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Many bacteria use hydrogen anaerobically as both a source and sink for electrons;

consuming hydrogen when it is plentiful and producing it when concentrations are low

enough to allow proton reduction.While this can increase an organism’s competitiveness,

hydrogen uptake, or excretion can also make it difficult to control electron flux to a

specific product. For example, when Shewanella oneidensis strain MR-1 is used to

oxidize organic molecules and recover electrons in microbial electrochemical devices,

small changes in ambient hydrogen concentrations could dramatically alter the efficiency

of electron capture at the anode due to this organism’s respiratory flexibility. When

new three-electrode reactor designs created to minimize oxygen intrusion during anodic

growth were tested with lactate-oxidizing S. oneidensis, current production decreased

significantly in reactors vented to remove hydrogen produced at the counter electrode,

suggesting a role for hydrogen uptake or disposal when cells used electrodes as electron

acceptors. A 1hydA1hyaB mutant lacking both hydrogenases reversed this trend, and

nearly doubled current production rates. This increase was shown to be due to the

efficiency of lactate oxidation, as 90% of electrons were recovered as electricity in the

1hydA1hyaBmutant compared to only 50% for wild type. Experiments with Fe(III) oxide

provided additional evidence that S. oneidensis generates hydrogen reducing equivalents

during reduction of insoluble electron acceptors, while experiments with cells incubated

with Fe(III) citrate showed increased survival of wild-type compared to 1hydA1hyaB in

stationary phase. Together these data show how the multiple routes of electron disposal

of S. oneidensis, while beneficial under changing conditions, limits the efficiency of

electron recovery in electrochemical systems, and demonstrates a simple approach to

increasing current production rates in systems where hydrogen is being captured as

a product.

Keywords: extracellular electron transfer, hydrogen metabolism, coulombic efficiency, hydrogenase, Shewanella,

microbial fuel cells

INTRODUCTION

Life began, and continues to thrive today, in anaerobic ecosystems across the planet. A variety
of metabolic strategies allow life to persist in anaerobic conditions within environments such
as sediments, subsurface aquifers, stratified lakes, digestive tracts, wastewater treatment plants,
and anaerobic digesters. For heterotrophic respiratory organisms, life under anaerobic conditions
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is often constrained by the ability of cells to dispose of
electrons generated during carbon compound oxidation; thus the
availability of electron acceptors such as nitrate or Fe(III) controls
the options for energy generation within a niche (Thauer et al.,
1977). In all of these environments, hydrogenases represent a
means to dispose of low-potential electrons via proton reduction,
depending on ambient concentrations. Here, we explore the
effect of this hydrogen disposal choice in a dissimilatory metal
reducing bacterium, and show that while hydrogen production
may benefit an organism in terms of electron balance, it
significantly decreases the efficiency of electricity-generating
devices due to diversion of electron flux away from the electrode.

Shewanella oneidensis strain MR-1 (hereafter referred to as
MR-1) is a facultative anaerobe that thrives in redox-stratified
environments due to its ability to utilize a wide range of terminal
electron acceptors (Nealson and Scott, 2006; Hau and Gralnick,
2007). MR-1 is able to couple the oxidation of electron donors
such as lactate, formate, and hydrogen, to reduction of over
20 organic and inorganic compounds including insoluble metal
oxides (Nealson and Scott, 2006; Hau and Gralnick, 2007; Kane
et al., 2016). The process of transferring electrons produced
during anaerobic metabolism to insoluble terminal electron
acceptors is termed extracellular electron transfer, and has been
well-studied in MR-1 (Beblawy et al., 2018). During extracellular
electron transfer, electrons flow from the quinone pool through
a series of cytochromes known as the Mtr respiratory pathway
to the exterior of the cell, where they are transferred to solid
acceptors directly or with the aid of secreted flavin-based redox
shuttles (Beblawy et al., 2018). The ability of MR-1 to couple
organic carbon oxidation to reduction of insoluble metals is
important in biogeochemical cycling, and in applications where
electrodes within bioelectrochemical reactors serve as proxies
for the metals used as terminal electron acceptors (Rabaey and
Verstraete, 2005; Bretschger et al., 2007; Hau and Gralnick, 2007;
Fredrickson et al., 2008; Coursolle et al., 2010). For example,
when Shewanella is used to supply electrons to the anode in
a device termed a “Microbial Electrolysis Cell,” a small voltage
can be applied to these electrons to produce valuable cathodic
hydrogen at a counter electrode (Bretschger et al., 2007; Coursolle
et al., 2010).

