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Surveying and harnessing the genetic, (meta)genomic, and
metabolic potential of the deep carbonated biosphere

by

Adam Joshua Ehrich Freedman

Submitted to the Department of Civil and Environmental Engineering

On May 19th, 2016, in partial fulfillment of the requirements for the Degree of

Doctor of Philosophy in Environmental Biology

ABSTRACT

The interaction between microbes and supercritical (sc) carbon dioxide
represents an increasingly compelling area of research due to use of scCO 2 in

geologic carbon sequestration (GCS) and as a sustainable chemical solvent. To

investigate the long-term effects of GCS on the in situ deep subsurface biosphere,
I conducted a taxonomic, geochemical and metagenomic survey of the McElmo

Dome sCCO 2 reservoir, which serves as a natural analog for GCS environments.

Through 16S rRNA amplicon and metagenome sequencing, I identified

Sulfurospirillum, Rhizobium, Desulfovibrio and members of the Clostridiales

family associated with reservoir fluids. Annotations of complete genomes

extracted from metagenomes predict diverse mechanisms for growth and nutrient

cycling in deep subsurface sCCO 2 microbial ecosystems at McElmo Dome.

Supercritical CO 2 is frequently used as a solvent for compound extraction

and in vitro biocatalysis. However, due to its lethal effects, scCO2 has previously

been considered inaccessible for in vivo microbial bioproduct stripping. Utilizing a

bioprospecting approach, I isolated strain Bacillus megaterium SR7 through

enrichment culture and serial passaging of McElmo Dome scCO2 reservoir fluids.

I then initiated process improvements including media and culturing optimization

under 1 atm CO 2 that increased SR7 growth frequency under scCO 2 . After

developing a genetic system enabling inducible heterologous enzyme expression,

scCO 2 incubations of SR7 transformed with a two-gene isobutanol biosynthesis

pathway generated up to 93.5 mg/1 isobutanol. 5.2% of the total isobutanol was

directly extracted by the scCO2 headspace. This finding demonstrates for the

first time the feasibility of active bioproduct synthesis and extraction in a single

scCO2-exposed bioreactor.

Thesis Supervisor: Janelle R.. Thompson

Visiting Assistant Professor of Civil and Environmental Engineering
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1
REVIEW OF SUPERCRITICAL CARBON DIOXIDE MICROBIOLOGY IN

NATURAL AND ENGINEERED SYSTEMS

1.1 INTRODUCTION

The interaction between the microbial biosphere and supercritical (se)

carbon dioxide (above its critical point: T, 31.0 C, PC 72.8 atm: Figure 1)

represents an increasingly compelling area of research due to the unique

biochenmistry. cellular lethality, and industrial utility afforded b) the scCO _

phase. Enabling properties associated with scCO. are derived from its hybrid gas

and liquid type belavior, including high diffilsivity aflnd sollbilizing capacity.

respectively. Due to its non-polar chemistry. scCO2 ' is calble of serving as a

solvent for bydrophol)ic compounds including both liquids and gases. which

demonstrate complete miscibility (il\atsuda ct al.. 2005). As a result. s-CO.0 has

10,000

1,000 Super citical

-o

~7J2

100

10 m

200 250 300 350

Temperature (K)

400

Figure 1. P-F phase diagnim of (O.. Abov& tle T1 aind P, is the superreitical fhilid phal se.
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been utilized for many different industrial processes, including compound

extraction (e.g. caffeine), catalyzed organic synthesis, and chromatography

(Desimone et al., 2003; Kiran et al., 2000; Beckman, 2004; Leitner, 2002).

ScCO 2's unique properties are also tunable, as they may be optimized for each

specific use case by manipulating pressure, temperature and co-solvent

conditions, which elevate its utility relative to many conventional organic

solvents. ScCO 2 is also an increasingly attractive relative to typical solvents due

to its being environmentally benign, non-toxic, broadly available, inexpensive,

and non-flammable due to its fully oxidized state.

Proper facility siting adjacent to point source emitters like power stations

would potentially enable flue gas CO 2 to be captured, purified, and utilized for

productive processes, which in turn could limit the release of the greenhouse gas

to the atmosphere and relieve global stresses on the environment and climate.

The study of scCO 2 behavior in the deep subsurface has become increasingly

crucial, as deep subsurface scCO 2 injection for geologic carbon sequestration

(GCS) has been proposed as one of the foundational methods for reducing

anthropogenic greenhouse gas releases to the atmosphere. The extent to which

biological processes play a role in the fate, transport and long-term storage of

CO 2 injected into geological formations remains an open question. Therefore, in

an attempt to further understand the mariner in which microbial community

content and structure responds to sCCO 2 exposure in the deep subsurface, this

thesis investigated the microbial biosphere diversity in a natural scCO 2 reservoir

that serves as an analog for the long-term effects of geologic carbon

sequestration. Furthermore, this thesis researched the role that subsurface-

derived scCO2-resistant bacteria may play in harnessing the unique properties of

sustainable solvent scCO 2 for microbial-catalyzed bioproduct generation and

extraction through culturing optimization, genetic system development, and

heterologous pathway engineering.

1.2 MICROBIAL RESPONSE TO ScCO 2 AND HIGH pCO 2 EXPOSURE

Supercritical CO 2 is generally regarded as a sterilizing agent of vegetative

cells and a high-level disinfectant of most bacterial endospores (White et al.,
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2006; Ortufno et al., 2012, Mitchell et al., 2008, Zhang et al., 2006). When scCO 2

is introduced to a system, significant pH decreases (i.e. to pH -3 in unbuffered

systems, pH -5-6 in buffered systems) occur on a timescale of several days

(Kharaka et al., 2006), a lethal scenario for most microbes. However, the

population numbers of certain species that can tolerate acidic conditions may in

fact rise, as previously inaccessible nutrients are released upon carbonic acid-

driven mineral dissolution (Kharaka et al., 2006). Furthermore, CO 2 itself may be

used as a mineral oxidant or metabolic substrate, potentially enabling

methanogens, sulfate-reducing bacteria (SRBs) and other C0 2-fixing autotrophs

to thrive (Morozova et al., 2010).

In addition to acidifying effects, scCO2 in direct contact with microbes

may introduce a range of potentially toxic stresses. Due to its predominantly

non-polar solvent chemistry, scCO 2 penetrates bacterial cell walls and

membranes, extracting fatty acids, lipids, and other intracellular materials that

preferentially partition into the scCO 2 from the cytosol (Ulmer et al., 2002).

Inside the cell, scCO2 may decrease intracellular pH, disable enzymes, disrupt

protein synthesis, and cause cellular desiccation, ultimately resulting in cell death

(Spilimbergo and Bertucco, 2003; Kirk, 2011; Zhang et al., 2006).

The interaction of scCO 2 and microbial cells has been studied extensively

within the context of sterilization for the food and drug industries. Though most

microbial species are rapidly inactivated in the presence of scCO 2 , several

microbes have demonstrated the ability to limit the rate and extent of lethality

upon exposure (Mitchell et al., 2008; Oule et al., 2010). The rigidity of gram-

positive cell walls afforded by dense layers of peptidoglycan (comprising up to

90% of the thickness) confers enhanced tolerance to exposure by reducing the

rate of scCO2 penetration into the cell (Oul6 et al., 2010).

In addition to inherent physiological traits like cell wall composition,

microbes are thought to employ three major adaptive mechanisms in the presence

of scCO2 to maintain viability: 1) the dense matrix of extrapolymeric substances

(EPS) composed of carboxylic acids, polysaccharides, amino acids, and other

components that are commonly found in biofilms is thought to limit scCO2

cellular envelope penetration through chemical interaction with CO 2 (Mitchell et

al., 2008; Braissant et al., 2003); 2) modifications of microbial membrane

structure (e.g. branching and chain length, fatty acid saturation) enables a cell to
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calibrate its membrane fluidity and permeability in response to solvent,

environmental and nutrient conditions (Spilimbergo et al., 2009; Isenschmid et al.,

1995; Mitchell et al., 2008; Spilimbergo and Bertucco, 2003; Klein et al., 1999;

Mangelsdorf et al., 2009; Kieft et al., 1994; Mukhopadhyay et al., 2006); and 3)

expression of alternative transcription factors triggers the general stress response,
acid stress response, and sporulation cascade, each of which induces physiological

adaptations to offset scCO2-related stresses (Ogasawara et al., 2012; Liao et al.,

2011; Martin-Galiano et al., 2001; Richard and Foster, 2004; Foster, 1999;

Gaidenko and Price, 1998).

Studies on rapid microbial responses to scCO2 exposure have characterized

cells during scCO 2 sterilization. While cells ultimately are killed during these

experiments, this work implicates membrane adjustments as a short-term

acclimation response mechanism to stresses associated with scCO 2 (Ogasawara et

al., 2012). Furthermore, when E. coli cells were exposed to scCO2 sterilization, of

the 15 known proteins that demonstrated significantly elevated expression, those

with predicted functions for regulation of cell membrane composition and global

stress regulation proteins were both included (Liao et al., 2011). Several

physiological changes have been documented in response to pH decreases, a stress

associated with scCO 2 : microbes upregulate proton and solute pumps (Martin-

Galiano et al., 2001) and pathways that generate and import pH buffering

compounds (Richard and Foster, 2004; Foster 1999), and express alternative

transcription factors that trigger stress responses and the sporulation cascade

(Gaidenko and Price, 1998). Lastly, when scCO2 is removed from the cell,

microbes are able to synthesize proteins that repair damage, enabling microbes to

grow again (Oul6 et al., 2006; Ou6 et al., 2010). Therefore, some sCCO 2 damage

is reversible, and the stress response to exposure appears to depend temporally on

the direction of scCO 2 flux.

Recent work by Peet et al., (in review) investigated the extent to which

scCO 2-resistant Bacillus strains alter their protein expression and cell wall and

membrane compositions in response to culturing under headspaces of 1 and 100

atm of CO 2 and N 2. Results showed that lipid chain lengths increased while fatty

acid branching decreased in cultures incubated under scCO 2. Proteomic

signatures of scCO 2 exposure were less distinct, with similar profiles exhibited

under low and high pressures of CO 2 and N 2. The high expression of S-layer
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proteins in one of the assayed strains (Bacillus subterraneus MITOT1) may

suggest this aspect of membrane structure may enable the strain to withstand

scCO2 exposure during germination and growth. As upregulation of the glycine

cleavage system under CO2 conditions has previously been associated with acid

stress responses, this metabolic function is expected to be activated in carbonic

acid acidified media. Overall Peet et al. (in review) showed that cell membrane

modifications, amino acid metabolism, and stress response metabolism may be

implicated in persistence and growth under scCO 2 headspace.

1.3 GEOBIOLOGY OF ScCO 2

Despite the sterilizing effect of scCO2, it is hypothesized that a subset of

microbes will be able to survive arid grow in the presence of scCO2 by employing

a range of adaptive behaviors that are native to certain taxa or have evolved over

geologic timescales. The constant seeding of microbes at the contacts between

saline aquifer fluids and high pCO2 fluid has likely provided a consistent

introduction of genetic variation over millions of years, increasing the likelihood

of scCO 2-tolerant phenotypes. While high pCO2 conditions and scCO 2 exposure

have lethal effects on some populations, it also appears to afford exploitable niche

conditions for others, as the following studies demonstrate. Oppermann et al.

(2010) showed that long-term exposure to a virtually anaerobic CO 2 vent (93-

96% C0 2, 0.1-1.0% 02) in near-surface soils resulted in substantially lower

microbial population sizes relative to nearby reference soils under ambient

conditions. However, several species with low or undetectable population sizes at

the ambient condition site were present in significantly higher numbers at the

CO 2 vent, including methanogens, Geobacteraceae, and sulfate-reducing bacteria

(Oppermann et al., 2010). It therefore appears that high pCO2 concentrations

select for communities comprised of microbes demonstrating anaerobic and

acidophilic physiologies.

An additional study monitored the microbial community composition in a

deep subsurface sandstone formation before, during and after CO 2 injection

(Morozova et al., 2011). While the formation pressure was slightly below the

supercritical point for C0 2, the results may still inform hypotheses with regard to
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expected community composition in natural subsurface scCO2 reservoirs.

Morozova et al. (2011) observed that injection of CO 2 decreased fluid pH from

7.5 to 5.5 and caused a three-order of magnitude reduction in bacterial density.

An initial shift in community composition from chemoorganotrophic populations

(i.e. fermentative halophiles and sulfate-reducing bacteria) to chemolithotrophic

populations (i.e. methanogenic archaea) was also observed. After five months, the

sulfate-reducing bacteria population rebounded and once again dominated the

local community, revealing the potential for microbes able to survive initial

scCO2 introduction to demonstrate temporal adaptive abilities.

At high enough concentrations, the oxidizing and acidifying influence of

CO2 on the thermodynamic conditions of a system may make new metabolic

niches available. Models suggest that when scCO2 causes the pH of saline aquifers

to decrease, the amount of energy available for Fe(III)-reduction increases while

energy available for sulfate-reduction and methanogenesis reiains largely

unchanged (Kirk, 2011). Additional thermodynamic analyses suggest that some

sulfur oxidation reactions coupled to CO 2 reduction may be energetically

beneficial enough to be exploited in situ (West et al., 2011). Further, C0 2-

consuming hydrogenotrophic reactions will be more energetically favorable as a

metabolic strategy than C0 2-generating acetotrophic reactions in scCO2

reservoirs, increasing in energy potential with increasing CO 2 content (Kirk,

2011).

1.4 GEOLOGIC SEQUESTRATION OF SCCO 2

Atmospheric CO 2 concentrations have increased from a pre-industrial level

of 280 ppm to 379 ppm in 2005 (IPCC, 2007), with emissions projected to

increase by 25 to 90% between 2000 and 2030 (SRES, 2000). While numerous

gaseous species contribute to the cumulative global warming trend associated

with the greenhouse effect, the CO 2 contribution is most significant, accounting

for 77% of total anthropogenic GHG emissions in 2004 (IPCC, 2007). Several key

mitigation strategies must be considered and safely enacted to stabilize the

growing concentration of atmospheric CO 2. Carbon capture and storage (GCS)

has been identified as one of the most important methods available for

14



El

significantly limiting point source emissions to the atmosphere (Orr, 2009).

The GCS process entails capturing CO 2 from the flue gases of power

plants or other emitters, compressing the CO 2 into a supercritical fluid, and

injecting it below a low-permeability sealing layer or "caprock" into a permeable

formation in the deep subsurface for long-term storage. Three onshore geological

environments are considered suitable for industrial-scale CO 2 storage: oil and gas

reservoirs, unninable coal seams, and saline aquifers. While oil and gas reservoirs

have demonstrated effective long-term sealing of their native deposits (Orr, 2009),

saline aquifers are more likely injection targets, as they are more ubiquitously

distributed and afford the highest projected storage capacity domestically and

globally (IPCC, 2007; Orr, 2009).

Natural subsurface accumulations of CO2 are excellent analogs for

studying the long-term effects, implications and benefits of GCS. Massive CO 2

deposits, the largest of which contain the amount of CO.) emitted at a 1000 MW

coal-fired plant over 20 years, have been discovered, characterized and

industrially produced around the world (Figure 2; Baines and Worden, 2004;

Stevens et al.., 2001). Subsurface accumulations of CO 2 in the United States,

Hungary, and Turkey (Table 1) have been industrially produced for a range of

Figure 2. Global (listri1)ution of high (-20Y

prod(icltion fields (Adapted from: Baines and

available for Canada and Russia.

CO2-content basins and major developed natural CO 2

Worden, 2004: Stevens et al., 2001; NETL, 2010). No data
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Table 1. Major developed natural CO2 production fields (Adapted fron Stevens et al.. 2001)

Field Location Operator Original CO2 in place 1998 CO2 production Reservoir Depth
106 tons Tcf 10i t/y MMcfd Lithology (m)

Bravo Dome NM Occidental 1.600 30 7.2 375 Sandstone 700

Sheep Mountain Co Ao-o 780 15 2.9 150 Sandstone 1,500
Dodan Tnrkey Turkish Pet. 27 0.5 1.2 60 Carbonate 1,500

NE Jackson Dome Fields MS Denbnry 320 6 0.4 20 Sandstone 4.700

St. Johns AZ. NM Rlidgeway 830 16 ( 0 Sandstone 500

Units: Tcf: trillion 11': t/y: Ions ys 1: M E fd: million 1t3 day

applications, including carbonated bottling, horticulture, and chemical

manufacturing. By far the most prevalent industrial use for scCO2 is enhanced oil

recovery, with all estimated 40 megatons of naturally sourced CO 2 re-injected

annually (primarily in Texas and New Mexico) by utilizing over 2,000 km of

pipelines specifically dedicated to CO 2 transport and operations (Stevens et al.,

2001).

A variety of natural geologic processes have caused CO 2 to accumulate in

the subsurface over the course of thousands to millions of years. Carbon isotope

signatures ( 3C /1 2 C) have revealed that generally, there are four sources of CO 2

emplacement: 1) high temperature igneous processes at plate rifting and collision

zones induce thermal metamorphism. causing carbonate-bearing rocks to

devolatilize CO 2 to the fluid phase (Yardley, 1989); 2) atmospheric CO 2 dissolved

in neteoric water descends into subsurface aquifers, which equilibrates with

surrounding rock. exsolving from the water, forming mineralized springs and

geysers (Shipton et al., 2004); 3) sedimentary rocks that contain organic detritus

decompose upon burial by a combination of bacterial fermentation, oxidation and

reduction, releasing CO 2 as a byproduct (Irwin et al., 1977) coupled with thermal

degradation of kerogen to CO 2 with petroleum as a potential intermediate

(Ehrenberg and Jacobson, 2001); and 4) carbonate and alumninosilicate minerals

contained in the same rock will undergo diagenesis upon heating, reacting with

each other to generate CO2 and sheet silicates (Smith and Ehrenberg 1989).

Ultimately, massive CO2 deposits are often derived from multiple sources (Baines

and Worden, 2004), though the most volumetrically abundant CO 2

accumulations, such as McElmo Dome and Bravo Dome fields, CO, appear to be

associated with deep volcanic, geothermal, or kerogen-based sources (Wycherley
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et al., 1997).

The temperature and pressure regime 800 to 1000 m below surface causes

CO 2 to be in a supercritical phase, such that CO 2 has the space-filling character

of a gas, but the solvent properties and density of a liquid (White et al., 2006).

Supercritical phase character enables efficient subsurface storage due to reduced

volume relative to gas, and susceptibility to trapping mechanisms that will limit

migration or leakage (Orr, 2009). CO 2 will be subject to four dominant trapping

mechanisms upon GCS injection or natural geological emplacement: 1) structural

trapping of buoyant scCO2 by the overlaying caprock, 2) dissolution trapping as

CO 2 dissolves in the formation fluid, increasing its density, causing it to sink, 3)

residual trapping, wherein CO 2 is held in pore spaces by capillary action

(Szulczewski et al., 2012), and 4) mineral trapping, as dissolved CO 2 precipitates

out of solution as carbonate minerals (Gilfillan et al., 2009; Haszeldine et al.,

2004).

CO2 that accumulates in geologic formations by natural or industrial

processes increases fluid acidity by forming carbonic acid upon dissolution

(Baines and Worden, 2004), ultimately reaching equilibrium between the

following three reactions:

CO2(g) + H20 4 H2CO3(aq) (1)

H2CO3(a) 4 HCO3~(aq) + H+(aq) (2)

HCO3~(aq) + C0 3
2- + H4 (aq) (3)

The protons released into solution drive geochemical reactions, including mineral

dissolution and precipitation, depending on the thermodynamics and equilibrium

state of the local system. For example, carbonate minerals may dissolve by the

reaction:

M(")C03(s) + 2H+(aq) 4 M2+(aq) + HCO3 (4)

where 'M' is a divalent cation (Ca, Mg, Fe), or precipitate out of solution by the

reaction:

CO2(aq) + 2H20 + M 2 + + M(")CO 3 (s) + 2H+ (aq) (5)

depending on the CO 2 content and divalent cation activity in solution (Baines
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and Worden, 2004).

In addition to abiotic reactions, microbial organic acid production is

known to catalyze mineral weathering rates by up to two orders of magnitude

relative to abiotic controls (Barker et al., 1998; Ferris et al., 1996; Mitchell et al.,

2009), while cell surfaces are known to enhance rates of mineral precipitation by

serving as mineral nucleation sites (Aloisi et al., 2006). Therefore, characterizing

the diversity and function of microbes that are native to formations with high

concentrations of scCO 2 would dramatically improve our ability to more

thoroughly model scCO 2 physicochemical behavior, and the evolution of caprock

and injection zone integrity post-injection.

As a geoengineering strategy intended to mitigate the migration of

injected scCO2 during GCS, members of the natural in situ scCO2 microbial

biosphere or laboratory-developed synthetic diversity may be injected in the deep

subsurface to induce carbonate mineral precipitation (i.e. serving as mineral

nucleation sites; Anbu et al. 2016) or to generate biofilm and cellular surface EPS

substances that may reduce permeability in the injection zone by clogging pores

between mineral grains (Mitchell et al., 2008). In Ca rich, neutral to alkaline

fluids, most bacterial species are able to facilitate carbonate mineral precipitation

(Zamarreno et al., 2009). Specifically, the interaction between positively charged

Ca 2 ions and negatively charged bacterial cell walls enables bacteria and

minerals to aggregate, together serving as mineral nucleation sites (Zamarreno et

al., 2009). EPS content, including peptide and nucleic acid matrices, have been

shown to serve as mineral nucleation sites as well (Geesey and Jang, 1990).

Due to the natural interactions and geoengineering implications of the

deep biogeosphere, this thesis's characterization of microbial population diversity

and function in a natural GCS analog system will provide crucial insights into

the types of microbes that CO 2 injection may select for and the potential

biological effects of the resulting community on the fate, transport, and long-term

storage of scCO 2 in a GCS context. Moreover, since microbial activity has been

responsible for pipeline and structural corrosion in subsurface wells and tunnels

(West et al., 2011), the results of thorough community and activity

characterizations will inform future GCS siting and infrastructure materials

decisions. Though the scope of Chapter 2 in this thesis is limited to a taxonomic,

metagenomic and geochemical survey of a carbonate formation community, the
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results will provide a reference by which to compare communities isolated from

other geologic contexts, including saline aquifer scCO2 reservoirs in sandstone

formations (e.g. Bravo Dome). This comparison would clarify whether only

certain taxa are equipped to survive in CO 2 accumulation systems or whether

geochemical context is a significant selective driver as well.

1.5 BIOPROSPECTING THE DEEP SUBSURFACE FOR SCCO 2-RESISTANT

STRAINS

Successful culturing of isolates from deep subsurface scCO2 reservoir fluids

further enables laboratory studies on the extent to which microbial activity may

limit scCO 2 migration and leakage in GCS environments. However, in a broader

context, scCO2-tolerant microbes hold significant potential for additional

bioengineering opportunities not only in the GCS space, but also where scCO2 is

used for bioindustrial purposes, broadly expanding the scope of impact associated

with members of the deep carbonated biosphere. Specifically, biocompatibility

with scCO 2 would enable novel bioproduction capacity on account of the unique

solvent and sterilization properties of scCO 2. In a recent study comprising early

work associated with this thesis (Peet et al., 2015), we reported the isolation of

bacteria from three sites targeted for geologic carbon dioxide capture and

sequestration (GCS) that demonstrated active growth in biphasic bioreactors

loaded with aqueous media and pressurized with supercritical carbon dioxide.

Enrichment cultures seeded with fluids and rock cores from subsurface formations

subjected to serial passaging under a scCO 2 headspace resulted in the isolation of

six strains of spore-forming facultative anaerobes: Bacillus cereus, Bacillus

subterraneus, Bacillus amyloliquefaciens, Bacillus safensis, and Bacillus

megaterium. When inoculated as prepared endospores in high-pressure reactors,

isolates as well as several Bacillus type strains demonstrated growth under

sCCO2. Therefore, it appears that the capacity for germination may be facilitated

by physiological traits associated either with the Bacillus genus or the unique

protective character of spore coats, which may limit scCO 2 membrane

penetration. These results generated evidence in support of the notion that

microbes may persist and grow at the interface between scCO 2 and an aqueous
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phase, either in natural or engineered systems.

The demonstration of culturable diversity under scCO 2 represents a

significant step forward towards the goal of developing a bioproduction platform

strain that is able to generate bioproducts through active growth and metabolism

under scCO 2 . Reported growth of several Bacillus isolates in Peet et al. (2015)

was often stochastic and low frequency, behavior that precluded further

biotechnological development of the investigated isolates. Therefore, it appears

that in order to have a viable bioproduction strain it is crucial to improve scCO 2

growth frequencies by modifying incubation conditions and/or attempting to

isolate additional strains from the environment with better evolved capacity for

growth under scCO 2.

1.6 MICROBIAL BIOTECHNOLOGY HARNESSING SUPERCRITICAL CO 2

Many enzymes remain functional in the scCO2 phase, and are even capable

of demonstrating unique characteristics that are otherwise not possible in

aqueous solutions. In close proximity to the CO 2 critical point, minor conditional

changes inl pressure or temperature may further modify enzymatic solubility and

partition coefficients, in addition to solvent phase conductivity, dielectric

constant, and dipole moment (Budisa et al., 2014). Therefore, scCO 2 has been

extensively explored as solvent for both in vitro and in vivo biocatalysis reactions

that are difficult or expensive in aqueous phase reactors with a specific focus on

semi-hydrophobic compounds due to scCO2's non-polar chemistry. Research and

development has led to the design of unique biocatalyzed substrate

transformations using a variety of multiphase reactor schemes (Knez et al., 2005;

Laudani et al., 2007; Matsuda et al., 2000; Matsuda et al., 2005; Salgin et al., 2007).

Industrially relevant biochemical transformations that have previously been

demonstrated in scCO 2 largely include in vitro reactions using purified enzymes,
include amidation, esterification (Nakamura et al., 1986; Marty et al., 1992),

acetylation, transglycosylation and reduction (Wimmer and Zarevncka (2010). Of

particular interest are biocatalyzed reactions with a single "handedness" or

chirality, which in scCO 2 generate enantiopure chemical compounds that are

otherwise difficult to synthesize (Matsuda et al., 2000; Matsuda et al., 2008;
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Matsuda et al., 2004; Salgin et al., 2007). As a result, while CO 2 is typically

considered a waste product with a dangerous global impact potential, it also

represents a useful, abundant resource that may be employed as a solvent and/or

substrate with a broad range of biotechnological applications.

C0 2-fixing carboxylation reactions are of particular interest with regard to

the future of sustainable microbial-facilitated bioproduct generation. A broad

array of in vitro studies support the notion that autotrophic or mixotrophic

growth may in the future enable direct fixation of the scCO 2 solvent, reducing

the need for conventional carbohydrate-based feedstocks. Previous

demonstrations of biocatalyzed C0 2-fixation reactions utilizing scCO 2 as a

substrate include the synthesis of urethane (Yoshida et al., 2000), dimethyl

carbonate (Ballivet-Tkatchenko et al., 2006), styrene carbonate (Kawanami and

Ikushima, 2000), and methyl acetate (Sowden et al., 1999). A variety of

additional in vitro C0 2-fixation reactions hold potential for use under

supercritical conditions, including catalysis by ribulose-1,5-diphosphate

carboxylase (Hartman and Harpel, 1994), isocitrate dehydrogenase (Sugimura et

al., 1989), malate dehydrogenase (Sugimura et al., 1990), and the fixation of CO2

on pyrrole by purified decarboxylases from Bacillus megaterium (Wieser et al.,

1998; Yoshida et al., 2000; Wieser et al., 2001).

The ability to conduct stereo-specific, carboxylation, and other industrially

relevant chemical reactions by accessing scCO2 as the solvent is limited by the

availability of purified enzymes (which are progressively degraded by scCO 2

exposure) and the need to replenish small molecule reductants (i.e. NAD(P)H) to

regenerate the active state of the enzymatic catalyst. In a first demonstration of

how to potentially overcome these challenges, Matsuda et al. (2000, 2001)

reported biocatalyzed reduction of ketones by immobilized Geotrichim candidum

cells and carboxylation of pyrrole using living Bacillus megaterium cells. In both

cases, the ability of the cellular envelope to protect biocatalysts and co-factors

enabled reactions to proceed without the amendment of purified enzymes. The B.

megaterium carboxylation report (Matsuda et al., 2000) claimed a doubling of

cell concentrations during the course of the incubation, which in tandem with

negative results from growth-free controls appeared to confirm the necessity for

live cells in catalyzing the scCO 2-reducting reaction (Matsuda et al., 2000;

Matsuda et al., 2001). While these studies demonstrated the proof of concept
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whereby scCO 2 exposed whole cells may help facilitate biochemical

transformations, cultures demonstrating robust growth under scCO 2 would

represent a significant improvement in the overall bioplatform development

process by continually regenerating relevant enzymes and co-factors in a

protected environment. Therefore, the demonstration of enzymatic biocatalysis

and active growth under scCO 2 reported in both Peet et al. (2015) and this thesis

indicate the establishment of a novel method for microbial bioproduction that

merits further investigation and development.

1.7 DEVELOPMENT OF ADVANCED BIOFUEL PRODUCTION FOR IN SITU

EXTRACTION

A significant factor limiting the capacity of environmental microbes to be

metabolically modified for industrial applications is the challenge of genetic

intractability. In order to introduce foreign DNA into environmental isolates as a

means for generating non-native bioproducts or to investigate gene function by

knockouts, a genetic system must be developed. Previous work establishing

genetic systems has enabled successful investigation and exploitation of unique

biochemical capacities associated with bioprospected strains, including

adaptations to extreme deep-sea environments in Pseudoalteromonas sp. SM9913

(Yu et al., 2014), bioremediation of organic and metal contaminants by

Geobacter sulfurreducens (Coppi et al., 2001), and mineral electron donor

oxidation by Thiobacillus denitrificans (Letain et al., 2007). Bioprospecting of

marine microbial natural products over the last few decades has enabled the

discovery of vast pharmaceutical and agricultural agents through strain isolation,
compound screening, and metagenomics (Xiong et al., 2013). One of the most

well known successful bioprospecting outcomes was the identification and

purification of DNA polymerase (Chien et al., 1976) from a strain of Thermus

aquaticus isolated from Yellowstone hot springs (Brock and Freeze, 1969), which

enabled the industrial and commercial development of thermophilic Taq

polymerase for use in polymerase chain reaction (PCR). Analogously, the

isolation and genetic system development in environmentally isolated strains

demonstrating scCO2-resistance holds a similar potential for enabling new

approaches to biotechnological challenges.
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Given the available genetic tools and established methods for strain

modification, considerable progress has been made toward developing microbes

for the production of liquid biofuels (Connor and Liao, 2009). Biofuels are

compelling with regard to scCO 2 harvesting systems because the moderately

hydrophobic chemistry of hydrocarbons like butanol readily causes compound

partitioning from the aqueous phase into scCO 2 (i.e. octanol-water partition

coefficient, Kow >4); Timko et al., 2004). Such partitioning could be harnessed for

in situ product extraction and recovery during biosynthesis of long-

chain/branched alcohols from aqueous environments. Advanced biofuel

production is further motivated by performance improvements over ethanol,

which to this point has been the common gasoline additive (US ethanol

production reached 6.5 billion gallons in 2007 (Dinneen, 2008). However, since

ethanol has several practical drawbacks, including low energy density (-70% of

gasoline), high hygroscopicity (ability to hold water), and high corrosiveness

relative to longer chain hydrocarbons (Connor and Liao, 2009), advanced biofuels

(C3-C5 alcohols) that display higher energy density and diminished hygroscopic

character are better suited for integration with current infrastructure (Nigam and

Singh, 2011). Beyond fuel applications, higher chain alcohols may be

biocatalytically dehydrated to alkenes, at which point they may be processed to

sustainably generate commodity chemicals including paints, surface coatings,

solvents, plastics, and resins (Connor and Liao, 2009).

1.8 CHALLENGES AND IMPROVEMENTS IN BIOFUEL EXTRACTION

Process limitations associated with end product sensitivities in

bioproduction hosts emphasizes the importance of implementing efficient end-

product extraction methods in order to strip bioproducts before they reach toxic

concentrations. Many species, including Bacillus subitilis, suffer from short-to-

medium chain alcohol toxicity (Nielsen et al., 2009; Liu and Qureshi, 2009; Ezeji

et al., 2010). While end product tolerance has been improved by acclimatization

(Kataoka et al., 2011) and media modifications (Lam et al., 2014), the ability to

strip bioproduced compounds in situ without inhibiting microbial growth

represents a promising approach to relieving toxic effects while facilitating
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continued production. Further work using synthetic biology, metabolic

engineering, and directed evolution will help guide researchers toward more

successful and efficient biochemical tolerance.

Despite broad process improvements, advanced biofuels remain difficult to

purify and dehydrate by distillation. For example, the 1-butanol-water system

has an azeotrope at 93C containing 42.4 wt% water (Laitinen and Kaunisto,

1999), preventing separation by conventional distillation processing. Unlike

ethanol, an advanced biofuel like butanol has a low vapor pressure and high

boiling point (118'C), which poses further challenges for in situ distillation due to

high energy requirements associated with inducing volatility and downstream

dehydration processing to reach fuel-grade specifications (Vane, 2008). As a

result, studies have shown that product recovery by distillation is the most

energy-intensive step in the microbial production of biobutanol (Ezeji et al., 2004,

2007). Furthermore, elevated temperatures that would be required for distillation

of higher chain alcohols concomitant with active fermentation would result in

microbially lethal conditions, leading to undesired bioreactor cessation,

sterilization and reinoculation.

Due to these myriad challenges, alternative separation technologies such as

gas stripping, pervaporation or scCO 2  partitioning represent process

improvements that can be used in concert with actively fermenting cultures to

increase reactor productivity by relieving end product toxicity. However, of these

non-lethal extraction methods, only sCCO 2 provides a pathway for generating

purified, dehydrated biofuel products by simple depressurization due to the low

solubility of water in scCO 2 (Sabirzyanov et al., 2002) and high partitioning

coefficient of hydrophobic biofuels in the scCO2 phase (Timko et al., 2004).

