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Abstract

Microbial metabolism represents a rich source of catalytic
tools available for biotechnological applications. Microbial
metal reduction is no exception, as it represents a mechanism for
transferring electrons stored within nonreactive organic
compounds to inorganic redox-active compounds. Despite the
usefulness of organisms capable of metal reduction, not enough is
known about their electron transfer pathway to be able to
engineer them for real-world applications. Specifically, how
electrons cross cell membranes to be available on the
extracellular surface where they can react with metals or
electrodes remains one of the least well-studied aspects of
extracellular electron transfer. In this thesis, a compilation of
studies into extracellular electron transfer pathways of the
model organism Geobacter sulfurreducens, and the characteristics
of current-producing biofilms produced by this species uncovers
fundamental steps and bottlenecks in this metabolic strategy.
Through isotopic label incorporation, the first spatially
resolved direct measurement of anabolic activity in G.
sulfurreducens biofilms was obtained, concluding that metabolic
activity is constrained to the layers within the first few
microns from the electrode surface. Combinatorial deletion of
putative outer membrane electron conduit gene clusters followed
by analysis of the ability of this mutant collection to reduce

different extracellular substrates showed that several electron
iii



conduit gene clusters are necessary in tandem during metal
reduction, while only a previously unstudied gene cluster extABCD
was necessary for wild type levels of electrode reduction. Within
this mutant collection, the strain lacking all studied gene
clusters except extABCD (extABCD'), reached higher current
densities with faster doubling times than wild type. The extABCD*
strain was found to form biofilms containing 30% more cells than
wild type at the electrode:biofilm interface, where isotopic
label incorporation showed 38% higher anabolic activity per cell
in extABCD' biofilms compared to wild type. Thus, by focusing on
the fundamental physiology of extracellular electron transfer,
evidence for substrate-specific electron transfer pathways were
found, and a strain with a streamlined pathway for increased
electrode reduction could be constructed. The findings in this
work suggest a route to engineering organisms with metal- or
electrode-specific reduction pathways, and enhancing electron

transfer rates in these systems.
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Chapter 1. Biological solutions to respiring extracellular

substrates.

Fernanda Jiménez Otero



1.1 Introduction

All organisms derive energy from their environment in order
to grow, but microorganisms are able to use a wide variety of
substrates for this purpose ultimately guiding the flux of
carbon, sulfur, nitrogen, metals and gases in our biosphere (1).
Identifying the physiology that allows cells to use each one of
those substrates is not only a basic research goal, but it also
enables us to predict the composition of microbial communities
present in the environment and to engineer systems where we can
take advantage of diverse metabolic strategies for

biotechnological purposes.

The respiration of metal substrates has lagged behind all
other respiration strategies in terms of respiration pathway
identification. For example, organisms that use aerobic
respiration strategies, and those using nitrate or sulfate as
substrates can be easily detected in microbial communities
through the use of conserved marker proteins. This same task is
much more complicated when trying to identify microorganisms that
derive energy from metal reduction, due to the wide diversity of
metal oxide substrates, and the need for these organisms to
respire these compounds on the outside of the cell. The purpose
of this thesis is to identify fundamental steps in extracellular
electron transfer pathways used by metal-reducing bacteria both

as a physiological question and with the goal of finding



bottlenecks which can be targeted for substrate-specific
biotechnological systems. A collection of studies are presented
describing new electron transfer pathways to extracellular
substrates, and show how each pathway influences the growth

properties of metal reducing microorganisms.

Two main characteristics make metal respiration different
from soluble-substrate respiration strategies. Iron and manganese
oxides, which are the most abundant and commonly used metal
oxides, exist as large and insoluble particles in most soil and
sediment environments (2). Being able to deliver electrons to an
extracellular substrate becomes the first hurdle of metal oxide
respiration. Additionally, both iron and manganese oxides exist
in many different forms and their characteristics constantly
change (3). A strategy is therefore necessary to be able to use
metal oxides as substrates, regardless of shifts in their surface

or redox characteristics.

The complexity of iron oxides focusing on the properties
that may influence microbial growth is reviewed in section 1.2,
while known strategies for the reduction of extracellular
substrates is reviewed in section 1.4. This thesis will largely
focus on the extracellular electron transfer pathways used by
Geobacter sulfurreducens to respire poised electrodes, therefore,
section 1.3 reviews techniques used to study these materials as

respiration substrates and the applications of such technology.



Chapter 2 focuses on the growth of G. sulfurreducens using
a poised electrode as terminal electron acceptor. It has been a
long standing mystery why current producing biofilms reach a
limit in current production independent of carbon source
availability. This chapter describes the findings of an anabolic
activity study of each layer of cells within a G. sulfurreducens
biofilm. For the first time, measurements are able to show that
cells closest to the electrode have the highest anabolic
activity, and that pattern does not change with redox potential

or age of the biofilm.

Chapter 3 is a study of the electron transfer pathways
across the outer membrane of G. sulfurreducens. This organism is
highly specialized in the reduction of extracellular terminal
electron acceptors, and encodes several putative outer membrane
electron transfer pathways. A genetic approach was used to
determine which pathways are necessary or sufficient during
respiration of different substrates. Results show that a cohort
of pathways are necessary for wild type levels of metal
reduction, while only one pathway is important for electrode
reduction. While it is not yet known if these outer membrane
complexes interact directly with extracellular electron
acceptors, it is useful to keep in mind the variability in
substrate characteristics that G. sulfurreducens encounters in

the environment (see section 1.2) to understand why several



pathways would be necessary in tandem to use metal oxides as

terminal electron acceptors.

Chapter 4 delves deeper into the finding that the extABCD*
strain, containing only one outer membrane redox complex, grown
using a poised electrode as terminal electron acceptor produces
40% more current and has a doubling time 30% faster than wild
type. This study includes many different techniques, including-
electrochemical analyses, proteomics, nanoSIMS, and microscopy-
to try to understand the increase in current production of the
extABCD* strain. Our results show that the anabolic activity of
cells closest to the electrode is 40% higher in an extABCD*
strain compared to wild type. In that same area, cells are 30%
more densely packed as well, creating an additive effect on final

current production.

Finally, Chapter 5 covers some of the questions that arise

from the studies presented here.

1.2 Iron oxide- the most abundant oxidant in the biosphere.

All respiring cells must reduce a terminal electron
acceptor in order to harvest energy form an electron donor and
continue to grow. In the biosphere, there is a wide variety of
compounds that are available for cells as reductants or oxidants

in this process. Among biocavailable oxidants, the most abundant



is iron oxide (1). Despite their abundance, due to the insoluble
nature of iron oxides in the environment, these metals are not

the most widely used respiration substrate. In this section, the
inherent characteristics of iron oxide particles that influence
their quality as a respiration substrate and that may impact the

enzymatic pathways used to reduce them will be reviewed.

Iron oxides are a large and diverse group of metal oxides
that share a common composition of an iron atom coordinated by up
to 6 oxygen atoms, hydroxide groups, or a combination of both
(4) . This composition gives way to either tetrahedral or
octahedral units with oxygen atoms or hydroxide groups as
corners, and which assemble into large crystal structures by
sharing oxygen atoms along the faces, edges, or corners of each
polyhedron (2). The distance between iron atoms within a crystal
is mandated by the type of polyhedron sharing between them, i.e.,
the number of oxygens shared between two iron atoms. The diverse
ways in which coordinated iron atom polyhedra can be spatially
arranged gives way to a variety of metal oxide microscopic and
macroscopic properties. Iron oxide structures vary from stable to
nano-crystalline, redox potentials span more than 500 mV, surface
areas can be small or large and change with ageing, and magnetic

properties and surface charge are also diverse.

Different iron oxides predominate in sediments throughout

the biosphere depending on soil composition, temperature and



acidity. Some common forms of iron oxides known to be used by
microbes as terminal electron acceptors are goethite, hematite,

magnetite, and ferrihydrite (5).

Goethite. Goethite is the most abundant iron oxide in soils
and rocks. It is a stable metal oxide, considered to be highly
homogeneous and non-reactive. The structural formula of goethite
is o-FeOOH. Each Fe(III) atom in goethite is coordinated by three
oxygens and three hydroxides, making goethite a metal
oxyhydroxide (6). Goethite is composed of octahedral edge-sharing
double chains sharing corners with adjacent chains such that
there is space between Fe ion chains, creating an illusion of
‘tunnels’ in schematic representations (6). In reality, hydroxyl
groups fill those spaces but at a macroscopic level the space
between octahedra double chains does create grooves on the

surface of the mineral (2).

The surface area of goethite ranges from 8-200 m?g™t, placing
it on the lower end of the surface area spectrum of ferric oxides
(6) . The relatively low redox potential of goethite (-170 mV vs.
SHE, in aqueous solution, pH 7 (2, 7)) along with its stability
and low surface area result in slow and low-yield microbial
reduction (8, 9). While it is true that goethite is highly
homogeneous, vacancies and impurities do appear in this ferric
oxide. The structural charge created by vacancies is compensated

by extra H atoms, creating extra OH groups. Isomorphic



substitution in environmental goethite is mainly due to Al (III)
substitution (2). Al1(III) has the same coordination number as
Fe(III) and 1is very abundant in soils, making it a plausible
candidate for isomorphic substitution, even if it is slightly
smaller in size. Goethite can be found with up to 1/3 of Fe ions
substituted by A1 (III) (2). This substitution results in a
decrease in crystal size and a decrease in the magnetic field of
goethite. Other cations can also substitute Fe(III) in goethite,
such as Mn(III), Zn(II), and Co(III). The dissolution rate and

color of goethite are also affected by isomorphic substitution.

Hematite. Hematite is another stable ferric oxide widely
distributed across the world, especially in warm climates, giving
soils a red tone (2). The structural formula of hematite is o-
Fe»0s3. Each Fe (III) cation in hematite is coordinated by six
oxygens, making it a ferric oxide. Its molecular structure
consists of octahedra arranged in face-sharing pairs of Fe ions,
and each pair shares edges with three other pairs (10). Face
sharing is considered less stable than edge and corner sharing
because it forces the cations to be closer. However, hematite is
a stable ferric oxide, counteracting the face-sharing arrangement
with a slight distortion in the octahedron shape by allowing Fe
ions to be closer to the oxygens that are not part of the face-

sharing side (4).



The surface area of hematite in soil samples can range from
10-42 cm?g™!, even lower than goethite, and it can also be porous
depending on how it was formed (10). As in the case of goethite,
the low reduction potential (-177 vs. SHE), low surface area, and
high stability of hematite make this the most recalcitrant iron
oxide to microbial reduction (9). A1(III) substitution is also
prevalent with the same results as Al1(III)-substituted goethite.
Other cations can replace Fe ions in hematite (11), mainly

Mn (II), which can replace up to 0.05% of the Fe ions (2).

Magnetite is a ferric-ferrous oxide, with a structural
formula of Fe’" (Fe?'Fe3")0,. This iron oxide form is both a
signature of biogenic Fe(III) reduction (5, 9), and a substrate
for this process (12). Trivalent iron in magnetite can be found
both in octahedral and tetrahedral coordination with oxygen, and
divalent iron is always octahedral. Magnetite is assembled with
layers of octahedra and mixed octaherda-tetrahedra in an inverse

spinel structure (13).

Magnetite is prone to more isomorphic substitution than
other metal oxides because there are more cations that can take
the place of both Fe(II) and Fe(III) octahedra, and Fe(III)
tetrahedra (2). The rate of substitution can be so high that
hematite turns into a ferrite or other metal oxides. Magnetite

crystals substituted with A1 (III) tend to be smaller as Al



increases (14). Natural magnetite surface area can range from 4-

100 m?g™* and it is non-porous?!.

Ferrihydrite. The structure of ferrihydrite has been a
source of debate in the field. The nano-particle size of
ferrihydrite crystals is too small for X-ray diffraction and it
is also likely to be made up of several particle types (15).
Recently a unit cell structure has been proposed for ferrihydrite
(16), with a mixture of octahedral and tetrahedral Fe ions in
some peculiar arrangements, such as edges shared by three
octahedra and a tetrahedron sharing three faces with octaherda.
The proposed structural formula for ferrihydrite is ca Fei10014 (OH) 2

(16) .

The surface area of ferrihydrite in natural samples ranges
from 200-400 m?g™? (2), making it a high surface area iron oxide.
Ferrihydrite nanocrystals form aggregates of ~0.1 ym in diameter
(15) . These aggregates are microporous when freshly precipitated
and pores become more numerous and larger as the metal oxide
ages. The redox potential of ferrihydrite ranges between -100 mV
to +100 mV vs. SHE (3, 17). Microorganisms reduce ferrihydrite
easily due to its high surface area and favorable redox
potential. An interesting interaction between ferrihydrite and
organic carbon in soils is that organic carbon concentration is

inversely proportional to surface area of ferrihydrite (18).

10



All of these characteristics affect the way a cell can
interact with iron oxides. For example, surface area dictates the
bioavailability of an iron oxide for microbial metal reduction.
As an iron particle is reduced, its surface area decreases, and
the redox potential of that particle increases (3), possibly
changing the proteins necessary to reduce it (8). Surface charge
and magnetic properties also influence the initial interaction
between an iron oxide particle and other surfaces (2), including
cells. It is not surprising that the pathway for extracellular
electron transfer has been elusive for decades, since the
characteristics of the terminal electron acceptor are highly
variable. A summary of common iron oxides can be found on Table

1.1.

Table 1.1 Iron oxides found in subsurface environments (2-4, 6, 15, 19)

Metal oxide Structural Most Redox Additional
formula commonly potential notes
found (mV)

Goethite a—-FeOOH Most common -167 Highly
Fe (III)- stable
oxide in all
regions

Ferrihydrite Nano- Most 24 Ages to

crystalline abundant goethite,
with metastable depending
variable Fe (III) on pH
structure oxide

Hematite a—-Fey03 Common -177 Highly
throughout stable
the world
except
temperate
and cool
regions

Magnetite Fes0q4 Most common -135 Ferrous-
biogenic ferric
Fe (III) oxide
oxide

11



Schwertmannite Fe (OH) 34 Fe(III)- and | 14 Unstable
(SO4) 1/8 sulfate-rich at higher
acidic PpH
environments
Lepidocrocite y-FeOOH Most common -67
layered Fe
oxide

1.3 Poised electrodes as terminal electron acceptors.

While the importance of microbial metal reduction for geo-
cycling of metals in sediments and subsurface environments cannot
be overstated, another key aspect of metal-reducing bacteria is
their ability to reduce poised electrodes. Electrochemical
systems where bacteria use anodes as terminal electron acceptors
are uniquely adept for biotechnological application because they
produce current from microbial metabolism, bacterial growth in
these systems is in the form of current-producing biofilms, and
they are stable for months. Microbial electrochemical technology
has been shown to be useful for water desalination (20, 21),
electro-fermentation of profitable products (22, 23), oxidation
of organic matter in waste water (24), and bio-production of

electricity (25, 26).

Harvesting energy from living organisms is an idea that has
been explored for centuries. The first electrochemical system
using bacteria, however, was published in 1911 (27), where yeast
and bacteria were first observed to produce current during the
oxidation of organic matter. Since then, microbial
electrochemistry has flourished with more than 30,000 citations

12



of publications in this field during 2016 alone (28). For the
most part, research has focused on the engineering of more
efficient reactors (29), anode characteristics (30, 31), and

other abiotic components of electrochemical cells (32).

The biotic component within microbial electrochemical
reactors consist of current-producing biofilms. These microbial
macrostructures share many characteristics with better-studied
pathogenic biofilms but they are also unique in that all cells
within these biofilms are using a poised electrode as both
terminal electron acceptor and attachment surface (25, 33).
Because of the fruitful possibilities of the application of such
systems, the limitations of the metabolic activity of current-
producing biofilms have been studied using different approaches,

often reaching conflicting conclusions.

Locating the layers of active/inactive cells within
current-producing biofilms has been attempted by several groups.
DNA stains with differing membrane permeability are used to
differentiate between cells with intact membranes and those with
damaged membranes (34). This technique has led to conclusions
that cells with intact membranes are found in the layer of cells
closest to the electrode (35, 36), furthest from the electrode
(37, 38), or throughout the whole biofilm (39-41). One of the
main problems with such a technique is that membrane potential

influences the membrane permeability of DNA stains (42), making

13



it hard to differentiate between highly active cells and those
with damaged membranes. The extracellular matrix in biofilms is
also known to contain extracellular DNA (43), possibly

interfering with the read-out of such competitive DNA staining

techniques.

