View metadata, citation and similar papers at core.ac.uk

provided by UPCommons. Portal del coneixement obert de la UPC

INIEKNAIIUNAL
MICROBIOLOGY
| OPEN ACCESS |

INTERNATIONAL MICROBIOLOGY 20(2):55-64 (2017)
doi:10.2.436/29.1501..01.285. ISSN (print): 1139-6709. e-ISSN: 1618-1095
www.|m.m|crob|os.org

Electrochemical characterization of Geobacter
lovieyi identifies limitations of microbial fuel
cell performance in constructed wetlands
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Summary. Power generation in microbial fuel cells implemented in constructed wetlands (CW-MFCs) is low despite the
enrichment of anode electricigens most closely related to Geobacter lovieyi. Using the model representative G. lovleyi strain
SZ, we show that acetate, but not formate or lactate, can be oxidized efficiently but growth is limited by the high sensitivity of
the bacterium to oxygen. Acetate and highly reducing conditions also supported the growth of anode biofilms but only at
optimal anode potentials (450 mV vs. standard hydrogen electrode). Still, electrode coverage was poor and current densities,
low, consistent with the lack of key c-type cytochromes. The results suggest that the low oxygen tolerance of G. lovieyi and
inability to efficiently colonize and form electroactive biofilms on the electrodes while oxidizing the range of electron donors
available in constructed wetlands limits MFC performance. The implications of these findings for the optimization of CW-MFCs
are discussed. [Int Microbiol 20(2):55-64 (2017)]
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Introduction processes under mainly anaerobic conditions [3]. During

treatment, a redox gradient is naturally established between

Horizontal subsurface flow constructed wetlands (HSSF CW)
are natural wastewater treatment systems where organic mat-
ter is oxidized by means of physical, chemical and biological
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the top layer exposed to air and the deeper anaerobic areas of
the treatment bed that can be exploited to harvest an electrical
current with a sediment microbial fuel cell (MFC) [7]. Al-
though MFCs operating in HSSF CW (CW-MFCs) increase
organic matter removal efficiency, power density and coulom-
bic efficiencies are generally low (below 50 mW/m? and 4%,
respectively) [10]. As with other MFCs that process domestic
wastewater, system performance is ultimately dependent on
the syntrophic interactions among the organisms in the anode
biofilm, which first hydrolyze the complex substrates and
then ferment them to generate electron donors (e.g., acetate,
formate, and lactate) for the electricigenic population [5,9].
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Efficiency is also dependent on the ability of the electricigens
to couple the oxidation of the available organic substrates to
the electron transfer to the anode electrode [23]. Indeed,
changes in the chemical composition of the wastewater in CW
influence substrate availability, the type and relative abun-
dance of bacteria that grow in the anode biofilms, and CW-
MFC performance [8].

The fluctuating chemical and physical conditions that
dominate HSSF CW promote the establishment of several
pathways for organic matter degradation and influence the
range of electron donors available to support the growth and
activity of the electricigenic population [13]. Acetate, a pre-
ferred electron donor for efficient electricigens in the genus
Geobacter [31], is the most common electron donor generated
in these anaerobic pathways and often enriches for Geobacter
species in the anode biofilms of bioelectrochemical systems
fed with domestic wastewater [8,9,12].

More than half of the 16S rRNA sequences retrieved from
anode biofilms grown in a single chamber microbial electrol-
ysis cell (MEC) fed with domestic wastewater were, for ex-
ample, most closely related to electricigenic species of Geo-
bacter available in pure culture (Geobacter metallireducens,
Geobacter sulfurreducens, Geobacter lovleyi and Geobacter
uraniireducens) [9]. Acetate is also available as an electron
donor in CW [2]. Consistent with this, Operational Taxonom-
ic Units (OTUs) most closely related to members of the Geo-
bacteraceae family were enriched in the anode biofilms of an
active CW-MFC fed with the effluent of a hydrolytic upflow
sludge blanket reactor, with the highest relative abundance
(13—16 of the total OTUs) corresponding to G. lovieyi [8].
However, despite the enrichment of Geobacter electricigens
in the anode biofilms, power densities in these systems were
low (<40 mW/m?) [8].