Unlike scCO2 extraction, gas stripping and pervaporation still require energy

intensive product dehydration steps, diminishing the sustainable nature of these

methods.

Abiotic experimental studies testing the extraction of 1-butanol from

aqueous solutions with scCO 2 solvent demonstrated that up to 99.7% of the

initial amount of 1-butanol was removed from the feed stream (Laitinen and

Kaunisto, 1999). ScCO 2 thus represents a technically feasible solvent for

continuous advanced biofuel extraction from growing cultures in the event that

strains capable of withstanding scCO 2 exposure are isolated or otherwise
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acclimated to the stressful culturing conditions. Moreover, a bioreactor inoculated

with a scCO2-resistant strain should thus not be subject to typical bioreactor

contamination challenges as scCO2 exposure represents a lethal condition for the

vast majority of microbial species. As described in this thesis, the recovery of an

environmental strain with the capacity for growth and heterologous pathway

expression in pure culture under scCO2 with direct in situ product recovery

demonstrates that several of the significant practical barriers to implementing the

overall proposed microbial bioproduction system have been solved.

1.9 RESEARCH QUESTIONS

Despite the physiological and metabolic challenges associated with microbial

growth while exposed to supercritical carbon dioxide, our previous demonstration

of several isolate growth under a sCCO 2 headspace (Peet et al., 2015) prompted

several additional questions about both natural and engineered scCO 2 systems. In

this thesis, I sought to survey the taxonomic and genomic diversity associated

with a natural subsurface scCO2 reservoir and attempted to harness the

biotechnological potential of culturable diversity isolated from the reservoir in

order to access the sustainable solvent scCO2 as a means for improving existing

industrial methods for biocatalyzed product generation and purified extraction.

The questions that I address in this thesis are:

CHAPTER 2

Questions: What is the microbial taxonomic diversity associated with

subsurface accumulation of scCO2? Does community genomic content indicate

the metabolic potential for nutrient cycling within the local ecosystem?

I hypothesized that low, but non-zero, ecosystem diversity would include

taxa from other deep subsurface environments and that taxonomic diversity and

abundance would vary as a function of local geochemical nutrient availability and

CO 2 /H 20 ratios due to stresses associated with scCO2 solvent effects. While

subsurface environments have been associated with a wide range of OTU

diversity, e.g. n 1 in deep gold mine fluids (Chivian et al., 2008), n = 445 in
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mesothermal petroleum reservoirs (Phan et al., 2009), and n >14,000 in the

subseafloor sediments (Biddle et al., 2008), scCO2 reservoirs are a highly selective

environment that will likely relegate in situ species diversity numbers to the

lower end of previously characterized subsurface communities based on several

studies investigating the response of the microbial biosphere to injected scCO 2 at

geologic carbon sequestration pilot sites (Morozova et al., 2011; Mu et al., 2014).

The detection of a metabolically active microbial biosphere in deep sea systems

exposed to liquid and, in some cases, supercritical phase CO 2 (Yanagawa et al.,

2012) indicates that terrestrial analog systems should, in theory, also be able to

support microbial life. Previous studies examining the persistence of life under

temperatures (Takai et al., 2008), pressures (Boonyaratanakornkit et al.. 2007)

and acidities (Johnson, 1998) more extreme than conditions associated with

scCO 2 saline reservoirs indicate that active metabolic outgrowth is fundamentally

possible. Lastly, geochemical modeling suggests that the exposure of scCO 2 to

certain petrological and mineralogical conditions should increase the likelihood

that microbial growth is supported in situ by making certain redox reactions

more thermodynamically favorable (Onstott, 2005; Kirk, 2011).

While genomic content is expected to generally indicate the capacity for

anaerobic growth by chemnolithoheterotrophy based on previous studies (Mu et

al., 2014; Emerson et al., 2015), genes specifically associated with autotrophy or

alternative C0 2-fixation reactions are expected due to the ubiquitous presence of

substrate CO 2. To test these hypotheses, I collected deep subsurface fluids from

the McElmo Dome CO 2 field in southwestern Colorado, which were then

prepared for 16S rRNA and metagenomic surveys. Fluids were also analyzed for

geochemical content by inductively coupled plasma (ICP) methods. Taxonomic

and functional annotations by RDP/Silva and RAST/IMG, respectively, enabled

a reconstruction of in situ microbial-mediated nutrient cycling, which was further

used in conjunction with geochemical measurements to propose signatures of

active metabolic growth and inter-species syntrophic relationships. Overall, the

previous detection of sustained microbial activity in high pCO 2 environments in

conjunction with diversity observed at McElmo Dome have significant

implications for understanding the manner in which microbes interact physically,

geochemically, and biochemically with their host mineralogy and aqueous and

supercritical fluids upon long-term scCO 2 emplacement.
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CHAPTER 3

Questions: Can microbes isolated from a natural subsurface scCO 2 system be

maintained in lab culture under scCO2 conditions? Can culturing be optimized to

enable natural product generation under a scCO2 solvent headspace?

I hypothesized that by selecting a range of enrichment passaging media it

would be possible to cultivate scCO2-adapted microbes under proposed microbial

bioreactor system conditions. I further expected that genomic sequencing of

isolated strains would reveal which central carbon metabolic pathways may be

exploited for improved growth outcomes, including in the development of defined

minimal media. Detected genomic signatures were also hypothesized to reveal

aspects of isolate strains with biotechnological implications, including promoter

systems, plasmid content, secretion systems, and carbon storage (e.g. PHA/PHB

metabolism).

To test these hypotheses, I used fluids collected from McElmo Dome wells

to inoculate enrichment cultures as a means for isolating strains by serial

passaging under scCO 2. We previously demonstrated the ability to isolate and

culture bacteria from subsurface environments in Peet et al. (2015), which thus

served as a successful precedent for the overall bioprospecting approach. The

isolation of six microbial strains from McElmo Dome fluid-inoculated cultures

enabled me to proceed with biotechnological development of the single isolate

that demonstrated the most robust and consistent growth under sCCO2. As a

result, I sequenced and annotated the genome of isolate Bacillus megaterium

SR7, which despite similarities to previously sequenced B. megaterium genomes,

contained approximately 10% unique gene content. Functionally annotated genes

revealed the presence of a well-established xylose-inducible promoter system,

canonical central metabolic pathways (i.e. glycolysis, TCA Cycle), and the

capacity for fermentative growth.
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CHAPTER 4

Questions: Can a genetic system be developed for an isolate strain to enable

heterologous protein expression and biofuel production under scCO 2 conditions?

Can generated biofuels be recovered directly from the scCO 2 phase upon

partitioning from the aqueous media?

Previous genetic system development across broad taxonomic classes of

environmental bacteria supported the hypothesis that it would be possible to

introduce heterologous DNA to strains isolated from the McElmo Dome deep

subsurface environment. I hypothesized that upon successful development of a

genetic system for B. megaterium SR7, it would be possible to demonstrate

inducible protein expression of a single gene as well as increasingly complex

multi-gene pathways under scCO 2. Heterologous LacZ expression was chosen for

initial proof of concept. Isobutanol was chosen as a two-gene pathway product

due to its ability to readily partition into scCO2 and because its enzymatic

production required the introduction of only two genes (isoketovalerate

decarboxylase (kivD) and alcohol dehydrogenase (adh)) into SR7 when feeding

valine biosynthesis pathway intermediate cx-isoketovalerate. Since valine is an

essential amino acid, I anticipated that by upregulating flux through this

pathway, we would generate observable concentrations of desired metabolites. I

hypothesized that this genetic modification would be successful based upon the

previous successful demonstration of heterologous isobutanol pathway expression

in the closely related species Bacillus subtilis (Choi et al., 2014), as well as multi-

enzyme pathways in alternative strains of Bacillus megaterium (e.g. cobalamin in

Biedendieck et al., 2010). By assaying several homologs of the alcohol

dehydrogenase gene to identify the best performing variant, I anticipated that

the optimized isobutanol pathway in SR7 should generate enough product to be

extracted directly from the scCO2 phase, proving out the overall concept of single

reactor growth, production and extraction system without fermentative

disruption. Despite low scCO2-extraction efficiencies associated with my

pressurization system (based on abiotic controls), isobutanol produced by the

genetically engineered Bacillus megaterium SR7 environmental isolate and
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extracted directly into scCO2 confirmed my overarching hypothesis that a

microbial bioproduction system under scCO2 was feasible.

Overall, my results indicate that the McElmo Dome natural scCO 2

reservoir harbors a "deep carbonated biosphere" adapted for growth and

persistence despite extreme stresses associated with scCO 2  exposure.

Bioprospecting this unique environment through enrichment passaging

demonstrated the capacity to exploit natural evolutionary adaptations for

biotechnological industrial applications. Laboratory process development

established that culturing improvements are required to optimize wild type

strains for product generation via genetic engineering of metabolic pathways. The

detection of taxonomic diversity in the deep subsurface that was not cultured in

the laboratory indicates that additional utility may be derived from further

attempts at environmental strain isolation. Our results also suggest the existence

of a microbial ecosystem associated with the natural McElmo Dome scCO 2

reservoir indicates that potential impacts of the deep biosphere on CO 2 fate arid

transport should be taken into consideration as part of GCS planning arid

modeling. The successful developnient of a genetic system in B. megaterium SR7,

albeit at lower efficiencies than previously developed B. megaterium strains, in

tandem with the identification of an effective promoter system ultimately enabled

inducible heterologous protein expression under scCO2 headspace conditions.

Confirmation of this hypothesis was evaluated by scoring for xylose-induced

exogenous LacZ activity and isobutanol production in transformed strains of SR7

that were cultured under scCO 2 and demonstrated robust growth.

The significance of denionstrable microbial growth and engineered

biocatalysis under scCO2 lies in its potential for "greening" biochemical

production by streamlining energy costs and bioreactor maintenance. This thesis

therefore represents an interdisciplinary research effort that synthesizes

taxonomic arid genoniic data with improvements in bioprocess engineering,

microbial physiology, and genetic engineering to overcome long-standing

questions about microbial scCO2 resilience arid challenges associated with

advanced biofuel production.
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2
LIFE IN THE DEEP CARBONATED BIOSPHERE: MICROBIAL 16S rRNA

GENE AMPLICONS AND GENOMES FROM THE MCELMO DOME

SUPERCRITICAL CO 2 RESERVOIR INDICATE MICROBIAL POTENTIAL FOR

CARBON AND BIOGEOCHEMICAL CYCLING

Adam J.E. Freedman, BoonFei Tan, and Janelle R. Thompson
(Adapted from a manuscript in preparation for journal submission)

ABSTRACT

Microorganisms catalyze carbon cycling and biogeochemical reactions in the deep
subsurface and thus may be expected to influence the fate of injected
supercritical (sC) CO 2 following geological carbon dioxide sequestration (GCS).
We hypothesize that natural subsurface accumulations of scCO 2 that may serve
as analogs for the long-term fate of injected scCO2 harbor a "deep carbonated
biosphere" adapted to high in situ pCO 2 conditions. To examine microbial
community structure and biogeochemical potential within a natural scCO 2
reservoir we sampled subsurface fluids from C0 2-water separators at McElmo
Dome, Colorado for analysis of 16S rRNA gene amplicon diversity and
metagenome content. Amplicon and metagenome sequences were dominated by
seven bacterial groups, including Sulfurospirillum, Rhizobium, Desulfovibrio and
members of the Clostridiales family. Complete genomes from high abundance
taxa were extracted from metagenomes using homology and compositional
approaches. Annotated genome content revealed diverse mechanisms for growth
and nutrient cycling including pathways for CO 2 and N2 fixation, anaerobic
respiration, sulfur oxidation, fermentation and potential for metabolic syntrophy.
Differences in biogeochemical potential between two well communities were
consistent with differences in fluid chemical profiles, suggesting a potential link
between microbial activity and geochemistry. The existence of a microbial
ecosystem associated with the McElmo Dome scCO 2 reservoir indicates that
potential impacts of the deep biosphere on CO 2 fate and transport should be
taken into consideration as a component of GCS planning and modeling.
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2.1 INTRODUCTION

Natural carbon dioxide reservoirs in the greater Colorado Plateau and

Southern Rocky Mountains region serve as models for understanding the long-

term fate of CO 2 after subsurface injection for long-term geological carbon

sequestration (GCS) (IPCC, 2007; Lal, 2008). While these reservoirs have been

geologically and geochemically characterized for commercial CO 2 production

(Baines and Worden, 2004; Stevens et al., 2001), the taxonomic and genomic

diversity of microbial populations in these systems remain unknown. At reservoir

depths (typically >1 km), CO 2 exists in the supercritical (sc) (i.e. >31.10 C, >72.9

atm) or near critical state. Since scCO 2 is regarded as a microbial sterilizing

agent (White et al., 2006; Ortufno et al., 2012; Mitchell et al., 2008; Zhang et al.,

2006), whether scCO 2-bearing reservoirs support microbial life that may catalyze

biogeochemical processes remains an open question.

Recent field and laboratory studies indicate that some microbial species

may be resilient to stresses associated with scCO 2 (Peet et al., 2015; Mu et al.,

2014; Mitchell et al., 2008) and near-critical CO 2 (Emerson et al., 2015; de Beer

et al., 2013). Due to its predominantly non-polar solvent chemistry, pure scCO 2

may penetrate bacterial cell walls and membranes, extracting fatty acids, lipids,

and other intracellular materials from the cytosol (Ulmer et al., 2002). High

concentrations of dissolved CO 2 may decrease intracellular pH, disable enzymes,

disrupt protein synthesis, and cause cellular desiccation, ultimately resulting in

cell death (Spilinibergo and Bertucco, 2003; Kirk, 2011; Zhang et al., 2006).

Injection of scCO2 during GCS may also indirectly stimulate microbial growth by

extracting nutrients from the subsurface organic matrix (Kharaka et al., 2006),

releasing redox substrates from dissolved minerals, and potentially serving as a

substrate for autotrophic metabolism. Thus, exposure to scCO 2 during GCS may

represent a major selective agent for microbial diversity (Spilimbergo and

Bertucco, 2003; Kirk, 2011; Zhang et al., 2006; Mu et al., 2014).

The 800 km2 McElmo Dome scCO2 reservoir in southwestern Colorado

(Figure Sl) is the largest supplier of industrially produced CO 2 in the world

(Stevens et al., 2001). Estimates based on stable isotope data suggest CO 2 began

to accumulate at McElmo Dome 40 to 72 million years ago (Cappa and Rice,

1995; Gilfillan et al., 2008), a timescale during which assembly and adaptation of
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scCO2-tolerant microbial communities may have occurred. CO 2 at McElmo Dome

is trapped at depths of 1800 to 2600 in within the 100 in thick dolomite-rich

Leadville Formation (Allis et al., 2001; Gilfillan et al., 2009) where the CO 2 exists

as a supercritical fluid at an approximate temperature and pressure of 65*C and

135 atm, respectively (Allis et al., 2001). Rich in permeable dolomites

(CaMg(C0 3 ) 2 ), the Leadville Formation has an average porosity of 11%. Above

the Leadville Formation is the 400 m thick Paradox Salt Formation, which acts

as a low-permeability trapping layer (Stevens et al., 2001). KinderMorgan

operates production wells at McElmo Dome where a two-phase gas-brine mixture

is produced and separated, after which the CO 2 is further dehydrated and

compressed before pipeline delivery, while the brine is re-injected (Stevens et al.,

2001). The overall gas content consists of 98.2% C0 2, 1.6% N 2 , 0.2% CH4 (Allis

et al., 2001).

We hypothesized that the McElmo Dome formation would harbor a

microbial ecosystem adapted to the anoxic, low-nutrient conditions typical of

subsurface habitats (Phelps et al., 1994) with adaptations enabling survival and

CO 2 utilization under conditions of high dissolved pCO 2 in co-existence with

pure-phase scCO 2. To examine this, we sampled produced fluids from ten CO2

production wells and an onsite pond containing water used for well drilling,

comparing cell densities with element and nutrient profiles. Taxonomic and

genomic diversity were characterized from two wells by analysis of 16S rRNA

gene amplicons and microbial genomes extracted from metagenomes. Our results

suggest formation fluids harbor a low-density microbial community that includes

Sulfurospirillum, Rhizobium, Desulfovibrio and members of the Clostridiales

family. Analysis of complete and nearly complete genomes suggests that CO 2 and

N2 fixation, sulfur and arsenic redox processes, and metabolic syntrophy play

roles in biomass production, biogeocheinistry and carbon cycling in the scCO 2

reservoir.
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2.2 METHODS

Collection of formation water and characterization of biomass and

geochemistry

Fluid-gas separators at ten CO 2 production wells from two areas of the

McElno Dome system (Yellow Jacket and Hovenweep fields) were decanted and

filled 15 hours prior to sample collection. Approximately 40 liters of fluid was

collected in acid-washed carboys from the separators and from a surface pond

used as a source of well drilling fluids ("drilling pond"). Using a peristaltic pump

on site, samples were pre-filtered by a Nucleopore 10 im filter, concentrated onto

Sterivex 0.22 [im filter units and immediately filled with buffer (40 mM EDTA,
750 mM sucrose, 50 mM Tris-HCl). Filters were shipped on dry ice and stored at

-80*C. In addition, 100 ml of fluids were fixed on site in 3.7% formaldehyde for

microscopy and 1 liter samples were collected in acid-washed containers for

geochemical analyses. Samples were shipped on ice and stored at 4'C. Fluid pH

and total salinity were measured on site using pH strips and a handhield

refractometer, respectively.

For cell enumeration formaldehyde-preserved samples were treated with

Syto 9 stain (Life Technologies), collected on 0.22 im polycarbonate filters

(Nucleopore), washed twice with PBS buffer, and mounted on glass slides for

visualization by epifluorescent microscopy (Zeis Axioscope). Cell counts were

extrapolated based on sample volume to calculate microbial densities.

Samples were prepared for elemental, sulfur, and chloride analysis by

acidification with concentrated nitric acid while raw fluids were submitted for

nitrate and ammonium analysis. Soluble element profiles were analyzed using

inductively coupled plasma optical emission spectrometry (ICP-OES), while

chloride, nitrate and ammonium were analyzed using distinct ICP methods

(supplementary methods), on an iCAP 6300 (Thermo Fischer) at the Utah State

University Analytical Laboratories (Hill Logan, UT).

DNA extraction

Nucleic acids were extracted from Sterivex filters after removal of DNA

protective buffer using two methods: the MoBio UltraClean Soil DNA Isolation
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Kit and a hot phenol chloroform method (Crump et al., 2003; supplementary

methods). When using the MoBio Kit, half filters and 500 il of removed DNA-

protective buffer were added to bead-beating tubes prior to initial vortexing, but

otherwise followed manufacturer's instructions. Measured DNA concentrations

were near detection limits (<20 ng/il) or unable to be accurately measured due

to sample discoloration.

Sequencing and analysis of 16S rRNA amplicons

Microbial diversity in well fluids and the drilling pond was characterized

by 16S rRNA amplicon clone libraries and next-generation Illumina sequencing.

Detailed protocols are provided in supplementary methods. In brief, clone

libraries were constructed by ligating amplicons generated using bacterial small

subunit 16S rRNA primers SSU_357 F and SSU_1100_R (Table Si) into

TOPO TA pCR4 cloning vectors (Invitrogen). Cloned DNA was amplified,
purified and submitted for Sanger sequencing at Genewiz (Cambridge, MA).

Templates for Illumina sequencing consisted of 1) genomic DNA from wells and

the drilling pond, 2) vector pCR4 containing a library of

SSU_357_F/SSU_1100_R, 16S rRNA amplicons, 3) a no DNA template control,
and 4) an archived false positive (AFP) from a discarded PCR, run (i.e. a

contaminated PCR negative control). The AFP was sequenced to identify

potential background laboratory contamination, which has recently been shown

to be common and pervasive, especially in low-biomass samples (Salter et al.,
2014). A modified version of the Preheim et al. (2013) protocol was used to add

barcodes and Illumina flow-cell sequencing adaptors, while utilizing a 16S rRNA

primer set (PE_357_F/PE_806_R; Table S1) targeting the complete V3-V4

hypervariable regions of the 16S rRNA gene (Mizrahi-Man et al., 2013; Sinclair et

al, 2015). Multiplexed samples were sequenced as paired end reads (300 bp + 300

bp) at the MIT BioMicro Center via Illumina MiSeq (v.3 chemistry).
Demultiplexed FASTQ files containing 16S rRNA gene sequences prepared

by Illumina MiSeq were processed using the UPARSE pipeline (Edgar, 2013) for

quality filtering and trimming, merging of paired reads, chimera removal,
operational taxonomic units (OTUs) clustering with greater than 97% sequence

identity, and phylogenetic annotation (using the SILVA aligner, SINA (Quast et
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al., 2013; http://www.arb-silva.de/aligner/) and RDP 16S rRNA database

sequences (Wang et al., 2007; http://rdp.cme.msu.edu/). Sample OTUs were

screened against OTUs from the AFP to identify and remove sequences likely to

be laboratory contaminants. After QC in CLC Genomics Workbench 7, clone

library 16S rRNA sequences were chimera-checked and annotated by the same

pipeline as Illumina OTUs.

Qiime script alpha_ diversity.py was used to calculate Chaol statistics for

individual sample libraries. Abundance-weighted, normalized UniFrac (Hamady

et al., 2009) distances were subjected to hierarchical clustering and principle

coordinate analysis (PCoA) to compare OTU distributions between samples from

different sites and prepared by alternative methods. Illumina 16S rRNA OTU

sequences present at >1% abundance in Wells 3 or 10 were aligned using SINA

with default settings were used to construct a bootstrapped (10OX) neighbor-

joined phylogenetic tree (CLC Genomics Workbench 7), and visualized in

FigTree v1.4.2.

Metagenome sequencing and analysis

Genomic DNA samples from Wells 3 and 10 purified using the MoBio Kit

(K) and Phenol Chloroform (P) protocols (Table S2) were submitted to the MIT

BioMicro Center for metagenome preparation using the Nextera XT DNA

Library Preparation Kit (Illumina) followed by sequencing on the Illumina MiSeq

v.3 as paired end reads (300 bp + 300 bp). FASTQ files containing metagenome

reads from Well 3 (P3, K3) and Well 10 (P10, K10) were demultiplexed using

custom scripts. Sequences were trimmed, quality filtered (Quality limit = 0.05;

length >50bp), pooled and de novo co-assembled into contigs using default kiner

size (CLC Genomics Workbench 7). Filtered reads mapped back to assembled

contigs (97% similarity over 80% read length) yielded scaffolds that were

subsequently binned by analysis of nucleotide frequencies and single copy genes.

Scaffold tetranucleotide frequencies were calculated using a Perl script

(Albertsen et al., 2013) prior to principal component analyses (PCA) and plotting

in R. Open reading frames (ORFs) were predicted using Metaprodigal, after

which single copy genes were identified using a Hidden Markov Model list

(Albertsen et al., 2013). All single copy genes were subjected to Blastx searches

35



against the NCBI NR. database, followed by taxon assignment using MEGAN 5.0.

Taxon affiliations were overlaid on a PCA-tetranucleotide plot to guide

extraction of scaffolds represented by individual microbial genomes ("crude bin";

Figure 5A). To ensure that no scaffolds have been misplaced into unrelated

taxonomic bins, scaffolds within each extracted "crude bin" were fragmented in

silico to 1000 bp, subjected to six-frame sequence translations compared to the

NCBI NR database using Diamond (Buchfink et al., 2015) and taxonomically

assigned using MEGAN 5.0 (Figure S4). Scaffolds comprised of fragments

assigned to unexpected taxa were removed and placed in taxonomic bins based

on cluster analyses of the tetranucleotide frequencies and homology. Binning of

several strains of the same species (Sulfurospirillum) is discussed in

supplementary methods (Figure S5). All bins were verified for the presence of

potential sequence contaminants by checking for the taxonomic affiliation of

single copy genes, 16S and 23S rRNA genes, as well as the taxonomic distribution

of ORFs based on best Blastp hits. Furthermore, tetranucleotide frequencies for

contigs (in silico fragmented to 2000 bp) in each bin were subjected to Emergent

Self Organizing Map analyses (default settings except K-Batch training algorithm

in 80x120) to visually ascertain contig separation (Figure 5B). Each genomic bin

was subsequently submitted to RAST and IMG for automated annotation.

2.3 RESULTS

2.3.1 Fluid geochemistry and suspended cell numbers

Onsite periodic well testing by KinderMorgan (R. Gersch, 2012; personal

communication) revealed well temperatures of 59.8-78.1*C, and produced fluid

ratios of 2,021-5,418 liters H20 per liter of liquid CO 2 (based on measured CO2

gas volumes). ICP elemental analysis of formation fluids (Table 2) indicated total

ionic concentrations per well from 0.32 g/l to 16.7 g/l, consistent with salinity

measurements taken on site (Table 1). Hierarchical clustering of normalized ICP

signal intensities by Spearman rank correlation (Figure S2) revealed two major

clusters, where Cluster 1 corresponded to the most dilute samples with lowest

H 20/CO 2 ratios and enrichment in Mg, Fe, Ca, Al, Cr, and Mn. Cluster 2

contains more concentrated samples with enrichment in Na, B, and As. Well
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Table 1. Sample well test data anid on site fluid imeasurelienit Sumailry.

FIELD WELL NAME WELL TEST DATA (KinderMorgan C0 2) MEASURED ON SITE

H2O(L'10) CO2(L*10 ) (H 20/CO2 ) '10 Temp (C) pHb Salinity (ppt)

1 HA-1 12.1 633.6 19.2 62.0 6.0 18

2 HB-5 16.4 1875.5 8.7 59.8 6.0 15

Hovenweep 3 HC-2 3.5 1036.9 3.4 67.3 5.0 2

4 HE-1 1.4 675.3 2.0 68.2 5.0 1

5 HF-3 52.8 1391.6 37.9 74.5 6.0 15

6 YA-3 1.7 487.3 3.4 78.1 6.0 10

7 YB-4 42.9 791.2 54.2 74.8 6.0 25

Yellow Jacket 8 YC-4 4.9 1883.1 2.6 66.0 5.5 2

9 YD-2 19.4 748.7 25.9 74.0 6.0 20

1o, YF-4 12.9 1530.2 8.4 75.3 6.0 10

- Pond - - - 27.0 5.5 0

Well 10 test results not available. COa, H 20, and temperature data represent average values for three wells in same YF cluster as Well 10
bFollowing 15-hour period of degassing, fluid pH values may be less acidic than in situ due to reduced carbonic acid content

Table 2. ICP-OES analyte sunimary for major elements in McElno Dome formation.

PROFILE Cl Na K i Mg Fe Ca B Aa Al Ba Cs Mn ii is Zs P 'NOa *NHa' i(Analytes)
FIELD WELL

CLUSTER mg/L g/L

1 2 6180 4283 618 279 56.8 1.07 352 24.5 3.93 0.084 0.051 0.029 24.0 3.30 < < 0.13 1.57 11.83

2 615SC 3343 498 240 55.6 0.19 182 20.5 3.18 0.003 0.035 0.007 < 21.2 3.04 0.002 < a 1.25 10.52

Hovenweep 3 1 3630 262 33.8 13.4 6.66 0.48 31.0 1.24 0.01 < 0.005 0.041 0.023 1.39 0.13 0.005 c < 0.11 3.98

4 131 71.7 19.2 13.5 12.7 3.11 65.3 0.43 0.02 0.015 0.006 0.066 0.062 4.10 0.13 0.037 0.332 a c 0.32

5 2 6480 3710 613 312 77.4 0.09 213 22.5 3.12 0.014 0.035 0.004 < 33.1 3.15 < < c 1.85 11.47

6 1 4780 1263 187 61.7 189 6.88 626 4.21 0.31 0.137 0.074 0.145 0.110 8.99 8.21 0.113 < < 1.57 7.14

7 2 8870 6125 893 522 94.2 0.59 163 22.3 4.83 0.063 0.031 0.011 < 26.5 6.61 a < < 3,07 16.73

Yello Jacket 8 1 321 334 45.3 46.2 31.8 0.46 134 1.00 0.07 0.059 0.008 0.042 0.018 2.96 0.43 0.039 < < 0.15 1.12

9 2 8160 4622 711 330 81.5 0.41 332 26.6 5.56 0.068 0.054 0.015 a 31.1 7.55 0.002 < < 1.62 14.31

10 2 5370 2572 415 218 49.3 0.43 347 15.9 2.12 0.041 0.047 0.023 < 21.3 2.68 < < 0.10 1.12 9.02

Pond 3 37.8 24.6 4.34 14.5 20.3 0.05 30.6 0.11 0.01 0.022 0.062 a 0.030 1.42 0.35 0.003 < 0.40 < 0.15

Deteticv Lmit < be(.. deteti n) 3.0 0.001 0.005 0.01 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.501 0.001 0.03 0.10 0.05 -

'R-w1 d.sabrmtted i., NC .a d NH 'ICP th- t r tdified wth cncntted n - -id to & i precpted prticote pr, t. ICP-OES nlys

A

E

U

I .0E+07

l.0E+06

I.OE+05

I.OE+04

1.01E+03
SAMPLE NAME

WELL NAME

Hovenweep

Yellow JaCket

Pond

Well 1
HA-1

Well 2 Well 3 Well 4 Well 5 Well 6 Well 7 Well 8 Well 9 Well 10
HB-5 HC-2 HE-1 HF-3 YA-3 YB-4 YC-4 YD-2 YF-4

Pond

Sample Source

Figure 1. Cell concentrations iL of ten McElmo Dome wells (five each from the

Hovenweep and Yellow Jacket fields, respectively) and nearl)y drilling poiid.
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location (i.e. Yellow jacket vs. Hovenweep field, Figure Si) did not emerge as a

significant driver of sample clustering (Figure S2). The drilling pond, which was

most dilute overall (0.15 g/l total analytes) clustered separately from well

samples.

Epifluorescent microscopy of formaldehyde-preserved samples revealed

3.2x10 3 to 1.4x10 5 microbial cells/ml of produced fluid and 8.0x106 cells/ml of

pond water (Figure 1). No trend in biomass density emerged by t-test with

respect to spatial distribution (Hovenweep vs. Yellow Jacket fields; p = 0.20) or

geochemical clustering (Cluster 1 vs. 2; p = 0.18).

2.3.2 Taxonomic diversity in formation fluids and pond water

16S rRNA gene amplicons targeting V3-V5 (clone libraries) and V3-V4

(Illumina) hypervariable regions were generated from genomic DNA prepared

from Wells 3 and 10, the drilling pond, and an archived false positive (AFP). No

amplification was observed from no-template controls or from genomic DNAs

from Wells 1-2 and 4-9 likely due to PCR inhibition and/or insufficient template

concentration. V3-V5 clone libraries generated 55 sequences from Wells 3 and 10

and the drilling pond, with an average length of 692 bp (Table S3). Blastn of

cloned sequences identified Sulfurospirillum deleyianum, Sulfurospirillum

multivorans, Desulfovibrio marrakechensis, Desulfosporosinus orientis,

Oscillibacter valericigenes, Desulfitibacter alkalitolerans, Acetobacterium

carbinolicum, and Desulfitobacterium metallireducens as members of the Well 3

assemblage, while two taxa were recovered from Well 10, S. deleyianum and

Rhizobium petrolearium (Table S3). Illumina V3-V4 amplicon sequencing

generated a total of 436,318 individual paired-end reads from Well 3 and 10

samples, 96,626 reads from the drilling pond, and 103,714 reads from the AFP,
all of which were trimmed to a final length of 385 bp. Following OTU clustering

at 97% sequence identity, sequence libraries were decontaminated by comparison

to the AFP, resulting in the removal of 5.2-23.5% of reads per library (Table S2,
Table S4). The most highly represented sequences in the archived false positive

control sample were Cloacibacterium, Acidovorax, Brevundimonas and

Halomonas and thus, likely represent reagent or laboratory contaminants. After

decontamination, sequences from the two wells (Well 3 = 130,824; Well 10 =

62,334) formed 290 total OTUs, with Well 3 and Well 10 clustering into 187 and
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199 OTUs respectively, and the drilling pond (39,851 reads) clustering into 236

OTUs (Table S2). All clone library genus annotations were represented in

Illumina OTUs (Figure 4B; Table S3). PCoA analysis of UniFrac distances

(Figure 3) and rarefaction analysis (Figure S3) indicated that diversity in well

and pond samples was recovered to near-completion and reflected distinct

microbial communities unique to each sample-type (i.e. Well 3, Well 10 or Pond)

and independent of DNA preparation method (Figures 3 and 4).

The majority of Illumina OTUs were assigned taxa by SINA/RDP (99.5%

to phylum and 68.7% to genus). 11 and 13 Bacterial phyla were recovered from

Well 3 and 10, respectively (Figures 2 and 4A). No Archaeal phyla were

recovered despite use of universal PCR primers. Most sequences from Well 3 and

10 samples were classified as Proteobacteria (57.7% and 90.1%, respectively),

which were dominated by two OTUs corresponding to Sulfurospirillum (OTU6

Well 3 31.8%, Well 10 7.3%; OTU626 Well 3 20.8%, Well 10 0.1%), and two

OTUs corresponding to Rhizobium in Well 10 only (OTU2 65.1%; OTU673

14.1%), and one OTU from Desulfovibrio in Well 3 (OTU47 4.1%) (Figures 2 and

5B). Both the Sulfurospirillum and Rhizobium sequences share the highest

nucleotide identity with strains previously detected in oil fields or subsurface

environments (Tan and Foght., 2014; Zhang et al., 2012). Firmicutes sequences

recovered in high abundance in Well 3 (39.9%) correspond to several Clostridiales

OTUs (Oscillibacter, OTU12: 17.0%), Acetobacterium (OTU21 10.8%),

Desulfosporosinus (OTU44 6.0%) and Desulfitibacter (OTU89 1.1%)). In

contrast, in Well 10 Firmicutes sequences were rare (1.0%) and low levels of the

Actinobacteria (4.1%) and Fusobacteria (3.2%) were also recovered. Microbial

diversity in the drilling pond was dominated by genera typical of freshwater

surface environments (e.g. Sediminibacterium, Limnohabitans, Polynucleobacter,

hgcI clade, Fluviicola; Figure 4B) and enriched in Bacteroidetes and

Actinobacteria. Overall, the pond community was highly distinct (Figures 3 and

4), suggesting drilling fluids are not a major source of microbial diversity in

recovered formation fluids.
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2.3.3 Diversity of genomes recovered from metagenome sequences

A total of 18.7 G1b of nietagenonic scquencce w5as genierate( firom iMcElnio

Done sanpIles. Metagenoime assemblies fron Wells 3 anl 10 had an N50 of

14.942 and 36.674 bp with an average coverage of 20.7X and 35.4X. respectively

(Table S2). Genonies were reconstructed from h lie sequence assembly based on

binning bV tetrancleoti(le freqietncy, GC contnt., an( single-copy gnle contelit

(Figures 5A and 5B) yielding six an( two complete genoimes ( -99% complete by

single copy gene detection) fronm Wells 3 and 10. respectively (Table 3).

