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ABSTRACT

The metabolic capabilities of environmental microbes, which enable them to
thrive in niche environments and survive harsh conditions, can inspire novel solutions
to challenging problems. One such problem is the enormous amount of waste
elemental sulfur produced as a byproduct of crude oil and natural gas refining. The
supply of waste sulfur greatly exceeds demand, and the ~7 million tons produced
annually is landfilled or stored in open piles at refineries. As sulfur oxidizing bacteria
use elemental sulfur (S°) and other reduced sulfur compounds as substrates for growth,
waste sulfur represents an untapped resource for fueling useful microbial processes.

The phototrophic sulfur oxidizing bacterium Chlorobaculum tepidum uses
electrons obtained from the oxidation of reduced sulfur compounds for carbon dioxide
fixation. C. tepidum oxidizes sulfide as the preferred electron donor, depositing S° into
insoluble extracellular globules; once sulfide is depleted, C. tepidum oxidizes S° to
sulfate. However, the mechanisms of S° production and degradation are poorly
understood, as are the interactions that mediate cell-S° attachment. Thus the aim of
this work was to improve understanding of S° metabolism in C. tepidum to facilitate
alternative uses of waste sulfur via synthetic biology approaches.

Challenges with growth variability and a lack of reliable biomass quantitation
methods in C. tepidum were initial obstacles to deriving meaningful information from
quantitative systems-based studies. To address these issues, design of experiments
methodology was used to evaluate the growth of C. tepidum across a 3x3 factorial

space of S’-producing and S°-degrading states and a range of light fluxes: the ‘energy

xxiii



landscape’ of sulfur oxidation. Protein measurements collected across the landscape
were calibrated against amino acid analysis quantitation, providing improved
measurement methods for assessing biomass growth. Unexpectedly, these results also
revealed adaptations that increase C. tepidum fitness in low-energy environments.
Comprehensive measurements of the various intermediates of sulfur metabolism
across this factorial space revealed that electron donor, but not light flux, affected
growth yields on an electron equivalent basis, providing insight into pathways of
energy conservation in C. tepidum. This work also revealed the presence of soluble
intermediates of S” production and degradation, providing a mechanism to explain
time-lapse microscopic observations of S” globules growing and degrading at a
distance from cells.

Towards characterizing the surface properties of S to better understand cell-S°
interactions, analysis of the S° ‘proteome’ revealed intriguing similarities with the
proteomes of the outer membrane vesicles of other gram negative bacteria. Of
particular interest was the observation of proteins involved in spatial localization of
import/export machinery and cell division, inorganic ion transport and metabolism,
and the envelope stress response, along with uncharacterized outer membrane
proteins. Together, these data suggest a new model for S° generation in C. tepidum,
and provide new protein targets for characterization in the context of S” metabolism
and cell-S° interactions.

The comprehensive ‘landscape’ approach used in this work enabled new
insights into S” metabolism and low-energy adaptations in C. tepidum that would not
have been observed by single-factor experiments. Furthermore, these efforts form a

basis for future quantitative, systems-based studies, and this approach is generalizable
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to preparing for these types of studies in other systems. The specific insights into S°
metabolism obtained from this work could be applied to improved waste sulfur
management and the low-energy adaptations have implications for optimizing the

efficiency of “designer microbes” used in industrial processing.
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Chapter 1

INTRODUCTION

1.1 Project Motivation: Challenges of Sulfur Contamination and Sulfur
Management Facing Industry

Hydrogen sulfide (H2S), the most reduced form of sulfur, causes a range of
issues in the petrochemical industry. As the remaining number of high-quality “sweet”
oil and gas fields has diminished, lower quality “sour” fields rich in H2S are coming
online (Ziaei et al. 2013). These sulfidic oil and gas streams cause corrosion in
stainless steel equipment of upstream processing facilities, where the reaction of steel
and HaS to form metal sulfides causes brittle fractures. Also known as sulfide stress
cracking, this corrosion can cause catastrophic failure of pressurized vessels or pipes
(Ogden 2005) or the failure of the bodies of wellhead flow control valves (Ziaei et al.
2013). The presence of H2S and other organic sulfur species in raw oil and gas streams
can also poison the precious metal catalysts used in hydrocarbon processing
(Dunleavy 2006).

Sulfur can also cause issues at the combustion stage, where burning of sulfur-
containing fuel leads to the formation of sulfur dioxides (SO2). The abiotic oxidation
of both H2S and SOz in the atmosphere forms sulfuric acid, producing acid rain
(Clarke & Radojevic 1987; Singh et al. 2016). The presence of sulfur in fuel can also
cause problems in the engines themselves (“hot corrosion”), particularly in the gas
turbine engines of modern aircraft when operated in the atmosphere above a marine

environment. When the sulfur-containing fuel is mixed with intake air contaminated



with NaCl, combustion leads to the formation of molten Na>SO4 at the high operating
temperatures of the engine. The condensation of Na2SO4 and other salt contaminants
damages the protective surface oxides of the turbine components, and can eventually
lead to catastrophic failure (Eliaz et al. 2002).

Sulfur compounds also cause issues in sewer corrosion and in wastewater
processing. Wastewaters rich in H2S, such as those from petrochemical plants,
tanneries, and rayon manufactures (Janssen et al. 1999), can feed sulfur oxidizing
bacteria that colonize concrete sewer surfaces. These bacteria produce sulfuric acid,
which acidifies the concrete sewer surface and induces corrosion (Vollertsen et al.
2008). In 2013, it was estimated that the costs to replace damaged pipes across the
U.S., along with other updates to infrastructure for wastewater treatment, was nearly
$300 billion dollars over the next 20 years (ASCE 2013; Wren 2014).

These issues have motivated the removal of sulfide from petrochemical and
natural gas streams as well as from sulfidic wastewaters (Janssen et al. 1995; Janssen
et al. 1999; Lens & Kuenen 2001). These processes are generating enormous amounts
of waste sulfur, with the majority produced from petrochemical refining. Furthermore,
the production of waste sulfur is increasing, particularly with the increased processing
of sulfur-rich oil and gas streams (Lim et al. 2015). Approximately a half pound of
sulfur is removed from every 19 gallons of gasoline refined (Ayre 2013), with annual
production of about 1.8 million tons of sulfur recovered from oil and natural gas
production in the United States, and over 13.5 million tons of total sulfur production
worldwide (U.S. Geological Survey, 2016). While some of this waste sulfur is used in
the production of sulfuric acid, there are few other uses or applications and the supply

of waste sulfur far exceeds its demand. Thus sulfur accumulates and is stored



indefinitely in large piles at refineries or in remote areas (Chung et al. 2013; Lim et al.
2015).

The long-term effects of these open sulfur piles have not yet been assessed
(Lim et al. 2015), but both abiotic and biological processes will likely play roles in the
fate of the piles and downstream effects. Elemental sulfur and sulfide serve as electron
donors for microbial respiration or phototrophy by sulfur oxidizing bacteria, and
elemental sulfur can also serve as an electron acceptor for sulfur reducing bacteria,
producing sulfide. Thus, the release of waste sulfur into the environment would likely
cause disturbances in affected ecosystems. For example, the reduction of waste sulfur
by sulfur reducing bacteria present in the environment would produce sulfide. This
biological process could have effects ranging to nuisance smells, detectable at
concentrations down to 8.1 ppb (Amoore & Hautala 1983), to more harmful effects in
both humans and in wildlife: at gaseous concentrations above 600-800 ppm sulfide is
lethal to humans (Kleinjan et al. 2003), and the production of sulfide by sulfide
reducing bacteria in anoxic waters causes fish and invertebrate kills (Weeks et al.
2002; Lavik et al. 2009).

To avoid these detrimental effects, a more favorable scenario is to harness the
waste sulfur (either the sulfur itself or the energy and electrons it contains) for useful
purposes. Recent research efforts have focused on developing novel advanced
materials that incorporate elemental sulfur, including composites for cathodes of
lithium-sulfur batteries (Dirlam et al. 2016) and polymers with desirable properties
(Chung et al. 2013; Griebel et al. 2015). However, a currently unexplored avenue is
the use of waste elemental sulfur as an electron donor substrate that fuels the

metabolism of microbes simultaneously producing a useful compound. For example,



the oxidation of sulfur could be coupled to carbon dioxide (COz) fixation to produce
organic commodity chemical precursors, biofuel precursors, or even sulfur-containing
compounds such as antibiotics.

The use of sulfur oxidizing bacteria in biotechnology-based processes has
precedence, such as in various bioreactor configurations to remove sulfide from biogas
(reviewed in Syed et al. 2006), where some processes have been deployed at
commercial scales (Thiopaq® and Sulfothan™ processes; Pokorna & Zabranksa
2016). These approaches to sulfide removal provide energy savings and environmental
benefits over conventional physicochemical methods of sulfide removal (Janssen et al.
1999; Kleinjan et al. 2003). As biogenic elemental sulfur (S°) is produced as an
intermediate of sulfide oxidation by sulfur oxidizing bacteria, and is subsequently
oxidized to sulfate, elemental sulfur is also a substrate to these processes. S has also
been used as a substrate for the microbial communities involved in mineral bio-
leaching processes (Kleinjan et al. 2003).

The processes described above have employed both aerobic chemolithotrophic
and anaerobic photoautotrophic sulfur oxidizing bacteria, as single species as well as
in natural consortia. However, in developing a process that uses waste sulfur as the
substrate for the production of a useful compound, these naturally-competent sulfur
oxidizing bacteria may not be ideal candidates due to slow growth rates, phototrophic
requirements, and/or limited genetic tools for installation of product-synthesis
pathways. Thus, a synthetic biology approach whereby a ‘designer’ microbe is
constructed with desirable properties (metabolic modes enabling high growth and

substrate oxidation rates, oxygen-tolerant, efficient product synthesis pathways, etc.)



could provide a substantial benefit. In the context of biotechnology-based processes
for sulfur management in industry, this approach is unexplored.

The creation of ‘designer’ microbes is becoming more feasible thanks to
advances in synthetic biology, which have enabled developments such as the creation
of a fully-synthetic microbe containing less than 500 genes (Hutchinson et al. 2016),
the development of synthetic scaffolds (Siu et al. 2015) and nanocages (Zhao et al.
2016) for localizing enzymes to increase reaction rates and stability, and the
incorporation of heterologous pathways for the production of fuel precursors and
commodity chemicals into a range of organisms (Keasling & Venter 2013). Efforts to
engineer a ‘designer’ sulfur oxidizing microbe will require knowledge from a range of
disciplines, such as metabolic engineering, biochemistry, and microbial physiology,
among others. Furthermore, in the construction of a designer microbe many aspects
beyond the sulfur metabolism will need to be incorporated, including product
synthesis pathways, redox homeostasis, and cofactor balancing. However, a critical
prerequisite to this synthetic biology approach is a comprehensive understanding of
how naturally-competent microbes utilize S° as an electron donor.

Therefore the aim of this work was to characterize the biological systems
for S° production and degradation employed by a sulfur oxidizing microbe,
Chlorobaculum tepidum, to facilitate alternative uses of waste sulfur by synthetic

biology approaches.



1.2 Project Background

1.2.1 The biogeochemical sulfur cycle

The chemical properties of sulfur, including its ability to exist in stable valence
states ranging from -2 (sulfide, H2S <> HS™ <> S%) to +6 (sulfate, SO4>), enable this
element to play a central role in biochemistry. In particular, its redox activity has
established sulfur compounds as critical electron donors and acceptors for microbial
respiration in the biosphere. Thus, the fate, transformation, and cycling of sulfur in the
environment is dependent upon microbial activities (Klotz et al. 2011).

Sulfide, the most reduced form of sulfur, is formed by the metabolic activity of
anaerobic chemotrophic sulfate-reducing bacteria that utilize sulfate as the electron
acceptor in the oxidation of organic compounds or hydrogen (Sturman et al. 2008).
Oxidation of sulfide in the biosphere back to sulfate occurs both by abiotic and
microbial mechanisms; however the rates of microbial oxidation are almost always
three or more orders of magnitude faster than abiotic processes (Luther et al. 2011)
emphasizing the importance of microbially-catalyzed sulfur cycling in natural
systems. During microbial sulfur oxidation, reduced sulfur compounds (sulfide, S°,
thiosulfate, tetrathionate, and sulfite) supply the reducing equivalents for microbial
respiration. In the context of a ‘designer’ microbe for biotechnology-based solutions
for waste sulfur utilization, to avoid production of problematic sulfide, this work

focused on the activities of sulfur oxidizing bacteria.

1.2.2 Metabolic strategies of microbial sulfur oxidation
In general, microbial sulfur oxidation proceeds in two steps. First, sulfide is
oxidized incompletely to zero-valent (‘elemental’) sulfur (S°), which is deposited into

insoluble globules. Subsequently, under conditions of sulfide limitation, S° is oxidized



to SO4?". Other sulfur compounds, including thiosulfate, tetrathionate, polythionates,
and organic sulfur compounds, can also serve as electron donors for various sulfur
oxidizing bacteria (Ghosh & Dam 2009). The biochemistry and physiology of these
diverse bacteria have been extensively reviewed (Dahl & Prange 2006; Frigaard &
Dahl 2009; Ghosh & Dam 2009); a brief summary is provided below.