The fact that G. lovleyi OTUs dominate the electricigenic
population in active CW-MFC ssuggests that further optimi-
zation must consider the factors that limit the growth and/or
electrochemical activity of G. lovleyi in these systems. In con-
trast with the amount of information that is available for other
model Geobacter representatives such as G. sulfurreducens
and G. metallireducens (reviewed in [24]), little is known
about the physiological constraints that may limit the growth
and electrochemical activity of G. lovleyi under conditions
relevant to CW. Evidence is indeed available that suggests
that the physiology of G. lovleyi may be substantially differ-
ent from previously investigated Geobacter species. The first
strain of G. lovleyi recovered in pure culture, strain SZ, was

isolated from non-contaminated creek sediment microcosms
based on its ability to grow by coupling the oxidation of ace-
tate to the reductive dechlorination of tetrachloroethene (PCE)
to cis-1,2-dichloroethene (cis-DCE) [37]. Closely related 16S
rRNA gene sequences have been retrieved from environments
where dechlorination is an active process, placing G. lovleyi-
like sequences in a distinct, dechlorinating clade within the
metal-reducing Geobacter group, which model electricigens
belong to [1,37]. Further, strain SZ retains the ability to re-
duce Fe(III), the major hallmark of the physiology of Geo-
bacter electricigens [37]. However, its genome shows marked
reductions in the number of c-type cytochrome genes required
for metal reduction in other Geobacter species [41], which
could negatively affect its ability to couple growth to the re-
duction of an anode electrode. Strain SZ is also capable of
dissimilatory nitrate reduction to ammonium (DNRA), a pro-
cess that is promoted with acetate availability [40] and could
potentially divert respiratory electrons away from the anode
electrode in CW-MFCs. Moreover, while it is possible to har-
vest some low levels of current from anode biofilms of strain
SZ grown in acetate-fed MECs with fumarate supplementa-
tion [36], its ability to gain energy for growth using an elec-
trode as sole electron acceptor has never been evaluated. Also
relatively unexplored is the range of electron donors and car-
bon sources that support the growth of G. lovieyi biofilms on
anode electrodes. For example, organic acids more reduced
than acetate such as lactate and formate are produced in CWs
[2], yet not all Geobacter electricigens can efficiently assimi-
late them for carbon and/or oxidize them in bioelectrochemi-
cal systems [6,31]. Based on these considerations, we investi-
gated the electrochemical activity of the model representative
G. lovleyi strain SZ with electron donors (acetate, lactate and
formate) commonly found in CW. The results reveal substan-
tial metabolic differences between G. lovieyi and other model
Geobacter electricigens that limit the performance of bioelec-
trochemical systems driven by these organisms. The implica-
tions of these findings for the optimization of CW-MFCs are
discussed.

Materials and methods

Geobacter lovleyi SZ
(ATCC BAA-1151; DSM 17278), kindly provided by Dr. Dawn Holmes
(Western New England University), was used throughout the study. The
strain was routinely cultured anaerobically in DB medium, a medium opti-



MICROBIAL FUEL CELL PERFORMANCE

INT. MicrosioL. Vol. 20, 2017 57

mized for the growth of current-harvesting anode biofilms in MECs [31].
Unless otherwise indicated, the medium was supplemented with 2.5 mM cys-
teine HCl as a reducing agent and with sodium acetate (20 mM) and sodium
fumarate (40 mM) as the electron donor and acceptor, respectively (DBAF
medium). The growth medium was dispensed into tubes (10 ml) and serum
bottles (50 ml) and sparged with an oxygen-free gas mix of N,:CO, (80:20)
[32] before sealing the vessels with rubber stoppers and autoclaving for 30
minutes.

When indicated, acetate, lactate and formate were provided to the medi-
um at concentrations (9 mM sodium acetate, 6 mM b,L-lactate, or 36 mM
sodium formate) that provided equimolar amounts of electrons (acetate, §;
lactate, 12; and formate, 2). Growth with each of these electron donors was
studied using fumarate (40 mM) or Fe(III) citrate (80 mM) as an electron ac-
ceptor. For these experiments, cells were first grown to late exponential phase
(OD600, ~0.4) in DB medium with the electron donor-acceptor pair to be
tested, harvested by centrifugation (3200 xg, 10 min, 30 °C), washed once in
sterile medium, and suspended in 0.5 ml of the growth medium to prevent
nutrient carry-over. In some experiments, the centrifugation and washing
steps were omitted and the cultures were transferred three times in the same
medium before calculating the growth rates for each electron donor-acceptor
pair. All incubations were at 30 °C. Growth in fumarate cultures was moni-
tored spectrophotometrically (OD, ) and in Fe(Ill) citrate cultures, as the
amount of HCl-extractable Fe(Il) resulting from the reduction of Fe(III) [25]
measured using the ferrozine assay [34].