WELL 10 WELL 3

.,

.BINS3&6

Figure 5A. icipaol (oiponent iiialyses of t he tetrLa iuileot id fr I ((Ut liies of iiietaig iolits- fri Wells 3

1111d 10. Each black (hot repieseits a singl~e (ont ig 5ca1ffold of 1-5j)( h kp. Contigs conin l ingl siiigle (opyV

gelle(s) arii overhoil with (lots whfere colors relpresent ifferentI bactiril taixai. Iii cireli l 0r 1 ioti114 (crlod(

bili) extrac1(d (f or hurther dleeoitamoilnati(on11bisetl 01 n both 110110 )gy and \ c11ompllositioia-sd a~(t pproaiches

after whiich (0111igs ill(1 irueI biis 1beloi giiig to iinexpectedl tax werel XX I( 1) int11110 thlieir (Oilr0e0t 1)11.

Figure 5B. Enmergeiit Self Organizing MoI p (ELS( M ) of (lie t et rant ileotidle fregnlencies of (0111igs iiin biinied

14i 101me. Eailh (lii irepr('snts a i 20(10 bp fragmiet ts of scaffold coiitig. J!ots are ci lor'el according to gelnoimiic

1bins p resent e1 iii TabIde :3. 13egiolin1 leld as Su.uro.puiro c iit ailis I w( ano I oiie stra ii if ,5"ofo ' piriliaoi

dleteoteol in Mo'taigeliome 1 and Itt. resp~ect ively . Iii ar a whler( dots wxith di(ifferenlt colors a ppeared to lie

"ixedl ( circles iii Plot ). lha (lt ire cii t ig (01R s) of each fragmiei t was examii nd fir t heir oinsist onicy in

se( 1ueiice liiomology ( Blast p againost NCBI3 NR-i ltalbase ). lii all cases. I hese fragments wo re parit of a oig

(out ig (i f which other fragimeiits were located iii thle c irreet regfiin of thie ESOM~ map). lii 5omie (11508

fragiieiits that are 'imiixeil were relatei to mobiile geneltic ciimciiis . wiiicli iiay liave resiult id in differennees

iii GC coot ont aniii thlerefore tel iaiiu leot ide frequei cies. TIhe liree st ris of Siuia 1r1oiiia m w 'ie

si b 5s jq unt ly selparat ed usinig hom oh igy-hIased appiroaclios (sill men1 t ay Lm ethlod~s).
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Table 3. Overview of g.enoines ietected ill the met agenonie.

Taxonomic affiliation based Binned genome size, Mbp Blastn 16S rRNA taxonomic affiliation of Blastin comparison of binned in Frequency of

Well N50 on 16S rRNA and single (contig size range. bp) against NCBI NR database (full length 16S rRNA gene to Illumina G cds Taxonomic distribution of CRF' C enome Frequency (% Corresponding
Sample copy gene assignment [Reference genome size]' unless stated) generated OTU Contigsllumina OTU

2.6

Silfurospirillun MD102 (1.000-24,067) Sulfurospin)/urn deleytanul DSM 694696%) OTU 6 (100%') 590 2559 Cnmpyobateraes 952%) 100 18
Epsilonprotnobactenia 95%,)

1 36.674 
[2.3-3 2]

68

Rhizobium MD101 (1.015-292.738) Rhizobrmn petrolearium strain SL-1 (100%) OTU 2 100%) 164 6755 Rhzobiaes ri 93%) 100% 2 65
Alpha proteolbcte 93%)

[4 9-7 5)

5.0

Deslfovibno MD33 (1 001-68.886) Desulfovibro inarrakechensis strain OTU47 (99.2%) 767 4545 Desulfovibrionales (92%) 100% 12 4
EMSSDQ4 998%)

[3 2-5.25)

4 0 Euibacteriaceae (73%),

Acetobactenium MD34 (1 011-114 001) Acetobactenurn caibino/icum (100%) OTU21 100%) 315 3647 Clostridiales (86%) 100% 5 11
FirmicUtes (94%)

[4 04 - 4 05]

26

N/A Slfwrosprflumn deleyianm DSM 6946 (97%) Binned fragment does not Campylobacterales (9210 )6
Sulfurospirni)um MD31 Sulfurospirillun sp. M10 (100%) 523 bp overlap with Illumina OTU 34 2776 Epsionproteobacteria (95%) 100% 36 32

fragment OTU 6n
[2 3-3.2]

3 14 942 3.2

N/A Suffnospiriluin sop JPD-1 (99%) 676 bp Binned fragment does not Campylobacterales (88%A
SiLffUrospirI)M MD32 fragment overlap with tllumina OTU 29 3095 Epslonproteobactea100% 27 21

OTU 626'
[2 3-3.2]

3.2

Ooci/tibaoter va/oncidenes strain Spiritl8-20 Oscilospiraceae (42%/ 1)

Oscthbacter MD34 (1 013-160 132) s96 ) OTU 12 (100%) 130 3278 Clostridiales 6 100% 17 17
Firmicutes /0%

[3 1-4 4]

Des)fospor~oinus Not binned Peptococcoceae No fragment available NA N/A Pptocoor N)A N/A 6
Desulfosporosinus onentis (OTU affiliation) OTU 44N



Those genomic bins representing the dominant bacterial groups as a majority of

metagenomics reads (97% and 90% for Wells 3 and 10, respectively) were

mapped back onto reconstructed genonies. Genomic bins from Well 3 were

assigned as Sulfurospirillum MD31, Sulfurospirillum MD32, Desulfovibrio MD33,
Acetobacterium MD34, Oscillibacter MD35, while those from Well 10 were

Rhizobium MD101 and Sulfurospirillum MD102, based on best Blastn hit of the

16S rRNA gene and/or single copy genes. For the remaining -3% of the

metagenomics reads obtained from Well 3, contigs were assigned to

Desulfosporosinus (>95% complete), Bacteroides (30% complete), and

Cellulomonas (24% complete) based on taxonomically-informative genes. These

genomes were unable to be binned due to insufficient contig length (<2kb), had

low coverage (<20X; Figure S4) and were clustered with other Firmicutes-

affiliated contigs (Figure S4). The detection of the Desulfosporosinus population

in the metagenome was supported by phylogenetic placement of genes recovered

from unbinned sequences (Figure S6, dsrAB; Figure S7, bssA). For the ~10% of

mnetagenomics reads in Well 10 that were not associated with Rhizobium and

Sulfurospirillum, these were assigned to Porphyromonadaceae (19% complete)

and other unknown microbes (<5% complete). Members of the

Porphyromonadaceae family have previously been detected in. deep subsurface

formations (Rastogi et al., 2010). Emergent Self Organizing Map (ESOM) showed

clear separation of contigs between complete genomic bins (Figure 5B). The

taxonomic affiliation and sequence distribution of binned genomes were

consistent with abundance profiles of Illumina 16S rRNA OTUs and cloned 16S

rRNA genes (Table 3; Figure 4).

2.3.4 Functional capacity of microbial genomes

Sequences recruited to the three Sulfurospirillum binned genomes made up

the major portion of the Well 3 metagenome (63%) and was the second most

abundant bin of the Well 10 metagenome (18%). Sulfurospirillum genomes MD31

and MD102 were most closely related to S. deleyanium (98% 16S ID), while the

third (MD32) more closely resembled S. multivorans (98% 16S ID) (Tables 3 arid

S3). All Sulfurospirillum genomes harbor predicted genes for chemotactic motility

(che and fla genes), nitrogen fixation (niJDKH) and access to multiple electron
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acceptors for respilation incltdling nitrate (,tiupAB), arsenate (artAB), fiiniarate

(fnitiarate redlctase) ad chlorinated illh(Jos (haloacetate dehialogenase) (Table

4). (consistenlt Withi aifViti(es Observed ill closelyv related strainis (Goris et aL 2014;

Johln et a. 2009: Magnuson et aL.. 1998). 51/fulftrspirl- iitllo, genoiines predict

OrgalliC Carboll trallsl'orters for lactate. fwrnilate. giticoliate. peptides. allli aniino

acids, indicating potential uptake for heterotropliic carbon inetabolisin via

Table 4. Metlbolic pteatal of hiniied -enwmes il Wells 3 alld 10.

Ac34 U,35I Dv33 Ss3l Is321 7Rz1011Ss102

Dissin. Sulit i r UIUU -30. So [flrAB

Dissim. Sulfite Reduction (SO -> HS HS) UAH R

Sulfur Oxidation (SO/HS/S20 -> SO,) soxABXYZ
Sulfite Oxidation (SO, -> SO' soAB ydY

NITROGEN METABOLISM

Dissim. Nitrate Neductioni (NOj* NO), ,lvGIIJ iupA6l R I R

Dissirn. Nitrite Reduction (NO, - NO I NH) wB-D ,iiIADH __

Denitrification (NO -> N2 I NH ) nirSK noiBC nosZ
Anammox (NH4* -> N,) /I?,)________

Nitrogen Fixation (N2 ->_NH,) ,ilfIIIl if
11 3  

ETBOIS
METALS/METALLOIDS METABOLISM

Fell[]) Reduction (respiration) f, d I I- ___ I
Fe(II) Oxidation (1(r R R

As(V) Reduction (respiration) ____ - R R

As(V) Reduction (detox) arsc
As(IlI) Oxidation (assimlation) aoxAB I

ORGANIC ELECTRON ACCEPTORS

Fumarate -> Succinate Far____ _ oduc____ _s_
Chlorinated Ethenes HIl iS i-Ie Iihifiiuifi

C0 2 FIXATION

Wood-Ljungdahl (Reductive Acetyl-CoA) C1DH.i1 A CS

Reverse TCA Cycle
Calvin Cycle Ribisco I I _

Carbonic Anhydrase CA

Phosphoenolpyrxvate carboxylase ppc __ ____ ____

Carbamoyl-phosphate synthase carAB R

FERMENTATION

Acetyl-CoA -0Acetate A, tt,4 f-i- R

Acetyt-CoA -oButyrate Bliijt AmI R

Pyruvate -> Formate Pyvu vah-fon at, - _se I I

Pyrvuate -> Lactate Lactate dehydiognasx

Formate -> H, + CO, Foriaite-hydrogen iyase R

Acetaldehyde -> Ethanol Aldehyde dohydioienasicI

Bulyraldehyde > Extatrol Bulaiiil dl) wviogioliasf ___ ___

Acetotactate -> 2,3-Butanediot Aceiolac/iiuuicxbiihvsi

Mixed Acid General Alcohol dehydrofeiiase I

CENTRAL CARBON METABOLISM

Glycolysis I E-D FBPase G6P-Iso PGDH

TCA Cycle CituctesothU, 4 lsoutiia Ii
Peritose Phosphate [I5ciifs f P isoi 1 jJ

ANAEROBIC HYDROCARBON ACTIVATION

Benzene ,1) 11 1

Alkane .;A'

Toluene hssA
Ethylbenzene -f10A,

Tyrosol HPAH
HYDROGENASE

Hydrogetase 2 1 fi

Hydrogenase 2 Hy-1)

Hydrogenase3 Hy- R I

Hydrogenase d Hff

Fe Hydrogertase Hyd H R

FeFe Hydrogenase l-yfi

NiFe Hydrogenase Hyp

Energy Conserving Hydrogenase EchI

NADP-Reducing Fe hydrogenase Hod 1

NAD-Reducing hydrogenase Hox I R

Membranebound hydrogenase Mbh a

I LEGEND

Well Bin

Ac34

Os35

Dv33

Ss3l

5s32

Ds*

Rz101

Ss102

Strain
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Oscillibacter MD35
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Sulfurospirillum MD31

Sulfurospirillin MD32

Desulfosporosinus MD36

Rhizobiun MD101
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Color Annotation
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Associated KEGG enzymes
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glycolysis, the TCA cycle, and several fermentation pathways (Tables 4 and

S5C). Mixotrophic growth fueled by inorganic electron donors hydrogen and

sulfur is documented in cultured strains of Sulfurospirillum (Finster et al., 1997)

and is indicated in the three McElmo Dome Sulfurospirillum genomes (MD31,
MD32 and MD102) by annotation of soxABXYZ, sorAB and yedY genes for the

sulfur oxidation pathway, (which can be coupled to nitrate reduction for

anaerobic energy conservation (Eisenmann et al., 1995)), and hypABCDEF (for

NiFe hydrogenase) and hyfABCEF (for Hydrogenase 4) which can catalyze

hydrogen oxidation.

The ability to couple oxidation of inorganic electron donors, such as

hydrogen and sulfur, to CO 2 fixation for chemolithoautotrophic growth has not

been demonstrated within the genus Sulfurospirillum (Kelly and Wood, 2006).

However a partially annotated Wood-Ljungdahl pathway within the genome of

Sulfurospirillum MD32 suggests the potential capacity for CO 2 utilization. The

Wood-Ljungdahl pathway requires two enzymes, carbon monoxide dehydrogenase

(CODH) (AcsA), and an acetyl-CoA synthase (AcsB). Additional enzymes in the

pathway include CooC (CO dehydrogenase nickel insertion), acetyl-CoA synthase

iron-sulfur proteins, and several CODH subunit components (e.g. CooALHUX).

An acsB gene was detected in the MD32 genome adjacent to several key pathway

components, including carbon monoxide dehydrogenase (CODH) accessory

protein, CooC (on RAST contig 10/IMG contig 128), as well as CODH-

associated genes cooA, cooL, cooX, cooU, cooH and cooF on a single contig

(Rast contig 6/IMG contig 125). However, the gene for carbon monoxide

dehydrogenase (cooS/acsA) was not identified in the MD32 genome, despite its

previous detection (and associated CODH activity) in other Sulfurospirillum

strains (Tan and Foght, 2014; Jensen and Finster, 2005). Therefore, while the

acsB gene present in the MD32 genome has been used as a marker for Wood-

Ljungdahl-mediated CO 2 fixation and acetogenesis (Gagan, 2010), the absence of

acsA suggests that a partially or alternatively functional Wood-Ljungdahl

pathway is present in this strain. All Sulfurospirillum genomes were annotated as

containing genes for carbonic anhydrase that facilitates conversion of CO 2 to

bicarbonate (Smith and Ferry, 2000) and the bicarbonate incorporating enzyme

carbamoyl-phosphate synthase for pyrimidine and arginine biosynthesis (Arioli et

al., 2009). Taken together the McElno Dome Sulfurospirillum genomes are
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predicted to be capable of growth under conditions of low nitrogen, using

bicarbonate, potentially C0 2, and fermentative substrates as carbon and/or

energy sources, with access to diverse substrates for anaerobic respiration

including arsenate and nitrate, both of which are detected in formation fluids.

In addition to Sulfurospirillum MD31 and MD32, Metagenome 3 yielded

three additional putatively complete genome bins (Acetobacterium MD34,

Desulfovibrio MD33, and Oscillibacter MD35). Notably, these genomes are also

associated with predicted genes for N2 fixation (nif), chemotactic motility (che

and fla), carbonic anhydrases (CA) for CO 2 conversion to bicarbonate, and

bicarbonate-utilizing enzymes such as carbainoyl-phosphate synthase, which

allows entry of inorganic carbon into central metabolism (Tables 4 and S5B). In

addition, all genomes harbored predicted transporters or pathways for uptake of

amino acids and peptides suggesting the ability to recycle organic materials

released by cell lysis or exudation (Table S5C).

Chemolithoautotrophy within the Well 3 community is supported by

annotation of a complete Wood-Ljungdahl CO 2 fixation pathway in the

A cetobacterium MD34 genome, together with genes associated with FeFe and

NiFe hydrogenases for H2 oxidation (Tables 4 and S5B) consistent with the

growth physiology of close relative, homoacetogen A. carbinolicum (100% 16S

rRNA) (Eichler and Schink, 1984). In addition, annotation of a

phosphoenolpyruvate carboxylase gene, which catalyzes the irreversible addition

of bicarbonate to phosphoenolpyruvate and is hypothesized to promote tolerance

of high pCO2 conditions (Santillan et al., 2015, Arioli et al., 2009), indicates a

possible entry point for inorganic carbon to central metabolism. A cetobacterium

MD34 does not appear to be an obligate autotroph as the capacity for

heterotrophy is indicated by annotation of transporters and permeases for uptake

of lactate, sugar monomers, and ethanol with energy conservation by mixed acid

fermentation (Table 4). In addition, annotation of a respiratory sulfite reduction

pathway and a non-energy generating As(V) reduction pathway associated with

detoxification may represent adaptations to high As and S levels in formation

fluids (Table 2).

The genome of Desulfovibrio MD33 is most closely related to the sulfate

reducing bacteria D. marrakechensis strain EMSSDQ4 (98% 16S ID) and

contains a complete pathway for respiration by sulfate reduction and nitrite

47



reduction (nrfAH) as well as an incomplete denitrification pathway (nirS, norB;

Tables 4 and S5A). Heterotrophy in Desulfovibrio MD33 is indicated by

annotation of transporters for lactate, glycerol, fructose, and other sugar

monomers (Table S5C), which can be metabolized via central carbon metabolism

(glycolysis, the TCA cycle and several fermentation pathways (Table 4).

Annotations further suggest Desulfovibrio MD33 may grow mixotrophically by

accessing inorganic electron donors Fe(II) (Fe(II)-cytochrome c reductase) and

molecular hydrogen (FeFe and NiFe hydrogenases) as previously demonstrated

for cultured Desulfovibrio strains (Tim6teo et al., 2012; Romao et al., 1997;

Roseboom et al., 2006). A partially annotated Wood-Ljungdahl pathway

(presence of carbon-monoxide dehydrogenase catalytic subunit CooS/AcsA

clustered with several accessory proteins including CooF, CooC, and CooA on

Rast contigs 75/819 and IMG contig 128)) may indicate additional capacity for

C1 metabolism.

Annotations from the Well 3 binned genome of Oscillibacter MD35 (closest

relative 0. valericigenes Sjm18-20 with 96% 16S rRNA; Katano et al., 2012) are

indicative of a heterotroph able to uptake and metabolize lactate, glycerol,
glutamate, and several sugars. Energy conservation may occur by fermentation or

by anaerobic respiration by utilizing As(V) as an electron acceptor or through

incomplete denitrification (Tables 4 and S5A). Predicted fermentation pathways

generate formate, lactate and ethanol end products (Table 4), which may

contribute to an anaerobic food web. A predicted Fe(II)-cytochrome c reductase

suggests Oscillibacter MD35 may also be able to access Fe(II) as an electron

donor for mixotrophic growth.

The presence of a sulfate-reducing Desulfosporosinus population in Well 3

is supported by both 16S rRNA data and detection of dissimilatory sulfite

reductase alpha and beta subunits dsrAB that are phylogenetically related to

Desulfosporosinus spp. (Figure S6). In addition, a single copy of the bssA gene

encoding the alpha-subunit of benzylsuccinate synthase (BssA) affiliated with

Desulfosporosinus was also recovered from the metagenome (Figure S7). The

BssA enzyme is involved in the anaerobic degradation of monoaromatic

hydrocarbons via fumarate addition, and Desulfosporosinus has been routinely

implicated in subsurface degradation of toluene coupled to sulfate reduction (Lee

et al., 2009; Liu et al., 2004). As McElmo Dome overlies minor hydrocarbon
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deposits (Rabinowitz and Janowiak, 2005) it is possible that these reduced

compounds represent accessible sources of carbon and energy.

The Well 10 metagenome was dominated (72% of sequences) by the

Rhizobium MD101 genome, which displays 100% 16S rRNA homology to an oil-

contaminated soil isolate, Rhizobium petrolearium strain SL-1. Annotation of a

sulfur oxidation pathway (soxABXYZ) and a complete Calvin Cycle in genome

MD101 indicates the potential for autotrophic growth and chemosynthesis in this

strain, as has been previously described for Rhizobium isolates from calcareous

desert soil (El-Tarabily et al, 2006). The RuBisCO gene detected in the

Rhizobium MD101 phylogenetically clusters with type IC and ID forms (Figure

S8), which are typically associated with mixotrophs, including members of the

Rhizobiales order (Badger and Bek, 2007). Additional genes associated with the

Wood-Ljungdahl pathway (CO dehydrogenase) and carbonic anhydrase may also

serve as enzymatic mechanisms for utilization of CO 2 and other C1 compounds

including carbon monoxide as an electron donor (coxLMS; Cunliffe, 2011). The

genome does not appear to represent an obligate autotroph as annotated

transporters for formate, glucose, xylose, fructose, lactose, peptides and amino

acids (Table S5C) suggest the ability to take up organic compounds from the

environment. Energy from heterotrophic or autotrophic metabolism may be

conserved by predicted pathways for fermentation or anaerobic respiration,

utilizing iron, nitrate (napAB), nitrite (niirflD) or fumarate as electron acceptors

(Table S5A), while also containing a full denitrification pathway (nirK, norBC,

nosZ; Table 4). As with other McElmo Dome genomes, this genome predicts

chemotactic motility (che and fla genes), however Rhizobium MD101 notably

lacks genes for nitrogen fixation ubiquitous among other McElmo Dome genomes.

2.4 DISCUSSION

The first insights into the taxonomic and genomic content within a

natural scCO2 reservoir biosphere have been revealed through 16S rRNA and

mnetagenome sequence analysis. Despite known biases associated with

amplification-based 16S rRNA gene surveys, agreement in taxonomic distribution

was observed for the most highly represented 16S rRNA gene amplicons and
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sequences from amplification-independent metagenomes. Based on 16S rRNA

gene and metagenome sequences the microbial assemblage in formation fluids

appear to be dominated by two microbial taxa from Well 10 (Rhizobium

petrolearium MD101 and Sulfurospirillum deleyianum MD102) and six taxa from

Well 3 Sulfurospirillum deleyianum MD31, Sulfurospirillum multivorans MD32,
Desulfovibrio marrakechensis MD33, Acetobacterium carbinolicum MD34,
Oscillibacter valericigenes MD35, and Desulfosporosinus orientis. The abundance

of these taxa and their previous detection in deep subsurface anoxic environments

(Marshall et al., 2013; LaBelle et al., 2014; Itdvaara et al., 2011; Suess et al.,
2005; Engelhardt et al., 2013) suggest a biological presence in the scCO2-exposed

formation fluids.

Metabolic annotations of recovered genomes suggest a potential microbial

food web based on remineralization of organic carbon or primary production via

chemolithoautotrophy where inorganic electron donors may include reduced

sulfur (soxABXYZ genes in Rhizobium MD101 and Sulfurospirillum MD31, MD32

and MD102), hydrogen (FeFe and NiFe hydrogenases in Desulfovibrio MD33,
NiFe hydrogenase in all Sulfurospirillum strains) or iron (Fe(II)-cytochrome c

reductase in Desulfovibrio MD33 and Oscillibacter MD35). Annotation of

pathways for anaerobic respiration using diverse electron acceptors (e.g. nitrate,

sulfate, As(V)) or fermentation indicates mechanisms for energy conservation.

Challenges associated with low dissolved nitrogen appear offset by the near

ubiquitous capacity for nitrogen fixation (niJDHK in all genomes except

Rhizobium MD101).

Ecosystem interaction among members of McElmo Dome assemblages is

suggested by their metabolic potential and recovery of similar microbial

assemblages from multiple locations around the world. The Well 3 assemblage

resembles a chemolithoautotrophic ecosystem in anoxic subglacial volcanic-fed

lakes in Iceland that is comprised of Sulfurospirillum, A cetobacterium, and

Desulfosporosinus (Gaidos et al., 2008, Marteinsson et al., 2013). A similar

assemblage of Sulfurospirillum, Acetobacterium, and Desulfovibrio was enriched

from brewery wastewater in the USA as members of an electrosynthetic

microbiome capable of CO 2 fixation and H2 or acetate production using electrodes

as an electron donor (Marshall et al., 2013; LaBelle et al., 2014). In both cases,
A cetobacterium is proposed to play a major role in fixing CO 2 into biological
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chemicals such as formate or acetate that can be accessed by other members of

the community engaged in sulfur cycling (sulfur oxidation and sulfate reduction).
Co-occurrence and competition between sulfate-reducing Desulfovibrio and

nitrate-reducing Sulfurospirillum spp. for organic electron donors has been shown

to reduce rates of sulfide production and associated souring in oil fields (Hubert

and Voordouw, 2007). Similarly, the two taxa that make up the majority of the

Well 10 assemblage, Rhizobium and Sulfurospirillum are noted as ubiquitous in

petroleum reservoir formation waters (Gao et al., 2016; Zhang et al., 2012) and

are also widely associated with high arsenic environments (Lloyd and Oremland,

2006; Chang et al., 2010). The Well 10 assemblage may also represent a

chemolithoautotrophic ecosystem based on CO 2 fixation fueled by sulfur

oxidation by Rhizobium MD1O1 and carbon remineralization by Sulfurospirillum

MD102. A schematic overview of ecosystem metabolism predicted by Well 3 and

10 genomes is presented in Figure 6.

We hypothesized that autotrophic bacteria would be present in McElmo

Dome and able to fix the abundantly available CO 2 for carbon cycling (98.2%

total gas content; Allis et al., 2001). Models suggest CO2-consuming metabolic

reactions (e.g. acetogenesis) would occur with increased rate and favorability

under conditions associated with supercritical CO2 relative to atmospheric

conditions (Kirk, 2011; Onstott, 2005; West et al., 2011). Support for this

hypothesis is found in binned genomes, which revealed complete CO 2 fixation

pathways in Acetobacterium MD34 (Wood-Ljungdahl Pathway) and Rhizobium

MD101 (Calvin Cycle). Several partially annotated C0 2-fixation Wood-Ljungdahl

pathways (Tables 4 and S5) including annotation of CO dehydrogenase (acsA) in

Desulfovibrio MD33 and acetyl-CoA synthase (acsB) in Sulfurospirillum MD32

(in conjunction with contig-clustered CODH accessory proteins in both genomes)

may reflect additional CO 2 fixation capacity with sequencing/ annotation gaps, or

may represent distinct metabolic functions. For example Dehalococcoides

mccartyi leveraged an incomplete Wood-Ljungdahl pathway for one-carbon

metabolism coupled to amino acid biosynthesis (Zhuang et al., 2014) while

Nakayama et al. (2014) argued that endosymbiont Epithemia turgida utilizes a

partial Calvin Cycle (absent RuBisCO) to catabolize extracellularly supplied

carbohydrates. Therefore, while speculative, certain McElmo Dome populations

may have repurposed autotrophy-affiliated enzymes for alternative metabolic
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Figure 6. Model of potential metabolic interactions and dependencies among populations in the deep biosphere Well 3 and Well 10 scCO2 systems.
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activities. Notably, metagenome sequences from the Crystal Geyser high pCO2

system also contained signatures of C0 2-fixation via the Calvin Cycle (Emerson

et al., 2015), suggesting a similar microbial capability to participate in carbon

cycling within high pCO 2 systems.

Sulfur is dissolved in fluids from both Well 3 (13.4 mg/l) and Well 10 (218

mg/l) although the oxidation state in situ is not known. Genomes from

Sulfurospirillum MD31, MD32, MD102, and Rhizobium MD101 carry the full

suite of sox genes for sulfur or sulfide oxidation while sulfite has the potential to

be oxidized via sulfite oxidase/hydrogenase (Table 4) by all taxa except

Oscillibacter MD35. Because Well 3 populations (represented by Desulfovibrio

MD33, Acetobacterium MD34, and Desulfosporosinus) may also access oxidized

sulfur compounds as electron acceptors for respiration through dissimilatory

sulfate and sulfite reduction, the order of magnitude lower sulfur concentration in

Well 3 relative to Well 10 may be due to the biogenic conversion of oxidized

species to sulfide and subsequent loss of H2S during fluid degassing or abiotic

reaction and precipitation. We therefore hypothesize that sulfur-bearing redox

substrates provide energy to fuel the persistence of the carbonated biosphere, and

may also strongly impact local geochemical conditions.

The nitrogen cycle is accessible to microbial communities at McElmo

Dome as dissolved N 2 gas (1.6% of total gas content) and ionic species, including

nitrate (Well 3: b.d.; Well 10: 0.10 mg/1) and ammonium (Well 3: 0.11 mg/l;

Well 10: 1.12 mg/1) (Table 2). The genomic capacity for N 2 fixation is nearly

ubiquitous, as the full suite of nitrogenase genes (nifDHK) are present in all

binned genomes except Rhizobium MD101, increasing feasibility for diverse

growth under low N 2 conditions. In Well 10, where nitrate and ammonia are

-10X more concentrated than Well 3, sequences from a non-nitrogen-fixer

(Rhizobium MD101) predict nitrite and ammonia transporters and a full pathway

for nitrate/nitrite reduction and denitrification, suggesting that the

bioavailability of dissolved nitrogen species reduces the necessity for N 2 fixation

and promotes the ability to use nitrate as a terminal electron acceptor. In Well 3,

where nitrate is below detection, the genes for dissimilatory nitrate reduction are

found only in Sulfurospirillum MD31 and MD32. However, the detection of

nitrite transporters and incomplete denitrification pathways (Table 4) suggest the

potential for intermediate nitrogenous redox species to accumulate in situ as
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syntrophic electron acceptors (Carlson and Ingraham, 1983) similar to activities

observed in geothermal springs (Dodsworth et al., 2011) and coastal sediments

(Fernandes et al., 2010).

Many energy-generating processes may be coupled to redox reactions

involving iron Fe(II/III) or arsenic As(III/V). Thermodynamic models of saline

aquifers suggest that scCO 2-induced acidity increases available energy for Fe(III)-

reduction (Kirk, 2011). Fe(III) reduction is potentially exploited in Well 10 (0.41

mg/1) by Rhizobium MD101, which contains ferric-chelate reductase and Fe(III)

transporters. Arsenic present in Well 10 (2.12 mg/1) may enable dissimilatory

arsenate reduction by Sulfurospirillum MD102, a trait commonly observed in the

Sulfurospirillum genus (Stoltz et al., 1999). Though the lower concentration of

arsenic in Well 3 (0.01 mg/l) may limit its involvement in redox coupling, genes

for dissimilatory arsenate reductase (arrAB) detected in Oscillibacter MD35 and

Sulfurospirillum MD31 raise the possibility that arsenic reactions causing a

change in redox state may reduce its solubility and thus dissolved concentration.

Arsenate reductase detoxification genes (arsC) and efflux pumps (asrAB, ACR3)

detected in all binned genomes suggests the element's presence in formation

fluids requires the capacity for redox processing and export.

In the absence of terminal electron acceptors or redox couples, the

utilization of organic carbon from fermentation end products (e.g. butanol,
succinate, lactate, etc.) in anoxic systems supports the growth of secondary

fermenters and acetogens (Table 4), which can lead to the production of electron

carriers typical of anaerobic aqueous environments: acetate and formate (Hattori

et al., 2001; De Bok et al., 2004; Kaden et al., 2002). These simple carbon

compounds may in turn be metabolized to produce H2, which can serve as an

essential reductant for CO 2 fixers (Morris et al., 2013). Annotation of acetate

kinase (catalyzing acetate formation from acetyl-CoA) in all genomes and

pyruvate-formate lyase (catalyzing formate production from pyruvate) in all Well

3 genomes suggest that both acetate and formate may be generated by central

carbon metabolism. The presence of the TCA cycle in several taxa (Table 4)

indicates the capacity to consume acetate (as acetyl-CoA), while the presence of

formate-hydrogen lyase genes in Rhizobium MD1O and all Sulfurospirillum

genomes suggests that formate may be oxidized to H2 and CO 2 . FeFe

hydrogenase in Desulfovibrio MD33 may also aid in H2 production. Since
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bioavailable H2 can serve as an electron donor for numerous respiratory and CO 2

fixation pathways including denitrification, sulfate reduction, and the Wood-

Ljungdahl Pathway, its rapid utilization may explain the very low in situ H2

partial pressures observed at McElmo Dome (Morris et al., 2013; Nedwell and

Banat, 1981).

Low levels of accumulated hydrocarbons (Rabinowitz and Janowiak, 2005)

may also provide reduced carbon substrates to microbial communities.

Desulfosporosinus harbors genes for anaerobic activation of monoaromatic

hydrocarbons (benzylsuccinate synthase; Figure S7), making them metabolically

available as electron donors. Organic carbon transporters annotated across all

binned genomes indicate the capacity for uptake of substrates for heterotrophic

growth including sugars, amino acids, organic acids, and alcohols in McElmo

Dome well fluids.

Despite the lethal effects of scCO2 exposure and temperatures >65'C,

exploitable niches for microbial growth may have emerged at McElmo Dome,

although rates of cell division and nutrient cycling are expected to be diminished

relative to surface environments (Lovley and Chapelle, 1995). The capacity for

persistence and growth at McElmo Dome may partially be due to the pH

buffering capacity of dissolved carbonate from the dolomitic Leadville Formation.