The oxidization of reduced sulfur compounds supplies reducing equivalents for
chemolithotrophic and phototrophic metabolism. Most well-studied chemotrophic
sulfur oxidizing bacteria are aerobic, coupling sulfur oxidation to the reduction of
oxygen as a terminal electron acceptor for fixation of CO2 (Ghosh & Dam 2009).
Classically known as the ‘colorless’ sulfur bacteria, these bacteria come from a range
of genera from across the Proteobacteria (Acidithiobacillus, Acidiphilium,
Sulfobacillus, Beggiatoa, and others) and from the Archaea (order Sulfolobales; Dahl
& Prange 2006). The chemotrophic bacteria are quite metabolically diverse, both in
terms of the reduced sulfur compounds used, the exact mechanisms of sulfur oxidation
employed, whether they are obligate or facultative chemolithotrophs, and their optimal
pH and temperature (Ghosh & Dam 2009). Under anoxic conditions, some
chemotrophic bacteria use nitrate as an alternative electron donor (Syed et al. 2006).
This type of respiration is performed facultatively by bacterial species from a range of
genera (Thiobacillus, Beggiatoa, Thioploca, Thioalkalivibrio, Thiohalomonas,
Thiomicrospira and Sulfurimonas) and where Sulfurimonas denitrificans is the most
well-characterized member (Ghosh & Dam, 2009).

In contrast to the chemotrophic sulfur oxidizing bacteria, all phototrophic
sulfur-oxidizers are anaerobes. Reducing equivalents from the oxidation of sulfur

compounds are used in anoxygenic photosynthesis to reduce cellular electron carriers



used in CO:z fixation. The phototrophic sulfur oxidizing bacteria are classified into two
main groups: the purple sulfur bacteria (families Chromatiaceae and
Ectothiorhodospiraceae in the Gammaproteobacteria) and the green sulfur bacteria
(family Chlorobiaceae in the phylum Chlorobi) (Frigaard & Dahl 2009). In addition to
these main groups, some other bacteria have limited abilities to oxidize sulfur under
phototrophic conditions (e.g. Heliobacteria, Chloroflexaceae), but the physiology and
biochemistry of these groups are not well understood (Ghosh & Dam 2009). The green
and purple sulfur bacteria differ both in their primary photochemical processes and
light harvesting structures (Ghosh & Dam 2009). They also differ in terms of the
pathway used for CO: fixation, where the purple sulfur bacteria use the Calvin cycle
and the green sulfur bacteria use the reductive tricarboxylic acid (rTCA) cycle (Brune
1995). Furthermore, the purple sulfur bacteria are more metabolically diverse, also
capable of heterotrophic growth in the dark and facultative aerobic oxidization of
sulfur (Frigaard & Dahl 2009; Ghosh & Dam 2009). By contrast the green sulfur
bacteria are obligate photoautotrophs, although some can assimilate simple organic
compounds such as pyruvate and acetate (Imhoff 2003; Chan et al. 2008; Feng et al.
2010).

1.2.3 S°globule production and degradation are poorly understood
A major distinguishing factor of all the sulfur-oxidizing bacteria is where
insoluble S° is deposited during sulfide oxidation. Most chemotrophic sulfur oxidizing

bacteria and the green sulfur bacteria deposit S’ into extracellular globules, whereas

the purple sulfur bacteria and some chemotrophic members of the
Gammaproteobacteria deposit S° into protein-encapsulated intracellular inclusions

(Brune, 1995; Dahl & Prange 2006; Frigaard & Dahl; 2009). A common feature is that



S® accumulates during sulfide oxidation, and is not oxidized to sulfate until after the
depletion of sulfide (Sturman et al. 2008; Chan et al. 2009).

The production and degradation of S° is one of the most poorly understood
aspects of sulfur oxidation (Dahl & Prange 2006). How cells attach to extracellular S°,
degrade S°, and take up S or its intermediates, as well as how the products of sulfide
oxidation are packaged into S°, are open questions. Even the nature of the “elemental
sulfur” contained in S° from different bacteria has been debated in the literature.
Studies using X-ray absorption near-edge structure (XANES) spectroscopy to study
sulfur speciation of S° in situ have produced contradictory results: Dahl and Prange
(2006) summarize studies suggesting that S° produced by different types of sulfur
oxidizing bacteria is composed of different forms of sulfur; whereas, George et al.
(2008) contend that this conclusion is a result of uncorrected experimental artifacts
associated with the spectroscopy method. Investigating the nature of sulfur allotropes
contained in S® was not a goal of the present work, but this debate serves as an
illustrative example of the uncertainty around the chemistry, biochemistry, and

metabolism of biogenic S°.

1.2.4 Chlorobaculum tepidum provides a model system for studying S°
production and degradation

The organism studied in this work is the model species of the phototrophic
green sulfur bacteria, Chlorobaculum tepidum. C. tepidum produces insoluble,
extracellular globules of S” as a result of sulfide oxidation, and oxidizes S° to sulfate
upon depletion of sulfide (Chan et. al. 2009). C. tepidum also can utilize thiosulfate as
an electron donor (Imhoff 2003; Chan et al. 2008; Sakurai et al. 2010). Electrons from

these reduced sulfur compounds are donated to the photosynthetic electron transport



chain, where C. tepidum uses light energy to drive the reduction of the cellular
electron carrier ferredoxin by the photosynthetic reaction center (Brune 1995).
Ferredoxin subsequently reduces NAD(P)" via a ferredoxin-NAD(P)+ reductase (Seo
& Sakurai 2002), and ferredoxin and NAD(P)H are used as the electron donors for
fixation of carbon dioxide by the rTCA cycle (Brune 1995). C. tepidum also can
assimilate the simple organic compounds acetate and pyruvate (Chan et al. 2008; Feng
et al. 2010).

Like the other green sulfur bacteria, C. fepidum harvests light energy through
specialized organelles called chlorosomes. These structures are highly efficient at
capturing light energy, and C. fepidum and other members of the Chlorobiaceae are
adapted to light intensities much lower than that required to support the growth of
other phototrophs (Frigaard et al. 2002; Overmann 2006). On this basis, the
chlorosomes of C. tepidum and other members of the Chlorobiaceae have been the
subject of many studies to elucidate their organizational structure, mechanisms of
excitation energy transfer, and the function of individual components (e.g. Frigaard et
al. 1999; PSencik et al. 2002; PSencik et al. 2003; Li et al. 2006; Morgan-Kiss et al.
2008; Wen et al. 2009; Huang et al. 2012; Johnson et al. 2013; Li et al. 2013; Valleau
et al. 2014; Giinther et al. 2016; Nielsen et al. 2016; Saer et al. 2016). Based on their
high efficiency, the chlorosomes have also been used as model systems for
understanding the principles of light harvesting towards developing artificial
photosynthetic chlorosome-based systems for converting light energy to electricity or
fuel (Oostergetel 2010; Orf & Blankenship 2013).

In general, pathways for the oxidation of sulfide, thiosulfate, and sulfite are

reasonably well established, as are some aspects of S° oxidation. C. tepidum oxidizes

10



sulfide (HS") by one of several sulfur-quinone oxidoreductases (SQR) encoded in the
genome (CT0117, CT0876, CT1087; Chan et al. 2009; Shuman & Hanson 2016).
While the fate of the products of SQR, disulfide and/or polysulfides, are not fully
elucidated, it is predicted that these are oxidized further by the polysulfide reductase
like complex (PSRLC1), encoded by CT0496-CT0494, based on an increase in the
transcript level of these genes after a sulfide spike (Eddie & Hanson 2013). However,
how these soluble polysulfides are converted into the insoluble form of sulfur present
in S°, and how S° is packaged into globules and exported out of the cell is unknown.
The initial steps in the degradation and oxidation of S are not clear. The
dissimilatory sulfite reductase (Dsr) system is known to be essential for S” oxidation
in C. tepidum (Holkenbrink et al. 2011), as in Allochromatium vinosum (Dahl et al.
2005; Weissgerber et al. 2014). Characterization of the roles of individual components
of the Dsr system has been performed primarily in 4. vinosum (Pott & Dahl 1998;
Dahl et al. 2005; Dahl et al. 2006; Grein et al. 2010; Stockdreher et al. 2012;
Stockdreher et al. 2014). However, Dsr-mediated oxidation of zero-valent sulfur
substrates, possibly in a protein-bound form (Dahl 2015), is predicted to occur in the
cytoplasm (Stockdreher et al. 2012; Stockdreher et al. 2014), and the oxidation of
sulfite, the product of Dsr, is also oxidized in the cytoplasm (see below). Therefore,
how the zero-valent sulfur in extracellular S° is extracted and transported back into the
cytoplasm are unclear. Sakurai et al. (2010) proposed that CT1075, a homolog of the
E. coli protein DsbD, and the periplasmic protein SoxW (CT1023) could be involved
in transferring S° equivalents across the cytoplasmic membrane. However, whether
this occurs has not been established in either C. fepidum or A. vinosum, and in other

organisms
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Sulfite is oxidized in the cytoplasm first by adenylylphosphosulfate reductase
(ApsBA; CT0864-0865), where a quinone interacting membrane bound
oxidoreductase (QmoABC; CT0866-0868) transfers electrons into the quinone pool,
and then by ATP sulfurylase (Sat; CT0862) (Rodriguez et al. 2011). Thiosulfate
(S203%) is oxidized in the periplasm by the Sox system (Sakurai et al. 2010; Chan et
al. 2008), which is widely distributed among the sulfur oxidizing bacteria (Friedrich et
al. 2001). Oxidation of thiosulfate by Sox yields one molecule of sulfate (SO4>") and a
persulfane sulfur attached to the carrier protein SoxY (CT1017); the fate of the
persulfane sulfur in C. tepidum and in A. vinosum has not been determined, as the Sox
systems in these bacteria are missing the sulfur dehydrogenase SoxCD, responsible for
oxidative hydrolysis of the cysteinyl persulfide (Sakurai et al. 2010). The lack of
SoxCD is expected to result in the accumulation of a polysulfide group on the sulfur
carrier protein SoxY, which could be spontaneously liberated or transferred to a thiol
forming the transient extracellular S° observed with thiosulfate oxidation (Sakurai et
al. 2010). Again, the mechanism for packing and export of zero-valent sulfur produced
by thiosulfate oxidation into the extracellular S° is unknown.

The genome of C. tepidum is fully sequenced (Eisen et al. 2002), which has
enabled genomics-based insights into its metabolism (Frigaard et al. 2003; Frigaard &
Bryant 2004). The sequenced genome has also enabled systems-based studies; Eddie
& Hanson (2013) employed a global transcriptome analysis of C. tepidum using RNA-
seq to evaluate gene expression changes in response to a sulfide spike, and found over
120 differentially expressed genes. Specific genes with altered expression implicated
the polysulfide reductase-like complex in sulfide oxidation to S° and a potential

sulfide-dependent regulator (Eddie & Hanson 2013). Using quantitative shotgun
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proteomics, Falkenby et al. (2011) detected increased expression of the Sox system
proteins and the periplasmic cytochrome c-555 in late-culture cells growing on
thiosulfate as electron donor compared to early-culture cells growing on sulfide. The
sequenced genome of C. fepidum has also enabled the use of deletion mutants for
characterizing protein functions via a modest collection of genetic tools that have been
developed for Chlorobaculum tepidum. These include the capacity for chromosomal
gene inactivation (Chung et al. 1998; Frigaard & Bryant 2001), transposon
mutagenesis (Chan et al. 2008), and conjugative gene transfer from Escherichia coli
(Wahlund & Madigan 1995; Azai et al. 2013). These tools have enabled the
characterization of a number of genes within the genome, including genes for the three
sulfide-quinone oxidoreductases (Chan et al. 2009), a cluster of genes from C70867-
CT0876 (encoding QmoBC, the SQR-like protein CT0876, and a number of
uncharacterized proteins; Chan et al. 2008), cytochrome c-554 (Tsukatani et al. 2006),
and Sox B (Azai et al. 2009), among others.

As described above, many aspects of S° metabolism in C. tepidum have
remained elusive, including mechanisms by which cells attach to S°. However, the
capacity for systems-based studies and targeted gene knockouts in C. tepidum provide
many opportunities to obtain new insights. An improved understanding of the surface
interactions governing microbe-S® attachment, as well as mechanisms of S° production
and degradation, would help identify key systems that could be employed in
biotechnology-based approaches to utilize waste sulfur or improve sulfide-remediating

processes.
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1.3 Project Aims and Scope of Work

Studying C. tepidum under conditions of S° production and degradation will
provide new insight into mechanisms of S® production and degradation and of cell-S°
attachment. In addition to applications in using waste sulfur, an improved
understanding of these processes could also provide insight into the wide range of
strategies that microbes use to interact with their extracellular environment, and could
inform novel ways of functionalizing surfaces for biocompatibility. While focused
studies, i.e. for characterizing the roles of individual gene products or the regulation of
discrete systems, are obviously critical for developing new understanding of biological
pathways, quantitative systems-based studies are extremely useful for observing
organism-wide changes in response to imposed changes. The outcomes of these types
of studies, including transcriptomic, proteomic, and metabolomic studies, can
subsequently be used to identify new targets for focused, hypothesis-driven
investigations. The utility of quantitative systems-based studies in obtaining an
organism-wide view of gene and protein expression changes has been demonstrated
for C. tepidum and other green sulfur bacteria (Wenter et al. 2010; Falkenby et al.
2011; Eddie & Hanson 2013), for Allochromatium vinosum (Weissgerber et al. 2013;
Weissgerber et al. 2014), and other sulfur-oxidizing bacteria (e.g. Mangold et al. 2011;
Kucera et al. 2013).

However, obtaining valid information from systems-based approaches requires
a controlled experimental system and a well-characterized organism under the relevant
conditions. These checkpoints are required to maximize the likelihood that observed
changes in the measured responses are due to the experimental conditions under
comparison, and not just biological noise. Thus, this work focused on first controlling

and characterizing C. tepidum under the growth conditions most relevant for a better
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understanding of the metabolic pathways and systems involved in S metabolism,
namely S production during sulfide oxidation and S degradation as sole electron
donor. Subsequently, this work sought to identify proteins associated with S° from C.
tepidum to provide insight into mechanisms of S° production, and potential routes for
S® degradation.

These studies elucidated previously unknown aspects of C. tepidum physiology
and have set the stage for future systems-based approaches to understanding S°
metabolism, along with directed studies to probe hypotheses in mechanisms of sulfur

production and degradation. Chapter 5 details suggested routes for these future studies.