Analytical techniques. Organic acids in filtered (0.45 um syringe
Titan3™ filters, Thermo Scientific) culture supernatant fluids were identi-
fied and quantified by high-performance liquid chromatography (HPLC)
(Waters, Milford, MA, USA) as reported elsewhere [31]. Cysteine was mea-
sured spectrophotometrically (OD, ,) as freethiols with the Ellman’s Re-
agent, as described previously [29], and in reference to l-cysteine hydrochlo-
ride standards. When indicated, the total cell protein content in the culture
was estimated using Pierce BCA Protein Assay Kit (Thermo Scientific) using
a previously published method [44].

MIECs and confocal microscopy. MECs were the same dual-cham-
bered, H-type fuel cells described previously [31]. Anode and cathode cham-
bers were separated by means of a Nafion membrane (N117, Ton Power, Inc.
New Castle, DE, USA). Each chamber contained 90 ml of DB-acetate (1
mM) medium and housed a graphite rod electrode (1.27 cm diameter, 99 %
metal basis, 12 cm? anode surface area) similar to the graphite rods use to
enrich for G. lovelyi OTUs in the anode biofilms of CW-MFCs [8]. The anode
and cathode chambers were sparged with oxygen-free N,:CO, (80:20) to en-
sure anaerobiosis and the anode potential was set with a potentiostat (VSP,
BioLogic, Claix, France) at —0.179 V, 0.240 V or 0.561 V vs. a3 M Ag/AgCl
reference electrode (Bioanalytical Systems, Inc., West Lafayette, IN, USA).
The anode chamber was then inoculated with cells of G. lovleyi or, when in-
dicated, of G. sulfurreducens harvested by centrifugation (3200 rpm, 10 min,
30 °C) from stationary phase cultures grown with DBAF medium and sus-
pended in 10 ml of DB medium with acetate. All experimental conditions
were tested at least in duplicate MECs. Culture broth samples were periodi-
cally removed from the anode chamber and analyzed by HPLC. When indi-
cated, anode biofilms were grown to the point of maximum current, stained
with the BacLight viability kit (Molecular Probes), and examined by Confo-
cal Laser Scanning Microscopy (CLSM) using a FluoView FV1000 inverted
microscope system (Olympus, Center Valley, PA, USA), as described else-
where [31].

Results and Discussion

Effect of the redox potential during the reduc-
tion of Fe(lll) citrate and fumarate. Because oxy-
gen intrusions are common in CW, which could inhibit the
growth and electroactivity of electricigens, we investigated
the influence of the medium redox potential in the growth of
G. lovieyi strain SZ. Although the media preparation involved
extensive sparging of the broth and head space with oxygen-
free gases (N:CO,) [32], growth was only observed in cul-
tures supplemented with cysteine as a reducing agent (Fig. 1).
Strain SZ coupled, for example, the oxidation of acetate (20
mM acetate or 160 mM electron equivalents) to the reduction
of Fe(Ill) citrate (Fig. 1A) but only when the cultures were
supplemented with cysteine (2.5 mM). Replacing the cysteine
with a mild reducing agent such as FeCl, (2.5 mM) [35] did
not support Fe(Ill) reduction (data not shown). Generation
times in the cultures with cysteine were 18 = 1 h (average and
standard deviation of triplicate cultures) but were reduced to 8
h (£ 0.1 h) after three direct transfers in the same medium that
bypassed the centrifugation and washing steps of the cells
prior to inoculation. These doubling times are within the rang-
es (~10 h) reported for G. sulfurreducens grown in the same
DBA-Fe(Ill) citrate medium but without cysteine [31]. Fur-
thermore, the total amount of Fe(Il) (~50 mM) reduced by
G. lovleyi was as in the G. sulfurreducens cultures [31], indi-
cating that once the medium was pre-reduced optimally, strain
SZ was able to couple the oxidation of acetate and Fe(III) as
efficiently as G. sulfurreducens.