In fact, the two wells that yielded amplifiable DNA (Wells 3 and 10) have among

the highest reported CO 2 to water ratios at McElmo Dome (Table 1), suggesting

that high CO 2 content does not preclude recovery of microbial biomass. Previous

studies (Oppermann et al., 2010; Morozova et al., 2011) reveal the resilience of

sulfate-reducing bacteria to high pCO 2 exposure and additional studies (Mu et

al., 2014; Emerson et al., 2015) report Proteobacteria and Firmicutes are the

dominant observed phyla under high pCO2 conditions following GCS and at the

C0 2-venting Crystal Geyser formation, respectively, consistent with high-level

taxonomic identification at McElmo Dome. Metagenomes from Crystal Geyser

fluids revealed genes for anaerobic respiration, nitrogen fixation, CO 2 fixation,

and fermentation (Emerson et al., 2015), which together with our results from a

scCO2 dominated system, suggest that these metabolic strategies support survival

of a biosphere under high pCO 2 conditions.
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2.5 CONCLUSIONS

Genome content of the bacterial community in McElmo Dome formation

fluids suggest that a microbial ecosystem fueled by inorganic electron donors and

nutrients may catalyze carbon cycling through CO 2 fixation and remineralization

of organic matter. Therefore, future studies attempting to model the behavior of

scCO 2 injected for GCS should take into account the potential geochemical and

physical effects of the deep biosphere. Though the scope of this study was

initially limited to a dolomitic carbonate formation, the results have provided a

reference by which to compare communities isolated from other geologic contexts

in future work, including scCO2 and near-critical CO 2 reservoirs in unbuffered

sandstone formations (e.g. Bravo Dome, CO) and from surface venting of near

critical CO 2 reservoirs (e.g. Crystal Geyser). These comparisons will help clarify

the extent to which geochemical context is a, selective driver for diversity or

whether certain taxa are specifically adapted to survive in high pCO 2 conditions.

56



2.6 SUPPLEMENTARY FIGURES
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2.7 SUPPLEMENTARY TABLES

Table S1. S'imniaiy of PCl primhers 8sed in Ciotir lJibln-y a(d lIlh in Se(qe11Cillg r)I a);al!tiOl1.

Primer Name Primer Target Seguncing Method Sequence (5'-3') Reference

SSU 357 F CTCCTACGGGAGGCAGCAG
16S rRNA Gene Turner et al., 1999

SSU-1100_R AGGGTTGCGCTCGTTG

M13 F - M13Vector Clone Library I Sanger GTAAAACGACGGCCAGT Invitrogen

MM1 R AACAGCTATGACCATG (Carlsbad, CA)

PE_357_F ACACGACGCTCTTCCGATCTYRYR CTCCTACGGGAGGCAGCAG Dong et al.. 2012

PE 806 ' CGGCATTCCTGCTGAACCGCTCTTCCGATCTGGACTACHVGGGTWTCTAAT Preheirn et al., 2013

PESEQ F IlIuomina MiSe5  AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT llumina

PE-SEQR 16S Amplicon CAAGCAGAAGACGGCATACGAGAT- BBBBBB-CGGTCTCGGCATTCCTGCTGAACCGCTCT (San Diego, CA)

Notes: PCR target sequences underined; six nucleotide multiplexing barcodes denoted in PE..SEQ R by "BBBBBB"

Table S2. Simple pre.prtmion ni(tho s for Ilhinima sequencing.

Illumina 16S rRNA Statistics Illumina Nextera Metagenome Statistics

Well Sample Extractie Template Initial % AFP Final Total Post-QC De Novo Max N Contigs Mean Median

Reads Discard Reade s OTUs Reads Assembled Contig >1kb Coverage Coverge

K3 Kit (K) gDNA 77961 84.8 724 5.2 53487 713.2 75 79.1 4.074,221 8.391,/74 512.5 kby 14,942 5.321 20.! 8.9
3 P3 Phenol(P) gDNA 46688 84.5 75.1 7.4 32407 234.8 138 187 181.8 5,994,660

pP
3  

Phenol (P Plsnd (p) 75366 81.0 61.0 2.1 44930 468.0 96 114.5

K10 Kit (K) gDNA 11503 75.6 41.5 18.7 4133 86.1 18 63.0 5,963,526 6,072,097 292./ ebp 36.6/4 1.6/4 15.4 21.0
10 PlO Phenol (P) gDNA 57012 83.0 71 23.5 31183 194.9 160 199 170.3 2,633,670

pKlO Kit (K) Plsmid (p) 92722 74.2 57.5 21.9 27018 355.5 76 81.6

Pond Phenol (P) gDNA 77735 87.3 62.2 17.4 39851 168.9 236 247.8

Table S3. COmw librar-y taxonoiic Innotationl mnidauda summari'ly.

RDP/Silva Phylum RDP/Silva Genus RDP/Silva % Top Blastn Species Hit Blast ID% Seq Length Well 3 Well 10 Pond

100 Sulfurospirillum deleyianum 97-98 681-722 5 2 0

100 Sulfurospirillum multivorans 97-98 666-721 4 0 0

Desulfovibrio 100 Desulfovibrio marrakechensis 99 697-742 3 0 0

Proteobacteria Rhizobium 88-100 Phizobium petrolearium 99-100 678-716 0 10 0

Polynucleobacter 100 Polynucleobacter difficilis 99 743-744 0 0 2

100 Polynucleobacter cosmopolitanus 99 402-422 0 0 2

Methylotenera 77 Methylotenera mobilis 98 745 0 0 1

Desulfosporosinus 99-100 Desulfosporosinus orientis 97-98 712-746 7 0 0

Oscillibacter 100 Oscillibacter valericigenes 96-97 721-722 7 0 0

Firmicutes Desulfitibacter 99-100 Desulfitibacter alkalitolerans 88-92 436-731 3 0 0

Acetobacterium 100 Acetobacterium carbinolicum 99 711-712 2 0 0

Desulfitobacterium 94 Desulfitobacterium metallireducens 97 739 1 0 0

Flavobacterium 100 Flavobacteriumjohnsoniae 99 499 0 0 1

Bacteroidetes Sediminibacterium 99 Sediminibacterium salmoneum 92 736 0 0 1

Arcicella 100 Pseudarcicella hirudinis 93 731 0 0 1

Prosthecobacter 100 Verrucomicrobia bacterium 97 745 0 0 1
Verrucomicrobia

Unassigned - Cerasicoccus frondis 87 549 0 0 1

Actinobacteria hgcl-clade 84 Sporichthya polymorpha 91 714 0 0 1

Sum 32
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Table S4. Distribution of Archived False Positive (AFP) OTUs discarded as contaminants from samiples.

% Reads Discarded *Known Lab
OTU # Phylum Genus Blastn Top Hit % AFP Reads

Well 3 Well 10 Pond Contaminant

1 Bacteroidetes Cloacibacterium Cloacibacterium normanense 20.58 0.49 3.67 0.14

9 Proteobacteria Acidovorax Acidovorax radicis 12.90 0.22 1.52 0.09 X

20 Proteobacteria Brevundimonas Brevundimonas naejangsanensis 7.18 0.08 0.50 0.06 X

24 Proteobacteria Halomonas Halomonas pacifica 6.92 0.48 0.52 0.04

10 Proteobacteria Acinetobacter Acinetobacterjunii 6.56 0.22 0.69 0.09 X

11 Proteobacteria Diaphorobacter Acidovorax ebreus 3.40 0.15 1.27 0.02

13 Proteobacteria Aquabacterium Aquabacterium parvum 3.21 0.14 1.53 0.06 X

23 Proteobacteria Pseudomonas Pseudomonas stutzeri 2.50 0.11 1.40 0.03 X

8 Firmicutes Streptococcus Streptococcus dentisani 2.26 0.10 0.58 0.02 X

3 Firmicutes Bacillus Bacillus toyonensis 2.06 1.46 0.27 0.05 X

335 Proteobacteria Shewanella Shewanella algae 1.32 0.17 0.06 0.00

65 Proteobacteria Dechloromonas Dechloromonas agitata 0.93 0.02 3.37 0.00

569 Proteobacteria Limnohabitans Limnohabitans parvus 0.47 0.00 0.04 2.83

63 Actinobacteria Candidatus-Aquiluna Candidatus Aquiluna rubra 0.40 0.00 0.02 3.14

248 Proteobacteria Unassigned Albidiferax ferrireducens 0.19 0.00 0.00 0.58

171 Actinobacteria Candidatus-Limnoluna Candidatus Limnoluna rubra 0.18 0.00 0.01 1.76

35 Bacteroidetes Arcicella Pseudarcicella hirudinis 0.18 0.01 0.03 5.63
474 Actinobacteria Leucobacter Leucobacter chromiireducens 0.04 0.00 0.00 0.19

193 Bacteroidetes Unassigned Owenweeksia hongkongensis 0.03 0.00 0.00 0.78

896 Proteobacteria Aquabacterium Aquabacterium parvum 0.00 0.00 1.21 0.01 X

40 Cyanobacteria Chloroplast Aerosakkonema funiforme 0.00 0.12 0.02 0.00

235 Actinobacteria CL500-29-marine-group Ilumatobacter fluminis 0.00 0.00 0.00 0.16

270 Bacteroidetes Unassigned Owenweeksia hongkongensis 0.00 0.00 0.00 0.20

314 Bacteroidetes Unassigned Owenweeksia hongkongensis 0.00 0.00 0.00 0.18

*Based on Salter et al. (2014) list of contaminant genera detected in sequenced negative 'blank' controls

Note: OTUs 63. 65, and 569 may :potentially represent genuine sample taxa based on their abundance in well

samples. ecological precedent, and no prior identification as known lab contaminants. but were removed

fron this study based on AFP criteria.
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Table S5B. B AST IMG-m 1 1It w LS (('Lilt with i mlilic inetabolic patlIinys ond hy(lrogenmses
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Table S5C. IL\IG-aunotated gewes associ d with mweilibrtne t aln sportrs

Sulfurospirillum MD31 Sulfurospirillum MD32 Desulfovibrio MD33 Acetobacterium MD34

The Ammonia Transporter Channel (Am Fami The Ammonia Transporter Channel (Amt) Fam ly The Ammonia Transpoter Channel (Ame) Famly The Amtmonia Transporter Channel (Amt) Family

The CorA Metal Ion Transporter (MITI Family Sugar phosphate permease The Lactate Permease (LctP) Family Ntrate/nitr te transporter Na K

The C,-Dicarboxy ate Uptake IDcu) Family The C4-Dicarboxylate Uptake (Dcu) Fami The Gycerol Uptake (GUP) Famiy MFS transorter, OFA famly, cxalate/fo mate anliporte,

The Lactate Permease (LctP) Family The CorA Metal Ion Transpoer (MIT) Family The Sulfate Permease (SulP) Family Suga phosphate pe mease

The Formate-Nitte Transporter (FINT) Family The Lactate Permease (LcP Family Tee Arsenical Resistance-3 IACR3) Family The Lactate Permease fLctP! Faty

The Sulfate Permease (SulP) FatI The Formate-Nitrite Transporter (FNT) Family The Ta:n Argninne Targeting (Tat) Famiry The Arsenica Resistance-3 (ACR31 Famly

The Arsen-cal Resistance-3 (ACR3) Faminy The Sulfale Permease (Su[P) Family The 10 TMS Putative Sulfate Exporter (PSE) Famiy The Gluco-ae:H- SynPorter (GtP) Family

The Twin Argin-ne Targeting at) Family The Arsenical Res stance-3 (ACR3) Famtly Simple sugar transport system substaie-bnding prote n The Arsenite-Antihanite (ArsAB) Efflux Familv

The Gluconate:H Symporter (GntP) Famly The Twin Argnine Taraetng (Ta) Famy Iron complex transport system substrate-bid ing protein The PTS GlUcose-GlcseGc Faml

The Arsen te-Antimonite IArsAB) Effux Fam ly The GIuconate: H, Symporter (GntP) Fami'y Iron complex transport systen ATP-bindn prtaein The PTS Mannose-Frectose-SOrcse (tan) Famly

The Ferrous Iron Uptake (FeoB) Family The 10 TaS Putative Sulfate Exporter (PSE) Family Iron(lII) transport system permease protein The Ferrous Iron Uptake (FeoB) Family

Aromatic arnno acid transport protein AroP The Arsenile-Antmonite (ArsAB Efflx Family Simple sugar transpoa system permease protein The Ethanol Ufihzation/Transport ut Protem Family

A'anine or g'ycine cation symporter, AGCS famI The Putative 4-To ene Sulfonate Uptake Permease CTSUP) Family The PTS Mannose-Fructose-Sorbose (Mani FamiLy Iron complex transpo sysem substrate-icning protein

Branched-chain amino acid transport system substrate-aonding protein The Ferrous (ion Uptake (FeoB) Family The Ferrous Iron Uptake (FeoB) Fany ron complex transport system permease protenT

Branched-chain amino acid transport system permease protein Iron complex transpot system substrate- binding protein Branched-chain amino acid transort system substrate-binding protein Iron complex transpor sysem ATP-binding proten

Polar amno acid transpot system suastate-bindng protein Urea transport system substrae-binding prote n I Branched-chain amino acid transport system ATP- a naing protein Simple sugar transport systen pemease protein

Glyenne batareponne transpo system ATP-iencIg protein Urea transport system permease protein Branched-chain amino acid transport system permease protein Simple sugar transpor system ATP-bind ny protein

ABC-type branched-chain amino acid inansport system, substrate-binding protein NWtrous oxicase accessory protein Polar amino acid transport system substrate-binding protein Puta e giuiamine transport system permease rotein

Polar am no acid transport system permease protein The Alanine o Gnacine Cation Symporter (AGCS) Family Polar amino acid transport system permease proen ABC-type nitrate/sulfonate/bicarbonate transport sysnem. penmeaSe component
Genera L-amno acid transport systen ATP-binding protein Aronnatic amino ac d transport protein AroP Polar amino acid transport syszem ATP-binina protn ABC-type ntitrate/sulfonate/bicarbonate transpor system, ATPase component

Genera. L-am no acid transport system permease prtein The Aspartate:Alan e Exchanger (AAEx) Fanly Peptide/nickel transport system substrate-bindng protein MLIple sugar transport system substrate-bindng protein

General L-amn acid transport system substrate-binding protein Carbon starvaton protein Cs A Glycine belaine/proline transport system substrate-binding proten Amino acid permease

Peptie/nickel transport system ATP-binding protein Pola amino acid transport system substrate-binding protein Glycine betaine/proine transport systen permease protein Alanine or lycine:catian synnponer AGCS 4amiwy

Peptidenickel transport system substrate-binding protein Phosphate transport system substrate- b nding protein Glycine beine/Proine transpor system ATP-bnding protenn ABC-type ediPeptide/oligopeptAe/nickel transport ATPase componen

Peatie/nickel transport system permease protein Phosphate transport system permease protein Feptnde/tnickel transport system ATP-bncng proten Peptide.nicketansor system substrate-binding protein

Carbon starvation prote n CstA Phosphate transport system ATP-bidIng protein Peptide'nickel transport system permease protein Peptide/nicke tanspar system permease protein

Phosphate transport system substrale-binding proteln Peptdenickel tansport system permnease proten Carbon starvation protein CstA Oloapeptide transport system ATP-bnding protein

Posphae transport system permease protein Branched-chain amino acid transport system substra e-binding protein Phosphate transport system substrate-bindin proten Carbon starvation protein CstA

Phosphatezranspon system ATP-bnding protein Branched-chan armno acid transpor system permease p Otein Phosphate transpoat system penease protein Phosphate/phosphite/phosphon ate ABC transporer bdinng pto-ten

Phosphonate ranspont system snbstratne-bning protein Brannhed-chain amino acid transport system ATP-bint-n otein Phisphane tanspac systen ATP-bindinc pten Paohate Macspar systh At-indng ptcten

Peptide/nickel transport system substrate-binding proteqn

ABC-type amino acid transport substrate-bining protein

Phosphonate transport system ATP-binding protein
Phosphonate transport system suostrate-binding protein

Phosphonate transport system penmease protein

Putative phosphonate transport system ATP-binding protein

Poar amino acid transport sysem ATP-bining protein

Polar amino acid transport system permease protein

Glycine betaine/proline transport system substrate-bindmg protein

Glycine betaine/proline transport system permease protein

Gycine betaine/prone transport system ATP-bnding protein

General L-amino acid transport system ATP-biding prot-ein

General L-amino acid transport system permease protein

General L-aminno acid transport system substrate-bnaing pnotein

D-methionine transport system sUbstrate-bincing protein

D-methionine transport system ATP-binding protein

D-methnonine transpon sstemt pernmease protein

Phosahate transport system pernease prote n

Phosphate transport system sibstrate-ndint- protein
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Table S5C. I4G-anoUtated genes issociateQ with memf ra11 tralsporters (continlmee)

Oscillibacter MD35 Sulfurospirillum MD102 Rhizobium MD101
The Ammonia Transporter Coantel (Amt) Farnily The Ammonia Tr3nsporter Channel (Amt Family The Ammonia Trntspocer C'annel (Amt) Faily

Sugar phosphate peaimease The CoA Metal lon Transporter iMIT Family The Formite-Nrte Tr3nsporter FNT Fatlv

The Lactate Permease LctP) Family Nitrate itn-te transporter NarK The Benzoate:H+ SymporterBentE) Famly

The Glutamate:Na+ Symporter (ESS) Family Th C4-Diarboyiate UPtake (Dci) Famiy Thi Sulfate Permease (SuP) Family

The Glycertl Uptake iGUP Family The Lactate Prm-as- (LtP) Famly The Arsenical Res stance-3 (ACR3 Farir,

Th- A;enical Res stance-3 (ACR3) FatIly The Sulfate Permease (SuP)i FootTn Aginin Targeting iTat) Famrly

The Gluconate:H , Symorter (GtP) Fal The Arsenical Resistance-3 iACR31 Family The Aromaic Acid Epoer tArAE) Family

The 10 T.S Putative Sulfate Exporter PSE) Famc'pye eTwn, eTargeting jTat) Famiy Mulle sugar transort system ermease protein

Th Dipcolenc Acid Transporer DPA-T) Famly Thu Gluconati:H+ Symporter (GntP) Famly Mtea s rtransport sstemt ATP-binding protei n

The Puaie 4-Tlue e Sulfonate Uptake Permease TSUP) Famtily Thve13 Sufate Exportr PSE Famly Mul Ple sugar traspot system substrate-bndig prottn

ThE Ferrts Iron Upta,- (FeoB) Farnily The Arsente-Antimonie AsA'B Efflux aly ion(i itanspor tystm ATP-brdinj protein

Simpae sugar transpor system perese piotein Tbe Ferrous ron Utake (FeoB) Family ron11) transpor, system perease protein

Mult.ple sugar transport system ATP-binding protein The YedZ aYedZ Famly n rnsptsybtm sbt - . rotin

iron compex transport system substrate-binding protein ron complex transport system permease protein S'mpt sugar transport ystm permease protein

iron comoptx transport systm! permeaso prote. n Nitrous ocoase accessorye protet Simple sugar ranprttc syste e sbsrate-bin pro:in

ABC-type nitrate-Sulfonatebcarbonat- transport system ATPs component Sero/thteonne transporer TI, Arsenite-Antinite (ArsABI Effluox Family

ABC-typet mrate/sulfonatLticarbonate transport systm. permease component The Aspartate.Alanme Exchanger AAEx) Famaiay tutoseemannose tansport ystem permease protem

The Alaninc or GlycineCation Symporter AGCS Family Branched-chain amino acid transport system permease protein -o cetol transpor system permase protem

L-asparagne transporter Branched-chain amino acid transport sysem substrate-binding proltt LactoseL-arabinose trasport scs'em ATP-bnding prot n

Olgopepide traosport systemo permease ro-ein Polar arnino acid transoo system substrae-binding protein The Alarune or GlycIe Caton Symprter (AGCS Famil,

Oligopep-de trasport syst- ATP-binding protein Gly.ne betne/ icne transport systern br bngpotan Peptidecbloomycin uptac transporter

Olegopp'ee transport svstem substrae-oinding protlin Glycine betaineprolhne transpcort sstem penrmoase pcein Phosphate I'ansp-t system ATP-1inding protei

Branched-han aino ac d tranot yqtm ATP-binding protein Genoal L--m.o acid transport system permase protein Phosphate transpor sytemT oetmease proei

Bran~ched-chan amin. acid transport sytmpermemse protein Generaj L-amino acid transport systemn substrate-binding protein Phosphate transport 3.ystem, sub~strata-mrnding protein

Branched-chain amino acid transport system substrate-binding protel Pepnide/nickmel transport systemi substrate-indin g protein Branched-chain amnino acid transport system substrate-binlding prolein

Peptidebickel teansport system Substrate-binding protein Peptde/nickel transort syste ti oermase protein Branched-ttain arnino acid ransport systm ATP-bindng protem

Peptide/nickel transoco system ATP-hbiding proten Pep'tIdpi-xeI transpoit o ystem ATP-inding protein Branch-d-chain amino acid transort system perease protein

Peptide/ickal transport system prmease prote'n Carbon strion pcotin CstA Genera, L-amino acid transport sysem ATP-bindng protin

Polar amco acd transport system substrate-bIndig roioin Phosphate transport system substrate-binding protein Gnera L-amnoc acid transport system permease rotein

Piataetn'ac-d nport system permease protein Phosphate ransport system permease protin General L-amino acid transport systec substrate-bmding protein

P-amnoectrnsorsysem ATP-binding protein Phosphate transport system ATP-bndg prot Cyce betainepcone transporl system permease Drotein

Putatrie lysine ransort system substrae-Jinding prctefn Ph-sphonate transport system substate-binding prote;n GIN-ne betaneprolne transport syst-ca ATP-binding protein

Putative lysine transport systeo permase pron

Putahie tysto e b ranstort system ATP-biding potin

Phosphoniate ransort systeme substrate-oinding protin

Phosphate transport system substrale-binding potcn

D-methionine trasport system ATP-binding protein

D-methronine transport system permease pro-ein

D-methionine ransporl systemo sub-trate-inding protein

Phosphate transport sstem ATP-binding protein.

Phosphate transport system permease protein

Carbon stariaton protein CstA

Peptide/ickel transport system ATP-binding protein

Pepnop /nickel transport system permease lprotein
Peptde/r-ckel transport syste substrate-binin-g prot-in

Ogolpept tansport system pemeas prote

Polar amio acld transpot system permease protein

Polar amino acid transport syst-m substrat-binoing p-roin

ABC transporter, substrate inding protein. POO-depcdent atcolhol dehydrgenas system

D-xyiose transport syiem permSCe protein

D-xyrose transport systm sUi-strate-binding protin

Olgopeptde transp-o cysIt ATP-bmcding protem

Urea trasport system ATP-bnding prcc ein

Urea transport system permease protein

Urea transport system substrate-binding protein

Pnospcphat transport yslem SUbStrale-Oding protein

lnos:Itol-phosphate tr ansport st, stem permease proteini
S rbiol/manitoi transpor c Systemi substtate-binoing prtein

orbitocmanni-tol trnseor system pe-ease protein

Phosphonate transport system permease protem

Phosplhoniate 1ransport system SUbstrate-biding prcein

Phosphonate transport system ATP-ldn prolern

Man~ganse/Irron transport system substrate-binding prnfein

Manganese/irot transport system ATP-bdg protein
Manganese/iron transport system permease protmin

D-methionine ranspo t system petcase protein

D-methionie iransord systm substrate-ding pcioit

D-mvethionin-e lransport systrem ATP-biniding protein

Cys'tne transport svsiem ATP-inding protein

Cytin ranspOrt syStE-M permnease lrti

Cystne transport sem substrate-b g protein

Fructose transport system p lr s protein

Fructose transport systeim sebsite-bnring poiten

Polar amiuno acid transport system, ATP-bin protein
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2.8 SUPPLEMENTARY METHODS

Site Characterization

476 billion m3 of CO2 in the 800 km McElmo Dome field began to accumulate

approximately 40 to 72 million years ago (Cappa and Rice, 1995; Gilfillan et al.,

2008). Trapped at depths of 1800 to 2600 m within the 100 m thick dolomite-rich

Leadville Formation (Allis et al., 2001; Gilfillan et al., 2009), CO 2 exists as a

supercritical fluid above the CO 2 critical point (>31*C, 71 atm) at the

temperature (-65'C) and pressure (~135 atm) conditions of the formation.

KinderMorgan operates 61 wells in the Leadville Formation that produce fluids

with a wide range of C0 2/H 20 ratios, from pure CO 2 to nearly degassed samples.

On site, an artesian mixture of supercritical CO 2 and saline formation water is

produced and separated, after which the CO 2 is further dehydrated and

compressed for pipeline delivery and commercial use, while the formation water is

re-injected into the Leadville Formation (Stevens et al., 2001).

Geochemical Analysis Methods

Chloride, Nitrate and Ammonium flow-injection analyses were conducted using a

Thermo iCAP6300 ICP system with colorimetric determinations. The specific

methods include, for chloride: Lachat QuikChem Method 10-117-07-1-C (FIA);

for nitrate: Lachat QuickChem Method No. 12-107-04-1-B, using a cadmium-

reduction column; and for ammonium: Latchat QuickChem Method No. 12-107-

06-1-B.

DNA Extraction Methods

DNA-protective buffer was removed from Sterivex filters by a sterile 1 ml syringe.

A hammer was then used to gently crack open Sterivex cartridges. Using a sterile

razor blade, filter membranes were then removed, cut into halves, and added to

screw cap tubes with ~0.25 g of sterile 0.1 mm zirconium beads, 0.25 mg/ml

proteinase K, and 1 mg/ml lysozyme. Tubes were bead beat at 3000 rpm for 30

sec. Tubes were incubated at 55*C for 20 min, then 70*C for 5 min to inactivate

enzymes. The solution was removed from tube, and added to 1 ml

phenol:chloroform:isoamyl alcohol (25:25:1), inverted to mix, and incubated at
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55'C for 5 minutes. The mixture was then centrifuged at 13,000 rpm for 10 min

to separate phases, at which point the aqueous phase was transferred to a fresh

tube. The mixture-incubation-phase separation steps were then repeated, and the

aqueous phase decanted. The same steps were then repeated, but using 500 1l of

pure chloroform. DNA was then precipitated with 10% 3M sodium acetate and

0.6 volumes of isopropanol. The mixture was then incubated overnight at -20*C.

The next day, the mixture was centrifuged at 13,000 rpm for 10 min, supernatant

removed, washed in 1 ml 70% ethanol, and centrifuged again at 13,000 rpm for

10 min. The supernatant was removed, and the pellet was resuspended in 50 p1l of

TE buffer, pH 8. The mixture. was then allowed to sit overnight at 4*C, before

being centrifuged down to trap any condensation. The extracted DNA solution

was then stored at -20'C until use.

Preparation and sequencing of 16S rRNA gene clone libraries

Community genomic DNA extracted from each of the 10 wells, drilling mud

source pond, and controls for potential laboratory contamination, consisting of

DNA preservation buffer and MilliQ water, were PCR amplified with universal

Bacterial small subunit 16S rRNA 357 forward (SSU_357_F) and 1100 reverse

(SSU_1100_R) primers using Taq DNA Pol (New England Biolabs) to target

the V3-V5 hypervariable regions of the 16S rRNA gene. All primer sequences are

listed in Table Si. Final primer concentrations were 0.18 iM. Template, MgCl 2 ,

and bovine serum albumin (BSA) concentrations were optimized to reduce

impacts from PCR inhibition. As a result, the final PCR Master Mix included a

final concentration of 1.88 pM MgCl 2 (including buffer MgCl 2 content) and 1.76

mg/ml BSA (New England Biolabs). 357F/1100R amplification was performed on

the Veriti 96 Well Thermal Cycler (Applied Biosystems) using the following

cycling conditions: initial denaturation at 95*C for 3 min, thirty cycles of

denaturation at 95*C for 30 sec, annealing at 52*C for 30 sec and extension at

72*C for 1 min, before a final extension at 72'C for 7 min. PCR, amplicons were

ligated and transformed using the TOPO TA pCR4 cloning kit (Invitrogen,

Carlsbad, CA) according to the manufacturer's instructions. Transformed.

colonies were used as PCR template with M13 primers, generating amplicons
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that were gel purified (QIAquick Gel Extraction Kit, Qiagen) and submitted for

Sanger sequencing at Genewiz (Cambridge, MA).

Illumina MiSeq sample library preparation

All templates were amplified with primers PE_357_F and PE_806_R using

Phusion High Fidelity Polymerase according to the following cycling conditions:

initial denaturation at 96'C for 1:30 min, thirty cycles of denaturation at 96*C for

30 sec, annealing at 52*C for 30 sec, and extension at 72*C for 30 sec, followed by

a final extension at 72'C for 5 min. After PCR amplification, amplicons were

purified using Exo-SAP IT (Affymetrix) according to manufacturer's instructions.

1 il of purified product was used as template in the subsequent Illumina adaptor

addition and barcoding PCR cycle, using universal forward primer PESEQF

and six nucleotide barcode-specific reverse primers PE_SEQR at final

concentrations of 0.5 iM each, according to the following cycling conditions:

initial denaturation at 96*C for 1:30 min, fifteen cycles of denaturation at 96'C

for 30 sec, annealing at 65*C for 30 sec, and extension at 72'C for 30 sec, followed

by a final extension at 72*C for 5 min. Barcodes were designed with three base

differences between any two barcodes. The amplicons were loaded on a 2.0%

agarose electrophoresis gel and run at 90V for 60 minutes. DNA bands of the

appropriate size were excised from the gel using individual UV-treated scalpels

and purified using the QlAquick Gel Extraction Kit (Qiagen). Purified barcoded

samples were eluted in 30 il DEPC water. The relative concentration of each

barcoded sample was determined by qPCR. Each sample was used as template in

triplicate 20 il reactions using Illumina sequencing primers (0.5 LM final

concentration) and IX fluorescent Sybr. Samples were multiplexed in volumetric

proportions based on minimum cycle number in order to enable equal reads per

sample, following Preheimn et al. (2013). Pooled samples were concentrated using

the MinElute Reaction Cleanup Kit (Qiagen), eluted in 11 il of DEPC water

16S rRNA clone library sequence processing

Clone library Sanger sequences were subjected to quality filtering and trimming

using CLC Genomics Workbench 7. Sequences with quality scores >0.05 or fewer

than 400 bases were excluded from analysis. Chimeras were removed using the
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UPARSE command uchime_ ref with the gold.db ChimeraSlayer database (Broad

Microbiome Utilities). Sequences were annotated using the RDP classifier (Wang

et al., 2007) and Silva 16S database (Quast et al., 2013).

16S rRNA Illumina sequence processing, OTU clustering and

annotation

Paired-end sequences were merged (fastqmergepairs) and filtered by designated

overlap requirements (fastq _truncqual 3; fastq_minovlen 16). Merged pairs were

then mapped using CLC Genomic Workbench to the PhiX virus genome (used by

Illumina as an internal sequencing control). PhiX-mapped sequences were

removed from downstream analysis. Merged pairs were then filtered according to

the recommended expected error threshold (fastqmaxee 3.0; Robert Edgar,
Personal Communication). Filtered merged pairs were then trimmed to a length

of 385 bases (fastqfilter; fastqtrunclen 385). Sequences shorter than 385 bp

were discarded. Trimmed sequences were dereplicated (derepfulllength) and

annotated by number of replicate reads per sequence (sortbysize). All singleton

sequences were discarded (minsize 2), per recommended settings. Remaining

sequences were then clustered to form OTUs (cluster_.otus) at a 97% minimum

identity threshold. After chimeric OTU were removed (uchime_ref), merged

paired-end reads were then mapped to OTUs using the USEARCH algorithm

(usearch _global) at a 97% minimum identity threshold. Readmaps for each

sample were then converted into OTU tables using the python script

uc2otutab.py. OTUs were taxonomically annotated by the python script

assign taxonomy.py, using the RDP classifier (Wang et al., 2007) and Silva 16S

database (Quast et al., 2013) with a minimum 60% identity RDP confidence

threshold. OTUs that displayed less than 60% confidence to any RDP assignment

on the phylum level were discarded (n = 6). Remaining OTUs annotated as the

PhiX virus (used as MiSeq internal standard) were removed from downstream

analysis.

Binning of unique Sulfurospirillum (MD31, MD32, MD102) genomes

Binning of contigs in Metagenome 3 yielded a single genomic bin (63 contigs/5.9

Mbp) containing two strains of Sulfurospirillum (based on total number and best
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Blastp hits of single copy genes (214 copies, assuming a single genome contains

roughly 107 genes) and presence of two copies of non-overlapping 16S rRNA gene

fragments). This finding is consistent with clustering of 16S rRNA amplicons

(97%), which yielded two OTUs affiliated with Sulfurospirillum in which one

OTU is more dominant than the other (-0.1%). Attempts to separate the two

strains of Sulfurospirillum (63 contigs; 5.9 Mbp) using GC content (32-48%),

tetranucleotide frequencies and contig coverage were unsuccessful. These contigs

displayed comparable coverage (~150X) likely because high genome similarity

made mapping of short reads indiscriminate. Blastn comparison between the 16S

rRNA gene of Sulfurospirillum sp. MD102 (single copy of 1431 bp) and the two

copies detected in the two strains of Sulfurospirillum in Metagenome 3 (fragment

of 676 bp of 1088 bp contig (Sulfurospirillum MD32) and 523 bp of 1605 bp

(Sulfurospirillum MD31) aligned partially with that in Sulfurospirillum MD102

revealed that one partial fragment (contig 442 in MD31) of the two 16S rRNA

genes is 100% similar (overlapping region of 523 bp in MD31) with that in

Sulfurospirillum MD102, while the second copy has 99% similarity with

Sulfurospirillum MD32. Due to the similarity of 16S rRNA gene and results from

clustering of 16S rRNA gene amplicon showing that MD10 and Metagenome 3

share a single dominant OTU affiliated with Sulfurospirillum, all 62 contigs from

Metagenome 3 Sulfurospirillum bins were subjected to Blastn comparison against

all 590 contigs in Sulfurospirillum MD102. Contigs in Sulfurospirillum MD31

having 100% nucleotide sequence similarity with at least 300 bp overlapping

region with MD102 were preliminarily grouped in one genomic bin

(Sulfurospirillum MD31; 34 contigs) with the remaining contigs assigned to

Sulfurospirillum MD32 (29 contigs). Several instances suggest that this approach

has separated the two strains of Sulfurospirillum into their proper respective bins.