Another approach to inferring the location of active cells
in current-producing biofilms has been measuring the
concentration of nutrients, the acidity and redox potential
throughout the different layers. The main findings of such
studies are that pH (44, 45) and acetate (46) concentration
decrease from the surface of the biofilm towards the bottom
layers of cells closest to the electrode, and that the redox
potential of the biofilm becomes less favorable with distance
from the electrode (44, 47, 48). With these data, both pH and
acetate gradients would suggest that active layers within
biofilms are located at the surface of the biofilm where there is
the most access to buffer and nutrients. On the other hand, redox
potential measurements indicate that the layers furthest from the
electrode experience a less favorable redox potential to transfer
metabolic electrons towards. More direct assays to locate
metabolically active cells will be needed in order to settle

these conflicting hypothesis.

Genetic studies have been very useful to determine which

electron transfer pathways are needed during electrode reduction

14



in G. sulfurreducens. The clearest example is omcZ which encodes
for a secreted c-cytochrome and is upregulated during electrode
reduction (49). Deletion of omcZ also results in a decrease 1in
current production (49, 50), and OmcZ is localized at the
anode:biofilm interface (51). Other electron transfer pathways to
the electrode have been harder to delineate. The pili of G.
sulfurreducens have an unusual enrichment in aromatic residues
(52), which influences their conductivity (53, 54). The exact
role of pili during electrode reduction is not clear, however,
since this cellular appendage is also essential for initial

attachment to surfaces (55, 56).

1.4 Enzymatic pathways for electron transfer across membranes.

Bilipid layers are efficient cell barriers due to their
insulating nature, but organisms respiring extracellular terminal
electron acceptors need pathways to transfer electrons across
cellular membranes in order to deposit them on insoluble metal
oxides. For organisms with a Gram-negative physiology, several
pathways have been described for the four different steps of
extracellular electron transfer: electron transfer across the
inner membrane, the periplasm, the outer membrane, and the
extracellular matrix. The energetics and physiology of each of
these steps is different, but enzymatic components are essential
for each. In this section, a review of these pathways will be

15



presented, with a focus on electron transfer across the outer

membrane.

Shewanella oneidensis and Geobacter sulfurreducens are the
most widely studied model organisms for extracellular electron
transfer. S. oneidensis is a facultative anaerobe from the y-
proteobacteria, while G. sulfurreducens is a ‘strict’ anaerobe
from the d-proteobacteria. Each of these organisms present
advantages and disadvantages as model systems. The most
significant may be the flexible metabolic strategies of S.
oneidensis, yet lower extracellular electron transfer rates, vs.
the fewer metabolic strategies of G. sulfurreducens, which make
it harder to grow in the laboratory, yet a higher specialization
that produces the highest extracellular electron transfer rates
reported. The field has benefited from parallel progress in the
comparative study of these two extracellular electron transfer

strategies.

Electron transfer across the inner membrane represents the
energy harvesting step for cells. As in other respiratory
strategies, this step allows cells to generate a proton motive
force and produce energy for growth. In S. oneidensis a NapC/NirT
homolog, the tetraheme cytochrome CymA, is responsible for
transferring electrons from the menaquinone pool to the periplasm
during the respiration of most extracellular electron acceptors

tested to date (57-61). In G. sulfurreducens, two redox

16



potential-dependent pathways are known: the heptaheme c-
cytochrome ImcH (62), and the cytochrome CbclL with nine c-type

hemes and two b-type hemes (63).

Once electrons have crossed the inner membrane, they must
be transported across the periplasm. Both G. sulfurreducens and
S. oneidensis express high levels of periplasmic electron
transfer proteins. G. sulfurreducens encodes at least five
periplasmic multi-heme cytochromes of which PpcA is the most
abundant (64). This triheme c-cytochrome has four more homologs
in the G. sulfurreducens genome and, while their individual role
is still unclear, mutants lacking these cytochromes are defective
in electron transfer to extracellular acceptors (65). S.
oneidensis has two periplasmic cytochromes which are documented
to interact with outer membrane cytochromes and assist electron
transfer across the periplasm (66): FccA (67) and CctA (68), both

of which are highly abundant.

A pathway for electron transfer across the outer membrane
was first described in S. oneidensis where the model of “electron
conduits” was first proposed. This model consists of two
cytochromes from either leaf of the outer membrane anchored to
the membrane by an integral outer membrane protein (69, 70). This
anchor serves to align heme groups of both cytochromes close
enough to allow electrons to flow through the whole complex (71),

from one side of the outer membrane to the other. The three
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components of the S. oneidensis electron conduit, MtrCAB, are
essential for Fe(III) (68), flavin (72), Co(III) (73), and
electrode (72) reduction, and they form a tight complex able to
transfer electrons across membranes of proteoliposomes (70).
These three proteins are also able to confer extracellular
electron transfer abilities to heterologous hosts (74), albeit at
much lower levels. Together, these data provide enough evidence
to classify the MtrCAB family of electron conduit complexes as
the key electron transfer pathways across the outer membrane of

S. oneidensis.

In G. sulfurreducens, one example of an electron conduit
has been identified. A complex made up of the integral outer
membrane protein OmbB, periplasmic cytochrome OmaB, and
lipoprotein cytochrome OmcB is necessary for wild type levels of
Fe (III)-reduction (75, 76). These three proteins assemble into a
membrane-bound complex and in purified form can transfer
electrons across proteoliposome membranes (77). This OmcB-based
electron conduit has not yet been shown to be functional in a
heterologous host, but it is widely cited as the pathway for
electron transfer across the outer membrane of G. sulfurreducens

(78) .

There are some important differences between the S.
oneidensis and G. sulfurreducens pathways described above. While

there are many homologs of MtrCAB encoded in the S. oneidensis
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genome (68, 79), only the MtrCAB complex has been found to be
necessary for Fe(III), flavin, Co(III), and electrode reduction.
In contrast, within G. sulfurreducens there exists a duplication
of ombB-omaB-omcB directly downstream (ombC-omaC-omcC), but
unlike S. oneidensis, both of these gene clusters are reported to
be necessary for wild-type levels of Fe(III)-reduction (77) yet
neither of them have been shown to be involved in electrode
reduction. Another important difference lies in the expansion of
the MtrAB family, such as homologs complexed with an
extracellular DMSO reductase that allow S. oneidensis to respire
DMSO extracellularly (80). In G. sulfurreducens there are no
additional homologs of the OmcB-OmcC conduits known, while other
unrelated putative electron conduits appear to be encoded in the

genome of G. sulfurreducens (81).

These convergent outer membrane electron transfer pathways
share a characteristic where the intracellular components of
these complexes are better conserved than the extracellular
redox-active lipoprotein component. For example, not only are
MtrAB homologs paired with extracellular components which have
different enzymatic functions in S. oneidensis (such as DMSO
reductases), but MtrA and MtrB are better conserved at the
sequence level within the Shewanella genus than MtrC (70).
Similarly, in G. sulfurreducens ombBC and omaBC are 100%
identical to the nucleotide level, while omcBC only share 70%

identity. It is easy to hypothesize that the extracellular
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exposure of OmcBC and MtrC places more pressure on these
components to adapt to environmental changes and differences in
metal oxide minerals, but with an incomplete picture of electron

conduit variability and functionality this remains a hypothesis.

Beyond the outer membrane, in both S. oneidensis and G.
sul furreducens, there are pathways for electron transfer across
the extracellular space. S. oneidensis uses self-secreted flavins
as electron shuttles to reach terminal electron acceptors (82,
83), whether these are needed only for substrates not in direct
contact with cells or for all extracellular substrates is yet
unclear (84, 85). G. sulfurreducens has a more complex
extracellular electron transfer profile. The extracellular matrix
of G. sulfurreducens contains cellular appendages,
exopolysaccharides, and secreted c-cytochromes. Both cellular
appendages and exopolysaccharides are important for cell adhesion
to surfaces (56, 86), which Geobacter species are specialized
for. G. sulfurreducens pili are also known to have conductive
properties under some conditions (54), with aromatic residue

chains being proposed as the electron transfer mechanism (53).

While it is difficult to separate phenotypes due to defects
in attachment from those due to conductivity during a process
requiring surface attachment, and account for variations in
mineral or electrode and protein surface charge (56), pili are

shown to be involved in establishing long-range electron transfer
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pathway. Adding to this complexity is the fact that G.
sulfurreducens also secretes multiheme c-cytochromes into this
extracellular space (49, 87), where they bind to pili, minerals,
or polysaccharides, and are necessary for wild type levels of

Fe(III)-oxide reduction (88) or electrode reduction (49-51, 89).

After nearly four decades of research on extracellular
electron transfer pathways, it is reasonable to expect there
should be a few fundamental or highly conserved genes that could
be used as markers for identifying metal reduction in genomes.
Unfortunately, the basic functions of most sequenced multi-heme
c-cytochromes in these systems are unknown. Cytochromes,
especially those secreted outside the cell, are not widely
conserved the way sulfate, nitrate or oxygen reduction pathways
are conserved. With the increase in available sequencing data,
each new genome adds novel multiheme c-cytochromes to databases.
Attempts at clustering available c-cytochromes with the few well
understood proteins fails to predict their roles. What is needed

is solid physiological data liking sequence to function.
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2.1 Summary

Geobacter sulfurreducens uses extracellular electron
transport to grow using metal oxides or solid electrodes as its
terminal electron acceptor for the oxidation of acetate. This
model organism has been the subject of extensive study in
microbial electrochemical systems due to its ubiquitous nature in
natural enrichments, its rapid development of thick electroactive
biofilms, and genetic tractability. While much is known about the
physiology and performance of G. sulfurreducens biofilms on
electrodes, key questions remain about how microscale gradients
of redox potential and substrate concentrations within the
biofilms affect the growth of cells at different levels, and how
the combination of these factors influence the overall system
performance. Here, we directly measure the anabolic activity of
G. sulfurreducens biofilms at single cell resolution using stable
isotope probing and secondary ion mass spectrometry. Our results
demonstrate that G. sulfurreducens cells are most active when in
contact with the anode surface and that this activity drops off
more quickly than is often assumed in the literature. These
results have important implications for our understanding of
extracellular electron transfer and the growth penalties
associated with respiring insoluble electron acceptors at great

distances.
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2.2 Materials and Methods

Geobacter growth. All experiments were performed with our
laboratory strain of Geobacter sulfurreducens PCA as freshly
streaked single colonies from freezer stocks. Anaerobic NB medium
(0.38 g/L KC1l, 0.2 g/L NHs«C1l, 0.069 g/L NaH,PO4H,0, 0.04 g/L
CaCl;2H,0, 0.2 g/L MgSO047H;0, 1% v/v trace mineral mix, pH 6.8,
buffered with 2 g/L NaHCOs; and flushed with 20:80 N:CO, gas mix)
with 20 mM acetate as electron donor, 40 mM fumarate as electron
acceptor was used to grow liquid cultures from colony picks. 3
cm? graphite flags were polished using 1500 grade sand paper
(Gator) followed by 0.05 micron alumina slurry (Buehler) to serve
as working electrodes. Sterile three-electrode conical reactors
containing 15 mL of NB with 40 mM acetate as electron donor and
50 mM NaCl to equilibrate salt concentration were flushed with a
mix of N;-CO; gas (80:20, v/v) until the 0O, concentration reached
less than 2 ppm. Ligquid cultures were prepared by inoculating 1
ml liquid cultures from single colonies inside an anaerobic
chamber. Once these cultures reached late exponential to
stationary phase, they were used to inoculate 10 ml cultures with
10% v/v. Each reactor was then inoculated with 25% v/v from this
liquid culture as it approached acceptor limitation, at an ODsoo
between 0.48 and 0.52. Working electrodes were set at either -0.1
V or +0.24 V vs SHE and average current density recorded every 12

seconds. All experiments were carried out at 30 °C.
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Stable isotope probing. Once the desired biofilm growth
stage had been reached, media was carefully exchanged for 15 mL
of anaerobic NB containing 20 mM 6% !'3C-enriched acetate, 0.2 g/L
6% '>N-enriched NH;Cl, and 2% “H-enriched water. For negative
control samples, regular NB electrode growth media was used
instead of stable isotope enriched media. Biofilms were then
incubated for 6 hours with working electrodes poised at the same

potential as during growth, or changed to -100 mV (Figure 5).

Fixation and embedding. After stable isotope incubation,
graphite electrodes were harvested from each reactor, rinsed with
NB media to remove planktonic cells, fixed at room temperature
for 1 hr (2% glutaraldehyde, 50 mM HEPES, pH 6.8), and stored at
4 °C in fixing solution. Negative controls were rinsed and
incubated for 6 hours in stable isotope enriched media before
storing back in fixing solution. Samples (still attached to
graphite flag) were rinsed twice (50 mM HEPES, pH 7) before
negative staining in 1% 0sOs, 50 mM HEPES, ph 7 for 2h. After
rinsing again, samples were incubated for 1 hr in 1% uranyl-
acetate and rinsed. Samples were then dehydrated with sequential
10 minute incubations in 25%, 50%, 75%, and 100% ETOH. A 50/50
v/v LR White resin (Sigma-Aldrich, uncatalyzed) and ETOH solution
was used to incubate samples at room temperature overnight.
Samples were then placed in 2 mL microcentrifuge tubes containing

enough LR White solution (catalyzed with benzoyl peroxide) to
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cover ~0.5 cm above the graphite flag (~1.5 mL) and incubated at

60 °C overnight.

2.3 Introduction

Microbial communities in nature exist predominantly as
biofilms, dense cell aggregates coating multicellular organisms
and mineral surfaces (90, 91). Together, they control cycling of
metals, sulfur, nitrogen, and carbon in aquatic environments,
sediments, soils, and subsurface environments (92-95). With high
cell densities, biofilms often become structured due to limited
diffusion of soluble nutrients, buffering agents, and respiratory
substrates (90, 96-100). Stratification of biofilms into
phenotypically (101) and metabolically (102) separate layers is
well documented, creating microhabitats that alter a biofilm’s
ability to respire organic matter (94), access substrates for

biodegradation (103), or be inhibited by antibiotics (91).

Less well understood are biofilms comprised of cells that
must transfer respiratory electrons to extracellular minerals or
insoluble acceptors. Of particular interest are metal-reducing
bacteria grown on electrode surfaces acting as electron
acceptors, which are the basis for electrochemical systems using
microbial metabolic activity to convert organic substrates into
electricity (104). Many of these electrode-reducing bacteria form

conductive biofilms, allowing cells to share contact with an
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electrode to cell layers 5 to 10 microns away. This beneficial
conductivity creates a paradox for the community; cell layers
closest to the electrode have best access to the electron
acceptor, but those farther from the electrode have best access
to soluble electron donors and buffering agents diffusing in from

the top of the biofilm (105).

G. sulfurreducens is a model organism used for the study of
extracellular electron transfer and biofilm conductivity (25, 33,
106-109), and can be routinely grown using solid anodes,
insoluble metal oxides, or co-cultured using other organisms
(110) as their terminal electron acceptor. Under optimal
conditions with acetate as sole electron donor and a suitably
poised electrode as the electron acceptor, G. sulfurreducens can
form biofilms over 20 cell layers thick to produce current
densities on the order of 1 mA-cm? (51, 111-113). Mutant analysis
shows that respiration of cells not in direct contact with the
electrode is supported by production of a complex conductive
matrix composed of multiheme c-cytochromes (51, 112),
polysaccharides (86), and pili (114). While the electrode biofilm
model has demonstrated the general phenomenon of long-range
electron transfer, a fundamental question remains about the
formation of microscale gradients that limit metabolic activity

of cells at different positions within the biofilm.
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A universal observation during Geobacter experiments on
poised electrodes is that in the early stages of colonization,
each new layer of cells results in a proportional increase in
total respiration, measured as electrical current. However, as
biofilm thickness exceeds about 10 um, additional biomass fails
to increase total current, suggesting only a portion of cells in
thick biofilms are active and stratification has occurred. The
most common direct method used to investigate possible
stratification of populations in these biofilms is cell viability
stains in conjunction with confocal microscopy. Methods based on
dyes distinguishing between intact and compromised membranes at
high spatial resolution have yielded conflicting results, ranging
from live cells at the interface with growth media and dead cells
at the anode surface (37, 38), dead cells more distant from the
electrode (35, 36), or all live cells throughout (39-41). An
additional limitation of this approach is the lack of ability to
distinguish between “viable” and “actively growing” states, and
the recent observation that dyes meant to indicate “dead” cells
accumulate inside actively respiring cells in response to high

membrane potential (42).

