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ABSTRACT

Electroactive bacteria connect biology to electricity, acting as living
electrochemical catalysts. In nature, these bacteria can respire insoluble compounds like
iron oxides, and in the laboratory, they are able to respire an electrode and produce an
electrical current. This document investigates two of these electroactive bacteria:
Geobacter sulfurreducens and Thermincola ferriacetica. G. sulfurreducens is a Gram-
negative iron-reducing soil bacterium, and T. ferriacetica is a thermophilic, Gram-
positive bacterium that can reduce iron minerals and several other electron acceptors.
Respiring insoluble electron acceptors like metal oxides presents challenges to a
bacterium. The organism must extend its electron transport chain from the inner
membrane outside the cell and across a significant distance to the surface of the electron
acceptor. G. sulfurreducens is one of the most-studied electroactive bacteria, and despite
this there are many gaps in knowledge about its mechanisms for transporting electrons
extracellularly. Research in this area is complicated by the presence of multiple pathways
that may be concurrently expressed. | used cyclic voltammetry to determine which
pathways are present in electroactive biofilms of G. sulfurreducens grown under different
conditions and correlated this information with gene expression data from the same
conditions. This correlation presented several genes that may be components of specific
pathways not just at the inner membrane but along the entire respiratory pathway, and |
propose an updated model of the pathways in this organism. | also characterized the
composition of G. sulfurreducens and found that it has high iron and lipid content
independent of growth condition, and the high iron content is explained by the large
abundance of multiheme cytochrome expression that | observed. | used multiple



microscopy techniques to examine extracellular respiration in G. sulfurreducens, and in
the process discovered a novel organelle: the intracytoplasmic membrane. | show 3D
reconstructions of the organelle in G. sulfurreducens and discuss its implications for the
cell’s metabolism. Finally, I discuss gene expression in T. ferriacetica in RNA samples
collected from an anode-respiring culture and highlight the most abundantly expressed

genes related to anode-respiring metabolism.
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CHAPTER 1

INTRODUCTION
Life is inseparable from electrochemistry. Every living organism is constantly shuffling
electrons in each cell, reducing and oxidizing molecules to conserve energy for cellular
processes. For most organisms, the redox reactions that power metabolism occur within
the boundaries of the cell membrane as both electron donor and electron acceptor can be
easily transported into and out of the cell. Some organisms, however, utilize insoluble
compounds that require part of the chain of redox reactions that make up the metabolism
to happen external to the cell itself. | define electroactive organisms as any that have a
metabolism requiring the transfer of electrons across the cell membrane in a way that can
interact with an electrode. There are many examples of electroactive microorganisms, but
this document focuses on one type: dissimilatory metal-reducing bacteria (DMRB).
DMRB use insoluble metal compounds as terminal electron acceptors e.g. iron oxides.
My dissertation concerns the study of electroactive DMRB with a focus on the bacterium
Geobacter sulfurreducens. G. sulfurreducens is a model organism for electroactive
DMRB because of its ubiquity and metabolism. In nature, G. sulfurreducens is found in
iron-rich soils and sediments. Its metabolism involves the oxidation of acetate, hydrogen,
or formate and the reduction of a wide variety of metallic minerals, most commonly iron
(111) compounds. In an engineered system, G. sulfurreducens will respire an electrode,
and this behavior makes it an excellent laboratory organism. The system | use to grow
electroactive bacteria (EAB) is a microbial electrochemical cell (MEC), and G.
sulfurreducens functions as a living catalyst by converting a chemical electron donor into
an electrical current that I can measure (Figure 1.1). The direct relationship between
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bacterial metabolism and electrical signal makes possible many of the experiments in my

dissertation.
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Figure 1.1 Schematic of a generic microbial electrochemical cell.

Metallic minerals in nature are a heterogeneous electron acceptor for DMRB. Iron (111),
for example, forms several compounds with different crystal structures or number of
oxy(hydroxide) ligands, and each unique mineral has a different electrochemical
potential. In addition, as DMRB reduce electron acceptors, the effective potential of the
remaining acceptor may change. To be broadly successful at reducing metallic minerals,
G. sulfurreducens must be able to utilize electron acceptors in a wide range of redox

potentials.



Bacterial metabolisms consist of a series of controlled chemical reactions. Electrons
move through electroactive proteins and other molecules where energy is conserved by
the creation of a proton motive force. Each individual component of the electron transfer
chain performs a specific reaction at a specific redox potential. If the terminal electron
acceptor or initial electron donor changes potential, the entire electron transfer chain
needs to adapt, or the organism will not be able to respire efficiently. G. sulfurreducens
has evolved a complex network of metabolic components to deal with this challenge.
Electrochemical and mutation studies have identified three distinct electron transport
chains in G. sulfurreducens. Each cell may express one or more of the pathways
depending on growth conditions, and each pathway has a range of electron acceptor
potential where it is required for respiration.

Although we know that G. sulfurreducens has three pathways for respiration, there are
gaps in knowledge when it comes to the components and mechanism of each. Only one
protein from each pathway has been positively identified by gene knockout experiments.
The proteins ImcH, CbcL, and CbcAB are required to complete the “high,” “medium,”
and “low” pathways, respectively. All three of these are c-type cytochromes located in
the inner membrane of G. sulfurreducens. There is a lack of knowledge when it comes to
the other components of each pathway. Undoubtedly, electrons must be transported
through the periplasm, across the outer membrane, and over a significant distance away
from the cell to the solid terminal electron acceptor. This is called extracellular electron
transport (EET). To maintain efficiency, it seems likely that there would be different
proteins between different pathways at multiple points in the electron flow between inner

membrane and electron acceptor.



In many cases, biologists learn more about the function of an organism by examining its
structure. While there is an extensive body of genetic research on G. sulfurreducens, its
cellular structure had not been studied to the level of detail that modern technology
allows. Previous work has used light microscopy or thin-section transmission electron
microscopy (TEM) to image G. sulfurreducens. Light microscopy is good for imaging
large eukaryotic cells or multicellular bacterial biofilms, but it does not have sufficient
resolution to identify subcellular structure in small bacteria. Conventional thin-section
TEM allows extremely high resolution, down to the imaging of individual proteins, but
the sectioning requires a biological sample to be dehydrated by solvent substitution and
then embedded in resin for slicing (Murray & Watson, 1965). This sample preparation
procedure causes significant damage to membrane structures, and it can be difficult to
differentiate real observations from destroyed areas. Recent technological advancements
have led to a new way of imaging biological samples. Electron cryotomography uses high
speed freezing and cryogenic tilt series imaging to create 3D volumes of samples without
any preparation artifacts (Bouchet-Marquis & Hoenger, 2011). With this technique, it’s
possible to image cells with their membrane structure intact.

In this document, | use several research methods to address knowledge gaps in the
understanding of G. sulfurreducens. In Chapter 2, | investigate the differential expression
of electroactive proteins, and | correlate differentially expressed proteins with specific
electron transfer pathways that I identified using electrochemistry. | show that G.
sulfurreducens changes expression of multiheme cytochromes not only at the inner
membrane, but also in the periplasm, outer membrane, and extracellular space, and that
some of these differentially expressed proteins can be assigned to one of the three
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electron transfer pathways. In Chapter 3, | used electron cryotomography and confocal
microscopy to study the cellular structure of G. sulfurreducens, and I identify a type of
bacterial organelle called the intracytoplasmic membrane which has not been observed in
Geobacter or any close relatives. This novel organelle is more frequently observed under
certain growth conditions, and I show that this differential expression is likely related to
the organelle’s contribution to respiration in energy-limited conditions. Chapter 4
continues my characterization of G. sulfurreducens with a thorough analysis of the cell
composition. | show that cultures of G. sulfurreducens, regardless of electron acceptor,
show a remarkably high lipid and iron content relative to other Gram-negative bacteria,
and | discuss how this knowledge fits into the broader understanding of the organism.
Chapter 5 is an analysis of gene expression data from a culture of Thermincola
ferriacetica, a thermophilic EAB that has a metabolism quite different from G.
sulfurreducens.

Taken as a whole, my dissertation is a significant contribution to the field of electroactive
bacteriology, and especially to the understanding of G. sulfurreducens. The discovery of
intracytoplasmic membranes in G. sulfurreducens may explain the high lipid content, and
the gene expression data | present provides more information about the complicated
metabolic network in G. sulfurreducens. This knowledge will be used by microbiologists
who study EAB, as well as those who study intracytoplasmic membranes in other
organisms. Biotechnologists will also benefit from a refined idea of the nutrient

requirements in Geobacter species.



CHAPTER 2
CYTOCHROME EXPRESSION IN G. SULFURREDUCENS FOR EFFICIENT

RESPIRATION

Geobacter sulfurreducens is an anaerobic, gram negative, dissimilatory metal reducing
bacterium (DMRB) that is important in natural systems as an iron reducer as well as in
engineered microbial electrochemical systems as an anode-respiring bacterium (ARB)
(Bond & Lovley, 2003; Caccavo et al., 1994). It can efficiently reduce various metal
oxides with a wide range of redox potentials (Levar et al., 2017; Pat-Espadas et al., 2013,
Shelobolina et al., 2007), and this flexibility extends to respiring to an anode where G.
sulfurreducens is capable of adapting to a range of poised anode potentials (Gao et al.,
2018; Yoho et al., 2014).

The genome of G. sulfurreducens contains genes for over 100 putative c-type
cytochromes, with more than 70 of those containing multiple heme-binding motifs (Ding
et al., 2008). These multiheme cytochromes have been the target of many studies into
electron transfer in G. sulfurreducens, but only a few have been definitively linked to a
precisely explained function (Salgueiro et al., 2022). Even well-characterized
cytochromes, such as the periplasmic cytochrome PpcA (Pessanha et al., 2006) or the
outer membrane complex OmcB (Liu et al., 2015), are often known to participate in
certain respiratory conditions, but their specific electron donor/acceptor are unknown. As
such, the specific electron transport chain pathway for G. sulfurreducens has been

extensively speculated but not well elucidated (Bonanni et al., 2013; Santos et al., 2015).



Early transcriptomic and proteomic studies on G. sulfurreducens focused on comparing
growth with different electron acceptors, particularly between soluble (e.g., fumarate,
iron citrate) and solid ones (e.g. anodes, iron oxides). Through these studies, several
cytochromes have been confirmed to be important in extracellular respiration. For
example, OmcB, OmcS, OmcZ, and other cytochromes were implicated in extracellular
electron transfer because their gene transcripts were more abundant in conditions using a
solid terminal electron acceptor relative to an insoluble one (Holmes et al., 2006; Nevin
et al., 2009). It has been hypothesized that long-range electron transfer in G.
sulfurreducens was due to some combination of pili and associated cytochromes like
OmcZ (Malvankar et al., 2011; Nevin et al., 2009). Recent cryo-electron microscopy
studies have shown that the nanowires that G. sulfurreducens produce are actually
composed of repeating subunits of OmcS or OmcZ, and differences in strain and electron
acceptor can alter which protein is dominantly expressed (F. Wang et al., 2019; Yalcin et
al., 2020).

More recently, researchers have discovered three elements at the inner membrane that are
required for G. sulfurreducens to respire at certain potentials, independent of the electron
acceptor used. Deleting the inner membrane cytochrome ChcL prevents G.
sulfurreducens from respiring at electrode potentials below -0.1 V vs. SHE, and deleting
the inner membrane cytochrome ImcH prevents G. sulfurreducens from respiring at
potential above -0.1 V vs. SHE (Levar et al. 2017; Levar, Chan, and Mehta-kolte 2014;
Zacharoff, Chan, and Bond 2016). Recently, the protein complex CbcAB has been shown
to facilitate respiration at potentials below -0.21 V vs. SHE (Joshi et al., 2021). At the
moment, it is unknown how pathway switching occurs, and what other proteins are
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involved in each pathway. Nonetheless, these studies have shifted the perspective on
how pathways are used in G. sulfurreducens, where instead of the type of electron
acceptor, the potential of such acceptor plays a major role in pathway utilization. By
using an anode as the electron acceptor, I can closely control potential and directly
measure respiration in real time.

Previous work has also investigated how G. sulfurreducens adapts to electron acceptors
with different potentials through the use of electrochemical signals (Peng & Zhang, 2017;
Richter et al., 2009; Zhu et al., 2012). Our group used electrochemical techniques to
identify and characterize two distinct electrochemical responses dependent on anode
potential and hypothesized that G. sulfurreducens is using different electron transfer
pathways to efficiently adapt to different potentials (Yoho et al., 2014). These distinct
signals were later associated to the pathways in which ImcH and CbcL are present (Levar
etal., 2017; Levar, Chan, Mehta-kolte, et al., 2014). The relative magnitude of the
signals associated to these pathways would shift within an hour of a potential shift,
suggesting a dynamic and complex optimization of respiratory pathways by G.
sulfurreducens. Anode-respiring biofilms of G. sulfurreducens exhibit different
electrochemical responses during cyclic voltammetry based on the anode potential they
have been acclimated to, providing an additional tool to differentiate between biofilms
grown at different potentials.

In order for G. sulfurreducens to efficiently reduce solid electron acceptors at a wide
range of redox potentials while conserving energy, it must have a mechanism to change
its electron transport chain. Each cytochrome has its own distinct redox potential due to
heme orientation and ligands within the overall protein (Pessanha et al., 2006; Pokkuluri
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et al., 2011), and therefore has an optimal potential (or range of potentials) under which it
will accept and donate electrons in a pathway. If the terminal electron acceptor changes
potential significantly, the terminal electron transfer protein may no longer be able to
donate electrons and a different terminal electron acceptor will be required to continue
respiration. Thus, | hypothesized that a shift in the potential of the electron acceptor
would not only require shifts in inner-membrane cytochromes, but throughout the whole
respiratory pathway. | designed this study to attempt to find periplasmic, outer
membrane, and/or extracellular proteins that are associated with G. sulfurreducens
respiration at different redox potentials.

| studied wild type Geobacter sulfurreducens PCA grown on anodes using
electrochemistry and mRNA expression to identify genes that are likely involved in
different electron transfer pathways. With cyclic voltammetry (CV) on G. sulfurreducens
biofilms, I can identify if different pathway signals are present in biofilms grown at
different anode potentials, and what typical anode potentials each pathway is associated
with. | associated these CV signals with mRNA-Seq transcriptomics to correlate gene
expression with the electrochemical data and find genes that may be associated with
adaptation to different electron acceptor potentials. Since previous studies have identified
the inner membrane elements associated with each pathway, I closely examined the
periplasmic, outer membrane, and extracellular electron-transfer proteins that might shift

expression as a function of anode potential.



Results and Discussion

When studying ARB, I can directly measure respiration via chronoamperometry while
varying anode potential to create different respiratory conditions. Anode biofilm cyclic
voltammograms (CV) on biofilms of G. sulfurreducens can be modeled with the Nernst-
Monod expression (C. I. Torres et al., 2008, 2010) which assumes a single enzymatic step
is rate limiting. Additionally, in cases where multiple pathways are being utilized,
multiple Nernst-Monod functions have been used (Yoho et al., 2014).