The number and category of single copy genes were equally distributed in both

MD31 and MD32. Furthermore, two-way comparison using psi-Blast of ORFs

among these three genomes and reference genome of Sulfurospirillum deleyianum

DSM 6946 (NC_013512.1) shows that Sulfurospirillum MD31 and MD32 in

comparison to Sulfurospirillum MD10 and S. deleyianum DSM 6946 have similar

abundance and distribution of their sequence homolog (i.e. ORFS having >60%

in amino acids; Figure S5). The close similarity between MD10 and MD31 is

supported by 100% similarity of the partial 16S rRNA gene, while comparison of
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Average Nucleotide Identity (ANI) between MD10 and MD31 showed that the

two genomes displayed 99% ANI (9,110 fragments in 200 bp step size and 1,000

bp reading windows), while MD10 and MD32 had 81.4% AVI (4,200 fragments).

Autotrophic pathway "completeness"

Certain key genes must be present in binned genomes for canonical autotrophic

pathways to be considered "complete." For example, according to RAST, two

enzymes, RuBisCO and phosphoribulokinase, when present together, can

confidently be used as indicators of the presence of the Calvin Cycle in a given

organism. For the Wood-Ljungdahl (Reductive Acetyl-CoA) Pathway, the

bifunctional carbon monoxide dehydrogenase/acetyl-CoA synthase enzyme

(acsAB), which catalyzes the reactions from CO 2 to CO and from CO 2 to a

methyl group, must be present for the pathway to be considered complete.

Lastly, for the reductive TCA Cycle, four molecules of CO 2 are fixed by three

crucial oxygen-sensitive enzymes, all of which must be present for the pathway to

function: ATP-citrate lyase, 2-oxoglutarate oxidoreductase, and

pyruvate:ferredoxin oxidoreductase.

Archived false positive (AFP)

The following criteria were used for OTU retention based on AFP sequence

distribution: 1) Any OTU whose maximum relative abundance in a sample was

at least ten times higher than its abundance in the AFP was retained. The factor

of 10 cut off was implemented based on the assumption that abundances below

this threshold may represent cross-contamination during the failed PCR run that

originated in the AFP, and 2) Any OTUs that shared the same top Blastn hit as

a removed OTU, and whose maximum percentage abundance in a sample was

less than its abundance in the AFP, were also discarded. This second step

targeted OTUs generated from sequencing errors that might represent false

diversity from laboratory contaminants. The dominant taxa associated with the

sequenced AFP sample control are presented in Table S4.
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3
DEVELOPMENT AND CHARACTERIZATION OF BIOPROSPECTED STRAIN

BA CILL US MEGA TERIUM SR7 FOR ENHANCED GROWTH AND

BIOPRODUCTION UNDER SUPERCRITICAL CO 2

ABSTRACT

A microbial bioproduction system that utilizes supercritical carbon dioxide

(scCO 2) for non-polar product extraction would uniquely enable relief of end-
product toxicity effects in a self-sterilizing environment. While previous studies

have successfully demonstrated a broad diversity of biocatalytic reactions

utilizing scCO2 as a solvent and/or substrate, sCCO2 has previously been

considered inaccessible to active microbial product biosynthesis due to its lethal

effects on most microbes. Therefore, a bioprospecting approach was utilized in an

attempt to isolate scCO2-resistant microbial strains through enrichment culture
and serial passaging of deep subsurface fluids from McElmno Dome scCO 2

reservoir. This approach enabled the isolation of six unique spore-forming

Bacillus strains with the potential to serve as bioproduction host strains. After

demonstrating superior growth under scCO2 in pure culture when inoculated as

endospores, strain Bacillus negaterium SR7 was selected for in depth
characterization and development in order to enable eventual use in a dual-phase
bioreactor scheme where bioproducts generated in situ would be extracted by the

scCO2 sustainable solvent phase. After sequencing B. megaterium SR,7's 5.51
Mbp genome, natural metabolite profiles affirmed the strain's use of glycolytic

pathways, the TCA Cycle and fermentation for anaerobic energy generation, as

expected by functional genomic annotations. Process improvements, including

optimized minimal medium formulation and altered mixing regimes, established

consistent growth at 1 atm CO 2 as a higher throughput model system for scCO 2

conditions. Based on findings from 1 atm CO 2 cultures, including the ability to

chemically-induce spore germination to improve growth frequency, L-alanine-

amended semi-defined minimal media facilitated improved SR7 growth outcomes
under scCO 2. The detection of extracellular natural fermentative products under

sCCO2 serves as an endogenous proof of concept for heterologous production of

engineered bioproducts in this unique bioreactor environment.
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3.1 INTRODUCTION

Academic and industrial research has increasingly focused on supercritical

carbon dioxide (sCCO 2) as an environmentally benign and inexpensive substitute

for conventional organic solvents that are typically hazardous, toxic, and/or

flammable. As a result, scCO 2 has been extensively explored as a solvent for both

in vitro and in vivo biocatalysis reactions that are difficult or expensive in

aqueous phase reactors. Due to scCO2's non-polar chemistry, a specific focus of

previous development has been on polar, hydrophobic compounds that readily

partition into the scCO 2 solvent phase, enabling relief of end-product toxicity

effects and purified product extraction. Broad classes of in vitro biocatalyzed

reactions have been demonstrated in scCO2, including amidation, esterification

(Nakamura et al., 1986; Marty et al., 1992), and acetylation (Wimmer and

Zarevncka, 2010). Biocatalyzed reactions in scCO2 are also known to generate

enantiopure compounds with a single "handedness" or chirality, which are

otherwise difficult to synthesize (Matsuda et al., 2000; Matsuda et al., 2008;

Matsuda et al., 2004; Salgin et al., 2007). Biofuels are especially compelling with

regard to scCO 2 harvesting systems because the moderately hydrophobic

chemistry of alcohols like butanol would enable compound partitioning from the

aqueous phase into scCO 2 (i.e. octanol-water partition coefficient (Kow >4);

Timko et al., 2004).

Due to its potential to reduce dependence on carbohydrate-based

feedstocks, C0 2-fixing carboxylation reactions are of particular interest with

regard to the future of sustainable microbial-facilitated bioproduction. A wide

range of in vitro studies have demonstrated enzymatic fixation of the scCO 2

solvent, including in the synthesis of urethane (Yoshida et al., 2000) and styrene

carbonates (Kawanami et al., 2000), and pyrrole-2-carboxylate, which was

catalyzed by purified decarboxylases from Bacillus megaterium (Wieser et al.,

1998; Yoshida et al., 2000; Wieser et al., 2001). A variety of central carbon

metabolism enzymes have demonstrated in vitro sCCO2-fixation, including

RuBisCO (Calvin Cycle; Hartman and Harpel, 1994), isocitrate dehydrogenase

(Reverse TCA Cycle; Sugimura et al., 1989), and malate dehydrogenase (Reverse

TCA Cycle; Sugimura et al., 1990; Matsuda, 2005). Beyond its use as a chemical
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reagent, academic and industrial research has increasingly focused on scCO2 as

an environmentally benign and inexpensive substitute for conventional organic

solvents that are typically hazardous, toxic, and/or flammable. In biological

applications, scCO 2 is used for coffee decaffeination, product extraction, and

select enzymatic reactions (Hammond et al., 1985; Matsuda et al., 2005; Matsuda

et al., 2008, Salgin et al., 2007). As a result, while CO 2 is typically considered a

waste product with a dangerous global impact potential, it also represents a

directly useful, abundant resource that may be employed as a solvent and/or

substrate with broad biotechnological applications.

The ability to conduct industrially relevant biosynthesis reactions by

accessing scCO2 as the solvent is limited by the availability of purified enzymes

(which are progressively degraded by scCO 2 exposure) and the need to replenish

small molecule reductants (i.e. NAD(P)H) to regenerate the active state of the

enzymatic catalyst. Therefore, microbial growth under scCO 2 enables the cellular

protection and regeneration of relevant biocatalytic compounds, relieving the

need for supplementation. This principle has been demonstrated previously in

limited fashion with reports of biocatalyzed ketone reduction by immobilized

Geotrichim candidum cells and carboxylation of pyrrole using Bacillus

megaterium cells (Matsuda et al., 2000, 2001). While immobilized G. candidum

cells were not metabolically active, the authors speculated that B. megaterium

remained viable during the experiment and carried out active biocatalysis for

scCO 2-reduction (Matsuda et al., 2000, 2001). Cultures demonstrating robust

growth under scCO 2 would therefore represent a significant improvement in the

overall sCCO 2 bioproduction development process.

Although scCO 2 has been identified as an attractive solvent for in situ

extraction of fermentation products demonstrating chemical compatibility, its

rapid sterilizing effects on nearly all bacteria have rendered this promising

technology ineffective with living cells (Khosravi-Darani and Vasheghani-

Farahani, 2005; Knutson et al., 1999) due to cellular membrane disruption,

desiccation, enzyme inactivation and cytosolic acidification (Spilimbergo and

Bertucco, 2003). However, several recent studies have demonstrated the resilience

of certain microbial populations that are able to withstand scCO2 exposure in

natural (Thesis Chapter .2; Mu et al., 2015) and laboratory systems (Mitchell et

al., 2008). Specifically, Peet et al. (2015) established that certain spore-forming

75



taxa can survive and grow in batch bioreactors in aqueous media with a scCO 2

headspace (Peet et al., 2015). As a result, there appears to be a possibility of

developing a scCO2-tolerant bacterial strain for engineered product biosynthesis

that may harness the utility of sustainable solvent scCO 2. Moreover, the largely

lethal effect of scCO 2 on cells represents an engineering advantage by enabling

the growth of a single scCO 2-resistant strain, while otherwise maintaining a

sterile bioreactor environment free of contamination, a common challenge

especially for scaled up bioproduction facilities.

In order to develop a microbial growth and bioproduction system, it is

imperative to meet following goals: 1) identify strains that are biocompatible

with scCO 2 as an extraction solvent, 2) optimize culturing conditions for these

strains by process engineering, and 3) develop protocols for genetic modification

enabling heterologous protein expression. Building on the scCO2 enrichment and

culturing protocols developed in Peet et al. (2015), which proved effective at

isolating facultative aerobic/anaerobic spore-forming bacteria (genus Bacillus),

this study sought to advance development of a system for bioproduction and in

situ extraction by addressing the first two stated goals prior to genetic system

development. It was hypothesized that a bioprospecting approach targeting

microbes exposed to sCCO 2 over long periods in the environment will enable the

isolation of strains that have evolved natural mechanisms for enhanced scCO 2-

resistance and growth potential. Analogously, the Taq polymerase variant

isolated from Thermus aquaticus displays thermophilic properties due to its

evolution upon long-term host emplacement in a high temperature geothermal

system (Chien et al., 1976). The isolation and genetic system development of

environmental strains specifically adapted to scCO 2 may therefore hold a similar

potential for exploiting naturally evolved phenotypes in establishing new

solutions to current biotechnological challenges.

In the event that scCO2-tolerant strains are isolated, a significant factor

limiting the ability to initiate metabolic modifications for industrial applications

is the challenge of genetic intractability (addressed in detail in Thesis Chapter 4).

Previous work establishing genetic systems has enabled the investigation and

exploitation of bioprospected strains with unique biochemical capacities with

applications in wastewater treatment /bioremediation (Coppi et al., 2001), and

the production of pharmaceutical and agricultural agents (Xiong et al., 2013).
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Engineering of Bacillus strains has been broadly successful, including in the

production of biofuels and industrially relevant compounds (Nielsen et al., 2009;

Hu and Lidstrom, 2014). B. megaterium in particular has garnered popularity as

a host for genetic engineering due to its high secretion capacity, lack of exotoxins,

and ability to maintain plasmids (Korneli et al., 2013). Promisingly, strains QM

B1551 and DSM319, and their derivatives, have been used as hosts for protein

and bioproduct expression for over 30 years (Vary et al., 2007).

To isolate strains able to grow in biphasic scCO2-water reactors, fluid

samples were collected from the deep subsurface McElmo Dome CO 2 field in

Colorado, where scCO 2 had accumulated over 40-70 million years. Metagenomic

analysis of formation fluids at this site suggested existence of an anaerobic

microbial ecosystem (Thesis Chapter 2). It was hypothesized that by using fluid

samples from McElmo Dome as inocula for enrichment passaging under scCO 2

conditions, we should be able to isolate strains that consistently exhibit robust

growth under scCO 2 . Following isolation of strain Bacillus megaterium SR7,

improvement in growth was achieved through optimization of 1) a semi-defined

minimal growth medium supplemented with nutrient and metals amendments, 2)
culture conditions through phenotypic fingerprinting and mixing regime growth

assays, and 3) spore germination frequency under scCO2 by exposure to chemical

inducer L-alanine, as confirmed by flow cytometry (FCM). Isolate genome

sequencing enabled annotation of relevant pathway genes and an endogenous

promoter system. This work contributes to the establishment of a new technology

for microbial bioproduction by enabling a bacterial strain capable of bioproduct

generation to access the unique properties of sustainable solvent supercritical

carbon dioxide and paves the way for future bioengineering for enhanced

generation of heterologous bioproducts under scCO 2 (Thesis Chapter 4).

3.2 METHODS

Subsurface fluid sample collection and storage

Formation water samples from the McElmo Dome CO 2 field were used as

inocula for microbial strain isolation through scCO 2-exposed enrichment culture

and passaging. Sample fluids were sourced from the deep subsurface, where CO 2
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is trapped at depths of 1800 to 2600 m within the 100 m thick dolomitic

Leadville Formation (Allis et al., 2001; Gilfillan et al., 2009) and exists as a

supercritical fluid at a temperature and pressure of approximately 65*C and 135

atm (Allis et al., 2001). Sampled fluids from each of ten CO 2 production wells

(operated by KinderMorgan C0 2 ) were collected from fluid-gas separators that

were decanted and filled 15 hours prior to sample collection. At each separator,

one liter of degassed fluid was collected in an acid-washed bottle (Nalgene) and

placed immediately on ice for use as enrichment culture inocula. Fluids were

shipped on ice and stored at 4*C.

Supercritical C0 2-exposed enrichment passaging

Culturing media and vessels

Media for enrichment culture and passaging of McElmo Dome samples was

a modified version of MS media (Colwell et al., 1997) with supplements targeting

diverse metabolic groups as described in (Peet et al., 2015). Media consisted of

(in g/1) 0.5 yeast extract, 0.5 tryptic peptone, 10.0 NaCl, 1.0 NH 4C, 1.0

MgC 2 -6H2 O, 0.4 K2HPO4I, 0.4 CaCl 2, 0.0025 EDTA, 0.00025 CoC12-6H 20, 0.0005

MnCl 2 04H20, 0.0005 FeSO 407H20, 0.0005 ZnCl 2, 0.0002 AlCl3-6H 20, 0.00015

Na2WoO 4 -2H 20, 0.0001 NiSO4-6H2A, 0.00005 H 2 SeO3 , 0.00005 H3BO3, and

0.00005 NaMoO 492H20. MS medium supplements (g/l) consisted of 0.5 glucose

(MS-FM); or 1.3 MnO 2, 2.14 Fe(OH) 3, and 1.64 sodium acetate (MS-MR); or

0.87 K2 SO4 , 0.83 FeSO 4 , 0.82 sodium acetate (MS-SR). Following enrichment

culturing and three passages using MS medium, Luria-Bertani Broth (LB)

(Difco) was included as an additional growth media for scCO2 culturing.

Phosphate buffered LB (P-LB) is amended with 50 mM K2HPO 4. During all

rounds of culturing, C0 2-incubated media was amended with 0.25 g/l of reducing

agent Na 2S (at 0.25 g/l) and 0.001 g/l of the redox indicator resazurin. A

summary of all media utilized during enrichment passaging and subsequent

culturing is presented in Table 1.

High-pressure culturing vessels were constructed of J inch 316 stainless

steel tubing for a 10 ml total capacity, and fitted with quarter turn plug valves

(Swagelok or Hylok). Between uses, all vessel components were cleaned and

soaked for at least two hours with 10% bleach and detergent, then autoclaved
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prior to assembly. All tlbing in the pressurization mlanifOld was filled before use

with 10% bleach for 30 iminutles, flushed with MNilliQ-H20, rinsed with 70%

ethanol for 20 minutes, and dried with CO2 gas. Prior to reactor loading, culture

media was added to 100 ml serum bottles and degassed with a stream of 100%

CO-) for 30 minutes. Vessels Were then filled to 4 capacity (5 nl) with inoenla and

degassed mnedia. after which the headspace was pressurized with extraction grade

CO, gas at a rate of 2-3 atm inin1 until reaching a final pressure of 100 atm.

Since the CO. tank used for reactor pressurization contained a helium (He)

cushion (in order to reach elevated pressures) the gas tank mixture conitained 97-

99%1 CO. Unless stated otherwise. after pressurization, reactors were incllbated

in a 370 C warm room (to reach supercritical conditions) with shaking at 100 rpm

to increase the extent of inoculn and ml edlu ia mixing.

As described previously (Peet et al., 2015) prior to depressurization,

culturing vessels were connected via 316 stainless steel tubing and fittings to a

pressure gauge (Hunter) to measure the finial vessel pressure. All reported vessel

incubation data maintained pressures above the CO) critical point ( 72.9 atm)

when mixed with 3% inert Helium at 370C (Roth, 1998). Reactors were

depressurized at a rate of 3-5 atm min over approximately 30 min at which

point the Vessels were transferred to the anaerobic chamber for sub-sampling,

glycerol stock preparation and passaging.

En iuneration of cell density

It order to (uamitify bioiass of CO.) cultures, 0.5-1.0 ml samples were

treated with Syto 9 stain (Life Technologies), left in a dark room for 15 minutes
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to allow the stain to adhere to nucleic acids, collected on 0.22 um polycarbonate

filters (Whatman Nucleopore) by vacuum pump, and washed twice with

phosphate buffered saline (PBS) to remove excess stain. Each filter was mounted

on glass slides for visualization by epifluorescent microscopy (Zeis Axioscope)

with immersion oil dropped below and above the filters, after which a cover slip

was applied. Filters were stored at 4*C in the dark until use. Cell densities were

extrapolated by multiplying individual cell counts in a 10x10 microscope eyepiece

grid by a dilution factor (if <1.0 ml of sample was filtered), and then multiplied

by 3.46x10 4, because a 10x10 grid at 1000X magnification corresponds to

1/(3.46x10 4) of a 25 mm filter. Final cell densities represented the mean values of

cell counts in 15-20 separate 10x10 grids/sample. The limit of detection was

considered to be one half of a cell per 15 grids, which corresponds to 1150

cells/ml. Fluorescent images were captured on a Nikon D100 camera using the

NKRemote live-imaging software. Cell density calculations and morphological

observations were conducted for inocula prior to pressurization as well as after

incubation in order to determine the extent to which growth had occurred. CFU

plating was performed using LB Agar with order of magnitude dilutions in

autoclaved PBS buffer prior to plating with cell-free negative controls. Plates

were dried, inverted arid incubated overnight at 37'C prior to colony counting.

Enrichment cultures and serial passaging

Fluids from four of the sampled wells (HB-5/Well 2, HE-i/Well 4, HF-

3/Well 5, YB-4/Well 7) were selected as inocula for enrichment culturing under

scCO 2 because they appeared to harbor elevated cell density by fluorescent

microscopy (Thesis Chapter 2). 100 ml of fluids from the four respective wells

were filtered onto 5 mm, 0.2 pLm pore size, polycarbonate filters (Nucleopore) in

order to concentrate microbial content. The filters were then placed inside an

anaerobic chamber (Coy Lab Products) containing 95% CO2 / 5% H2 . Using

sterilized tweezers, filters were then placed inside 10 ml 316 stainless steel

pressure reactors with 1 ml of formation fluid from the same well used to

concentrate biomass on the filter. The filters arid formation fluids were then

amended with 4 ml of growth media. After the initial round of growth using

filter-concentrated biomass inoculum, cultures were inspected by epifluorescence

microscopy to identify biomass accumulation. Cultures that showed growth
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relative to inocula based on cell counts were serially passaged by dilution in

freshly degassed growth media to achieve initial concentrations of approximately

104 cells/ml. The McElmo Dome enrichment culture (Ml) was incubated for 46

days, while subsequent passages were incubated for 19 days (M2), 33 days (M3),

and 35 days (M4).

Strain isolation and scCO 2 growth verification

Samples from the final round of passaging (M4) were plated on LB agar

and incubated overnight at 37'C under aerobic conditions at ambient pressure.

Single colonies with unique morphologies were used to inoculate liquid LB. DNA

extraction from overnight grown cultures was performed using the Qiagen Blood

and Tissue DNA extraction kit protocol for gram-positive cells (Qiagen).

Resulting DNA was used as template for 16S rRNA PCR using universal

Bacterial primers 515F (3'-GTGCCAGCMGCCGCGGTAA-5') and 1492R. (3'-

GGTTACCTTGTTACGACTT-5'; Turner et al., 1999). PCR mixtures (20 pl per

reaction) included IX Phusion High Fidelity Polymerase buffer, 0.4 uM of each

primer (IDT), 0.4 uM deoxynucleotide mixture and 1 U Phusion Polymerase

(New England Biolabs). Thermal cycling conditions consisted of an initial 5

minutes at 95'C followed by 30 cycles of denaturation at 95*C for 30 sec,

annealing at 55*C for 30 sec, and extension at 72'C for 90 sec; followed by a final

extension time of 7 min. Every PCR reaction included negative and positive

controls (Peet et al., 2015). PCR products were then purified using Exo-SAP IT

(Affymetrix) and submitted for Sanger sequencing (Genewiz, Cambridge, MA).

Returned sequences were processed in CLC Genomics Workbench (Version 7),
including primer removal and universal sequence trimming to 918 bp for all

isolates. Sequence alignment and tree building of isolates and reference sequences

consisting of Bacillus, closely related taxa, and an E. coli outgroup using a 914

bp alignment was also conducted in CLC Genomics Workbench. Tree building

used a bootstrapped (10OX) neighbor-joining method, which was visualized in

FigTree v1.4.2. 16S rRNA reference sequences were downloaded from Genbank

(NCBI) or generated in Peet et al., (2015; i.e. Bacillis sp. OTI, Bacillus sp

MIT0214).
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Because Bacillus spp. spores were previously demonstrated to be able to

germinate and grow under 1 atm CO 2 and scCO2 headspace conditions (Peet et

al., 2015), spores of all Bacillus spp. strains isolated from McElmo Dome fluids

were prepared using the protocol described in Kim and Goepfert (1974). Briefly,

colonies streaked from glycerol stocks were used to inoculate overnight cultures in

LB medium that were incubated under aerobic conditions at 37*C while shaking

at 100 rpm. Dense, stationary-phase cultures were then diluted 1:50 into 100 ml

of Modified G Medium, which is composed of (in g/l): yeast extract 2.0,

CaC1202H 20, 0.025, K 2HPO 4 0.5, MgSO407H 2 0 0.2, MnSO404H 20 0.05,

ZnSO 4 *7H20 0.005, CuSO 1 5H 20 0.005, FeSO 4-7H 20 0.0005, (NH 4 ) 2SO 4 2.0,

adjusted to pH 7.1 after autoclaving. Modified G Medium-inoculated cells were

incubated at 37'C for 72 hours to induce sporulation, then centrifuged for 10

minutes at 10,000 x g. The pellet was resuspended and centrifuged 5 times in

autoclaved wash buffer containing 0.058 g/l NaH 2PO 4*H 20 and 0.155 g/l

Na2HPO 4-7H 20 with 0.01% (v/v) Tween20 to prevent clumping. Spores were

stored in wash buffer at 4'C until use and periodically assayed for continued

viability after extended storage by LB agar colony plating.

Growth of B. megaterium SR7 (and other isolates) under sCCO 2 was

validated by triplicate incubation for 28-42 days inoculated in pure culture from

spores loaded at ~lx10'4 spores/ml using multiple media (Table 1). Cultures were

scored for growth by filter counts, as previously described.

Isolate strain SR7 genomics

Understanding the genomic landscape of strain SR7 provides useful insight

into endogenous physiological and metabolic capacities and will aid future

development of SR.7 as a strain for bioengineered product generation for in situ

scCO 2 extraction. SR7 genomic DNA was extracted from a 10 ml overnight

aerobic LB culture using the Qiagen Blood & Tissue Kit, following the Gram-

positive bacteria protocol. Eluted DNA was submitted to the MIT BioMicro

Center for sequencing using PacBio SMRT technology. Following sequencing, the

PacBio assembler software was used to assemble SR7 contigs, which were then

compared to the genome of closely related strain B. megaterium QM B1551

(Eppinger et al., 2011) using the online tools nucmer and "double act" (www.hpa-
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bioinfotools.org.uk/pise/doubleact.html), the latter of which cuts the query and

reference DNA into smaller pieces to create an inter-genome Blastn comparison

file that can be viewed in the Artemis Comparison Tool (ACT; Carver et al.,

2005). Based on the ACT comparison, the putative SR7 chromosome (longest

contig) was adjusted to start at the beginning of gene dnaA in agreement with

the reference genome. The closed chromosome was then plotted by DNA Plotter

(sanger.ac.uk/resources/software/dnaplotter) and submitted to RAST (Aziz et

al., 2008) for gene prediction and functional annotation. Remaining contigs,

potentially indicative of endogenous plasmid based on sequenced B. megaterium

strains, were also submitted to RAST for annotation. Shared and unique RAST-

annotated genes between SR,7 and B. megaterium reference genomes QM B1551,
DSM319 (Eppinger et al., 2011), and WSH-002 (Liu et al., 2011) were determined

using online tool Venny 2.1. Inter-strain sequence comparisons were conducted

using the Average Nucleotide Identity (ANI) calculator (http: ///enve-

omics.ce.gatech.edu /ani).

Physiological characterization of strain SR7

To help guide optimization of growth conditions for strain SR7,

physiological tests were conducted under aerobic conditions. To determine

tolerance for pH, salinity and bicarbonate, high throughput culturing was done in

96 well plates and scored for growth by OD6 0 0 using a microplate reader (BioTek

Synergy 2). 200 uL LB solutions/well were inoculated in triplicate with 104

spores/ml (based on SR7 spore stock filter counts) and incubated on a plate

rocker at 37'C with unamended positive and cell-free negative LB controls. Tests

for pH tolerance (pH 2-10) were conducted in LB medium amended with HCl or

NaOH. The effect of salinity and bicarbonate on growth was determined by

adding NaCl (1-10%) and NaHCO 3 (0.1-0.5M), respectively, to LB media.

Optimal SR.7 growth temperature was tested by inoculating 104 spores/ml in 5

ml of LB in triplicate at temperatures of 9-55'C. Cultures and cell-free negative

controls were incubated without shaking, with subsamples taken for periodic

OD60 0  measurements. SR7 antibiotic sensitivity was determined by

supplementing 5 ml LB with ampicillin (5-50 ug/ml), chloramphenicol (3.5-35

ug/ml), kanamycin (5-50 ug/mul), spectinomrycin (10-100 ug/inl), streptomycin
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(10-100 ug/ml), or tetracycline (1.5-15 ug/ml). 5 mL cultures inoculated with 104

spores/ml were incubated in a spinning rack at 100 rpm for 24 hours at 37'C and

assayed for growth by comparing OD60 0 measurements to unamended positive

and cell-free negative LB controls.

Biolog GenII Microplates 96 well plates (unamended and with a trace

metals solution amendment (Boone et al., 1989)) were used to determine SR7

growth substrates and to test growth sensitivities relative to a positive control.

Plates were inoculated with 2-4 SR,7 colonies grown overnight on solid BUG

media (Biolog) such that starting OD490 transmission was 90-94%. Plates were

incubated at 37*C on a plate shaker at 200 rpm and assayed for growth using

NADH-dependent colorimetric changes measured by OD49 0 on a microplate

reader (BioTek Synergy 2). Total growth was quantified by integrating the area

under the curve of OD 490 values over the course of the incubation, and

categorized as: "-" displays an area less than the negative control, "+" is greater

than the negative control, but less than half of the maximum value, and "+++"

is between " + " and the maximum value.

Process improvements for SR7 growth under 1 atm CO 2 and scCO 2

After initial physiological characterization assays, subsequent culturing

improvements sought to establish consistent, replicable growth of SR7 under

sCCO 2 by conducting experiments under 1 atm CO 2 as a proxy for pressurized

conditions (e.g. Peet et al., 2015). In order to improve spore germination

frequencies, the effects of chemical inducers and mixing regimes (i.e. culture

volume and shake speed) were examined, as the literature has shown certain

compounds (i.e. amino acids, KNO 3, peptidoglycan, Ca-dipicolinic acid, and

others; Ghosh arid Setlow, 2009) and conditional treatments (temperature,

pressure; Wei et al., 2010) increase Bacillus spore germination rates. Experiments

testing the role of mixing speed and modified culture media on rates of vegetative

outgrowth were conducted under 1 atm CO 2 with C0 2-degassed media or buffer

in 100 ml serum vials with clamped rubber stoppers.
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Evaluating the effect of spore germination inducers

The effect of shake speed on spore germination was assayed by inoculating

5 ml LB medium with SR7 spores at a starting concentration of 105 spores/inl.

Singleton cultures were subjected to shake speeds of 150, 250, and 350 rpm and

scored for growth by ODooo and LB agar colony plating.

The ability to induce spore germination based on literature precedent was

tested by inoculating triplicate 10 ml cultures of SR7 spores at OD 00 0.01 in LB

amended with 100 mlM L-alanine, LB subjected to a heat activation (65-C for 15

minutes) upon inoculation, or unamended LB as a control. Growth was scored by

ODooo and LB agar CFU plate counts. In addition, sub-samples were heat-killed

by exposure to 80C for 10 minutes (Setlow, 2006) prior to plating, to ascertain

remaining spore concentrations, as heat exposure is lethal to vegetative cells.

The role of candidate germination inducers was subsequently investigated

in PBS buffer rather than growth medium to decouple the germination process

from outgrowth. SR7 spores were loaded in triplicate 10 ml PBS amended with

100-250 muM L-alanine, 100 muM L-alanine with heat treatment, 25 muM L-lencine,

or an unamended PBS control. The extent of germination was measured by

fluorescence microscopy staining patterns (i.e. the degree of cell membrane

penetration by DNA stain), bulk fluorescence, OD 0 0 , and flow cytornetry (FCM).

A total of 100-300 cells per filter were counted and categorized as either

"dormant" or "germinated" if the spore stain was localized to the cell membrane

or diffused within the interior of the cell, respectively (Cronin and Wilkinson,

2007). Cells displaying an intermediate degree of stain dispersal ("activated")

were categorized as germinated (Figure 1).

Sub-sample bulk fluorescence (Syto9) was measured by microplate reader

(BioTek Synergy 2; 485/ 20 excitation, 528/20 emission) and ODo 0 was measured

by mnicroplate reader. OD should decrease in germinated cells (the index of

Edge Partial Complete

"Dormant" "Activated" "Germinated"

Figure 1. Expected (and observed) DNA staining patterns

of differentially germinated SR.7 spores.
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refraction decreases due to hydration upon spore coat degradation) while bulk

fluorescence should increase as the nucleic acid stain progressively penetrates and

permeates the cell (Magge et al., 2009). To test for germination after a delayed

inducer spike rather than at the moment of inoculation, SR7 spores loaded at

OD60 0 0.01 were incubated overnight in 30 ml of PBS, passaged into PBS

amended with L-alanine (25-250 mM) or L-leucine (10-25 mM) and then assayed

for germination by bulk fluorescence and OD6 0 0 during incubation.

FCM was employed as a high-throughput germination assay based on

Baier et al., (2010). Triplicate cultures of SR,7 spores loaded at OD6 0 0 0.01 were

incubated overnight in PBS and PBS amended with 2.5-250 mM L-alanine, along

with cell-free PBS controls. Prior to loading on the flow cytometer (BD FACS

Canto II HTS-1) cultures were diluted 1/50 in PBS and stained with Syto16 and

propidiuni iodide (PI) in the dark for at least 30 minutes prior to analysis. After

spore and media-only samples were used to set forward scatter, side-scatter,

Sytol6 and PI gates, sample data was collected and analyzed using FACSDIVA

software.

Testing the effect Qf mixing on vegetative growth

After testing for the potential to induce germination in SR7, the next

priority was to accelerate growth rates in order to increase metabolic activity for

eventual product pathway expression. Experiments testing the role of shake

speed on vegetative growth rate were inoculated with passaged cells of spore-

loaded overnight cultures grown under 1 atm CO 2 . Triplicate 25 ml LB cultures

of vegetative cells loaded at OD6 00 0.01 were subjected to shake speeds of 150,

250, and 350 rpm, with growth assayed by OD6 0 0 and LB agar colony plating.

Minimal media development to improve growth

Development of a minimal medium enables individual chemical

components to be tuned in order to establish optimized growth from a sole

carbon source under 1 atm CO 2. Initial attempts to generate SR7 growth in

triplicate cultures tested various amendments to M9 base medium

(thelabrat.com; Table 1), including 0.4% glucose or 0.4% xylose amendments as

sole carbon sources, with or without trace metals solution (Boone et al., 1989).

The 1X concentration trace metals solution consisted of (in g/1): 0.005
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Na2(EDTA), 0.0002 NiSO 4-6H 20, 0.0005 CoC12*6H20, 0.0001 H2FeO 3 , 0.001

FeSO 4 07H20, 0.0001 H3BO 3 , 0.001 ZnCl 2 , 0.0001 NaMoO 4 92H20, 0.0004

AlCl3 6H2 0, 0.001 MnC1204H 20, 0.0003 Na 2NO402H 20, 0.0002 CaCl 2. To further

boost growth, triplicate cultures of M9 + 0.4% glucose were amended with dilute

LB (0.001-0.01X) or yeast extract (YE; 0.001-0.O1X) as de facto vitamin and co-

factor solutions, and/or NaNO 3 (5 mM) as an alternative electron acceptor. All

M9 incubations were scored for growth by OD6 0 0 and designated as robust above

OD6 0 0 >0.600, low level between 0.2-0.6, and no growth below 0.2. Passaged

vegetative cultures were also assayed in duplicate for growth (by OD600 ) amended

with a range (0.1X, 0.25X, IX) of trace metals solutions in M9 + 0.4% glucose +

0.O1X YE media, including in the presence and absence of 5 mM NaNO 3.

Growth curves under optimized shaking conditions were generated to

establish baseline metabolic characteristics of strain SR7. Vegetative SR7 cells

were passaged in quadruplicate at OD6 0 0 0.01 in minimal or LB media and

assayed for growth by OD6oo, LB agar colony plating, and glucose consumption

(for minimal medium cultures only) measured on the YSI 2900 with 2814 glucose

starter kit. Doubling times were calculated using a log-linear fit of CFU and

OD6 0 0 data points during exponential growth.

