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Both microbial iron reduction and microbial reduction of anodes in fuel cells can occur by way of soluble
electron mediators. To test whether neutral red (NR) mediates iron reduction, as it does anode reduction, by
Escherichia coli, ferrous iron levels were monitored in anaerobic cultures grown with amorphous iron oxide.
Ferrous iron levels were 19.4 times higher in cultures fermenting pyruvate in the presence of NR than in the
absence of NR. NR did not stimulate iron reduction in cultures respiring with nitrate. To explore the
mechanism of NR-mediated iron reduction, cell extracts of E. coli were used. Cell extract-NADH-NR mixtures
had an enzymatic iron reduction rate almost 15-fold higher than the chemical NR-mediated iron reduction rate
observed in controls with no cell extract. Hydrogen was consumed during stationary phase (in which iron
reduction was detectable) especially in cultures containing both NR and iron oxide. An E. coli hypE mutant,
with no hydrogenase activity, was also impaired in NR-mediated iron reduction activity. NR-mediated iron
reduction rates by cell extracts were 1.5 to 2 times higher with hydrogen or formate as the electron source than
with NADH. Our findings suggest that hydrogenase donates electrons to NR for extracellular iron reduction.
This process appears to be analogous to those of iron reduction by bacteria that use soluble electron mediators
(e.g., humic acids and 2,6-anthraquinone disulfonate) and of anode reduction by bacteria using soluble
mediators (e.g., NR and thionin) in microbial fuel cells.

Electrical applications and manipulations of bacterial me-
tabolism have been examined periodically for over 30 years. In
recent times, electrical applications of bacterial systems have
received the most attention. Harvesting electrons from bacte-
rial metabolism is being studied as a potential sustainable
energy source, and electricity is being used to enhance fermen-
tations of reduced organic chemicals (49). Electrodes, cation-
exchange membranes, electron mediators, and overall system
design have been modified, yet some of the underlying biolog-
ical mechanisms of electron transfer between bacteria and
electrodes remain unclear.

A persistent question in electrical applications of bacteria is
how electrons enter and leave the cell. An answer may be
approached from analogous systems in nature where extracel-
lular insoluble electron acceptors (such as ferric iron) are re-
duced by bacteria. Dissimilatory iron-reducing bacteria reduce
iron as a form of anaerobic respiration. In these systems, elec-
tron transfer is mediated by outer membrane cytochromes (15,
29) or by soluble electron shuttles such as 2,6-anthraquinone
disulfonate (AQDS) (18). Evidence of common mechanisms
for metal reduction and anode reduction is emerging. For
example, AQDS, which can mediate electron transfer to ferric
iron in some members of the family Geobacteraceae, was shown
to stimulate electricity generation in microbial fuel cell cul-
tures of one member of the family Geobacteraceae, Desulfu-
romonas acetoxidans (6). Iron reduction by way of soluble me-
diators clearly resembles electron transfer by artificial electron
mediators in electrochemical bioreactors.

Fermentative bacteria are often used in microbial fuel cells,
and some of these bacteria can reduce iron (24). Unlike dis-
similatory iron reducers, fermentative bacteria do not derive
significant energy from iron reduction (24). Electrical yields of
bacterial fermentations are often enhanced by the addition of
electron mediators, usually in the form of redox dyes (e.g.,
thionin [12, 21] and neutral red [NR] [34]). Humic acids allow
some fermentative bacteria to reduce significant amounts of
iron and to produce more oxidized end products (5). However,
Escherichia coli is incapable of utilizing humic acids for iron
reduction (5) and of reducing AQDS (43).

NR is water and lipid soluble, and it adheres to bacterial
membranes (37). NR has a redox potential of �325 mV, sim-
ilar to that of NADH (�320 mV), and a structure similar to
that of flavins. Its redox potential suggests that NR could
interact with metabolic steps prior to respiratory chains. NR
has been shown to interact with bacterial metabolism in Clos-
tridium acetobutylicum (20) and Butyribacterium methylotrophi-
cum (42) by altering fermentative electron and carbon flows.
NR might intercept electrons from or donate electrons to steps
that involve NAD/NADH or perhaps directly exchange elec-
trons with NADH itself. Park and Zeikus (34, 37) showed that
NR chemically reduced and oxidized NAD/NADH in vitro. It
has been demonstrated that NR is an effective electron medi-
ator for electricity production by E. coli cultures in microbial
fuel cells (34, 36). However, the exact mechanism by which NR
mediates electron transfer from E. coli metabolism to the an-
ode remains unanswered.

The purpose of this study is to examine the mechanism by
which NR acts as an electron mediator to couple E. coli me-
tabolism to the reduction of iron, an extracellular electron
acceptor. This report also explores analogies between micro-
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bial anode and metal reduction. Experiments were conducted
to compare ferrous iron generated in the presence and absence
of NR in anaerobic cultures. Chemical and enzymatic NR-
mediated iron reduction rates were compared by using cell
extracts from fermenting E. coli. End product analysis and
enzymatic assays with cell extracts and cell suspensions were
used to determine the stationary-phase source of electrons.
Finally, an E. coli hypE mutant unable to incorporate nickel
into hydrogenases was used to assess the role of hydrogenase in
NR-mediated iron reduction.