To better harness extracellular electron transfer in bioenergy
and bioelectronic applications, knowing the fate of electrons
generated during metabolic oxidation is essential. Coulombic
efficiency is calculated by comparing the number of electrons
released during oxidation of the donor to the electron equivalents
recovered at the anode. Efficiency decreases when electrons are
diverted to products or acceptors other than the anode. For
example, experimental artifacts such as leakage of oxygen into
electrode chambers in a two chambered bioreactor containing
Shewanella supports higher cell density and synthesis of higher
concentrations of flavins that enhance electron transfer, but at the
expense of decreasing coulombic yield due to oxygen respiration
and formation of biomass (Rosenbaum et al., 2010; TerAvest
et al., 2014; Lu et al., 2017). Inefficient transfer of protons across
chambers frommembrane fouling as well leaking of substrates or
oxygen from the cathode chamber into the anode chamber results
in low coulombic efficiency. In single chamber devices where a

counter electrode produces hydrogen, coulombic efficiency can
appear to exceed 100% if cells re-uptake produced hydrogen,
a process that wastes energy by applying energy to the same
electron equivalents multiple times (Lee et al., 2009; Lee and
Rittmann, 2010). Conversely, MR-1 can also produce hydrogen
during lactate oxidation, representing a loss of energy and
electrons (Pinchuk et al., 2011). Thus, due to the high affinity of
MR-1 for oxygen, and the reversible nature of hydrogenases, very
small alterations in experimental design can cause large changes
in the performance of microbial electrochemical systems (Lee
et al., 2009; Lee and Rittmann, 2010). It should be noted that these
challenges are accentuated in single chamber three electrode
bioreactors where a single organism is used. Hydrogen dynamics
will differ substantially in membrane-separated systems and in
mixed-culture systems.

The genome of MR-1 contains two hydrogenase gene clusters
that contribute to hydrogen production and uptake. The cluster
hyaABCDE-hypF-hypBCDEA (SO2089-2099) encodes a Group
1 [NiFe] hydrogenase and the hydrogenase pleitropy (hyp)
maturation proteins, while hydAB-fdhC-hydGXEF (SO3920-
3926) encodes an [FeFe] hydrogenase, maturation proteins,
and a gene annotated as a formate dehydrogenase gamma
subunit (Meshulam-Simon et al., 2007). The HydA hydrogenase
functions primarily in hydrogen formation while HyaB is
capable both of hydrogen production and uptake (Meshulam-
Simon et al., 2007). Both hydrogenases are expressed during
anaerobic growth, and hydrogen production has been observed
in cultures following depletion of the electron acceptor fumarate
(Meshulam-Simon et al., 2007; Kreuzer et al., 2014).

Here, we describe new electrochemical reactors capable of
maintaining strictly anaerobic conditions to eliminate artifacts
from aerobic growth, combined with modifications that prevent
hydrogen recycling. These reactors allow investigation of the
role of hydrogen and the HydA/HyaB systems in altering
coulombic efficiency of bioelectrochemical reactions, revealing
new insights into the anaerobic metabolic strategy of Shewanella.
We demonstrate that deletion of hydA and hyaB in Shewanella
results in higher current density and coulombic efficiency by
diverting electron flux to the anode instead of to hydrogen
disposal. Hydrogenase-containing cells are shown to produce
a burst of reducing equivalents when exposed to another
insoluble electron acceptor (Fe(III) oxide), and the presence
of hydrogenases enhances survival when other electron donors
are depleted during growth with Fe(III) citrate. This evidence
suggests that hydrogen production provides S. oneidensis with an
electron disposal mechanism, and that eliminating this ability to
use protons as electron acceptors diverts oxidative metabolism to
exclusive use of the Mtr respiratory pathway, allowing enhanced
capture of electrons in electrochemical cells.

MATERIALS AND METHODS

Bacterial Strains and Culture Conditions
Strains and plasmids used in this study are listed in
Table 1. S. oneidensis MR-1 has been described previously
(Venkateswaran et al., 1999). Escherichia coli strains used
for cloning (UQ950) and conjugal transfer (WM3064) were
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TABLE 1 | Strains and plasmid used in this study.