Addition of cysteine as a reducing agent was also required
to support optimal growth in cultures with acetate and fumarate
(Fig. 1B). We tested various concentrations of cysteine ranging
from 0.1 to 10 mM and we consistently measured maxima
growth yields and shortest generation times at cysteine concen-
trations between 2 and 3 mM. Cultures supplemented with 2.5
mM (Fig. 1B) yielded, for example, maxima cell biomass
(measured as total cell protein at the point of maximum growth,
when all the acetate was depleted) similar to that measured in
the DBA-Fe(Ill) citrate cultures (~ 10 g protein per mol acetate
consumed). Cysteine in these cultures was rapidly oxidized
within the first 10 h of incubation (Fig. 1B) at rates comparable
to the oxidation of cysteine in uninoculated controls (Fig. 1C),
consistent with its abiotic oxidization to cystine dimers [17].
Exponential growth started after a short (2-3 h) /ag phase,
when approximately 1 mM of cysteine had been oxidized, and
proceeded with doubling times of 6 + 0.4 h (average and stan-
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Fig. 1. Effect of cysteine on growth of Geobacter lovleyi with acetate and Fe(IIl) citrate (A) or fumarate (B-D). A. Growth (log of the acid-extractable Fe[II])
with 15 mM acetate and 80 mM Fe(III) citrate in the presence (solid symbols) or absence (open symbols) of 2.5 mM cysteine. An uninoculated control with
cysteine is shown as well (dashed line). B-C Growth (OD,, solid symbols) and cysteine concentration (mM, open symbols) in DBAF cultures with (solid line)
or without (dashed line) 2.5 mM cysteine (B) in reference to uninoculated controls (C). D. Oxidation of acetate (solid circles) coupled to the reduction of
fumarate (solid triangles) to succinate (open triangles) in the DBAF cultures supplemented with 2.5 mM cysteine shown in B. All of the data points in panels

A-D are average and standard deviation of triplicate samples.

dard deviation of triplicate cultures) (Fig. 1B). But the lag
phase was eliminated and doubling times were reduced (4.4 +
0.1 h) when exponential phase cultures were sequentially trans-
ferred three times in the same medium with cysteine to avoid
the cell centrifugation and washing steps prior to inoculation.
These fast generation times are within the ranges we calculated
(~ 4.6 = 0.2 h) for the model electricigen G. sulfurreducens
growing in the same DBAF medium but without cysteine [31].
Thus, the rates of acetate oxidation coupled to fumarate reduc-
tion are also comparable in the two strains, but growth by G.
lovleyi requires the presence of sufficient concentrations of
cysteine as a reducing agent.

The absolute requirement to pre-reduce the medium suf-
ficiently in order to support cell growth is in accordance with
genomic data, which indicates that G. lovleyi cannot respire
oxygen and lacks several key genes involved in oxygen toler-
ance and detoxification of reactive oxygen species [41]. In-
deed, field experiments show significant (up to 50%) decreas-
es in the relative abundance of G. lovleyi like sequences in
uranium-contaminated sediments following the intrusion of
oxygenated ground water [39]. By contrast, G. sulfurredu-
cens tolerates exposure to atmospheric oxygen for up to 24 h
and can use oxygen as terminal electron acceptor for respira-
tion under microaerophilic conditions, a metabolic capability
that allows them to not only tolerate but also boost their
growth in response to oxygen intrusions [21].

Although G. lovleyi was able to double every
4-5 h, like G. sulfureducens, in acetate-fumarate cultures with
cysteine, growth yields were significantly lower for G. lovieyi
(OD,,, max. ~0.5; Fig. 1B) than for G. sulfurreducens (OD,,
max. ~0.8) [31]. Higher growth yields of G. sulfurreducens in
cultures with acetate and fumarate have been attributed to the
ability of this organism to assimilate some of the fumarate
carbon, which diverts more of the acetate substrate (72.5%)
for energy generation via respiration [43]. To investigate a
similar metabolic capability in G. lovieyi, we monitored ace-
tate and fumarate consumption and the production of succi-
nate (from the reduction of fumarate) or malate (from the as-
similation of fumarate carbon) in G. lovieyi DBAF cultures
that contained growth-limiting concentrations of acetate (~9
mM or 72 mM electron equivalents) (Fig. 1D). Acetate was
consumed during the first 16 h and, concomitantly, fumarate
was reduced to succinate. We estimated that approximately 19
(£0.3) mM fumarate was consumed, or the equivalent of 60%
of the electrons provided as acetate in the medium, suggesting
that G. lovleyi diverted more acetate carbon (~40%) for bio-
mass synthesis than G. sulfurreducens (27.5%) [43]. Although
the assimilation of acetate carbon in the TCA cycle generates
malate [30], we did not detect any malate in the acetate-fuma-
rate cultures of G. lovleyi but measured an excess succinate
(~7 mM) that could not be accounted for by the fumarate that
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Fig. 2. Growth (A-B) and electron donor consumption (C-D) of G. lovleyi with fumarate (A and C) or Fe(IlI) citrate (B and D) as electron acceptors, respec-
tively. The electron donors tested were acetate (solid circles), lactate (open squares), and formate (open triangles). Other organic acids such as fumarate,
succinate, malate, and pyruvate were also monitored in the culture broths (C and D) but were not detected.

was reduced (Fig. 1D). As strain SZ can reduce malate to suc-
cinate [37], the excess succinate detected in the cultures likely
resulted from the reduction of acetate-derived malate.