Assessment of gene expression data has provided another
measurement of cellular activity in G. sulfurreducens biofilms,
either through physical separation of inner (0-20 pm) and outer
(20-40 pm) biofilm layers and subsequent whole genome microarray

analysis (115), or by the development of fluorescent reporters
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driven by the promoters of interest (116). These transcriptional
studies detected a very modest (115) or complete lack (116) of
differentiation between such layers in G. sulfurreducens

biofilms.

Approaches that measure conditions within G. sulfurreducens
current producing biofilms include measurements of redox, pH,
metabolites, or c-cytochrome oxidation states in a spatially
resolved manner. While not direct assessments of cellular
activity per se, these factors should exert control over, or be a
product of, G. sulfurreducens metabolic activity. C-cytochromes
are important electron carriers in the extracellular electron
transfer process in these biofilms and have the benefit of
characteristic UV/Vis and Raman spectroscopic signatures when in
the oxidized and reduced states. This enabled analysis of total
c-cytochrome oxidation state within current producing biofilms
using either wvisual light (117, 118) or confocal Raman microscopy
(48, 119, 120). Spectral studies have demonstrated that G.
sulfurreducens catabolic activity results in the reduction of
cytochromes, and suggested lower metabolic activity in layers
more distant from electrodes based on the ratio of reduced to
oxidized cytochromes increasing with distance from the anode
surface. Redox measurements with microelectrodes have mirrored
those of Raman-based cytochrome oxidation state, demonstrating a

decrease of potential with distance from the anode surface (121).
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Models based on diffusion within biofilms suggest that pH or
nutrient conditions may be inhibitory close to the electrode
surface. Measurement of pH gradients, either with pH sensitive
dyes (122) or microelectrodes (121) have shown that pH can
decrease nearly linearly from the outer surface of the biofilm to
the anode surface, potentially reaching inhibitory levels at the
innermost layers. Direct measurement of acetate concentrations
within a very thick (>100 pm) G. sulfurreducens biofilm inside a
chamber custom built to fit within an NMR instrument (123)
demonstrated a gradual decrease in acetate concentration from the

bulk solution to the base of the biofilm.

The above studies create a conflicting picture of
physicochemical parameters within G. sulfurreducens biofilms, and
how they affect cell growth at different depths. If pH and
acetate concentrations decrease with depth, metabolic activity
near the anode surface should be inhibited near the electrode.
Conversely, if redox potential and c-cytochrome oxidation state
are highest at the anode surface, the energetics of G.
sulfurreducens growth should be most favorable at the anode
surface. If the electrical conductivity of the biofilm is
sufficiently high, a zone of growth within the center of the
biofilm could form representing the intersection of buffering and

nutrient influx with access to the electrode.
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Sophisticated models of G. sulfurreducens biofilms in
microbial electrochemical systems have predicted many of these
conflicting stratification scenarios, including an increase in
active biomass near the anode surface (124), and a pH-dependent
limitation of overall biofilm current (125). Additionally, the
recent identification of multiple redox potential-specific
extracellular electron transfer pathways in G. sulfurreducens (8,
62, 63) raises the possibility that the various microhabitats
within the biofilm support different populations of cells
utilizing different metabolic machinery based on the prevailing

energetics in their immediate surroundings.

To improve our understanding of stratification within
electrode-reducing biofilms, we directly imaged the spatial
anabolic activity patterns of G. sulfurreducens cells in biofilms
at sub-cellular resolution by coupling stable isotope probing
with nanometer scale secondary ion mass spectrometry (nanoSIMS).
Biofilms were grown on graphite electrodes under conditions that
have previously been extensively characterized and are optimized
for reproducible biofilm growth (126, 127). At various points in
biofilm development unlabeled growth media was substituted for
stable isotope enriched growth media containing !’ N-enriched
ammonium, ®C-enriched acetate and ?H-enriched water. !N, !3C and
°H incorporation was visualized at <100 nm spatial resolution,
allowing for unambiguous assignment of G. sulfurreducens activity

patterns at the single-cell level within biofilms at various
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stages of development. In all cases data revealed the highest
anabolic activity at the electrode surface, with a near-linear
decline in activity with distance from the electrode. This
distance-dependent decline was also evident in biofilms only a
few cells thick, suggesting that diffusion of nutrients or

buffers was not the primary cause.

2.4 Results

2.4.1 Metabolic activity gradient decreases from electron

acceptor towards edge of biofilm.

In order to analyze metabolic activity within current
producing biofilms, G. sulfurreducens biofilms were grown with
graphite electrodes poised at +240 mV vs SHE as sole terminal
electron acceptor. Once the exponential phase of current
production had ceased, and current had reached a plateau (see
arrow on Fig. 2.1A), normal growth media was replaced by growth
media containing !*N-enriched ammonium, !’C-enriched acetate and
H-enriched water. As previously shown these media exchanges had
little effect on the overall current density (126), and the
effect of isotopically labeled media paralleled that of a regular
media control (Fig. 2.1A). After an incubation period
corresponding to the known doubling time of G. sulfurreducens
during exponential growth (6.2 +/- 0.7 h, n=7), biofilms were

fixed, stained and embedded in resin for electron microscopy
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(Fig. 2.1B) and nanoSIMS analysis (Fig. 2.2-2.3). Electron
microscopy showed biofilms 15-20 pm in depth with cells in the
inner layers oriented perpendicularly to the electrode surface
(Figure 1B, 83 hours of growth). Beyond ~10 pm the cells in the
upper layers of the biofilm lost this orientation and appeared
less tightly packed. These ultrastructural features are similar

to those previously demonstrated for G. sulfurreducens grown on

electrodes (51, 112).
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Figure 2.1 Current production and structure of G. sulfurreducens
biofilm after current density plateau. Current density generation (A)
and transmission electron microscopy images (B) of G. sulfurreducens
biofilms. Cells were inoculated at time zero on anodes poised at +240
mV and after 83 hours of growth (see arrow), normal growth medium was
exchanged with stable isotope labeled medium.

Thin sections of resin-embedded biofilms were deposited on
silicon wafers and analyzed for stable isotope incorporation by

collecting the 'H-, 2H-, '?C-, 13C~, 'N'2?C”~ and '°N'?C~ ions. The !N!'?C-
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ion image is best for visualizing the G. sulfurreducens biomass
because there is no nitrogen in the embedding resin (Figure 2.2).
The heavy nitrogen ion !N'?C” alone, as well as the !N fractional
abundance images show the same increase in incorporation of >N at
the bottom surface of the biofilm where the cells interface with
the anode (Figure 2.2B and C). This maximum at the anode
interface decreases with distance from the anode surface to a
minimum approximately 10 microns from the anode. After this
minimum a second small peak in cellular anabolic activity is
observed in the uppermost layers of the biofilm, although the
distribution of activity is more heterogeneous than in the inner

layers.

To quantify these observations all pixels were binned
according to their distance from the anode surface at half micron
increments. The >N fractional abundance for all nanoSIMS
acquisitions of triplicate biofilms grown at +240 mV are shown in
Figure 2.2D. The features of these isotope enrichment curves are
reproducible, including an early peak in activity between 1-2
microns from the anode surface, a steady decrease to a minimum
value, and a rise to secondary small symmetric peak between this

minimum and the outer surface of the biofilm.

Because the fractional abundance of !N added to growth
media was 0.06, a previously unlabeled cell doubling in 6 hours

would be expected to reach a N fractional abundance value of
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approximately 0.03 in our experiments. Peak values of fractional
abundance were observed to be between 0.015 and 0.025 at the
anode surface, allowing us to infer that cells closest to the
electrode may have nearly doubled in the six hours of the stable
isotope probing experiment, even though they remain at the base

of the biofilm farthest from the growth medium.
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Figure 2.2 5N incorporation reveals anabolic activity pattern within G.
sulfurreducens biofilms. Representative nanoSIMS analysis of G.
sulfurreducens biofilms. A) N!2C- ion image demonstrating biofilm
morphology and spatial resolution. Graphite anode is located below the
biofilm. Heavy nitrogen isotope image 1°N!2C- (B) and 1°N fractional
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abundance image (C) reveal an enrichment at the anode surface. (D)
Anabolic activity patterns in replicate G. sulfurreducens biofilms,
n=3. Colored lines represent the average >N fractional abundance for
analyses of different locations within a single biofilm. Transparent
envelopes surrounding lines represent standard deviation of fractional
abundance at each distance. Black lines represent controls that were
chemically fixed before incubating with isotopically labeled media,
indicating live cells are required for isotope incorporation.

The fractional abundances of !N, !3C and °H depicted in
Figure 2.3A-C show the clear enrichment at the biofilm-anode
interface. The pattern of !N, !3C, and ?H incorporation with
distance from the anode surface all behaved in a similar manner
(Figure 2.3D-F) as was expected for these analogous anabolic
activity markers, although the data from !°N yielded the highest
signal-to-noise ratio since there was no nitrogen in the resin
diluting the signal from the stable isotope probing experiment

(128) .
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Figure 2.3 13C and 2H incorporation follow 15N pattern with higher
background noise. Fractional abundance of >N (A), 13C (B) and 2H (C)
binned every half micron from the anode surface (red line). D-F) half-
micron binned fractional abundance as a function of distance from
electrode for 15N, 13C, and 2H, respectively from representative samples.

2.4.2 Exponentially growing biofilms already develop anabolic

activity gradient.

Early in growth experiments, when current and biomass is
increasing exponentially and biofilms are only ~5 pm thick, all
cells are hypothesized to be doubling at a similar and maximal
rate. Samples from this growth phase were analyzed to determine
the maximum anabolic activity of growing cells, and test if such

biofilms were free of metabolic stratification.

Duplicate biofilms harvested during exponential phase (Fig.
2.4A) had regions of biofilm width between 2-5 um (Fig. 2.4B and
C, 35 hours of growth), but all exhibited a similar trend of
isotope incorporation (Fig. 2.4D). Importantly, the peak
enrichment value reflecting anabolic rate was indistinguishable
from thicker biofilms, and occurred at the same location in the
biofilm as older biofilms. This indicates that the metabolic
activity of cells in the upper layers of thick biofilms did not
inhibit the growth of their brethren at the anode surface, either
by consuming acetate before it diffused to the inner layers or by
acidification. Even in these thin biofilms, a decline in
metabolic activity was detected with increasing distance,

following the same trend as seen in thicker biofilms.
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Figure 2.4 Anabolic activity pattern is already present during
exponential phase. Current density generation (A) and transmission
electron microscopy images (B-C) of representative G. sulfurreducens
biofilms harvested during exponential phase. Graphite electrode poised
at +240 mV vs. SHE served as sole terminal electron acceptor and normal
growth media was exchanged with stable isotope labeled media after 35
hours of growth (arrow on A). (D) Anabolic activity patterns in
duplicate G. sulfurreducens biofilms. Red lines represent the average
N fractional abundance for analyses of different locations within a
single biofilm. Transparent envelopes surrounding lines represent
standard deviation of fractional abundance at each distance. Black
lines represent controls that were chemically fixed before incubating
with isotopically labeled media. For comparison, data from A and D is
overlayed on data in gray from Fig. 2.1A and Fig. 2.2D, respectively.

2.4.3 Reduction potential has modest effect on anabolic activity

gradient

Lowering the redox potential of the anode can slow electron
transfer by G. sulfurreducens, but could also lower demands on
the conductive network or slow consumption of nutrients relative
to diffusion into the film. To test whether the stratification
patterns were affected by the potential of the anode, we analyzed
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the isotope incorporation pattern of G. sulfurreducens biofilms
grown at -100 mV vs. SHE (129). Four separate biofilms were grown
at this lower potential, subjected to labeled media at wvarious
points during stationary phase (Fig. 2.5A), and analyzed as
before with isotope incorporation data binned every half micron
from the surface of the anode (Fig. 2.5B and C). The major
similarity between these biofilms and those grown at +240 mV is
the dominant trend of decreasing metabolic activity with
increasing distance from the anode surface, with the decline in
activity occurring more rapidly when redox potential was lower.
At -100 mV, both the initial subtle increase in current over the
first 1-2 microns, and the second peak of activity beyond 10 um
are absent, yielding a much simpler activity pattern which

decreases monotonically with distance from the anode.
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Figure 2.5 Lowering reduction potential of poised electrode changes
small features but not overall anabolic activity pattern of G.
sulfurreducens biofilms. (A) Current density production by G.
sulfurreducens biofilms grown with graphite electrodes poised at -100
mV vs. SHE as sole terminal electron acceptor. Normal growth media was
exchanged with stable isotope labeled media at two time points (see
arrow) with duplicates represented in blue and green. (B-C) Anabolic
activity patterns in replicate G. sulfurreducens biofilms. Blue and
green lines represent the average N fractional abundance for analyses
of different locations within a single biofilm and match their
respective sample color in A. Transparent envelopes surrounding lines
represent standard deviation of fractional abundance at each distance.
Black lines represent controls that were chemically fixed before
incubating with isotopically labeled media. For comparison, data from
A-C is overlayed on data in gray from Fig. 2.1A and Fig. 2.2D,
respectively.
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2.4.4 Altering energetics at the electrode surface does not

immediately change anabolic activity pattern.

To determine whether the features lost during growth at -
100 mV could be rapidly recovered by a sudden transition to
+0.240 mV, we grew two additional biofilms at -100 mV to maximum
current, added labeled growth media and changed the electrode
potential to +240 mV. The resulting !°N fractional abundance plots
resembled those grown and labeled at -100 mV, including the
immediate decrease in isotope incorporation and lack of
significant peaks at the surface of the biofilm (Fig. 2.6). This
indicated that these biofilms could not remodel within 6 h to
alter this dominant stratification profile, and that increased
driving force at the base of the biofilm could not be used by
cells distant from the electrode during this 6 h labeling

experiment.
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Figure 2.6 Anabolic activity pattern does not change once biofilms
reach maximum current, even if reduction potential is more favorable.
Duplicate G. sulfurreducens biofilms were grown with graphite
electrodes poised at -100 mV vs. SHE as sole terminal electron
acceptor. After maximum current was reached, normal growth media was
exchanged with stable isotope labeled media and the reduction potential
of the working electrode was raised to +240 mV vs. SHE. Orange lines
represent the average 1°N fractional abundance for analyses of different
locations within a single biofilm. Transparent envelopes surrounding
lines represent standard deviation of fractional abundance at each
distance. Black lines represent controls that were chemically fixed
before incubating with isotopically labeled media. For comparison, data
is overlayed on data in gray from Fig. 2.2D.

2.4.5 Extended biofilm operation does not change location of

metabolically active cells.

The above results indicate that as the biofilm transitions
from an exponential growth to a phase of maximum current, cells
in the outer layers of the biofilm are at a great anabolic
disadvantage compared to their counterparts at the biofilm-anode
interface. However, most microbial electrochemical applications
utilize biofilms maintained for weeks in this plateau phase, and
many of the conflicting reports describing stratification of live
cells to the top of the biofilm are derived from such long-term

experiments.

To investigate metabolic activity in biofilms maintained
for weeks without interruption, four replicate G. sulfurreducens
biofilms were grown for two weeks with normal growth media.
Medium was exchanged as needed to maintain current production
above 500 pA-cm™? for this entire period. After this extended

operation biofilms were labeled and prepared as before. Electron
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microscopy images revealed biofilms that were very thick, up to
80 um. However, cells on the top surface of the biofilm had begun
to lyse or consume their cellular material as all cells had very
low density in all four replicates (Fig. 2.7). The frequency of
intact cells increased with depth into the biofilm, until at the
anode-biofilm interface where nearly all cells still appeared
intact, as determined by cell morphology and electron density in
the cytoplasm. Representative nanoSIMS images demonstrate that
cells located at the anode were still metabolically active at
levels similar to those during early stages of biofilm growth.
Intact cells in the biofilm far from the anode were for the most

part anabolically inactive, with only occasional weak enrichment.
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15N incorporation

— N

Distance from anode

Figure 2.7 Anabolic activity pattern of G. sulfurreducens biofilms does
not change after current plateau is maintained for two weeks. Electron
microscopy and nanoSIMS analysis of representative two-week old
biofilm. Large overview image of a two week old biofilm grown at +240

mV demonstrates
regions of cell
nanoSIMS images
overlaid on the
images.

the thickness of the biofilm and the presence of

lysis in the upper light layers. Representative

were taken in regions 1-4. The MN!°C- ion image is shown
SEM image along with the 15N fractional abundance
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2.5 Discussion

The results presented here demonstrate that G.
sulfurreducens biofilms experience a growth penalty with
increasing distance from the anode surface. This result is robust
to both the level of biofilm maturation and the reduction
potential of the anode. Similar level of !N incorporation is
observed by cells at the anode surface in thin biofilms during
exponential phase and thick biofilms producing maximum current,
indicating that cells in the upper layers of the biofilm do not
inhibit the inner layers by consuming substrate or by the
production of toxic byproducts. Additionally, the fastest cell
growth rates in exponential and stationary phases are
indistinguishable, so this does not appear to be the explanation
for why current generation reaches a limit. The pattern of
anabolic activity dominating in a relatively thin region at the
anode surface was true even after two weeks of biofilm growth,
indicating that the dominant synthesis of new biomass throughout
all stages of biofilm development occurs at the anode, pushing

old, anabolically inactive, biomass outward.