Strain or plasmid Characteristics Reference/Source

S. oneidensis

strain MR-1

Wild-type Venkateswaran et al.,

1999

1hydA1hyaB S. oneidensis 1hydA1hyaB This study

E. coli WM3064 DAP auxotroph E. coli conjugal

donor strain

Saltikov and Newman,

2003

E. coli UQ950 DH5α; cloning strain Saltikov and Newman,

2003

pSMV3 9.1 kb suicide vector; oriR6K,

mobRP4, sacB, KmR
Saltikov and Newman,

2003

maintained on lysogeny broth (LB) agar plates containing
50µg/mL kanamycin and/or 250µM 2,6-diaminopimelic acid as
necessary at 37◦C and have been described previously (Saltikov
and Newman, 2003). S. oneidensis strains were maintained on
LB agar plates at 30◦C. Shewanella basal media (SBM) pH 7.2
was used where indicated and contained the following (per
liter): 0.225 g K2HPO4, 0.225 g KH2PO4, 0.46 g NaCl, 0.225 g
(NH4)2SO4, 0.117 g MgSO4.7H2O, 5mL vitamin mix, 5ml of
trace mineral mix, and 0.05% casamino acids (Hau et al., 2008).
For growth assays, S. oneidensis strains were freshly streaked
from −80◦C glycerol stocks on LB plates and incubated for
∼16 h at 30◦C. Single colonies from these plates were used
to inoculate 5mL of liquid LB medium shaken at 250 rpm at
30◦C for 8 h and were then sub-cultured into 5mL of SBM
supplemented with 20mM lactate for ∼16 h shaken at 250 rpm
at 30◦C. Cultures were then washed twice and added to SBM
containing 20mM lactate and 40mM fumarate in tubes sealed
with butyl rubber stoppers containing an argon headspace.

Reagents and Materials
Enzymes were purchased from New England Biolabs (Ipswich,
MA). Kits for gel and plasmid purification were purchased from
Invitrogen (Carlsbad, CA). All related reactions were carried
out according to manufacturer instructions. Media components
were purchased from Becton, Dickinson and Company (Sparks,
MD), and chemicals including sodium DL-lactate and disodium
fumarate were purchased from Sigma-Aldrich (St. Louis, MO).

Generation of Deletion Mutants
Oligonucleotide primers used to amplify regions of the MR-1
chromosome for deletion constructs are listed inTable 2. Regions
of∼500 base pairs both up and downstream of the target deletion
region were amplified using primers hyaB-UF/hyaB-UR, hyaB-
DF/hyaB-DR, hydA-UF/hydA-UR, and hydA-DF/hydA-DR with
high fidelity polymerase Pfu Ultra (Agilent Technologies, Santa
Clara, CA). Following restriction digest, up and downstream
fragments were gel purified and cloned into the suicide vector
pSMV3. Deletion constructs were introduced into MR-1 via
conjugal transfer using E. coli donor strain WM3064 (Saltikov
and Newman, 2003). In-frame gene deletions for hydA and
hyaB were generated by homologous recombination as described
previously (Saltikov and Newman, 2003). Plasmid constructs

TABLE 2 | Primers used in this study.

Primer name Sequence

Primers for hydA deletion:

hydA-UF GCATGGGCCCGCATTATCAATTCACCATAAACCC

hydA-UR GCATACTAGTATTAATCTTGATCAGCCC

hydA-DF GCATACTAGTGTGAAATCAGCCTCTGTC

hydA-DR GCATGAGCTCTTTTGCTAGGCTGTCGTCCTTG

Primers for hyaB deletion:

hyaB-UF GCATGGGCCCGTGGCCGTTTTGATGCAG

hyaB-UR GCATACTAGTTTTCAGTATGACTTCAATAAC

hyaB-DF GCATACTAGTGATGCTGTCAATGCCCTG

hyaB-DR GCATGAGCTCATGCGGGTTTCAGAATGG

Primers for sequencing:

hydA-SP1 TTCGACTCTACCTATGAAGCAATTAC

hydA-SP2 GATGTGCACATCATAGGTTAGCTG

hyaB-SP1 GTCAGCAAACCCGTGATTAACTTAG

hyaB-SP2 GATCCAACCTTGTACTAATACATCCGT

and deletion strains were sequence verified using primers hyaB-
SP1/hyaB-SP-2 and hydA-SP1/hydA-SP2 at the University of
Minnesota Genomics Center.

Anaerobic Bioreactors Vented to Remove
Hydrogen
To eliminate intrusion of oxygen into bioelectrochemical
reactors, a new sealed top mechanism was machined for 25mL
glass cones (Bioanalytical Systems, West Lafayette, IN), from
PEEK (a polyether ether ketone thermoplastic polymer). PEEK
is gas impermeable and mechanically robust, supporting a
compression seal around openings and threaded ports for
stainless steel fittings (McMaster-Carr). The bioreactor top has
three ports at the center to house three electrodes (working,
counter, and salt bridge for a reference electrode). The electrodes
were fed through the top with the help of gaskets and a
PEEK disc compressed by a threaded screw at the center
(Figure 1A). Tightening of the center screw compresses the
gasket, providing a seal on the glass tubing used for electrodes.
Stainless steel screws mounted around the outer edge pull a
ring from below, compressing the top of the reactor in a gasket
within a groove. This design ensures that the distance between
electrodes and the reference relative to the working and counter
stays constant in every experiment, decreasing variability and
increasing repeatability. Supplementary Figure 1 is an overview
of the reactor design, with detailed CAD file drawings and parts
description list available here: https://github.com/komaljoshi-
umn/Bond_lab_reactors.