Knockout studies have shown that G. sulfurreducens has at least three different electron
transfer pathways that are each active in only a certain electron acceptor range, and the
switch between pathways is likely facilitated by inner membrane cytochromes (Levar et
al., 2017). The pathway containing the inner membrane cytochrome ImcH is used at
potentials higher than -0.1 V vs. SHE, while the pathway containing the cytochrome
ChcL is active at potentials lower than -0.1 V vs. SHE (Levar et al., 2017; Levar, Chan,
Mehta-kolte, et al., 2014). Recently, a third pathway was discovered that contains the bc-
type cytochrome CbcBA which is required for respiration at potentials below -0.21 V vs.
SHE (Joshi et al., 2021). | chose the anode potentials in this experiment (-0.17 V, -0.07
V, -0.01 V vs. SHE) in an attempt to create conditions that would require different known
pathways in G. sulfurreducens, and our modeling approach assumes three distinct

electrochemical signals in attempt to represent these pathways.
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Figure 2.1 One representative cyclic voltammogram from each condition with its
respective Nernst-Monod model fitting. The experimental data is plotted as gray points,
and the model fitting is the red line. Labels on each plot describe the electron donor used
(acetate or formate) and the fixed anode potential grown at (—0.17 V, —0.07 V, or —0.01
V vs SHE). Inset in each plot is the differentiation of the CV data (slope) plotted in gray

and the derivative of the model fit function as a red line. Cyclic voltammograms were
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collected at a scan rate of 5 mV/s at a biofilm current density between 1-2 A/m? during
exponential current increase in order to capture a thin biofilm at a fast enough scan rate to
prevent transcriptional adaptation to the shifting potential.

Multiple pathway signals fit to a Nernst-Monod model.
| were able to approximately fit CVs of the anode biofilm conditions used in this study by
adding Nernst-Monod signals with three midpoint potentials: -0.10, -0.15, and -0.227 V
vs. SHE; which were selected based on preliminary nonlinear fitting where midpoint was
optimized in different conditions (Figure 2.1). I call these signals High for -0.10 V vs.
SHE, Medium for -0.15 V vs. SHE, and Low for -0.227 V vs. SHE. The additive
approach to the fitting assumes the signals are utilized simultaneously within the biofilm
and cells are not changing expression significantly during the scan. This assumption
should be valid with the fast-scan CVs (5 mV/s) | used for fitting, while slower scans are
shown to result in pathway shifts within the scan itself (Yoho et al., 2014). With
nonlinear fitting, I minimized the error in each fitting by varying the jmax coefficient for
each Eka. In some cases, such as the Acetate -0.17 V growth condition, fitting had a
higher error due to a peak in current density that cannot be estimated by the steady-state
assumption of the Nernst-Monod (C. I. Torres et al., 2008, 2010). | averaged the
fractional contribution of each of the coefficients from biological replicates of the same
condition to estimate the contribution of each pathway in that condition (Table 2.1).
Fittings were tested in CVs and the derivative of the CV, having similar outcomes for the

fitting.
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Table 2.1 Average fractional contribution of each Nernst-Monod function to the overall
CV fit in each condition. A larger fraction represents a stronger contribution of a certain
pathway to the overall signal, while a fraction close to zero suggests that a certain
pathway does not contribute to the overall signal in its respective growth condition.
Calculated as jmax,i/Xjmax,n for each cyclic voltammogram. Numbers in parentheses under
each value are the sample standard deviations of each parameter from the number of
replicates listed in the ‘n” column. The “High”, “Medium”, and “Low” Eka values
represent the midpoint potentials (vs. SHE) of each Nernst-Monod expression that add up

to best fit the experimental data.

Fraction of signal from each Exa

Electron donor, Low Medium High n
Anode potential 0.227V -0.15V -0.10V
Acetate, -0.17 V 0.59 0.41 0.00 3
(0.28) (0.29) (0.01)
Acetate, -0.07 V 0.29 0.60 0.11 4
(0.22) (0.21) (0.04)
Acetate, -0.01 V 0.11 0.75 0.14 3
(0.08) (0.19) (0.15)
Formate, -0.17V  0.85 0.10 0.05 2
(0.08) (0.02) (0.07)
Formate, -0.07V  0.45 0.40 0.14 3
(0.27) (0.40) (0.17)
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Our cyclic voltammetry fitting with the Nernst-Monod expression indicates that there is
an observable difference in which pathways are contributing most to the overall biofilm
CV signal (Table 2.1). The acetate -0.07 V, acetate -0.17 V, and formate -0.07 V
conditions had contributions from the Low and Medium signals with little to no
contribution from the High pathway. On the other hand, the CVs from the formate -0.17
V condition were overwhelmingly influenced by the Low signal, and CVs from the
acetate -0.01 V condition were mainly fitted with the Medium signal. Even though two of
the conditions had an anode potential above -0.1 V, none of the CVs had a major
contribution from the High signal (Table 2.1) although higher growth potentials should
have a higher contribution of this pathway. The small contributions of the High signal
that | observed may be due to the anode potentials | used being lower than the switch
point that would trigger expression of the High pathway. Using the information from this
model fitting of our CV data, | can discuss differential expression of electron pathway
genes in the context of what pathway they may be more strongly associated with.
Growth conditions affect the overall transcriptome.
The main drivers of differential gene expression were the different electron donors and
electron acceptors used. The fumarate biofilm and the planktonic fumarate samples are
highly differentiated from the anode samples, and among the anode samples there is a
clear differentiation between formate and acetate conditions but for acetate there was no
clear differentiation based on different anode potentials. All three of the anode biofilms
grown on acetate cluster closely together, although there are still some significantly
differentially expressed genes. A multi-tab .xlIsx file with significantly different genes for
all pairwise comparisons is included in the SI. The different anode potentials | used had a
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small effect on the overall transcriptome of G. sulfurreducens grown using acetate, but

there is clear separation between the two conditions using formate as the electron donor.
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Figure 2.2 PCA plot of variance in expression between triplicate samples grown under
seven different electron donor and acceptor conditions. FBF is a fumarate biofilm

condition that was grown on an unconnected graphite rod with fumarate as the electron

acceptor.
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Figure 2.3 MA plots highlighting interesting pairwise comparisons of differential gene
expression with multiheme cytochromes highlighted in red. Labels at top and bottom
indicate conditions plotted for comparison. Dotted lines are at £1.5 log» fold change, and
all clearly labeled genes meet an adjusted p-value <0.05. Base mean is calculated using
Deseq2’s method for normalizing counts across samples and p values were corrected by
the Benjamini Hochberg method. Table A.1 lists all the highlighted genes and the

associated pathways and cellular locations.
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EET pathways in G. sulfurreducens are populated with multiheme cytochromes — some
known and some unknown. By synthesizing the modeling outputs from our CV data
(Table 2.1) and the differential gene expression of multiheme cytochromes in important
pairwise comparisons (Figure 2.3), | can create associations between cytochromes and
electrochemical pathways (Table A.1).

Membrane cytochromes can be associated to a specific pathway.
Four clusters of outer membrane genes have been shown to be required for EET in G.
sulfurreducens under certain conditions: ExtABCD, ExXtEFG, ExtHIJK, and OmcBC,;
deleting all four clusters prevents EET respiration (Otero et al., 2018). Our differential
expression data suggests that these clusters may be associated with different electron
acceptor potentials. In our data, extJ and extK were downregulated in the formate -0.17 V
biofilm versus the acetate -0.17 V biofilm (log2FC=2.6, pagj=0.016, log.FC=1.7,
Padj=0.016). The formate -0.17 V biofilm was predominantly represented by the Low
pathway in our electrochemical data whereas the acetate -0.17 V biofilm had a strong
signal from the Medium pathway. From this, | can infer that the ExtHIJK proteins may
contribute to the Medium pathway signal. SHE. Likewise, | infer that EXtEFG may be
associated with respiration at the highest potentials due to the downregulation of extF and
EXtG in the formate condition grown at an electrode potential of -0.17 V when compared
to the expression in planktonic fumarate sample which | assume represents expression of
the pathway associated with the highest potential. The fumarate/succinate redox couple
has a standard potential of 0.03 V at pH 7, making it more positive than any other

acceptor used in this study.
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The expression of the gene omcB is downregulated in the formate -0.17 V biofilm
relative to the acetate anode biofilms at all three potentials and the formate -0.07 V
biofilm, indicating that it may be associated with the Medium pathway. OmcB forms part
of a conduit that transfers electrons through the outer membrane and is involved in
reduction of Fe(lll) citrate and ferrihydrite (Liu et al., 2015). | observed differential
expression of omcB but not omcC — two paralogs with 65% amino acid similarity.
GSU2808 is another outer membrane cytochrome with the opposite expression pattern to
omcB. GSU2808 was significantly upregulated in the formate -0.17 V biofilm relative to
all other anode biofilm conditions indicating an association with the Low pathway.
GSU2808 is a 5 heme cytochrome that has been linked to palladium reduction with
acetate as the electron donor (Hernandez-Eligio et al., 2020).

| expected to see upregulation of imcH. ImcH is the inner membrane cytochrome required
for EET at anode potentials above -0.1 V vs. SHE, but there was no significant change
among any anode potentials. Yet, imcH was a highly expressed cytochrome gene in all
conditions, with a base mean of 869 which is in the 94" percentile among all genes.
Given the anode potentials I chose, it is possible that our experimental design did not
capture the differential expression of ImcH. Based on our electrochemical modeling and
the differential expression data, none of the conditions | studied were primarily using the
High pathway associated to ImcH (Table 2.1). CbcL, the inner membrane cytochrome
required for potentials below -0.1 V vs. SHE, was significantly downregulated in the
formate -0.17 vs. SHE samples compared to the formate -0.07 V samples (log2FC = 3.0,
adjusted p = 1.8E-5) but not significantly different between any of the acetate anode
biofilm potentials. This observation fits well with the CV data where all conditions
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except for the -0.17 V formate biofilm had a signal from the Medium pathway. Recent
work has identified CbcAB as a crucial protein complex for G. sulfurreducens to respire
at potentials below -0.2 V vs. SHE (Joshi et al preprint 2021), but I did not detect any
differential expression in cbcA or cbcB, although each gene had a base mean of counts in
the 97" and 95" percentile, respectively. Apart from these known inter membrane
proteins, dhcl was differentially expressed with an association to the Low potential
condition (Table A.1). This gene encodes for a unique diheme cytochrome of unknown
function with a predicted inner membrane localization.

Extracellular cytochromes network adapts to redox conditions.
Filaments made of OmcS or OmcZ units have been implicated as a critical component of
long distance EET (F. Wang et al., 2019; Yalcin et al., 2020). | observed that omcS was
significantly upregulated in the fumarate conditions relative to all anode biofilms except
for the acetate -0.07 V vs. SHE condition. G. sulfurreducens may use OmcS for EET
only at higher anode potentials, above ~ (—0.1) V vs. SHE. Fumarate, with a standard
reduction potential of 0.03 V vs. SHE, appears to be stimulating the expression of the
High pathway. To our knowledge, previous studies on OmcS filaments have all used
either fumarate or an electrode poised above 0 V vs. SHE as the electron acceptor. Of the
“omc” genes, the most likely candidate for replacing the function of OmcS at lower
potentials based on our data is omcZ. The OmcZ protein was recently shown to form
nanowires with a high conductivity in G. sulfurreducens (Yalcin et al., 2020) and has
been shown to be preferentially expressed at low potentials (Peng & Zhang, 2017). Our
data supports that the differential expression of omcS vs. omcZ appears to be at least
partially controlled by electron acceptor potential with omcZ being important when the
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Medium pathway is detected. Interestingly, I did not observe an upregulation of omcZ in
the Formate -0.17 V condition relative to planktonic fumarate despite the down
regulation of omcS (Figure 2.3B and 2.3F), suggesting that there may be more than just
omcS and omcZ responsible for the pathway-dependent switch in the extracellular part of
the pathway. Other cytochromes with predicted extracellular localization (GSU2887,
GSU3615) were more abundantly expressed under the Low Pathway conditions, but the
function of these cytochromes is yet to be elucidated (Kim et al., 2005; Leang et al.,
2005; Peng et al., 2016)

Differential expression of Ppc proteins may maximize respiratory efficiency.
Five periplasmic triheme cytochromes (PpcA-E) have been identified and characterized
in G. sulfurreducens (Lloyd et al., 2003). PpcA was first characterized and shown that its
deletion affects Fe(l1l) and U(VI) reduction, but not fumarate reduction. PpcB-D were
initially identified due to their high similarity to PpcA (75-100%), while predictions
confirmed their periplasmic location (Shelobolina et al., 2007). Most studies have
suggested the role of these cytochromes is to transfer electrons collected at the inner
membrane to outer-membrane cytochromes (Lloyd et al., 2003; Morgado et al., 2010;
Shelobolina et al., 2007). Interestingly, further studies have confirmed that PpcA and
PpcD perform a proton-coupled electron transfer; which leads to the possibility that these
periplasmic cytochromes are associated to ATP production (Morgado et al., 2010). It has
also been confirmed that electron transfer by PpcB and PpcE are not proton coupled,
suggesting a different cellular function compared to PpcA/PpcD (Silva et al., 2021).
Our observed gene expression for Formate at -0.17 V vs SHE, which has primarily the
Low pathway evident, shows an increased expression of PpcB (Fig. 3D) and PpcE (Fig.
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3F) over PpcA compared to conditions where the Medium pathway is active. Our study
associates the use of PpcB and PpcE to the Low pathway. On the other hand, ppcA
seems to be highly expressed in all other samples, this suggests its utilization for the
Medium and/or High pathways. Given that the lower potential pathway is associated
with lower electron-transfer energy available in G. sulfurreducens metabolism, there is
limited energy for proton pumping and ATP production. The use of PpcB/PpcE could be
an approach to decrease ATP production when the energy gradient is limiting, while
PpcA is used when more energy is available. Thus, our results are consistent with the
hypotheses that PpcA/PpcD are associated with ATP production (Morgado et al., 2010;
Silva et al., 2021). Analyses of these periplasmic cytochromes have also discussed
differences in working potentials, which could indicate different electron acceptors
(Morgado et al., 2010). The PpcA-E proteins function as periplasmic electron carriers in
G. sulfurreducens’ EET, so a change in the distribution of the different Ppc proteins
could allow G. sulfurreducens to maintain efficiency as external redox conditions change.
| also observed differential expression of several large cytochromes, each with at least a
dozen hemes. GSU3218 (15 hemes), GSU0702 (35 hemes), and omcN (34 hemes) are
upregulated in the acetate -0.17 V condition relative to the formate -0.17 V condition, and
therefore | associate them with the Medium pathway (Table A.1). GSU0702 has been
previously associated with respiration of electrodes at lower potentials as it was
upregulated in G. sulfurreducens grown at -0.25 V vs. SHE compared to +0.2 V (Peng et
al., 2016). Deleting omcN does not impact the reduction of soluble or insoluble electron
acceptors in one study (Aklujkar et al., 2013). The 27-heme cytochrome gene GSU2887
is associated with the Low pathway. The proteins encoded by GSU2887 and GSUQ0702
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are both predicted to be extracellular by PSORTb 3.0, but it is not clear what the function
of such large cytochromes would be outside the cell.