The finding that G. lovleyi diverts more acetate carbon for
assimilation than G. sulfurreducens suggests that metabolic
differences do exist between G. loveyi and model electricigens
that could limit the performance of CW-MFCs despite the
availability of acetate as an electron donor. Organic acids such
as lactate and formate are also available as electron donors and
carbon sources in CW [2]. Thus, we investigated the ability of
G. lovleyi to grow with these two organic acids (Fig. 2) using
the cultivation conditions with cysteine that supported optimal
growth of G. lovleyi with acetate (Fig. 1). Although formate
and lactate are more reduced than acetate and can, therefore,
theoretically produce higher cell voltages (—0.403 and —0.325
V vs. standard hydrogen electrode [SHE], respectively), and
more energy for growth, than acetate (—0.277 V vs. SHE) [18],
neither electron donor supported the growth of G. lovieyi in
cultures with fumarate or Fe(IIl) citrate serving as the electron
acceptor and supplemented with 2.5 mM cysteine (Fig. 2A and
B, respectively). Moreover, fumarate concentrations in the
cultures with formate and lactate as electron donors remained
relatively constant throughout the incubation period and the
reduced product of the reaction, succinate, did not accumulate
in the culture broth (Fig. 2C). Similarly, electron donor con-
sumption was only detected in the positive controls that con-
tained acetate as the electron donor (Fig. 2C and D).

To better understand the metabolic constrains that limited

growth of strain SZ with formate and lactate, we used the
BLAST engine (http://blast.ncbi.nlm.nih.gov/) to reconstruct
the metabolism of these two organic acids in reference to the
metabolism of the model electricigen G. sulfurreducens. As
shown in Fig. 3, G. sulfurreducens oxidizes formate to carbon
dioxide in a reaction catalyzed by the formate dehydrogenase
(FDH) enzyme and assimilates formate carbon with acetyl-
CoA in a separate reaction catalyzed by the pyruvate formate
lyase (PFL) enzyme [31]. The genome of strain SZ contains
two FDH homologues (Glov_1164 and Glov_0899) [41]. Fur-
thermore, supplementing the formate cultures with 0.1 mM
acetate to provide the acetyl-CoA substrate needed for for-
mate carbon assimilation did not promote growth either, sug-
gesting that formate cannot be oxidized with fumarate serving
as electron acceptor, as observed during the reduction of PCE
and Fe(IIT) [37]. Formate does not sustain the coupled oxida-
tion of H, and reduction of PCE or Fe(IlI) either [37], suggest-
ing it cannot assimilate formate carbon either. Indeed, we
were unable to identify PFL-like sequences in the genome of
G. lovleyi. Thus, even with active FDH enzymes for formate
oxidation, the lack of a PFL enzyme would prevent the cells
from assimilating formate carbon to generate pyruvate for
gluconeogenesis, biomass synthesis, and other assimilatory
reactions (Fig. 3).

As with the formate cultures, acetate additions to lactate
cultures of G. lovleyi (Fig. 2) did not stimulate growth with
either fumarate or Fe(IIl) citrate, indicating that lactate cannot
be used as electron donor during the reduction of fumarate
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Fig. 3. Metabolic pathways used by G. sulfurreducens for the oxidation (e—) and carbon assimilation (C) of acetate, formate, and lactate
substrates (in bold) and identification of reactions (in gray) absent in G. lovieyi. Dashed arrows indicate reactions that operate in cultures
with fumarate. Enzyme abbreviations, from left to right: PFL, pyruvate formate lyase; FDH, formate dehydrogenase; LctP, lactate
permease; LDH, lactate dehydrogenase; ACK, acetate kinase; PTA, phosphotransacetylase; PFOR, pyruvate ferredoxin oxidoreductase;

PDH, pyruvate dehydrogenase.