At all stages of design and testing, oxygen levels were
measured using a Series 3,000 Trace Oxygen Analyzer capable
of detecting O2 levels in the gas phase below 1 ppm (Alpha
Omega, Lincoln RI). Anoxic conditions were maintained by
slowly flushing reactors with argon purified of oxygen using
a heated copper column, and oxygen in the headspace was
measured to be below 2 ppm even at <1 ml/min flushing rate.
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FIGURE 1 | MR-1 produces lower current density when cathodic hydrogen is vented. (A) Model of the new strictly anaerobic three electrode electrochemical cell.

(B) Designs for exposed vs. vented cathodes to control release of cathodic hydrogen into the reactor. Hydrogen from the exposed cathode could suppress hydrogen

disposal by bacteria, or serve as an electron donor if concentrations are high enough. (C) Current density over time for MR-1 cultures in new bioreactors containing

exposed (green) and vented (blue) cathodes anodes poised at +0.240V vs. SHE. Representative data from three independent experiments (n = 3) are shown.

Argon was bubbled through sealed vessels containing anoxic
MilliQ water for humidification. When needed, flexible tubing
for making connections was fresh Pharmed BPT tubing (Cole
Parmer, Vernon Hills IL), as we found that after exposure to
multiple (>5) rounds of autoclaving, 0.5m of flexible tubing
allowed in as much as 5 ppm O2. The working electrode
consisted of a graphitic carbon electrode measuring 0.5 cm ×

3 cm × 1mm connected to a platinum wire with a Teflon
bolt (McMaster Carr, Elmhurst, IL). The working electrode was
polished with 400 grit sandpaper, rinsed in 1N HCl and cleaned
by sonication in deionized water twice for 10min prior to use.
The reference consisted of a glass body Ag/AgCl electrode in 3M
KCl connected to the system via a glass capillary tube filled with
1% agarose in a 0.1M KCl solution and capped with a vycor
frit. The counter electrode consisted of a platinum wire, and
when indicated was contained within glass tubing that was vented
from the reactor to eliminate introduction of hydrogen into
the system. Bioreactors were maintained at 30◦C using a water
bath and were stirred continuously. Electrochemical data was
monitored using a 16-channel VMP R© potentiostat (Bio-Logic,
Claix, France).

Bioreactor Preparation and
Electrochemical Analysis
For bioreactor assays, single S. oneidensis colonies were used to
inoculate LB medium incubated at 30◦C, 250 rpm for ∼16 h.
Strains were then sub-cultured in LB supplemented with 20mM

lactate and 40mM fumarate under an argon headspace. When
anaerobic LB cultures reached an optical density measured
at 600 nm (OD600) of 0.5–0.6, 1mL of culture was added to
bioreactors containing 14mL of SBMmedium containing 50mM
NaCl, 100mM HEPES buffer, and 60mM lactate, and 40mM
fumarate. After ∼5 h, the fumarate acceptor in these cultures
is exhausted, and cells begin respiring electrodes (reflected in
sudden jumps in current in Figures 1, 2). Following inoculation,
the working electrode was poised at +0.240V vs. SHE (Standard
Hydrogen Electrode), and current was monitored for ∼120 h
until current plateaued. Reactors were then washed three times
with SBM containing 50mM NaCl but lacking electron donor
or acceptor, and current was monitored until basal levels were
reached indicating depletion of lactate. SBM containing 50mM
NaCl, 30mM lactate, 1µM riboflavin, and 10mM arabinose
(arabinose included as an internal HPLC standard not utilized as
a carbon source byMR-1) was then added to reactors and current
analysis was continued for 96 h (Rodionov et al., 2010; Golitsch
et al., 2013). Supernatant was removed every 24 h for metabolite
analysis by HPLC.