The transition between exponential growth phase and current
generation plateau seems to correlate with two major changes in
the biofilm. First, our results reveal that at 10 microns the
anabolic activity is at a minimum, regardless of the reduction

potential at which the electrode is poised. Second, the

45



orientation of the cells roughly perpendicular to the anode
surface breaks down at approximately this same point. After this
transition the high and low potential biofilms diverge in total
current production and anabolic activity patterns. The biofilms
grown at high potential increase their current at a slower but
steady rate (Fig. 2.1A), and exhibit modest anabolic activity in
their outermost layers (Fig. 2.2D). The low potential biofilms on
the other hand exhibit a sharp end of current increase (Fig.
2.5A), as well as a lack of surface anabolic activity (Fig. 2.5B
and C). We hypothesize that in the high potential experiments
this outer layer of cells may be adapting to respiration at redox
potentials well below the applied +240 mV. This notion is
consistent with the redox potential and c-cytochrome oxidation
state measurements made previously (44, 48, 119, 120, 130, 131).
The low effective redox potential in these outer layers must
still be high enough to allow acetate oxidation to proceed since
the increase in biomass in this outer layer contributes
positively to the current, but the energetics are not as
favorable as those supporting the cells growing in the inner
layers, leading to the decreased anabolic activity in these upper
layers. The physiological shift to lower redox potentials could
be due to the utilization of different extracellular electron
transfer pathway, such as the low potential-specific quinol
oxidase CbcL(129). The difference in cell yield between the high
potential (ImcH) and low potential (CbcL) system has been
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quantified, showing that higher cell yields are achieved when
only the high potential system is available (8). A metabolic
shift at distance from the anode surface is consistent with the
recently proposed increase in importance of pili over cytochromes
in G. sulfurreducens cells above 10 microns in current producing
biofilms (132). It is possible that the spottiness of anabolic
activity in these outer layers is the result of some cells being
“disconnected” from whatever electrical conduits their active

neighbors still maintain with the higher potential inner layers.

The biofilms grown with the anode poised at -100 mV vs. SHE
will experience a decrease in redox potential from a starting
point 340 mV more negative than the high potential biofilms. By
the time these biofilms reach stationary phase the prevailing
redox potentials at the surface of the biofilm maybe be too
negative to support any metabolism, catabolic or anabolic. This
would explain why increasing biofilm depth in phase does not lead
to increased current generation, and why there is no second peak
of anabolic activity in the outer layers. The biofilm will
continue to grow in thickness due to the anabolic activity of the
cells at the anode surface, but the cells at the top of the
biofilm will be metabolically inactive and contribute nothing to
the catabolic current. Even under high potential conditions it
appears that the biofilm can grow too thick to support the growth
of cells in the outer layers, leading to inactivity and

ultimately cell lysis.
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Here we have presented the first direct measurement of G.
sulfurreducens anabolic activity at high spatial resolution
within current-producing biofilms. Our results highlight the
uniqueness of current-producing biofilms, which stratify in a
different pattern than canonical biofilm models, with the most
anabolically active cells in bottom layers instead of dead or
persistor cells. Our results demonstrate that the combined effect
of all the factors influencing cellular metabolism within
electroactive biofilms favors growth at the anode surface. This
dispels the notion that pH and substrate limitation may inhibit
the growth of cells in the inner layers of the biofilm, and
suggests that the major mode of biofilm growth is cell
proliferation at the anode pushing biomass outward. These results
support the widely held conclusion that G. sulfurreducens can
respire the anode at distances exceeding 10 um from the anode
surface, but that this metabolism-at-a-distance comes with an
energetic cost, which is eventually inhibitory to cell growth at
large enough distances. While the exact pattern of activity will
vary between reactor designs, substrate concentrations, buffering
capacity of the media, etc. we hope that the data presented here
can be used to improve models of G. sulfurreducens growth and
performance of electroactive biofilms. Follow-up studies testing
some of these models using mutants in important extracellular
electron transfer pathways and additional growth condition
variations will further help to understand the physiology of G.
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sulfurreducens biofilms. Additionally, these findings help
understand how the limitations of the extracellular electron
transfer process may affect the structure of natural communities

thought to be dependent on this process.
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Chapter 3. Different gene clusters encoding putative outer
membrane electron conduits are necessary or sufficient during

metal and electrode respiration in Geobacter sulfurreducens.

Fernanda Jiménez Otero, Chi Ho Chan, and Daniel R. Bond

(Modified from Jiménez Otero et al., submitted 2018)
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3.1 Summary

At least five gene clusters in the Geobacter sulfurreducens
genome encode putative outer membrane ‘electron conduits’, or
complexes containing a periplasmic multiheme c-cytochrome,
integral outer membrane anchor, and outer membrane redox
lipoprotein(s). Markerless single gene cluster deletions and all
possible multiple deletion combinations were constructed and
grown with soluble Fe(III) citrate, Fe(III)- and Mn(IV)-oxides,
and graphite electrodes poised at +0.24 V and -0.1 V vs. SHE.
Different gene clusters were necessary for reduction of each
electron acceptor. During metal oxide reduction, deletion of the
previously described omcBC cluster caused defects, but deletion
of additional components in the AomcBC background, such as
extEFG, was needed to produce defects greater than 50% compared
to wild type. Deletion of all five gene clusters abolished all
metal reduction. During electrode reduction, only the AextABCD
mutant had a severe growth defect at both redox potentials, but
this mutation did not affect Fe(III)-oxide, Mn (IV)-oxide, or
Fe(III) citrate reduction, further suggesting substrate-specific
pathways. Some mutants containing only one cluster were able to
reduce particular terminal electron acceptors better than wild
type, suggesting routes for improvement by targeting substrate-
specific electron transfer pathways. Transcriptomic comparisons
between wild type and the strain containing only extABCD detected

no significant changes in the expression of known redox proteins
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or pilin components suggesting this strain has a streamlined
pathway for electron transfer across the outer membrane not
resulting from off-target effects. Our results suggest G.
sulfurreducens may utilize different outer membrane conduits

depending on the available extracellular electron acceptor.

3.2 Introduction

Microorganisms capable of extracellular respiration can
alter the redox state of particulate metal oxides in soils and
sediments, controlling their solubility and bicavailability (92,
133-137) . To respire extracellular metals, bacteria must transfer
electrons from the cell interior to outer surface redox proteins,
requiring unique mechanisms compared to growth with
intracellularly-reduced electron acceptors. The use of surface-
exposed electron transfer proteins also presents opportunities
for transformation of heavy metals, biological nanoparticle
synthesis, and a new generation of microbially-powered
electrochemical devices using bacteria grown on electrodes (22,

24, 26, 33, 106, 138, 139).

An extracellular electron transfer strategy must overcome
several biological and inorganic issues. In Gram-negative cells,
a conductive pathway capable of crossing the inner membrane,
periplasm, and outer membrane must first be constructed (78,

140) . Such pathways are capable of delivering electrons to
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soluble metals or redox-active molecules, but insoluble metal
oxides present additional challenges. Fe(III)- and Mn (IV)-oxides
vary widely in chemistry, surface charge, redox state, and
surface area, thus an additional suite of proteins or appendages
may be needed to link cell surfaces with different terminal

minerals (3, 141, 142).

Many metal-reducing bacteria can also transfer electrons to
electrodes (26, 47, 48, 143). Unlike metal oxide particles,
electrodes represent an unlimited electron acceptor allowing
cells directly in contact with the inorganic surface to remain in
contact with and support growth of more distant cells, creating a
conductive network of proteins that relay electrons to cells at
the electrode. The physiological and chemical differences between
soluble and insoluble metals, or between metal particles and
electrodes, raises the possibility that different electron
transfer proteins may be needed to access each kind of

extracellular mineral, surface, or molecule.

A model organism widely studied for its ability to reduce a
diversity of metals and electrodes is the &-Proteobacterium
Geobacter sulfurreducens, and recent work suggests this organism
uses different membrane-bound electron transfer proteins
depending on conditions. CbclL, a combination c- and b-type inner
membrane cytochrome (63), is only required when extracellular

metals and electrodes are below redox potentials of -0.1 V vs.
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SHE, while the inner membrane c-type cytochrome ImcH (62), is
essential when acceptors are at higher redox potentials (142).
Beyond the outer surface, the secreted cytochrome OmcZ is needed
only during electrode growth, while the secreted cytochrome PgcA
only enhances reduction of Fe(III)-oxides (49, 87-89, 144-1406).
Between the initial CbcL/ImcH-dependent event of inner membrane
proton motive force generation and extracellular OmcZ/PgcA
interfacial interactions lies the outer membrane, a less well
understood barrier that was recently found to contain electron

transfer proteins of surprising complexity (69, 77, 81).

The only known mechanism for non-diffusive electron
transfer across the outer membrane is through a ‘c-cytochrome
electron conduit’, consisting of an integral outer membrane
protein proposed to anchor a periplasmic multiheme cytochrome to
an outer surface lipoprotein cytochrome. By linking heme
cofactors through a membrane spanning complex, electron flow is
permitted (69, 70). The first electron conduit described was the
~210 kDa MtrCAB complex from S. oneidensis, which will catalyze
electron transfer across membranes to extracellular substrates
when purified and placed in lipid vesicles (79, 147, 148). The
mtrCAB gene cluster is essential for reduction of all tested
soluble metals, electron shuttles, metal oxides, and electrodes
by S. oneidensis (72, 79, 149). Related c-cytochrome complexes
capped with an extracellular DMSO reductase allow Shewanella to

reduce DMSO on the cell exterior, while similar conduits support
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electron uptake by Fe(II)-oxidizing Rhodopseudomonas TIE-1 cells

(80, 150).

In G. sulfurreducens, a gene cluster encoding the
periplasmic cytochrome OmbA, the outer membrane integral protein
OmaB, and lipoprotein cytochrome OmcB also forms a conduit
complex functionally similar to MtrCAB, though the two complexes
lack sequence similarity (77). This ‘ombB-omaB-omcB’ gene cluster
is duplicated immediately downstream in the G. sulfurreducens
genome as the near-identical ‘ombC-omaC-omcC’, together forming
the ‘omcBC’ cluster. Antibiotic cassette insertions within omcB,
as well as insertions replacing the entire ‘ombB-omaB-omcB’
conduit decrease growth with Fe(III) as an electron acceptor, but
the impact differs between reports and growth conditions (75, 76,
151). This variability between studies could be due to polar
effects from inserted cassettes, partial complementation by
duplicated components, or the presence of undiscovered
alternative pathways able to catalyze electron transfer across
the outer membrane. These conflicting results highlight the need
for careful genetic analysis using genetic tools recently applied

to G. sulfurreducens.

Further evidence for undiscovered outer membrane complexes
was inferred from genomic data (81l) and later detected in genome-
wide transposon data, where insertions in omcB or omcC had no

effect on G. sulfurreducens growth with electrodes poised at -0.1

55



vs. SHE, a low potential chosen to mimic the redox potential of
Fe (III)-oxides (152). Transposon insertions within an unstudied
four-gene cluster containing c-cytochrome conduit signatures
caused significant defects during growth on -0.1 V electrodes
(152) . Deletion of this new cluster, named extABCD, severely
affected growth on low-potential electrodes, while AextABCD
mutants still grew similar to wild type with Fe(III)-oxides. In
contrast, deletion of both conduits contained in the omcBC
cluster had little impact on low-potential electrode growth
(152) . These data suggested that the outer membrane proteins
essential for electron transfer could vary depending on
environmental conditions, but also raised new guestions; are
different genes necessary at higher redox potentials, during
growth with mineral forms such as Mn(VI), or when metals become

soluble?

At least five outer membrane electron conduits may be
encoded in the genome of G. sulfurreducens. Using new markerless
deletion methods, this study constructed combinations of mutants
lacking all possible combinations of these gene clusters, and
compared growth using Fe(III)- and Mn(IV)-oxides, poised
electrodes at two different redox potentials, and soluble
Fe(III)-citrate as terminal electron acceptors. We found that,
during metal reduction, the largest defects were in AomcBC
strains, but deletion of the newly identified cluster extEFG in

the AomcBC background was needed to severely inhibit Fe (III)-
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reduction. Deletion of all five clusters was necessary to
eliminate reduction of the soluble and insoluble metals tested.
Strains containing only a single cluster showed preferences for
reduction of different metals, such as the extEFG- and extHIJKL-
only strains performing better with Mn (IV)-oxides than Fe(III)-
oxides. During electrode reduction, only strains lacking extABCD
showed a growth defect when electrodes were the electron
acceptor, and this effect was similar at all redox potentials. A
strain still containing extABCD but lacking all other conduit
clusters grew faster and to a higher final density on electrodes.
Whole genome sequencing and transcriptomic analysis found no
unintended mutations in any strain or significant changes in
expression in response to the deletions. These data provide
evidence that different G. sulfurreducens conduit clusters are
needed for extracellular electron transfer to different

substrates.

3.3 Materials and Methods

Growth conditions. All experiments were performed with our
laboratory strain of Geobacter sulfurreducens PCA as freshly
streaked single colonies from freezer stocks. Anaerobic NB medium
(0.38 g/L KC1l, 0.2 g/L NHs«C1l, 0.069 g/L NaH,PO4H,0, 0.04 g/L
CaCl,2H,0, 0.2 g/L MgS047H;O0, 1% v/v trace mineral mix, pH 6.8,
buffered with 2 g/L NaHCO3; and flushed with 20:80 N:CO; gas mix)
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with 20 mM acetate as electron donor, 40 mM fumarate as electron
acceptor was used to grow liquid cultures from colony picks. For
metal reduction assays, 20 mM acetate was added with either 55 mM
Fe(III) citrate, ~20 mM birnessite (Mn(IV)-oxide), or ~70 mM
Fe (III)-oxide freshly precipitated from FeCl, by addition of NaOH
and incubation at pH 7 for 1 h before washing in DI water.
Fe(III)-oxide medium contained an increased concentration of 0.6
g/L NaH,PO4H,O to prevent further crystallization of the metal
after autoclaving. All experiments were carried out at 30°C.
Deletion and complementation construction. Putative
conduits were identified through a genomic search for gene
clusters containing loci predicted to encode a Pf-barrel using
PRED-TMBB (153), contiguous to periplasmic and extracellular
multiheme c-cytochromes or other redox proteins. Localization was
predicted by comparing PSORT (154) and the presence/absence of
lipid attachment sites (155). Constructs to delete each gene
cluster were designed to recombine to leave the site marker-free
and also non-polar when located in larger transcriptional units,
with most primers and plasmids for the single deletions described
in Chan et al., 2017. When genes were part of a larger
transcriptional unit or contained an upstream promoter, it was
left intact. For example, in the case of the omcBC cluster the

transcriptional regulator orfR (GSU2741) was left intact, and in
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extEFG the promoter and untranslated region was left intact so as
to not disrupt the downstream loci.

For deletion mutant construction, the suicide vector
pKl8mobsacB (156) with ~750 bp flanking to the target region was
used to induce homologous recombination as previously described
(157) . Briefly, two rounds of homologous recombination were
selected for. The first selection used kanamycin resistance to
select for mutants with the plasmid inserted into either up or
downstream regions, and the second selection used sucrose
sensitivity to select for mutants that recombine the plasmid out
of the chromosome, resulting in either wild type or complete
deletion mutants. Deletion mutants were identified using a
kanamycin sensitivity test and verified by PCR amplification
targeting the region. Multiple PCR amplifications with primers in
different regions were used to confirm full deletion of each gene
cluster (Chan et al., 2017 and Table S1).

During this work, we found that manipulations in the omcBC
cluster, which contains large regions containing 100% identical
sequences, frequently underwent recombination into unexpected
hybrid mutants which could escape routine PCR verification. For
example, when the omaB and omaC genes recombined, a large hybrid
operon containing omaB-linked to ombC-omcC would result. Routine
primer screening, especially targeting flanking regions, failed
to detect the large product. Only via multiple internal primers
(Chan et al., 2017 and Table S1), as well as longer-read or
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single molecule sequencing, were we able to verify and isolate
strains in which complete loss of the omcBC cluster occurred, and
dispose of hybrid mutants. Whole-genome resequencing was also
performed on strains containing only one cluster, such as the
strain containing only extABCD, especially since this strain has
an unexpected phenotype where it produced more current than wild
type. Thorough verification by PCR and whole genome sequencing
are recommended to confirm deletions of large and repetitive
regions such as the omcBC cluster.