Formate metabolism suppresses the TCA cycle.
When acetate is available, Geobacter uses NADH generated from the TCA cycle to pump
protons across the membrane using NADH dehydrogenase for energy conservation.
When formate is the only electron donor available, Geobacter suppresses the TCA cycle
and shifts to an alternate metabolism. There were 80 genes differentially expressed
between G. sulfurreducens anode biofilms grown with the same -0.07 V vs. SHE
potential with either acetate or formate as the electron acceptor. Ten genes encoding for
subunits of the NADH dehydrogenase complex were significantly downregulated in the
formate condition. Every gene encoding for an enzyme in the TCA cycle except for sucA,
2-oxoglutarate dehydrogenase, was downregulated in the formate samples. In the formate
condition, | observed the upregulation of 15 genes including fdhD (formate
dehydrogenase) (Supplemental spreadsheet). The downregulation of NADH
dehydrogenase (nuo genes) and the upregulation of formate dehydrogenase that | observe
in formate biofilms indicate that formate dehydrogenase is replacing NADH
dehydrogenase as the primary electron carrier in the membrane electron transfer chain.
There is no evidence that Geobacter’s formate dehydrogenase can pump protons in the
same way as NADH dehydrogenase.
Formate may stimulate a similar response as hydrogen in Geobacter. hgtR, the hydrogen-
dependent growth transcriptional regulator, is a critical protein for shifting metabolism to
use hydrogen as the electron donor (Ueki & Lovley, 2009). Joshi, Chan, and Bond 2021
also found that hgtR is upregulated in a mutant G. sulfurreducens where an upstream
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regulator of CbcAB is deleted (AbccR), potentially because of thermodynamic limitations
on respiration. | observed upregulation of hgtR in both formate biofilms relative to all
acetate conditions except for the acetate -0.01 V biofilm. Although I did observe
downregulation of the TCA cycle in formate conditions, the fact that hgtR was also
relatively highly expressed in the -0.01 V acetate biofilm suggests that it is not solely
related to hydrogen/formate metabolism, but instead a thermodynamic response in G.
sulfurreducens. It is also possible that small amounts of hydrogen were produced in our
single-chamber reactors, and this activated hgtR, but in that case | would not expect to
see differential expression as a function of potential or electron donor.

| initially chose to study conditions where fumarate was the electron acceptor to capture
the transcriptome of cells that did not need to use EET. Instead, | observed the expression
of many of the EET-associated proteins in the fumarate conditions. Our data support
other work that has shown that G. sulfurreducens is not optimized to grow with fumarate.
OmcS nanowires have been isolated from fumarate cultures of G. sulfurreducens (F.
Wang et al., 2019), indicating that fumarate cultures produce the machinery of the High
potential EET pathway. G. sulfurreducens also prefers Fe(l11) as an electron acceptor
when both Fe(ll1) and fumarate are available despite fumarate providing more energy
(Esteve-Nufez et al., 2004). G. sulfurreducens uses a reversible enzyme complex,
FrdCAB for both fumarate reduction during fumarate respiration and succinate
dehydrogenation as part of the TCA cycle (Butler et al., 2006). In our data frdC was
differentially expressed, although it was not correlated with fumarate utilization. Rather,
fumarate reductase was regulated along with the other elements of the TCA cycle. frdC
was downregulated in the formate conditions relative to the acetate biofilms which is
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consistent with the downregulation of the other TCA cycle enzymes. | did, however,
observe an increased expression of dcuB in fumarate conditions. DcuB is the fumarate
transporter in G. sulfurreducens (Butler et al., 2006).

Conclusion

Due to its complicated electron pathways, fully understanding EET in G. sulfurreducens
will require synthesizing data from many techniques, and a large body of literature. In
this study, | combined electrochemical CV fittings using Nernst-Monod modeling and
RNASeq to identify electrochemical conditions that change the expression of genes
associated with different pathways. | have identified at least eight genes that show an
association to different respiratory pathways in G. sulfurreducens, and this technique
could be expanded in further studies to answer more unresolved questions about the
metabolism of G. sulfurreducens and other electroactive organisms.

Over decades of research in G. sulfurreducens, expression studies have often assumed an
anode, often poised at high potentials, as a fixed condition for growth; only recently have
studies started to recognize the importance of shifting anode potentials in its expression
and electrochemical behavior (Levar et al., 2017; Peng et al., 2016). Our results suggest
that a small shift in the anode potential (100-160 mV in our study) cause significant
changes in the respiratory pathway of G. sulfurreducens. While this is a small potential
change, it constitutes a significant increase (87-139%) in available energy for growth
using acetate as electron donor (E®=— 285 mV vs SHE). It seems that changes along the
full electron path, from the inner membrane to the extracellular matrix, occur because of
a change in potential. In Figure 2.4, | hypothesize an updated model of EET in G.
sulfurreducens. Trifurcation of electrons occurs at the inner membrane as previously
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reported (Joshi et al., 2021; Levar et al., 2017). In order to maintain efficient energy
conservation, many redox proteins along the EET pathway should change to create a
cascading potential gradient from the inner membrane to the anode. Based on our data, |
propose in Figure 2.4 some of the electron carriers in each of the three pathways, with
changes at the periplasmic, outer membrane, and extracellular portions of the electron
transfer chain. I anticipate that future studies will associate more electron carriers with
each pathway and complete the model.

Since the respiratory pathways in G. sulfurreducens involve a complex network of
cytochromes extending to the extracellular space, changing this pathway due to a shift in
electron acceptor conditions (e.g., change in anode or metal oxide potential) would
require a significant energy investment. Thus, my results imply some limitations in
respiratory efficiencies as redox conditions change and add more context to the

complicated story of G. sulfurreducens.
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Figure 2.4 My hypothesized schematic of the EET process in G. sulfurreducens and how
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dehydrogenase (Nuo) reduces menaquinone (MQ), or in the case of formate metabolism

electron transfer chain. At the inner membrane, electrons enter one of three EET
pathways. In the Low pathway, CbcAB (Joshi et al., 2021) oxidizes menaquinol, the
periplasmic electron transfer favors PpcB and PpcE, and the ExtABCD complex is
involved at the outer membrane. In the Medium pathway, CbcL transfers electrons to
PpcA in the periplasm and then to ExtHIJKL and OmcBC and OmcZ at the outer

membrane. Our study did not capture the High pathway well, but I do know it uses ImcH
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(Levar et al., 2017) at the inner membrane and OmcS as an extracellular electron carrier.
This diagram is not a complete explanation of all the EET pathways in G. sulfurreducens
but rather a way to highlight some of the associations I have discovered. Created with
BioRender.com.

Methods

(® Inoculation ® Growth (® Data Collection

Current

time min v

Figure 2.5 1) G. sulfurreducens is inoculated into a microbial electrochemical cell with a
graphite electrode acting as the electron acceptor for growth using a potentiostat to apply
a potential. 2) Growth is monitored via chronoamperrometry until the bacteria produce 1-
2 A/m? during exponential growth, indicating a thin and active biofilm. 3) At this stage, |
perform cyclic voltammetry on the biofilm, or the biofilm is collected, and RNA is

extracted for transcriptomics. Created with BioRender.com.
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Growth.
Geobacter sulfurreducens PCA was grown under 7 different conditions. “Planktonic”
samples used ATCC 1957 medium in sealed anaerobic test tubes and extracted 48 hours
after inoculation. Anode biofilm samples used a modified ATCC 1957 medium without
sodium fumarate in a single chamber microbial electrochemical cell with a graphite rod
electrode (600-800mm?) serving as an anode. The reactor volume was 100mL with an
Ag/AgCI reference electrode (BASI, Indiana USA) and a stainless-steel wire as cathode.
Acetate anode biofilms were poised at three different potentials, -0.07 V vs. SHE, -0.17
V vs. SHE, and -0.01 V vs. SHE. Formate anode biofilms were poised at two potentials —
-0.07 V vs. SHE, and -0.17 V vs. SHE. I used a conversion of -0.27 V vs. Ag/AgCl is 0 V
vs. SHE. Anode biofilm growth was monitored with a BioLogic VMP3 potentiostat
(Tennessee, USA) and samples were collected during exponential current growth phase
in the range of 1-3 A/m?to capture a thin biofilm. Fumarate biofilm samples used ATCC
1957 medium in a continuously mixed flow-through reactor identical to the anode biofilm
reactor with a hydraulic retention time less than the reported doubling time for G.
sulfurreducens and with the cell in open circuit. Planktonic samples were collected by
centrifugation, and biofilms were collected by scraping. Seven conditions were sampled
in biological triplicate for a total of twenty-one samples.

RNA processing.
RNA was extracted from all samples with a QIAGEN PowerMicrobiome RNA extraction
kit (Germany). The extraction process began within 5 minutes of disturbing each culture.
RNA quality and quantity were assessed with a Nanodrop spectrophotometer and an
Agilent Bioanalyzer 2100. Ribosomal RNA contamination was reduced with the
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MICROBEXxpress Bacterial MRNA enrichment kit (ThermoFisher, Massachusetts USA).
Illumina (California USA) sequencing libraries were prepared with KAPA Biosystems
Hyperprep RNA (Massachusetts USA) before pooling and sequencing on an Illumina
Nextseq 500 2x150 module. Sequencing was performed at the OKED Genomics Core at
Arizona State University.

Differential Expression.
Sequence quality was assessed with FastQC (Andrews, 2010). After demultiplexing,
reads were trimmed with trimmomatic (Bolger et al., 2014) to remove low quality read
segments. The majority of ribosomal reads were removed by alignment to reference
sequences in Bowtie2 Filtered reads were aligned to the G. sulfurreducens PCA RefSeq
genome using Bowtie2 (Langmead & Salzberg, 2012), and only paired alignments were
kept. Alignment files were transformed for analysis in R with samtools (Li et al., 2009).
In R, aligned reads were mapped to the NCBI RefSeq assembly for G. sulfurreducens.
Ribosomal RNA-mapped reads were removed before differential expression analysis.
Differential gene expression was analyzed with the R package DESeq2 (Love et al.,
2014). Ribosomal protein genes are removed from data presented here. Transcriptomic
data and metadata are hosted in the NCBI Gene Expression Omnibus database under
accession number GSE200066.

Electrochemistry.
Anode biofilms used for cyclic voltammetry were grown under similar conditions to the
samples used for RNA extraction. | used a Bio-Logic VMP3 potentiostat for all
chronoamperometry and cyclic voltammetry. Cyclic voltammograms were recorded with
a scan rate of 5 mV/s from —0.5 V vs. SHE to +0.5 V vs SHE. A total of 3 consecutive
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scans were performed for each biofilm and the second scan was used for fittings. Fitting
to Nernst-Monod curves to the data by optimizing each jmax was performed in using the

nl2sol non-linear least squares regression from the R package stats (R 3.6.3, 2021).
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Equation 1: Three-part Nernst-Monod expression to model the G. sulfurreducens biofilm
cyclic voltammograms. F is Faraday’s constant (96,485 C/mol), R is ideal gas law
constant (—8.314 J/mol K, T is temperature (K), and E is the anode potential (V) as
measured by the potentiostat. j is current density (A/m?). In the model, each jimax Was a
fitting parameter.
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CHAPTER 3

G. SULFURREDUCENS' HIGH IRON AND LIPID CONTENT
The following chapter is adapted from a publication in Microbiology Spectrum
(Appendix B).
Anode-respiring electroactive bacteria , such as Geobacter sulfurreducens, have been
studied for almost two decades for their capability to produce electrical current from
metabolic respiration of organic compounds while in multi-layered biofilms (Bond et al.,
2012; Reguera et al., 2006; C. I. Torres, 2014) . A unique feature of these biofilms is the
extracellular matrix that allows the transport of electrons over tens of micrometers
(Chadwick et al., 2019; Geobacter Protein Nanowires, 2019; F. Wang et al., 2017). As
part of this extracellular matrix, several components have been proposed to be crucial in
achieving extracellular electron transport (EET). The transport of electrons starts at the
inner membrane, and travels across the periplasm and outer membrane before it reaches
the extracellular environment. Cytochromes at these locations are known to play an
important role in delivering electrons outside the cell (Levar et al., 2017; Otero et al.,
2018; Pessanha et al., 2006; Zacharoff et al., 2016). Microbial nanowires, now also
identified as cytochrome polymers (Geobacter Protein Nanowires, 2019; F. Wang et al.,
2017), are the main path by which electrons are thought to be conducted in the
extracellular environment, reaching a solid electron acceptor. Extracellular polymeric
substances (EPS) have also been proposed to play a role in EET in G. sulfurreducens as
well (Bond et al., 2012; Rollefson et al., 2011). On the other hand, Shewanella oneidensis
MR-1 has been shown to produce outer membrane and periplasmic extensions, which are
lipid bilayers and contain extracellular cytochromes (Pirbadian et al., 2014; Subramanian

31



et al., 2018). In both cases, it is clear that the EET mechanism creates an extra metabolic
burden to electroactive organisms and that it can alter their cell composition and nutrient
requirements when compared against microorganisms performing respiration of soluble
electron acceptors. These nutrient requirements, however, have not been assessed in a
systematic way.

Transcriptomic and proteomic studies in G. sulfurreducens have highlighted the
importance of respiratory and EET proteins for their growth on anodes and metal oxides.
Extracellular and outer membrane proteins, including pili, outer membrane channels, and
c-type membrane cytochromes, are essential to the metabolism of G. sulfurreducens
(Aklujkar et al., 2013; Estevez-Canales et al., 2015; Jiménez Otero et al., 2021; Joshi et
al., 2021; Kim et al., 2005; Leang et al., 2005; Levar, Chan, Mehta-Kolte, et al., 2014;
Liu et al., 2015; Lloyd et al., 2003; Mehta et al., 2005; Nevin et al., 2009; Peng & Zhang,
2017; Shelobolina et al., 2007; Zacharoff et al., 2016). The high abundance of these
proteins and other possible extracellular components may result in a unique cellular
composition. For example, each cytochrome contains one or more iron-containing heme
complexes which can influence the iron content of the cell. An analysis of cell
composition can provide insights into the composition of the extracellular matrix and
EET-related components.

Several studies have provided insights into the cellular composition of G. sulfurreducens.
For example, the lipid fraction of Geobacter sulfurreducens was reported 15% wt/wt by
Mahadevan et al., 2006, where an additional 4% lipopolysaccharides fraction was
assumed (Mahadevan et al., 2006). In comparison, the lipid in Escherichia coli has been
reported to be 9.1% wt (Neidhart et al., 1990) while cyanobacterium Synechocystis sp.
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PCC6803, known to produce thylakoid membranes, has been reported to be as high as
14% wt(Cuellar-Bermudez et al., 2015) and the lipid-rich microalgae Schizochytrium sp.
can contain up to 30% lipid (Byreddy et al., 2016). The high lipid content of G.
sulfurreducens has potential implications for biotechnology applications.

To our knowledge, few studies have performed a metallomic analysis in G.
sulfurreducens, and the existing literature has conflicting results. Previous research
showed that G. sulfurreducens, when grown on fumarate as electron acceptor, has similar
metal content to that of E. coli. On the other hand, the closely related organism
Geobacter metallireducens grown on iron citrate showed an order of magnitude higher
iron content; but the possible formation of inorganic precipitates was reported to be a
possible hindrance to the measurement (Budhraja et al., 2019). Another study found that
G. sulfurreducens had a per cell iron content an order of magnitude higher than E. coli,
and that limiting growth medium iron content inhibited EET in G. sulfurreducens
(Estevez-Canales et al., 2015).