High Performance Liquid Chromatography
(HPLC) and Coulombic Efficiency
Calculations
Metabolites were quantified by HPLC using Shimadzu Scientific
equipment including an SCL-10A system controller, LC-10AT
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FIGURE 2 | Deletion of hydrogenases results in higher current density. Current

density produced by MR-1 (blue) vs. 1hydA1hyaB (red) in anaerobic

bioreactors with vented cathodes. Lactate was supplied as the carbon source,

and graphite carbon anodes were poised at +0.240V vs. SHE. Data

represents average current density produced in reactors run in triplicate. Inset

figure shows the response in current production to addition of 1% exogenous

hydrogen into the reactor headspace, with level of current at time of injection

represented as 100%.

pump, SIL-10AF auto-injector, CTO-10A column oven, RID-
10A refractive index detector (210 nm), and an SPD-10A UV-
Vis detector. Mobile phase consisted of 15 mN H2SO4 set at
a flow rate of 0.400mL min−1. Injection volumes of 50 µL
were separated on an Aminex HPX-87H column maintained
at 46◦C. Reactor samples were compared to standard curves
generated from known concentrations of each metabolite (R2 >

0.99). These data were used to calculate coulombic efficiency,
as Lactate→ Acetate + CO2 + 4 e−, and Coulombic efficiency
(%) = (moles of electrons collected at the electrode) / (moles of
electrons recovered as acetate× 4).

Fe(III) Oxide Reduction
Strains were streaked on LB agar plates from −80◦C stocks at
30◦C incubator overnight. Single colonies were inoculated into
LB medium incubated at 30◦C, 250 rpm for ∼16 h. Strains were
then sub-cultured in anaerobic LB medium containing 20mM
lactate and 40mM fumarate under anaerobic conditions. After
the cultures reached an OD600nm of 0.5–0.55, 1mL of culture
was inoculated into bioreactors containing 14mL of SBM with
50mM Fe(III) oxide, and 10mM lactate. Platinum redox probes
were included in the bioreactors to continuously measure the
redox potential of the system. Bioreactors were maintained at
30◦C using a water bath and were stirred continuously. Change

in redox potential over time was measured using OCV (open
circuit voltage) technique using a 16-channel VMP R© potentiostat
(Bio-Logic). Calibration redox probe measurements were also
performed in the presence of Fe(III) oxide, except no cells were
added and 10–1% hydrogen was added in the headspace.

Fe(III) Citrate Reduction Assay
Strains were streaked on LB agar plates from −80◦C stocks as
described for Fe(III) oxide experiments, and after subcultures
reached an OD600nm of 0.5–0.55, 1mL of culture was inoculated
into 14mL of SBM with 50mM Fe(III) citrate and 10mM
lactate. Following inoculation, 200 µL samples were taken using
a degassed syringe at regular time intervals. Hundred microliter
of sample was saved into 900 µL of 0.5N HCl for the FerroZine
assay and the remaining 100 µL was used to determine cell
density. Fe(II) was measured in the samples using a modified
FerroZine assay (Lovley and Phillips, 1987).

To determine cell density during Fe citrate reduction, 100
µL samples were removed at the time points indicated using a
degassed syringe. Samples were then serially diluted, plated on
LB agar, and colonies were counted after incubation overnight
at 30◦C.

RESULTS

Using a three-electrode potentiostat-poised system, a working
electrode can be maintained at a constant potential, and
respiration by bacteria capable of extracellular electron transfer
can be monitored in real-time. In this case, the graphite
electrode was poised at +0.24V vs. SHE, allowing bacteria to
oxidize lactate and utilize the anode as a terminal electron
acceptor (Baron et al., 2009). Electron transfer efficiency to
the electrode can be influenced due to oxygen acting as an
alternative electron acceptor, by hydrogen produced by cells
escaping into the headspace, or by hydrogen evolved from the
counter electrode (cathode) serving as an additional electron
donor. The design shown in Figure 1A (for detailed design, see
Supplementary Figure 1) was optimized to eliminate all routes
for oxygen entry, which then resulted in a device so well-sealed
that gases produced in the medium could remain within the
reactor (Figure 1B). To then isolate the effect of hydrogen,
we modified reactors further by containing counter electrodes
within tubing that vented produced hydrogen from the chamber,
and compared the current density of strictly anaerobic MR-1
utilizing electrodes in vented vs. exposed designs.

Venting Cathodic Hydrogen Decreases
Current Production by MR-1 in
Three-Electrode Bioreactors
Cathodic hydrogen produced at exposed counter electrodes can
raise hydrogen levels to concentrations that thermodynamically
prevents hydrogen production by cells. At higher levels,
hydrogen can act as an additional electron donor (Geelhoed
and Stams, 2011; Schink and Stams, 2013) (Figures 1A,B).
When cathodic hydrogen was vented from oxygen-free reactors
operated in triplicate for each condition, current density by
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MR-1 was significantly diminished compared to reactors with
exposed cathodes (Figure 1C). Venting hydrogen out of the
reactors decreased current density by 36.6 ± 4.5%, suggesting
either that hydrogen inhibited electron flow out ofMR-1, or that a
significant portion of current density resulted from re-utilization
of hydrogen (Figure 1C). To investigate this metabolic choice,
mutants unable to produce or use hydrogen were constructed.