Analysis of SR7 fermentation products under 1 atm CO 2 and scCO2

Following optimization of growth conditions under 1 atm CO 2 and scCO 2 ,

identification of fermentation products would establish potential target pathways

for redirecting carbon flux and would demonstrate the ability to generate

extracellular natural products. Metabolite identification and quantification was

conducted by high performance liquid chromatography (HPLC). Triplicate

cultures of SR7 vegetative cells inoculated in M9+ or LB at OD6 0 0 0.01 were

scored for growth by OD600. 500 ul of supernatant from each spun down sample

(5 mins at 21,000 x g) was loaded on the HPLC (Agilent 1100 series) for analysis.

Compound separation was achieved using an Aminex HPX-87H anion exchange

column; Bio-Rad Laboratories, Hercules, CA) according to the protocol

established by Buday et al. (1990) using 5 mM H2 SO4 as the mobile phase.

Analyte concentrations were established using standard curves for fermentative

substrates and products, including glucose, succinate, lactate, formate, acetate,
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and ethanol. Thlouglh retention times were (leterminle(l folr pyrnvate. mnalic acid.

pr~opiona8te, 2-31 butanicdiol. butyrate. pr~opaiiol. cr-otoniate. bu ty-aldlehyd-(e.

\.Talerate. butan)l. anl penltaol. stalarl cuves were hot genlerate(l becmuse nfo

apparent peaks were (letect ed for these componId(s.

Evaluating SR7 scCO 2 growth using 1 atm C0 2-optimized conditions

SR7 growth outcomes were investigate(1 under sCC02 headspace (90-100

atm: 370(C) while sliaking at 250 rpm. S137 spores were iloculate(l at starting

concentrations of -3x1 01 spores il (unless otherwise specified) in either 50 ml

K2HPOhj-uffered LB (P-LB) or M9 I media (Table 1). Experiments assayig the

effect of gerinnation inductioln iinclhded 100 mM\I L-alanine an( 10 MNI L-leucine

md(ia amenments aid heat tireatment )upo1 reactor pjressurizatl(ion (700C for 10

minutes). Incubations were condicted in 316 stainless steel vessels and gradually

pJressurize(l to supereritical codilhtions using a CO2 Ie cylil(ler. as previously

(lescribe(l. SR7 germination was verified by the identification of vegetative cell

miiorphologies using fluorescence microscopy of Syto9-stained cultures. Growth

was (lefiie(l by aii increase of at least 10-fold growth in cell coun1ts relative to to.

in order to ascertain wl.et her L-alani ne. L-leucine. anl heat treatment

in(luce germi nation under scCO2 hi eadspace. three 1eT-plica te experiments were

con(lllcte(d comparing growth for SR7 spores when loaded in media P-LB. P-LBL.

Table 2. InI(h1 tion conditions sayin1 11 11i1cl gelmilalion

induclionl anld heol tre'11m1wnt efferlts ml SH7 growAlh1 un1derseo
Incubation Duration Media # Columns

P-LB 7

P-LBA 7

A 1 ayS -LBA Let)
P-LBL

P-LBAL 7
Ne, Chr1 4

P-LB 7

P-LBA
B 2() days P-LBL 6

P-LBAL 6
Neg Ctrf 4

P-LB 6
C 18 days P-LBA )

Neg Ctr1 I
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P-LBAL, or P-LBA heat treatment (Table 1; Table 2). Reactors were

depressurized and scored for germination and growth by fluorescence microscopy,

as previously described.

Cell densities of P-LB and L-PBA incubations from the three experiments

(Table 3; Incubations A-C) were subjected to statistical analysis to establish the

significance of 100 mM L-alanine on spore growth outcomes. A non-parametric

Wilcoxon/Kruskal-Wallis Test was performed on the dataset (JMP Pro v.12)

where growth outcome (growth/no growth) and cell density fold change (relative

to to) were dependent variables and incubation time and inducer

presence/ absence ( 100 mM L-alanine) were independent variables.

Table 3. L-alanine-anended scCO 2 incubations in P-LBA and M9A+

Media Duration # Cultures # Neg Ctrl

18 days 7 4

P-LBA 20 days 7 4
18 days 5 4

Total 19 12

18 days 18 6

M9A+ 20 days 7 4

Total 25 10

Growth was compared for spore-inoculated cultures in L-alanine-amended M9+

(M9A+; Table 1) and P-LBA to determine whether either medium facilitates

superior growth under scCO2 when controlling for the presence of L-alanine.

Buffering capacity was comparable for both media based on similar phosphate

content. A summary of the M9A+ vs. P-LBA incubations is provided in Table 4.

A non-parametric Wilcoxon/Kruskal-Wallis Test (JMP Pro v. 12) was run on the

P-LBA and M9A+ datasets, where growth outcome (growth/no growth) and cell

density fold change (relative to starting concentrations) were the dependent

variables and incubation time and inducer presence/ absence ( 100 mM L-

alanine) were the independent variables.

To establish whether increasing starting spore concentrations and

incubation time improves the likelihood of growth, replicate cultures in M9A+

loaded with four starting spore concentrations (5x10 5, 5x10 3, 5x101, 5x10-1

cells/ml) were run over an 18-day time course. Samples were prepared for cell

counts by fluorescence microscopy according to previously described protocols.

Because reactors inoculated with 5x101 and 5x10 1 cells/ml are below the limit of
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detection by direct counts, their concentrations are recorded as one half the

detection limit (1.15x13 cells 1ml, as previously discussed). M9A- time course

data was combined with prior M9A- scCO 2 results to develop a logistic

regression model (JMP Pro v. 12) for growth frequency where outcome

(growth/no growth) was the dependent variable, and inocula concentration and

incubation time were independent variables.

3.3 RESULTS

3.3.1 Isolation of scCO 2-tolerant strains from McElmo Dome fluids

Enrichment cultivation and serial passaging of McElmo Dome formation

fluids with microbial growth media in high-pressure reactors under supercritical

CO 2 headspace enabled the isolation of six different microbial strains, all of which

are taxonomically classified within the Bacillus genus. Cultures were assayed for

growth after the enrichment (M1 45 (lays) and each of three subsequent

passages (M2 19 days. M3 -- 33 days, M4 = 35 days) by epifluorescence

microscopy methods (Table 4). Cell density from enrichment cultures was

regularly observed to be greater than 105 cells/ 'ml. The second (M2) and third

(M3) round of culturing winnowed down the number of reactors demonstrating

growth, with passaging of most media-inocula combinations discontinued due to

lack of growth (or in some cases loss of pressure in reactors). The media-inocula

combinations that were incubated during the fourth round (M4) of culturing

Table 4. Enrichment passaging diversity. biOmass. and isolate strain sli1nnmry.

Passage M1 M2 M3 M4 Isolate Strain(s)
Duration (d) 45 19 33 35

IS I I "" I
W SIR + MR2

+4SR + N I

+- -4 + +++ MR4

SNIS Ill 1A\1A. FN14
5 ' 1 1 I I

SIS- +++2 +R

MS- 1. 7 +++ I SI

515 SR _71__1_t _ SR7
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Bioniass Concentration (direct filter counts)

- cells below detection limdiit ( 1 2E13 cells/nil)
biomiass observed at 5E4 cells mil

hioiass observed at 5E4 to 1E6 celk ml

-+ - bioiatss observed at 1E( cells ml

11A. Iv) data



showed maximum bioniass accumulations of at least 7xI05 cells nl (Table 6).

including Well 2 MS-MR mnedia (7.4x10W cells ml). Well 4 MS-NR (1.2x1(f

cells nil), Well 7 NMS-IR (3.ixlO7 cells nl), and Well 7 MS-SR (6.9xO1

Cells ml1).

After the fourth passage (1\14). individual strains were isolated by plating

on LB agar. Colonies with unique morphologies were identified by 16S rRNA

gene sequencing and taxonomic annotation (Table 5). In most cases (except Well

7 + MS-NI. which enabled isolation of two strains of the sanme species). a single

dominant strain was able to be isolated from specific combinations of media and

inocula. One additional strain was isolated by LB agar colony culturing after Nl1

in NIS ' FN\J media with Well 4 fluids. 16S rRNA Blastni annotations of isolated

strains are presented in Table 5. A 16S rRNA phylogenetic tree of NMcElmo Dome

C0 2-passaged isolates and several closely related Bacilli is presented in Figure 2.

Table 5. Sininmary of passaged isolit morphologies mid taxonoiic annotations.

Well Passage 16S rRNA Blastii Designated

Inocula Mledia CoBony Morphology Blastn Top Hit ID% Strain Name

2 MuS-NIR ( C iulr. eCItiir. m11buinil l11. nm . ip uelli INu ,lu s f , 1., 99 1. uafe NIR2

4 \IS-NIR Cirj ilar fillciioniII s, 11. dull. iiuipig'lnltwied, triiliucent Buillus 1ih liu fnbi, 99 B. lichwm 'Ormi,/ s MR4

1 NIS-FN Circular. entii e. i ioilaw. dull. r mnu i. oUilque B(I illni (ifnsis 99 B. flmis F-A41
7 NIS-Nh Cicular. ltire. mnbi)inate. lull. cieli. ol;Ique B(IOurhiu uuff unuuIs 100 1 3. sae/un uI. MR7C

7 NIS-SR Circilar. unduate. l bo/ ate. dul. x111 . opaque BIciff(l(li 99 B. Saf // Ui, MMH1
7 MS-SR Circlar. ('110r-. convex. &III. whit(, (paque 13(16111. 1meg(IIIlmn 100 B. mwguienmm SR7

Because enrichment passaging led to the isolation of several strains

demonstrating spore-like morphologies and annotated as spore-forming taxa,

isolated strains were prepared as spores for long-term storage. Previous work by

Peet et al.. (2015) demonstrated that spores loaded into replicate reactors under

an scCO 2 headspace (i.e. Bacillus sp. OT1, Bacillus sp. MIT02 14; Figure 2) grew

with frequencies dependent on incubation time and starting spore concent rat ions.

while vegetative cells were unable to survive scCO2 exposure. Spore preparations

of B. megaterinm SRf7 and B. licheniformis MR 4 maintained consistent viability

over long periods ( -2 years) in spore prep wash buffer at 4TC, though all B.

safensis strains demonstrated markedly lower survival (decrease of CFUs mil by

at least four orders of magnitude in 6 monthis). Growth of B. iegaterium SR7

and other strains was validated by triplicate incubation of spore stocks for 28-42

days using multiple media (Table 1). Growth was defined as demonstrating at

least one order of naguittude increase in cell density relative to starting

concemitration (~10 1 spores nl; Table 6).
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Bacillus selenitireducensMLS10

Bacillus. halodurans C-125

Oceanobacillus-iheyensisHTE831

Bacillus coagulans 36D1

Figure 2. 16S rRNA phylogenetic tree of McElmno

Dome isolates (red). isolates studied in Peet et al. (2015:

blue) and additional closely related Bacilli.

Table 6. Summary of results from strain isolate SCCO2

incubations in pure culture

Incubation Duration Strain Media Growth Max cel l s/mL

B. muetatriluml SR7 SR 1 2 .Ux1B'

B. icheniformis MR14 IR 3'3 1.2xIP

B. safmisis NI7C NR 1 3 S.1x1()7

B. safensis MTR Ni B 1 l.x 107

B. safensis NIR2 MR 1 2 S.sx il

13. safensis FMI FM 2 1 :3.5x 1B
S1 1 3 2.0x10

3. meaterium S1R7
LB :3,3 6.x1)
MIB I 1 1.SxiB

6

P2 2S days B. licheniformis MB
LB 1 3 2.3x10

13. safensis NR7C NIB
IM 1 3 1.4x10

13. megateriun 5117 LB 1 3 3 .x10

MRB ) 2 1.2x1ll
13. safensis N1112

LB 0 2 I.sxI

P3 1l2 days NIR 1 3 1.!xo"
13. salensis NMB711 11B 1 3 (;.: x 1 o'

1R 11 6.xli
I. safensis FN4M

113 3 1.:x3l
7
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Based on the results from t he original four rounds of enrichment passaging

(N1-MN4) and subsequent pure culture scCO2 incubation trials from spore stocks

(P1-P3), strain B. rrmegaterium SR7 generated the most consistently roblust

growth. especially in LB media (6 6 combined growth in P2-P3). Thus, strain

SR7 was selected for physiological, metabolic and genomic investigation with the

intent of optimizing growth undler scCO2 . Isolates B. lihe ifoY'Mrmris M 1R4 and B.

safensis F1\14 also demonstrated strong growth during enrichnent passaging and

inl pure culture. and thus may be useful strains for future development.

3.3.2 Isolate SR7 genomics

The genone of B. megateruim SR,7 was sequenced to determine its

metabolic capacity and enable the development of genietic manipulation tools for

bioproduct Iathway enigiineering. PacBio sequencing and assembly resulted in six

contigs (DNA fragments) from B. megate'riUr. SR7 (Table 7).

Table 7. S87 Siiimary of Pacflio geiWiiie soi)(i(Cg Pssemly 11d 1 AST aniOtation statistI(s

% Bases Plasmid- Sporulation/
Contig DNA Type Length Cae Coverage ORFs

Called Associated Germination

I Cli-omosomnie 51 19612 100.0 40.7 5,696 3 1941

2 Plasini l Id 21958 99.9 57.0 35 11 6
3 Plasiniid p2  17283 100.0 50.5 19 4 2

4 Plasimid p.3 9202 79.2 20.8 13 3 1

5 Plasidii p4 7873 92.5 6.7 31

6 Plasmid p5 2921 52.2 0.5 4 2 1

The largest contig is 5,449,642 bp with 40.7X coverage and 39% GC

content. while the other five comtigs are between 2.9 kb and 22.0 kb (Table 7).

Comparison of SR,7 contigs with reference B. ineyateriumn strain QMB1551

showed nearly 1:1 synteny of the largest SR7 contig and the main chromosome of

QM B1551, as well as similarity between the smaller SR7 contigs and QM B1551

plasmids. After synteny-based adjustments enabled the SR7 chromosome to he

closed (Figure 3), it was submitted to RAST for functional annotation along with

the five smaller contigs. RAST chromosome analysis called 5,696 coding ORFs,

with 13 complete rRNA operons with 5S, 16S and 23S rRNA genes and one extra

5S rRNA gene.
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Chromosome: 5.45 Mp Plasmids: 59.2 khp

454000

pl22.0 kbp

1080000 2 1 kp

p3 9.2 kbp

2 700000

Figure 3. Schematic of the B. rncgaterium SR7 5.51 MBp genome. including the closed 5.45 MBp

chromosome. Concentric circles (outside in) are BAST ORFs (blue). rRNA and tRNA (green lines

on grey circle), GC content, and GC skew. Asynmetry in GC skew indicates proper chromosome

assenbly (Grigoriev, 1998). Circles at right represent five putative plasmids native to SR7.

Genonic annotations of carbon metabolism in SR7 include genes associated with

glycolysis, the Entner-Doudoroff Pathway, TCA Cycle, Pentose Phosphate

Pathway, Glyoxylate Bypass, and acetogenesis from pyruvate. Annotation of the

SR,7 chromosome also reveals the genomic potential for broad fermentative

reactions, including utilization of glucose, fructose, imannose, and xylose, and the

production of butyrate, lactate, butanol, acetate, 2,3-butanediol, and ethanol.

No genes associated with direct carbon fixation pathways were detected in

the genome (i.e. Calvin Cycle. Wood-Ljungdahl Pathway, rTCA cycle, etc.).

However, the annotation of carbonic anhydrase, which facilitates conversion of

CO 2 to bicarbonate (Smith and Ferry, 2000), carbanoyl-phosphate synthase,

which incorporates bicarbonate for pyrimidine and arginine biosynthesis (Arioli et

al., 2009), and phosphoenolpyruvate carboxylase, which catalyzes the irreversible

addition of bicarbonate to phosphoenolpyruvate, indicates the capacity for SR7

to utilize and assimilate CO 2 species, potentially as a mechanism for aiding in

high pCO2 exposure survival (Santillan et al., 2015, Arioli et al., 2009). The

presence of carboxylase may prove useful for future engineering of C0 2-

consuning metabolic pathways as a sustainable substrate in addition to solvent

under scCO2 conditions, especially in light of the previous demonstration of B.

megaterium carboxylase activity under scCO2 (Matsuda et al., 2001).
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Annotated inorganic redox metabolism-associated genes may ultimately

prove useful by informing growth media amendments or elucidating the capacity

for SR7 to grow on alternative substrates, including treated wastewater, e.g. by

denitrification (Yang et al., 2012), reducing the need for expensive carbohydrate

substrates. SR7 genes of this nature include assimilatory sulfite reductase

(NAPDH-dependent), sulfite oxidase, assimilatory nitrate reductase, dissimilatory

nitrite reductase (nirBD), nitric oxide reductase denitrification genes (norQD),

and an arsenate reductase detoxification gene (arsC). Physiological annotations

of the SR7 chromosome that hold potential utility as components of a microbial

bioproduction system include a full suite of sporulation genes, siderophore

assembly and uptake, flagellar motility, the twin-arginine translocation (TAT)

system, and PHB metabolism, the last of which indicates a capacity for

redirecting flux toward concentrated storage of excess carbon. The endogenous

TAT secretion system, may be useful for developing the ability to secrete specific

products in the event that bioproduction focuses on the generation of proteins or

enzymes.

Because the five smaller contigs failed to thoroughly annotate via RAST

(i.e. a majority of hypothetical genes), RAST-called ORFs were submitted to

Blastx for amino acid level annotation. All five contigs are annotated as

containing plasmid replication, recombination, and mobility genes, as well as

genes previously identified on other Bacillus spp. plasmids, and sporulation-

related genes, content consistent with previously characterized B. megaterium

plasmids (Eppinger et al., 2011). As a result, the five putative plasmids native to

SR7 are designated (in order of decreasing size) plasmids p through p5, the

RAST statistics and Blastx annotations for which are listed in Table 7. In

comparison to the five putative plasmids in strain SR7 (59.2 kb total), seven (426

kb total) and three plasmids (91.3 kb total) were previously detected in strains

QM B1551 and WSH-002, respectively, providing precedent for extra-

chromosomal gene content in B. rregaterium.

The B. megaterium SR7 genome size (5.51 Mbp) is slightly larger than

several previously sequenced B. megaterium strains, including QM B1551 (5.1

Mbp) and DSM319 (5.1 Mbp), and approximately 33% larger than strain WSH-

002 (4.14 Mbp). B. megaterium isolate SR7 and industrial strains QMB1551 and

DSM319 share 96-97% average nucleotide identity (ANI). A comparison of shared
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gene content Iased 1on BAST annotations of SR7 and the three B. mregaterTum

type strains reveal that approxiiately 12%, of the SR7 genonie consists of gene

content not ol)serve(d in three fully se(lnence( B. m(egater1*iLro, strains. Ilowever.

the 11nler of ORFs called by P AST appears to ln(lerestinate the nunl)er of

gene calls in the original sequencing st.d(ies assoc(iated with each stiain (i.e.

DSM319 BAST 2.898 ORFs. Eppinger et al. (2011) 5.272 ORFs: QM\ B1551

BAST 2.915 ORFs, Eppinger et al., (2011) 5,284 ORFs: WSH-002 RAST =

2.872 OR s. Liii et al. (2011) 5.269 ORs). According to the PAST re-

annotation of these subm1)nitte(d genomes. genes uniqe to SR7 incldi(Ie a gas vesicle

structnral protein (gvpA). genes associated with biotin svnt hesis regulation

(bioHR). a carboxvsone strncti'al gene (cCmIIM). a cell wall teicloic acidi

glycosylation gene (gtcA), several phage annotations, and chromosome plasiind

partitioning genes (parAB).

3.3.3 Physiological characterization of SR7 under ambient conditions

Strain B. inegatcriun SR7 was subjected to chenical and teiperatllre

characterization experinents uinder an ambient atmosphere to establish

con(ditional growth ranges an(d optima of' facultative aer'o)ic gmowth. Ihe results

of' these assays are pr'esentecl in Table 8. pH growth experiments 'evealed tie

Table 8. SulIInary (f viIble SI 7 growth il Table 9. S1R Aiit'iiotic seiisitivity assav s inny

LB nidia over chenicaiIl nd tcinperactuire

I'MAoies 1lder Herobic coniditioIS

Condition Range Optimal

pH" 4-10 6-7

INAB(I (g/L) 0-100 0-10

NaiH'CO: (m ) 0-300 0-100

Temperature ("C)( 23-45 :37

Assayed ranges mid durlionlos:

.ill: 2. 1. G. 7. 8. 10. 12 over 12:1 h

'Salnilv: 0, 5. II. 501 80. 100 g L over 36 h

Bicarbonate: 0. 100. 300. 500 mnAlu over 36 11

lemperature: 9, 23. 27. 30, 37. 15. 55C over 73 h
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fastest growth between pH 6-7 with an extended lag phase of 76 hours for pH 4

and 10, and no growth after 123 hours at pH 2 and pH 12. LB and Biolog salinity

assays revealed diminished growth of SR7 above 10 g/ 1 NaCl. Increasing

bicarbonate above 100 imIM also led to decreased growth. SR7 growth is

supported between 23'C and 45'C, with growth not observed after 73 hours at

90C and 55'C. Sensitivity to all tested antibiotics (with intermediate sensitivity

to spectinomycin; Table 9) may be exploited for aspects of biotechnology

development methods, including selective markers for transformations. Biolog

assays revealed SR7 growth was also inhibited by D-serine and Niaproof 4, which

are known to inhibit cell wall synthesis and emulsify lipid membranes,

respectively.

Biolog assays also established which potential sole carbon sources may be

useful in future SR7 culturing and allowed comparison between SR7 and closely

related B. megaterium strains DSM319 and QM B1551. While all three strains

demonstrated robust growth on TCA Cycle intermediates citric acid and L-malic

acid, DSM319 and QM B1551 both grew on L-lactic acid and L-glutamic acid,

while SR7 did not (Table 10).

Table 10. SR7 and alternative B. incgateri-wat strains categorized

I)y robust (+++), marginal (--) or no (-) growth on Biolog sole

carbon sources (no metals added). Only carbon sources enabling at

least one strain to demonstrate rolbst growth are listed.

Carbon Substrate SR7 DSM319 QM B1551

Citric Acid +++ +++ +++

L-Malic Acid ++ + +++ +++

L-Lactic Acid +++ + + +

L-Glntamic Acid + +++ + + -

o-D-Ghucose + +++ +

Dextrin + +++ +

D-Niannitol + +++ +

D-Gluconic Acid + ++ -I- +

L-Aspartic Acid + +++ +
N-Acetyl-D- Glicosamine -+ +-+ + +
L-Histidine + +++ +

Bromo-Succinic Acid + +-+ + +

D-Maltose - +++ +

Sucrose - ++++

-Hydroxy-DL-Butyric Acid + + +++

D-Saccharic Acid - - +++

SR7 growth was markedly increased upon addition of trace metals solution

to Biolog media (Table 11), including on substrates D-raffinose, Ot-D-glucose, y-

amino-butryric acid, myo-inositol, L-arginine, D-gluconic Acid, citric acid, N-
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acetyl-D-glucosamninc, L-glutamic acid, D-turanose, and L-pyroglutamic acid.

Malic acid appears to have facilitated robust growth only in the absence of

metals. SR7 was able to grow on several carbon sources in the presence of metals

that strains DSM319 and QM B1551 grew on without amendment (e.g. L-

glutamic acid, ox-D-glucose, sucrose, N-acetyl-D-glucosamine, etc.), which suggests

that metal-bearing co-factors specific to SR7 catabolism may require elevated

metals concentrations to properly function. Initially, SR.7 demonstrated robust

growth on 2/71 Biolog suibstrates, improving to 12/71 upon addition of metals.

These 12 substrates have thus been identified as potential sole carbon sources for

metals-amended defined media.

Table 11. SR.7 robust ( i +, ), marginal (+) and no (-) growth in unarmended (I & II) and

trace inetals-amnd(e d ( carbon source Biolog plates. Maximum growth for each plate trial is

noted by an asterisk. All substrates (and neiarive control) listed.

Carbon Substrate I TI - Metals

Cit ric Acid ++ 4 ++ +++i
a-D-Glucose +++

L-Arginine +-+-
D-Ghiiciic Acid -c

L-Asimrtic Acid + c

N-Acctvl-D- Glucosaimine ++*

L-Glutamic Acid +++

I)-Tuin IIose - -f

L-Py rIog luttic Acid +

D-Raffinlosc. +
y-Amino-Butryric Acid -

Myo-hnositol
L-Malic Acid ++ ++

Gelatin + -

Pecti+ +

Dextrill + +

ot-D-Lactosi +-+

D-Mannitl -- + +
Niethyl Pyrvate ++,

D-Nlibiiost
D-Fr ctosc

D-Aabitol +4 +
L-Alanine +4+

D-Lactic Acid Metliv] Estcr c +

D-Galactose
L-Latic Acid +
P-H ydi xy-D,L- But.ric Acid -+

D-Cellobiose - i +
D-Salici+ +

Glycorol + +- +
GentIbioNSe 4,+ +
ci-Keto-Glutaric Acid+

L-Histidinv +4

Stachyse +

131romo-Succiic Acid 

D-Maltose - - +

Carbon Substrate I II Metals

D-Trehalose - 7
p-M Ithyic-D-G i cisidi - + +

Si Iciose - + +

iositi -

D-Sorbitil - -

3-NictyliI Glucose - -

D-Giicuronic Acid + -

Acetic Acid + -

L-Serine + +

Twecin 10-
D-Galcoic Acid- +

L-Gilat(ntic Acid Lact I - +

Acetoacetic Acid - a- -
Mticic Acid - + -

Propionic Acid - + -

Quinic Acid - -- -

D-Stcchric Acid - - -

D-Fcictose- 6-P+) + - -

N-Actyl i-D- Galactosamine i - -

Formic Acid + - -

Nigative Control - -

ps-Hiydroxy- Iiliitic AXciid - - -

D-MBN ose - - -

Glycyl-IcProlint -

ot-Hydroxv- Buttyric Acid

a-Kcto-Hiitic Acid - - -

D-F~co)Sc

D-Glucose- 6-P) -
GICIIIoiamide - -

N-Acety--D- Mannosami- - -

L-Fuvosc
D-Malic Acid - -

L-Rhlummose

D-Asparti Acid - -

N-Ai ity\I Neuiminic Acid

D-Sirine - - -

3.3.4 SR7 activity under 1 atm CO 2

As described in the methods, culturing experiments under 1 atm CO-) were

used as a proxy for sCCO 2 conditions. Modeling using the ideal gas law indicates
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that for rich media, predicted dissolved CO2 concentrations for ambient air, 1

atm CO2 , and scCO 2 are 1.2x10-5 M, 2.6x10-2 M and 2.7 M, respectively (Peet et

al., 2015). Therefore, exposure of SR7 cultures to intermediate dissolved CO 2

content and pH conditions at 1 atm CO2 may inform beneficial process

improvements for enhanced growth under scCO-.

Growth dynamics and process engineering

Assays conducted at 1 atm CO2 showed that increased shake speed led to

faster cell growth in spore-inoculated cultures (Figure 4) and also facilitated more

rapid growth of passaged vegetative cells (Figure 5).

A

-150 RPINI
+250 RPNI

:---350 )PNl

B

150 RtPM

+250 RPM
350 RPM

U

----------- 4

11) 15 201 -5

Time Elapsed (h)

Figure 4. Effect, of mixing rates on SR7 spore germination in

A) CFU mL and B) ODsiou
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LB under I atm CO9 as measured by
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Figure 5. Effect of mixing rates on passaged SR7 vegetative growth in LB under 1 atm CO., as measured

by A) CFU nL and B) OD 00))
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Increased shake speeds also enabled higher biornass accumulation, as the

maximum OD6 0 0 reached by 150 and 250 rpm samples were 57% and 79% the

OD6 0 0 maximum for 350 rpm, while maximum CFU counts reached by 150 rpm

(1.5x10 7 CFUs/'ml) and 250 rpm (1.8x107 CFUsmnl) samples were 43% and 51%

of the maximum count for 350 rpm (3.5x1O7 CFUs/ml), respectively (Figure 5).

However, it appears that cultures that reach maximum biomass accumulation

due to increased mixing rates also may reach stationary phase and crash more

quickly, a result often associated with end product toxicity in fermenting cultures

(Figure 5A). Therefore., due to the accelerated growth rate of SR7 at 250 RPM

and the ability to sustain high biomass without experiencing a precipitous drop

in CFU counts (as with 350 rpm), a shake speed of 250 RPM was utilized for all

subsequent incubation experiments.

Minimal medium formulation (M9+)

Development of a minimal growth medium enables examination of

microbial physiology, determination of nutritional growth requirements, and

holds potential to reveal the metabolic pathways through which carbon flux

occurs during growth under various conditions. Initial attempts to grow SR7 in

Table 12. M9 supplemented growth outcomes under 1 atm CO)

M49 Amendments Growth

0.4% Glucose -

0.4% Xylose
0.4% Glucose IX Metals
0.4% Xvlose IX Metals -

0.OOIX LB -
0.01X LB
0.001X YE
0.01X YE
0.00IX LB 0.4A Glucose

0.(IX LB 0.4' Glucose
0.01X YE 0 1% Glucose
0.01X YE 0.4/ Glucose 5 mM NaNO:
0.00IX LB + 0.4% Glucose + 5 mM NaNO1
0.01X LB 0.4V% Glucose + 5 mM NaNO:,
0.00IX LB I.4A Gluose 0 .X Metals +++

0.01X LB +0.4%C Glucose+ 0. 1X Metals
0.01X YE 0./% (lucose I 0.IX Metals
0.01X YE 0.4/ Glucuse + 0.25X Metals +++

0.01X YE 0.4% Glucosp I 1X Metals +

0.(IX LB + 0.4% Glucose 5 M\ NaNO . 0.IX Metals I
0.01X YE 0.4% Glucose 5 mM NaNO3 (t i.X Metals +. +

LB/Yeast Extract (YE) Dilutions
0.01X LB 100 mg L Irypton. 50 m,. YE. 101)1 1 L NaCt

0.001X LB 10 mi- L trYptone. 5 5 L YE. 10 mg L NaCl
0.01X YE 50 m- L

0.001X YE 5 m, 1

100
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M9 base medium under 1 atm CO2 with 0.4% glucose or 0.4% xylose as sole

carbon source in the presence and absence of a trace metals solution were

unsuccessful (Table 12). Subsequent growth assays revealed the necessity for

both a de facto vitamin/ co-factor supplement (i.e. dilute LBYE at

concentrations insufficient to independently support observable growth) and trace

metals solution to be present in glucose-amended media to enable robust growth

(Table 12; Figure 6). The use of NOY- as a potential alternative electron acceptor

did not demnonstrate any pronounced effects on growth rates or biomass

accumulation, despite genomic evidence for potential nitrate, nitrite reduction

capacity. Due to potential conflicts between xylose-induced biomnass accumulation

and heterologous gene expression. media development proceeded with glucose as

sole carbon source. Since substituting out 0.01X LB for 0.01X YE (i.e. IX is the

concentration of YE present in LB, 5 g/1; 0.01X YE = 50 mg/1) generated similar

outcomes, media development proceeded with YE due to its more defined nature.

0.1X trace metals solution proved the most effective concentration for

enabling rapid growth of passaged vegetative cultures. Although 1 atm CO 2

passaged cultures in M9 +- 0.4% glucose + 0.01X YE amended with 0.25X and

1.0X trace metals achieved the same rnaximuun OD6(0o as 0.1X metals-amended

cultures, lower OD6 00 values at intermediate time points suggested diminished

growth rates relative to 0.1X metals (Figure 6A). Further investigation revealed

A B
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that while cultures in the presence and absence of 0.1X trace metals reach

intermediate ODoo values at approximately the same rate., metals-amended

cultures continue to grow while non-amended cultures appear to enter stationary

phase (Figure 6B). The effect of trace metals on accelerated anaerobic growth has

previously been observed in (David et al., 2010), who suggested that bacteria

require metal co-factors to improve growth outcomes.

The final combination of M9 + 0.01X YE + 0.1X metals - 0.4% glucose is

designated "M9+" medium, and was used as the base semi-defined minimal

medium for all subsequent sole carbon source experiments. After establishing

M9+ medium components, 1 atm CO 2 growth curves conducted in both M9+

and LB media revealed SR7 anaerobic doubling times based on OD(mo of 1.93

0.1 h and 2.07 0.1 h, respectively (Figure 7). OD6 0 0 values and glucose

consumption for M9-1 media incubations appear to indicate log phase growth,

then a brief stationary phase, followed by steady increases in OD and glucose

consumption (though a decrease in CFUs). It is thus possible that M9 1 media

leads to diauxic growth. Though the source of this behavior is uncertain, 1 atm

CO 2 fermentation products analysis (discussed below) shows that M9+ cultures

rapidly accumulate ethanol, followed by the production of several acids (acetate,

lactate, succinate). which may indicate a shift in metabolic pathway utilization

due to substrate exhaustion or a response to end-product toxicity.