In this study, I hypothesized that G. sulfurreducens has a significantly different cellular
composition compared to other cells performing soluble respiratory metabolisms. The
differences that stem out of the EET requirements can help explain how EET develops.
Understanding these characteristics can lead to a better growth and maintenance of this
microorganisms in laboratory and applied systems. | performed a metallomic analysis on
G. sulfurreducens grown on an anode versus fumarate as electron acceptors and
compared it to E. coli K12. The use of an anode allows us to study EET and eliminates
the interference of possible iron oxides reported by Budhraja et al. (Budhraja et al.,
2019). 1 also performed an elemental analysis (C, H, O, N, ash content) and a fraction
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analysis (protein, carbohydrates, and proteins) to obtain a comprehensive cell
composition and determine if the previously observed lipid fractions measured in
fumarate samples are also observed during anodic respiration. The results are
complemented with a transcriptomic analysis of G. sulfurreducens grown under similar

conditions.
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Methods

Bacterial strain and culture media.
We subcultured Geobacter sulfurreducens PCA (ATCC) and Escherichia coli K-12 from
commercially available stocks. Medium compositions are listed in detail in Table A.2 for
four different cases: 1. G. sulfurreducens grown in microbial electrochemical cell
(electrode), 2. G. sulfurreducens grown in sodium fumarate-containing serum bottle
(fumarate), 3. E. coli grown in Geobacter medium, and 4. E. coli grown in M9 medium.
In brief, Geobacter medium contained sodium acetate (50 mM), NaHCO3 (30 mM),
NH4Cl (20 mM), NaH2PO4 (4 mM), KCI (1 mM), vitamin mix (10 mL), and trace
minerals (10 mL). Trace minerals contained Nitrilotriacetic acid, trisodium salt (5.5 mM),
MgSOa-7H20 (12 mM), MnSO4-H,0 (2.9 mM), NaCl (17 mM), FeSO4-7H20 (0.36
mM), CaClz-2H.0 (0.68 mM), CoCl2-6H20 (0.42 mM), ZnCl> (0.95 mM), CuSQO4-5H,0
(0.4 mM), AIK(SO4)2-12H,0 (0.2 mM), H3BO4 (0.16 mM), NazM0oOa-H0 (0.01 mM),
NiCl2-6H20 (0.01 mM), and Na;WQO4-2H>0 (8.5 uM). We provided higher concentration
of acetate (50 mM) than the previous studies(Snider et al., 2012; Strycharz-Glaven et al.,
2011; Yates et al., 2016) (10 mM), as we used a higher electrode surface area requiring
more reduced electron donor. For G. sulfurreducens grown in serum bottles, sodium
fumarate (100 mM) was added in the medium. We bubbled the media with N2/CO>
(80:20 v/v) to remove oxygen before autoclaving. After autoclaving, FeCl2-4H,0O (20
uM), Na2S-9H.0 (54 uM), sodium bicarbonate, and vitamins were added in anaerobic
glove box. E. coli medium (ATCC Medium 2511 - M9 Minimal Broth) contained glucose
(44 mM), NazHPO4 (180 mM), KH2PO4 (44 mM), NaCl (17 mM), NH4CI (37 mM),

MgSO4-7H20 (0.2 mM), CaCl2 (10 uM), and thiamin (24 uM). Media for E. coli (M9
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and Geobacter medium) were autoclaved without any gas sparging. Geobacter medium
for E. coli contained the same ingredients of G. sulfurreducens for microbial
electrochemical cells except electron donor; the same concentration of glucose as M9 (44
mM) were used instead of acetate.

Electrochemical setup and operation.
Single-chamber microbial electrochemical cells were constructed in 500 mL bottles with
rubber stoppers located on top having PTFE tubing for gas inflow and outflow, carbon
anode as working electrode, nickel wire cathode as counter electrode, and reference
electrode. We used two square graphite electrodes to grow biofilms of G. sulfurreducens
with a surface area of ~20.9 cm?, and an Ag/AgCl reference electrode (BASi, West
Lafayette, IN). We mixed the chambers with magnetic stirrer bars at 180 rpm and flushed
humidified N2/CO> gas (80:20 v/v) continuously. Before filling up the media in the
anaerobic glove box, electrochemical cells were autoclaved for sterilization. We set -0.3
V vs Ag/AgCI (-0.03 V vs. SHE) as fixed anode potential using a VMP3 digital
potentiostat (Bio-Logic USA, Knoxville, TN). This is at the lower end of the range of
electrode potentials that G. sulfurreducens can respire. Fumarate-grown G.
sulfurreducens reactors were set up in 250 mL serum bottles. Both electrochemical cells
and serum bottles were in a temperature-controlled room at 30 °C. Also, the media filling
along with inoculation was performed in the anaerobic glove box. We used 250 mL
flasks for E. coli cultivation with M9 and Geobacter media. Geobacter medium (G
medium) for E. coli was used to compare the cell composition with G. sulfurreducens.
After filling the media and inoculation for E. coli, we placed the flasks in an incubator

with shaking at 180 rpm and temperature at 37 °C.
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Sample preparation.
For the determination of carbohydrate, protein, lipid, metal, and element per dried cell,
we collected the G. sulfurreducens grown on anodes in the microbial electrochemical
cells and in serum bottle reactors and the E. coli grown in flasks. G. sulfurreducens
biofilms grown on the anodes were scraped off with a needle in an anaerobic glove box.
Grown cells of G. sulfurreducens and E. coli from the serum bottles and flasks were
separated by centrifugation (Eppendorf Centrifuge 5810 R, USA) at 4000 rpm in
microcentrifuge tubes. Cells were washed once with a Ringer’s solution (25% strength)
and centrifuged again (Table A.2). The cells dried overnight at 105 °C in plastic tubes
and the cool pellets were then broken up with a sterile stainless-steel spatula.

Analytical methods.
We measured proteins by bicinchoninic acid (BCA) protein assay (Brown et al., 1989). In
brief, dried cell biomass (2-3 mq) treated with 0.1 N NaOH at 90 °C for 30 min, re-
suspended and centrifuged the lysate, and used 0.1 mL of supernatant for the assay.
Carbohydrates were measured by a colorimetric method (DuBois et al., 1956). In brief,
dried cell biomass (2-3 mg) was acidified in sulfuric acid with sonication for 2 hours, and
dissolved samples (0.5 mL) added in the test tubes with distilled water (0.5 mL), phenol
(50 pL), and sulfuric acid (5 mL) for overnight reaction. Concentrations of proteins and
carbohydrates were determined using calibration curve with bovine serum albumin and
glucose with the absorbance at wavelengths of 485 and 562 nm, respectively. Crude
lipids were extracted from the dried cell biomass using the Folch method (Folch et al.,
1957). The dried biomass (~15 mg) was sonicated for 1 hour and vortexed for 1 hour

with Folch solution (chloroform-methanol, 2:1, v/v) at room temperature. Solvent
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extracts were obtained after removing the biomass by centrifugation at 4000 rpm. The
crude lipid weight was determined by evaporating in the water bath (60 °C) and weighing
the tube before and after the evaporation of lipid. For metal extraction, we added dried
cell biomass (3-5 mg) to glass vials along with hydrochloric acid (12 M) and sonicated at
60 °C for 2 hours. The dissolved metals in acid were analyzed by inductively coupled
plasma - optical emission spectrometer (ICP-OES, Thermo iCAP6300). Carbon,
hydrogen, and nitrogen in the dried cell biomass (~2 mg) were measured using CHN
Elemental Analyzer (PE2400). Instrumentation for ICP-OES and CHN Elemental
Analyzer was done in Goldwater Environmental Laboratory at Arizona State University.
For oxygen estimation, we measured ash content of the dried cell biomass (~10 mg)
following the previous method (Sluiter et al., 2008), burning the biomass at 600 °C in an
alumina crucible. Then we subtracted the fraction of C, H, N, and ash content from the
dried cell biomass (100%) for O estimation. Based on the elemental analysis data (%C,
%H, %0, and %N), we obtained the empirical biomass formula followed by Equation 1

below (McCarty & Rittmann, 2001),

2n+0.5a—-1.5¢—-b a-3c

CyHaOpN, + ( g )0; — nCO, + cNH; + = H,0
(Ea. 1)
where, n =25 a=2 =22 apgc =28
12T T 16T 14T
and, T = 2 4 2 | X0 | XN
12T T 16T 14T

Transcriptomic analysis.
| sequenced reverse transcribed RNA from G. sulfurreducens grown in a single chamber
microbial electrochemical cell as an anode biofilm with an anode poised at -0.28 V vs.
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Ag/AgCl as the electron acceptor, and in anaerobic test tubes with fumarate as the
electron acceptor. Both conditions were collected in biological triplicate. | extracted RNA
with the Qiagen/MOBIO PowerMicrobiome RNA extraction kit and used the
ThermoFisher MicrobExpress bacterial mMRNA enrichment kit to reduce the fraction of
rRNA following manufacturer’s recommendations. RNA library preparation and
sequencing were performed by the genomics core facility at ASU. | mapped the reads to
the RefSeq assembly for G. sulfurreducens PCA and used DESeq?2 in R for differential
expression analysis. The cutoff determination for differential expression was set as a log»
fold change of at least 1.5 and a multiple comparison adjusted p-value of less than 0.05.
The sequencing data | used here is a subset of data analyzed in Chapter 2, and raw
sequence data is available from NCBI under accession nhumber GSE200066 (Howley,

Krajmalnik-Brown, et al., 2022).

Results and Discussion

Elemental analysis.
| analyzed the trace metals and macronutrients of dried G. sulfurreducens and E. coli
grown in the lab with different environments (Table A.3, Table 3.3, Figure 3.1). | found
significant differences between the two species in the mass fraction of several trace
metals (Figure 3.1, Table A.3, Figure A.1). Media compositions were different in each
growth condition, matching each organism’s requirements (Table A.3). There were few
differences between anode-grown and fumarate grown G. sulfurreducens. Significant
differences in Mn and Fe content were observed in E. coli when growing in M9 medium

versus Geobacter medium. Given the low abundance of nutrients in M9’s minimal
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medium, significant increases in Cu, Fe, Mn, and Se were observed when E. coli was
grown in Geobacter medium. I use this latter condition as point of reference when
comparing G. sulfurreducens and E. coli.

Several metals were present at higher concentrations in anode- and fumarate-grown G.
sulfurreducens when compared to E. coli, but only a subset of them had statistically

significant differences between the organisms (Table A.3, Figure 3.1).
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Figure 3.1. Relevant differences in metal concentrations between E. coli-GS (Geobacter
medium), E. coli-M9 (M9 medium), G. sulf-A (biofilm grown on an electrode), and G.
sulf-F (planktonic cells using fumarate as the electron acceptor). See Figure A.1 for more
comparisons. *(p<0.05), pairwise t-test with multiple comparison correction performed
with the Benjamini-Hochberg method. | chose to omit alkali metals from this figure, but

Lithium did have significant differences as well (Table A.3).
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Metals used as cofactors.
Fe is a required trace metal for cellular respiration in many organisms as the cofactor in
cytochromes. In both growth conditions for G. sulfurreducens, Fe was much higher than
in E. coli, which suggest a much higher abundance of Fe-containing metalloproteins and
other iron-containing biomolecules (Figure 3.1).
In previous studies, listed in Table 1, anaerobic bacteria are reported to have more iron
per cell biomass than aerobic bacteria. Phototrophic bacteria (Rhodospirillum,
Rhodopseudomonas, Chromatium) and facultative bacteria (Escherichia, Enterobacter)
have 150-500 ng/gdw Fe. Desulfovibrio vulgaris, an anaerobic Deltaproteobacterium like
G. sulfurreducens, has over 900 ug/gdw. Not included in our analysis are iron oxidizing
bacteria, whose Fe precipitates can lead to Fe concentrations over 2% by dry mass (Rouf,
1964). To our knowledge, G. sulfurreducens has the highest Fe content among bacteria
studied, with almost twice the content of D. vulgaris. This is consistent with their
production of heme-containing cytochromes in much higher abundance than other
microorganisms, leading to not only cytoplasmic and membrane metalloproteins, but also
an extensive abundance of extracellular cytochromes. Growing G. sulfurreducens on the
anode versus fumarate did not change the total Fe amount, suggesting similar abundance
of Fe metalloproteins. OmcS nanowires have been isolated from fumarate culture (F.
Wang et al., 2017), indicating that G. sulfurreducens does not necessarily downregulate
its EET metabolism when it is not needed. Our gene expression data also shows a high
expression of cytochromes associated with EET in fumarate and anode biofilm culture

(Figure 3.2).
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Table 3.1: Amount of iron in different prokaryotic species

Bacterial species

Iron (ug Fe/gdw)

References

Rhodospirillum rubrum

Light - 202 (+ 13)
Dark - 198 (£ 10)

Kassner & Kamen,

Rhodopseudomonas Light - 163 (x 21
sphero?des Dagrk - 230 ((i 24)) 1968 (Kassner &
Kamen, 1968)
Chromatium Light - 456 (+ 76)
Desulfovibrio vulgaris 952 Lancaster et al., 2014™
Enterobacter cloacae 154 (Lancaster et al., 2014)
Hartmann and Braun,
223 1981 (Hartmann &
Braun, 1981)
Escherichia coli Abdul-Tehrani et al.,
280 1999 (Abdul-Tehrani et
al., 1999)
300
Micrococcus roseus 200 Rouf, 1964
Bacillus cercus 300~400 (Rouf, 1964)
. Ma et al.,1999 (J. F. Ma
Pseudomonas aeruginosa 0.1 et al., 1999)
: . S Daly et al., 2004 (Daly
Shewanella oneidensis 147 et al., 2004)
I . G medium - 430 ( 90)
Escherichia coli M9 medium - 130 (£ 50) This study

Geobacter sulfurreducens

Electrode - 1970 (+ 226)
Fumarate - 1960 (£ 229)

“ Photosynthetic bacteria were grown in different growth conditions with and without

light exposure. ™ Iron in D. vulgaris and E. cloacae were estimated with the measured

iron per total protein of the cells; I used a conversion factor of 0.55 to convert from

protein to volatile solids (Neidhart et al., 1990). ® S. oneidensis iron content was

converted from nmol Fe/ mg protein to pg Fe/gdw using 52.8% protein content as

measured previously (Pinchuk et al., 2010).
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Fe may be a limiting trace mineral in commonly used G. sulfurreducens media. Estevez-
Canales et al. found that a medium concentration of 2 uM Fe limits biomass culture in a
chemostat growing G. sulfurreducens led to a culture with 1.9 x 10 ng of Fe per cell
(Estevez-Canales et al., 2015). If | assume the average cell dry weight of G.
sulfurreducens is between 100 and 1000 femtograms, as has been shown in E. coli
(Loferer-KroRbacher et al., 1998), our results would give an iron content of 2 x 107 ng to
2 x 10 ng Fe per cell in G. sulfurreducens.

Nickel, cobalt, and chrome content were significantly higher in both G. sulfurreducens
conditions relative to E. coli (Table A.3, Figure 3.1). Nickel is a cofactor in Ni-Fe
hydrogenases, and the genome of G. sulfurreducens encodes for several (Coppi, 2005;
Tremblay & Lovley, 2012). G. sulfurreducens is able to assimilate cobalt through its
cobamide-synthesis pathways (Yan et al., 2012), but it may also be precipitated on the

cell surface as a defense mechanism against cobalt toxicity (Dulay et al., 2020).

Precipitating metals.
There are some metals that may be overrepresented in our G. sulfurreducens samples due
to precipitation. G. sulfurreducens requires at least two multicopper proteins, OmpC and
OmpB, to respire Fe (111) oxide (Holmes et al., 2008), and while these and other
metalloproteins are a likely reservoir of Cu in our samples, G. sulfurreducens is capable
of reducing Cu(ll) to Cu>S nanoparticles that associate with cells (Kimber et al., 2020).
This phenomenon makes it difficult to estimate how much copper was required for
metalloproteins, and how much may have been trapped as inorganic precipitates. G.
sulfurreducens can also immobilize copper through dissimilatory reduction (Gong et al.,
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2018). In our data, the G. sulfurreducens samples were enriched in Cr compared to E.
coli (Figure 3.1), while differences in Cu were not statistically significant. Manganese
was significantly lower in the E. coli grown with M9 medium compared to all other

conditions including E. coli grown with the G. sulfurreducens medium recipe because

M9 medium does not contain manganese (Figure 3.1, Table A.3).