Mutants lacking a single gene region were used as parent
strains to build additional mutations. In this manner, six double
gene-cluster deletion mutants, four triple-cluster deletion
mutants and one quintuple-cluster deletion mutant lacking up to
nineteen genes were constructed (Fig. 1; Table 1). For
complementation strains, putative conduits were amplified using
primers listed in Table S1 and inserted into the G.
sulfurreducens expression vector pRK2-Geo2 (157), which contains

a constitutive promoter P.opr. The putative conduit extABCD was
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assembled into a single transcriptional unit to ensure

expression.
Strains and Description or relevant
Plasmids genotype Reference

Geobacter sulfurreducens strains

DB1279 AGSU2731-39 (AomcBC) Chan et al., 2017

DB1280 AGSU2645-42 (AextABCD) Chan et al., 2017

DB1281 AGSU2940-36 (AextHIJKL) Chan et al., 2017

DB1282 AGSU2724-26 (AextEFG) Chan et al., 2017

DB1487 AGSU2731-39 AGSU2645-42 This study
(AomcBC AextABCD)

DB1488 AGSU2731-39 AGSU2724-26 This study
(AomcBC AextEFG)

DB1289 AGSU2731-39 AGSU2940-36 This study
(AomcBC AextHIJKL)

DB1489 AGSU2645-42 AGSU2724-26 This study
(AextABCD NAextEFG)

DB1490 AGSU2645-42 AGSU2940-36 This study
(AextABCD AextHIJKL)

DB1290 AGSU2731-39 AGSU2940-36 This study
AGSU2724-26 (extABCD')

DB1291 AGSU2731-39 AGSU2645-42 This study
AGSU2936-2940 (extEFG")

DB1491 AGSU2731-39 AGSU2645-42 This study
AGSU2726-24 (extHIJKL")

DB1492 AGSU2645-42 AGSU2726-24 This study
A2940-36 (omcBC')

DB1493 AGSU2731-39 AGSU2645-42 This study

AGSU2726-24 AGSU2940-36 (A5)

Escherichia

coli
recA pro hsdR RP4-2-Tc::Mu-

S17-1 Km: :Tn7 Simon et al., 1983

Plasmids

pKl8mobsacB Simon et al., 1983

PRK2-Geo2 Chan et al., 2015
Flanking regions of omcBC in

pDomcBC pK1l8mobsacB This study
Flanking regions of extABCD

pDextABCD in pKl8mobsacB This study
Flanking regions of extEFG

pDextEFG in pKl8mobsacB This study
Flanking regions of extHIJKL

pDextHIJKL in pKl8mobsacB This study

pomcB ombB-omaB-omcB in pRK2-Geo2 This study

pextABCD extABCD in pRK2-Geo2 This study

Table 3.1. Strains and plasmids used in this study.



Electrode reduction assays. Sterile three-electrode conical
reactors containing 15 mL of NB with 40 mM acetate as electron
donor and 50mM NaCl to equilibrate salt concentration were
flushed with a mix of N;-CO; gas (80:20, v/v) until the O
concentration reached less than 2 ppm. Liquid cultures were
prepared by inoculating 1 ml ligquid cultures from single colonies
inside an anaerobic chamber. Once these cultures reached late
exponential to stationary phase, they were used to inoculate 10
ml cultures with 10% v/v. Each reactor was then inoculated with
25% v/v from this liquid culture as it approached acceptor
limitation, at an ODsoo between 0.48 and 0.52. Working electrodes
were set at either -0.1 V or +0.24 V vs SHE and average current
density recorded every 12 seconds. Each liquid culture propagated
from an individual colony pick served no more than two reactors,
and at least three separate colonies were picked for all
electrode reduction experiments for a final n 2 3.

Metal reduction assays. NB medium with 20 mM acetate as
electron donor and either 55 mM Fe(III)-citrate, ~70 mM Fe (III)
oxide, or ~20 mM birnessite (Mn(IV)O02) as electron acceptor was
inoculated with a 0.1% inoculum of early stationary phase
fumarate limited cultures. Time points were taken as necessary
with anaerobic and sterile needles. These were diluted 1:10 into
0.5 N HCl for the Fe(III) samples and into 2 N HCl, 4mM FeSO; for
Mn (IV) samples. Samples were diluted once more by 1:10 in the

case of Fe(III) assays and by 1:5 in the case of Mn(IV) assays
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into 0.5 N HCl. FerroZine®R reagent was then used to determine the
Fe(II) concentration in each sample. Original Fe (II)
concentrations were calculated for Fe(III) reduction assays by
accounting for dilutions and original Mn (IV) concentrations were
calculated by accounting for the concentration of Fe(II) oxidized
by Mn (IV) based on the following: Mn (IV) + 2Fe(II) = Mn(II) +
2Fe(III). In other words, two molecules of Fe(II) are reduced by
one molecule of Mn(IV). Therefore, the increase of Fe(II)
concentration over time in our samples indicates a decrease of

Mn (IV), or increase of Mn(II), in a 2:1 ratio.

RNAseq. For liquid-grown cultures, total RNA was extracted
from 10 ml of G. sulfurreducens culture grown to mid-log (0.25 -
0.3 ODsoo) . For biofilm-grown cultures, total RNA was extracted
from graphite electrodes of G. sulfurreducens biofilms grown to
mid-log (300 pA/cm?). Biofilms were rinsed to remove planktonic
cells and removed from electrodes using a plastic spatula. Cell
pellets from all samples were washed in RNAprotect (Qiagen) and
frozen at -80°C before RNA extraction using RNeasy with on column
DNase treatment (Qiagen). Ribosomal RNA was depleted using
RiboZero (Illumina) by the University of Minnesota Genomics
Center before stranded synthesis and sequenced on Illumina HiSeq
2500, 125 bp pair-ended mode. Residual ribosomal RNA sequences
were removed before analysis using Rockhopper (158). Duplicate

biological samples were analyzed for each strain. An in-house re-
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sequenced G. sulfurreducens genome and annotation was used as
reference (152, 157).

Homolog search and alignment. Homologs to each of the
individual cytochrome conduit proteins were queried on 11-30-2016
in the Integrated Microbial Genomes database (159) with a cutoff
on 75% sequence length and 40% identity based on amino acid
sequence within the Desulfuromonadales. A higher percent identity
was demanded in this search due to the high heme binding site
density with the invariable CXXCH sequence. Only ExtJ and ExtL
were excluded from the search and the OmcBC region was collapsed
into a single cluster due to the high identity shared between the
two copies. The gene neighborhood around each homolog hit was
analyzed. With a few exceptions (see Table S2), all homologs were
found to be conserved in gene clusters predicted to encode
cytochrome conduits and containing several additional homologs to
each corresponding G. sulfurreducens conduit. The proteins within
each homologous cytochrome conduit that did not fall within the
set cutoff were aligned to the amino acid sequence of the G.

sulfurreducens component they replaced using ClustalQ (160).
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3.4 Results

3.4.1 Description of putative outer membrane electron conduits.

At least five gene clusters can be identified in the G.
sulfurreducens genome encoding putative c-cytochrome electron
conduits. This identification is based on three key elements; (1)
a multiheme periplasmic c-type cytochrome, (2) an outer membrane
integral protein with transmembrane B-sheets, and (3) one or more
outer membrane lipoproteins with redox cofactors (Fig. 3.1A). Two
of these clusters correspond to the well-studied OmcB-based
(ombB-omaB-omcB, GSU2739-2737) conduit and its near-identical
duplicate OmcC-based cluster immediately downstream (ombC-omaC-
omcC, GSU2733-2731). For clarity, and due to the fact that omaBC
and ombBC are identical, these are together referred to as the

“omcBC” cluster.

The ext genes comprise three new clusters, named for their
putative roles in extracellular electron transfer (152). Relative
protein orientations were predicted using a combination of
protein localization prediction software (154), integral membrane
prediction software (153), and lipid attachment site prediction
software (155). The extABCD (GSU2645-2642) cluster encodes ExtA,
a periplasmic dodecaheme c-cytochrome, ExtB, an outer membrane
integral protein with 18 trans-membrane domains, and ExtCD, two
outer membrane lipoprotein c-cytochromes with 5 and 12 heme
binding sites, respectively. The second cluster, extEFG (GSU2726-
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2724), encodes ExtE, an outer membrane integral protein with 21
trans-membrane domains, ExtF, an outer membrane lipoprotein
pentaheme c-cytochrome, and ExtG, a periplasmic dodecaheme c-
cytochrome. The final cluster, extHIJKL (GSU2940-2936) lacks an
outer membrane c-cytochrome, but encodes ExtH, a rhodanese-family
lipoprotein, ExtI, a 21 trans-membrane domain outer membrane
integral protein, ExtK, a periplasmic pentaheme c-cytochrome, and

ExtJL, two small outer membrane lipoproteins.

A I" AomcBC |
L U101\ commm—— -1 )11 - —— Periplasmic
orfR ombB = omaB omcB orfS ombC omaC omcC I Outer membrane B-barrel
Ir ““““ P - AextABCD --—-—-——— £ ular |
f i ) :
M — M Extracellular lipoprotein
extA extB " extC extD Il Heme binding site
h AextEFG ]
. RIS ] ] 1 _ Il Rhodanese-like domain
" extE ext extG yedY  hoxE hoxF hoxU' hoxS hoxL hoxP () Lipid attachment site
R —— ATz TR A —— .
Loy -7y 11111 B /1 Bsheet motif
extH ext! ext) extK  extL
B Percent Identity based on Amino Acid Sequence
Periplasmic cytochromes B-barrels Lipoprotein cytochromes
ExtA ExtG ExtK OmaB OmaC ExtB ExtE Extt OmbB OmbC ExtC ExtD ExtF OmcB OmcC
ExtA 259 179 239 239 ExtB| 30.2 21.1 22 22 ExtC| 16.3 415 21.2 242
EXG 209 232 232 ExtE 400" 202 204 204 ExtD 313 269 285
ExiK 197 197 Extl oeN 171 174 EXtF 229 23
OmaB OmbB| OmcB
OmaC OmbC OmcC

Figure 3.1 The outer membrane electron conduit gene clusters of G.
sulfurreducens. A) Genetic organization and predicted features of
operons containing putative outer membrane conduits. Deletion
constructs indicated by dashed line. B) Identity matrix from amino acid
sequence alignment of each cytochrome or B-barrel component using
ClustalQ.

A significant difference between G. sulfurreducens Ext
clusters and the S. oneidensis Mtr conduits (70), is that the c-

cytochrome conduits in S. oneidensis are paralogs. The

periplasmic MtrA and MtrD cytochromes share over 50% identity,

66



are similar in size and heme content, and can cross complement
(68) . The lipoprotein outer surface cytochromes of Shewanella
also demonstrate high sequence, functional, and structural
conservation (68, 69, 161, 162). In contrast, no component of the
Ext or OmcBC complexes share any homology. For example, the
predicted periplasmic c-cytochromes ExtA, ExtG, ExtK, and OmaB
vary in size from 25 to 72 kDa, contain 5 to 15 hemes, and share

18%-26% identity (Fig. 3.1B).

To test physiological roles of these loci, single cluster
mutants were first constructed in an isogenic background,
comprising AextABCD, AextEFG, NextHIJKL, and AombB-omaB-omcB-
orfS-ombC-omaC-omcC (abbreviated as the AomcBC cluster) mutants.
As these mutant strains lack any antibiotic cassettes, they were
used as backgrounds for further deletions. Multiple cluster
deletion mutants leaving only one conduit cluster on the genome
are referred to by their single remaining cluster, e.g.
“extABCD*” = AextEFG NAextHIJKL AomcBC, while the mutant lacking
the extABCD, extEFG, extHIJKL, omcB-based and omcC-based clusters
is referred to as “AL”. After resequencing terminal strains (such
as extABCD* and A5) to verify no other off-target mutations
accumulated during the many rounds of insertions and
recombinations, these strains were tested under six different
extracellular growth conditions varying in solubility, chemical

composition, and redox potential.
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3.4.2 Cells lacking single gene clusters have partial reduction

defects with Fe (III) citrate.

No single cluster deletion eliminated the majority of
soluble Fe(III) citrate reduction. The most severe defect was
observed in the AomeBC cluster mutant, which reduced 60% of
Fe(III) citrate compared to wild type (Fig. 3.2A). Minor defects
were observed for AextEFG and AextHIJKL, while AextACBD reduced
Fe(III) citrate at wild-type levels. These results suggest that
more than one cluster can be sufficient for soluble Fe(III)

reduction.

3.4.3 Any one gene cluster is sufficient for partial Fe(III)
citrate reduction, and deletion of all 5 clusters eliminates

electron transfer to this substrate.

Deletion of the full suite of clusters eliminated all
residual electron transfer to Fe(III) citrate (Fig. 3.2B). When
multiple-deletion strains containing only one cluster were tested
for Fe(III) citrate reduction, results supported key roles for
omcBC and extABCD in soluble metal reduction, and little
involvement by extEFG or extHIJKL. For example, Fe(III) citrate
reduction by omcBC" and extABCD' was comparable to that of wild
type, while extEFG' and extHIJKL' strains reduced Fe (III) citrate
to just 20% of wild type. Further delineation of the effect of

tandem deletions was investigated.
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3.4.4 Only strains lacking both omcBC and extABCD had a

significant defect in Fe(III) citrate reduction.

Because AomcBC demonstrated the largest defect in Fe (III)
citrate reduction, additional deletions in this background were
tested for their ability to reduce this substrate (Fig. 3.2C).
Out of these, only the double cluster deletion mutant AomcBC
AextABCD reduced Fe(III) citrate at a significantly reduced rate
compared to the AomcBC strain. Compared to growth of strains
containing extEFG" or extHIJKL' alone (Fig. 3.2B), the AomcBC
AextABCD mutant (containing both extEFG and extHIJKL) reduced
Fe (ITII)-citrate to the same level as their single-cluster strains
(Fig. 3.2C). These data suggest that when both extEFG and
extHIJKL remained in the genome their contribution was not

additive.

Not shown in Fig 3.2 is metal reduction data for
intermediate deletion mutants such as AextEFG AextHIJKL. Screens
performed after such double mutants were constructed revealed no
changes that deviated from wild type or their parent single-
cluster deletions. Only intermediate strains with phenotypes,

such as AomcBC background strains, are shown in Fig 3.2.

3.4.5 Expression of single conduit clusters is sufficient to

recover Fe (III) citrate reduction.

When compared to empty-vector controls, complementation of

the A5 strain with single omcB (as ombB-omaB-omcB) or extABCD
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Figure 3.2 OmcBC or ExtABCD are sufficient during Fe (III)-citrate
reduction, deletion of all clusters eliminates Fe(III)-citrate
reduction. Growth using 55 mM Fe(III)-citrate as an electron acceptor

by A) single conduit cluster deletion mutants,

triple mutants
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lacking all but one cytochrome conduit, as well as the A5 strain
lacking all five cytochrome conduits, C) mutants in an AomcBC
background strain, and D) A5 mutants expressing omcB or extABCD or
carrying an empty expression vector as control. All experiments were
conducted in triplicate and curves are average + SD of n 2 3
replicates.

3.4.6 Only strains lacking multiple gene clusters have

significant defects in Fe(III)- and Mn(IV)-oxide reduction.

As with Fe(III) citrate, deletion of single conduit
clusters in G. sulfurreducens only had modest effects on metal
oxide reduction (Fig. 3.3A and C) and additional conduit cluster
deletions were needed to severely impact growth (Fig. 3.3B and
D) . The most severe defect was observed in the AomcBC cluster
mutant, which reduced 68% of Fe(III)-oxide compared to wild type
(Fig. 3.3A). Minor defects were observed for AextEFG and
AextHIJKL, while AextACBD reduced Fe (III)-oxide near wild-type
levels. None of the single mutants displayed defects with Mn (IV) -

oxides (Fig. 3.3C).