1.3.1 Aim 1: Control and characterize the Chlorobaculum tepidum system
Variable growth of C. tepidum, particularly when S° or thiosulfate were
provided as the sole electron donor in the absence of sulfide, posed challenges to
detailed studies of this organism. Furthermore, the ability of indirect protein
quantitation methods to accurately predict C. tepidum biomass across all growth
conditions was not conclusively established. These challenges motivated the
development of controlled culture conditions to provide reproducible growth under S°
production, S° degrading, and thiosulfate oxidizing conditions, as well as the
calibration of colorimetric protein methods (Bradford and bicinchoninic acid assays).
Design of Experiments (DOE) methodology was used to construct a factorial space of
varied electron donor type, light flux level, and batch culture duration. This space, the
energy landscape of sulfur oxidation, spanned 27 unique conditions across 48 cultures
and was used to calibrate C. tepidum protein measurements against protein measured

by amino acid analysis. This large effort resulted in unexpected insights into the low
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energy adaptations of C. tepidum. These studies and the associated outcomes are the
subject of Chapter 2, and formed the publication Levy et al. 2016.

To characterize sulfur metabolism across varying conditions, measurements of
sulfur compounds, including electron donors and oxidation products, collected across
the energy landscape study were analyzed. These data were used to assess the effects
of electron donor type and light flux on C. tepidum biomass yields, as well as to
evaluate closure of the sulfur mass balance. This analysis revealed that electron donor
type affected biomass yields on an electron equivalent basis, providing insight into
energy conservation pathways in C. tepidum. Regions of the energy landscape where
the mass balance did not close prompted additional studies that suggested roles for
soluble polysulfide intermediates in S° production and degradation. These studies and
the associated outcomes are the subject of Chapter 3, and portions were published in

Marnocha et al. 2016.

1.3.2 Aim 2: Identify proteins associated with Chlorobaculum tepidum S°
Studies of biogenic S° from C. tepidum suggested interesting surface
properties, including the possibility for the association of proteins with the S° surface.
These observations, combined with microscopic evidence for packaging of S° into
vesicle-like particles, motivated exploratory proteomic studies to characterize the S°
‘proteome’. Through a combination of gel-based and shotgun proteomic approaches, a
profile of the C. tepidum S° proteome emerged that shared intriguing similarities with
the proteomes of outer membrane vesicles of other gram negative bacteria. In
particular this work identified protein subunits of cell envelope spanning complexes,
proteins involved with spatial control of cell division machinery, envelope stress

response proteins, uncharacterized outer membrane proteins, subunits of inner-
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membrane complexes responsible for proton motive force generation and ATP
generation, and certain proteins involved with inorganic ion transport and energy
metabolism. Together these data suggest a new model for S° generation in C. tepidum,
and provide numerous targets for directed studies to test hypotheses about the roles of
these proteins in S° metabolism and cell-S interactions. These studies and the
associated outcomes are the subject of Chapter 4, and portions were published in

Hanson et al. 2016.
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Chapter 2

CHLOROBACULUM TEPIDUM MODULATES AMINO ACID
COMPOSITION IN RESPONSE TO ENERGY AVAILABILITY, AS
REVEALED BY A SYSTEMATIC EXPLORATION OF THE ENERGY
LANDSCAPE OF PHOTOTROPHIC SULFUR OXIDATION

2.1 Preface

This chapter (including all text, figures, and tables) was adapted from Levy,
Lee, and Hanson (2016) with permission (see Appendix A.1), and describes efforts to
characterize Chlorobaculum tepidum across an experimental space relevant to studies

of S® production and degradation.

2.1.1 Abstract

Microbial sulfur metabolism, particularly the formation and consumption of
insoluble elemental sulfur (S°), is an important biogeochemical engine that has been
harnessed for applications ranging from bioleaching and biomining to remediation of
waste streams. Chlorobaculum tepidum, a low-light adapted photoautolithotrophic
sulfur oxidizing bacterium, oxidizes multiple sulfur species and displays a preference
for more reduced electron donors: sulfide > S° > thiosulfate. To understand this
preference in the context of light energy availability, an ‘energy landscape’ of
phototrophic sulfur oxidation was constructed by varying electron donor identity, light
flux, and culture duration. Biomass and cellular parameters of C. fepidum cultures
grown across this landscape were analyzed. From these data, a correction factor for

colorimetric protein assays was developed, enabling more accurate biomass
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measurements for C. tepidum as well as other organisms. C. tepidum’s bulk amino
acid composition correlated with energy landscape parameters, including a tendency
toward less energetically expensive amino acids under reduced light flux. This
correlation, paired with an observation of increased cell size and storage carbon
production under electron-rich growth conditions, suggests that C. tepidum has
evolved to cope with changing energy availability by tuning its proteome for energetic

efficiency and storing compounds for leaner times.

2.1.2 Importance

How microbes cope with and adapt to varying energy availability is an
important factor in understanding microbial ecology and in designing efficient
biotechnological processes. We explored the response of a model phototrophic
organism, Chlorobaculum tepidum, across a factorial experimental design that enabled
simultaneous variation and analysis of multiple growth conditions, what we term the
‘energy landscape’. C. tepidum biomass composition shifted toward less energetically
expensive amino acids at low light. This observation provides experimental evidence
for evolved efficiencies in microbial proteomes and emphasizes the role that energy
flux may play in the adaptive responses of organisms. From a practical standpoint, our
data suggest that bulk biomass amino acid composition could provide a simple proxy

to monitor and identify energy stress in microbial systems.

2.2 Introduction
Microbes that synthesize or degrade insoluble sulfur-minerals are instrumental
in the biogeochemical sulfur cycle (Lavik et al. 2009), and have been applied for

biomining (Johnson 2014; Rawlings 2005) and sulfide remediation (Fortuny et al.
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2010; Janssen et al. 2001; Syed et al. 2006; Lens & Kuenen 2001). However, little is
known about how these organisms respond to fluctuations in available energy due to
shifts in electron donor identity, fixed carbon availability, or light in the case of
phototrophic bacteria. A deeper understanding of microbial strategies for coping with
energy fluctuations has the potential to improve microbe-catalyzed industrial
processes (Sturman et al. 2008) and to impact our understanding of microbial ecology
as shaped by energy availability (Macalady et al. 2013). Furthermore, a specific
understanding of these adaptations among microbes capable of degrading elemental
sulfur could inform new technologies for mitigating the effects of sulfur-metabolizing
microbes on disturbed ecosystems (e.g. waste sulfur piles from petrochemical
refining), particularly if coupled with recent advances in systems and synthetic
biology.

Microbes that produce insoluble elemental sulfur (S°) as an intermediate of
reduced sulfur compound oxidation and subsequently oxidize S° to sulfate include
both chemotrophs (genera Acidothiobacillus, Beggiatoa; order Sulfolobales) and
phototrophs (families Chromatiaceae, Chlorobiaceae). S° may be deposited either
extra- or intra-cellularly (Kleinjan et al. 2003; Dahl & Prange 2006). The
Chlorobiaceae are obligate anaerobes that use sulfide and other reduced sulfur
compounds as electron donors for anoxygenic photosynthesis, and transiently deposit
S as extracellular globules (Chan, Weber, et al. 2008; Holkenbrink et al. 2011;
Hanson et al. 2016; Wahlund et al. 1991). Unlike the more metabolically versatile
species of the Chromatiaceae, which are capable of dark, aerobic chemotrophic
growth in addition to phototrophic sulfur oxidation (Imhoff 2006), all characterized

Chlorobiaceae are obligate anaerobic photolithoautotrophs, although some

29



Chlorobiaceae assimilate simple organic carbon compounds (acetate, pyruvate)
(Overmann 2006). Chlorobaculum tepidum produces and degrades insoluble
extracellular S° as an obligate intermediate of sulfide oxidation, grows rapidly
(Wahlund et al. 1991; Mukhopadhyay et al. 1999), is genetically tractable (Chan,
Morgan-Kiss, et al. 2008; Wahlund & Madigan 1995; Frigaard & Bryant 2001;
Hanson & Tabita 2001; Azai et al. 2013) and has a sequenced genome (Eisen et al.
2002), making it an ideal platform for studying S° metabolism by systems-based
methods.

Systems-based methods require reproducible growth under controlled
conditions and robust methods of biomass quantitation, both of which are challenging
for C. tepidum. For example, consistent growth on S as the sole electron donor has
only recently been reported (Hanson et al. 2016). Extracellular S’ complicates growth
measurements by standard methods (i.e. optical density and dry weight) because S°
adds turbidity (Mukhopadhyay et al. 1999; Frigaard et al. 2002) and mass. Therefore,
colorimetric protein assays are the method of choice for biomass determinations of C.
tepidum (Mukhopadhyay et al. 1999; Chan, Weber, et al. 2008; Frigaard et al. 2002).
However, differences between the amino acid compositions of biomass and protein
standards and interference from a range of compounds (Sapan et al. 1999), including
photosynthetic pigments, mean that colorimetric protein assays often do not reflect
absolute protein concentration. While pigment extraction prior to protein measurement
is common (Mukhopadhyay et al. 1999; Chan, Weber, et al. 2008; Frigaard et al.
2002), the effects of extraction and of varying pigment content, induced by changes in
light level (Morgan-Kiss et al. 2009; Borrego et al. 1999) and electron donor (Chan,

Weber, et al. 2008), have not been investigated systematically.
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Design of Experiments methodology (Mead et al. 2012; Ogunnaike 2010) was
used to assess protein-based biomass quantitation methods and the response of C.
tepidum across a factorial space defined by electron donor, light flux level, and culture
duration. This space — the ‘energy landscape’ of phototrophic sulfur oxidation (Fig.
2.1) — was designed to alter pigment content by altering energy availability. C.
tepidum displayed shifts in biomass amino acid composition, cell volume, and storage
carbohydrate content across the energy landscape, suggesting that C. tepidum alters its
physiology in response to energy availability to a greater extent than previously
appreciated. While bias in the amino acid composition of highly-expressed proteins
towards energetically inexpensive amino acids has been inferred by bioinformatic
analyses for a range of organisms (Akashi & Gojobori 2002; Raiford et al. 2012;
Heizer et al. 20006), this work reports an experimentally-measured shift in bulk amino
acid composition for a single organism as a function of growth conditions. This
observation implies that relatively simple bulk biomass measurements can be used to

infer details about energy status and adaptation of microbes.
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Figure 2.1  Schematic of the ‘Energy Landscape’ of phototrophic sulfur oxidation.
The energy landscape of phototrophic sulfur oxidation is constructed
from three factors at three levels: (1) electron donor identity (sulfide, S°,
or thiosulfate), (2) light flux (5, 20, or 35 pmol photons m™ s!) and (3)
duration of batch culture (10, 18, or 26 hours).

2.3 Materials and Methods

2.3.1 Experimental design

A 3x%3 factorial experiment was employed to examine C. tepidum growth and
characteristics as a function of electron donor type, light flux level, and culture
duration at three levels per factor. The I-optimal design was created using JMP® Pro
(SAS Institute Inc.) and contained 48 independent cultures performed in six culturing
blocks (Table 2.1). This design enabled quantitative analysis of the effects of

simultaneous changes in the energy landscape parameters on various measured
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Table 2.1  Details of the of the 3x3 factorial design composing the energy landscape
of phototrophic sulfur oxidation, including how treatments were
distributed among the different culturing blocks. AAA, amino acid
analysis; WH, whole unextracted samples; EX, extracted cell pellet
samples (see 2.3.5).

Culture Light Flux Culture AAA
Culturing Unit  Electron  (umol photons ms™!) Duration (hrs) technical reps
Block ID#  Donor Actual  Coded Actual Coded WH EX

1 1 Sulfide 5 -1 26 1 1
2 Sulfide 20 0 18 0
3 Sulfide 35 1 10 -1 1 1
4 Thiosulfate 5 -1 10 -1
5 Thiosulfate 20 0 18 0 3 1
6 Thiosulfate 35 1 26 1 1 1
7 SO 20 0 18 0 1
8 SO 20 0 18 0

2 9 Sulfide 20 0 18 0 1 1
10 Sulfide 20 0 18 0
11 Thiosulfate 5 -1 10 -1 1 1
12 Thiosulfate 20 0 26 1 1
13 Thiosulfate 35 1 26 1
14 S0 5 -1 18 0 1
15 SO 5 -1 26 1 1 1
16 SO 35 1 10 -1

3 17 Sulfide 5 -1 26 1
18 Sulfide 35 1 10 -1
19 Thiosulfate 20 0 18 0
20 Thiosulfate 20 0 18 0
21 Thiosulfate 35 1 10 -1 1 1
22 S0 5 -1 10 -1 1 1
23 S0 20 0 18 0 1 1
24 S0 35 1 26 1 1 1
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Table 2.1 continued.

Culture Light Flux Culture AAA
Culturing Unit  Electron  (umol photons ms™!) Duration (hrs) technical reps
Block  ID# Donor Actual Coded Actual Coded WH EX
4 25 Sulfide 5 -1 10 -1 1

26 Sulfide 0 0 18 0

27 Sulfide 5 1 26 1 1

28 Thiosulfate - -1 18 0 1

29 Thiosulfate .0 0 10 -1 1

30 Thiosulfate .0 0 18 0 1 1

31 SO : -1 26 1

32 S° 5 1 10 -1 1 1
5 33 Sulfide 5 -1 18 0 1 1

34 Sulfide 0 0 10 -1 1 1

35 Sulfide 5 1 26 1 1

36 Thiosulfate -1 26 1 1 1

37 Thiosulfate 5 1 10 -1

38 SO : -1 10 -1

39 SO 0 0 26 1 1

40 SO 5 1 18 0 1
6 41 Sulfide 5 -1 10 -1

42 Sulfide 0 0 26 1 1 1

43 Sulfide 5 1 18 0 1

44 Thiosulfate -1 26 1

45 Thiosulfate 5 1 18 0 1

46 SO -1 18 0 1

47 SO 0 0 10 -1 1

48 SO 5 1 26 1

34



responses (cell size attributes, total carbohydrate, amino acid composition) by a
second-order interaction polynomial model, where Y is the measured response, x; are
experimental factors, Po.iijii are coefficients determined from multiple regression, and
€ represents random error. o is the mean value of the response; main effect terms (i)
represent a factor’s direct effect, cross-interaction terms (Bij) represent the synergistic
impact of two factors, and polynomial terms (Bii) represent non-linear effects
(Equation 2.1).