Hydrogenase Mutants Produce Higher
Current Density in Single-Chamber,
Three-Electrode Bioreactors
Electrons produced during anaerobic metabolism can either be
transported from the quinone pool to external acceptors via the
Mtr pathway, or, if their redox potential is low enough relative to
the ambient hydrogen concentration, shunted to hydrogenases
(Pinchuk et al., 2011). To quantify the role of hydrogen
metabolism, marker-less in-frame deletions were constructed in
the regions encoding both large subunits of the hydrogenases in
the MR-1 genome (strain referred to as 1hydA1hyaB). Deletion
of both hydrogenases did not adversely affect growth rate or yield
of 1hydA1hyaB utilizing lactate as the donor and fumarate as
the acceptor (Supplementary Figure 2).

In contrast, when triplicate MR-1 or 1hydA1hyaB cultures
were grown with lactate in anaerobic bioreactors with vented
cathodes, maximum current densities for 1hydA1hyaB were
significantly higher compared to wild type (p-value < 0.0001)
(Figure 2). The rate of current increase was also faster for
all 1hydA1hyaB reactors during the first 20 h following
inoculation, and continued to increase for 60 h. MR-1 produced
very little current over the first 20 h, and plateaued much
sooner (Figure 2).

As the 1hydA1hyaB mutant lacks options for electron flux
out of the cell via hydrogenases, this improvement was consistent
with a strict dependence on using the electrode. While MR-1
can only oxidize lactate to acetate under anaerobic conditions,
under low cell density conditions in reactors lacking hydrogen,
MR-1 could dispose of some electrons via hydrogen production
and not be as dependent upon the electrode as its sole electron
acceptor. To verify the presence or absence of hydrogenases
under these conditions, 1% hydrogen was injected into the
reactor headspace, causing current production to increase inMR-
1 cultures for over 5 h, while no such increase was seen in mutant
cultures (Figure 2, inset). This illustrated how sensitive MR-1
current production is to ambient hydrogen concentrations, and
confirmed that the 1hydA1hyaB mutant was insensitive to the
presence of hydrogen.

Deletion of Hydrogenases Increases
Efficiency of Electron Capture in
Three-Electrode Bioreactors
After cultivating both strains for 120 h (Figure 2), all replicates
of wild type and mutant cultures reached their maximum
current density, with 1hydA1hyaB cultures always producing
more current than wild type. To test whether this increased
current was due to diversion of more electrons per lactate to
the electrode, the reactor medium was exchanged with fresh
medium containing 30mM lactate, 1µM riboflavin, and 10mM

arabinose (included as an internal control for HPLC). Following
medium replacement, 1hydA1hyaB cultures sustained higher
current densities, demonstrating nearly twice the rate of electron
transfer to the anode as that of MR-1, and the attached biofilms
maintained this constant plateau for over 4 days (Figure 3A,
n = 3 for each strain). Samples were removed from triplicate
reactors during these incubations and analyzed by HPLC to
determine the fate of the lactate donor, which S. oneidensis
typically oxidizes to acetate and four electrons under anaerobic
conditions (Hunt et al., 2010; Pinchuk et al., 2011).

While 1hydA1hyaB biofilms produced current nearly twice
as fast as MR-1, acetate production rates from lactate were not
as significantly different between the two strains: 1hydA1hyaB
produced 42 ± 3µM acetate hr−1, while MR-1 produced
38 ± 3µM acetate hr−1 (Figure 3B). This was consistent
with each culture consuming lactate at similar rates, while
1hydA1hyaB biofilms diverted significantly more electrons
to electrodes. When coulombic efficiencies were calculated
by dividing the moles of electrons recovered at electrodes
by the moles of lactate oxidized to acetate, nearly 90% of
electrons were recovered as electricity in the 1hydA1hyaB
strain, while this ratio was only 52% for MR-1 under the same
conditions (Figure 3C). Based on these results, when hydrogen
concentrations are low, MR-1 can dispose of nearly half of its
electrons via hydrogen production.

Evidence for Hydrogen Disposal During
Reduction of Fe(III) Oxide
Shewanella cells need time to attach to solid acceptors such
as Fe(III) oxides or electrodes, and electron transfer to these
acceptors is accelerated by soluble shuttles. Thus, cells exposed
to insoluble extracellular acceptors experience an excess of
electrons. Hydrogen production should also be detectable in
cultures exposed to metal oxides, if they represent a sustained
bottleneck to electron disposal similar to what is observed with
electrode-based acceptors.