MATERIALS AND METHODS

Chemicals, bacteria, and growth conditions. All chemicals were purchased
from Sigma-Aldrich (St. Louis, Mo.). Escherichia coli K-12 (ATCC 10798) was
obtained from the American Type Culture Collection. E. coli SE38 (hypE mu-
tation, formerly called hydB103) (23, 38) is derived from a K-12 parent and was
obtained from the E. coli Genetic Stock Center (MCD Biology Department,
Yale University, New Haven, Conn.; http://cgsc.biology.yale.edu/cgsc.html). Bac-
teria were cultured at 37°C in 10.5-ml volumes in anaerobic modified M-9 me-
dium (3) containing 3 g of Casamino Acids per liter, 105 mM pyruvate (unless
otherwise stated), and vitamin (47) and mineral (25) solutions in rubber bung-
sealed anaerobic test tubes. The pH was adjusted to 7.2, and the medium was made
anaerobic by repeated evacuation and flushing with N2 before autoclaving was done.

Iron reduction by bacterial cultures. Anaerobic modified M-9 medium was
supplemented with �110 mM amorphous iron oxide [Fe(III) oxyhydroxide] (27)
before autoclaving. Amorphous iron oxide was prepared as described previously
(25). The total concentration of amorphous iron oxide was determined as that
which was reducible by hydroxylamine (28). When appropriate, NR was supplied
at 100 �M before autoclaving. Cultures were grown in the dark to prevent iron
photoreduction and shaken at 250 rpm in horizontal tubes to evenly distribute
the iron precipitate. In preparation for ferrous iron quantification, 100-�l sam-
ples were taken and immediately added to 900 �l of 0.5 N HCl. The iron was
allowed to dissolve in the dark for at least 12 h before quantification.

Analytical techniques. Ferrous iron was quantified by the ferrozine assay (26)
with Fe(NH3)2(SO4)2 and FeSO4 in 0.5 N HCl as standards. Dissolved iron
sample or standard (20 �l) was mixed with 980 �l of ferrozine reagent (26), and
absorption was measured at 562 nm. Organic acids were quantified by high-
performance liquid chromatography (HPLC) with a Waters/Breeze HPLC (Wa-
ters, Milford, Mass.) equipped with a refractive index detector and a UV detec-
tor set at 210 nm. A 300 by 7.8 mm Aminex HPX-87H column (Bio-Rad,
Hercules, Calif.) was used at 40°C with 4 mM H2SO4 as the eluent. The hydrogen
concentration was determined by gas chromatography (GC) using an Aerograph
series 1400 chromatograph (Varian, Palo Alto, Calif.) equipped with a molecular
sieve 5A column and a thermal conductivity detector. Bacterial protein was
quantified by the bicinchoninic acid assay (BCA; Pierce, Rockford, Ill.) with
bovine serum albumin as the standard. Cells were lysed by resuspending cell
pellets in 0.25 N NaOH and freezing them on dry ice, and thawing them at 60°C
five times. NaOH also promoted oxidation of any reduced iron that would

otherwise contribute to false positives (data not shown), by interacting with the
bidentate ligand of bicinchoninic acid (44). Iron oxide was spun down in a
microcentrifuge (Eppendorf, Hamburg, Germany) at 5,000 rpm (2,040 � g) for
3 min before 50 �l of the supernatant sample was mixed with 950 �l of BCA
reagent. BCA-protein mixtures were incubated for 30 min at 60°C before the
absorption at 562 nm was recorded. Hydrogenase assays were performed as
described in reference 45.

Cell lysate and cell suspension preparations. Five hundred milliliters of mod-
ified M-9 medium was prepared anaerobically in 1-liter round flasks by repeated
evacuation and flushing with N2 before autoclaving was performed. For growing
nitrate-respiring cells, pyruvate was omitted, 15 mM NO3 was added, and the
headspace was filled with 80% H2–20% CO2. E. coli starter culture (10 ml) was
used to inoculate the flask. Cultures were grown at 37°C for 20 h into stationary
phase. Cells were harvested by centrifugation for 15 min at 10,000 � g in N2-filled
centrifuge bottles. Harvested cells were washed with anoxic 0.1 M Tris-HCl (pH
7.7). Cells were lysed by two passages through a French press at 1,200 to 1,400
lb/in2 under an N2 headspace. Cell lysates were stored between assays at �20°C.
The cell extract protein concentration was quantified by the BCA assay. Cell
suspensions were prepared in a similar manner except cells were not lysed and all
assays were performed immediately following the preparation of cell suspensions
to avoid lysis during storage.