Y =Bo+ZPixi+ i< Pii xi X; + L i Xi Xi + € 2.1
Culturing block was investigated as a factor except for analyses with amino acid
analysis (AAA)-derived data as the dependent variable(s), which were conducted on a

subset of the full design (Table 2.1).

2.3.2 Bacterial strains and growth conditions

Chlorobaculum tepidum strain WT2321, a plating strain derivative of the
original TLS1 isolate (Wahlund et al. 1991; Wahlund & Madigan 1995), was grown in
20 ml cultures with a 10 psig (177 kPa) headspace composed of 95%:5% N2:CO2
passed through a heated copper scrubber. Experimental cultures were inoculated to 4
ug protein ml™! from pre-cultures derived from cryogenic stocks, and were grown at
45-46 °C in a heated rotisserie culturing system. This system provided improved
culture-to-culture consistency in light exposure and mixing relative to stirred water
bath cultures (see Appendix B for details). A light field of 35 umol photons m? s was
provided from 100 W Reveal® incandescent bulbs (GE Lighting) measured with a
quantum PAR sensor (LI-COR). To obtain 5 and 20 umol photons m? s™! light,

individual cultures were shaded using printed transparency films. Culture durations
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(Fig. 2.1) were selected to capture mid-exponential, late-exponential, and early

stationary phase at 20 pmol photons m s™! light flux.

2.3.3 Culture media

Sulfur-free Pf-7 medium (Wahlund et al. 1991) was prepared by omitting
sulfide and thiosulfate from Pf-7 prepared as previously described (Chan, Weber, et al.
2008). Electron donors were added to individual tubes from concentrated, anoxic stock
solutions. Sulfide stocks were pH-neutralized (Siefert & Pfennig 1984) and biogenic
S® was purified as previously described (Hanson et al. 2016). The electron donor
concentrations in uninoculated media were: sulfide: 3.4 + 0.2 mM; S% 9.3 + 0.3 mM,;
thiosulfate: 10.2 = 0.1 mM. Acetate was provided at an initial concentration of 7.4 +

0.3 mM to all cultures.

2.3.4 Quantification of sulfur compounds and acetate

Measurements were performed as described previously (Chan, Weber, et al.
2008; Rethmeier et al. 1997) with the following modifications. Elemental sulfur was
extracted from cell pellets with 10:1 vol/vol chloroform:methanol prior to quantitation
by reversed phase HPLC. Sulfate was quantified by ion chromatography with
suppressed conductivity detection (Metrohm) using an A Supp 5 100 x 4 mm column
eluted with 3.2 mM Na>COs + 1.0 mM NaHCOs + 6.5 % v/v acetone in ultrapure
water. Standard curves were prepared from sodium sulfide nonahydrate (ACS, Fisher),
elemental sulfur powder (USP, Fisher), sodium thiosulfate pentahydrate (>99.5%,
Sigma-Aldrich), sodium sulfate (>99%, Sigma-Aldrich), and sodium acetate (>99%,

EM Science).
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2.3.5 Protein and bacteriochlorophyll ¢ determinations

C. tepidum cells collected by centrifugation (16,873 X g, 5 mins) were lysed
with 0.25 M NaOH (10 mins), neutralized with an equal volume of 0.25 M HCI,
centrifuged gently to pellet S° (14 x g, 1 min), and diluted with 0.25 M NaCl prior to
protein quantitation. Bradford assays were performed with Protein Assay Dye Reagent
Concentrate (BioRad Laboratories) per manufacturer instructions using either the
absorbance at 595 nm or the ratio of absorbance at 595 nm and 470 nm as the
measured response (Ernst & Zor 2010; Zor & Selinger 1996). BCA assays were
performed with the Pierce® BCA kit (Thermo Scientific) at 37 °C incubation; the ratio
of sample to working reagent was increased to 1:2 vol/vol. The observed technical
variation for all protein assays is reported in Table 2.2. Bovine serum albumin (> 98%,
EM Science OmniPur®) was used as a protein standard. Pigments were removed from
extracted (EX) samples by methanol extraction (-20° C, 10 mins) prior to lysis,
whereas whole (WH) pigment-intact samples were analyzed without prior extraction;
bacteriochlorophyll ¢ (BChl ¢) in the extracts was determined by absorbance at 669

nm (¢ = 86.0 1 g'! cm™, (Stanier & Smith 1960)).

2.3.6 Amino acid analysis (AAA)

Lyophilized cell samples were hydrolyzed (1% v/v phenol in 6 N HCI, 110 °C,
24 hrs), and amino acids were separated by ion-exchange chromatography (Hitachi L-
8800) with sodium citrate buffer as mobile phase. The hydrolysis destroys Cys, Met,
and Trp, and converts the amide amino acids Asn and Gln to Asp and Glu,
respectively. Biomass amino acid molar composition was calculated based on the

molar quantities of individual amino acids measured in a sample.
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Table 2.2 Observed technical variation in protein-based assays for biomass determination.

Observed Technical Variation

Data analysis Pellet Pooled SD*  Normalized  Pooled
Type Method method status  Abbreviation (pg/ml) Pooled SD®  CV©
Direct AAA --- WH AAA-WH 4.6 5.6% 5.0%
Indirect BCA -—- WH BCA-WH 9.9 7.3% 9.2%
EX BCA-EX 10.3 9.1% 9.1%
Bradford  Standard WH BrS-WH 15.0 18% 13%
(Asos only) EX BrS-EX 15.9 20% 14%
Ratio WH BrR-WH 12.4 18% 14%
(Asos / A470) EX BrR-EX 13.2 17% 12%

aPooled standard deviation for technical replicates
®Pooled SD, normalized by mean of response
“Pooled coefficient of variation (CV) for technical replicates



2.3.7 Microscopy and cell volume measurements

Culture aliquots were fixed with 0.37% formaldehyde and stored in the dark (4
°C). At least three phase contrast images at 1000x total magnification were collected
for each culture with an Axiolmager Z1 light microscope and a 100x oil-immersion
objective lens (Zeiss). Images were thresholded and masked using ImageJ (version
1.49¢t, http://imagej.nih.gov/ij) default settings and a 15.5 pixel um™' scale. The particle
analyzer function in Fiji (http:/fiji.sc/Fiji) was used to extract area and perimeter
measurements of cell-like objects from the images using pre-determined area and
circularity criteria. Extracted objects were validated as cells by cross-referencing with
the original images. Dividing, clumped, or out of focus cells and other debris were
manually excluded so that only well-resolved cells were retained in the final dataset.
Cell images were modeled as the two-dimensional projection of a cylinder with
hemispherical end-caps to calculate cell diameter, length, and volume from area and
perimeter measurements. Diameter, length, and volume measurements displayed
lognormal distributions across the dataset and within cultures, and were log-

transformed and averaged by culture prior to analysis by least squares linear models.

2.3.8 Cellular carbohydrate analysis

Cellular carbohydrates were measured by the anthrone-sulfuric acid assay
(Hanson & Phillips 1981) adapted to a 96-well format (Leyva et al. 2008; Zuroff et al.
2013). Cell pellets were extracted with acetone (10 mins, -20 °C) to remove
interfering pigments (Turnbull et al. 2007). Extracellular carbohydrates were removed
by resuspending in a solution of 0.85% NaCl, centrifuging (16,873 % g, 5 mins), and

removing the supernatant (Hanson & Phillips 1981). Pellets were re-suspended in
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water and sample aliquots (45 pl per well) were transferred to a polypropylene 96-well
plate (VWR). Samples were mixed with 150 pl anthrone reagent (2 g I'' anthrone
(Acros Organics) in 98% sulfuric acid (EM Science)). For each sample, one aliquot
was mixed with sulfuric acid without anthrone as a negative control, and one aliquot
was spiked with 5 pug glucose as a positive control. The covered plate was incubated at
4 °C for 10 minutes, at 95-105 °C for 20 minutes, and cooled at room temperature for
20 minutes. The absorbance at 620 nm was measured along with a glucose standard

curve (0.5-10 pg glucose per well).

2.3.9 Statistical analysis

JMP® Pro was used for all statistical analyses and preparation of box-and-
whisker plots. In box-and-whisker plots used throughout, the middle line indicates the
median value, boxes span the 25th to 75th quantiles, and the whiskers represent either
1.5 x the inter-quantile range from the end of the box, or the upper and lower data
points (excluding outliers).

The effect of the energy landscape on univariate responses was analyzed by
least squares fitting of the data to the second-order interaction polynomial model
described under Experimental Design. Log transformed and averaged cell dimensions
were fit by weighted least squares analysis, using the inverse of the variance of the cell
dimension measurement as the weighting variable, to account for the large range of
cell sizes observed within each population. Analysis of variance (ANOVA) was used
to assess overall model significance by F-test, which can assess multiple coefficients
simultaneously, and to estimate parameter coefficient values, where the significance of
individual parameters was determined by t-test. Insignificant parameters, defined as p

> (.2, were sequentially eliminated to improve model significance and parameter
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estimates, and only parameters with t-test probabilities of p < 0.01 were considered to
have a significant effect on the measured response. Light and culture duration factors
were coded between -1 and 1 before model fitting. In some cases, using culture
attributes (e.g. growth rate, etc.) as factors provided more meaningful relationships
than the original energy landscape parameters, and the factors identified as producing
significant effects are specified in the relevant sections below.

Amino acid composition data were fit by multivariate analysis of variance
(MANOVA), which enabled analysis of the effects of the energy landscape on amino
acid composition as a whole as well as on individual amino acids. The statistical
significance of effects in MANOVA is determined by F-test, to enable the assessment
of multiple coefficients simultaneously; approximated F ratios for categorical factors

in MANOVA analysis were calculated by Wilk’s lambda.

2.4 Results

2.4.1 Calibration of indirect protein assays provides accurate prediction of
absolute biomass protein concentration

As intended in the experimental design, cultivation of C. tepidum across all 27
energy landscape treatments (Table 2.1) produced biomass with bacteriochlorophyll ¢
contents spanning 0.10 to 0.24 pg BChl ¢ (ug protein)™!. Photosynthetic pigment
interference in indirect protein assays, specifically the Bradford (Br) and bicinchoninic
acid (BCA) methods, was assessed by comparing protein measurements of whole
(WH) and methanol-extracted (EX) samples. Two versions of the Bradford assay were
used: standard (BrS), which measured A595, and ratio (BrR), which measured the
ratio A595/A470 to provide increased sensitivity and linearity compared to the

standard assay (Zor & Selinger 1996; Ernst & Zor 2010). The performance of the
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indirect assays was benchmarked against direct quantitation of protein by amino acid
analysis (AAA) measurements on WH samples, which displayed <5% error with
bovine serum albumin as a standard (data not shown).

Indirect protein assays were highly correlated with AAA measurements (Table
2.3; Fig. 2.2), with the highest accuracy exhibited by BCA on EX samples (normalized
root mean square error (nRMSE) = 16%; Table 2.3; see Appendix C for calculations
of accuracy metrics). The BCA assay over-predicted protein in WH samples (nRMSE
= 37%), particularly for early- to mid-exponential phase cultures (Fig. 2.2A inset).
Both versions of the Bradford assay under-predicted protein (> 25% nRMSE)
regardless of whether pigments were removed, with BrR-WH measurements the least
accurate (nRMSE = 38%).

The accuracy for all assays except BCA-WH was improved by a linear
correction function (Equation 2.2).

corrected = (indirect - o) x Pi’! 2.2

Parameters o and f1 were obtained from the intercept and slope, respectively, of least
squares linear regressions of indirect protein measurements against AAA
measurements (Table 2.3). Although BCA-WH exhibited the smallest absolute RMSE
when corrected by a linear correlation function, it had the highest nRMSE due to
proportionally large deviations for low density cultures (Table 2.3; Fig. 2.2A inset).
Corrected Bradford measurements on EX samples demonstrated the smallest nRMSE
(13% for BrS and 12% for BrR), a slight improvement in prediction accuracy
compared to the uncorrected BCA-EX measurements.

Thus, for routine usage in highly pigmented organisms like C. tepidum, BCA-

EX measurements should provide the best results without the need for a correction
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factor. For the subsequent experiments, however, we employed corrected BrR-Ex

measurements based on the improvement in overall accuracy.