As with soluble metal reduction, deletion of the full suite
of clusters eliminated all residual electron transfer to Fe(III)-
and Mn (IV)-oxides (Fig. 3.3B and D). Unlike soluble metal
reduction, however, when multiple-deletion strains containing
only one cluster were tested for Fe(III)-oxide reduction, results
supported key roles for omcBC and extEFG in metal oxide reduction
and little involvement by extABCD. For example, Fe(III)-oxide

reduction by omcBC' was nearly 80% of wild type, extEFG" was over
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60%, but the extABCD' strain reduced less than 30% of wild type.
The omcBC', extEFG', and extHIJKL' strains achieved about 80% of
wild type Mn (IV)-reduction at 80 hours, but the extABCD' strain

again displayed poor Mn (IV)-oxide reduction.
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Figure 3.3 No single outer membrane cluster is essential but all are
necessary for wild type levels of electron transfer to Fe(III)- and
Mn (IV) -oxides. Growth of single cluster deletion mutants and triple
mutants lacking all but one cytochrome conduit cluster, as well as the
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A5 mutant lacking all clusters utilizing A) 70 mM Fe(III)-oxide or B)
20 mM Mn (IV)-oxide as terminal electron acceptor. All experiments were

conducted in triplicate and curves are average = SD of n 2 3 replicates

3.4.7 Only strains lacking both omcBC and extEFG had a

significant defect in Fe(III)- and Mn (IV)-oxide reduction.

Since AomcBC demonstrated the largest defect in Fe (III)-
oxide reduction, additional deletions in this background were
tested for Fe(III) and Mn (IV)-oxide reduction (Fig. 3.4).

Fe (ITII)-oxide reduction by AomcBC AextEFG was less than 25% of
wild type, while the AomcBC AextACBD, and AomcBC AextHIJKL
strains still reduced Fe(III)-oxides similar to the AomcBC
strain. The AomcBC AextEFG strain also had a severe Mn (IV)-oxide
reduction defect. Unlike Fe (III)-oxide reduction, the AomcBC
ANextABCD and AomcBC AextHIJKL strains had a modest Mn (IV)
reduction defect, suggesting higher contributions of the extABCD
and extHIJKL clusters in the presence of Mn (IV) compared to

Fe (III).
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Figure 3.4 OmcBC and ExtEFG have additive roles in Fe(III)- and Mn(IV)-
oxide reduction. Reduction of A) 70 mM Fe(III)-oxide or B) 20 mM

Mn (IV)-oxide by the AomcBC strain and additional deletions in an AomcBC
background. All experiments were conducted in triplicate and curves are
average + SD of n 2 3 replicates.

The poor growth of the AomcBC AextEFG mutant on insoluble
metals was surprising since this strain still contained extHIJKL,
and the extHIJKL' strain reduced 50% of Fe (III)-oxide and 75% of
Mn (IV) -oxide compared to wild type (Fig. 3.3B and D; Table 3.2).
This suggests extHIJKL expression or function of its product
could be negatively affected by the level or activity of other

clusters.
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Figure 3.5 Partial complementation by single conduit clusters supports
hypothesis that multiple conduit complexes are necessary for wild-type
levels of metal oxide reduction. Reduction of A) 70 mM Fe(III)-oxide or
B) 20 mM Mn (IV)-oxide by the A5 mutant expressing extABCD or the omcB
cluster compared to the empty vector control. All experiments were
conducted in triplicate and curves are average + SD of n 2 3
replicates.

3.4.8 Expression of single conduit clusters partially recovers

Fe(III)- and Mn(IV)-oxide reduction.

Plasmids containing either ombB-omaB-omcB or extABCD
clusters resulted in partial recovery (Fig. 3.5), consistent with
the intermediate phenotypes displayed by mutants retaining single
clusters on the genome. Expression of the omcB cluster
reestablished Fe (III)-oxide reduction, although to a level less
than that seen in the omcBC* strain containing the full duplicated
cluster in its original context (Fig. 3.4B). Expressing extABCD

from a plasmid restored Fe(III)-oxide reduction in the A5 strain
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near the low levels of the extABCD' strain. Reduction of Mn (IV)-

oxides by omcB or extABCD-expressing strains was even lower.

3.4.9 Mutants lacking extABCD are defective in electrode growth
at all redox potentials, while mutants containing only extABCD

outperform wild type.

In contrast to metal reduction, when grown with electrodes
poised at high (0.24 V vs. SHE) or low (-0.1 V, (152)) redox
potentials, only AextABCD mutants showed a defect in rate and
extent of growth. Mutants lacking the omcBC and extEFG clusters
grew similar to wild type, while AextHIJKL demonstrated a lag
before growing with a similar doubling time as wild type to
nearly wild type final current density (Fig. 3.6A). In all
experiments, AextABCD grew with a doubling time slower than 20 h,
or over 3-fold slower than wild type, and could only achieve 20%
of wild type final current density, or 116 * 33 pA/cm? vs. 557

44 pA/cm’® (n = 5).

Mutants containing only one gene cluster (extABCD', extEFG',
extHIJKL*, omcBC") as well as a mutant lacking all gene clusters
(A5) were then analyzed for growth on electrodes. The A5 mutant
grew at the same low rate and extent of growth as the AextABCD
single mutant at both redox potentials, suggesting than none of
the additional clusters were responsible for residual growth
originally seen in AextABCD. In contrast, extABCD' grew faster
than wild type (4.5 + 0.2 h vs. 6.5 £ 0.3 h doubling time, n 2 9)
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and reached a final current density 40% higher than wild type
(768 + 52 pA/cm? vs. 557 + 44pA/cm?, n29). All other multiple-
deletion strains containing only one cluster grew as poorly as
the A5 mutant, further indicating that under these conditions,
extEFG, extHIJKL, and omcBC were not required for electron

transfer to electrodes (Fig. 3.6B).
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Figure 3.6 Only the ExtABCD conduit cluster is necessary for electrode
reduction. Current density produced by A) single and B) multiple-
cluster deletion mutants on graphite electrodes poised at +0.24 V vs.
SHE. All mutants were grown in at least two separate experiments, and
curves are representative of n 2 3 independent replicates per
experiment. Similar results were obtained at lower (-0.1 V vs. SHE)
redox potentials.

3.4.10 A 5-conduit deletion mutant expressing extABCD has a

faster growth rate on electrodes than wild type.

To further investigate the specific effect of extABCD on

electrode growth, extABCD was provided on a vector in the A5



strain. The 3-gene omcB conduit cluster (ombB-omaB-omcB) was also
placed in the A5 strain using the same vector, and both were
compared to wild type cells containing the empty vector. While
the plasmid is stable for multiple generations, routine vector
maintenance requires growth with kanamycin, and kanamycin carry-
over into biofilm electrode experiments is reported to have
deleterious effects on electrode growth (62, 157). Thus, we first
re-examined growth of the empty vector strain. When selective
levels of kanamycin (200 ug-ml™!) were present in electrode
reactors, colonization was slowed and final current production
decreased 74% even though cells carried a kanamycin resistance
cassette. At levels resulting from carry-over during passage of
cells into the electrode reactor (5 ug-ml™!) growth rate was not
affected, but final current was decreased up to 30%, suggesting
interference with biofilm thickness rather than respiration (Fig.
3.7A). All subsequent complementation was performed in the
presence of 5 ug-ml™! residual kanamycin and compared to these

controls.

Expressing the omcB conduit cluster in the A5 strain failed
to increase growth with electrodes as electron acceptors. These
data further supported the hypothesis that the omcB conduit
cluster was not involved in electrode reduction, consistent with
the lack of an effect seen in AomcBC deletions, as well as the
poor growth of omcBC* mutants still containing both the OmcB and

OmcC clusters in their native genomic context (Fig. 3.7B).
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However, when extABCD was expressed on the same vector in the A5
background, colonization was faster and cells reached a higher
final current density compared to wild type carrying the empty
vector (421 + 89 pA/cm? vs. 297 + 11 pA/cm?, n=3) (Fig. 3.7B).
This enhancement by plasmid-expressed extABCD (141% of wild type
with empty vector) was similar to the positive effect observed in
the extABCD* strain (137% of wild type) (Fig. 3.6B), and further
supported the hypothesis that extABCD is both necessary and
sufficient for at least 80% of wild type levels of electron

transfer to electrodes.
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Figure 3.7 Effect of kanamycin on final current density, and comparison
of ExtABCD and OmcBC complementation. A) Final current density of wild
type G. sulfurreducens compared to wild type carrying an empty vector
in the presence of increasing kanamycin concentrations. B) Current
density produced by the A5 strain plus either extABCD or omcB cluster-
containing vectors, in the presence of 5 pg/ml residual kanamycin. Wild
type and A5 strains carrying the empty vector were used as controls.
All experiments were conducted in duplicate and curves are
representative of n 2 3 replicates per experiment.
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Growth of any of the two-conduit deletion mutants was
unchanged from single-cluster strains (Fig. S1). For example,
just as the mutant lacking extABCD produced the same phenotype as
the A5 strain (Fig. 3.6), deletion of a second cluster from the
AextABCD strain produced similar results as AextABCD alone, and
no two-cluster combination of omcBC, extEFG or extHIJKL showed
defects to suggest they were required during these electrode
growth conditions, or to indicate their presence controlled
expression of extABCD. The AextABCD and A5 strains were also
monitored during extended incubation times to determine if final
current density increased after an extended incubation period,

but current remained unchanged even after 150-200 h (Fig. S2).

3.4.11 Transcriptomic analysis reveals no off-target effects in

extABCD*.

It has been previously observed that replacement of a c-
cytochrome with an antibiotic resistance cassette can influence
expression of other genes (163), and that deletion of pili-
related genes can depress c-cytochrome abundance due to
expression changes (40, 164). While we have designed our genetic
analysis to have numerous independent observations of each
deletion (single, double, triple and quadruple deletions) in
order to confirm all phenotypes, as well as complemented relevant
strains, the observation that the extABCD' strain produces more

current than wild type remains a significant hurdle to the
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publication of this work. Therefore, in order to attempt to find
the reason behind this phenotype, the transcriptome of the
extABCD* strain was analyzed under fumarate- and electrode-

respiring conditions and compared to wild type.

First, we determined the expression level of the gene
clusters analyzed in this study under electrode-respiring
conditions compared to liquid cultures in the wild type G.
sulfurreducens strain (Fig. 3.8A). It is noteworthy that none of
the putative conduits are up- or down-regulated regardless of
their importance or irrelevance during electrode respiration.
Similarly, known inner membrane electron transfer pathways did
not change in expression, regardless of their role in electron
transfer to electrodes poised at +240 mV (62, 63, 142). The genes
for respiratory pathways that showed the highest change in
expression during electrode growth were cbcAB , encoding for
inner membrane c- and b-tye cytochromes, which are also
upregulated during Fe(III)-oxide reduction (165) but have not
been assigned an electrode-reduction phenotype in previous random
mutagenesis studies (152). As has been shown before (49), omcZ
was upregulated during electrode-reduction (Fig. 3.8A-B). The
transcriptional profile of liquid grown cells and electrode
respiring cells were then compared between extABCD' and wild type
strains. Surprisingly, no significant changes in the expression

of known electron transfer pathways were found in either
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condition between the two strains (Fig. 3.8C-D). Full data sets

plotted on Figure 3.8 can be found in Table S3.
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Figure 3.8. Transcriptomic analysis shows no significant differences in
expression between extABCD* and wild type strains. A) Comparison of
expression levels of wild type exponentially growing cells under
fumarate- and electrode-respiring conditions. Gene clusters studied in
this work are represented as orange triangles and all other known
electron transfer pathways are shown in red circles and labeled. Dark
and light gray dotted lines represent a change of 4 and 2 Logy,
respectively. B) RPKM and Log,; change of ORFs with largest expression
changes as well as genes studied in this work (for additional data, see
Table S2). Comparison of the transcriptome of wild type and extABCD*
cells exponentially growing using C) fumarate or D) graphite electrode
poised at +240 mV as terminal electron acceptor. Average shown of
duplicate samples.

3.4.12 Proposed role(s) for the Omc and Ext electron conduit gene
clusters. Table 3.2 summarizes all extracellular reduction
phenotypes of single cluster deletions and deletions leaving only

one conduit on the genome, adjusted to wild type performance. In
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all cases, each gene cluster was necessary under different
conditions. Many of the recently described ext gene clusters are
necessary for wild-type metal reduction, yet few are sufficient.
For example, extFEFG and extHIJKL were necessary for Fe(III)
citrate reduction, as strains lacking these clusters only reduced
~65% of wild type levels. But when only extEFG or only extHIJKL
was present, they were not sufficient to reduce Fe(III) citrate
to more than 25% of wild type levels. In contrast, the omcBC
cluster or the extABCD cluster alone was sufficient for Fe(III)
citrate reduction, and the extABCD cluster alone was sufficient
for electrode growth. Deletion of all five conduit clusters
resulted in complete elimination of metal reduction abilities,
while some residual activity remained when the same A5 strain was
grown using electrodes as terminal electron acceptor. These
comparisons show each gene cluster is necessary under at least
one of the conditions studied, and provides evidence for
additional undiscovered mechanisms enabling transmembrane

electron transfer.

% of wild type
extHIJKL
Substrate AomcBC AextABCD AextEFG AextHIKL omcBC* extABCD* extEFG* * A5
Fe(Il) 61.2+ 101.1+ 99.2 225+ 23.8+
citrate 10.5 105+6.6 62.5+49 66.31+25 8.4 11.3 2.4 6.4 0.1+0.6
833+ 875+ 95.8 + 60.4 £ 52.1+
Felll)-oxide | 68.9+8.4 12.1 14.9 24.9 78.8+3.9 29.2+26 9.5 3.7 0.1+0.3
Mn(IV)- 83.3% 86.8 75.6 £
oxide 945+6.4 951+28 99.6+34 979%6.1 14.1 26.7+5.9 6.5 7.3 1.7+09
76.5 £ 104.8 + 86.3+ 1379+ 212+ 259+ 219+
Electrode 16.5 20.9+6.0 2.1 15.3 28.3+5.2 9.5 6.5 4.2 4.4
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Table 3.2. Comparative performance of G. sulfurreducens strains lacking
one cluster, or containing only one cluster. Growth of single
cytochrome conduit deletion mutants and mutants lacking all clusters
except one, averaged from eight biological replicates or more and
represented as the percent of wild type growth. Averages and standard
deviation represented.

3.5 Discussion

Sequencing of the G. sulfurreducens genome revealed an
unprecedented number of electron transfer proteins, with twice as
many genes dedicated to respiratory and redox reactions as
organisms with similarly-sized genomes (166). Out of 111 c-type
cytochromes, 43 had no known homolog, and many were predicted to
reside in the outer membrane. The large complement of outer
membrane redox proteins in G. sulfurreducens became even more of
an anomaly as the electron transfer strategy of metal-reducing S.
oneidensis emerged, where only a single outer membrane conduit

was used to reduce a multitude of substrates (68, 72, 147, 149).

Evidence that more than one G. sulfurreducens outer
membrane pathway exists for reduction of extracellular substrates
has accumulated since the discovery of OmcB (75-77). Deletion of
omcB impacted Fe (III)-reduction, but had little effect on U(IV)
or Mn (IV)-oxide reduction (165, 167). A AomcB suppressor strain
evolved for improved Fe(III)-citrate growth still reduced
Fe(III)-oxides poorly (151). Strains lacking omcB grew similar to
wild type with electrodes in four different studies, (49, 50, 89,
168), and OmcB abundance was lowest on cells near the electrode

(169) . An insertional mutant lacking six secreted and outer
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membrane-associated cytochromes in addition to omcB still
demonstrated some Fe (III)-oxide reduction (170). After replacing
the entire omcBC region with an antibiotic cassette and also
finding residual Fe(III)-reducing ability, Liu et al. (2015)
speculated that other c-cytochrome-like clusters in the genome
might be active. Most recently, Tn-seq analysis of electrode-
grown cells found little effect of omcB cluster mutations, yet
noted significant defects from insertions in cytochromes with c-
cytochrome features (152). This evidence led us to study if
alternative ext-family conduit gene clusters could explain growth

by omcB mutants.

The genetic analysis presented here supports a role for
these unstudied conduit gene clusters during extracellular
respiration. All mutants still containing at least one cluster
retained partial activity towards metals, while deletion of the
omcBC region, plus all three ext clusters, finally was able to
eliminate metal reduction. This need to delete more than one
conduit cluster helps explain prior variability and rapid

evolution of suppressors in AomcB mutants.

In the case of electrodes at both high and low potential,
only deletion of extABCD affected growth. Additionally, the
strain with only extABCD remaining on the genome outperformed
wild type in terms of growth rate and final current density when

grown on electrodes. Whether this effect is due to expression
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differences in the absence of other conduits, more efficient
interactions between ExtABCD and key partners, or upregulation of
unidentified components is yet to be determined. Since residual
electron transfer to electrodes was still detected after deletion
of all studied clusters, additional mechanisms remain to be

discovered.