Based on the metal content of the G. sulfurreducens cells collected, I can estimate a
maximum cell density from the available mineral content in the common Geobacter
medium (ATCC 1957). Table A.4 shows the estimated growth cell assuming cells require
the observed metal concentrations and only have the medium as a source. As expected,
Fe is the most limiting metal in the medium, allowing for only 0.10 g cells/L. Cu and Zn
are also close to this limitation and could lead to a multi-nutrient limitation when growing
G. sulfurreducens at ~0.1 g/L. This nutrient limitation can either limit cell density in cell
suspensions or limit current generation in microbial electrochemical technologies when
operated in batch mode. Assuming a current production of ~0.28 A/g protein (Otero et
al., 2021) or 0.6 A/g cell (based on Table A.1), one liter of Geobacter medium can
support enough G. sulfurreducens cells to produce 60 mA, an amount of current that is
enough for most experimental setups but might be limiting in electrochemical cells with a

high specific surface area.
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Cell composition of G. sulfurreducens is different to an average bacterium.
| also studied the cell composition and elemental analysis (C, H, O, N, Ash) of G.
sulfurreducens. Interestingly, the G. sulfurreducens cell showed a high abundance of
lipids in both growth conditions (Table 3). The values of ~32% lipid content were much
higher than previously reported and similar to lipid-accumulating algal cultures (C. Ma et
al., 2017; Piligaev et al., 2018; Wahidin et al., 2013). It is not clear why G.
sulfurreducens requires such a high lipid content. Their smaller diameter (~ 0.5 mm) and
distinct morphology (Caccavo et al., 1994) compared to other rod-shape bacteria
certainly plays a role in the increased lipid content. Shewanella oneidensis, another
electrogenic organism, is known to produce outer membrane extensions for electron
transfer (Pirbadian et al., 2014). While it is likely that our analysis captured some
extracellular polymeric substances, the extracellular matrix of G. sulfurreducens has not
been found to have a significant lipid component (Stockl et al., 2019). Most
microorganisms exhibiting this high lipid fraction have either lipid accumulation, as in
the case of certain algal species (C. Ma et al., 2017; Piligaev et al., 2018; Wahidin et al.,
2013) or have internal lipid structures that increase its relative fraction as in the case of
thylakoid membranes and intracytoplasmic membranes (Davies & Whittenbury, 1970;
Greening & Lithgow, 2020; Murray & Watson, 1965). The lipid fraction in E. coli was
lower than G. sulfurreducens and higher than has been previously reported at 24.3 +
3.6%. However, there is a high variance in reported E. coli lipid content with values
ranging from 9 to 19% by dry weight (Damoglou & Dawes, 1968; Lee et al., 2011).
Because of the higher lipid content, G. sulfurreducens cells show a significantly lower
protein content when compared to other microorganisms (~22-26%, Table 3). Fumarate-
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grown cells had a larger protein fraction than in anode-grown cells. On the other hand,
total carbohydrates were ~2 times higher in anode-grown cell; exopolysaccharide (EPS)
excreted from G. sulfurreducens to form a biofilm on the electrode probably increases the
carbohydrate content in this growth condition.

Our elemental analysis of G. sulfurreducens cells is consistent with the low protein, high
lipid content measured. Following Eq. 1, empirical cell biomass formulas of G.
sulfurreducens, normalized to N, were calculated as Cs77H10.6102.43N for electrode-grown
and Ce58H124803.02N for fumarate-grown cells. Compared with general formulas for
bacterial biomass, such as CsH702N (McCarty & Rittmann, 2001), G. sulfurreducens has
a higher C:N ratio typical of a low protein content. It also has a higher hydrogen content,

due to the higher lipid content that has approximately a 1:2 for fumarate-grown cells.

Table 3.2 Cell compositions of G. sulfurreducens and E. coli in different growth

conditions. Error is the sample standard deviation.

.. G. sulf. G. sulf. E. coli
Sl electrode fumarate M9 medium
Proteins (mg BSA/gdw) 215 (x 7) 262 (+ 56) 284 (+ 15)
Crude Lipids (mg/gdw) 323 (+ 45) 321 (+ 35) 243 (£ 36)
frs;bgnﬁla:f; ) 193 @ 11) 87 (+24) 68 (+ 19)

C (%) 47.0 (£1.1) 46.8 (£ 1.8) 46.9 (£ 0.7)
H (%) 7.2 (£0.6) 7.4(£0.1) 7.4 (£1.0)
Elements N (%) 9.5(+0.2) 8.3(x0.3) 12.5 (+0.0)
O (%) 26.4 (£ 3.3) 28.6 (£ 3.9) 24.8 (£ 2.0)
Ash (%) 9.9 (+3.0) 9.0 (x3.3) 8.4 (x1.3)
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I compared our cellular composition of G. sulfurreducens to that reported in Mahadevan
et al. 2006 (Mahadevan et al., 2006). The main differences between the fraction
distributions reported here and those reported in Mahadevan et al. is the higher lipid
content at the expense of a lower protein content. | do not know the reason for the
discrepancy, but in both cases the lipid content is significantly higher than E. coli and
other bacterial cells.

Iron-containing genes are highly expressed.
Our analysis identified 434 genes that were differentially expressed between the anode
biofilm samples and the planktonic fumarate cells out of 3434 annotated genes detected
at quantifiable levels. 205 genes were more highly expressed in the anode biofilm, and
229 genes were more highly expressed in the planktonic samples. In Figure 3.2, MA plots
visualize the differential expression and highlight several types of iron-containing
protein-coding genes. While a greater number of cytochromes were significantly
upregulated in the anode biofilm than the number upregulated in the planktonic samples,
most cytochromes were not differentially expressed. Ferritin domain containing protein-
and nonheme Fe-S domain protein-coding genes were also present among the
differentially expressed genes. Our data show that iron-containing protein-coding genes
are expressed in both planktonic fumarate cultures and anode biofilms, but that there are
specific iron-related genes whose expression depends on growth conditions. The
abundance of expression of Fe-containing proteins is consistent with the high Fe
abundance in both conditions. | also investigated the expression of lipid synthesis

pathway genes and found that many of them were present in the transcriptome but not
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differentially expressed, although a few lipid-associated genes showed significant

differences (Figure A.2).
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Figure 3. 2 MA plots of mMRNA gene expression data comparing planktonic cells and

anode biofilms. Positive log2 fold change indicates higher expression in the anode

biofilm condition. Solid points indicate a log2 fold change greater than 1.5 and an

adjusted p-value below 0.05.
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Conclusions

G. sulfurreducens is a bacterium with a complex system of electroactive proteins, and
those electroactive proteins largely require iron. This may be a factor in the high iron
concentration I measured in G. sulfurreducens relative to non-electroactive Gram-
negative E. coli and values reported in literature for other bacteria. Our analysis
complements previous work showing that restricting iron limits EET in G. sulfurreducens
(Estevez-Canales et al., 2015). This study estimates what the nutrient limitations might be
for G. sulfurreducens, and this information is valuable for biotechnologists developing
applications using this and similar organisms. The nearly identical composition between
anode-grown and fumarate-grown cells supports the hypothesis that G. sulfurreducens is
not adapted to efficiently grow on fumarate — it makes electron carriers for EET
regardless of the electron acceptor if the nutrients are available. The lipid content
measured in G. sulfurreducens was higher than what has been reported before, and
relatively high for a bacterium without lipidic storage. While all samples were taken from
active biofilms or suspended cultures, | did not have a mechanism to separate dead cells
from active cells, and it is probable that the composition of an individual cell may differ
from the composition of the bulk samples analyzed. When compared to similar studies on
other bacteria and the E. coli in our study, | have shown that G. sulfurreducens has a
unique composition to support its complex metabolism.

The funding for this work was provided by Office of Naval Research (ONR awards
N0014-15-1-2702 and N0014-20-1-2269). | also thank Roy Erickson and Adam Smith
for assistance of ICP-OES and elemental analysis (Goldwater Environmental Laboratory
at ASU) and the Genomics Core at ASU for sequencing.
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CHAPTER 4

INTRACYTOPLASMIC MEMBRANES DEVELOP IN G. SULFURREDUCENS
While biologists classically differentiate prokaryotes from eukaryotes by a difference in
organelle compartmentalization of the cytoplasm, reality is more complicated.
Prokaryotes with a diverse variety of metabolisms and ecological niches express various
well-defined intracellular organelles (Chowdhury et al., 2014; Greening & Lithgow,
2020; Shively, 2006). Most of the organelles that have been characterized in prokaryotes
fall into one of two categories. The first are isolated compartments where specialized
conditions are maintained to perform chemical processes not possible in the cytoplasmic
space e.g. the anammoxosome (Strous et al., 1999), the carboxysome (Shively et al.,
1973), and the acidocalcisome (Seufferheld et al., 2003). The second category of
prokaryotic organelles consists of densely packed membrane structures that facilitate
higher throughput for membrane-dependent metabolic processes by increasing the
available surface area in a cell e.g. the thylakoid, the chlorosome (Staehelin et al., 1980),
and membranous structures in methane, nitrite, and ammonia oxidizers (Davies &
Whittenbury, 1970; Fassel et al., 1992; Fiencke & Bock, 2006; Watson, 1971). | use the
general term ‘intracytoplasmic membrane’ (ICM) to describe all these lipidic structures
in prokaryotes as it includes organelles with membranous structures with unknown
functions. For organisms operating with thin thermodynamic margins or performing slow
chemical reactions, the rate of enzyme activity, e.g., ATP production, should be
proportional to the membrane surface area available for those enzymes. In methane-
oxidizing bacteria, for example, two essential membrane-associated metabolic enzymes —
methane monooxygenase and methanol dehydrogenase — are localized in the ICM,
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providing higher throughput for a potentially rate-limiting reaction (Brantner et al., 2002;
Fassel et al., 1992), and the same has been observed with ammonia monooxygenase in
ammonia-oxidizing bacteria (Fiencke & Bock, 2006). Interestingly, the relationship
between membrane proteins and ICMs goes both ways, as modifying a bacterium to
overexpress a membrane-bound enzyme can spur ICM-like structures in a bacterium that
normally lacks any organelles (von Meyenburg et al., 1984; Weiner & Lemire, 1984).
Geobacter sulfurreducens is a gram-negative Thermodesulfobacterium (previously
classified as a d-proteobacterium) that reduces iron and other metals in anaerobic
environments (Caccavo et al., 1994). As an organism adapted to respire insoluble metal
oxides in nature, G. sulfurreducens is capable of respiring man-made solid electron
acceptors as well (Bond & Lovley, 2003). In an engineered system, | can take advantage
of this extracellular electron transfer (EET) to produce a measurable electrical current.
Amplicon sequencing of electroactive biofilms typically finds Geobacter species to be
the most abundant organism, regardless of the source of inoculum (Yates et al., 2012). G.
sulfurreducens reduces electron acceptors with a wide range of estimated redox potentials
(Levar et al., 2017; Pat-Espadas et al., 2013) (—0.17 [goethite] to +0.98 V vs. SHE
[palladium]), produces a relatively high current density in engineered systems (as high as
10 A'-m?)(C. I. C. I. Torres et al., 2008), and has a complex network of electron carriers
(Bonanni et al., 2012; Howley, Krajmalnik-Brown, et al., 2022; Joshi et al., 2021; Levar
etal., 2017). In order to adapt as the redox potential of its electron acceptor changes, G.
sulfurreducens expresses at least three different electron transfer pathways that each have

an optimal growth condition and distinct electrochemical signal (Joshi et al., 2021; Levar
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etal., 2017; Levar, Chan, Mehta-Kolte, et al., 2014). For these reasons, G. sulfurreducens
is considered a model electroactive organism (Lovley et al., 2011).

Metal-reducing bacteria like G. sulfurreducens can operate in a relatively energy-limited
niche. G. sulfurreducens oxidizing acetate and reducing natural iron (I111) minerals can
have as little as 0.12 Volts of redox differential in the case of goethite (Orsetti et al.,
2013), versus ~1.1V for aerobic acetate oxidation. In electroactive biofilms, G.
sulfurreducens experiences a gradient of redox potential since cells in the outer region of
the biofilm will have a lower effective potential due to impedance in the biofilm matrix
(C. 1. Torres et al., 2010). G. sulfurreducens’ ability to adapt to varying redox conditions
depends on a complex network of electron carriers. This flexible metabolism is strictly
dependent on membrane processes; the inner membrane electron transport chain in G.
sulfurreducens requires different electron carrier proteins dependent on the amount of
energy available to the cell i.e., the redox potential of the terminal electron acceptor
(Joshi et al., 2021; Levar et al., 2017; Levar, Chan, Mehta-kolte, et al., 2014; Yoho et al.,
2014). When energy-limited by electron acceptors with low redox potentials, G.
sulfurreducens’ growth could be limited by both a lower rate of respiration according to
Nernstian Kinetics (Kato Marcus et al., 2007; C. I. Torres et al., 2010) and by a lower
yield of ATP generation per electron respired. The effect is a membrane-limited
respiratory metabolism. This limitation results in a decreased growth and respiratory rate
for G. sulfurreducens growing on low redox potential electron acceptors (Levar, Chan,
Mehta-kolte, et al., 2014; Wei et al., 2010).

In this work, I have discovered ICM structures in G. sulfurreducens. | used confocal
microscopy, plastic embedded thin-section transmission electron microscopy (TEM), and
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cryogenic electron tomography (CryoET), to identify ICM structures in G. sulfurreducens
that are localized in specific subcellular regions. By observing cells in different redox
conditions, | can test the hypothesis that ICM in G. sulfurreducens is associated with
thermodynamic conditions where cells must respire at low potential. These observations
have significant implications for the holistic understanding of respiration under energy-

limited conditions.

Results and Discussion

Morphology of ICM in G. sulfurreducens through TEM imaging. In thin plastic
sections prepared via freeze substitution of plunge-frozen cells, | observed ICM
structures in G. sulfurreducens cells collected from a biofilm that was grown on an anode
at -0.07 V vs. SHE. The ICMs mostly appear as parallel bands of membrane in the
cytoplasm and are localized to a fraction of the cell’s entire volume (Figure 4.1). In some
cases, the ICMs were also observed as curved or circular structures. In most cases, when
the TEM section showed the full length of the cell, ICMs mostly appeared towards one of
the tips of the cell (Figure 4.1B, D). | did not find cells with ICM in more than one area
of the cytoplasm, and not every cell in our plastic sections had evidence of the structure. |
repeated the plastic sectioning procedure with cells grown using fumarate, a soluble
electron acceptor with a higher redox potential (E’o = 0.03 V vs SHE), and | did not find

evidence of ICM in the resulting micrographs (Figure A.3-A.6).
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Figure 4.1 Plunge frozen, freeze substituted plastic embedded TEM micrographs of G.

sulfurreducens collected from an anode biofilm poised at -0.07 V vs. SHE. ICM
structures present as parallel bands in one area of a cell. 3A, 3C, and 3E show ICM in
cells sliced perpendicular to the major axis, while 3B, 3D, and 3F show ICM in cells
sliced parallel to the major axis where the ICM is located near the tip of the cell.

Micrographs were collected on an FEI TF20. Scale bars: 100 nm.

Conventional plastic embedded TEM has been used to characterize bacterial ICMs for
over 50 years(Murray & Watson, 1965). The ICM of G. sulfurreducens shares some
morphological characteristics with previously described structures in other bacteria.
Ammonia-oxidizing bacteria (AOB) can produce ICMs with one continuous membrane
folded tightly into parallel bands localized to one area of the cell, although the ICM in
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AOB appears to occupy a larger fraction of the cell volume compared to what I observed
in G. sulfurreducens (Murray & Watson, 1965). The ICM in AOB forms from
invagination of the inner membrane (Murray & Watson, 1965). In the AOB
Nitrosomonas eutropha, ICM development is stimulated by ammonia-oxidizing
conditions, but ICM is not developed during anoxic denitrification (Schmidt et al., 2001).
Similarly, | observed the production of ICM in G. sulfurreducens in response to certain
environmental redox conditions. In G. sulfurreducens, | have not yet determined the
signal mechanism that activates ICM expression or if there are cytoskeletal-like proteins
involved in their organization.