Table 2.3  Accuracy of Bradford and BCA (indirect) protein assay measurements in
predicting protein determined by amino acid analysis (direct

quantitation).
Assay correction, pigment RMSE nRMSE
status, and assay method R? B Bo (ug/ml) (%)
Without correction
WH cell pellet
BCA 0.989 26 37%
BrS 0.966 38 25%
BrR 0.969 56 38%
EX cell pellet
BCA 0.983 12 16%
BrS 0.971 40 29%
BrR 0.983 43 33%
After correction!
WH cell pellet
BCA 1.07 15.0 10 24%
BrS 0.734 2.61 18 15%
BrR 0.604 1.52 17 15%
EX cell pellet
BCA 0.981 3.30 12 18%
BrS 0.734 -0.57 16 13%
BrR 0.714 -2.11 12 12%

! Corrected = (Indirect - o) x Pi’!
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Figure 2.2  Calibration of indirect protein measurements against AAA. Values from
BCA and Bradford assays are plotted versus direct protein quantitation
by AAA for (A) WH samples and (B) EX samples along with the linear
least squares regression. Insets show low concentration regions. The solid
black identity reference line indicates equality between indirect and AAA
protein determination. Vertical error bars for indirect assay
measurements represent the standard error of triplicate determinations;
horizontal error bars on AAA measurements represent propagation of the
pooled standard error for four replicated AAA analyses.
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2.4.2 Comparisons of WH and EX protein measurements suggest
characteristics of the internal metabolite pools of C. tepidum

While methanol extraction improved the accuracy (i.e. lowered the nRMSE) of
Bradford and BCA assays, this step could remove protein and/or soluble pools from
biomass samples. Indeed, methanol extraction reduced measured protein mass by 9%
on average (Fig. 2.3A; p = 0.001, 1-tailed test) as measured by AAA for 16 pairs of
WH and EX samples (Table 2.1). Furthermore, the amino acid composition was
altered between WH and EX samples, indicating that extraction preferentially
removed Ala, Pro, and Glx (Fig. 2.3-B; see Appendix C for details). This observation
was interpreted as the loss of soluble pools for these amino acids. However, there was
no obvious relationship between the extent of depletion of Ala, Pro, or Glx and the
energy landscape (data not shown).

Comparing BCA-WH and BCA-EX measurements revealed an interesting bias
in BCA-WH error. While there was no relationship between BCA-EX error and
energy landscape parameters, the tendency of BCA-WH to over-predict protein was
greatest among samples from sulfide- and S°-grown cultures, at early durations or low
light, but not with thiosulfate-grown cultures (Fig. 2.4). These observations suggest
that C. tepidum possesses one or more internal pools of methanol-soluble metabolic
reductants that artificially increase the signal of the BCA-WH assay, which is based

on the reduction of Cu(Il) to Cu(l).
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Figure 2.3
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Methanol extraction removed protein and preferentially extracted alanine, proline, and glutamine + glutamate.
(A) Standard box-and-whisker plot showing the distribution of Pex/Pwn, the ratio of amino acid analysis-
determined total protein masses, across 16 pairs of methanol-extracted (EX) and whole, unextracted (WH)
samples. Amino acid analysis-determined protein in EX samples was less than in WH samples (p = 0.0012, 1-
tailed matched pairs analysis) by 9% on average. (B) Standard box-and-whisker plot showing the distribution
of daa, a parameter that assesses whether amino acid AA was depleted or enriched by methanol extraction (see
Supplemental Text C for details). daa < 0 indicates preferential depletion of amino acid AA by methanol
extraction; daa> 0 indicates enrichment. Asterisks indicate the significance of two-tailed matched pairs
analysis as described in Supplemental Text C. * p <0.05; ** p <0.01 *** p <0.001; **** p <0.0001.
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Figure 2.4 Trends in the error of BCA-WH but not BCA-EX measurements suggest

that C. tepidum accumulates intracellular pools of methanol-soluble,
Cu(Il)-reducing compounds during early phase growth on sulfide and S°,
but not thiosulfate. Contour plots depict the relative deviation between
BCA-WH and AAA measurements (left panel) and BCA-EX and AAA
measurements (right panel). For WH samples, the deviation between
BCA and AAA was higher for early phase sulfide- and S° grown cells,
but this pattern was eliminated by methanol extraction (EX samples)
suggesting the presence of methanol-soluble pools of reductant. These
pools could represent sulfide or polysulfides, and may comprise other
compounds. HS™ = sulfide; TS = thiosulfate.
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2.4.3 C.tepidum cell size variations across the energy landscape are associated
with the production of storage carbohydrates

As cell size provides an indicator of the physiological state of microbes
(Sanchez et al. 1998), we assessed changes in C. tepidum cell dimensions across the
energy landscape and found that growth rate positively correlated with cell length (R?
=0.38; p <0.0001) and cell volume (R*> = 0.34; p < 0.0001), but did not correlate with
cell diameter (Fig. 2.5). Increases in cell volume with faster growth rates is a well-
established phenomenon (Neidhardt et al. 1990), but the large variability in cell
volume at a particular growth rate suggested that additional factors were influencing
cell size (Sanchez et al. 1998). Adding parameters for electron donor identity and
acetate availability revealed that these factors affected cell size beyond the effect of
growth rate (Fig. 2.6A). Growth on sulfide led to larger (21%, p < 0.0001) and longer
(17%, p < 0.0001) cells relative to growth on S° and thiosulfate, but had a negligible
effect on cell diameter (Fig 2.7). Acetate depletion decreased cell volume by 29%
through a combined effect of decreased length (17%; p < 0.001) and decreased
diameter (8%; p < 0.0001).

As the accumulation and depletion of storage carbohydrates is known to
influence cell volume (Leyva et al. 2008; Hanson & Phillips 1981), total carbohydrate
(TC) was measured in biomass samples from across the energy landscape. Growth on
sulfide increased the ratio of TC:protein of C. tepidum by 72% on average (p <
0.0001). The corresponding increase in cell volume and TC:protein for sulfide-grown
cultures (Fig. 2.6B) provides evidence that growth on sulfide leads to enhanced
glycogen production relative to C. tepidum growth on S° or thiosulfate. Interestingly,
TC:protein was not correlated with acetate depletion; thus, decreased cell volume for

acetate-depleted cultures is not a result of storage carbohydrate degradation.
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Figure 2.5
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Cell length and volume, but not diameter, correlate with growth rate.
Culture means for log-transformed cell diameter, cell length, and cell
volume are plotted versus observed culture growth rate. Cell length and
volume exhibit an increasing relationship with growth rate, while cell
diameter is largely independent of growth rate. These trends indicate that
C. tepidum largely mediates changes in cell size by changes in length and
not diameter.
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Effect of electron donor and acetate depletion on cell volume and storage
carbohydrate accumulation across cultures of different growth rates. Box-
and-whisker plots of (A) culture-averaged log-transformed cell volumes
and (B) total culture carbohydrate normalized to culture protein binned
by growth rate and classified by electron donor identity and acetate (Ac)
availability. The number of cultures for each grouping is indicated above
the box. Acetate was fully depleted by the 26 hour timepoint for S°- and
thiosulfate-grown cultures at the middle (20 pmol photons m™ s!) and
high (35 umol photons m~ s™") light levels. S(0) = S°.
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Figure 2.7 Variation of cell diameter (A) and length (B) with growth rate, electron
donor, and acetate availability. Standard box-and-whisker plots showing

the distribution of culture-averaged log-transformed dimension
measurements.

2.4.4 C.tepidum amino acid composition varies across the energy landscape
The bulk amino acid composition of C. tepidum biomass as determined from

the AAA measurements (Fig. 2.8) exhibited statistically significant changes across the
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energy landscape. Multivariate analysis of variance (MANOVA) produced a highly
significant (p < 0.0001) second-order interaction model (see methods), revealing that
electron donor (p = 0.0006), light (p < 0.0001), and culture duration (p = 0.002)
affected the abundance of specific amino acids (where the interaction of light and
duration had a weak effect, p = 0.04). Electron donor had the most significant effect
on Gly (p <0.0001; Fig. 2.9A), which was enriched on sulfide and depleted on
thiosulfate. Increasing light decreased Asx content (p = 0.0003; Fig. 2.9D) and
enriched for Lys (p = 0.0015; Fig. 2.9F). Increased culture duration enriched for Pro (p
=0.0008; Fig. 2.9C) and decreased Arg (p = 0.002; Fig. 2.9B) and Gly (p = 0.007;

Fig. 2.9-A).
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Figure 2.8  Average amino acid composition of unextracted, whole (WH) C. tepidum
biomass. Columns represent the mean molar amino acid composition
observed for WH samples from N = 29 independent cultures of C.
tepidum (Table 2.1); error bars represent the full range of values
observed.
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Figure 2.9 The composition of certain amino acids varied in response to electron
donor identity, light, and culture duration. Standard box-and-whisker
plots depict trends in measured amino acid compositions for cultures at
the specified conditions. (A) Gly negatively correlated with culture
duration and is enriched by sulfide; (B) Arg negatively correlated with
culture duration (S and thiosulfate only) (C) Pro positively correlated
with culture duration (S° and thiosulfate only); (D) Asn + Asp negatively
correlated with light flux level (HS™ and S° only) (E) Ala negatively
correlated with light (sulfide and S° only); (F) Lys positively correlated
with light (sulfide and S° only). HS™ = sulfide; TS = thiosulfate.

2.4.5 Light flux affects biomass amino acid composition according to amino
acid biosynthetic cost

A closer inspection revealed that light induced more subtle changes to nearly
all amino acids: high light flux enriched for amino acids with high biosynthetic ATP
requirements, while low light flux enriched for amino acids with low biosynthetic
ATP costs (Fig. 2.10A; values for photosynthetic bacteria from (Smith & Chapman
2010)). When the cost of amino acid synthesis for C. tepidum biomass (~Pavg) was
calculated, using the amino acid composition data and the energetic costs of
synthesizing each amino acid in terms of ATP required per amino acid (Smith &
Chapman 2010), ~Pavg was positively correlated with light flux (Fig. 2.10B; p = 0.002
for light as a single factor; p = 0.0008 when including culture duration as a non-linear
effect). The mean change in ~Pavg between the low and high light conditions was 0.14
+0.04 ATP (amino acid). Different amino acids did not contribute equally to the
change in ~Pavg — for example Lys was the largest contributor while Pro and Thr
slightly opposed the overall trend (Table 2.4). However, excluding individual amino
acids from the ~Pavg calculation did not eliminate the relationship between ~Payg— and
light flux (Table 2.5), consistent with a globally coordinated alteration of biomass

composition.
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Figure 2.10 Light level affects variation in amino acid abundance according to biosynthetic cost. (A) Mean values of the
normalized difference from the average composition are plotted as a function of light; statistical significance: *
p <0.05; ** p <0.01; *** p <0.001. Amino acids are arranged in order of increasing biosynthetic cost (ATP
required per amino acid molecule) using values for phototrophic bacteria (45). The average amino acid
biosynthetic cost for C. tepidum biomass (21.8 ATP (amino acid)!) is indicated by the vertical dashed line.
Error bars represent the standard error of the mean within each light level. (B) Box-and-whisker plot
representation of the distribution of the measured ~Pavg values for low, middle and high light.



Table 2.4  Changed abundance of amino acids in C. fepidum biomass did not
contribute equally to the observed changes in ~Pavg.

Amino Acid Relative contribution to changes in ~Pavg
Lys 26%
Glx 13%
Phe 13%
Ser 12%
Asx 9.4%
Ala 7.9%
His 5.4%
Tyr 4.7%
Ile 3.3%
Leu 2.6%
Arg 2.1%
Gly 2.0%
Val 1.3%
Pro -0.32%
Thr -0.80%

Table 2.5  Effect of excluding individual amino acids from the calculation of ~Pavg
on the light-effect parameter B1 in the relationship between ~Pavg and

light.

Excluded Overall model” Bi1parameter B1 parameter
amino acid(s)  significance by F-test value “ significance
None 0.0013 0.073 0.0008

Lys 0.0053 0.058 0.0048

Glx 0.0021 0.069 0.0010

Phe 0.0030 0.065 0.0011

Ser 0.0025 0.068 0.0022

Asx 0.0033 0.074 0.0023

Ala 0.0012 0.076 0.0008

His 0.0021 0.071 0.0014

Tyr 0.0009 0.071 0.0004

Lys, Glx 0.0082 0.054 0.0054

Lys, Glx, Phe 0.0147 0.043 0.0058

2 Modeled relationship between ~Pavg and light:
Pavg = Bo + B1 x (light) + B2 x (culture duration)?
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As C. tepidum is known to increase its BChl ¢ content and chlorosome volume
fraction in response to decreased light flux (Morgan-Kiss et al. 2009; Borrego et al.
1999), we considered the possibility that the observed bias in amino acid composition
at low light could be the result of increased abundance of chlorosome-associated
proteins. The BChl c:protein ratio increased with decreasing light for sulfide and S°-
grown cultures as expected (Fig. 2.11A), although this trend did not occur for
thiosulfate-grown cultures (see section 3.4.7 for further discussion). We found that
BChl c:protein strongly correlated with the overall amino acid composition (p =
0.0003 by MANOVA), and cultures with similar BChl c:protein clustered together in a
principal components analysis plot (Fig. 2.11B). However, BChl c:protein did not
correlate with ~Pavg (p = 0.8; Fig. 2.11C), suggesting that the bias in composition
towards amino acids with lower biosynthetic costs is not merely the result of increased
chlorosome and chlorosome protein abundance.

There was no correlation between ~Pavg and growth rate (p = 0.8; data not
shown). All cultures achieved exponential growth with maximal rates observed from
0-10 hours. Growth rates for low-light cultures were slower for all electron donors (p
=0.09-0.11 hr'!") than middle- (0.19-0.22 hr'!) and high-light cultures (0.23-0.25 hr'!).
Growth rates slowed after 10 hours for cultures grown at middle (by 37-62%) and high

light (by 65-76%), but cultures continued to grow through 26 hours.
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Figure 2.11 Overall amino acid composition varied with BChl ¢ content, but BChl ¢
content did not correlate with ~Pavg. (A) Box-and-whisker plot showing
the distribution of BChl c:protein ratio observed for cultures as a function
of light for each electron donor. The BChl c:protein ratio negatively
correlated with light flux level for sulfide and S° grown cells, but not for
thiosulfate grown cells. (B) Principal component analysis diagram
depicting the variation of amino acid composition across the multivariate
space; each point represents a culture, and the points are colored
according to the measured ratio of BChl c:protein. Cultures with similar
BChl c:protein are observed to cluster together on the plot, demonstrating
the relationship between BChl c:protein and the overall amino acid
composition. (C) Although BChl c:protein correlated with overall amino
acid composition (MANOVA, p = 0.0003), BChl c:protein did not
correlate with ~Pavg (p = 0.8; R* = 0.006).
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2.5 Discussion

2.5.1 Prior extraction of biomass samples improves accuracy of indirect protein
assays

Bradford and BCA protein assays are simple, rapid, and inexpensive, yet
exhibit protein-to-protein variability, measure protein indirectly relative to a chosen
protein standard, and are subject to interference from a range of compounds including
photosynthetic pigments (Sapan et al. 1999). As C. tepidum pigment content changes
in response to electron donor (Chan, Weber, et al. 2008), light (Borrego et al. 1999;
Morgan-Kiss et al. 2009), and culture duration, we used cultures grown across the
energy landscape to examine this interference using amino acid analysis (AAA) as a
‘gold standard’ for protein quantitation (Smith 1997).