Overall, these data show that for all tested metal and
electrode acceptors, the presence of more than one conduit
cluster is required for wild type levels of reduction, and the
presence of only one cluster is sufficient for partial reduction.
Whether the products of these ext gene clusters indeed function
as conduits to transfer electrons across the outer membrane will
require further biochemical and biophysical analysis. Why certain
conduit clusters are linked to growth with specific substrates
remains a subject of speculation. Perhaps some clusters simply
are not expressed in the presence of certain acceptors. The fact
that driving expression of the omcB cluster from a plasmid could
not complement electrode growth, while extABCD could, along with
published evidence that the omcB cluster is highly expressed
under most studied conditions (165), argues against such an
explanation for electrode phenotypes. Similar complementation
data under metal-reducing conditions suggests lack of expression
does not explain why the extABCD cluster is not sufficient to

support Fe(III)- or Mn(IV)-oxide reduction.
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It is plausible, in the case of particles or surfaces, that
each complex preferentially interacts with other secreted
extracellular proteins responsible for carrying electrons to the
final destination. If activity from a complex is masked by the
absence of its partner protein, forced expression of a single
conduit might not be enough to support respiration. In this case,
the apparent specificity during reduction of insoluble minerals
or electrodes could arise from expression patterns of
extracellular components. Many extracellular proteins are known
to be involved in electron transfer, such as OmcS, OmcE, OmcZ,
PgcA, and pili. A lack of genes for secreted proteins encoded
within omecBC or ext gene clusters argues against co-evolution of
highly dedicated partners, but given the long distances
separating the outer membrane and metals or electrodes,
extracellular protein partners should be considered in some of

these cases.

Finally, it is important to consider lessons from previous
insertional deletions in G. sulfurreducens, such as the diheme
peroxidase MacA. Initially hypothesized to be an inner membrane
guinone oxioreductase, based on the defective phenotype of AmacA
mutants during Fe (III)-citrate reduction (171), this defect was
discovered to be due to AmacA mutants not expressing omcB, as the
AmacA phenotype can be rescued by expressing omcB (172, 173). As
MacA is a peroxidase, oxidative stress in AmacA could have

resulted in global downregulation of cytochromes. In our work,
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the availability of every combination of gene cluster deletion
and acceptor condition allows some types of general
downregulation hypotheses to be eliminated. For example, if
deletion of extABCD somehow suppressed production of pili or
cytochromes such as OmcS, AextABCD mutants would show an
electrode defect as observed. However, strains would also be
predicted to show a defect with metal oxides, which we did not
observe. A thorough transcriptomic analysis was still performed
to address this concern. While interesting results were obtained
by comparing wild type transcriptomes from liquid- and electrode-
grown cells, we failed to detect macA-like downregulation of key
electron transfer pathways between the extABCD* and wild type
strains, regardless of electron acceptor conditions. As noted
above, it is still possible that off-target post-translational
regulation is affected by the presence/absence of conduit
clusters, such as the polymerization of PilA monomers into pili
filaments. Such effects will have to be addressed in future

studies.

The genetic context of ext genes may reveal other clues to
their intended function, and aid identification of similar
clusters in genomes of other organisms. None of the ext regions
fits the mtr 3-gene ‘cytochrome conduit’ operon of one small (~40
kDa) periplasmic cytochrome, an integral outer membrane protein,
and one large (>90 kDa) lipoprotein cytochrome. For example,

extABCD includes two small lipoprotein cytochromes, extEFG is
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part of a hydrogenase-family transcriptional unit, and extHIJKL
contains a rhodanese-like lipoprotein instead of an extracellular
cytochrome (Fig. 3.1). The transcriptional unit beginning with
extEFG includes a homolog of YedY-family periplasmic protein
repair systems described in E. coli (174), followed by a NiFe
hydrogenase similar to bidirectional Hox hydrogenases used to
recycle reducing equivalents in Cyanobacteria (175-177).
Rhodanase-like proteins related to ExtH typically are involved in
sulfur metabolism (178-180) and an outer surface rhodanese-like
protein is linked to extracellular oxidation of metal sulfides by
Acidithiobacillus ferrooxidans (181). Future searches for
electron conduit clusters should consider the possibility of non-
cytochrome components, such as FeS clusters, and be aware that
conduits might be part of larger complexes that could draw
electrons from pools other than periplasmic cytochromes, such as

hydrogenase complexes.

Including genes from ext operons in searches of other
genomes reveals an interesting pattern in putative conduit
regions throughout Desulfuromonadales strains isolated from
freshwater, saline, subsurface, and fuel cell environments (Fig.
3.9). In about 1/3 of cases, the entire cluster 1is conserved
intact, such as extABCD in G. anodireducens, G. soli, and G.
pickeringii (Fig. 3.9B). However, when differences exist, they
are typically non-orthologous replacements of the outer surface

lipoprotein, such as where extABC is followed by a new cytochrome
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in G. metallireducens, Geoalkalibacter ferrihydriticus, and
Desulfuromonas soudanensis. Conservation of the periplasmic
cytochrome coupled with replacement of the outer surface redox
protein also occurs in the omcB and extHIJKL clusters (Fig 3.9A
and D). For example, of 18 extHIJKL regions, 10 contain a
different extracellular rhodanese-like protein upstream of
extIJKL, each with less than 40% identity to extH. This
remarkable variability in extracellular components, compared to
conservation of periplasmic redox proteins, suggests constant
lateral gene transfer and selection of domains that are exposed

to electron acceptors and the external environment.
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Figure 3.9. Cytochrome conduit conservation across the Order
Desulfuromonodales. Representation of cytochrome conduit clusters from
the Desulfuromonodales with homologs to either A) OmcBC, B) ExtABCD, C)
ExtEFG, or D) ExtHIJKL. Red arrows = putative outer membrane products
with a predicted lipid attachment site, yellow arrows = predicted
periplasmic components, green arrows = predicted outer membrane anchor
components. Complete clusters with all components sharing >40% identity
to the corresponding G. sulfurreducens cytochrome conduit are indicated
in boxes to the left of each gene cluster. Clusters in which one or
more proteins are replaced by a new element with <40% identity are
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listed on the right side of each gene cluster. Proteins with numbers

[

indicate the % identity to the G. sulfurreducens version.

a0mcBC homologs in these gene clusters also encode Hox hydrogenase
complexes. PGene clusters have contiguous extBCD loci but extA is not in
vicinity, as extA was found in separate parts of the genome for some of
those organisms (see Supplemental Table S2). <Gene cluster has
additional lipoprotein decaheme c-cytochrome upstream of extE. dLipid
attachment sites corresponding to ExtJL could not be found but there is
an additional small lipoprotein encoded within the gene cluster. For
ExtHIJKL clusters, homologs depicted above extH are found in gene
clusters containing only extI, whereas homologs depicted below extH are
found in gene clusters containing full extHIJKL loci. Upstream and on
the opposite strand to all gene clusters homologous to extHIJKL there
is a transcription regulator of the LysR family, except ¢, where there
is no transcriptional regulator in that region, and f, where there are
transcriptional regulators of the TetR family instead.

The data presented here significantly expands the number of
genes encoding outer membrane redox proteins necessary during
electron transfer in G. sulfurreducens and highlights a key
difference in the Geobacter electron transfer strategy compared
to other model organisms. In general, the pattern of multiple
genes encoding seemingly overlapping or redundant roles is less
like solitary respiratory reductases, and more reminiscent of
systems in cellulolytic bacteria that produce numerous similar (-
glucosidases to attack a constantly changing polysaccharide
substrate (72, 147, 182). A need for multiple outer membrane
strategies could be a response to the complexity of metal oxides
during reduction; minerals rapidly diversify to become multiphase
assemblages of more crystalline phases, the cell:metal interface
can become enriched in Fe(II), and organic materials can bind to
alter the surface (9, 183, 184). Expressing an array of electron

transfer pathways could make cells competitive at all stages with
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all electron acceptors, allowing Geobacter to outgrow more

specialized organisms during perturbations in the environment.

93



Chapter 4. Enhancing current production through genetic

manipulation of Geobacter sulfurreducens.

Fernanda Jiménez Otero
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4.1 Summary

Recently constructed mutant strains of Geobacter
sulfurreducens altered in key electron transfer or regulatory
proteins produce 140% greater current density compared to wild
type. Increased current density could be due to a range of
factors including per-cell changes in respiration rate, to whole-
biofilm modifications such as thickness or long distance
conductivity. Respiration and maximum growth rates, maximum
current densities, and conductivity via double potential step
chronoamperomentry were measured for wild type and mutant
biofilms using electrodes poised at +0.24 V vs SHE. Biofilms were
also sectioned and imaged using electron microscopy to determine
changes in biofilm thickness and cell density. Biofilms incubated
in the presence of nitrogen and carbon stable isotopes were
analyzed using NanoSIMS to localize metabolically active zones.
Finally, differences in protein abundance of exponentially
growing biofilms were analyzed using iTRAQ. Our results reveal
that G. sulfurreducens mutants reached higher current densities
through higher per-cell respiration rates, which support faster
growth rates, and a denser packing of cells close to the
electrode. NanoSIMS analysis confirmed higher per-cell growth
rates, and revealed that the zone of cells growing within
biofilms remained within 10 microns from the electrode surface,
similar to wild-type biofilms. Proteomic comparisons did not

detect any significant changes in the abundance of electron
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transfer proteins such as multi-heme c-cytochromes or pili in
exponentially-growing cultures. The combination of imaging,
physiological and proteomic tools determined that current-
producing bacteria are capable of producing more current per cell
and, in combination with higher biofilm density within the active
zone near the electrode, can produce a final current density
almost twofold greater than wild type. However, there still
remain cells in these biofilms that are not contributing to
current production. Overcoming the limitation that creates the
stratification of metabolically active zones remains a major

challenge.

4.2 Introduction

Microbial electrochemical technologies consisting of
microbes using an anode as electron acceptor, have the potential
to solve many problems of modern civilization. The
electrochemical processes from these systems can be used for
water desalination (20, 21), oxidation of organic matter during
waste water treatment (24), electro-fermentation of profitable
products (22, 23), and bio-production of electricity. All of
these applications still require higher efficiency, primarily in
terms of the current density produced at the anode, in order to

be profitable in real-world scenarios (28).

96



Much research has focused on the design of the abiotic
components of electrochemical systems, such as varied anode
materials, reactor designs, and electrochemical components (28).
Another less explored but promising alternative is to engineer
the biotic components of these systems. Recent studies of
extracellular electron transfer pathways in Geobacter
sulfurreducens demonstrated that streamlining extracellular
electron transfer pathways to only those found to be necessary to
reduce electrodes resulted in higher current production (185).
Understanding how engineered strains are able to produce more
current is essential to be able to design improved biological

systems for real-world applications.

Several pathways exist for electron transfer across the
outer membrane of G. sulfurreducens but out of those studied in
Chapter 3, only the deletion of extABCD predicted to encode a
conductive cytochrome-based conduit across the outer membrane,
results in a significant deficiency in electrode reduction (Fig.
4.1A). Deleting three outer membrane electron transfer pathway
gene clusters found to be unnecessary, while leaving extABCD
intact (referred to as strain extABCD?), results in a 30% faster
increase in current density during exponential phase and a 40%
higher final current density (Fig. 4.1B-C). Here, we present an
analysis of the extABCD' strain to delineate the characteristics

of this strain that enable higher current production.
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Figure 4.1. Only extABCD is necessary for wild-type levels of current
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production and the extABCD' strain reaches a higher current density in a

shorter time than wild type. 3)

Final current densities of outer

membrane electron transfer pathway deletion mutants normalized to

percent of wild type activity. B)

Representative chronoamperometry of

wild type and extABCD* strains and C)average values of final current

density and doubling times for n>8 replicates.

4.3 Materials and Methods

Cell growth and electrode reduction assays. All protocols

were followed as described in Section 3.3

Strains used in this study

(Modified from

(185))

Strains Description or relevant genotype Reference

Geobacter sulfurreducens strains

DB AGSU2645 (AextA) This study

DB AGSU2644 (AextB) This study

DB AGSU2643 (AextC) This study

DB AGSU2642 (AextD) This study

DB1280 AGSU2645-42 (AextABCD) Chan et al., 2017

DB1290 AGSU2731-39 AGSU2940-36 AGSU2724-26  Jiménez Otero et al., 2018
(extABCD")

DB1493 AGSU2731-39 AGSU2645-42 AGSU2726-24 Jiménez Otero et al., 2018
AGSU2940-36 (A5)

Table 4.1 Strains used in this study
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Biofilm staining and embedding. All protocols were followed

as described in Section 2.3

Protein concentration measurements. G. sulfurreducens
biofilms were grown to desired current density, rinsed to remove
planktonic cells, and incubated (still attached to graphite flag)
in 1 mL of 0.2 N NaOH for 1 hour at room temperature. Samples
were then stored at 4 °C for at least 24 hours. Protein
concentration was measured using Pierce® BCA Protein Assy Kit
(Thermo Scientific). Bovine albumin (BSA) dissolved in 0.2 N NaOH
was used to prepare standard protein concentration curve. All
samples, including standards, were incubated for 10 minutes at
100 °C to ensure sample homogeneity and cooled to room

temperature before measuring protein concentration.

Proteomic analysis. Single colonies of each strain from
freshly streaked plates were used to inoculate 1 ml liquid
cultures of NB media with 20 mM acetate and 40 mM fumarate. Once
full grown, these were used to inoculate 10 ml cultures of the
same media. Cells were harvested by centrifugation when cultures
reached an ODgoo between 0.4 - 0.45. Two biological replicates of
each strain were obtained by repeating this process from a
separate plate. Washed cell pellets were lysed with 7M urea, and
digested with trypsin at a protein:trypsin ratio of 40 before
labeling each sample with iTRAQ reagent. Scaffold Q+ (version

Scaffold 4.8.4, Proteome Software Inc., Portland, OR) was used to
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quantitate Label Based Quantitation (iTRAQ, TMT, SILAC, etc.)
peptide and protein identifications. Peptide identifications were
accepted if they could be established at greater than 85.0%
probability to achieve an FDR less than 1.0% by the Scaffold
Local FDR algorithm. Protein identifications were accepted if
they could be established at greater than 54.0% probability to
achieve an FDR less than 1.0% and contained at least 2 identified
peptides. Protein probabilities were assigned by the Protein
Prophet algorithm (186). Proteins that contained similar peptides
and could not be differentiated based on MS/MS analysis alone
were grouped to satisfy the principles of parsimony. Proteins
sharing significant peptide evidence were grouped into clusters.
Channels were corrected by the matrix
[0.000,0.000,0.929,0.0689,0.002201;
[0.000,0.00940,0.930,0.0590,0.001601;
[0.000,0.0188,0.931,0.0490,0.0010001;
[0.000,0.0282,0.932,0.03%90,0.0007001;
[0.000600,0.0377,0.933,0.0288,0.0001;
[0.000900,0.0471,0.933,0.0188,0.0001;
[0.00140,0.0566,0.933,0.00870,0.00017;
[0.000,0.000,0.000,0.000,0.0007;
[0.00270,0.0744,0.921,0.00180,0.000] in all samples according to
the algorithm described in i-Tracker (187). Normalization was
performed iteratively (across samples and spectra) on

intensities, as described in Statistical Analysis of Relative
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Labeled Mass Spectrometry Data from Complex Samples Using ANOVA
(188) . Medians were used for averaging. Spectra data were log-
transformed, pruned of those matched to multiple proteins, and
weighted by an adaptive intensity weighting algorithm. Of 25866
spectra in the experiment at the given thresholds, 24785 (96%)
were included in quantitation. Differentially expressed proteins
were determined by applying Permutation Test with unadjusted
significance level p < 0.05 corrected by Benjamini-Hochberg. Due
to inherent noise of iTRAQ experiments, few conduit components
were detected at low levels in strains in which they were

deleted.

4.4 Results

4.4.1 Single-gene deletions of extB, extC, or extD produce
stronger defects in electrode reduction than the deletion of

extA.

In order to determine if only one component of the extABCD
cluster is responsible for the phenotype of the AextABCD strain,
single deletions of each gene were constructed and analyzed for
their ability to reduce graphite electrodes poised at +240 mV vs.
SHE. Deletions of extB, ext(C, or extD were as detrimental to
final current density as the deletion of the full extABCD gene
cluster, with final current density never surpassing 100 pA-cm?