and Fe(Ill), as also reported for PCE reduction [37]. Lactate
carbon, however, has been reported to be assimilated during the
reduction of PCE and Fe(Ill) with H, as electron donor [37].
However, a comparative search in the genome of G. lovieyi
failed to identify any lactate permeases, including homologs of
the two lactate transporters annotated in the genome of G. sul-
Sfurreducens (GSU1622 and GSU0226). Furthermore, the SZ
genome does not contain any genes annotated as lactate dehy-
drogenases (LDH), which catalyze the partial oxidation of lac-
tate to pyruvate (Fig. 3). Similarly, our search retrieved no sig-
nificant matches for homologs of the two subunits of the glyco-
late oxidase (GO) enzyme of G. sulfurreducens (GSU1623 and
GSU1624), which is structurally homologous to LDH but has a
reduced LDH activity [31]. Also unclear is how any lactate-
derived pyruvate could be fully oxidized in the TCA cycle by
G. lovelyi. Also absents in the genome of strain Z were homo-
logs of the subunit A of the pyruvate dehydrogenase E1 com-
plex (PDH), which provides a route to convert pyruvate into
acetyl-CoA substrate for the oxidative TCA cycle (Fig. 3). The
genome of G. lovileyi does contain five gene clusters (one on
plasmid pSZ77) encoding pyruvate ferredoxin/flavodoxin oxi-
doreductase (PFOR) complexes [41], which could catalyze the
conversion of pyruvate into acetyl-CoA (Fig. 3). These PFOR
complexes are homologous to the PFOR enzyme of G. sul-

furreducens that has been proposed to preferentially work in the

opposite direction to promote the flux of acetyl-CoA to gluco-
neogenetic pyruvate [43]. The preferential direction of the
PFOR reactions towards pyruvate for gluconeogenesis in G.
lovleyi is supported by the greater amounts of acetate carbon
that we estimated to be assimilated by strain SZ (40%) com-
pared to G. sulfurreducens (27.5%). Yet strain SZ does use py-
ruvate as sole electron donor [37], suggesting that one, if not
more, of the PFOR enzymes may preferentially operate in the
opposite direction to divert lactate-derived pyruvate to acetyl-
CoA for its full oxidation in the TCA cycle (Fig. 3).

The genome of G. lovieyi also contains two genes
(Glov_1754 and Glov_1210) annotated as acetate kinase (ACK)
and phosphotransacetylase (PTA), respectively. G. sul-
furreducens diverts pyruvate as acetyl-CoA substrate for the
ACK/PTA pathway to excrete excess carbon as acetate in an
ATP-yielding reaction (Fig. 3) [31]. This suggests that G. lovleyi
could also partially oxidize lactate to acetate to balance excess
fluxes of carbon while generating energy for growth. However,
we did not measure any acetate in cultures with lactate (Fig. 2C
and D). Thus, other rate-limiting steps such as inefficient lactate
transport or oxidation to pyruvate likely prevented the oxidation
and assimilation of lactate and prevented growth of G. lovieyi
with lactate.
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Fig. 4. Current density (A) and growth of anode biofilms (B-C) in MECs driven by Geobacter lovieyi or G. sulfurreducens fed with an initial concentration of
1 mM acetate. A. Current density (mA/cm?) by G. lovleyi (maroon) and G. sulfurreducens (black) in MECs poised at an anode potential of 450 mV (vs. SHE)
with (solid line) or without (dashed line) 2.5 mM cysteine. Inset, current density by G. lovleyi in MECs with cysteine as a function of the anode potential (771
or 31 mV vs. SHE). Axis units are as in panel A. B-C. Top and side views of CSLM projections of anode biofilms of G. lovieyi (B) and G. sulfurreducens (C)
collected at the point of maximum current from MECs at 450 mV (vs. SHE) and supplemented with cysteine (A). The biofilms were stained with the BacLight

viability dies (green, live; red, dead). Scale bar, 20 um.

The
growth and electrochemical activity of strain SZ was investi-
gated in acetate-fed MECs with an anode electrode poised at
a metabolically oxidizing potential to provide a terminal elec-
tron acceptor for growth of the anode biofilms (Fig. 4). MECs
with anode electrodes poised at a potential (450 mV vs. SHE)
that is optimal for the growth of anode biofilms of the model
electricigen G. sulfurreducens [31] produced current soon af-
ter inoculation but required the pre-reduction of the medium
with 2.5 mM cysteine (Fig. 4A). Under optimal reducing con-
ditions, current production increased over the course of ten
days until it reached maximum current (0.086 £ 0.004 mA,
average and standard error of duplicate MECs); it was sus-
tained for several more days until all of the acetate was de-
pleted (Fig. 4A). By contrast, control MECs driven by G. sul-
furreducens grown under the same conditions with cysteine
reached a maximum current of 0.642 mA in less than 2 days.
Moreover, coulombic efficiencies (CE) in MECs driven by
G. lovleyi ranged from 30 to 40%, which is less than half of
those estimated for G. sulfurreducens (~80%) [31].