This work established that BCA-EX measurements provided good overall
accuracy in predicting C. tepidum protein without correction. This method should
provide a convenient and more generally applicable method of protein determination
for photosynthetic biomass samples. Slightly improved accuracy was obtained from
BrR-EX and BrS-EX measurements with an empirical correction function (Table 2.3;
Fig. 2.2). However, we expect that the correction factor will vary between organisms
based on different pigment content, and therefore the correction would need to be
determined for each organism independently. This study provides a roadmap for how

to carry out such a correction if desired.

2.5.2 Extractable pools inferred from protein analyses
Pigments are typically removed by methanol extraction, and we found that this
treatment introduced changes in biomass amino acid composition by preferential

extraction of alanine, proline, and glutamate/glutamine. This result was interpreted to
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be the loss of free intracellular amino acid pools in C. tepidum, as these amino acids
are observed as free pools in other microorganisms (Brown & Stanley 1972; Clark et
al. 1972). Prior studies on C. fepidum indicate that glutamine synthase/glutamine
aminotransferase (GS/GOGAT) is the main route for ammonium assimilation in C.
tepidum (Wahlund & Madigan 1993), which would be expected to contribute to free
pools of glutamate and glutamine. Alanine dehydrogenase (ADH) has been suggested
as an alternative ammonium assimilation pathway in Chlorobium chlorochromatii
(Cerqueda-Garcia et al. 2014), which is consistent with our observation of an
extractable alanine pool. This hypothesis is further supported by C. tepidum
transcriptome sequencing data (Eddie & Hanson 2013) which showed that genes for
GS/GOGAT (CT1411, CT0401-0402) and ADH (CT0650, CT0706) were expressed at
similar levels. The significance of free proline in C. tepidum is not clear, but free
proline pools have been associated with osmotic stress (Brown & Stanley 1972; Ellar
1978; Neidhardt et al. 1990), where converting glutamate to proline enables an
increase in intracellular solute concentration without requiring additional positively-
charged solutes to balance charge (Ellar 1978).

The over-estimation of protein by BCA-WH measurements, but not BCA-EX,
for a subset of the energy landscape treatments provides evidence for the transient
accumulation of an intracellular, methanol-extractable compound that increases the
reduction of Cu(Il) to Cu(l) in the BCA assay. The increase in BCA-WH protein
signal was predominantly observed in cells grown on sulfide or S°, particularly at
short culture durations or low light (Fig. 2.4), and was not present in cultures grown
with thiosulfate as the electron donor or where the electron donor was largely

exhausted. The increase in BCA-WH could be due to intracellular pools of sulfide or
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polysulfide, which have been detected in C. tepidum (unpublished data). Intracellular
pools of polysulfides but not sulfide have also been observed in the purple sulfur
bacterium Allochromatium vinosum (Franz et al. 2009). While intracellular pools of
thiosulfate and sulfite have been previously quantified in C. fepidum (Rodriguez et al.
2011; Hiras 2012), these compounds are not soluble in methanol and would be

unlikely to be extracted.

2.5.3 C. tepidum cell size changes suggest the formation of storage compounds

Positive relationships of growth rate and cell size for heterotrophic bacteria
such as Escherichia coli and Salmonella typhimurium are textbook material
(Neidhardt et al. 1990), but whether this property translates to less well studied
systems like C. tepidum is not clear. Growth rate and cell size correlate across
different species of cyanobacteria and heterotrophic bacteria, but data on changes
within a given species are lacking (Kirchman 2016). Cell size was observed to
correlate with growth rate for Chromatium minus, a purple sulfur phototrophic
bacterium, where large variations in cell volume among cells of a constant growth rate
were attributed to intracellular storage of sulfur and glycogen (Montesinos 1987). The
Chlorobiaceae synthesize glycogen in the light as a carbon storage compound and
ferment the stored glycogen in the dark to provide maintenance energy (Sirevag &
Ormerod 1977; Sirevag 1975; Badalamenti et al. 2014; Overmann 2006; Habicht et al.
2011).

After accounting for growth rate differences, C. tepidum cells grown on sulfide
were larger than on S° or thiosulfate, a difference that appears to be due to the
accumulation of glycogen in sulfide-grown cells (Fig. 2.6B). While degradation of

glycogen was previously described upon the transition from sulfide oxidation to S°
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oxidation for Chromatiaceae species (van Gemerden & Beeftink 1978; Schmidt &
Kamen 1970), this work directly compares glycogen production during oxidation of
different electron donors in the Chlorobiaceae. Enhanced glycogen storage on sulfide
suggests that C. tepidum may use glycogen synthesis in part to cope with and/or store
excess reducing power available during sulfide oxidation. This hypothesis is consistent
with the induction of a high velocity, low affinity sulfide:quinone oxidoreductase
(CT1087) whose physiological role seems to be primarily sulfide tolerance (Chan et
al. 2009; Eddie & Hanson 2013; Shuman & Hanson 2016).

The parallel effect of culture parameters on cell length and volume, but not on
cell diameter, suggests that C. tepidum modulates cell size by altering length rather
than diameter. Because C. fepidum chlorosomes are arranged at the perimeter of cells,
chlorosome concentration per unit cell volume will be maximized by a smaller
diameter. Thus, maintaining cell diameter may be advantageous for maximizing the

light harvesting potential of the cells.

2.5.4 Amino acid composition changes induced by energy landscape parameters
suggest biosynthetic streamlining at low energy can be observed with bulk
measurements

At the outset, we did not expect to observe significant changes in amino acid
composition across the energy landscape because we felt that protein expression
changes would be too subtle to be detected in bulk biomass measurements. However,
the data clearly indicate that C. tepidum biomass composition detectably shifts across
the energy landscape. Furthermore, these shifts appear to be sensible in the context of
the energy landscape when interpreted based on the energetics of amino acid
biosynthesis. The ~Pavg decreased in response to decreased light flux, amounting to a

difference of 0.14 + 0.04 ATP (amino acid)”! from the high to the low light conditions
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(Fig. 2.10B), which translates to a savings in amino acid synthesis costs of 0.64%
from 21.87 ATP (amino acid) ™! at high light. As noted above, tryptophan, the most
energetically expensive amino acid (76.3 ATP (amino acid)™! (Smith & Chapman
2010)), is not measurable by the amino acid analysis method employed. Trp shares
chorismate as a biosynthetic intermediate with Phe and Tyr, which both contribute
positively to the ~Pavg change in response to light. Thus we expect that Trp would also
positively contribute to an observed change in ~Payg.

This bias by C. tepidum towards using less energetically expensive amino
acids at reduced light flux could potentially be an evolved response for coping with
ATP limitation, as Chlorobiaceae are adapted to lower light flux than other
phototrophs (Imhoff 2006; Biebl & Pfennig 1978). Interestingly, the first and third
lowest-cost proteins in the C. tepidum proteome on a per amino acid basis (calculated
using from the approach of Smith and Chapman (Smith & Chapman 2010)) are
associated with light harvesting (chlorosome proteins CsmD and CsmF), and the
fourth lowest-cost protein is associated with ATP generation (the ATP synthase
subunit c).

Efficiency in the primary sequence of proteins has been observed previously:
highly expressed bacterial genes (as assessed by major codon usage) tend to code for
proteins that use less energetically expensive amino acids (Akashi & Gojobori 2002;
Heizer et al. 2006; Raiford et al. 2012), and extracellular proteins tend to be composed
of less energetically expensive amino acids than intracellular and membrane proteins
(Smith & Chapman 2010). Furthermore, a survey of yeast transcriptomic data found
that resource limitations (e.g. salt stress, reduced exogenous amino acid availability,

etc.) induced gene expression changes that varied inversely with the length of the
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coded proteins (Vilaprinyo et al. 2010). However, whereas these previous studies were
based on inferences from bioinformatic analyses and ‘omic datasets, this work reports
an experimentally measured shift in an organism’s bulk amino acid composition in
response to growth conditions. That the bias toward amino acids with lower
biosynthetic cost appears independent of BChl ¢ content (Fig. 2.11C) suggests that this
effect is the result of global changes in C. tepidum protein expression, and possibly
evolved efficiency in the primary sequence of proteins important at low light, rather
than a mere consequence of increased chlorosome expression.

While a 0.64% cost savings in the energy requirements of amino acid synthesis
on first glance appears quite small, long term evolutionary success can be built on
such incremental advances. Estimating that that amino acid biosynthesis accounts for
57% of the cellular energy budget for a reverse tricarboxylic acid cycle autotroph
(Mangiapia & Scott 2016), this change in ~Pavg would translate to a 0.37% increase in
growth rate, enabling a 107 initial proportion of the population to achieve greater than
99% of the population within 7,300 doublings. This timeframe is roughly 20 years,
assuming a doubling time of 8 hours, which is consistent with the measured growth
rate of C. tepidum at the low light conditions of this study. While this timeframe is
long compared to typical laboratory growth experiments, twenty years is short
compared to evolutionary timescales; for example, there is evidence that populations
of green sulfur bacteria have consistently occurred in the Mediterranean Sea for over
200,000 years (Coolen & Overmann 2007), and potentially longer than 2 million years
(Passier et al. 1999), and that purple sulfur bacteria have inhabited Mahoney Lake for
over 9,000 years (Coolen & Overmann 1998). Furthermore, the energy savings and

selection coefficient for this advantage (2.5 x 10-3 gen'!; calculated by Dykhuizen
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1990) are similar to the advantage for switching from low-frequency to high-
frequency codons in highly expressed proteins (Brandis & Hughes 2016; Akashi &
Gojobori 2002).

Given that the biases in the cost of amino acid synthesis were detectable by
bulk analysis of biomass rather than by fine-grained ‘-omics’-type analyses
emphasizes the role that energy flux may play in the evolved adaptations of organisms
and provides experimental evidence for evolved efficiencies in microbial proteomes.
Thus, future systems-based studies that explore the response of C. tepidum and other
environmental microbes to changing energy flux have the potential to provide deeper
insight into the environmental pressures that have shaped proteins critical for life in

low energy flux environments.

2.6 Concluding remarks

The factorial approach employed in this work, coupled with efforts to reduce
culturing variability and establish robust biomass quantitation, enabled a systematic
analysis of the effects of electron donor, light flux level, and culture duration, as well
as their interacting effects, on the physiology of C. tepidum. Through the range of
treatments produced by this approach, protein-based biomass quantitation methods
were calibrated and previously unidentified traits of C. tepidum were revealed. These
include changes in glycogen storage as a function of electron donor and overall
biomass amino acid composition in response to growth conditions. Our observation of
a bias in the amino acid composition toward less energetically expensive amino acids
under low light conditions provides a ‘real-time’ experimental observation of whole-
biomass amino acid compositional shifts in response to energy limitation. Thus

measures of biomass amino acid composition have the potential to provide a simple,
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useful means to assess and diagnose energy stress or adaptations in applications such
as bioreactor process monitoring. The experimental design approach employed here
enabled simultaneous examination of multiple factors that revealed subtle and
interacting-factor effects, which would have remained hidden in studies with single-
factor designs. The generalized approach of carefully designed ‘landscape’ type
studies can be extended to many other systems to enable the identification of
previously undetected interactions in problems impacted by multiple interacting

factors.
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Chapter 3

ANALYSIS OF CHLOROBACULUM TEPIDUM SULFUR METABOLISM BY
A FACTORIAL APPROACH

3.1 Preface

Several of the figures in this chapter are adapted from Marnocha, Levy,
Powell, Hanson, and Chan (2016) with permission (see Appendix A.2). My
contributions to that publication were data demonstrating the presence of polysulfides
during S° production and S° degradation and data showing the dynamics of polysulfide
compounds during production and degradation of S° by Chlorobaculum tepidum.
These data were published as Fig. 4A, Fig. 4B, and Supplementary Figure S4 in
Marnocha et al. (2016), and correspond to Fig. 3.6-A, Fig. 3.8-A, and Fig. 3.7 in this
dissertation, respectively. The observation of soluble polysulfides during S°
production and degradation, combined with the microscopy work and analyses
performed by Cassandra Marnocha, led to the proposed model for S° generation and
degradation that was published as Fig. 7 (Fig. 3.9 in this dissertation). All other data in

this chapter were generated by myself, and have not been previously published.

3.1.1 Abstract

This chapter presents insights into Chlorobaculum tepidum S° metabolism that
were enabled by analysis of sulfur metabolism across a factorial space of electron
donors (sulfide, elemental sulfur (S°), and thiosulfate) and light flux levels (5, 20, and

35 umol photons m? s™!) called the ‘Energy Landscape’ of phototrophic sulfur
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oxidation. Analysis of growth yield on a per-electron basis across the energy
landscape revealed that yield on S° as electron donor was less than on sulfide and
greater than on thiosulfate. Interpreting this observation in the context of electron
transport pathways in C. tepidum suggests that electrons from oxidation of S° to sulfite
may not participate in membrane-bound electron transport in C. tepidum, in contrast to
the pathways outlined in current models. An assessment of sulfur mass balance closure
across the energy landscape identified ‘missing’ sulfur during early phases of S°
production and S° degradation, motivating a search for additional intermediates of C.
tepidum S° metabolism. Soluble extracellular polysulfides were observed to
accumulate during S° production, and these compounds also provided a mechanism to
explain microscopic observations of S° globules growing at a distance from cells.
During S° degradation, a polysulfide species was detected but did not accumulate and
was therefore unlikely to account for ‘missing’ sulfur; however, this compound could
play a role in degradation of S° globules not attached to cells and growth of cells
unattached to S° globules.