Chemical and enzymatic iron reduction assays. All assays were performed in
rubber-stoppered cuvettes that were evacuated and flushed with N2 as described
elsewhere (50). All additions were made by syringe. All reagents were dissolved
in 0.1 M Tris-HCl (pH 7.7) and made anoxic by repeat evacuation and flushing
with N2. Iron reduction was monitored by measuring the formation of Fe(II)-
ferrozine over time at 562 nm (19) in a Cary 300 spectrophotometer (Varian).
Ferric citrate was used instead of amorphous iron oxide because it is soluble and
therefore uniformly distributed in reaction mixtures, allowing for the rate of iron
reduction to be measured. The extinction coefficient used was 26 cm�1 mM�1,
which was determined from the slopes of several standard curves. Reactions were
performed at 37°C in mixtures that typically contained 0.23 mM ferric citrate,
0.43 g of ferrozine per liter, and 100 �M NR when appropriate.

RESULTS

(i) NR-mediated iron reduction by fermenting E. coli. Un-
like other fermentative bacteria (5) and dissimilatory iron-
reducing bacteria (18), E. coli cannot use humic acids to reduce
iron. Experiments were conducted to test whether NR can
serve as an electron mediator for iron reduction by E. coli. Iron
reduction by E. coli was examined in the presence and absence
of NR during fermentation and anaerobic nitrate respiration.
The results from stationary phase cultures, where iron reduc-
tion was detectable, are summarized in Table 1. Overall, NR
greatly stimulated iron reduction in E. coli under fermentative
conditions but not during respiration with nitrate. The same

TABLE 1. Influence of NR on iron reduction by fermenting versus nitrate-respiring E. colia

TEAb Electron
sourcec

Maximum growth
(mg of cell protein/ml)d

Concn of Fe(II)
produced (mM)

Standardized Fe(II)
produced (�mol)e

�NR �NR �NR �NR �NR �NR

None Pyruvate 0.44 � 0.01 0.36 � 0.01 1.9 � 0.1 36.9 � 2.0 0.39 � 0.02 9.30 � 0.37
NO3 Pyruvate 0.23 � 0.01 0.22 � 0.01 1.0 � 0.1 1.0 � 0.1 1.42 � 0.13 1.52 � 0.12
NO3 Hydrogen 0.06 � 0.02 0.06 � 0.01 �0.1 �0.1 ND ND
NO3 Formate 0.07 � 0.01 0.06 � 0.01 �0.1 �0.1 ND ND
NO3 Lactate 0.08 � 0.00 0.12 � 0.00 �0.1 �0.1 ND ND

a Averages � standard deviations for triplicate cultures in stationary phase (72 to 73 h). NR-mediated iron reduction was not detected during log phase. ND, not
determined; �NR, with no NR added; �NR, with NR added.

b TEA, terminal electron acceptor.
c Primary electron sources and concentrations were pyruvate, �105 mM; formate, �100 mM; lactate, �35 mM. H2 (�80%) in headspace and estimated at 0.6 mM

dissolved according to the mole fraction solubility of hydrogen (1.35 � 10�5) at 308K.
d Quantification of biomass at the end of log phase.
e Amount of Fe(II) produced divided by milligrams of cell protein at the end of log phase and by the millimolar concentration of total electrons in the amount of

electron source consumed for each individual culture before being averaged is given. Total electrons were predicted from the oxidation of the electron source to CO2
based on reference 17.
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observations were made when 50 mM glucose was provided
instead of pyruvate (data not shown).

(ii) Comparison of chemical and enzymatic iron reductions.
NR can reduce and oxidize NAD/NADH in vitro when cou-
pled to an electrode as an electron donor or acceptor (34, 37).
To determine whether NR could oxidize NADH in vitro with
soluble ferric citrate as the final electron acceptor, iron reduc-
tion rates were monitored spectrophotometrically in anoxic
cuvettes. Iron reduction was not detectable in mixtures of
NADH and ferric citrate but proceeded when oxidized NR was
added to the reaction mixture (Table 2). NR did not reduce
ferric citrate in the absence of NADH.

Since ferric citrate reduction by NADH required NR, chem-
ical NR-mediated iron reduction is thought to comprise two
reactions, (i) NR reduction by NADH and (ii) iron reduction
by NR. To determine what was limiting the rate of iron reduc-
tion, concentrations of ferric citrate, NADH, and NR were
varied. The iron reduction rate did not vary at concentrations
of ferric citrate between 50 and 410 �M. The iron reduction
rate varied with NADH concentrations below 600 �M but not
above. The iron reduction rate varied proportionately with NR
concentrations between 50 and 200 �M. The rates of iron
reduction were 70, 130, and 220 nM Fe(II)/min (standard de-
viation was 20 nM Fe(II)/min for all) at 50, 100, and 200 �M
NR, respectively.

Previous work indicated that electrically reduced NR could
provide electrons to enzymatic reactions (e.g., fumarate reduc-
tase) in the absence of NADH (37). To compare the chemical
and enzymatic NR-mediated iron reduction rates, cell extracts
from stationary-phase E. coli K-12 fermenting pyruvate were
used to assay iron reduction. The results in Table 2 show that
cell extracts could use NADH to reduce ferric citrate in the
absence of NR. When NR is added to the cell extract-NADH
mixtures, the rate of iron reduction increased almost 15-fold
over the chemical NR-mediated iron reduction rate. Iron re-
duction activity was significantly decreased in controls by using
heated cell extracts compared to untreated cell extracts.