For these experiments, MR-1 and the 1hydA1hyaB strain
were inoculated into medium with only particulate Fe(III) oxide
as the electron acceptor, and a platinum redox probe was
included to detect hydrogen. When MR-1 and the 1hydA1hyaB
were inoculated into Fe(III) oxide medium, the redox potential
dropped in MR-1 cultures immediately after introduction
of cells, while this change did not occur in 1hydA1hyaB
(Figure 4A). Very little Fe(II) was detected at this early stage
(data not shown), suggesting that wild type cells experiencing
excess donor and limited ability to access Fe(III) oxide as
the acceptor produced a burst of hydrogen to dispose of
excess electrons.

In control experiments, when hydrogen gas was added
directly into the headspace of chambers containing Fe(III) oxide
medium alone, a near instantaneous drop in redox potential
was also observed, and the drop was proportional to hydrogen
concentrations (Figure 4B). Within∼30min the redox potential
returned to baseline if the headspace was flushed with argon.
The drop in redox potential observed upon hydrogen addition
mimics the observation inMR-1 cultures when particulate Fe(III)
oxide is the electron acceptor.
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FIGURE 3 | Deletion of hydrogenases diverts electron flux toward the anode, increasing efficiency of electron recovery. (A) Recovered charge measured for reactors

containing MR-1 (blue) as compared to 1hydA1hyaB (red), reflecting the faster rate of current production by hydrogenase mutants. Each line represents one of three

replicate reactors. (B) Acetate production rates for MR-1 (blue) and 1hydA1hyaB (red), revealing similar rates of electron donor consumption, measured by HPLC in

triplicate reactors. Error is represented as SEM. Time on the x-axis reflects time since replacing the medium in reactors containing mature biofilms with fresh 30mM

lactate and 1µM riboflavin. (C) Coulombic efficiency measured as mole equivalents of electrons transferred to the anode vs. mole equivalents of electrons produced

by lactate oxidized to acetate in MR-1 (blue) and 1hydA1hyaB (red) in reactors with vented cathodes. Three independent experiments are shown for each strain with

error representing SEM.

FIGURE 4 | Evidence for hydrogen disposal by MR-1 cells after transfer to

Fe(III) oxide containing medium. (A) Redox probe based measurements detect

a rapid decrease in redox potential when MR-1 cells with excess lactate are

exposed to Fe(III) oxide as an electron acceptor. In contrast, 1hydA1hyaB

mutants do not lower redox potential, consistent with a burst of produced

hydrogen by wild type cells experiencing donor-excess conditions. Fe(II)

reduction at this early time point was minimal and similar by both strains (data

not shown). (B) Abiotic control experiments showing similar rapid drop in

redox potential in Fe(III) oxide medium in response to small additions of

hydrogen to the headspace of reactors, and removal by flushing. Data is

representative of three replicates.

Hydrogen Production Enhances Stationary
Phase Survival
While deletion of hydrogenases diverted electrons to an electrode
in a manner beneficial to the operation of a bioelectrochemical

device, the presence of hydrogenases likely benefits the organism
and aids survival under less steady-state conditions. To examine
the effects of hydrogenases during starvation under conditions
where cell viability could be easily determined, MR-1 and the
1hydA1hyaB strain were grown with Fe(III) citrate as the sole
terminal electron acceptor, which allowed the concentration
of Fe(II) and cell density to be easily monitored over time.
Reduction rates of Fe(III) citrate were not significantly different
between MR-1 and the 1hydA1hyaB strain (Figure 5A), and
both reduced all available Fe(III) (Supplementary Figure 3).
However, survival of MR-1 in stationary phase was greater than
that of 1hydA1hyaB (Figure 5B). A likely explanation for this
phenotype is that disposal of hydrogen into the headspace by the
wild type provided a route for a maintenance level of metabolism
and enhanced survival.

DISCUSSION

Biochemically-derived hydrogen is generated during processes
as diverse as fermentation and photosynthesis, is often a key
molecule driving the thermodynamics of syntrophic partnerships
(Stams and Plugge, 2009; Schink and Stams, 2013), and even
affects virulence of Salmonella species in the gut (Spear et al.,
2005; Maier et al., 2013). Particularly in anoxic environments,
hydrogen concentrations are a controlling factor of microbial
activity, and under steady state conditions can be used as an
indicator of which terminal electron acceptor reactions are
predominant (Lovley and Goodwin, 1988). The data presented
here demonstrate how hydrogen is an important molecule in the
ecophysiology of Shewanella, in particular within the engineered
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FIGURE 5 | Survival of MR-1 is enhanced compared to 1hydA1hyaB. Strains

were grown in vented bioreactors with Fe(III) citrate (50mM) as the terminal

electron acceptor and lactate (10mM) as electron donor. Cultures were

monitored over time for (A) Fe(II), and (B) cell density measured as colony

forming units (CFU). Data represents three independent cultures with error

reported as SEM.

environments of bioelectrochemical systems. Shewanella species
thrive in a variety of environments because they encode multiple
electron transport pathways enabling the use of a wide array
of terminal electron acceptors, including protons, as they
become available.