Even when operated under optimal conditions, the growth
and electrochemical activity of G. lovieyi was limited by poor
electrode colonization and biofilm growth. Indeed, confocal
laser scanning microscopy (CLSM) of anode biofilms from

MECs with cysteine and with anodes poised at the optimal
potential (450 mV vs. SHE) revealed poor electrode coverage
by G. lovleyi cells, in contrast to the saturating biofilms
formed by G. sulfurreducens (Fig. 4B and C, respectively).
Though sparse, the anode microcolonies formed by strain SZ
reached average thickness (9.1 = 1.2 um) similar to that of the
saturating biofilm of G. sulfurreducens (10.8 + 2.3 um). To
reach this thickness, G. sulfurreducens anode biofilms couple
cell growth to electron transfer to the underlying electrode, a
process that requires the combined redox activities of matrix-
associated c-type cytochromes such as OmcZs and conduc-
tive pili [33]. The genome of G. lovleyi contains a homologue
of the gene encoding the peptide subunit or pilin that polym-
erizes to make the conductive pili of G. sulfurreducens [41].
However, we were unable to identify a clear homolog of
OmcZ (GSU2078), the precursor of the matrix-associated c-type
cytochrome OmcZs [14] that concentrates near and on the
electrode and is required for efficient electron transport to the
anode surface [15]. Outer membrane cytochromes required
for extracellular electron transfer to solid-phase electron ac-
ceptors such as OmceS [26] did not retrieve a clear homolog
either. Also absent in the genome of strain SZ are c-type cyto-
chromes with more than 12 hemes [41], which have been pro-
posed to store electrons and continue energy generation
through a proton motive force until the cell establishes elec-
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tronic contact with the electron acceptor [11]. Indeed, the ge-
nome of G. lovleyi contains less cytochrome-encoding genes
than any other sequenced Geobacter genome [41]. Thus, the
inability of G. lovieyi to colonize and respire the electrode ef-
ficiently could result, at least partially, from the lack of c-type
cytochromes needed for the cells to establish electronic con-
tact with the electrode. Poising the anode potential at 31 mV
(vs. SHE) to mimic the theoretically lower energy gain de-
rived from the two-electron reduction of fumarate to succi-
nate reduced MEC performance proportionally (Fig 4A, in-
set). In G. sulfurreducens, the ability of the cells to reduce low
potential, solid-phase electron acceptors depends on the ex-
pression of the inner membrane cytochrome CbcL [45]. A
search of the genome of G. lovleyi retrieved no clear homo-
logs of CbcL, consistent with the inability of the anode bio-
films to efficiently reduce the electrode when poised at low
metabolically oxidizable potentials. By contrast, we identified
a gene (Glov_2063) encoding a protein homologous (63.9%
identity and 72.8% similarity) to ImcH, an inner membrane
cytochrome of G. sulfurreducens that is required for extracel-
lular electron transfer at higher (>240 mV vs. SHE) redox po-
tentials [20]. We also set up MECs with anodes poised at the
potential (771 mV vs. SHE) of the Fe(IIl)/Fe(Il) pair but max-
imum current (0.21 £ 0.05 mA) and rates of current produc-
tion (0.190 + 0.071 mA/day) were still low in these MECs
(Fig 4A, inset). Furthermore, acetate was not consumed in
these MECs and confocal micrographs of the anode elec-
trodes revealed very sparse cell colonization. Thus, current
production in these MECs was not biological but rather medi-
ated by redox interactions between the cysteine and the anode
electrode, as previously observed in MFCs [22].

