed significant EACs (27–63% of

the initial values; Supplementary Information) and therefore were
not fully reduced by S. oneidensis MR-1. Although reduced to
different EAC values, all HAs were reduced to comparable Eh at
the ends of the first anoxic incubation (to −0.15V<Eh <−0.2V)
and the third anoxic incubation for subsamples re-amended with
lactate (−0.18 V < Eh <−0.2 V; Fig. 3a). These Eh ranges were
narrow compared with the pronounced increases in the Eh values
during O2 re-oxidation of the reduced HAs to 0V<Eh <+0.1V
(Fig. 3a) and to the wide Eh range over which the HAs accepted
electrons (from +0.12 V to below −0.30 V at pH 7; Fig. 3b and
Supplementary Information). The narrow Eh range of the most
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extensively reduced HAs suggests that microbial HA reduction was
controlled by system thermodynamics with lactate as the electron
donor. Reduction to comparable Eh of−0.21 Vwas also reported for
anaerobic microbial fuel cells with S. oneidensisMR-1 and lactate as
electrondonor23. A thermodynamic constraint onHAreductionwas
further experimentally supported by the finding that S. oneidensis
MR-1 reduced six low-molecular-weight quinones and riboflavin to
comparable Eh of −0.2 V to −0.24 V in separate, HA-free anoxic
incubations with lactate as electron donor (Fig. 3c). The set ofmodel
compounds was chosen to cover a wide range of standard reduction
potentials from E◦′h = −0.14V to −0.49 V at pH 7 (Supplementary
Information) and included quinones asmodels for quinonemoieties
in the HA2,3, as well as riboflavin, which is the predominant
extracellular electron shuttle produced by S. oneidensis MR-1 for
respiring to insoluble TEAs (refs 24,25). We note that we detected
only small concentrations of riboflavin (<50 nM; Supplementary
Information) in the inoculated HA samples at the end of the
experiments, suggesting that direct (non-mediated) respiration of
soluble HAs predominated. Furthermore, S. oneidensis MR-1 did
not release redox-active substances, such as riboflavin, in inoculated
HA-free controls in amounts that were detectable by mediated
electrochemical analysis (Supplementary Information).

This work shows that HAs are regenerable and sustainable TEAs
in temporarily anoxic systems, that the extent of microbial HA
reduction is controlled by system thermodynamics, and that HAs
may accept electrons from anaerobic microbial respiration over a
wide Eh range. These findings largely substantiate the importance
of HS redox dynamics in biogeochemical cycles in temporarily
anoxic systems. As an illustrative example, we estimated that
HS redox cycling in peatlands may result in a suppression of
hydrogenotrophic methanogenesis of approximately 190,000 mol
CH4 km−2 yr−1, assuming an annual water table fluctuation of
0.2 m, and EACs of particulate and dissolved HS of 0.05mmole−
(g HSparticulate)−1 and 1mmole− (g HSdissolved)−1 reported previously9
and in this work (Supplementary Information). This suppressed

amount of methane corresponds to between 10 and 166% of
reported average CH4 fluxes from northern peatlands of 114,000
to 1,825,000 mol CH4 km−2 yr−1 (ref. 26). Although simplistic, this
calculation highlights the potentially large impacts of HS redox
dynamics on carbon cycling in andCH4 emissions from temporarily
anoxic environments. The wide Eh range of reducible moieties in
HS reported in this work substantiates previous qualitative findings
of HS as a versatile TEA for anaerobic microbial respiration under
widely differing redox conditions8,12,26, including iron- and sulphate-
reducing, and methanogenic conditions (Fig. 4).

Methods
Electron acceptors. Humic acid standards PPHA, LHA, SRHA and ESHA were
purchased from the International Humic Substances Society and used as received.
The tested model compounds were 2-hydroxy-1,4-naphthoquinone (lawsone),
9,10-anthraquinone-2,6-disulphate (AQDS), 9,10-anthraquinone-2-sulphate
(AQS), alizarin, carminic acid and riboflavin. Standard reduction potentials of the
model compounds, E◦′h , were determined by cyclic voltammetry
(Supplementary Information).

Microorganisms. S. oneidensis strain MR-1 from a frozen stock was streaked out
oxically on lysogeny broth agar plates (10 g peptone l−1, 5 g yeast extract l−1, 10 g
NaCl l−1 and 15 g agar l−1) and then transferred twice on anoxic freshwater
medium29 containing 20 mM lactate and 40 mM fumarate until reaching a
density of 2×107 cells ml−1. Aliquots of these cultures were used to prepare
inoculated HA samples and inoculated HA-free controls.

Incubation experiments. Experiments were carried out in LML medium30

(pH 7, 50 mM phosphate). Twenty five millilitres of sterile and anoxic LML
medium were aliquoted into 58 ml serum bottles and sealed with butyl rubber
stoppers, followed by exchange of the headspace with N2. The LML medium did
not contain reducible components detectable by mediated electrochemical
reduction (MER; Supplementary Information).