3D structure of ICM- Using CryoET of whole cells, | observed ICM without the
artifacts and membrane damage commonly introduced by dehydration (Bouchet-Marquis
& Hoenger, 2011). | grew G. sulfurreducens directly attached on TEM grids with the grid
itself serving as the anode in an electrochemical cell followed by immediate vitrification.
Reconstructions of G. sulfurreducens cells display ICM that are not as tightly packed and
regular as what | observed with plastic section TEM (Figure 4.2, Figure 4.3). The
difference in ICM appearance between CryoET and plastic embedded thin-section TEM
could be related to artifacts from the dehydration process prior to embedding, or due to a
difference in the growth stage of the biofilm. CryoET revealed that the ICM in G.
sulfurreducens has significant variance in morphology. In some cells, the ICM is a
loosely organized mass of membrane structures (Figure 4.3), but in others it is more
regular and composed of smaller units (Figure 4.2). This variance may represent different
stages of development of the structure, since cryotomography samples were taken only
after 24 hours of introducing an EM grid into the electrochemical cell, while plastic-
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section TEM images capture cells that were collected from a fully developed biofilm.

ICMs as observed in cryotomograms were closely associated to the inner membrane in

most cases, and typically near the tip of the cell (Figure 4.2).

Figure 4.2 (A) Tomogram slices illustrating how 3D models were created via tomogram
segmentation of ICM located in the tip of a G. sulfurreducens cell with the inner
membrane, outer membrane, ICM, and several nanowires modeled from the tomogram.
The scale bar is 100 nm. (B, C, D) 3D models of three separate cells displaying ICM near

the tip of each cell. These cells were grown at -0.07 V vs. SHE directly on a grid.

Protein nanowires are important to the respiration of G. sulfurreducens (Peng & Zhang,
2017; F. Wang et al., 2019). | observed extracellular protein nanowires in most of the
cryotomograms that I collected, but it is unclear if there is a direct relationship between
nanowires and ICMs (Figure 4.2). Some nanowires intersect the outer membrane near the

ICM locations, but others do not. As the ICM is expected to be an area of high metabolic
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activity, the location of nanowires for extracellular electron transfer might be
preferentially localized near this area.

In a sample grown with a lower potential anode (—=0.17 vs. SHE), I can observe a putative
earlier ICM development stage (Figure 4.3). The ICM is clearly shown to be formed by
invagination of the inner membrane, which is consistent with ICM formation in other
bacteria (e.g, Rhodobacter sphaeroides) (Tucker et al., 2010; Woronowicz et al., 2013).
While a complex ICM network is evident, close inspection shows all sections to be
interconnected with cytoplasmic space within them. Thus, it is a continuous inner
membrane invagination. Most importantly, the periplasmic space is continuous,
providing a path to the outer membrane from all regions of the ICM. This continuous
periplasmic space is most crucial for G. sulfurreducens’ metabolism of extracellular
respiration, where electrons from the inner membrane must be transported extracellularly,
passing through periplasmic cytochromes along the way (Aklujkar et al., 2013; Lloyd et

al., 2003).
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Figure 4.3 Cryotomograph slices and 3D model of a G. sulfurreducens cell grown at —

0.17 V vs SHE on a holey-carbon/gold cryo-EM grid as anode for 24 hrs. Cryotomogram
shows how ICM seems to form by invagination of the inner membrane. Top — selected
tomogram slices in the z axis displaying sections of the invagination. Bottom — 3D
model of the inner membrane and outer membrane through (bottom left) the entire
thickness of the modeled volume and (bottom right) the model sliced approximately in

half in the z axis to show the ICM profile at a different depth. Scale bar: 100 nm.

ICM abundance differences

I can also identify the presence of ICM in G. sulfurreducens with confocal microscopy. A
similar technique has been used to identify ICM in methanotrophs (Whiddon et al.,
2019). I took confocal images of fixed G. sulfurreducens biofilm cells grown at different

anode potentials, or from cell suspensions grown with fumarate as electron acceptor, and
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each image had numerous individual cells (Table A.5). The ICM is a localized bright area
within a cell when it is stained with Nile red, a lipid-selective fluorescent dye (Greenspan
et al., 1985) . Some cells have a single ICM, while others have multiple distinct ICM
regions (Figure 4.1b). Generally, the ICM are located near the tips of cells, but I also
observed ICM in locations throughout the length of a cell. By using the ImageJ plugin
MicrobeJ (Ducret et al., 2016), | can detect cell boundaries and the local maxima within
them that | have identified as ICM. The ICM area as a fraction of total cell area had a
median value of 5.7% in the electrode biofilm grown at -0.07 V and 4.2% in the fumarate
cells, but there is a high variance in fractional area with some cells having over 30% of
the area occupied by ICM (Figure A.6 and Figure A.7). This is lower than the cell area
occupied by ICMs in methanotrophs (Whiddon et al., 2019). By applying identical image
analysis (ICM counting) to cells collected from different conditions, I found that a change
in electron acceptor significantly affects the frequency of G. sulfurreducens cells
displaying ICM (Figure 4a). In biofilms grown on anodes at higher potentials | observed
a relatively lower fraction of cells with ICM (41 £ 4% at -0.03 V vs. SHE vs. 58 + 8% at
-0.17 V vs. SHE). Cells grown with fumarate had the lowest incidence of ICM (14 £
10%) despite the fumarate/succinate redox couple having a potential around +0.03 vs.
SHE, similar in redox potential to our highest anode potential studied. In a biofilm,
however, there will be a redox potential gradient because of ohmic losses and diffusion
limitations (Bond et al., 2012; Popat & Torres, 2016; C. I. C. I. Torres et al., 2008), so |
anticipate that cells grown with fumarate will experience a higher redox potential on
average than anode biofilm cells on an electrode at a similar potential. Since lower anode
potentials provide less potential energy for growth, the higher abundance of ICM may be
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an adaptation to energy limitation. Our image analysis used conservative parameters for

identifying ICM within cells, so the absolute frequency of ICM is likely higher.
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Figure 4.4 a: Fraction of cells with an ICM in G. sulfurreducens under different growth
conditions. Each dot represents a unique image with an average of 113 cells, see Table
A.5 for raw counts. The three potentials —-0.17, -0.07, and +0.07 — represent cells
collected from anodes poised at the respective potentials vs. SHE. The ‘fumarate’
condition cells were grown planktonically with fumarate as the electron acceptor.
Statistical testing consisted of a two-tailed t-test with Hochberg multiple comparison
correction. *(p<0.05), ***(p<0.001), ****(p<0.0001). b: Sum projection of confocal z-
stacks of G. sulfurreducens cells grown on an electrode at -0.07 V vs. SHE with

examples of ICM annotated. c: Sum projection of cells grown with fumarate as an
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electron acceptor exemplifying typical cell morphology when ICM is not present. Both
cell images were cropped from larger images taken at 100X magnification using Nile red

as a phospholipid-selective fluorophore.

Significance

G. sulfurreducens has a complex and efficient respiratory metabolism. At the inner
membrane, electrons are trifurcated into different respiration pathways depending on the
redox potential of the terminal electron acceptor (Joshi et al., 2021; Levar et al., 2017;
Levar, Chan, Mehta-Kolte, et al., 2014). Being an invagination of the inner membrane,
the ICM must contain the critical inner membrane cytochromes for respiration. In
ammonia- and methane-oxidizing bacteria, the rate-limiting respiratory enzymes —
ammonia monooxygenase and methane monooxygenase, respectively — are present
within the ICM (Brantner et al., 2002; Fiencke & Bock, 2006). For organisms with slim
thermodynamic margins, an ICM could allow a higher respiration rate by increasing
membrane surface area and the total number of respiratory proteins. Producing an ICM
must be a significant energy investment for a cell, and the structural organization of the
ICM in G. sulfurreducens suggests a specialized function outside of lipid storage. The
production of ICMs explains why G. sulfurreducens is higher in lipid content than other
gram negative bacteria (Howley, Ki, et al., 2022), as the production of ICM in other
bacteria causes elevated lipid fractions (Patt & Hanson, 1978; Whiddon et al., 2019).

In our study | found higher incidence of ICM in cells growing with less
thermodynamically favorable conditions (Figure 4.4a), consistent with the use of an ICM
to increase respiratory rates in limiting conditions. A respiratory ICM in G.
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sulfurreducens would require a mechanism to pass electrons to the rest of the
extracellular electron transfer network, and if there is an open connection with the
periplasm, as shown in Figure 4.3, electrons could transfer by diffusion of periplasmic
cytochromes (e.g., PpcA, GSU1996) (Lloyd et al., 2003; Pokkuluri et al., 2011). Yet,
transport of these cytochromes from ICMs to the outer membrane would be a much larger
distance than the typical periplasmic space, since ICMs seem to span the whole cell
thickness and have regions that are up to 200 nm from the outer membrane.

While G. sulfurreducens is not the only bacterium with an ICM, nothing like the ICM has
been found in any closely related organisms. To our knowledge, it is the first organism
from the phylum Thermodesulfobacteriota identified to produce an ICM, the first metal
oxide reducer that does so, and the first documentation of ICMs formed in biofilms. The
ICM in G. sulfurreducens provides a good opportunity to study ICM formation in
general, because researchers can easily control its expression by changing the redox
potential of the electron acceptor, and the polar localization of the ICM in the tip presents
an opportunity to study intracellular organization in bacteria. The varying production of
ICMs in G. sulfurreducens suggests that this structure is naturally formed to increase
respiratory rates in thermodynamically and kinetically limiting conditions, a hypothesis
that has been proposed before for other microorganisms (Greening & Lithgow, 2020).
Unlike other bacteria that produce ICMs, G. sulfurreducens cannot complete its entire
respiratory pathway within the ICM. Electrons from the ICM in G. sulfurreducens must
travel to the outer membrane for extracellular respiration, and those electrons may have

to travel microns through a biofilm before reaching the terminal electron acceptor
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G. sulfurreducens has various approaches to optimize energy conservation under limiting
and varying redox conditions. Three characterized pathways seem to be expressed
concomitantly within an electrogenic biofilm to maximize energy conservation (He et al.,
2021). The generation of ICMs at energy-limiting conditions seem to be an additional
tool to maximize energy production within the cell. Nernstian models that are used to
predict rates of respiration in G. sulfurreducens would predict a slow respiration rate at
lower potentials (Kato Marcus et al., 2007; Richter et al., 2009; C. I. Torres et al., 2010)
The slower respiration rate is the consequence of a rate-limiting electron transfer protein,
proposed to be at the inner membrane (Lusk et al., 2018; C. I. Torres et al., 2010) . If G.
sulfurreducens can increase the amount of this rate-limiting protein by increasing the
amount of inner membrane present, the apparent limitation is alleviated, and higher
respiratory rates can be achieved. Thus, knowledge of how ICMs are used and under
which conditions they are produced will be important to predict rates of electrical current
generation by G. sulfurreducens. Future G. sulfurreducens ICM studies will likely take
advantage of the genetic tools that have been developed for the organism as well as

creative imaging techniques.

Methods

G. sulfurreducens growth.
G. sulfurreducens PCA (ATCC, Virginia USA) was grown from glycerol freezer stocks
using fumarate or an electrode as the electron acceptor as described in Chapter 2.
Fumarate cells were grown in sealed anaerobic culture tubes with ATCC 1957 medium.
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Electrode cells were grown in 100 mL single chamber microbial electrochemical cells on
6-8 cm? graphite electrodes (Graphitestore, lllinois USA) poised at either -0.17, -0.07, or
+0.07 V vs. SHE and electrical current was monitored with a VMP3 potentiostat
(BioLogic, Tennessee USA). Each reactor had an Ag/AgCl reference electrode (BASI,
Indiana USA).

TEM.
G. sulfurreducens cells from a mature biofilm (~30 days of growth) were fixed in
phosphate buffer containing 4% paraformaldehyde, 2% glutaraldehyde (v/v) and then
plunge frozen in liquid propane before dehydration via freeze substitution in 2% osmium
tetroxide dissolved in acetone on dry ice at -80° C. Cells were slowly returned to room
temperature for embedding in Araldite 502 resin (Ted Pella, Inc.). These sections were
cut at 70 nm thickness and secondary stained with lead acetate to improve contrast All
thin section imaging was performed on a Tecnai TF-20 (FEI) or a Phillips CM12.

CryoET.
To grow electrode biofilm cells for cryoET, | designed a holder for fenestrated carbon
TEM grids to insert into bioelectrochemical cells with actively growing cultures. The
grids in the holder are held against a titanium plate that functions as an anode and
electron acceptor for the bacteria. 6 nm BSA conjugated gold nanoparticle fiducials were
dried then baked at 60° C to fix the gold fiducials onto the grids before introduction to the
bioreactor. The TEM grids in the holder were removed after 24 hours and immediately
plunge frozen into liquid nitrogen cooled ethane using an in house designed manual

plunge freezer to capture the cells in their active state (Figure A.8 and A.9). For the
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fumarate condition, a suspension of cells grown for 7-10 days was pipetted onto each
grid, blotted to remove excess liquid, and frozen with the FEI Vitrobot Mark IV.
The frozen hydrated cells were imaged on a Krios G2 (FEI, Oregon USA) at tilts from
—65° to +65° in 2.0° angular steps using a dose symmetric collection scheme(Hagen et al.,
2017) in regions where individual cells could be observed over fenestrations in the
carbon. Images were collected at a nominal magnification of 6500x giving a 1.8 A pixel
size in super-resolution mode on the K2 summit camera with a dose rate of 0.5 electron
per A2 * second for three seconds with a frame rate of 0.2 frames per second (total dose
of 100 electrons per A?). Individual movie frames were gain corrected, aligned with
MotionCor2 (Zheng et al., 2017), and sum images were binned by 2 resulting in an image
with a 3.6 A/pixel scale. Summed images were restacked, then tomographic
reconstruction in eTOMO (Mastronarde & Held, 2017) was performed. Slices from each
tomogram were output from IMOD using the ZAP window saving feature which saves at
the native resolution of the monitor. 3D modeling was performed in IMOD and
visualized in ChimeraX (Pettersen et al., 2021).

Data Availability.
The tomograms used to create figures for this chapter can be accessed in the EMDB-EBI
repository under accession humbers EMD-27710, EMD-27729, EMD-27748, and EMD-

27747.

Confocal microscopy sample preparation and acquisition properties.
G. sulfurreducens anode biofilm cells were resuspended, fixed, and imaged between 12-
20 days after current began growing exponentially and was at least 2 A/m?. G.
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sulfurreducens biofilm cells were removed from the electrode by gently vortexing in
phosphate buffer, pelleted at 4000 RPM for 5 minutes, resuspended in 4%
paraformaldehyde for 1 hour, then rinsed and stored in phosphate buffer at 7 °C. Live G.
sulfurreducens cells grown under fumarate conditions were imaged 5-7 days after
inoculation. Cells under both anode and fumarate conditions were diluted with 50 mM
phosphate buffer and Nile red (ThermoFisher/Invitrogen, red, excitation: 561 nm) for
lipid staining to a final concentration of 2 pg/mL. Samples were allowed to incubate for
at least 15 minutes at room temperature in the dark. Stained cells were imaged on a
standard glass slide, or 2% poly-L-lysine coated glass slide with a 1 %2 cover slip sealed
with nail polish.
Fluorescence images were acquired with a Nikon C2+ confocal microscope equipped
with a 100X Plan Apo A (NA 1.45) oil objective using the adjacent NIS Elements
software, operated inside an anaerobic glovebox. Nile red was excited with a 561 nm
laser and filtered with a 525/50 561 LP filter cube.