The re-
sults presented herein demonstrate that the physiology of G.
lovleyi is substantially different from previously studied Geo-
bacter electricigens. Indeed, we identified several physiologi-
cal constraints not reported for other model electricigens that
are likely to limit the performance of CW-MFCs. Of special
significance is the low oxygen tolerance of G. lovleyi, which
requires the presence of oxygen scavengers to maintain the
redox potential of the medium at a level sufficiently low to
permit growth. This sensitivity contrasts with the oxygen tol-
erance and respiratory capacity of model electricigens such as
G. sulfurreducens, a metabolic capacity that contributes to
their survival and growth in oxic environments [21]. Thus,
environmental surveys in CW cannot solely rely on the pres-

ence of Geobacter-like sequences as a proxy of electricigenic
activity, and need to consider species-specific genes, particu-
larly those encoding proteins involved in oxygen tolerance
such as superoxide reductase [16], superoxide dismutase [27],
and NADH oxidase [42]. This is of particular relevance to
planted systems such as HSSF CW, which comprise a macro-
phytes root system that continuously releases oxygen in the
surrounding medium [38]. Moreover, plant evapotranspira-
tion, which is needed to supply oxygen to the cathode in CW-
MFCs [10], causes daily fluctuations of the water level that
favor oxygen intrusions in the gravel media and increase the
redox potential in some areas of the treatment bed [28]. This
is expected to reduce the representation in the anode biofilms
and/or electrochemical activity of oxygen-sensitive electrici-
gens, such as G. lovieyi, and reduce the performance of CW-
MFCs.

Results from this study also suggest that power generation
by G. lovieyi anode biofilms is limited by the inability of this
organism to use reduced electron donors, such as lactate and
formate, that are abundant in CW. Acetate is a key metabolic
intermediate in anaerobic digestion and an abundant electron
donor in HSSF CW [2], providing adequate conditions for the
enrichment of Geobacter electricigens in CW-MFCs, includ-
ing G. lovleyi [8]. However, the inability of G. lovleyi to oxi-
dize and assimilate other abundant, and more reduced, organ-
ic acids such as formate and lactate limits the amount of pow-
er that can be harvested by anode biofilms during the degrada-
tion of organic matter in CW. We also show that optimal cur-
rent harvesting from G. lovieyi anode biofilms required the
anode to be poised at a sufficiently high potential (450 mV vs.
SHE) (Fig. 4). Such operational parameters are difficult to
implement in HSSF CW, where redox gradients fluctuate
widely in response to external conditions [7]. Redox poten-
tials in deep zones of planted HSSF CW can reach ca.—200
mV vs SHE, and generate a maximum voltage of 140 mV [7].
This suggests that the anode potential in CW-MFCs is nega-
tive and, thus, suboptimal for the growth and electroactivity
of G. lovleyi on the anode electrode. Our MEC studies (Fig. 4)
also revealed that, even under optimal conditions, the coloni-
zation of the anode electrode by G. lovieyi is sparse, in con-
trast to the saturating electrode coverage reported for the most
efficient Geobacter electricigens [31]. The inability of G. lov-
leyi to grow saturating biofilms leaves areas of the anode elec-
trode exposed and available for colonization by fastidious
non-electricigens, whose growth on the electrode reduce the
performance of MFC systems [5]. Indeed, the best performing
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CW-MFCs enriched for not only G. lovileyi OTUs, but also for
methanogens [8]. However, increasing the electrode surface
area and controlling substrate loadings could be used to help
minimize the growth of methanogens on the anode electrode
and increase the performance of CW-MFCs, as reported for
other MFC systems [4]. The presence of alternative electron
acceptors, which can divert electrons away from the anode
electrode, also deserves special attention. G. lovleyi can use
nitrate as electron acceptor to produce ammonia using the
DNRA pathway [37]. Furthermore, high acetate-to-nitrogen
ratios such as those that prevail in CW promote the DNRA
activities and enrich for G. lovleyi-like organisms [40]. Hence,
improved CW-MFC performance also needs to consider pre-
treatment approaches that either maintain acetate:nitrate ra-
tios favoring electricity generation by G. lovleyi over DNRA
or that enrich for more efficient Geobacter electricigens.

In conclusion, we can say that the electrochemical charac-
terization of the model representative G. lovleyi strain SZ
identified critical parameters (low oxygen tolerance, limited
range of oxidizable electron donors, requirement of suffi-
ciently high anode potentials, and inefficient electrode coloni-
zation and reduction) limiting the growth and electroactivity
of G. lovleyi anode biofilms in CW-MFCs. Further investiga-
tions are recommended that test the effectiveness of increases
in anode electrode surface, controlled substrate loadings and
pretreatments in the growth and electroactivity of G. lovleyi
and perhaps other electricigens on the anode electrode so as to
improve the performance of CW-MFCs. =
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