Beyond insights specifically into S® metabolism, this comprehensive study of
the ‘energy landscape’ also suggested that C. tepidum alters the portion of cellular
carbon derived from acetate versus COz2 in response to light and electron donor. The
prevalence of an increased recovery of sulfur in oxidation products than in the
initially-provided electron donors in later phase cultures across the energy landscape
suggested that C. tepidum cells had oxidized intracellular stores of sulfur compounds.
Finally, a lack of thiosulfate oxidation by low light-grown C. tepidum, coupled with
decreased BChl ¢ content, suggested the inability of C. fepidum to utilize thiosulfate

under these conditions. Trace oxygen contamination provides a possible explanation
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for this observation, and raises interesting questions about the regulation of
photosynthetic electron transport during oxygen stress. Together, the comprehensive
approach to analyzing C. tepidum sulfur metabolism revealed new insights that would
not have been observable by traditional, single factor experiments, and provided a
high-level view of how C. tepidum adjusts to varying energy conditions and balances

electron flows.

3.1.2 Importance

The factorial experimental design employed here provided a systematic
approach to studying C. tepidum under a range of conditions, including different
electron donors and light flux levels. By providing a global view of C. tepidum S°
metabolism, this approach enabled insight into mechanisms of S® metabolism as well
as into other aspects of C. tepidum metabolism without characterization of individual
genes or gene products and without the use of flux-based analysis. Specifically, this
work quantified a reduction in per-electron growth yield for S° relative to sulfide that
can only be explained by reduced opportunities for net energy conservation during S°
oxidation; this observation challenges current models for electron transport in C.
tepidum. In addition, this work detected the presence of soluble, extracellular
intermediates during S° production and degradation. These observations
complemented microscopic observations and enabled a new model for S production
and degradation by C. tepidum where growth and degradation of S° globules occurs at
a distance from cells. While the factorial approach employed here will not replace
focused studies of individual pathways or gene products, and cannot provide the level

of detailed metabolic pathway information available from of flux based analysis, this
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approach is useful for identifying regions of the growth landscape that will yield the

most productive areas for in-depth focused studies.

3.2 Introduction

In the context of using the stored reducing power in waste sulfur piles for
microbially-catalyzed production of useful compounds, designing a platform organism
for this process will require a range of considerations. Namely, a comprehensive
understanding of the pathways of sulfur oxidation would be important for predicting
potential intermediates, products, and by-products that could accumulate.
Furthermore, understanding how sulfur metabolism interacts with other metabolic
modules (e.g. carbon metabolism, photosynthetic electron transfer) and understanding
whether disruptions to sulfur metabolism will produce secondary effects in core
metabolism or stress responses is important to the design of the platform organism.

Analyses of growth yields on sulfur electron donors and carbon sources is one
approach to answering some of these questions, as observed changes in growth yields
indicates the relative efficiency with which an organism converts electron and carbon
substrates to biomass (or to a putative product). Reduced growth yields suggest
physiological stress, whereas higher growth yields are characteristic of favorable
growth conditions. To derive meaningful conclusions from yield studies,
comprehensive measurements of biomass accumulation, substrate uptake, and product
formation are required. These measurements can also facilitate “mass balance”
analyses: the assessment of whether substrates (carbon, electrons, sulfur) can be
stoichiometrically accounted for in products (biomass, oxidized products). The

observation of growth regimes where mass balances are not closed can help identify
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areas where the community’s understanding of metabolic processes are incomplete,
and can help direct further studies to closing these knowledge gaps.

As a first step towards answering some of these questions and as a
demonstration of the utility of this approach, measurements (sulfide, S°, thiosulfate,
sulfite, sulfate, acetate, protein, and storage carbohydrates) collected during the
‘energy landscape’ study described in Chapter 2 and Levy et al. (2016) were used to
assess growth yields and closure of the sulfur mass balance. The factorial nature of the
study design enabled observations of the interacting effect of electron donor type
(sulfide, S°, or thiosulfate) and light flux level (5, 20, or 35 umol m? s'') on growth
yields and the ability to close a sulfur mass balance. This approach facilitated the
observation that C. tepidum growth yield on a per-electron basis is greater for sulfide
relative to S and thiosulfate. This observation prompted an analysis of these measured
yields in the context of known electron transport pathways, providing evidence that
the electrons associated with the oxidation of S° to sulfite may not be linked with
energy conservation mechanisms. Evaluation of the sulfur mass balance across the
energy landscape revealed areas where sulfur recovery exceeded the baseline,
suggesting the oxidation of intracellular sulfur pools. In addition, two regions of the
energy landscape were identified where significant sulfur was not recovered. A closer
investigation of these conditions led to the identification of soluble intermediates of
sulfur metabolism that may play a role in S° globule growth and degradation at a
distance from cells. Finally, this factorial approach led to the identification of an
interesting growth regime where no oxidation of the electron donor was detected

(thiosulfate), yet the cells grew and produced sulfate as an oxidized product. While
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this effect requires further study, these observations could be indicative of a C.

tepidum response to microaerobic conditions and trace oxygen contamination.
3.3 Materials and Methods

3.3.1 Bacterial strains and growth conditions

Chlorobaculum tepidum strain WT2321, a plating strain derivative of the
original TLS1 isolate (Wahlund et al. 1991; Wahlund & Madigan 1995), was grown in
20 ml cultures with a 10 psig (177 kPa) headspace composed of 95%:5% N2:CO2
passed through a heated copper scrubber. Experimental cultures were inoculated to 4
ug protein ml™! from pre-cultures derived from cryogenic stocks, and were grown at
45-46 °C in a heated rotisserie culturing system (see Appendix B) except where
indicated otherwise. Light was provided from 60 or 100 W Reveal® incandescent
bulbs (GE Lighting) to the levels specified below, and the light flux was measured
with a quantum photosynthetic active radiation sensor (LI-COR). To obtain attenuated
light flux relative to the field provided, individual cultures were shaded using printed

transparency films enabling multiple light levels within one rotisserie culturing run.

3.3.2 Culture media

Sulfur-free Pf-7 medium (Wahlund et al. 1991) was prepared by omitting
sulfide and thiosulfate from Pf-7 prepared as previously described (Chan et al. 2008).
Electron donors were added to individual tubes from concentrated, anoxic stock
solutions. Sulfide stocks were pH-neutralized (Siefert & Pfennig 1984) and biogenic
S® was purified as previously described (Hanson et al. 2016). The electron donor
concentrations in uninoculated media for the energy landscape studies were: sulfide:

3.4+ 0.2 mM; S% 9.3 + 0.3 mM; thiosulfate: 10.2 + 0.1 mM. Electron donor
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concentrations for follow-up studies are as specified in the relevant sections below.

Acetate was provided at an initial concentration of 7.4 + 0.3 mM to all cultures.

3.3.3 Quantification of sulfur compounds and acetate

Measurements of sulfide, sulfite, thiosulfate, and acetate were performed as
described in Chan et al. (2008). Briefly, sulfide and sulfite in culture supernatants
were derivatized with monobromobimane as described by Rethmeier et al. (1997) and
were separated and quantified by reverse-phase high performance liquid
chromatography (HPLC) using a Prevail™ C18 5 pm column (Alltech Associates
Inc.) and a gradient of 0.25% acetic acid, pH 4.0, and methanol. Derivatized
compounds were detected by fluorescence (380 nm excitation, 450 nm emission); this
method was also used for detection of polysulfides. Thiosulfate and acetate in culture
supernatants were separated and quantified by HPLC using a Prevail™ Organic Acids
5 um column (Alltech Associates Inc.) with 25 mM potassium phosphate (pH 2.5) as
mobile phase and UV detection at 210 nm. Elemental sulfur was extracted from cell
pellets with 10:1 vol/vol chloroform:methanol; separation and quantitation was
performed by reverse-phase HPLC with a Prevail™ C18 5 pum column, 95%:5% v/v
methanol:water as mobile phase, and UV detection at 260 nm. Sulfate was quantified
by ion chromatography with suppressed conductivity detection (Metrohm) using an A
Supp 5 100 x 4 mm column eluted with 3.2 mM Na2CO3 + 1.0 mM NaHCO3 + 6.5 %
v/v acetone in ultrapure water. Standard curves were prepared from sodium sulfide
nonahydrate (ACS, Fisher), elemental sulfur powder (USP, Fisher), sodium thiosulfate
pentahydrate (>99.5%, Sigma-Aldrich), sodium sulfate (>99%, Sigma-Aldrich), and
sodium acetate (>99%, EM Science). The polysulfide standard was prepared by

adding an anoxic sulfide solution to solid Ss (2:1 molar ratio of Ss/sulfide) in a sealed
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tube under an atmosphere composed of 95%:5% N2:COz passed through a heated

copper scrubber.

3.3.4 Protein and bacteriochlorophyll ¢ determinations

Protein measurements were performed by Bradford method on methanol-
extracted cell pellets as described in Levy et al. (2016) and section 2.3.5 of this
dissertation; the values reported here are the corrected by the linear factor described in
Levy et al. 2016 and section 2.4.1 of this dissertation. Bacteriochlorophyll ¢ (BChl ¢)
was determined by absorbance of methanolic extracts as described by Levy et al.

(2016) and section 2.3.5 of this dissertation.

3.3.5 Cellular carbohydrate analysis
Carbohydrate content of acetone-extracted C. tepidum cell pellets were
measured by the anthrone-sulfuric acid assay with glucose as standard as described by

Levy et al. (2016) and section 2.3.8 of this dissertation.

3.3.6 Experimental design and statistical analysis

JMP® Pro (SAS institute) was used for experimental design, statistical
analysis, and yield calculations. The ‘energy landscape’ experimental design,
described in section 2.3.1 of this dissertation and in Levy et al. 2016, was a 3x3
factorial experiment that varied electron donor type (sulfide, S°, or thiosulfate), light
flux level (5 (Iow), 20 (middle), or 35 (high) umol photons m? s™), and culture
duration (10, 18, or 26 hours). The full design contained 48 independent culture units
(Table 3.1) that were grown in groups of eight cultures across six culturing blocks (see

Table 2.1).
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Table 3.1  Number of biological replicates for each treatment combination in the
energy landscape experimental design.

Electron donor  Light Flux Level Culture duration (hrs)
(umol photon m?s') 10 18 26
Sulfide 35 2 1 2
20 1 4 1
5 2 1 2
S? 35 2 1 2
20 1 3 1
5 2 2 2
Thiosulfate 35 2 1 2
20 1 4 1
5 2 1 2

This design enabled quantitative analysis of the effects of simultaneous
changes in the energy landscape parameters and the effect of culturing block on C.
tepidum growth by a third-order interaction model (Eq. 3.1).

Y =Bo+ Z Bixi + Zi<j Bij Xi Xj + Zi<j<k Pijk Xi Xj Xk + € 3.1
In Eq. 3.1, Y is the measured response, x; are experimental factors, Po.iij.ijk are
coefficients determined from multiple regression, and € represents random error. o is
the mean value of the response; main effect terms () represent a factor’s direct effect
and cross-interaction terms (f; and Bix) represent the synergistic impact of two and
three factors respectively. Responses were fit to Eq. 3.1 by linear least squares
regression. Analysis of variance was used to assess overall model significance by F
test, which can assess multiple coefficients simultaneously, and to estimate parameter
coefficient values, where the significance of individual parameters was determined by
¢ test. Statistically insignificant parameters, defined as P > 0.2, were sequentially

eliminated to improve model significance and parameter estimates, and to identify the
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factors with the largest influence on growth yield. Only effects with F test
probabilities of p < 0.01 were considered to have a significant effect on the measured
response. Continuous factors were coded between -1 and 1 before model fitting.
Culturing block was investigated as a main effect factor but was not found to produce

a significant effect in any model.

3.3.7 Yield calculations

To evaluate the effect of energy landscape parameters on growth yield, we
considered that growth yield is defined as the amount of biomass created per unit of
substrate uptake (Eq. 3.2).

Yield = (biomass generation) (substrate uptake)™! 3.2

By appropriately selecting the measured response Y and experimental factors xi, X;, Xk
in Eq. 3.1 and then rearranging to the form of Eq. 3.2, Eq. 3.1 can be used to evaluate
the effects of electron donor and light on growth yield. To do this, culture protein (as a
proxy of biomass; Levy et al. 2016) was used as the measured response (Y), and
uptake of the substrate of interest (Asubstrate), electron donor type (ED), and light
flux level were used as the experimental factors x;, X;, Xk, respectively. It should be
noted that in this analysis, substrate uptake replaced culture duration as an
experimental factor to facilitate yield analysis. This approach is justified as substrate
uptake is monotonically related to culture duration within an electron donor and light
flux level up until the point of substrate depletion. For this reason, six cultures which
had exhausted electron donor or acetate substrates were excluded in the yield analysis:
these were 26 hour cultures grown on S° or thiosulfate at middle or high light levels

(Table 3.1).
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Substituting the measured response and experimental factors relevant for yield

analysis into Eq. 3.1 results in Eq. 3.3.

Protein = Po + B1-(Asubstrate) + B2:(ED) + B3-(light)+ Bi12:(Asubstrate)-(ED) +
B13-(Asubstrate)-(light) + B23:(ED)-(light) + B123-(Asubstrate)-(ED)-(light) + ¢ 3.3

Eq. 3.3 can be rearranged to the general form of the yield equation (Eq. 3.2) by
first collecting terms that include Asubstrate together on one side of the equation and

terms that do not on the other (Eq. 3.4).