(iii) Hydrogen-driven NR-mediated iron reduction. NR
can mediate electron transfer from NADH to iron or a graph-
ite electrode, suggesting that NR could oxidize cytoplasmic
NADH chemically and enzymatically in bacterial cultures (34).
To test whether NADH is the primary source of electrons for
NR-mediated iron reduction, fermentation end product con-
centrations were monitored in E. coli fermentations in the
presence of amorphous iron oxide with or without NR. Since
most of the iron reduction occurs during stationary phase, it
was expected that fermentation end products would be oxi-
dized during stationary phase to supply electrons for iron re-
duction. Formate and hydrogen oxidation both have suitable
redox potentials (�420 and �410 mV, respectively) to reduce
NR, and hydrogenase and formate dehydrogenase can reduce
redox dyes, such as benzyl viologen (45). HPLC analysis of
organic acid end products, including formate, from fermenta-
tions by E. coli K-12 showed no significant change over 6 days
(data not shown). GC analysis of headspace hydrogen showed
that the hydrogen concentration decreased during stationary
phase. The results in Table 3 show that the hydrogen loss ap-
pears to be attributable to microbial consumption activity and
that this activity is stimulated by the combined presence of iron
oxide and NR. The amount of hydrogen consumed could ac-
count for 61 to 97% of the reduced iron, suggesting that hy-
drogen could be a major source of electrons for NR-mediated
iron reduction.

To confirm the importance of hydrogen in NR-mediated
iron reduction by E. coli, iron reduction by the hypE mutant,
SE38, was compared with that by wild-type K-12. The hypE
mutation prevents incorporation of nickel into hydrogenases,
thereby eliminating the synthesis of active hydrogenases for

TABLE 2. Comparison of enzymatic versus chemical
iron reduction rates

Conditiona Reduction rate
[�M Fe(II)/min]b

NADH � NR ..................................................................... 0.12 � 0.03

CE ........................................................................................ 0.18 � 0.13
Heated CE .......................................................................... 0.04 � 0.02
CE � NR ............................................................................ 0.22 � 0.08
Heated CE � NR .............................................................. 0.02 � 0.01

CE � NADH...................................................................... 0.76 � 0.04*
Heated CE � NADH........................................................ 0.11 � 0.04
CE � NADH � NR.......................................................... 1.78 � 0.02*
Heated CE � NADH � NR............................................ 0.37 � 0.05

CE � For ............................................................................ 1.25 � 0.04*
CE � For � NR ................................................................ 3.01 � 0.18*

CE � H2.............................................................................. 0.87 � 0.09*
CE � H2 � NR.................................................................. 3.67 � 0.61*

CE � Suc ............................................................................ 0.57 � 0.01*
CE � Suc � NR ................................................................ 0.78 � 0.04*

CE � Lac ............................................................................ 1.08 � 0.01*
CE � Lac � NR ................................................................ 1.49 � 0.01*

a NADH was supplied at 1.3 mM. CE, cell extract; lysate from stationary-phase
pyruvate-grown culture of E. coli K-12 (20 mg/ml); supplied at 0.05 ml in a final
assay volume of 1.05 ml. Heated CE, lysates were heated for 30 min at 80°C and
allowed to cool before being added to the reaction mixture. For, formate, con-
centration of 4.8 mM. H2, �80% in headspace and estimated at 0.6 mM dis-
solved according to the mole fraction solubility of hydrogen (1.35 � 10�5) at 308K.
Suc, succinate; final concentration of 6 mM. Lac, lactate; concentration of 4.8 mM.

b The chemical reduction rate of 0.12 �M Fe(II)/min was subtracted from enzy-
matic values. Chemical reduction of iron by hydrogen, formate, succinate, and
lactate was not observed in the presence or absence of NR. *, 99% confidence of a
statistical difference from the cell suspension value, as determined by a single-tail,
two-sample, unequal variance t test. Error values are standard deviations from
triplicate assays.

TABLE 3. Relationship between hydrogen consumption and
iron reduction in stationary-phase E. coli culturesa

Culture condition H2 consumption
(�mol)b

Iron reduced
(�mol)c

Electrons consumed/
electrons reducedd

K-12 33 � 6 NA NA
K-12 � Fe(III) 48 � 10 18 � 2 0.38–2.96
K-12 � NR 18 � 1 NA NA
K-12 � Fe(III) � NR 169 � 9* 383 � 83 0.61–0.97

a Data are means � standard deviations from triplicate cultures.
b (H2 [mM] in the headspace � headspace volume after 11 h) � (H2 in the

headspace � headspace volume after 84 h). Values take into account 10 � 8
�mol lost from abiotic control of hydrogen and sterile water. *, 95% confidence
of a statistical difference from K-12 hydrogen consumption value, as determined
by a single-tail, two-sample, unequal variance t test.

c [Fe(II) � liquid volume after 84 h] � [Fe(II) � liquid volume after 11 h].
d ([Hydrogen consumed � 2 electrons in culture with iron] � [hydrogen

consumed � 2 electrons in culture without iron])/corresponding iron reduced.
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hydrogen production and consumption (40). GC was used to
confirm that SE38 did not produce detectable amounts of
hydrogen and a hydrogenase assay confirmed that SE38 could
not consume hydrogen. Interestingly, SE38 had less capacity
for NR-mediated iron reduction (95% confidence; single-tail,
two-sample, unequal variance t test), but still produced 65% of
the amount of ferrous iron produced by wildtype K-12 (Table
4). HPLC analysis of organic acids during stationary phase did
not indicate that SE38 consumed other fermentation end prod-
ucts, such as formate (data not shown).