To study electron flux in Shewanella, it was essential to
understand the fate of carbon sources and electron carriers
as well as the efficiency of electron transfer to and from
electrodes. Reported electron recovery calculations for MR-1
using a variety of reactor types in the literature range from 1.3–
75%, with the majority between 10–20% (Ringeisen et al., 2006,
2007; Newton et al., 2009; Bretschger et al., 2010; Rosenbaum
et al., 2010, 2011; Watson and Logan, 2010; Kouzuma et al.,
2012; Wu et al., 2013; Kirchhofer et al., 2014; TerAvest and
Angenent, 2014; Luo et al., 2016). Low recovery values indicate
that most of the electrons generated from oxidation of lactate
remained unaccounted for, even when the focus of the studies
was electricity production. Transfer of electrons to oxygen due
to oxygen-permeable materials can account for much of this
electron loss. In our own experiments, even the simple act of
flushing reactors with anaerobic gases can actually introduce
oxygen to the system. For example, preliminary experiments
conducted while redesigning reactors found that tubing that has
been autoclaved multiple times becomes permeable enough to
increase the O2 in a reactor, as does introduction of a plastic
membrane filter in the gas line. If the headspace contains even
10 ppm O2, S. oneidensis cells respiring at rates shown in
Figure 2 could easily divert ∼50% of lactate oxidation to aerobic
respiration over a 7-day incubation. The modified bioreactor
system reported here was optimized to maintain oxygen levels
below 2 ppm, and to minimize flushing of the headspace to limit
delivery of further oxygen into the system.

Kozuma et al. attempted to limit oxygen losses by deleting
the three terminal oxidases in MR-1, but the triple mutant was
unable to produce current, likely due to oxygen toxicity caused by
earlier reactor designs (Kouzuma et al., 2012). Higher coulombic

efficiency (84 ± 7%) has been reported for MR-1 exposed
to the conjugated oligoelectrolyte DSSN+ that intercalates in
membranes (Kirchhofer et al., 2014), possibly via inhibition of
hydrogenases. Here we report a coulombic efficiency of 86.2 ±

6.8% in bioreactors through redesign of reactor components,
and by diverting electron flux away from hydrogen production
toward electrode reduction through deletion of the hydrogenase
subunits hydA and hyaB, in S. oneidensis (Figure 3C).

Removing the hydrogenases from S. oneidensis shuts down a
“leaky” pathway for electron disposal in electrochemical reactors,
but we find evidence that this pathway may prove important
in environments when terminal electron acceptors are limited.
Conversion of protons to molecular hydrogen by hydrogenases
is a relatively simple reaction, but it is limited by thermodynamic
constraints due to its low standard redox potential (−414mV)
(Thauer et al., 1977). As hydrogen concentrations rise, continued
hydrogen production becomes thermodynamically unfavorable
from standard electron carriers with more positive redox
potentials such as NADH (−320mV) (Thauer et al., 1977; Stams
and Plugge, 2009). Especially as the first step of lactate oxidation
to pyruvate has a formal midpoint potential of −190mV, even
small amounts of ambient hydrogen prevents complete electron
disposal via this pathway.

The new reactor design and double mutant allowed us to
show that when utilizing an electrode as the terminal electron
acceptor, MR-1 normally diverts some electron flux toward
molecular hydrogen production. The small population size on
an electrode, and low hydrogen concentration in these reactors
further eases the thermodynamic constraints on hydrogen
production as an electron disposal mechanism. As reduction
rates of Fe(III) citrate were similar for both strains, soluble
Fe(III) doesn’t create the same bottleneck to electron transfer
as an insoluble substrate. However, the increased survival of
MR-1 containing hydrogenases indicates that maintenance of
hydrogenases in a population provides a competitive advantage,
at least in stationary phase conditions. As a respiratory generalist,
Shewanella have been selected to dispose of electrons via any
means available. This allows them to grow in a variety of
environments or participate in syntrophic partnerships that
consume their produced hydrogen (Nealson and Scott, 2006;
Hau and Gralnick, 2007). However, under the more defined
conditions of electrochemical systems, it may be necessary to
remove some of this respiratory flexibility, to direct electron flow
to electrodes and increase the efficiency of electron capture.
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