Fluorescence image analysis.
Z stacks were processed into sum projections and a Gaussian blur (o=1) filter applied for
smoothing in ImagelJ. The ImageJ MicrobeJ plug-in (Ducret et al., 2016) was used for
bacterial and ICM detection of G. sulfurreducens cells under both anode and fumarate
conditions with summary output in Table A.5. Statistical analysis was performed using
the Student’s t-Test corrected for multiple comparisons using the Benjamini-Hochberg
method.
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CHAPTER 5

GENE EXPRESSION IN T. FERRIACETICA
Thermincola ferriacetica is a Gram-positive thermophilic bacterium that was isolated
from a hot spring in Russia (Zavarzina et al., 2007). It is an extremophile with a diverse
metabolism; T. ferriacetica can respire using hydrogen or acetate as an electron donor,
and a variety of electron acceptors including iron I (hydr)oxides, electrodes, humic
acids, and thiosulfate. It is mixotrophic; it is able to grow chemotrophically with an
organic carbon source, or lithoautotrophically with only CO. as a carbon source. T.
ferriacetica is not only thermophilic, having an optimum growth temperature of 57-60 C,
but is also halotolerant and can survive and even grow under 100% CO headspace by
fermenting it to Hz2 and CO> (Zavarzina et al., 2007). Like many other iron-reducing
bacteria, T. ferriacetica respires by extracellular electron transfer and therefore can grow
using an electrode in a bioelectrochemical system as its electron acceptor (Wrighton et
al., 2011).
Despite its unique metabolic capabilities, there is limited research on T. ferriacetica
grown on electrochemical systems. Kinetic studies show the organism follows a Nernst-
Monod kinetic correlation to anode potential (Parameswaran et al., 2013). Given the
capacity of T. ferriacetica to grow at pH down to 5.2, this organism was also used to
confirm that electrochemical responses are proton-coupled, suggesting an association of
the electrochemical signal to an inner-membrane protein that pumps protons for energy
generation (Lusk et al., 2018).
Organisms that perform extracellular electron transfer for respiration are widely studied
for their unigue metabolisms and potential biotechnological applications, but the
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organisms that have been studied so far are almost exclusively Gram-negative,
mesophilic bacteria. We assume that the extracellular electron transfer pathway in T.
ferriacetica looks significantly different than the pathways that have been elucidated in
organisms like Geobacter sp. and Shewanella. Gram-positive bacteria like T. ferriacetica
have a thick cell wall and a smaller periplasmic space than Gram-negative bacteria. We
know that in G. sulfurreducens, electrons leave the outer membrane and travel away from
the cell via conductive nanowires. The presence of a thick layer of peptidoglycan
surrounding the outer membrane may complicate the secretion of nanowires in T.
ferriacetica. In the closely related T. potens, a study found cytochromes associated with
the surface of the peptidoglycan cell wall which is unusual for Gram-positive bacteria
(Carlson et al., 2012). The specific proteins in T. ferriacetica that compose the electron
transfer chain at the inner membrane, periplasm, and outer membrane remain unresolved.
The genome of T. ferriacetica contains at least 18 multi-heme cytochromes. Only a few
have been purified or characterized. Among these, CwcA has been proposed as a
homolog to the G. sulfurreducens protein OmcS because of a predicted ability to
polymerize and produce cytochrome nanowires (Faustino et al., 2021). The multiheme
cytochromes PdcA and ImdcA were electrochemically characterized and displayed
electrochemical activity through a wide range of redox potentials due to the different
organization of hemes within the proteins, as has been shown in G. sulfurreducens
multiheme cytochromes (Faustino et al., 2021; Pokkuluri et al., 2011). These similarities
suggest similarities in the way electroactive bacteria respire despite their significant

differences in physiology.
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Methods

| grew T. ferriacetica from a DSMZ stock culture. The inoculation culture was grown in
a sealed test tube containing medium as described in Zavarzina et al. 2007 (Zavarzina et
al., 2007), with 8 g/L anthraquinone-2-6 disulfonate as the electron acceptor and: [g/L]
NH4Cl, 0.33; KH2PO4, 0.33; MgCl>* 6H-0, 0.33; CaCl>*6H-0, 0.33; KCl, 0.33; yeast
extract (Sigma), 0.05; NaHCO3, 0.7; sodium acetate, 20 mM; Wolin’s mineral solution,
10 ml LY; Wolin’s vitamin solution , 10 ml L™t (WOLIN et al., 1963). | sparged the test
tubes of culture medium with 20% COz, 80% N2 and sealed before autoclaving. |
inoculated the AQDS culture tubes with T. ferriacetica and incubated it at 57 C. When |
observed a color change in the medium from yellow to black due to AQDS reduction, the
culture was ready to be used to inoculate an MXC.

For this experiment, the MXC was a dual chamber microbial electrochemical cell with an
anion exchange membrane separating the anode and cathode chambers. The anode and
cathode were both graphite carbon rods, and the reference was an RE-5B Ag/AgCl
reference (BASI). Using a VMP3 potentiostat (Bio-Logic), I poised the anode at —0.3 V
vs. Ag/AgCI. The cathode chamber was filled with a solution containing 90 mM NaCl
and 10 mM NaOH. The anode chamber was inoculated with T. ferriacetica via syringe,
and | constantly bubbled 20% CO., 80% N through the anode chamber for the entire
experiment.

| collected the T. ferriacetica biofilms by scraping the graphite anode when the current
density produced by the cells reached 1-2 A/m2. As in Chapter 2, | immediately extracted
total RNA from the scraped cells using the QIAGEN PowerMicrobiome RNA extraction
kit with an on-column DNAse | digestion to remove genomic DNA. The RNA was
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further cleaned with the Thermofisher MicrobEXPRESS bacterial mMRNA enrichment kit
which removes a large fraction of ribosomal RNA. Cleaned RNA was reverse transcribed
into cDNA for sequencing library prep, and the sequences were processed on an Illumina
NextSeq at ASU’s Genomics Core.
Results and Discussion
| sequenced RNA transcripts from biological triplicates of T. ferriacetica biofilms grown
on a graphite anode. | then aligned the sequencing reads to the scaffold reference genome
to get counts of sequence hits per gene. My aligned data contained over 3 million reads
per sample. While the reference genome for T. ferriacetica is only an assembly made up
of individual contigs and not a complete circular chromosome, I was still able to measure
the expression of more than three thousand predicted protein-coding genes. By
quantifying and normalizing the transcript counts, | can find the most abundantly
expressed transcripts. Table B1 (Appendix B) contains the top 30 annotated genes by
basemean. Basemean is a normalized average of transcript counts as calculated by
DESeq2, and it is a measure of a gene’s expression relative to other genes.

Cytochrome expression in T. ferriacetica.
There are several respiratory genes of interest in the highly expressed group. The most
highly expressed gene is Tfer_3268, an S-layer homology domain-containing protein. In
Gram-positive bacteria, S-layer proteins form two-dimensional sheets on the cell surface
to facilitate a number of biological functions (Fagan & Fairweather, 2014). Tfer_3268
does not share a strong sequence similarity to any well-known S-layer proteins, so its
function in T. ferriacetica is unknown. Genes Tfer_2153, Tfer_0075, and Tfer_0077 are
all predicted to encode for multiheme cytochromes, and their expression levels are in the
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top five out of the over 3000 genes quantified. Tfer_2153 is a 7-heme cytochrome with a
signal peptide indicating that it is located outside of the cytoplasm. Tfer_0075 is a 6-
heme cytochrome that is predicted to be embedded in the cell wall, and it may be able to
form conductive wires as OmcS does in G. sulfurreducens (Faustino et al., 2021). The
most interesting of the three is the massive Tfer_0077, a large multiheme cytochrome
with 54 heme-binding sites and a predicted interaction with the cell membrane. There is
one other multiheme cytochrome represented in the most abundant transcripts, and that is
Tfer_1887 which encodes for a 10-heme cytochrome with a signal peptide for transport
across the cell membrane, and has been putatively assigned to a periplasmic role in the
electron transfer chain (Faustino et al., 2021).

In electroactive bacteria, multiheme cytochromes are critical for electron transport. Since
| extracted this RNA from T. ferriacetica that was respiring an electrode, | assume that
the most abundantly expressed cytochromes are related to that function. This assumption
is supported by the data in Chapter 2, where | found cytochromes known to be used in
extracellular respiration in G. sulfurreducens among the most abundantly expressed. My
data suggests that Tfer_2153, Tfer_0075, Tfer_1887, and Tfer_0077 are likely important
cytochromes for EET in T. ferriacetica. The first three of these are similar in size and
heme content to membrane and extracellular cytochromes in other EAB, but Tfer_0077 is
quite unique. Containing over 2100 amino acids and 54 heme-binding sites, Tfer_0077
would be a remarkably large cytochrome. The fact that it is predicted to be embedded in
the cell membrane presents the possibility that it is part of the pathway for transporting
electrons across the periplasm or outside of the cell. Several cytochromes from T.
ferriacetica have been purified and characterized, and a putative EET pathway has been
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proposed (Faustino et al., 2021). That work resolved a 3D structure of Tfer_0075 and
proposed that it would be capable of forming a nanowire of repeating units, like OmcZ in
G. sulfurreducens but perhaps transiting the cell wall instead of the extracellular space.
The same publication also identified Tfer_1887 as an important component of the
electron transfer pathway, but the exact order and location of each of these proteins
remains to be determined. The gene expression data | present here confirms the
importance of these proteins and suggests a few additional cytochromes to study in the
future.

Carbon metabolism.
| grew T. ferriacetica using acetate as the electron donor, so | expected that it would use
acetate in the tricarboxylic acid (TCA) cycle to drive metabolism and produce building
blocks for cell growth. The gene expression data tells a different story. T. ferriacetica is
capable of lithoautotrophic growth. It can fix inorganic carbon from CO or CO; to create
organic carbon molecules for growth. | observed several components of this carbon
fixation metabolism highly represented in the transcriptome (Table B1) including CO
dehydrogenase, CO-methylating acetyl-CoA, and methyltransferase enzymes. These
enzymes are the major components of the Wood-Ljungdahl pathway for CO> fixation
(Ragsdale & Pierce, 2008). | did detect transcripts from the enzymes of the TCA cycle as
well, but their abundance was small in comparison. It seems counterintuitive, it seems
that T. ferriacetica is not using acetate in the direct way that a bacterium like G.
sulfurreducens does. One possibility is that T. ferriacetica is using the Wood-Ljungdahl
pathway in reverse to oxidize acetate and coupling it to reduction of its electron acceptor,
as is seen in sulfate-reducing bacteria (Can et al., 2014). The abundant expression of a
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reversible Wood-Ljungdahl pathway explains the extremely high tolerance to CO toxicity
seen in T. ferriacetica (Zavarzina et al., 2007).

Extracellular structures.
For bacteria that respire extracellular electron acceptors, there must be a mechanism for
transporting electrons to those acceptors. T. ferriacetica is known to form dense biofilms
with multiple layers of cells (Parameswaran et al., 2013). If cells on the outer edge of the
biofilm respire, they would need to transfer electrons over microns of distance. Based on
what is known from other EAB, T. ferriacetica may produce a network of nanowires
from cytochromes as discussed above, or it may have an EET mechanism that is
completely different. In my gene expression data, the flagellin protein is among the most
highly expressed. The limited microscopy of T. ferriacetica that | have found in literature
does not give any idea of how this flagellin is expressed on the cell, but it is predicted by
PSORTD that the flagellin proteins will be extracellular. I also observed the expression of
flagellin motor proteins and associated proteins for flagellin control. This suggests that T.
ferriacetica either has motility or expresses a flagellin for some other purpose. Due to the
challenges of growing the organism, no live cell imaging of T. ferriacetica exists to
observe potential cell movement.
Proposing a pathway
Based on my gene expression data, and the information available from previous studies
on T. ferriacetica and T. potens, | can put together a putative electron transfer pathway in
T. ferriacetica grown on an anode (Figure 5.1). I included only cytochromes in Figure 5.1
for simplicity. In reality, | expect NADH dehydrogenase to be embedded in the inner
membrane, and | expect electrons to travel from NADH dehydrogenase to a quinone and
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then to a cytochrome. I placed Tfer_0077 in the cellular membrane due to its predicted
position. Because of its large size, | hypothesized that it may span the entire periplasm.
Tfer_2153 was difficult to predict a location for. I placed it in the inner membrane, but it
could just as likely be periplasmic or even in the cell wall. Tfer_2153 was the most
abundantly expressed protein, so it could even be extracellular. Tfer_1887 I placed in the
periplasm based on a previous study (Faustino et al., 2021), and Tfer_0075 I placed as a
cell wall or extracellular nanowire because of its morphological characteristics that were
modeled in that same study. My proposed model is oversimplified and likely incomplete,

but it provides a hypothetical model that may be refined with more research.
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Summary

My gene expression study reveals new information about T. ferriacetica and its
metabolism. It also provides possibilities for future investigation. It may be possible to
separate and characterize nanowires as has been performed for G. sulfurreducens.
Isolating and characterizing the protein Tfer_0077 may also be a good opportunity to
study an unusually large electron transfer protein. In designing this experiment, | had
intended to collect samples from other conditions to do comparisons, but my RNA yields
were too small for sequencing. I believe that developing methods for consistent growth of
large numbers of T. ferriacetica cells is a prerequisite for additional research with this

organism.
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CHAPTER 6

CONCLUSION
| believe my dissertation tells a fascinating story about the workings of G. sulfurreducens
that has not been put together before. | have shown that G. sulfurreducens changes the
expression of certain cytochromes depending on the potential of its electron acceptor.
Therefore, it has evolved mechanisms to adapt to changing energetic conditions. One of
these evolved mechanisms may be the ICM which is expressed only when less energy is
available to the cells. Tying it all together is my chapter on cell composition because |
suspect that the presence of ICM could contribute to the high lipid content that | observed
in Chapter 3, and the abundant cytochrome expression influences the high iron content.
These observations will guide the assumptions of future researchers, as the presence of
additional cell surface area under some conditions might be an important parameter for
those modeling this organism. I anticipate that ICM will be discovered in additional
organisms now that the technology we used to find it is more widespread, and | would
expect that the most likely candidates are other bacteria with narrow thermodynamic
margins for metabolism.
The method | adapted for preparing electroactive bacteria for cryotomography will
undoubtedly be used for many other organisms. By growing cells directly on a grid that
can be poised at a certain potential, it is possible to freeze the cells as they are when
respiring and image them on the actual electron acceptor without any disturbance. For
electroactive organisms, the extracellular structures are often the most interesting

research targets, and cryotomography allows the least disturbance to those structures.
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Previous work has identified that there are different proteins at the inner membrane
involved with each of the different electron transport pathways, and | have expanded that
to show that there are changes in the periplasm, outer membrane, and extracellular
proteins that can be linked to shifts in pathways. | anticipate that our model of respiration

of G. sulfurreducens will continue to improve with additional research.

Future Work

Researchers building upon my work could tackle many different ideas, but there are
certainly some questions | would like to know the answers to. While we know how many
different EET pathways G. sulfurreducens can express and how to make it use each one,
the question remains: How does G. sulfurreducens sense the change in potential and
respond? The mechanisms have evolved to not only match the condition to the right
pathway, but to prevent a thermodynamically possible but less efficient pathway to be
used. Identifying how these functions may provide additional tools to synthetic biologists
developing biosensors. Another question that my dissertation provokes is: What exactly
is happening in ICM? | speculate based on evidence | present that it is metabolically
active, but | am far from providing details on how the ICM interacts with the rest of the
EET pathway. It seems that having a connection to the periplasm might allow diffusion
of electron carriers, but that will require additional experimentation to determine.

My work has identified more respiratory proteins that may be associated with a specific
pathway, but | know that there are still unknown details. If researchers can identify an
entire electron transport chain from the quinone pool to the terminal electron acceptor
and determine how it is assembled, it would be possible for synthetic biologists to import
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an electroactive respiratory pathway into other organisms. This has been done with the
EET pathway from Shewanella oneidensis and the non-electroactive E. coli (Q. Wang et
al., 2019), but there are still knowledge gaps preventing the same from being done with
G. sulfurreducens.