Although hydrogen appeared to be a major source of elec-
trons for NR-mediated iron reduction, it was not clear whether
the electrons passed through NAD� before reducing iron. To
test the likelihood of NAD� serving as an additional mediator
in NR-mediated iron reduction, iron reduction rates with cell
extracts and alternative electron sources were compared. The
results in Table 2 show that the rate of NR-mediated iron
reduction was significantly higher when formate or hydrogen
was the electron source compared with NADH (95% confi-
dence; single-tail, two-sample, unequal variance t test). How-
ever, NADH provided higher NR-mediated iron reduction rates
than when lactate or succinate was the electron donor (95%
confidence; single-tail, two-sample, unequal variance t test). NR
also had less of a stimulatory effect on iron reduction rates in
cell extracts with lactate or succinate. When ethanol was pro-
vided as the electron donor, iron reduction rates were similar
to those of controls without added electron donor [e.g., 0.21
nM Fe(II)/min without NR and 0.25 nM Fe(II)/min with NR].

Although formate levels remained constant in stationary-
phase cultures, kinetic assays with cell extracts showed that
formate produces high NR-mediated iron reduction rates (Ta-
ble 2). Cell suspensions were used in place of cell extracts to
test whether the organized structure of the cell plays a role in
determining which electron source can be used for NR-medi-
ated iron reduction. Since formate and hydrogen were the
most promising electron sources for NR-mediated iron reduc-
tion in cell extracts, other sources were not examined. The
results in Table 5 show that both formate and hydrogen could
serve as electron donors for NR-mediated iron reduction by
cell suspensions of K-12. Formate, but not hydrogen, could
serve as an electron donor for NR-mediated iron reduction in
cell suspensions of SE38 (data not shown). The specific iron
reduction rate by SE38 with formate was about half that of
K-12 with formate (data not shown). Interestingly, when NR
was omitted from the reaction mixture, the rates of iron re-
duction were statistically similar with and without supplied
electron donor.

While hydrogenase played a role in NR-mediated iron re-
duction for fermentative cultures, the results in Table 1 show
that hydrogen did not stimulate NR-mediated iron reduction
in cultures respiring with nitrate. Cell suspensions of E. coli
grown with hydrogen and nitrate were used to determine if
respiring cells could carry out NR-mediated iron reduction
with hydrogen in the absence of nitrate. Cell suspensions from
nitrate-respiring cultures had about 16-fold-less hydrogenase
activity than cells from fermenting cultures (data not shown).
Initial iron reduction rates by H2-NO3-grown cell suspensions
with hydrogen were statistically not different from the chemical
iron reduction rate (data not shown).

DISCUSSION

Many of the trends with NR in this study, such as the re-
duction of an exogenous electron acceptor in bacterial fermen-
tations and oxidation of NADH by NR, resemble trends seen
in electrochemical bioreactors. Previous studies showed that
NR allows bacteria to transfer electrons to a graphite electrode
in microbial fuel cells and to oxidize NADH in the presence of
an anode (32, 34–36). Additionally, NR-mediated iron reduc-
tion was detectable only during stationary phase. This obser-
vation is similar to previous observations in which growing
E. coli produced 12-times-less electricity than stationary cells
(34). We are testing the hypothesis that NR-mediated reduc-

TABLE 4. Role of hydrogenase activity in NR-mediated iron reduction in E. coli fermentationsa

E. coli strainb

Maximum growth
(mg of cell protein/ml)c

Fe(II) produced
(mM)

Standardized Fe(II)
produced (�mol)d

�NR �NR �NR �NR �NR �NR

Wild-type K-12 0.44 � 0.01 0.36 � 0.01 1.9 � 0.1 36.9 � 2.0 0.39 � 0.02 9.30 � 0.37
hypE mutant SE38 0.16 � 0.00 0.12 � 0.02 0.6 � 0.0 6.7 � 1.8 0.34 � 0.02 6.11 � 1.41

a Data are means � standard deviations from triplicate cultures samples.
b SE38 values are from 84 h after inoculation to account for the slower growth rate such that SE38 and K-12 spent approximately the same amount of time in

stationary phase.
c Quantification of biomass at the end of log phase. �NR, with no added NR; �NR, with NR added.
d Fe(II) produced divided by milligrams of cell protein at the end of log phase and by the millimolar concentration of total electrons in the amount of electron source

consumed for each individual culture before being averaged. Total electrons was predicted from the oxidation of the electron source to CO2 based on reference 17.