Protein - [Bo + B2:(ED) + B3-(light) + B23-(ED)-(light) + €] = (Asubstrate)-[i-+
B12:(ED) + Bi3-(light)-+ B123-(ED)-(light)] 34

Then, dividing both sides through by (Asubstrate) puts Eq. 3.3 in the yield
format of Eq. 3.2 (Eq. 3.4).
Yieldsubstrate = B1-+ B12:(ED) + Bi3-(light)-+ Bi23:(ED)-(light) 3.5
This procedure was used for evaluating the effect of electron donor and light flux on

C. tepidum growth yields on various substrates as described below.

3.4 Results and Discussion

3.4.1 C.tepidum growth yield on an electron equivalent basis was highest with
sulfide and lowest with thiosulfate as electron donor

To determine whether growth conditions affected the ability of C. tepidum to
convert reducing equivalents obtained from sulfur electron donors into biomass, we
assessed growth yields across the energy landscape on an electron equivalent (eeq)
basis. The numbers of eeqs available from oxidation of sulfur compounds were
obtained from balanced half reactions (Eq. 3.6-3.9).

Sulfide (HS) — S HS'=S°+H" +2 ¢ 3.6

S% — Sulfite: S°+ 3 H20=S03>*+6 H + 4 ¢ 3.7
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Sulfite (SO3*) — Sulfate (SO4*): SO3* + H20 = SOs4* +2 H" + 2 ¢ 3.8

Thiosulfate (S202*) — S° + S04%: $203* +2 H20 =S+ SO4* +2 H" +2 ¢ 3.9
Complete oxidation of thiosulfate to sulfate is achieved by the sum of equations 3.9,
3.7, and 3.8. Thus, 8 eeq are available from the oxidation of sulfide to sulfate, 6 eeq
are available from the oxidation of S° to sulfate, and 8 eeq are available from the
oxidation of thiosulfate to sulfate.

Measurements of the initial and final concentrations of the different sulfur

compounds enables calculation of the amount of eeq oxidized, and there are two ways
of doing the ‘accounting’ for these transactions. The first way is to determine the eeq

oxidized from the disappearance of the electron donors (Eq. 3.10).

Aeeq-ED = (8 eeq (mmol HS))-A[HS] + (6 eeq (mmol S°)1)-A[S] + (8 eeq (mmol
S203%)1)-A[S2037] 3.10

This method carries the implicit assumption that as soon as an electron donor is taken
up, it is immediately oxidized. However, as intracellular stores of sulfide, sulfite, and
thiosulfate have been detected (Hiras 2012; Rodriguez et al. 2011; Hilzinger &
Hanson unpublished data) and inferred (Levy et al. 2016), it follows that uptake does
not necessarily imply oxidation.

An alternative method of calculating the eeq oxidized is based on the

appearance of oxidized product (OxP; Eq. 3.11).

Aeeq-OxP= (2 eeq (mmol S°)1)-A[S°] + (8 eeq (mmol S203%)1)-A[S203%]+ (8 eeq
(mmol SO4*)1)-A[SO4*] 3.11

As this method only considers an eeq as oxidized once the oxidized product appears,
the appearance of OxP was selected as the more accurate method of determining the
amount of eeq oxidized, although this method cannot account for intracellular storage

of partially oxidized sulfur compounds.
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Using Aeeq-OxP as the substrate uptake parameter in the assessment of C.
tepidum yield across the energy landscape (Eq. 3.3-3.5) revealed that ED, but not
light, interacted with Aeeq-OxP. Eliminating the insignificant factors from Eq. 3.5
produced Eq. 3.12, which describes the effect of electron donor on biomass yield on
an eeq basis.

Yieldeeg-oxp = 1 + B12:(ED) 3.12
Table 3.2 provides the significance of the effects and estimates of each of the

parameters of Eq. 3.12.

Table 3.2  Significance of energy landscape parameter effects on C. tepidum growth
yield based on eeq oxidized (Yieldeeq-0xp) and parameter estimates used
in Eq. 3.12 to calculate the yield values displayed in Fig. 3.1-B.

Overall F test effect
Parameter  Factor significance Estimate Std Error ¢
Bi Baseline yield  <0.0001 4.82 0.08
Bi2 ED:[HS]” 0.0004 0.45 0.12
ED:[S°] -0.04 0.11
ED:[TS]? -0.41 0.11

¢ Estimate and standard error are in units of mg protein (mmol eeq)’!
bHS = sulfide; TS = thiosulfate

This analysis revealed that yield was a function of electron donor identity, but
not light flux, where sulfide as electron donor provided the highest yield and
thiosulfate provided the lowest. This effect is visually depicted in Fig. 3.1-A, which
shows C. tepidum culture protein concentration plotted versus Aeeq-OxP with
different slopes (i.e. yields) for each electron donor, and Fig. 3.1-B, which depicts the

calculated yields.
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These data suggest that electrons from sulfide provide more cell production
power than electrons from S° or thiosulfate. Furthermore, we previously observed that
C. tepidum cells grown on sulfide accumulated increased storage carbohydrates, likely
in the form of glycogen, relative to growth on S° or thiosulfate (Levy et al. 2016). To
account for this glycogen production in the yield calculations, total biomass (using
protein as a proxy) and total carbohydrate were normalized to the eeq required to
synthesize these compounds. The value for eeq invested in total biomass (0.40 eeq
(mg protein) ) was based on averaged literature values for Allochromatium vinosum
and Thiocapsa roseopersicinia (Van Gemerden & Beeftink 1978; De Wit 1989;
Visscher 1992; Sanchez et al. 1998); the value for eeq invested in glycogen (0.14 eeq
(mg glycogen)!) was calculated from the half-reaction for oxidation of glycogen
(C24H42021) to CO2. Repeating the yield analysis described above using these adjusted
biomass values further increased in the calculated biomass yield value for sulfide
relative to S and thiosulfate (data not shown), emphasizing that C. tepidum exhibits

higher growth yields on electrons from sulfide than other electron donors.
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Figure 3.1 Effect of electron donor on C. tepidum growth yields based on electron
equivalents oxidized. (A) Culture protein plotted as a function of electron
equivalents oxidized (Aeeq-OxP), where the effect of different electron
donors on yield appears as a change in the slope. (B) Calculated growth
yields for C. tepidum using Eq. 3.12 and the parameters shown in Table
3.2. Sulfide as electron donor provides the highest growth yield on eeq
oxidized, and thiosulfate provides the lowest. Error bars represent the
standard error of the calculated values.
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3.4.1.1 Comparison of measured C. tepidum growth yields to values reported in
the literature

Growth yields of C. tepidum on various single electron donors have previously
been reported (Table 3.3), and these values span a wide range. Interestingly, while the
literature-reported yields on thiosulfate are comparable to those reported here, the
growth yields on sulfide in the literature are lower than on S° or thiosulfate on a per
electron basis and are 3- to 5-fold lower than those reported here. The literature-
reported yields span a range of different culturing configurations and volumes, which
could have resulted in incomplete oxidation of the initially provided electron donor if
S settled out and the cultures were not mixed, or if self-shading in a large volume
culture led to light limitation. For most of the yield measurements cited (except for
Azai et al. 2009), only the initial amount of electron donor provided, and not the final
production of oxidized products, was reported and used in the yield calculation. Thus
it is possible that not all sulfur electron donor compounds were oxidized by the time
cultures were sampled, leading to artificially-reduced yield values. In addition,
although the sample timing was not always reported, yield determinations in the
studies summarized in Table 3.3 were often made on samples collected at the end of
culture (e.g. Chan et al. 2008, Chan et al. 2009). This approach has the potential to
allow cell death and lysis prior to biomass measurements if oxidizable electron donors
have been long depleted by sampling, potentially leading to artificially-decreased
protein measurements. Furthermore, while all yields reported in Table 3.3 were
derived from cultures grown mixotrophically (on acetate as well as CO»), it is
probable that the yields reported for some of the cultures with higher initial
concentrations of electron donor had exhausted acetate by sampling, leading to

reduced growth yields.
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Table 3.3  Previously reported yields for growth of C. fepidum on single electron
donors and acetate and COz as carbon source.

Yield
Electron Initial electron donor  (mg protein
donor concentration (mM)  (mmol eeq)™) Reference
Sulfide continuous (< 0.1) 1.6 Mukhopadhyay et al. 1999
2.5 2.0 Chan et al. 2008
2 2.0 Chan et al. 2009
2.5-3 1.3 Azai et al. 2009
2-8 1.1 Chan et al. 2009
4 1.6 Rodriguez et al. 2011
S? 0-1.8 6.5 Hanson et al. 2016
Thiosulfate 12 3.9 Mukhopadhyay et al. 1999
12.5 0.8 Chan et al. 2008
9 3.0 Azai et al. 2009

By comparison, the yield values reported here were obtained under tightly
controlled conditions across all three electron donors in terms of culture volume,
mixing, light exposure, temperature, and basal medium composition. In addition, we
assessed the amount of electron donor oxidized by the formation of oxidized products
to ensure that the calculated yield was based on actual electron donor oxidized,
increasing the accuracy of these determinations. Samples for yield determinations
were collected at intervals before or within a maximum of 8 hours after the cultures
entered stationary phase, thus minimizing the likelihood that cell death or lysis
negatively influenced the culture protein measurements. Finally, as mentioned above,
the yield values in this work were only derived from cultures prior to the depletion of
acetate. Thus, the approach employed in assessing growth yields under tightly
controlled conditions enabled a meaningful comparison of the relative growth yields

on an eeq basis for sulfide, S°, and thiosulfate.
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3.4.1.2 Differential growth yields on sulfide, S°, and thiosulfate provide evidence
that electrons from oxidation of S° do not enter the membrane-bound
electron transport chain

As our results suggest that there is a hierarchy in the biomass-producing
capacity of electrons from sulfur electron donors, where electrons from sulfide
produce the most biomass and those from thiosulfate produced the least, we attempted
to quantitatively explain this observation in the context of electron transport pathways
in C. tepidum. First, we developed a simplified conceptual model of the relationship
between biomass yield, sulfur compound oxidation, and electron transport pathways in
C. tepidum (Fig. 3.2-A). Biomass yield on an electron equivalent basis was divided
into three components, which each relate to one of three categories of electron

transport in C. tepidum:

1.  Baseline Yield (YBs; green box in Fig. 3.2): The per-electron yield
related to electron transport downstream of the photosynthetic reaction
center, where photooxidation of the reaction centers produces reduced
ferredoxin (Fd). Reduced ferredoxin is used for CO: fixation via the
reverse tricarboxylic acid (rTCA) cycle and reduction of acetate to
pyruvate, reduction of NAD(P)" to NAD(P)H, and production of ATP
via Complex I (Feng et al. 2010; Seo & Sakurai 2002; Frigaard et al.
2003). This component of biomass yield (on an electron equivalent
basis) was considered to be constant and therefore independent of the
electron donor from which the electrons were originally derived.

2. Membrane-Bound Electron Transport-associated Yield (Ywms; red box
in Fig. 3.2): Oxidation of certain sulfur compounds (see below) leads to
membrane-bound (MB) electron transport upstream of the reaction
center, resulting in the generation of proton motive force via the
cytochrome b/c1 complex (Oh-Oka & Blankenship 2013). This proton
motive force is used for ATP synthesis, and provides a “boost” to
biomass yield it reduces the amount of ATP that must be produced at
the expense of the pool of reduced electron carriers via Complex I. This
component of biomass yield was considered to be proportional to the
fraction of electrons from each electron donor that is associated MB
electron transport.
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Figure 3.2 Model for relationship of C. tepidum growth yield to electron transport
pathways. (A) Simplified diagram of electron transport pathways in C.
tepidum and their relationship to Baseline, Membrane-Bound electron
transport, and Soluble electron transport components. (B) Translation of
electron transport pathways to model yield equations 3.13 and 3.14.
Fractions of electrons associated with membrane-bound, soluble, and
unknown electron transfer are presented in Table 3.4; the calculated
breakdown of observed biomass yield in to the different components are
presented in Table 3.5. MB = membrane-bound; ET = electron transport;
Ac = acetate; Pyr = pyruvate; Fd = ferredoxin; Cyt = cytochrome.
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3. Soluble Electron Transport-associated Yield (Ys; blue box in Fig. 3.2):
Oxidation of other sulfur compounds (see below) leads to the reduction
of soluble electron carriers, which donate electrons directly to the
Reaction Center without electron transfer through the cytochrome b/c1
complex. As these pathways do not directly produce proton motive
force, electrons transferred through soluble pathways are not expected
to produce any additional increase to biomass beyond the Baseline
contribution, and Y is expected to be 0.

Next, each of the electron transfers associated with sulfur compound oxidation
in C. tepidum were categorized by whether they were expected to result in membrane-
bound or soluble electron transport upstream of the reaction center, based on the
current understanding of electron transport in C. tepidum. This assessment is
summarized in Table 3.4, and a detailed description of the current state of knowledge
on electron transport in C. tepidum is provided below in section 3.4.1.3. The
calculated fractions of electrons for each electron donor X that are involved in
membrane bound (fiX5) or soluble (fi¥) electron transport upstream of the reaction
center are presented in Table 3.4. It became clear from the literature that the fate of the
four electrons transferred in the oxidation of S° to sulfite was not well defined.
Therefore these electrons were assigned an ‘Unknown’ fate, constitute fraction fi for

each electron donor X.

Table 3.4  Summary of the electron fate from oxidation of sulfide, S°, and
thiosulfate based on known electron transport pathways in C. tepidum

Number of electrons associated with Membrane Bound,

Soluble, or Unknown Routes of electron transport Fraction of ¢

Membrane Bound ET Soluble ET Unknown MB S U
ED‘ HS -8’ S0* - S0/ S0 —>8°+8S0.5 §°—5S0.> fM8 7 fY
HS 2 2 4 0.50 0.5
SO 2 4 0.33 0.67
$205* 2 2 4 0.25 025 0.50

“HS" = sulfide; S203>" = thiosulfate
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