Lastly, I would like to see the experimental protocols for growing T. ferriacetica
revisited. | struggled with growing this organism, despite following the published method
to the letter. I wonder if a better, more reproducible growth method could be developed to
make future experiments less burdensome on the researcher. | believe that the mysterious
growth characteristics of T. ferriacetica have stymied research into the workings of an

electroactive bacterium quite different than the ones that are commonly studied.
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Table A.1 Multiheme cytochromes with significant differential expression and
electrochemical data suggesting an association to one of the three eet pathways. These
associations were inferred from the differential expression comparisons in Figure 2.3, and
the electrochemical modeling in Table 2.1. | assume the fumarate samples exhibit
primarily the high pathway due to the relatively high redox potential of the
fumarate/succinate couple. ExtJ is not a multiheme c-type cytochrome, but I include it

here due to its presence in the extHIJK cluster.

Gene Pathway Location Comparisons
ppcB GSU0364 Low Periplasmic® Fig. 2.3D
GSU1538 GSU1538 Low Periplasmic? Fig. 2.3E, Fig. 2.3F
ppcE GSU1760 Low Periplasmic® Fig. 2.3F
GSU1996 GSU1996 Low Periplasmic® Fig. 2.3D, Fig. 2.3F
OmcM GSU2294 Low unknown Fig. 2.3B, Fig. 2.3F
extC GSU2643 Low Outer Membrane®  Fig. 2.3E, Fig. 2.3F
extA GSU2645 Low Periplasmic? OM®  Fig. 2.3E, Fig. 2.3F
dhcl GSU2767 Low Inner membrane?®  Fig. 2.3D, Fig. 2.3F
GSU2808 GSU2808 Low unknown Fig. 2.3B, Fig. 2.3D, Fig.
2.3E, Fig. 2.3F
GSU2887 GSU2887 Low Extracellular? Fig. 2.3E, Fig. 2.3F
GSU3615 GSU3615 Low Extracellular? Fig. 2.3E, Fig. 2.3F
cbcL GSU0274 Medium  inner membrane’ Fig. 2.3B, Fig. 2.3C
omcQ GSU0592 Medium  Cytoplasmic? Fig. 2.3E
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ppcA

omcX

omcJ
GSU0702

frdC

omcZ
omcK

GSU2299

omcB

omcN

GSU2899
extK

extJ

nrfA

nrfH

GSU3214

GSU0612

GSU0670

GSU0701

GSU0702

GSU1176

GSU2076

GSU2203

GSU2299

GSU2737

GSU2898

GSU2899

GSU2937

GSU2938

GSU3154

GSU3155

GSU3214

Medium

Medium

Medium

Medium

Medium

Medium

Medium

Medium

Medium

Medium

Medium

Medium

Medium

Medium

Medium

Medium

Periplasmic?

Periplasmic?

unknown
Extracellular?

inner membrane?

Extracellular®
Periplasmic?

Periplasmic?

unknown

Periplasmic?

Extracellular?

Outer Membrane®

Outer Membrane®

Periplasmic?

Periplasmic?

unknown
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Fig. 2.3D
Fig. 2.3B, Fig
2.3E

Fig. 2.3E

Fig. 2.3E, Fig.

Fig. 2.3B, Fig

2.3E

Fig. 2.3D, Fig.

Fig. 2.3E

Fig. 2.3B, Fig.

Fig. 2.3B, Fig
2.3D
Fig. 2.3B, Fig

2.3D

Fig. 2.3B, Fig.

Fig. 2.3D, Fig.

Fig. 2.3D, Fig
labeled)
Fig. 2.3B, Fig

2.3E

Fig. 2.3B, Fig.

Fig. 2.3D

. 2.3D, Fig.

2.3F

. 2.3D, Fig.

2.3E

2.3E

. 2.3C, Fig.

. 2.3C, Fig.

2.3C

2.3E

. 2.3E (not

.2.3D, Fig.

2.3D



GSU3218 GSU3218 Medium  Periplasmic? Fig. 2.3A, Fig. 2.3D, Fig.
2.3E
GSU3221 GSU3221 Medium  unknown Fig. 2.3E
GSU3226 GSU3226 Medium  unknown Fig. 2.3E
GSU3228 GSU3228 Medium  unknown Fig. 2.3B, Fig. 2.3D, Fig.
2.3E
GSU3233 GSU3233 Medium  Periplasmic? Fig. 2.3E
GSU702 GSU702 Medium  Extracellular? Fig. 2.3D, Fig. 2.3E Fig.
2.3F
omcS GSU2504 High, Extracellular? Fig. 2.3A, Fig. 2.3B, Fig.
Fumarate 2.3E, Fig. 2.3F
omcT GSU2503 High, Periplasmic? Fig. 2.3B, Fig. 2.3E, Fig.
Fumarate 2.3F
GSU2501 GSU2501 Fumarate Periplasmic? Fig. 2.3E, Fig. 2.3F
extG GSU2724 Fumarate Periplasmic® Fig. 2.3E, Fig. 2.3F
extF GSU2725 Fumarate Outer Membrane®  Fig. 2.3F

a: PSORTb v3.0, b: (Pokkuluri et al

., 2011), c: (Morgado et al., 2010), d: (Inoue et al.,

2010), e: (Jiménez Otero et al., 2021), f: (Zacharoff et al., 2016), g: (F. Wang et al., 2019)
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Table A.2 Chemicals in Ringer’s solution per L of medium used. One fourth strength of

Ringer’s solution was used for washing cells.

Chemical Amount (g) Concentration Y, Strength Ringer's
(mM) solution Conc.
(mM)
NaCl 6.5 111 27.8
KCI 0.42 5.6 141
CaCl2 0.25 2.3 0.56
NaHCO3 0.2 2.4 0.6
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Table A.3 Metal content in dry cell mass of Geobacter sulfurreducens PCA and
Escherichia coli K-12 (unit: milligram of each metal per gram of dried bacterial cell,

mg/gdw).
G. sulfurreducens E. coli
Anode Fumarate M9 medium Geopacter
medium

Ag 0.098 (£ 0.073)  0.106 (+0.034) ND ND
Ba 0.028 (£ 0.002)  0.025 (+0.003)  0.021 (+ 0.005)  0.027 (+ 0.003)
Co 0.028 (£ 0.005)  0.021 (£ 0.029) ND 0.003 (+ 0.002)
Cr 0.081 (£ 0.016)  0.086 (+0.014)  0.006 (+ 0.003)  0.003 (+ 0.000)
Cu 0.224 (£ 0.086)  0.471 (£0.107)  0.017 (£ 0.005)  0.048 (+ 0.010)
Fe 1.970 (£ 0.226)  1.96 (+ 0.229) 0.134 (+ 0.053)  0.428(+ 0.089)
Li 0.047 (+0.030)  0.017 (= 0.001)  0.040 (+ 0.003)  0.047 (£ 0.006)
Mg 0.67 (+0.27) 0.54 (+0.11) 2.07 (+0.75) 1.79 (+ 0.38)
Mn 0.583 (£ 0.076)  0.324 (+0.067)  0.023 (+0.021) 0.570 (+0.122)
Ni 0.069 (+0.012)  0.076 (+ 0.012)  0.002 (+ 0.003) ND
Pb 0.036 (+ 0.015)  0.023 (= 0.003)  0.018 (+ 0.011)  0.016 (+ 0.010)
Se 0.104 (£ 0.058)  0.177 (+0.112)  0.012 (+0.005)  0.101 (+ 0.016)
Sr 0.008 (£ 0.002)  0.017 (£ 0.006)  0.005 (+ 0.003)  0.003 (+ 0.001)
V 0.002 (£ 0.001)  0.003 (+£0.002)  0.035 (+ 0.006)  0.045 (+ 0.005)
Zn 3.5 (£ 1.9) 10.0 (£ 2.4) 0.135 (£ 0.034)  0.176 (+ 0.024)
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Table A.4 Estimated growth of G. sulfurreducens per L of medium at an anode based on
the available mineral concentrations in Geobacter medium.

Average G.
Geobacter Medium [mg  sulfurreducens content Estimated growth
Metal element/L] (mg element/g cell) (g cells/L)
Mg 2.958 0.67 4.42
Mn 1.625 0.583 2.79
Fe 0.201 1.97 0.10
Co 0.248 0.028 8.80
Zn 0.624 3.5 0.18
Cu 0.025 0.224 0.11
Ni 0.059 0.069 0.86
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Figure A.1 Statistically significant differences in metal concentrations between E. coli-
GS (Geobacter medium), E. coli-M9 (M9 medium), G. sulf-Anode (biofilm grown on an
electrode), and G. sulf-Fumarate (planktonic cells using fumarate as the electron
acceptor). *(p<0.05), **(p<0.001), pairwise t-test with multiple comparison correction
performed with the Benjamini-Hochberg method. We chose to omit alkali metals from

this figure, but Lithium did have significant differences as well (Table A.2).
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Figure A.2 MA plot with lipid synthesis pathway genes annotated. Dotted lines indicate

logz fold change of 1.5, and solid dots indicate an adjusted p value under 0.05.
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pm

Figure A.3 Conventional thin section TEM micrograph of G. sulfurreducens cells grown

using fumarate as the electron acceptor. No ICM was observed.
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Figure A.4 Conventional thin section TEM micrograph of G. sulfurreducens cells grown

using fumarate as the electron acceptor. No ICM was observed.
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Figure A.5 Conventional thin section TEM micrograph of G. sulfurreducens cells grown

using fumarate as the electron acceptor. No ICM was observed.
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Figure A.6 Conventional thin section TEM micrograph of G. sulfurreducens cells grown

using fumarate as the electron acceptor. No ICM was observed.
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Figure A.7 Fractional cell area occupied by ICM in sum projections of confocal z-stacks
collected using Nile red, a lipid stain. Each dot represents a cell (n=164). Every cell
represented here came from an electrode biofilm poised at -0.07 V vs. SHE. ICM area
and cell area were calculated by MicrobeJ as described in the methods. (Left) box plot,

(right) dot plot. Box plot quartile breaks are at 0.029, 0.057, and 0.093.
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Figure A.7 Fractional area of cell area occupied by ICM in sum projections of confocal
z-stacks collected using Nile red, a lipid stain. Each dot represents a cell (n=63). Every
cell represented here came from planktonic cultures grown with 50 mM fumarate as the
electron acceptor. ICM area and cell area were calculated by MicrobeJ as described in the
methods. (Left) box plot, (right) dot plot. Box plot quartile breaks are at 0.022, 0.042, and

0.074.
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Figure A.8 Cartoon depicting the design elements of the bioreactor grid holder that is
poised as an anode to capture cells in an active state for cryoET. The cartoon is not to

scale, and a picture of the actual holder is in Figure A.9
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Figure A.9 Photograph of the grid holder used in a microbial electrochemical cell to

grow G. sulfurreducens directly on EM grids for cryoET preparation.
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Table A.5 Summary of the number of cells detected and the fraction of those cells that
had detectable ICM in all the images used to create Figure 4.4a. Cell and local maxima

detection were performed with MicrobeJ in ImageJ.

No. of cells with Fraction
Image Name  No. cells detected type ICM with ICM

1-3-004 46 Electrode -0.07V 32 0.696
1-3-006 52 Electrode -0.07V 22 0.423
1-3-010 77 Electrode -0.07V 50 0.649
1-12-001 223 Electrode -0.07V 87 0.390
1-12-002 217 Electrode -0.07V 88 0.406
3-30-001 86 Electrode -0.07V 51 0.593
3-30-002 70 Electrode -0.07V 36 0.514
3-30-003 68 Electrode -0.07V 45 0.662
3-30-004 69 Electrode -0.07V 44 0.638
3-30-005 81 Electrode -0.07V 41 0.506
3-30-006 82 Electrode -0.07V 37 0.451
3-30-007 90 Electrode -0.07V 53 0.589
3-30-008 100 Electrode -0.07V 54 0.540
3-30-009 93 Electrode -0.07V 60 0.645
3-30-010 66 Electrode -0.07V 34 0.515
3-30-011 66 Electrode -0.07V 37 0.561
1-21-008a 67 Fumarate 50mM 24 0.358
1-21-009 37 Fumarate 50mM 1 0.027
1-24-011 56 Fumarate 50mM 10 0.179
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1-24-014 227 Fumarate 50mM 37 0.163
1-26-001 188 Fumarate 50mM 29 0.154
1-26-002 63 Fumarate 50mM 8 0.127
1-26-005 47 Fumarate 50mM 5 0.106
3-4-006 67 Fumarate 50mM 0 0.000
3-4-001 14 Fumarate 50mM 2 0.143
3-18-006 119 Electrode -0.17V 56 0.504
3-30-001 75 Electrode -0.17V 36 0.560
3-30-002 69 Electrode -0.17V 43 0.710
3-30-003 88 Electrode -0.17V 39 0.545
3-30-004 102 Electrode -0.17V 51 0.569
5-9-003 234 Electrode -0.03V 107 0.457
5-9-004 182 Electrode -0.03V 75 0.412
5-9-006 122 Electrode -0.03V 58 0.475
5-9-007 168 Electrode -0.03V 70 0.417
5-9-008 282 Electrode -0.03V 99 0.351
5-9-009 259 Electrode -0.03V 98 0.378
5-9-010 141 Electrode -0.03V 56 0.397
5-9-011 215 Electrode -0.03V 80 0.372
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Table A.6 Top 30 most abundant gene transcripts in anode biofilm samples of T.

ferriacetica

locus tag product baseMean  gene name

Tfer RS15470  S-layer homology domain-containing protein 29518 Tfer_3268

Tfer RS10235 cytochrome c¢3 family protein 25303 Tfer 2153

Tfer RS00375  cytochrome c¢3 family protein 18660 Tfer_0075

Tfer RS00385 hypothetical cytochrome c7 18068 Tfer 0077

Tfer RS06145  Peptidase C39 2 domain-containing protein 10994 Tfer 1280

Tfer RS06155 S8 family peptidase 7986 NA
CO dehydrogenase/CO-methylating acetyl-

Tfer RS00565 CoA synthase complex subunit beta 5828 Tfer 0114
anaerobic carbon-monoxide dehydrogenase

Tfer RS00560 catalytic subunit 5109 Tfer 0113

Tfer_ RS14555 S8 family peptidase 3622 NA

Tfer RS15985  formate dehydrogenase subunit alpha 3600 NA

Tfer RS11895 formate--tetrahydrofolate ligase 3154 Tfer_2491

Tfer RS08925  hypothetical multihneme cytochrome ¢ 3029 Tfer_1887

Tfer RS05970  flagellin 2921 Tfer_1242

Tfer RS15570  YkuD domain-containing protein 2766 Tfer 3289
acetyl-CoA decarbonylase/synthase complex

Tfer RS00570  subunit gamma 2727 Tfer 0115
methyltetrahydrofolate cobalamin

Tfer RS00580 methyltransferase 2375 Tfer 0117
acetyl-CoA decarbonylase/synthase complex

Tfer RS00575  subunit delta 2327 Tfer 0116
ammonia-forming cytochrome c nitrite

Tfer RS15095 reductase subunit ¢552 2244 Tfer 3193

Tfer RS06685 sodium-translocating pyrophosphatase 2202 Tfer_1390

Tfer RS11285 chaperonin GroEL 2158 Tfer 2368

Tfer RS07265 NADH-quinone oxidoreductase subunit NuoF 2149 Tfer 1512

Tfer RS14510 methyltransferase domain-containing protein 1921 Tfer 3075

Tfer RS09795 hypothetical protein 1853 Tfer 2063

Tfer RS14375 FOF1 ATP synthase subunit alpha 1786 Tfer 3048

Tfer RS15565 S8 family serine peptidase 1783 NA
CoB--CoM heterodisulfide reductase iron-

Tfer RS05460  sulfur subunit A family protein 1757 Tfer_1140
B12 lower ligand biosynthesis ThiC-like

Tfer RS14525 protein BzaB 1721 Tfer 3078

Tfer RS03510 hypothetical protein 1643 Tfer 0722

Tfer RS10600 hypothetical protein 1602 Tfer 2224

Tfer RS14530  phosphomethylpyrimidine synthase ThiC 1599 Tfer_3079
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