TABLE 5. Effect of formate and hydrogen on iron reduction
rates by E. coli cell suspensions

Conditiona Reduction rate
[�M Fe(II)/min]b

CS ......................................................................................... 0.06 � 0.02
CS � NR............................................................................. 2.62 � 0.05*

CS � For............................................................................. 0.13 � 0.09
CS � For � NR................................................................. 5.67 � 0.64*

CS � H2 .............................................................................. 0.03 � 0.03
CS � H2 � NR .................................................................. 7.01 � 0.97*

a CS, cell suspension from stationary-phase pyruvate-grown E. coli culture
(13.9 mg/ml) was supplied at 50 �l in a final assay volume of 1.05 ml. For, formate
(4.8 mM). H2, �80% in headspace and estimated at 0.6 mM dissolved according
to the mole fraction solubility of hydrogen (1.35 � 10�5) at 308K.

b The chemical reduction rate of 0.12 �M Fe(II)/min was subtracted from
enzymatic values. Data are means � standard deviations from triplicate assays.
*, 99% confidence of a statistical difference from cell suspension value, as
determined by a single-tail, two-sample, unequal variance t test. Chemical re-
duction of iron by hydrogen or formate was not observed in presence or absence
of NR.

3470 MCKINLAY AND ZEIKUS APPL. ENVIRON. MICROBIOL.



tion of insoluble iron occurs by a physiochemical mechanism
similar to that of anode reduction in microbial fuel cells. An
excess precipitate of amorphous iron oxide can be viewed as an
electron-accepting anode, allowing for NR-based electron har-
vesting studies to be performed in readily available test tubes
without many of the physical variables of microbial fuel cells
(e.g., electrode resistance and proton translocation rates). Har-
vested electrons can be quantified by measuring the amount of
ferrous iron produced. The setup could also be used in pre-
liminary studies of bacterial electrical applications by testing
the ability of various microbes to perform electron transfer
with NR, or potentially other electron mediators, based on
ferrous iron generated.

NR-mediated iron reduction was observed only in ferment-
ing E. coli and not in cultures respiring with nitrate. It is
expected that nitrate would be thermodynamically favorable as
an electron acceptor over NR since NR has a low redox po-
tential. Cell suspensions from stationary-phase cultures grown
with H2 and NO3 showed insignificant iron reduction activity in
the presence of hydrogen. The low rate could be due in part to
the lower hydrogenase activity in respiring cells or to a high
overall cell redox potential.

Although E. coli cannot reduce iron with humic acids (5), it
can reduce iron with NR. Compounds similar in structure to
NR such as riboflavin, pyocyanin, quinones, and humic acids
occur in natural environments, and they also reduce iron when
coupled with bacterial metabolism (5, 11, 31, 48). Small aro-
matic compounds with a variety of proposed functions may
have alternative roles, including iron reduction. For example,
pyocyanin and AQDS can reduce iron but also have antibiotic
activities (43). With the right electron mediator, it is possible
that any bacteria could reduce iron and so fortuitous iron
reduction may be widespread in nature. However, it should be
noted that the amount of ferrous iron produced by bacteria
respiring with iron greatly exceeds that produced by iron-re-
ducing fermentative organisms and by NR-mediated iron re-
duction in this study. For example, Geobacter metallireducens
completely oxidizes acetate to CO2 respiring with iron, result-
ing in 8 mol of Fe(II) per mol of acetate consumed (24). In
comparison, the maximum iron reduced in this study was about
0.4 mol of Fe(II) per mol of pyruvate consumed. This amount
is similar to the levels of ferrous iron produced by other fer-
mentative bacteria by unknown mechanisms (24). Compared
to humic acid-mediated iron reduction by fermentative bacte-
ria, iron reduction by Propionibacterium freudenreichii pro-
duced 1 mol of Fe(II)/mol of lactate and Lactococcus lactis
produced 2 mol of Fe(II)/mol of glucose (5).

Since aromatic compounds have a variety of roles in nature,
bioelectrical devices using similar soluble mediators could po-
tentially be used for purposes other than generating electricity
and shifting end product distributions. For example, methano-
phenazine is of similar structure to NR and occurs in electron
transport chains of Methanosarcina mazei (1, 9). Methano-
phenazine has been proposed as an electron mediator in a
symbiotic relationship in consortia of methanogens and sul-
fate-reducing bacteria (30). Methanophenazine has been
shown to couple to hydrogenase as an electron mediator. Per-
haps this electron mediator is analogous to NR in allowing
extracellular electron transport but between consortium mem-
bers. Based on the ability to grow methanogens with electri-

cally reduced NR (33), it may be worthwhile to try electrically
reduced NR as a means to isolate and support individual mem-
bers of this tight symbiosis and to prove or disprove the excit-
ing prospect of an electron-based syntrophy.