A B

Figure------ -. IR grFwt dyfm 0ne t ~ 7 C1 25 p O oo e:C U m :b ) E 0d

gWs s (gr1 MF y A Mt

Despite positive growth on glucose as a sole carbon source in M9+ defined

nmedium, SR7 showed a reduced growth rate under the same culturing conditions
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in LB supplemented with 0.4% glucose, including both with and without metals

solution, as lemonstrated by an extended lag (Figure 8A). Similar results were

generated under aerobic conditions (data not shown). Incomplete glucose

A B

0. 34%

---------

f M 15 20 L13 0.4% Glicucs LB t Glucose Metals

Time Elapsed (h)

Figure 8. SR.7 cultures in LB under I atm CO2 . 37C. 250 rpm show A) a lag phase when glucose-

amended, as measllred by ODmO and B) incomplete glucose consumption after 24 hours

consumption after 24 hours (30-34% glucose remaining; Figure 8B) further

indicates that LB-amended glucose is not fully utilized either due to growth on

an alternative substrate (i.e. dilute YE or tryptone), or because glucose

consumption during growth in LB medium is generating a toxic concentration of

metabolites. Evidence from aerobic cultures demonstrate that after 2-3 hours,

SR7 accumulates and maintains -0.6 g/1  acetate, while LB only cultures

accumulate 0.4-0.5 g/l acetate after 5 hours, at which point it is consumned as a

Figure 9. Phase contrast light microscopy of SR7 vegetative cultures. (Left) PHB-filled (bright cells,

black arrow) and nembrane-degraded SR.7 cells (transparent, red arrows) in glucose-amended LB

grown under 1 atm CO 2. (Right) Cells grown in LB under 1 atin CO2 without glucose accumulate

observable, but smaller amounts of PHB granules. often (list ributed at the cellular poles.
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substrate (data not shown). These results suggest a potential mechanism for

growth inhibition by glucose-associated end product toxicity as well as glucose

repression of acetate re-assimilation. Inspection by phase contrast light

microscopy of SR7 grown in LB + 0.4% glucose under 1 atm CO 2 appears to

show an increase in PHB granules (Figure 9; polyhydroxybutyrates (PHBs)

confirmed by GC-MS, personal communication, Yekaterina Tarasova). The

membranes of many other cells appear to be nearly completely degraded, causing

cells to look completely transparent. In carbon-rich media like LB, it is possible

that the addition of glucose causes SR7 to become nutrient (P, N, etc.) limited,

but this is doubtful due to the proteinaceous nature of LB medium. As an

alternative hypothesis, as the consumption of glucose causes accumulation of a

toxic product (e.g. lactic acid, ethanol; Figure 10) SR7 begins storing glucose as

PHBs rather than increasing biomass. Therefore, only after the product has been

re-assimilated or conditions become favorable (e.g. 'media buffering) will cells

begin metabolizing stored PHBs and re-commence growth. Because previous

studies have shown high production of PHBs do not have a toxic affect on B.

megaterium (R.odriguez-Contreras et al., 2013) it is considered unlikely that PHB

accumulation itself is disrupting metabolism or cellular integrity.

SR7 fermentation products under 1 atm C02

SR7 cultures incubated under 1 atm CO2 in M9+ and LB media generated

a variety of fermentative products detected by HPLC. M9+ products are

expected to be derived from sole carbon source glucose, with otherwise very low

levels of carbon made available by dilute yeast extract (50 mg/1), while LB

carbon sources are provided by a mixture of tryptone and yeast extract.

After 5 hours, cultures in both media quickly generate ethanol (0.25 g/l in

M9+; 0.29 g/1 in LB) as the major product (Figure 10), indicating the use of

glycolytic fermentation potentially via pyruvate, as catalyzed by pyruvate

decarboxylase and aldehyde/ alcohol dehydrogenase, all of which are annotated in

the SR7 genome. OD-normalized ethanol production is especially high in the

M9+ incubations (3.54 g/l per OD6 0 0 ), suggesting that glucose is first

metabolized to ethanol before generating alternative products. In LB, however,

due to the less defined nature of available carbon, growth at 5 hours also

generates acetate (0.18 g/1 ) and succinate (0.13 g/1), possibly due to the more
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complex proteinaceous available substrates (Figure 10). Acetate may also be

generated through glycolytic fermentation, including via phosphate

A 305 C
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Figure 10. SR.7 fermentation prohicts under I atm CO2 in A) M9+, raw values B) M9+, ODooo-

normalized, C) LB. raw values, and D) LB. OD 10 1 -nornmalized as detected and measured by HPLC.

Average OD10 1 values (normalization factors) of prodcilng cultures are listed below each tine point.

acetyltransferase and acetate kinase, both of which are annotated in the SR7

genome. The production of succinate in cultures grown in LB may indicate TCA

Cycle activation, as succinate is one of its major intermediate products. OD-

normalized concentrations are comparable for all three products, which suggests

that multiple pathways may be active, unlike the concentrated ethanol

production in M9-, which appears to indicate a single dominant pathway for

metabolic carbon flux.

After 24 and 48-hour incubations in M9+ medium, alternative products

begin to appear, including lactate (24 hrs: 0.15 g l; 48 hrs: 0.07 gI), succinate

(24 hrs: 0.08 g/l; 48 hrs: 0.12 g/l), and acetate (0.11 g/ l; 48 hrs only), while

measured ethanol concentrations remain steady. The detection of succinate is a

potential indicator of TCA cycle activity and the presence of lactate suggests

active lactic acid fermentation via SR7 genome-annotated enzyme lactate
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dehydrogenase. OD-normalized results indicate that metabolite production is

significantly reduced on a per-cell basis after the 5-hour time point. Metabolite

profiles in LB incubations at 24 and 48 hours, in contrast, appear streamlined,

with only two major products detected: succinate (24 hrs: 0.50 g/l; 48 hrs: 0.49

g/1) and acetate (24 hrs: 0.12 g/l; 48 hrs: 0.15 g/1). OD-normalized values

indicate that metabolites continue to be generated at nearly consistent levels on a

per-cell basis through 48 hours. No additional volatile products (e.g. isobutanol,
isopentanol, phenethyl alcohol) were detected by gas chromatography at any sub-

sampled time points.

Observation of ethanol in LB cultures after 5 hours, but not at 24 and 48

hours appears to indicate that ethanol is being re-assimilated or utilized for

alternative product generation. For example, the decrease in ethanol

concentration between 24 and 48 hours is nearly equivalent to the increase in

succinate concentration, suggesting that ethanol may be converted to

acetaldehyde, acetate, and then acetyl-CoA (via the reversible enzymatic activity

of alcohol dehydrogenase, aldehyde dehydrogenase, and acetate kinase,

respectively; e.g. Camarena et al., 2010) prior to entry into the TCA cycle. Since

OD-normalized metabolite concentrations in M9+ also show a pattern of

decreasing ethanol concentration with increasing alternative metabolite

concentrations, the re-assimilation of ethanol may be taking place during growth

in both media types. Alternatively, if end products are accumulating to toxic

concentrations, it is possible that cultures may perpetuate growth by

metabolizing components of dead cells.

SR7 germination induction

Because germination and growth of spores under scCO 2 conditions has

previously been shown to be a stochastic process (Peet et al., 2015), an effort was

made to improve germination rates during scCO 2 incubations in order to be able

to express heterologous enzymes more quickly and consistently. The literature

has shown that a broad array of compounds, including several L-amino acids, and

peptidoglycani are able to induce metabolically dormant endospores to germinate

(Wei et al., 2010). These inducers have to be shown to activate germination in

Bacillus through several independent pathways (Hyatt and Levinson, 1962). Two

amino acids (L-alanine and L-leucine) previously shown to induce germination
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through different pathways were chosen for investigation with SR7 to increase

the likelihood of success in an uncharacterized strain. Initial assays in LB under 1

atm CO 2 as a proxy for scCO2 conditions demonstrated that L-alanine-ainended

cultures germinated by 4.5 hours, while unamnended cultures grew between 4.5

and 6 hours after inoculation (Figure 11).

LE 07 -
-+-- Cont.rol

-- Alaiue (100 mMI ')
*--5(' Actiatedi (15 Ei sd)

Figure~~ ~~~~ -11. Gemnainio SI~ pores udr1amC2i Bmda 0 MLaaie

- - antiI ortss
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Figure 11. Germination of SR171 spores und~er 1 atmn CO.) in LB media. 100 ink L-alanine-

amended LB. and LB heated at 65'C for- 10 inutes. Open triangles r-epmrsenting viable

spor-e counts based on beat-killed (80'C for- 15 inuttes) CFU counts.

After germination, growth occurs at nearly identical doubling times by OD6 00

(M9A-: 0.86 h; M9+: 0.89 h), suggesting that the effect of alanine is specific to

the germination process rather than improved growth rates. Heat treatment

reduced SIR7 germination (marginal growth at 6 hours) rates and increased

doubling times (1.11 h), despite previously being shown to induce spore

germination spores for certain Bacillus species (Hyatt and Levinson, 1962). It is

possible though that in the case of SR,7, rather than inducing germination, the

heat treatment is lethal to a sub-population of spores, decreasing the munber of

viable spores available to germinate and grow. During the initial period of

vegetative outgrowth spore concentrations remain nearly constant (Figure 11).

As a result, it appears that individual spores or sub-populations will germinate
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and commence vegetative growth while remaining spores stay dormant, at least

initially. Therefore, adding an inducer such as L-alanine provides a consistent

source of growth potential to a pool of dormant cells.

Because phosphate buffered saline (PBS) solution does not have an

available carbon source. spore-inoculated PBS cultures with inducer amendments

under 1 atnim CO 2 headspace enabled investigation of the anaerobic germination

process independent of growth. Results assayed by fluorescence microscopy. bulk

fluorescence and OD60 0 demonstrate that germination is induced by 3 hours,

including with 100 and 250 mM L-alanine, 25 mM L-leucine and heat-treated 100

nM L-alanine (Figures 1 and 12). All incubated cultures showed an approximate

2-fold increase (1.9-2.1-fold) in fluorescence magnitude after 3 hours, eventually

reaching a maximum at the 8.5 hour endpoint of 2.4-fold the bulk fluorescence

(100 mM L-alanine) of PBS only incubated spores. By 24 hours, every inducer-

amended sample also had a lower OD6o than unamended PBS samples,

indicative of the flooding of the spore interior after spore coat degradation.,

decreasing the cell's index of refraction.

100 [A 60 PBs Oil B
PBS Only

25 ni Lewn e -,
gn '~ - 4 -250 mINM .\Inim

* 250 inNM Alidnme- IA~uuH
8~~0 +nN 1A m aunenHi-41 100 niM Alauino 50 1 ) u ~

+ 0 1M( Ala I eat

61) 1 35+
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E:psed T ( r25(

Ao) 15

1 2 3 41 5 6 7 8 9 0I 1 2 3 1 I 5 6 7 9 1

Elapsed Time (Hours) Elapsed Time (Hours)

Figure 12. Assays tracking the extent, of popul tation- level germination progress in PBS buIffer by

A) cell stain pattern by fluorescence microscopy anmd B) culture bulk fluorescence.

A similarly pronounced inducer effect was observed by fluorescence

microscopy direct filter counts based on spore staining patterns indicative of

dormancy and germination. All treatments increased the percentage of
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germinated cells by 3 hours relative to PBS incubated spores (Figure 12).

According to filter counts, unamended PBS incubated spores maintained a

constant, low-level abundance of germinated cells, increasing from 14.7%

germinated at to, to 19.8% at 8.5 hours. Inducer-treated cultures increase more

substantially, from 16.7-18.9% at to to 63.8-75.1% at 8.5 hours. Since all cells

that showed stain membrane penetration, including whole cell and center-

localized (Figure 1), were considered "germinated," it is possible that "percentage

germination" values in Figure 12A may be overestimates. Microscopic inspection

of inducer-amended PBS incubations did not reveal any vegetative cell

morphologies, suggesting that L-alanine and L-leucine are not being utilized as a

carbon source for growth in PBS.

The effect of heat treatment on PBS cultured spores (also amended with

100 mM L-alanine) generated mixed results. After initially increasing in bulk

fluorescence, heat-treated cultures steadily decreased in bulk fluorescence, while

microscopy indicated that heat treatment increased germination to the highest

observed frequencies (Figure 12A). However, this result may be due to spore coat

damage during heat treatment at 700C that caused more cells to become

susceptible to membrane penetration by Syto9 cell stain. Therefore, without

further physical evidence it is difficult to conclude whether the apparent

germination inducing effect by heat treatment is a genuine result or false

positive.

Delayed germination induction experiments in which spores incubated

under 1 atm CO 2 for 14.5 hours in PBS were amended with L-alanine or L-leucine

and assayed for germination after 9.5 hours demonstrated the capacity to actively

germinate in the presence of inducers mid-culture. Higher concentrations of L-

alanine and L-leucine did not appear to improve the extent of germination

relative to lower concentrations, suggesting that the capacity for SR7 spores to

be germinated saturates at or below 100 mM L-alanine and 10 mM L-leucine. The

observed effects caused by both amino acid inducers were conparable in

magnitude (Table 13). Follow-up investigation of a physiological state change in

endospores caused by alanine amendment to carbon-free PBS cultures was

ultimately verified by use of FCM, as explained below in section "Physiological

signatures of induced germination."
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Table 13. Germination assays 9.5 hours after delayed induction in

PBS under 1 atin CO2 (OD (lecrease indicative of germination)

Fluorescence OD6 0 0Inducer mM
Fold Increase Fold Decrease

250 1.4 1.2

L-alanine 100 1.4 1.2

25 2.1 1.5

L-leucine 25 2.0 1.2

10 2.0 1.2

3.3.5 Physiological signatures of induced spore germination

Additional investigation using flow cytonetry (FCM) sought to build

upon preliminary LB-based evidence (Figures 11-12; Table 13) to verify a

physiological effect of alanine on spores during the transition from dormant to

germinated cell. FCM data collected on Syto16-stained SR7 cells from

unamended and L-alanine-amended PBS cultures revealed two populations

capable of gating on side and forward scatter (Figure 14): 1) PBS only incubated

cells (Population 1) and 2) L-alanine-amended PBS cells (Population 2). Based

Coats Cell Wall Remaining Coat

Cortex
Cotx STAGE I A~VTO STAGE 2: GERMINATION STAGE 3: OUTGROWTH

Cation release Cortex hydrolysis Active metabolism
Ca-dipicolinic acid release Additional core hydration Macromolecular synthesis

Partial core hydration Core expansion Consume nutrient stores
Reduced stress resistance Loss of dormancy Escape spore coat

B FCM DNA Stain Physiological
Classification Fluorescence Distribution State

"Donnt" Low Edlg(-localized Intact S pore

"Activated" Medirir Center-localized Stage 1-2

"G'ntieiated" High Wiile cell Stage 2-3

Figure 13. A) Schematic illustrating the physiological process of endospore germination (Adapted

from Reineke, 2013; Setlow, 2003), and B) The defining traits and hypothesized corresponding

physiological state of three detected spore populations.
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on Syto16 and propidiun iodide (PI) fluorescence intensities, three additional

populations could subsequently be gated based on unique Sytol6 and propidium

iodide (PI) fluorescence signatures. These individual populations appear well

correlated with visual evidence by fluorescence microscopy of three staining

patterns of varying intensity (whole cell, center localized, edge localized; Figure

1). These staining patterns and germination stage categories can be thus be

mapped onto each other schematically (Figure 13).

Population 1 (PBS) and 2 (PBS + L-alanine) display marked differences in

terms of fluorescence magnitudes and distributions (Figure 14).

D
Population 2 (+Ala Scatter)

25 II N I Sytol6

L-alanine

Population 2 (+Ala Scatter)

SytO16

C
Population 1 (PBS Scatter)
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2  

1 105

Sytoa6
L-alanim I
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0 1

Sy olO

B
Fluorescence Gating

102 103 10, los
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L-aaine h
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2 103 10 10S

SytO16

A
Fluorescence (PI vs. Syto16)

SPoplati- 1 (PBS Scat )

P- pulation 2 (+A[. Sattr)

12 14 10 10

+25

-ayine

Fluorescence (PI vs. Syto16)

Popa tin I (PBS s0 atter)

P1 pulati 2 (+Ala S iotter)

2 t2
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Figure 14. Flow cytomnetry results. A) Fluorescence distribition of all counts previously gated by

side/ forward scatter gates (red: Population 1. blue: Population 2). B) A subset of those counts were

then gated by GFP and PI fluorescence intensity (orange: low dornant; puirple: interimediate/ activated;

blue: high germinated. C) The distribiution and intensity of Syto16 flutorescence il Popilation 1 and

D) Population 2. The top pianel is for SR7 spores incubated in PBS and the bottom palinel is for SR7

spores inclubated ili PBS amended with 25 mM L-alanine.

A wide majority of spores incubated in PBS are gated as dormant cells (74.3%),

with 22.0% and 3.7% gated as activated and germinated, respectively (Figures 14

and 15). When L-alanine is amended to PBS cultures, fluorescence distributions

shift towards activated (44-69%) and germinated (1.38-31.8%) fluorescence

signatures (Figures 14 and 15). These results reinforce the implication that L-

alanine acts to induce physiological changes involved in the progression from

dormant endospore to germinated cell.
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3.3.6 SR7 growth and activity under supercritical CO 2

Results generated un(er aerobic and 1 atmn CO conditionis investigating

the plysiology, growth dynamics an(1 germiination inliIction of B. megateriutm

SR7 were integrated in an effort to generate robust growth and pro(luctioin of

natural products unider scCO 2. Chemical induictioin experimients in P-LB miedhim

spore-loadled scCO 2 inculb)ations (Table 14) revealed that L-alanine confers a

statistically significant improvemellt. ini germinatioi rates anl growth outcomes

relative to inducer-free cultures (Figure 16), while L-leucine re(liice(1 growth

frequency inider scCO 2 conlitions relative to controls. Growth was defined as at

least o1e or(ler of magnitdi(le increase in bioimass accor(liiig to epifluorescence cell

counts:

1) high growtl: >40-fold increase in direct cell counts relative to to cell (lensity

2) low growth: >10-fold increase in direct cell counts relative to to cell density

3) germinated: 10-fold increase, mixture of vegetative cells and spores

4) (lorliant: ':10-fold increase, only spore morpliologies observe(l
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Table 14. Growth outcomes for unainended

and induced sCCO 2 cultures

Incubation Duration Media Growth

P-LB 3/7
P-LBA 5/7

A 18 days P-LBA (+Heat) 3/6
P-LBL 1/7

P-LBAL 21/7
Neg Ctrl 0/4

P-LB 1/7
P-LBA 5/7

B 20 days P-LBL 0/6
P-LBAL 2/6
Neg Ctrl 0/4

P-LB 1/6
C 18 days P-LBA 3/5

Neg Ctrl 0/4

Overall, growth was observed in 63% of all cultures amended with L-

alanine, while only 36% of unamended reactors showed growth (Table 14).

Median fold increase in cell concentration for P-LBA cultures was 37.5 and for

unamended phosphate-buffered LB (P-LB; Table 1) was 22.8. Using growth

frequency and fold change as inputs for non-parametric modeling of scCO 2

growth outcomes established that L-alanine conferred a statistically significant

improvement on growth (p = 0.0036) relative to P-LB cultures by a

Wilcoxon/Kruskal-Wallis Test. L-leucine (P-LBL media) only generated growth

in 7.7% of reactors, while the combined treatment of L-alanine and L-leucine (P-

LBAL) resulted in 31% growth frequency. Diminished growth in L-leucine

reactors suggests a neutral to inhibitory effect on SR7 scCO 2 germination and

growth, which is unexpected based on 1 atm CO 2 results (Table 14). As the L-

alanine + heat treatment reactors (50%) also did not grow as well as non-heated

L-alanine reactors, L-leucine and heat treatment were discarded as potential

growth enhancing components of the microbial bioproduction system.

After verifying the positive growth effect of L-alanine on spore-loaded P-

LBA scCO 2 cultures, two rounds of 18-20 day scCO 2 incubations of SR7 spores in

M9A+ displayed growth in 11/18 reactors and 5/7 reactors, respectively. The

total frequency of growth in M9A+ (64%) is thus comparable to P-LBA (63%),

though M9A- appears to increase the frequency of high level (>40 fold) growth

(56% in M9A+ vs. 26% in P-LBA; Figure 16). Despite similar overall frequencies,

median biomass accumulation was improved for cultures grown in M9A+ (64.3

fold increase) relative to P-LBA (37.5 fold).
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Figure 16. SRT germimiatimn n1 growt h frei wicies 1ii dter scCO 1 in respect ive n(he a based1 onl

tioiiitilaitive results puol 1 from mlllltiple ill(divilIal (xp1riients. as sunmarizei in Table 14.

As statistical tests did not establish significance (p 0.381) iII differential

growth outcones for P-LB and M91 . subsequent system development proceeded

with semi-defined M9A i mininial media. which simplifies pathway engineering

architecture and metabolic flux analysis dlie to growth on a single carbon source.

In order to more fully understand the relationship blet ween starting SR 7 spore

conceitration and likelihood of growth in N9A 1media. a logistic regression

model for growth frequency was generated in part using data fromn an 18 day

scCO2 time course experiment (sanpled at G. 1-2. and 18 days) with starting

spore concentrations varied over six orders of inagnitude. Tlhe results of the

incubation are summarized in Table 15. using a 10-fold increase in filter cell

counts as the threshold for growti. After merging the tinie course growth data

Table 15. Growth sumunrv of seCO,
incubatit1ns in NI A I media inocllited with

a range o dpore concentrat ions

tO Ispores nL 6 days 12 (lays 18 (lays

5.(x1(t 1 4 2 1 3 4

(.( 0 4 1 4 2 1

()x1 0 1 I 1 t 1
'5x1) ') I 1 1

Iedia 1 O 1ly 1.d(. 11 . (L o

Below dhitectiMIon: COledI ;is 1.15 x It)2
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(Table 15) with previously generated results from M9A incubated spores (Table

14) a total of 91 experimental sanples and 24 negative controls subjected to

logistic regression ainalysis demioiistrated that both loaded spore density (p

0.0057) and incubation time (p 0.003) have statistically significant inpacts on

growth frequency, while the interaction of their effects was not significant (p

0.89). The overall regression mliodel geiierated the following equation (plotted in

Figure 17) to describe growth frequency (Z) as a function of iicuiation time (X)

ald starting inocula concentratioii (Y).

1

1 4.7849-0228*X-(3.820 7*10 -6 )*y

Figure 17. Nomiimtl lugistc n gressivi at 5k 7 sc(_ ruh

fr'quiicicy (Z axis) as a fuiiction of ibe 1la Spore de sit v (p

0.0057: Y axis) and incubation tinie (1P 0.003: X axis).

SR7 fcrientation. products under scCO2

Cultures from 6, 12. aid 18-day SR7 t ilmie course iiciiI)ations in M9A I

nedia demonstrating growth ( 10-fold increase in cell counts) under sCCO.. were

analyzed for natural fernentation products by HPLC. Cultures generated several

detectable metabolites typically oil the order of 0.f-10 mg 1, including for

succinate (up to 2.5 ing 1). lactate (up to 13.3 iig 1). and acetate (up to 9.5
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Figre 8.Natural fermentative p~roducts generatedl l! Sf17 cultures ulnder scC 0) showing growth. as

dletected by HPLC. A) total final titers and~ B) filte r count-ilorrnalizedl per ce1 l mtablolite prodluctivity.

Finial cell concentrations for each sample listed in ilegend. No llietalbolites wer 1de((te(cted in niedia-onlN,

reactors and reactors without cell growth (data not shown).

ing/l) (Figure 18). All metabolites were also detected in culture under 1 atm CO 2

conditions grown in similar M9+ media (Figure 10), suggesting shared features of

active fermentative pathways under both conditions. The presence of succinate

suggests active use of the TCA cycle, while lactate (via genome-annotated lactate

dehydrogenase) indicates utilization of lactic acid fermentation. Acetate

production under sCCO 2 was expected after its prior detection under all SR 7

culturing conditions including in both M9-based and LB media. The absence of

detectable ethanol ill scCO 2 culture supernatant suggests a potential loss of

volatile product during degassing, the use of alternative fermentative pathways

under scCO 2 , or re-assimilation of produced ethanol, as suggested to have

potentially occurred under 1 atm CO 2 . Overall, these metabolites are the first

reported bioproducts generated by complex central carbon metabolism (rather

than single enzyme reactions) under scCO 2 . Normalization of product

concentrations by total cell counts enables calculation of metabolite

productivities on per cell basis. Maximum per cell productivity values (mg

product cell-') are 1.lxl1 5.0xlO10". and 1.3x10 9 for succinate, lactate and

acetate, respectively. These productivities are comparable to results observed

under 1 atm CO 2 (assuming OD6 00 = 1.0 corresponds to 108 cellsml, based on

filter counts), which displayed maximum productivities (nig product cell-) in

M9+t media of 5.5x10 0 , 3.4x10 1 0, 5.8x 1010 and 7.0xl0-9 for succinate, lactate,

acetate and ethanol, respectively. Therefore, a relationship within roughly an

order of magnitude appears to exist between concentration of per cell metabolite

production and total cell numbers per culture.
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3.4 DIsCUSSION

Bioprospecting supercritical carbon dioxide-resistant microbial strains

through enrichment culture and serial passaging of deep subsurface McElmo

Dome scCO 2 reservoir formation fluids enabled the isolation of six unique spore-

forming Bacillus strains with the potential for bioplatform technology

development. Bacilli have been detected at low levels in natural systems

containing high pCO 2 and have shown the ability to grow in biphasic cultures

exposed to scCO2 (Peet et al., 2015). In addition, because Bacillus species

commonly display the capacity to grow on a broad substrate spectrum and

demonstrate facultative anaerobic metabolism (Bunk et al., 2010), the taxonomic

identity of isolated strains is unsurprising, especially after passaging methods

developed in Peet et al. (2015) proved effective at isolating facultative anaerobes.

The shared genus of McElmo Dome environmental strains and previous scCO 2-

tolerant isolates (Figure 2) may indicate that the capacity for sporulation,

membrane structure (Peet et al., in review) or another unifying trait of

Firmicutes bacteria provides a fitness advantage enabling survival and growth in

high pCO2 environments. While a taxonomic survey of McElmo Dome conducted

in Chapter 2 indicated the presence of several dominant taxa in formation fluids,

including Sulfurospirillum, Rhizobium and several Clostridiales, several factors

may have contributed to their inability to be isolated. First, the sampled fluids

were subjected to depressurization over 15 hours (from >100 atm to 1 atm)
shipped on ice and stored at 4C until use for ~4 months, which may have

proven stressful and lethal to thermophilic and even mesophilic species.

Furthermore, the initial enrichment passage included aerobic filtering of fluids to

concentrate cell biomass, which in addition to sample transport and handling

may have caused oxygen poisoning of any exposed obligate anaerobes. As a

result, the isolation of strains specifically capable of 02 tolerance and sporulation

makes sense due to the stresses associated with variable temperature, pressure,

oxygen exposure, and culture media.

Follow-up incubation experiments with isolated strains in pure culture

under scCO2 established Bacillus megaterium SR7 as the best growing McElmo

Dome isolate strain under pressure in terms of biomass accumulation and
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frequency of spore-inoculated culture growth (Table 6). Most other strains (and

to a lesser extent B. licheniformis MR4 and B. safensis FM4) demonstrated low-

level stochastic growth frequencies in scCO2 pure culture (Tables 4 and 6). As a

result, downstream process engineering and strain development optimizations

focused on improving growth outcomes in environmental isolate strain B.

megaterium SR7. Additional motivation for proceeding with B. megaterium SR7-

based system development is that B. megaterium is an extremely well-described

species due to its biotechnological and industrial utility in generating chemical

products through natural and heterologous pathways (Korneli et al., 2013).

Vegetative cells of B. megaterium are physically quite large (4 x 1.5 ug; Bunk et

al., 2010) and because as gram-positive bacteria they lack an outer cell membrane

are thus able to secrete significant amounts of enzymes or protein products

(Korneli et al., 2013). In addition to the potential industrial utility afforded by

exploitable secretion systems, enzymatic secretion enables B. megaterium cells to

degrade complex polymeric nutrients like sugars, peptides and lipids into simpler

and smaller substrates able to be taken up into the cell for consumption (Bunk et

al., 2010).

Physiological characterization of SR7 established viable growth ranges in

terms of pH and salinity (Table 8) that are consistent with the in situ conditions

in deep subsurface McElmo Dome formations (Thesis Chapter 2). However,

assays demonstrating 45'C as an upper temperature boundary for viable growth

indicates that SR7 may not be metabolically active in situ at McElmo Dome

where temperatures in the fluid-sourced geologic formation are typically above

60'C (Thesis Chapter 2). Instead, SR7 (and possibly all isolated strains) appears

more prone to persist as dormant endospores subject to low frequency condition-

independent stochastic germination than vegetative growth, in line with the

"microbial scout hypothesis," which articulates that sub-populations attempt

growth rather than putting complete dormant communities at risk (Buerger et

al., 2012; Peet et al., 2015). The detection of 16S rRNA genetic signatures of

Bacillus in the McElmo Dome Well 3 community survey (<2% abundance;

Thesis Chapter 2) and other deep subsurface formations (Nicholson, 2002; Vary,

1994) reinforces the notion of in situ habitation, possibly emplaced through saline

aquifer fluid migration, including with access to the scCO 2 formation by localized

geologic faulting structures (Holloway et al., 2005). Therefore, despite not
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growing at in situ elevated temperatures, superior growth of SR7 under scCO 2

than other tested strains (this study; Peet et al., 2015) suggests potential

acclimation to scCO 2 exposure. In regard to the sCCO2 bioproduction scheme,

however, the ability to reliably grow at in situ temperatures is less relevant than

the strain's demonstrated ability to grow at temperatures near and above the

CO 2 critical point of 31.1'C, which due to the tunability of scCO2's chemical

properties near its critical point (Matsuda et al, 2005) will enable downstream

culturing and product extraction optimization.

Characterization of SR7 metabolic flexibility and preferred growth

conditions will in the future enable culturing optimization that enhances

reproducible growth as a means for high bioproduct yields. Consistent with the

general capacity for B. megaterium to grow on a wide variety of compounds

(Vary, 1994), strain SR7 demonstrated a broad substrate spectrum, including

organic acids, sugars and amino acids according to Biolog phenotypic

fingerprinting (Table 11). In the development of semi-defined minimal media,

SR7's inability to grow robustly without a trace metals amendment (Tables 12;

Figure 6) is consistent with a previous study projecting that B. megaterium is

dependent on calcium, manganese, cobalt and especially magnesium for biomass

formation and product generation (David et al., 2010; Korneli et al., 2013). As

M9 base does not contain manganese or cobalt, these two elements may be

specifically responsible for the observed phenomenon. The iterative development

of a semi-defined minimal medium (M9+) optimized for SR7 enabled consistently

robust growth under 1 atm C0 2 , a crucial microbial physiology breakthrough for

an environmental strain whose active metabolism under sCCO 2 is foundational to

the proposed microbial bioproduction system.

Functional annotation of the bioplatform strain SR7 genome provides

actionable insights into metabolic and physiological capacities that may be

exploited for pathway engineering and development of the proposed microbial

sCCO2 bioproduction system. Specifically, upon developing the capacity for

chromosomal integration of exogenous genes, the ability to knock out or

modulate expression (Brockman et al., 2015) of growth pathways to limit carbon

flux away from compound production is predicated on knowledge of central

carbon metabolism. Natural fernientative products detected from SR7 under 1

atni CO2 and scCO 2 provide insight into potential competing pathways and
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active fermentation capacity. Furthermore, the detection of metabolites under

scCO 2 represents the first ever endogenous products generated by active central

carbon pathway metabolism under scCO 2. B. megaterium strains typically grow

using the glycolytic Embden-Meyerhof-Parnas (EMP) pathway and pentose

phosphate (PP) pathway upstream of the TCA Cycle (Korneli et al., 2013).

Furthermore, B. megaterium strains are known to employ mixed acid

fermentation via alcohol/ aldehyde dehydrogenase (Adh; Slostowski et al., 2012)

and are unique in utilizing the glyoxylate pathway (Korneli et al., 2013), which

enables re-assimilation of acetate generated as a fermentative product. Based on

genomic annotations, culturing experiments and natural products surveys, strain

SR7 metabolism appears consistent with previously observed B. megaterium

traits, including full EMP, PP and TCA cycle pathways and the presence of

fermentative genes lactate dehydrogenase (ldh), acetolactate synthase (alsS),
acetolactate dsecarboxylase (alsD), phosphate acetyltranferase (pta) and acetate

kinase (ackA). Glyoxylate pathway genes isocitrate lyase (aceA) and malate

synthase (glcB) are also present in SR7, indicating the genomic capacity to

recycle acetate for product generation, improving substrate utilization efficiency

by recouping initial byproduct losses to acetate. The suite of detected

fermentative products in both M9+ and LB media (Figures 10 and 18) appear to

confirm active use of annotated central carbon pathways, especially fermentation

to generate ethanol, lactate and acetate, as well as the production of major TCA

Cycle intermediate succinate. In OD-normalized LB incubated cultures, acetate

concentration appears to decrease with time, potentially indicating the use of the

glyoxylate pathway to re-assimilate acetate for alternative compound production.

Transcriptomic and/or proteomic investigation may further elucidate the active

utilization of this pathway.

A critical development established by this study towards the realization of

a scCO 2 bioproduction system was the optimization of growth under 1 atm CO 2

as an effective proxy for scCO2 culturing conditions (as exhibited in Peet et al.,
2015). As B. megaterium was considered a model system for studying gram-

positive organisms for several decades, especially in regards to studies on

sporulation and germination, a significant amount of literature describing the

physiology, metabolism, genomics, and genetics of B. megaterium vegetative cells

and endospores aided in the process of developing B. megaterium SR7 as a

120



bioproduction host. One of the key insights provided by the literature was the

correlation between robust B. megaterium growth and disruptive mixing (Santos

et al., 2014). 1 atm CO 2 culturing experiments reinforced this finding, as

improved doubling times (Figure 5) and possibly spore germination frequencies

(Figure 4) were induced by increased mixing rates.

Additional literature on the physiology of Bacillus spore germination (Wei

et al., 2010; Cronin and Wilkinson, 2007), including studies specific to Bacillus

megaterium (Levinson and Hyatt, 1970; Hyatt and Levinson, 1962; Roth and

Lively, 1956; Vary, 1973), elucidated that several independent pathways result in

germination activation, including through conditional (e.g. pressure; temperature;

Wei et al, 2010) or chemical (Ghosh and Setlow, 2009) induction. As a result, in

confronting previous challenges associated with stochastic growth frequencies

under scCO 2 conditions (Peet et al., 2015), an attempt was made to deliberately

induce spore germination through chemical induction by L-alanine and L-leucine.