(Fig. 4.2), n=4. Surprisingly, deletion of extA resulted in a
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less pronounced defect, with doubling time extended to ~8 hours
and final current density reaching ~490 pA-cm? after 100 hours
(Fig 4.2), n=4. From section 3.4.11, we know that extA is
expressed 2.5 - 6.5 fold higher than extBCD during electrode
reduction, yet all the less-expressed genes in extBCD, encoding
for the putative outer membrane integral protein and

extracellular cytochromes, are responsible for the phenotype of

ANextABCD.
1000;
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Figure 4.2 Deletion of extBCD results in severe deficiency in electrode

reduction, while deletion of extA only affects doubling time. Single
gene deletion mutants of extABCD were grown using graphite electrodes
poised at +240 mV vs. SHE as sole terminal electron acceptor.

Representative curves of current production over time shown from n=4.
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4.4.2 Overexpression of extABCD is detrimental during electrode

reduction.

One hypothesis about the increased performance of extABCD?
was that in this strain, more ExtABCD was produced in the absence
of other electron conduits. In order to test if higher expression
levels of extABCD could increase current density, these genes
were inserted into the expression vector pGeo2 under the
expression of pacpP, a strong and constitutive G. sulfurreducens
promoter (pGeo2::pacpP-extABCD). The electrode reduction ability
of a A5 strain containing this plasmid was compared to the one
used as a complement in section 3.4, where extABCD is expressed
under the extA promoter as a single transcriptional unit
(pGeo2: :pextA-extABCD) . Additionally, a wild type (pGeo2::pacpP-
extABCD) strain was also analyzed. It was found that only
pGeo?2: :pextA-extABCD rescued the A5 strain phenotype. Expressing
extABCD with a much stronger promoter (~9x stronger according to
RNAseq data from section 3.4) resulted in no change in electrode
reduction in a A5 strain, regardless of the presence of extABCD,
and it resulted in a long lag and lower final current density in

wild type (Fig. 4.3).
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Figure 4.3. High expression levels of extABCD do not rescue A5
electrode reduction activity and cause defect in wild type. Current
production of wild type and A5 strains carrying either empty pGeo2
plasmids, pGeo2::pacpP-extABCD, or pGeo2::pextA-extABCD plasmids grown
using poised electrodes as sole terminal electron acceptor. Curves
representative of n=4.

Attempts at using an inducible system resulted in high
expression even in the un-induced samples. The inducible system
pGeo3 has a pacpP promoter inhibited by a vanillate repressor,
but is leaky. Therefore, even without inducing all strains tested
were defective during electrode reduction (data not shown).
Future attempts of tuning the expression levels of extABCD would
be wise to use genomic insertions instead of plasmids and
carefully chosen promoters that only increase expression

slightly.
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4.4.3 Biofilms of strain extABCD' producing maximum current
density have higher cell density in the 5 pm closest to electrode

than wild type biofilms.

In order to determine the structure of extABCD'* biofilms,
both wild type and extABCD' biofilms were grown until maximum
current density was reached, and visualized using electron
microscopy. Both strains formed biofilms of the same thickness,
but extABCD' biofilms were denser at the electrode:biofilm

interface (Fig. 4.4).

A wild type extABCD*

B Cellsin 5 um?
wild type extABCD*
42.7+2.1 54.6+4.3

Figure 4.4. Biofilms of extABCD' cells are denser in the area closest to
the electrode. A) Electron microscopy images of representative 5 um?
areas closest to the electrode of wild type and extABCD* biofilms. B)
Average cell counts and standard deviation of 5 um? squares of four
biofilms of each strain, with three squares counted for each biofilm.
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4.4.4 Current to protein ratios remain constant during biofilm
development of extABCD* biofilms and decrease in wild type

biofilms.

In order to determine if the respiration rate per cell
increased in extABCD’" biofilms and wild type biofilms, total
protein content was measured for biofilms of both strains at
different time points during development. The ratio of current
produced per unit protein, a measure of electron transfer rate
averaged over all cells within the biofilm, was similar for both
strains producing ~250 pA-cm? (Fig. 4.5). Once current production
increased past that level, wild type biofilms accumulated more
protein without a proportional increase in current, resulting in
a decrease in current:protein ratio. In contrast, biofilms of
extABCD* continued to increase in both protein and current
production rate, maintaining the current:protein ratio of ~2.7
uA-ug for current densities measured up to 600 pA-cm? (Fig. 4.5).
This suggested that as extABCD* biofilms grow, new cells are
added in a manner that they remain able to transfer electrons to

the electrode, compared to new cells of wild type.
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Figure 4.5. Protein accumulates faster in wild type biofilms than
current density increases, while protein accumulation and current
density increases at constant rate in extABCD* biofilms. Total protein
content of extABCD' and wild type biofilms harvested at increasing
current densities. Duplicate samples plotted with error bars
representing standard deviation.

4.4.5 Whole genome protein abundance analysis confirms deletion
constructs did not alter abundance of additional electron

transfer pathways.

In section 3.4.11, transcriptomic analyses confirmed that
the genetic deletions made to construct the extABCD' strain did
not alter the expression of any other known electron transfer
pathways. In order to confirm that this was still true after
post-transcriptional regulation, whole genome protein abundance
of selected strains was compared. The A5 strain, with omcBC-
extABCD-EFG-HIJKL conduit clusters deleted, was used to determine

if any of the deletions caused off-target effects. Additionally,
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the AextABCD strain was analyzed due to the relevance of this
gene cluster during electrode reduction. Similarly, the extABCD*
strain was analyzed because of its significant phenotype during
electrode reduction, even though the genome of this strain was

also sequenced with no off-target mutations found.

Whole genome protein abundance of these three strains while
exponentially growing in media containing fumarate and acetate
was compared to that of wild type in duplicate. This condition
was chosen as all assays in this study were inoculated with cells
under these conditions and only growth using fumarate as
substrate (as determined through ODgiy measurements) is comparable
among all these strains. Out of ~1490 proteins detected in this
analysis, in some cases a few as two proteins were found with
significantly altered abundance between the two strains. Proteins
with abundances significantly different from wild type are shown
in Figure 4.6. Within these, GSU0777, the major subunit of the
periplasmically-oriented formate dehydrogenase, was more abundant
in all strains where extABCD was deleted. This subunit was the
one that increased most sharply in abundance between wild type
and the A5 and AextABCD strains, but GSU0779 and GSU0778 the b-
cytochrome and iron sulfur subunits of formate dehydrogenase,
respectively, were also more abundant in these mutant strains.
The abundance of GSU0777-79 remained unchanged in the extABCD?*

strain.
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Figure 4.6. Abundance of electron transfer pathways does not change
after deletion of putative electron conduits. Comparison of the
abundance of proteins significantly different (p < 0.05) between wild
type and deletion strains A5, AextABCD, and extABCD' as determined from
duplicate samples. Proteins with a ratios >2 or <0.5 are labeled.

4.4.6 Anabolic activity is higher in extABCD* biofilms than in

wild type biofilms.

Since in Chapter 2 the anabolically active layer in
biofilms was determined to be only the 5-10 microns closest to
the electrode, biofilm physiology showed denser areas in extABCD*
biofilms than wild type in that same area in section 4.4.3, and
current:protein ratios were higher for extABCD* than wild type
biofilms producing maximum current in section 4.4.4, one
hypothesis was that the anabolic activity of extABCD+ biofilms
was higher in this active zone near the electrode. Alternatively,
the tighter packing of the biofilm could have increased
conductivity to support cells farther from the electrode. To

investigate these possibilities, we measured anabolic activity
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within mutant biofilms using nanoSIMS to determine how it

compared to wild type biofilms.

Following the same procedure as in chapter 2, the media in
reactors containing fully developed extABCD' biofilms was
exchanged for media containing isotopically labeled '°N, !3C, and
deuterated water probes. After 6 hours of incubation, biofilms
were fixed, stained, and embedded in resin. Sliced samples were
then analyzed using nanoSIMS to measure the incorporation of

isotope probe.

The anabolically active layer in extABCD* biofilms was found
to be within the 5-10 um closest to the electrode surface, as in
wild type biofilms. However, the peak isotope incorporation
within this active zone was 38% higher in extABCD' biofilms than
in wild type biofilms (Fig. 4.7). The fractional abundance of !N
added to growth media was 6%, therefore, previously unlabeled
cells doubling in 6 hours would be expected to reach a !N
fractional abundance value of approximately 3%. Peak value of
fractional abundance was 2.9% * 0.3 for extABCD* while it was
only 2.1% + 0.3 for wild type cells near the anode surface (Fig.
4.7). from this, we can infer that during the six hours of the
stable isotope probing experiment, 48% of the biomass near
electrodes was new biomass in extABCD* biofilms, compared to 35%

in wild type biofilms.
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Figure 4.7. 15N incorporation in extABCD* biofilms compared to wild type
biofilms. A) extABCD' biofilms producing maximum current were analyzed
using nanoSIMS to measure the abundance of 15N probe incorporated by
cells during a 6 hour incubation. Data from duplicate extABCD* biofilms
is superimposed on data from chapter 2, section 2.4. B) Calculation of
new biomass formed during isotope probe experiment for wild type and
extABCD* biofilms.

4.5 Discussion

Construction of a strain with three electron conduit gene
clusters deleted and extABCD intact (extABCD*) was previously
found to produce more current (185). In order to determine what
individual cell or biofilm changes were present in this strain,
extABCD* was analyzed in depth using a combination of proteomics,

cell yield measurements, electron microscopy, nanoSIMS, and
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electrochemical analysis of single gene deletion mutants. Our
results show that the main difference between wild type and
extABCD* biofilms is that the latter are densely packed at the
electrode:biofilm interface, where they are also more
metabolically active. This effect is not seen in wild type
biofilms, suggesting both higher metabolic activity and denser

packing result in higher current density.

From the four components of this gene cluster, deletion of
the gene encoding the putative periplasmic cytochrome, ExtA, was
not found to be as detrimental as the deletion of extB, ext(C, or
extD, encoding the outer membrane integral protein and two
extracellular cytochromes, respectively. These results suggest
that ExtBCD may be able to interact with additional periplasmic
cytochromes in the absence of ExtA, but the activity of this
putative electron conduit complex is disrupted by the absence of
either ExtB, ExtC, or ExtD. These results also highlight the
disconnect between expression level and essentiality of a gene
under electrode reduction conditions, since extA is expressed at
levels as high as 6.5 times higher than extBCD, yet AextA is
still able to reach 490 pA-cm? after 100 hours and AextB-D never
surpass 100 pA-cm? (Fig. 4.2). A similar effect is observed for
the omcBC gene cluster, which is not needed during electrode
reduction, and yet it is highly expressed under this condition

(185) . Homologs of extA can be found both accompanied by extBCD
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homologs or on their own (185), suggesting ExtA might be able to

function without ExtBCD, or with other partners.

One hypothesis for the increase in current production by
extABCD* was that biofilms of this engineered strain would be
thicker. While this was not found to be true, the density of
extABCD* biofilms in the area closest to the surface of the
electrodes was 30% higher than the same region in wild type
biofilms. This correlates well with the fact that current:protein
ratios remained constant as current density increases in extABCD?
biofilms and the fact that the cell layers closest to the surface
of the electrode in extABCD* biofilms were more anabolically
active than the same layers of wild type biofilms. As extABCD*
cells double in the early stages of biofilm growth, and those
cells remain close to the electrode, then this new biomass is
still able to contribute to current production. In contrast, in
wild type biofilms fewer cells are present in that area and are
38% less metabolically active, so accumulation of biomass does
not translate into increased current production. One hypotheis
for this increased packing could be the lack of the extraneous
electron conduits on the cell exterior, such as the highly

expressed ombB/omaB/omcB cluster.

Another possible reason for the increase in current
production of extABCD?' is that other electron transfer pathways

were affected by the genetic deletions done to construct this
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strain. Comparing the protein abundance of extABCD' and wild type
strains supported the findings in section 3.4.11, where
expression levels of other electron transfer components were not
significantly different between these strains. While no
significant differences in transcriptional and translational
regulation have been detected, it always remains a possibility
that post-translational regulation is somehow an off-target

effect of the genetic manipulation of outer membrane complexes.

While current density was increased significantly through
the engineering of the extABCD' strain, a solution to extending
the anabolically active layers within current-producing biofilms
is yet to be identified. Weeks-old biofilms can reach 50 um in
thickness, yet only the bottom 5-10 um contain cells contributing
to current production. Considerable increases in current density
could be reached by eliminating distance from the electrode as a
limitation to further increase of current production. Future
studies will be needed to determine if additional factors
influence the effect in current production seen in the extABCD*
strain, such as iron supply or outer membrane space availability.
Anodes being an artificial substrate, we believe there are
undoubtedly more ways in which G. sulfurreducens can be

engineered to produce more current.
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Chapter 5. Future directions

Fernanda Jimenez Otero
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Within the time frame of this thesis, many aspects of the
extracellular electron transfer pathway of G. sulfurreducens have
been elucidated. While more extracellular electron transfer
pathways remain to be described, just from those we now know,

there are many remaining questions.

Specifically, from the work done in Chapter 2, two main
mysteries remain: what is the source of the second peak of
activity about 12-15 um away from the electrode surface, and how
can the limit of distance from the electrode be overcome? As is
stated in the text, since the second peak is only present when
biofilms are grown with electrode poised at +240 mV and not when
biofilms are grown with electrodes poised at -100 mv, it is
possible that the second peak is a redox-dependent phenomenon. A
good experiment to analyze that would be to use this same
technique to visualize anabolically active zones within biofilms
of AcbcL and AimcH strains, which can only respire electrodes at
+240 mV and -100 mV, respectively. If the second peak is
hypothesized to be a low redox potential zone where CbclL is
active, then the !N incorporation curve should not have that

second peak in AcbcL biofilms.

An attempt at targeting the question of extending the area
of metabolic activity was to visualize extABCD? biofilms after
isotopic label incorporation using nanoSIMS. However, we found

that in this mutant the peak of !°N incorporation increased in
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intensity, rather than amplitude. Further analysis of the
physiology of G. sulfurreducens during electrode reduction might
elucidate additional pathways to target for metabolic
engineering, such as the periplasmic components of the

extracellular electron transfer pathway.

A remaining mystery from Chapter 3 was whether additional
electron conduit gene clusters were present in the genome of G.
sulfurreducens since 20% of wild type electrode reduction
activity is still present in a A5 strain. Two more gene clusters
(GSU3222-3226 and GSU2494-2495) were deleted, creating a A7
strain, but this strain was found to reduce electrodes in a
similar fashion to A5 (Fig. 5.1) and single mutants of each gene
cluster (AGSU3222-226 and AGSU2494-2495) showed phenotypes
comparable to wild type. There are additional genes encoding
periplasmic, lipoprotein cytochromes, and integral outer membrane
proteins that are not organized in gene clusters. It is possible
that some of these may be responsible for the residual activity
of the A5 strain, but only with a genome-scale strategy, such as

Tn-seqg, finding such targets would be possible.

An interesting characteristic about strains lacking
extABCD, including AextABCD, A5, and A7, is that they are all
able to produce ~100 pA-cm™?. Similar current densities (~50
BA-cm™@ in different reactor setup) have been attributed before to

single-layer G. sulfurreducens biofilms (39). It is possible that
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ExtABCD is needed for electron transfer across multi-cell-layer
biofilms, but not for direct electron transfer to electrodes.
Additional electron transfer pathways may be responsible for
direct electron transfer to electrodes, such as pili or
additional cytochromes. Further imaging of the biofilms formed by

AextABCD and A5 strains is needed to test this hypothesis.
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Figure 5.1 Residual current production by A7 strain. Current production
by the A7 strain reaches ~150 pA-cm?, similarly to a A5 strain. Both

replicates shown.

One of the areas of this field with high potential to
answer many hypothesis is structural biochemistry. The structure
of many proteins and complexes from S. oneidensis have been
solved through X-ray crystallography, resulting in very detailed
descriptions of Mtr complexes (161, 189) and outer membrane
proteins (162). Such structures of G. sulfurreducens outer
membrane or extracellular cytochromes would be very informative.
One of the hypothesis about the poor sequence similarity between

multiheme cytochromes is that heme arrangement and environment
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might be structurally similar between cytochromes with similar
functions, but the rest of the protein is under low pressure to
maintain sequence similarity. Answers to such questions can only
be answered through solving the structure of several multiheme

cytochromes, which are not simple to overexpress and purify.

With the complexity of extracellular electron transfer
pathways in G. sulfurreducens, it will be necessary to use the
information from fundamental studies as this one to create
libraries of individual parts assembled into new pathways through
synthetic biology to determine which combinations produce the
most efficient pathways. Further work is necessary in the
periplasmic components of the extracellular electron pathway, but
this kind of high-throughput assay is closer to being possible
with the information we have gained about outer membrane

components.
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