Iron reduction proceeded when NR was added to NADH-
ferric citrate mixtures. This result is not surprising since NR’s
structure is similar to that of pyocyanin and flavins, which also
reduce iron (11, 48). Cell extracts stimulated NR-mediated
iron reduction, suggesting that NR-mediated iron reduction in
bacterial cultures is enzymatically coupled. In fact, a constant
rate of chemical NR-mediated iron reduction would produce
only �0.5 mM of ferrous iron after 72 h. Taking into account
a lower concentration of NADH in cultures than in the kinetic
assays and limitations such as NR diffusion or transport, it does
not seem plausible for NR-mediated iron reduction in cultures
to occur solely by the direct chemical oxidation of cytoplasmic
NADH by NR. The reduction of NR is probably enzymatically
facilitated, since NR reduction was rate limiting in chemical
iron reduction assays with NADH, NR, and ferric citrate. It is
unknown whether an enzyme or other cell component facili-
tates iron reduction by NR.

Hydrogen appears to be a source of electrons for NR-me-
diated iron reduction, based on decreasing hydrogen concen-
trations in stationary phase, lower iron reduction activity in
cultures of the hypE mutant, and high iron reduction rates
when hydrogen was the electron donor in cell extracts and cell
suspensions. However, while formate concentrations remained
constant during stationary phase, formate generated iron re-
duction rates in cell extracts and cell suspensions nearly as high
as those with hydrogen. Both formate and hydrogen oxidations
have redox potentials suitable for reducing NR (�420 and
�410 mV, respectively). It is possible that formate turnover in
cultures masked observations of formate oxidation that led to
NR-mediated iron reduction. Formate turnover would help
explain how SE38 reduced 65% of the amount of iron as did
wildtype K-12. However, it is interesting that in K-12 cell ex-
tracts and cell suspensions, hydrogen always gave higher iron
reduction rates than did formate. Since formate is soluble
while hydrogen has a low solubility, one might expect formate
to be more accessible and give higher reduction rates. The fact
that hydrogen produced higher iron reduction rates than for-
mate could suggest that formate first generates hydrogen via
formate hydrogenlyase activity, which is then oxidized to re-
duce NR. Similarly, NR-mediated iron reduction rates by cell
extracts with succinate and lactate were lower than those with
NADH. Perhaps succinate and lactate must first be oxidized to
generate NADH, which can then reduce NR in one or possibly
several subsequent enzymatic steps. In any case, enzymatic
reactions other than hydrogen oxidation must be involved in
NR-mediated iron reduction since the hydrogen consumed
during stationary phase could not account for all of the iron
reduced and since SE38 still reduced a significant amount of
iron, especially in the presence of NR. Formate oxidation
remains a likely candidate for this role.

Our results implicate a role for hydrogenase in extracellular
iron reduction and suggest a role for it in anode reduction in
microbial fuel cells. In this regard, it would be of interest to
evaluate the role of hydrogenase in extracellular iron reduction
by dissimilatory iron-reducing bacteria and bacteria that can
fortuitously reduce iron. A variety of dissimilatory iron-reduc-
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ing bacteria can use hydrogen as an electron source during
anaerobic respiration with ferric iron (25). However, hydrogen
oxidation for iron reduction during iron respiration is probably
different from the hydrogen oxidation leading to iron reduction
observed in this study. The iron reduction observed in this
study is suspected to be part of a secondary metabolism rather
than directly involved in cell growth as is anaerobic respiration.
Fortuitous iron reduction by fermentative bacteria could po-
tentially involve hydrogen oxidation and an electron mediator
in a manner similar to the phenomenon described in this study.

It is not entirely clear which of the four E. coli hydrogenases
is involved in NR-mediated iron reduction. However, it is
probably one or both of the hydrogen-oxidizing hydrogenases,
hydrogenase-1 and hydrogenase-2 (40). Hydrogenase-2 activity
primarily supplies electrons to electron transport chains (14),
while a role for hydrogenase-1 remains ambiguous. Hydroge-
nase-1 could be involved in recycling hydrogen produced by
hydrogenase-3 (41) or could act as a hydrogen-scavenging en-
zyme, primarily active at certain hydrogen concentrations (40).
More recently, the hydrogen-oxidizing isoenzymes have been
distinguished based on their activity at different redox poten-
tials, hydrogenase-2 being active at lower redox potentials and
hydrogenase-1 being active at higher redox potentials (22).
Hydrogenase-2 therefore seems more likely to interact with
NR than hydrogenase-1, since NR has a relatively low redox
potential of �325 mV. Due to the involvement of hydroge-
nase-2 with respiratory electron transport chains, it is possible
that a respiratory quinone would have a higher affinity for
electrons from hydrogen oxidation than an artificial electron
acceptor, NR. This may explain why no iron reduction was

observed in cultures oxidizing hydrogen and respiring with
nitrate.