Humic acids. HA stock solutions (10gHA l−1) were prepared in 50 mM
phosphate buffer (pH 7), sterile filtered (cellulose acetate, 0.22µm) and
deoxygenated. A lactate stock solution (0.1 M) was prepared in Millipore water,
deoxygenated and autoclaved. HA and lactate were added to the serum bottles
containing LML medium to final concentrations of 2 mM lactate and

198 NATURE GEOSCIENCE | VOL 7 | MARCH 2014 | www.nature.com/naturegeoscience

© 2014 Macmillan Publishers Limited. All rights reserved

http://www.nature.com/doifinder/10.1038/ngeo2084
www.nature.com/naturegeoscience


NATURE GEOSCIENCE DOI: 10.1038/NGEO2084 LETTERS

−0.60

Pr
ot

on
 re

du
ct

io
n

O
xi

da
tio

n
H

S 
re

sp
ira

tio
n

Oxidized HS

Reduced HS

O2

M
ic

ro
bi

al
 re

du
ct

io
n

A
ce

to
ge

ne
si

s

Su
lfu

r r
es

pi
ra

tio
n

M
et

ha
no

ge
ne

si
s

Su
lp

ha
te

 re
sp

ira
tio

n

Fu
m

ar
at

e 
re

sp
ira

tio
nFe

 re
sp

ira
tio

n

D
en

itr
ifi

ca
tio

n

M
n(

IV
) r

ed
uc

tio
n

A
er

ob
ic

 re
sp

ira
tio

n

E h
 (V

)

−0.48

−0.36

−0.24

0.00

−0.12

0.12

0.24

0.36

0.48

0.60

0.72

0.84

Figure 4 | Reduction potential ranges of aerobic and anaerobic microbial
respiration using di�erent TEAs, including HS. HS may be reduced under
varying redox conditions, including iron-reducing, sulphate-reducing and
methanogenic conditions. Microbially reduced HS are re-oxidized on
aeration, restoring the capacity of HS to accept electrons. Potential ranges
are given for pH 7 (refs 27,28).

0.42–0.97 g HA l−1. The HA concentrations were determined by
spectrophotometry (Supplementary Information).

Inoculated HA samples (run in triplicates) and sterile HA controls (run in
duplicates) were prepared as detailed in the Supplementary Information. Each
inoculated HA sample received a single inoculum of 2×105 cells ml−1 at the
beginning of the incubation experiments. All samples were incubated on a
horizontal shaker (125 rpm, 25 ◦C) in the dark. Over the course of the
experiment, aliquots for electrochemical and pH measurements were withdrawn
in a N2-atmosphere glovebox (O2 <0.1 ppm) using sterile needles.

Following anoxic incubation, the samples were aerated by exchanging the
sample bottle headspaces for 5 min with air for a total of three times on three
successive days, which was previously shown to result in extensive re-oxidation of
electrochemically reduced HS3. During oxic incubations, the bottles were stored
on a horizontal shaker in the dark. On the fourth day, the bottles were purged
with N2 for 15 min to re-establish anoxic conditions. The samples were incubated
three times under anoxic conditions and twice under oxic conditions.
S. oneidensis was added once as a single inoculum at the beginning of the
experiment. On day 14 of the third reduction step, 5 ml subsamples from each
bottle were transferred into sterile vials inside the anoxic glovebox and
re-amended with 2 mM lactate.

The pH of all HA solutions was measured with a combined pH electrode
(Metrohm) in aliquots taken immediately before and after the first re-oxidation
step and at the end of the third reduction step (both original HA and subsamples
with added lactate). The pH was stable over the entire experiment.

Model quinones and riboflavin. LML medium containing 2 mM lactate and one
of five model compounds (lawsone (46µM); AQDS (50µM), AQS (43µM);
alizarin (1.4µM); carminic acid (37µM); riboflavin (4.8µM)) were inoculated
with 2×105 cells S. oneidensis MR-1 ml−1. The reported Eh values were measured
in aliquots sampled after 11–20 days of anoxic incubation.

Electrochemical analysis. All electrochemical measurements were conducted in
an anoxic glovebox (N2, atmosphere at 25±1 ◦C, O2 <0.1 ppm).

HA samples were sterile filtered immediately after sampling and the number
of electrons transferred to and from the HA was quantified by integration of
reductive and oxidative current responses in MER (at Eh=−0.49V) and
mediated electrochemical oxidation (MEO; at Eh=+0.61V) with
1,1’-ethylene-2,2’-bipyridyldiylium dibromide (DQ) and
2,2’-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS) as electron
transfer mediators, respectively3. The integrated current responses were
normalized to the analysed HA masses, mHA [g HA], to obtain EAC and EDC
values (Eqs 1, 2):

EAC=
∫ Ired

F dt
mHA

(1)

EDC=
∫ Iox

F dt
mHA

(2)

where Ired and Iox (both [A]) are baseline-corrected reductive and oxidative
currents in MER and MEO, respectively, and F (=96,485 sA/mole−) is the
Faraday constant.

Potentiometric Eh measurements of HA and model compound solutions were
conducted with combined Pt-ring and Au-ring electrodes (Metrohm) in the
presence of small amounts of the redox mediators DQ and
1,1’-bis(cyanomethyl)-4,4’-bipyridinium dibromide (total concentration added
<4% of sample EAC) to facilitate Eh equilibration10. Attainment of Eh equilibrium
was inferred from stable and comparable Eh readings on Pt (data reported) and
Au (Supplementary Information) redox electrodes.
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