In assays involving cell suspensions (Table 5), it is clear that
NR is required to break down some part of organized cell
processes to transfer electrons to iron. NR could interfere with
the organization of an electron transfer network and/or it
could be crossing the boundaries of the inner and outer mem-
branes. It is important that for assays with cell suspensions, the
oxidized iron source, ferric citrate, is soluble unlike the amor-
phous iron oxide used in cell cultures. E. coli is capable of using
ferric citrate as an iron source for growth, and it has specific,
regulated outer and inner membrane active transport mecha-
nisms for its uptake (7). Since there are dense cell concentra-
tions and high iron concentrations in the assay conditions, it is
unlikely that there is rapid import of iron into the cytoplasm
for cell growth. Therefore, it is also unlikely that NR-mediated
iron reduction is occurring in the cytoplasm. Ferric citrate can
form polynuclear complexes with an average molecular weight
of 2 � 105 (4), which would probably not cross the outer
membrane. However, it has also been reported that ferric
citrate can freely diffuse into the periplasm (16). Taking into
account that the active site of hydrogenase-2 is oriented into
the periplasm (39), it is possible that NR-mediated reduction
of ferric citrate occurs in the periplasm. However, reduction of
iron itself in the periplasm does not explain reduction of ex-
tracellular insoluble iron and anode reduction.

This report provides insight into how an electron mediator
can interact with bacterial metabolism to facilitate reduction of
an extracellular insoluble acceptor. However, there is still
much to understand, particularly in the transport of electron

FIG. 1. Hypothetical model depicting the role of NR in electron transfer reactions and electron translocation from metabolizing E. coli cells
to an extracellular electron acceptor. NR enters the periplasm and cytoplasm by an unknown mechanism. NR is enzymatically reduced by
hydrogenase and by other enzymes, such as dehydrogenases. NR then leaves the cell by an unknown mechanism and reduces extracellular iron or
an electrode. NRred, reduced NR; NRox, oxidized NR; OM, outermembrane; P, periplasm; CM, cytoplasmic membrane; C, cytoplasm; DH,
dehydrogenase; XH, reduced cofactor; X�, oxidized cofactor; ?, possible transporter involved in NR transport.
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mediators themselves. Mechanisms for mediator transport
could involve mechanisms for iron acquisition and antibiotic
resistance. For example, some fermentative bacteria may re-
duce iron to facilitate its acquisition. E. coli produces extracel-
lular iron reductases (10, 46) for iron acquisition, while other
bacteria produce small molecules able to reduce iron, such as
pyocyanin (11) and riboflavin (48), which resemble phenazine
mediators (e.g., NR). Although repressed anaerobically (13),
TonB-dependent transport of the siderophore ferrichrome by
FhuABCD will also transport the antibiotic albomycin, a struc-
tural analogue of ferrichrome, and the structurally dissimilar
rifamycin-derivative CGP 4832 (8). Active transport of CGP
4832 decreased the MIC by 200 to 400 fold (8). Based on this
result, one can imagine how active transport could result in
high iron reduction rates with electron mediators. Similarly,
Shewanella oneidensis, which can reduce iron with the electron
mediator AQDS, relies on an energy-dependent outer mem-
brane active transport mechanism involving TolC for AQDS
export as well as for export of the antibiotic pyocyanin (43).
TolC is an outer membrane efflux pump that associates with
periplasmic and cytoplasmic membrane proteins to actively
expel antibiotics and secrete proteins as part of a type I secre-
tion system (2). Based on the similarities of NR to pyocyanin,
E. coli could require TolC for the efflux of reduced NR or of an
NR-stimulated cellular factor capable of reducing iron. Such
factors could be an iron reductase (described for E. coli in
facilitating iron acquisition [10, 46]) or a small molecule such
as riboflavin, which has been described in Helicobacter pylori
and other bacteria but not in E. coli (48). Future studies in-
volving electron mediators for microbial iron and anode re-
duction should concentrate not only on electron transfer reac-
tions but also on energy-dependent mediator transport and not
assume diffusion.

The exact mechanism for microbial reduction of extracellu-
lar electron acceptors by way of soluble mediators is not known
and could employ several mechanisms. A hypothetical model
for NR-mediated reduction of extracellular electron acceptors
is proposed in Fig. 1. The model depicts events that may occur
in fermentative E. coli cultures where hydrogen produced dur-
ing fermentation is being reconsumed. First, oxidized NR en-
ters the periplasm and cytoplasm by an unknown mechanism.
NR is reduced in the periplasm by hydrogenase and also by
unknown redox enzymes (perhaps formate dehydrogenase on
the cytoplasmic face of the inner membrane). Reduced NR
then exits the cell by an unknown process possibly involving
energy-dependent transport. Once in the external environment
NR is oxidized by ferric iron or an anode. Our data support this
model but do not exclude alternative models. For example, an
additional electron mediator capable of interacting with NR
could be involved in the reduction of extracellular acceptors.
Such an alternative model would help explain observations of
anode reduction with bound NR (32, 35, 36).

In summary, NR allows fermentative, but not anaerobically
respiring, E. coli to reduce iron. The mechanism of NR-medi-
ated iron reduction does not rely solely on the direct oxidation
of a cytoplasmic NADH pool, but rather it is enzymatically
coupled to hydrogen oxidation and oxidation of other com-
pounds, formate being a likely candidate.
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