The working hypothesis was that while most spores remain dormant during

incubation, if sub-populations can be caused to germinate, subsequent vegetative

outgrowth will enable active metabolic pathway expression, including that of

endogenous (and ultimately heterologous) proteins. Investigation of this

hypothesis in PBS suspension experiments assayed by fluorescence microscopy

(Figure 12A), bulk fluorescence (Figure 12; Table 13) and OD6 0 0 (Table 13)

demonstrated that L-alanine and L-leucine exposure induced signatures of

transitional states (dormant, activated, germinated) of germinated spore

physiology (Figure 13). Results from initial heat induction experiments were

consistent with chemical inducers (Figure 12A), though may reduce population-

wide growth viability through spore-coat damage (Figures 11 and 12B; Setlow,

2006). FCM methods developed in this study hold potential for significant future

use with sCCO2-grown cultures in characterizing the distribution of spore states

in induced and non-induced incubations. These results would elucidate details on

the timescale and frequency of spore germination that may inform additional

growth improvements. As initial tests with scCO2-incubated cultures revealed

significant detritus that confounded gating, further methods development is

necessary to develop a FCM assay specific to scCO 2-imlcubated cultures.

Chemical induction results were further investigated in depth, and can

thus also be understood mechanistically in terms of physiological cell
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modifications during germination. Cells forim multiple layers of protection as they

sporulate, including the growth of a spore coat and cortex around the central

core (Setlow et al., 2006). Based on the results of the PBS incubation FCM

analysis, it appears that L-alanine accelerates the process of cortex hydrolysis and

spore coat escape by activating a sub-population of cells into an intermediate and

then final stage of germination. Both stages (as demonstrated by mid-range and

high-level fluorescence intensities; Figures 12-15) are hypothesized to confer a

physiological plasticity that increases the likelihood of germination and

outgrowth relative to dormant endospores. As a result, germination inducers may

be considered a new class of bioprocess engineering tools that may be exploited in

allowing sporulated inocula to survive initial exposure to stressful conditions

(that would otherwise be lethal to vegetative cells) before germinating and

commencing outgrowth, as with SR,7 in scCO 2.
Successful transition of L-alanine-induced germination capacity from 1 atm

CO 2 to scCO 2 conditions was a fundamentally enabling improvement of high

pressure culturing outcomes in both P-LBA and M9A+ media (Figure 16).

Relative to Peet et al. (2015), which observed overall scCO 2 growth frequencies of

between 33% (MIT0214) and 55% (MITOT1) after at least 20 days, SR7

outperformed these strains by demonstrating 64% growth frequency after 18-20

days in M9A+ when inoculated with ~104 spores/ml (Figure 16), and 75% when

inoculated with ~105 spores/ml (Table 15). The generation of a nominal logistic

regression (Figure 17) provides mathematical predictive power regarding

expected growth outcomes, which informs the design of high-throughput scCO 2

culturing experiments (including inocula concentrations and incubation duration)

and provides a benchmark against which to measure future system

improvements.

The novel demonstration of natural microbial product generation under

scCO 2 (Figure 18) represents proof of concept for extracellular chemical

production. Building upon this finding, heterologous compound generation under

scCO 2 by SR7 via natural or engineered metabolic pathways appears technically

feasible. The logical next step inl the development of this microbial bioproduction

scheme is thus the development of a genetic system for SR7 to enable

heterologous enzyme production of compounds demonstrating chemical

compatibility with scCO 2 for direct in situ extraction. Since a vast range of
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recombinant proteins have been produced in B. megaterium (Bunk et al., 2010,

Martens et al., 2002) for pharmaceutical, industrial and energy-related

applications, there are myriad prospective compounds that represent chemically

viable products for scCO2-exposed production and harvesting. Specifically,

genomic sequencing of SR7 reveals that isobutanol production by the valine-

specific amino acid biosynthesis pathway should be possible with the addition of

only two exogenous genes. As short-chain alcohols also readily partition into the

scCO 2 phase at a rate of approximately 4:1 (Timko et al., 2004) and biofuel

production has been demonstrated extensively in Bacillus species, including 1-

butanol in B. subtilis (Nielsen et al., 2009), short-to-medium chain alcohol

production would be an exciting potential proof of principle demonstrating the

industrial utility of a scCO 2 bioreactor system using bioproduction host B.

megaterium SR7.

3.5 CONCLUSIONS

This study used a bioprospecting approach to identify and isolate a scCO 2-

compatible strain, B. megaterium SR7, which was developed by process

engineering and culturing modifications in order demonstrate the capacity for

enhanced growth and natural product generation under scCO2. Specifically, the

development of M9-- minimal media with trace metals amendments and

optimized mixing regimes promoted improved growth rates, while L-alanine

demonstrated the capacity to increase endospore germination frequency under 1

atm CO 2 and scCO 2 conditions. Genome sequencing provided insights into

potentially useful and competing pathways with regard to bioproduct generation

and may enable genetic tool development using endogenous features. The

detection of natural fermentative products under 1 atm CO 2 and scCO2 were

consistent with genomically annotated pathways and demonstrate proof of

concept that extracellular product generation is possible under scCO 2.

Altogether, this work represents a major step towards the use of scCO2 as a

solvent for in situ extraction of endogenous or heterologous bioproducts. Because

B. megaterium strains have previously been used to produce compounds for food,

energy, pharmaceuticals and household goods industries both by natural and
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engineered metabolic pathways, future development of bioproduction strain SR7

may be able to target the production and secretion of valuable industrial

products while utilizing sustainable solvent scCO 2.
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4
METABOLIC ENGINEERING OF BACILLUS MEGA TERIUM SR7 FOR

HETEROLOGOUS GENE EXPRESSION AND ADVANCED BIOFUEL SYNTHESIS

AND RECOVERY UNDER BIPHASIC AQUEOUS-SUPERCRITICAL CARBON

DIOXIDE CONDITIONS

ABSTRACT

Bacillus me gaterium SR7 is biocompatible with the solvent supercritical (sc) CO 2

and has been shown to exhibit reproducible growth and natural product

biosynthesis under scCO2 in an optimized growth medium. In this study

development of a genetic system for strain SR7 was pursued to enable

heterologous enzyme expression and synthesis of engineered products that

partition into a scCO 2 headspace, enabling energy-efficient in situ compound

extraction. Genetic transformation of SR7 was achieved using a protoplast-based

method that introduced host-compatible plasmid pRBBm34. Plasmid

maintenance in SR.7 was demonstrated under aerobic, 1 atm C0 2 , and scCO 2

conditions. Xylose-inducible (Pxyi) and IPTG-inducible (PHyper-spank) promoters

cloned into plasmids pJBxL and pJBhL enabled heterologous expression of the

reporter LacZ under 1 atm CO 2 and scCO2 conditions. Next, the two-gene

pathway for biosynthesis of the C4 advanced biofuel isobutanol from the

precursor o-ketoisovalerate (a-KIV) was cloned into pJBxKA6 under the xylose-

inducible promoter. Variants of the pathway gene alcohol dehydrogenase were

tested under aerobic and 1 atm CO 2 conditions to optimize isobutanol yield and

decrease accumulation of pathway intermediate isobutyraldehyde. Initial tests of

the optimized two-gene pathway introduced into strain SR7 and incubated under

scCO 2 resulted in generation of up to 93.5 mg/l isobutanol and 29.7 mg/l

isopentanol from 5 mM (580.6 mg/1) of a-KIV indicating a yield of 21.2% with

partitioning of 5.2% of the isobutanol product into the scCO 2 headspace. This

result represents the first demonstration of heterologous product synthesis and
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extraction in a single scCO 2-exposed bioreactor. Use of scCO 2 as a solvent in a

dual phase harvesting system would reduce the likelihood of bacterial

contamination, help to relieve end product toxicity effects, enable energy-efficient

extraction of products and alleviate the need for additional product dehydration

due to the desiccating properties of scCO2. Establishment of a genetic system for

heterologous protein production in scCO 2 biocompatible strain Bacillus SR7 now

provides a conduit to exploiting the scCO 2 solvent phase, which was previously

thought inaccessible for microbial-mediated product generation and solvent

extraction. Now that this specialized growth system has proven feasible,

attention may turn to increased pathway complexity, genetic tool development,

optimization of reactors to promote increased scCO2 extraction efficiency, and

economically viable applications of this novel technology.
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4.1 INTRODUCTION

This study aimed to develop environmental strain Bacillus megaterium

SR7, isolated from the McElmo Dome supercritical carbon dioxide (scCO 2)

system (Thesis Chapter 3), into a host for heterologous biochemical production

coupled with in situ product extraction by scCO 2 stripping. The exposure of

growing cultures to scCO2 provides several advantages over ambient or anaerobic

growth reactor systems because scCO 2 rapidly sterilizes nearly all bacteria

(Spilimbergo and Bertucco, 2003), while affording unique solvent properties for

purified product extraction and relief of concentrated end product toxicity. After

improving growth capacity of strain SR7 under scCO 2 through media and

culturing optimization, the development of a genetic system would hold the

potential to enable heterologous enzyme expression and product generation under

sCCO 2. Microbial bioproduction under scCO2 solvent would thus represent a

feasible new method for compound production and extraction in a single

bioreactor system with living cells. Though scCO 2 has previously been used as a

solvent for biocatalysis and chemical extraction from in vitro systems, and as a

substrate for carboxylation using cells of B. megaterium PYR 2910 (Matsuda et

al., 2005, 2001), sCCO 2 extraction of products generated by robust growth and

heterologous enzyme production has not previously been demonstrated.

A significant factor limiting the capacity for environmental isolates to be

utilized for industrial applications is the challenge of genetic intractability.

Previous work establishing genetic systems has enabled investigation and

exploitation of bioprospected strains with unique metabolic properties for

applications in wastewater treatment/bioremediation (Coppi et al., 2001), and

the production of pharmaceutical and agricultural agents (Xiong et al., 2013).

Bacillus strains have been successfully engineered for a range of applications,

including the production of biofuels and industrially relevant compounds (Nielsen

et al., 2009; Hu and Lidstrom, 2014). B. megaterium in particular has long been

considered an attractive bioproduction host due to its capacity to stably

maintain plasmids, lack of endogenous endotoxins and alkaline proteases, high

protein secretion, facultative anaerobic metabolism, and an ability to grow

directly on inexpensive sole carbon sources (Vary et al., 2007; Korneli et al.,
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2013). Promisingly, B. megaterium strains QM B1551 and DSM319, and their

derivatives, have been used as hosts for protein and bio product expression for

over 30 years (Vary et al., 2007).

The production of biofuels is compelling with regard to scCO2 harvesting

systems due to the semi-hydrophobic chemistry of alcohols like isobutanol and

butanol, which readily causes compound partitioning from the aqueous phase into

scCO 2 (i.e. K,, >4; Timko et al., 2004). Product partitioning could be harnessed

for in situ compound recovery concomitant with alcohol biosynthesis in aqueous

growth media, i.e. single-step continuous flow scCO2 extraction of 1-butanol has

demonstrated nearly complete recovery of 1-butanol (up to 99.7 wt%) from

aqueous solutions (Laitinen and Kaunisto, 1999). Advanced biofuels also

represent attractive products for scCO 2 extraction because current harvesting

technologies (e.g. steam stripping, gas stripping, adsorption, pervaporation) often

require energy-intensive dehydration steps, which may be mitigated due to the

low solubility of water in scCO2 (Sabirzyanov et al., 2002).

Advanced biofuel production is further motivated by performance

improvements over common gasoline additive ethanol, which displays low energy

density (~70% of gasoline), high hygroscopicity (ability to hold water), and

elevated corrosiveness relative to longer chain hydrocarbons (Connor and Liao,

2009). As a result, C3-C5 alcohols are better suited for integration with current

transportation infrastructure (Nigam and Singh, 2011). Higher chain alcohols

may also be biocatalytically dehydrated to alkenes as a feedstock for sustainable

generation of commodity chemicals including paints, surface coatings, solvents,
plastics, and resins (Connor and Liao, 2009). As a result, while short-to-medium

chain alcohols (e.g. isobutanol, isopentanol) were the first targets of interest for

this study, scCO 2 holds high potential for extraction of a broad range of high-

value bioproducts.

Biofuel pathway construction in heterologous hosts has been broadly

successful (Liu and Qureshi 2009), including in Escherichia coli (Atsumi et al.

2008; Inui et al. 2008; Nielsen et al. 2009), Saccharomyces cerevisiae (Steen et al.

2008), Clostridium ljungdahlii (Kopke et al. 2010) and organic solvent-tolerant

strains Pseudomonas putida S12 and Bacillus subtilis KS438 (Nielsen et al., 2009).

As end-product inhibition often limits the industrial utility of bioproduction

strains (Nielsen et al., 2009; Liu and Qureshi., 2009; Ezeji et al., 2010),
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acclimatization and media modifications have typically been used to improve

product tolerance, including for 1-butanol with B. subtilis (Kataoka et al., 2011)

and S. cerevisiae (Lam et al., 2014). Further work using metabolic engineering

and directed evolution may help guide researchers toward more efficient

biochemical tolerance, especially in conventional batch bioreactor systems that

lack the capacity for in situ product extraction.

Isobutanol production requires modification of the amino acid valine

biosynthesis pathway by directing flux of the intermediate a-ketoisovalerate (a-

KIV) away from L-valine production and instead towards isobutyraldehyde and

finally isobutanol (Atsumi et al., 2008; Figure 1). a-KIV itself is generated from

the condensation of two pyruvates (via pyruvate kinase, Pyk), which is

decarboxylated (via acetolactate synthase, IlvIH) to form 2-acetolactate, then

reduced (via acetohydroxy acid isomeroreductase, IlvC) and dehydrated (via

dihydroxy acid dehyratase, IlvD) to a-KIV. Insertion of exogenous pathway genes

for keto-acid decarboxylase (kivD) and alcohol dehydrogenase (adh) then

facilitates isobutanol production from a-KIV.

Glucose

L-phenylalanine +------- Phenylpyruvate Glycolysis

Pyruvate

Phenethyl Alcohol Als A SyitIIC

IIvC Ketok-acid reductoisomeirase

IlvD Dihyvdroxv-iicid dehiydrataLsc

L-leucine +------ cx-Ketoisocaproate ---------- 0 ot-Ketoisovalerate --------- L-valine

Kiv I)
Adli

KivD a$- KeoisovO ialtc de(alOxVi

Isopentanol

Isobutyraldehyde

Isobutanol

Figure 1. Isobutanol biosynthesis patlay from m-KIV enioinpassed by red dashed line. Amino

acids highlighted in green. Heterologous enzymes highliglhted in red. Enzynies highlighted in blue hold

potential for upstreain optinization of isoblutanol pathway, but were not considered in this study.
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As a result, biosynthesis of isobutanol should be possible directly from glycolytic

processing of glucose to pyruvate, which may then enter the isobutanol pathway.

Metabolic engineering of this nature has already been demonstrated in several

organisms, including Bacillus subtilis (Li et al., 2011), S. cerevisiae (Lee et al.,

2012), and E. coli (Atsumi et al., 2008).

Overall, this study provides proof-of-concept -for a two-phase harvesting

method for stripping of microbially produced chemicals using in situ scCO 2

extraction. This study marks the first development of a genetic system for

expression of single and multi-gene pathways under scCO 2 and the first

demonstration of in situ bioproduct recovery by partitioning into scCO 2. This

breakthrough establishes a new branch of microbial bioproduction by enabling

access of an engineered bacterial strain to the unique properties of sustainable

solvent supercritical carbon dioxide.

4.2 METHODS

Strain, media and culture conditions

Environmental strain Bacillus megaterium SR7 was isolated through

enrichment culture and serial passaging of fluids sourced from the deep

subsurface McElmo Dome supercritical CO2 formation (Thesis Chapter 3).

Previous SR7 development under 1 atm CO 2 included the formulation of semi-

defined minimal medium M9+, which consists of M9 base medium amended with

0.4% D-glucose, 50 mM yeast extract, 0.1X trace metals solution (Boone et al.,

1989). The addition of 100 mM L-alanine to M9+ (resulting in medium "M9A+-")

was previously shown to increase rates of SR7 spore germination and growth rate

under scCO2 conditions. Therefore, all culturing experiments conducted under 1

atm CO 2 occur in M9+ medium, and under scCO 2 in M9A+ medium. All

cultures were incubated at 37*C and 250 rpm based on previous results showing

enhanced growth rates and population longevity under these conditions. All 1

atm CO 2 and scCO 2 experiments were prepared within an anaerobic chamber

(Coy Products) containing an atmosphere of 95% CO2 and 5% H 2. Experiments

conducted under 1 atm CO 2 used 10 ml of C0 2-degassed culture media in 100 nil

serum vials with clamped rubber stoppers. Incubations under scCO 2 used I inch
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316 stainless steel tubing fitted with quarter turn plug valves (Swagelok or

Hylok) for 10 ml total capacity. As previously described (Thesis Chapter 3),
reactors were filled to A capacity (5 ml) with inocula and degassed media, after

which the headspace was pressurized with extraction grade CO 2 gas at a rate of

2-3 atm min-I until reaching a final pressure of 100 atm. After pressurization,

reactors were incubated in a 37'C warm room and mixed at 250 rpm until

unloading.

Development for SR7 genetic manipulation and expression

Vector construction

All primers used in plasmid construction, final vector constructs,

transformed strains and associated references are presented in Tables 1A and 1B.

The lacZ gene was PCR amplified from plasmid pKVS45 LacZLVA with

primers LacZF and LacZR. Shuttle vector pRBBm34 (AmpR (E. coli), TetR

(B. megaterium); pBR322 Ori (E. coli), RepU (B. megaterium)) was used as a

scaffold for pathway genes. PCR products and pRBBm34 were digested with

Spel and Sphil prior to ligation to create the pJBxL plasmid (Figure 2A). The

xylose repressor and promoter of pRBBm34 were replaced with a hyper-spank

promoter (PHyper-spank) and lad using circular polymerase extension cloning

(CPEC). The pRBBm34 plasmid was PCR linearized with two sets of primers to

remove xylR, and Pxyi: pRBBm34_F / Bla _R and BlaF / pMM1520R.. PHyper-

spank and lad were PCR amplified from pDR111 using pMM1520-PHysp_F and

LacI-pRBBm34_R. Standard CPEC cloning was used to assemble the three PCR

products into the Pyper-spank plasmid. The lacZ gene with a ribosome-binding site

was PCR amplified from the plasmid pKVS45 LacZ__LVA using: RBS-LacZ__F

and LacZ__R. PCR products and the Pily)er-spank plasmid were digested with SalI

and SphI prior to ligation to create the pJBhL plasmid.
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For solventogenesis strain enoineering. ki'vDuj sourced from Lactococcus

lactis and adh6s. from Saccharomyces ccrcvisiac were placed downstream of

xylose-inlducible promoter PxYi on pRBBm34. Vector const-ruction began by PCR

amplifying ki'vDjj from pC()LA KivD. Fjoh _2967 using primers KivD F and

KivDR. PCR. products and the pRBBm34 plasmid were digested with Spe. and

SphilI prior to ligation to create the pJ.BxK plasiid. A dh6s, from S. ccrevisiac

was PCR amplified fromi p)ACYC (car.sfp; adh6) with the same ribosome binding

site as was used for kivDu using primers RBS-ADHG F and ADH6 R.. Adh6<,

was added betweenl the BamHI and SphI restriction sites in PxYJ KivDLI to create

p)JBxKA6. YqhDi;, from E. coli was PCR amplified from E. coli MG1655

genomnic DNA with the saime ribosome binding site as was used for kij'DuL using

primers R.BS-YqlDF and YqhD R.. YqhDEc was added between the BarHI

aid SphI restriction sites ill Px,' KivDLI to create p)JBxKY (Figure 2B). All

constructs were verified by DNA sequencing.
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pJBxL pJBxKY
10427 bp 10206 bp

2J1x 9 1N2, i I

Figure 2. Vector maps for A) p.JBxL (left) and B) pJBxKY (right) using scaffold pRBBm34

Transformation methods

Initial attempts to genetically transform strain SR7 with shuttle vector

pRBBm34 (Addgene) used an established Bacillus electroporation protocol

(Zhang et al. (2011; Analytical Biochemistry). Modifications to the method

included the addition of cell wall weakeners (3.9% glycine, 80 mM DL-threonine)

one hour prior to electroporation, and testing a wide range of plasmid

concentrations (10-200 ng/pd) and cell densities (ODc0 0.6-1.2). Conjugation-

based transformation was attempted with SR.7 using mating strain E. coli S-17

and plasmid pJR1 (provided courtesy of the Meinhardt Lab, University of

Muenster, Germany; Table 1B), following the protocol of Richhardt et al. (2010).

To optimize the protocol, a range of donor to recipient strain volumes were

tested (i.e. 10:1 to 1:1000) after reaching protocol-prescribed OD60 0 values. Post-

transformation counter-selection included pasteurization and the sacB suicide

system. The final transformation method attempted was protoplast fusion based

on von Tersch and Robbins (1990) and Biedendieck et al. (2011) using shuttle

vector pRBBm34. The cell wall removal step was optimized to increase viable

protoplasts by modifying lysozyme concentrations and transformed protoplast

incubation times. Counter-selection occurred by plating protoplasts on a soft agar

overlay above LB agar containing 5 ptg//ml tetracycline.
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Plasmid maintenance

Several assays were utilized to verify exogenous plasmid stability in SR7

during growth under 1 atm CO2 . To assay for maintenance of pRBBM34 in SR7

under 1 atm C0 2 , singleton incubations of SR7 empty vector control strain

(SR7x), which constitutively expresses tetracycline resistance, were inoculated at

a concentration of 105 spores/ ml and passaged three times in LB for 24 hours

with and without supplementation of 0.5 tgjml tetracycline. After each passage,

cultures were plated on LB agar with or without 0.5 Vg//ml tetracycline to

determine if cultures grown without antibiotics maintained the transformed

vector over multiple growth cycles in the absence of a selective pressure. SR7

wild-type and SR7x strains were also assayed to determine minimum required

tetracycline concentration to select for transformed strains containing the vector.

Cultures inoculated with 10 spores/ml were incubated in LB amended with a

range of tetracycline concentrations under both aerobic (Tet 0.05-10.0 Vg/nml)
and 1 atm CO 2 conditions (Tet 0.1-10.0 Vg/inl) and scored for growth by OD0 0

relative to cultures that were not amended with Tet.

Heterologous single gene expression under 1 atm CO 2 and scCO 2

SR7 strains SR7xL and SR7hL (bearing genetic constructs pJBxL and

pJBhL, respectively) and empty vector control strains SR7x and SR7h were

assayed for protein expression in SR7 under 1 atm CO 2 and scCO 2 conditions. 1

atm CO 2 cultures grown overnight were diluted in fresh media to OD6 00 0.01,

cultured for 2 hours, then amended with 0.4% D-xylose (Pxyi; SR7x, SR,7xL) or 5

mM ITPG (PHyper-spank; SR7h, SR7hL) to induce expression. After 24 hours, 1 ml

of culture volume was spun down for 5 min x 21,000g and the remaining pellet

was stored at -20'C until analysis.

Supercritical CO 2 cultures were loaded with 3x10 5 spores/nml (prepared as

described in Thesis Chapter 3) of strain SR7xL. A subset of reactors was

amended with 0.5% xylose inducer. Reactor cultures were incubated for 21 days

then depressurized and prepared for fluorescence microscopy as previously

described. 2 ml of culture volume was spun down for 5 min x 21,000g, after

which the supernatant and pellet were separately stored at -20'C until analysis.
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Supernatant was prepared for GC-MS analysis by methods described below and

for HPLC analysis by previously described methods (Thesis Chapter 3).

Pellets from 1 atm CO 2 and scCO 2 cultures were lysed by addition of 100

pl of Bacterial Protein Extraction Reagent (B-PER; Thermo Scientific) and

vortexed for 30 minutes. After lysed pellets were centrifuged for 20 mini x 18,500g

at 4'C, supernatants were prepared for total protein analysis using the PierceTM

BCA Protein Assay Kit (Thermo Scientific) according to manufacturer's

instructions. Colorimetric signatures proportional to total sample protein were

measured by OD56 2, including for cell-free B-PER negative controls. Total

protein standard curves were generated using 0.05-1.0 mg/nml of bovine serum

albumin (BSA) according to the same protocol. Samples and B-PER, negative

control were prepared for LacZ activity assays by adding 70 fl of lysed culture

supernatant to 730 pl of assay buffer (0.1 M sodium phosphate buffer, 10 mM

KCl, 1 mM MgSO4) and 200 .d of P-galactosidase substrate (4 mg/ml o-

nitrophenyl-p-D-galactoside, ONPG). LacZ activity was quantified as the rate of

OD 420 absorbance per minute, as the product of ONPG cleavage by B-

galactosidase absorbs at 420 nm. Absorbance rate was normalized by total

protein per culture using BSA standard curves. Protein-normalized rates were

converted to specific activity using the assay extinction coefficient arid volume to

generate units of imol min 1 mg'.

Heterologous biofuel production under 1 atm CO 2

Vegetative cultures of SR7x and SR7xKA6 were prepared by growing 105

spores/ml of each strain in C0 2-degassed LB teto.5 for overnight growth.

Stationary phase cultures were then diluted in 10 ml of fresh LB I teto.5 to

OD6 00 0.01. After 2 hours, passaged cultures were amended with 5 rM (I-KIV

substrate and 0.4% D-xylose to induce gene expression. Passaged cultures were

grown for 24 hours post-induction, with sub-sampling at 4 and 24 hours by

aseptic needle extraction. After 1 ml samples were centrifuged for 5 minutes x

21,000g, 500 tl supernatant was pipetted into separate tubes with 500 V1 of ethyl

acetate solvent (>99.9% pure CC-grade, Sigma Aldrich) arid vortexed for 5

minutes. The ethyl acetate fraction was pipetted into analysis vials (Agilent) and

loaded on the Agilent Technologies 7890B GC system (using Agilent J&W VF-
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WAXis GC Column) and 5977A MSD for gas chromatography-mass

spectrometry (GC-MS) analysis using MassHunter Qualitative Analysis (Agilent)

software to measure compoun1 concentrations. Peaks in the resulting total ion

current (TIC) chromatogram were input into the NIST MS Search 2.2 database

for compound prediction. Prior to running incubated samples, standard curves

were generated using a range of concentrations (0.2-5.0 g/l) of expected products

(isobutyraldehyde, isobutanol, isopentanol, phenethyl alcohol, acetate) using

flame ionization detector (FID) spectra. Integrated total ion current (TIC)

chromatogram peaks for differentially produced compounds were measured and

converted to g/l concentrations according to standard curve conversion factors.

Alcohol dehydrogenase screening

To assay for differential alcohol dehydrogenase activity under aerobic and

1 atm CO 2 conditions, pRBBm34 vectors were constructed using previously

described methods with xylose-inducible promoter Pxyj upstream of kivDLI and

one of five alcohol dehydrogenase variants: adh6 / pJBxA6 (S. cerevisiae),

adhABm pJBxKAB (B. megaterium SR7), adhALL / pJBxKAL (L. lactis),

adhPE, / pJBxKAP (E. coli), and yqhD / pJBxKY (E. coli) (constructs and

strains summarized in Tables 1A-B).

For aerobic screens, freezer stocks of each strain were streaked onto LB

agar plates supplemented with tetracycline (5 ptg/ml) and grown at 37*C

overnight. For each alcohol dehydrogenase, three colonies were added separately

to 5 ml of LB with tetracycline and grown at 37'C overnight. Each sample was

sub-cultured to an OD60 0 of 0.05 in 3 ml of LB with tetracycline in a 50 ml

screw-capped glass tube. Cultures were grown at 37*C and 250 RPM until an

OD600 of ~1.0 was reached, at which point 5mM a-ketoisovalerate (a-KIV)

precursor was added and protein production induced by supplementing with 0.5%

D-xylose. Cultures were grown at 37'C and 250 RPM. Time points were taken at

4 hours, 24 hours and 48 hours by removing 1 ml of culture volume. Samples

were centrifuged at 20,000xg for 5 minutes and the supernatant removed.

AlcohoN were extracted from the supernatant using a 1:1 ratio of supernatant to

ethyl acetate and vortexed at maximum speed for 5 minutes. The ethyl acetate

fraction was recovered by centrifugation at 20,000xg for 5 minutes and removal

of the upper solvent fraction. Sample analysis by GC-FID and concentrations of
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produced alcohols by standard curve calculations used previously described

methods.

1 ati CO 2 cultures inoculated with 105 spores/ml of each strain were

grown overnight and passaged by syringe needle into fresh C0 2-degassed LB +
teto.5. Two hours after passaging, cultures were amended with 5 mM (X-KIV

substrate and 0.5% D-xylose for gene induction. Sampling of strain variant

cultures took place at 24 and 48 hours by syringe needle. Samples were then

prepared for GC-MS analysis and post-run data processing as previously

described.

Assay for quantification of isobutanol production under scCO 2

A headspace extraction setup was constructed to collect the scCO2 phase

with dissolved species from high-pressure growth reactors. 316 stainless steel lines

and valves connected to the reactor pressurization manifold enabled direct

depressurization of the scCO2 headspace into ethyl acetate solvent for subsequent

GC-MS analysis. To generate standard curves for isobutanol scCO2 phase

extraction, duplicate 10 ml incubation reactors were filled with cell-free LB

medium amended with 5% isobutanol, 0.5% isobutanol and unamended LB.

Reactors were pressurized with CO2 to 100 atm, heated to 37*C and shaken for 3

days to allow equilibration. Individual reactors were then slowly depressurized

into 10 ml of chilled ethyl acetate at a rate of ~1 atm/min. This process was

repeated a second time with several modifications, including submerging reactors

in a heat bath at 55'C, increased depressurization rates (1.5-2 atm/min) and

extraction into larger solvent volume (20 ml). The extraction setup is shown in

Figure 3. A standard curve generated by GC-MS analysis of the initial extraction

run enabled conversion of FID isobutanol peak areas to mg/l concentrations.
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concentrations. The limit of detection was considered to be one half of a cell per

15 grids, which corresponds to 1.15x10 3 cells/ml.

4.3 RESULTS

4.3.1 Development of a genetic system for B. megaterium SR7

Three methods for transforming strain B. megaterium SR7 were tested:

electroporation, conjugation and protoplast fusion. Genetic transformation of SR7

by electroporation using plasmid pRBBm34 was unsuccessful despite multiple

attempts to modify protocol parameters based on published studies in other B.

megaterium strains (Moro et al., 1995). Transformation by conjugation using the

E. coli S-17 mating strain and vector pJR1 (Richhardt et al., 2010; Table iB)

gave mixed results with conferral of chloramphenicol resistance up to 10 Lg/ ml

and positive PCR amplification of the plasmid-specific marker (sacB) in the

resistant strains confirming transformation, albeit at a low frequency (i.e. 1

transformant per 107 SR7 cells). However, subsequent attempts to transform SR7

by the described conjugation protocol were not successful and thus prevented its

further use in this study.

Protoplast fusion transformation, previously demonstrated in several B.

megaterium strains (Bunk et al., 2010) proved successful at introducing all

constructs used in this study via shuttle vector pRBBm34. Despite protocol

modifications that increased viable protoplasts by fifty-fold, transformation

efficiencies remained low (-1 transformed cell/107 viable protoplasts), frequently

generating 1-3 successfully transformed colonies per ug of plasmid DNA.

Protoplast transformation first enabled conferral of constitutive tetracycline

resistance (10 ig/ml aerobic; 1.0 ig/ml under 1 atm C0 2). Maintenance of

tetracycline resistance under 1 atmn CO 2 was verified by nearly identical growth

of cultures passaged three times in either LB or tetracycline-amended LB on

unamended and tetracycline-amended plates. All subsequent genetic

manipulation of strain SR7 was conducted using the modified protocol for

protoplast fusion transformation.
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4.3.2 Inducible heterologous enzyme production under 1 atm CO 2 and

scCO 2

After demonstrating constitutive antibiotic expression, two promoters

(Pxy1 and PHyper-spank) were investigated for inducible protein expression in SR7.

The D-xylose-inducible PxYi prornoter (Figure 4) is endogenous to all sequenced

B. megaterium strains, including SR7:

Repressor somerase Kinase Transporter

Inducer

Figure 4. Xyl\Os( pr1-omioter systeli endogenous to B. mn.cgateriUm

Rather than using the xylose promoter native to SR7, a previously optinized

PxyI system (Biedendieck et al., 2007) was used to avoid uncharacterized

endogenous promoter regulation specific to SR7. The IPTG-inducible hyper-

spank pronoter (Py)er-spank) had previously been transformed into and expressed

in B. subtilis (van Ooij and Losick, 2003), but had never been utilized in B.

megaterium.

Plasmuids pJBxGFP and pJBhGFP, where reporter superfolder GFP was

placed under the control of the Px-i and PHyr(n-spauk promoters, respectively,

demonstrated induced expression in SR,7 at nearly equal strengths under aerobic

conditions assayed by GFP fluorescence intensity (data not shown). Low-level

fluorescence in uninduced cultures appeared to show minor leakiness by PxYT .

However, since fluorescent protein reporters including GFP are typically active

only under aerobic conditions, an anaerobically functional reporter was necessary

to verify promoter activity under 1 atm CO 2. Therefore, both promoters were

placed upstream of the lacZ reporter, which is 02-indepenent. Cultures of

transformed strains SR.7xL and SR7hL passaged under 1 atm CO 2 and induced

with D-xylose and IPTG, respectively, were analyzed for LacZ production 24

hours after induction. Total protein-normalized LacZ specific activities (i.e.

activity of enzyme per ng total protein; piimol min' mg U min) for duplicate

140



lacZ strain cultures, empty vector controls, and a LacZ assay reagent (B-PER)

control are displayed in Figure 5.

4.5 441

B-PER Ctrl

SR7h

m SR7hL

0 SR 7x

*SR7xL

z;

U 2

t. L [PlO 1.26

0.5 0.31
0.14 0.14 0.09 011 006

0 1 - h- 

Figure 5. LacZ specific activity of duplicate cultures using IPTG and xylose-

inducible promoters under 1 atm CO2, with B-PER negative control.

LacZ specific activity values from duplicate incubations of xylose-amended

cultures of SR7xL (1.26-4.41 U min) and SR7x (0.06-0.11 U min) demonstrate

that LacZ activity is increased by induction relative to empty vector controls.

Relative to empty vector samples and the B-PER assay control (<0.14 U.'min),

LacZ activity increased 9-32 fold. Differential expression of LacZ by IPTG

induction of PHyper-spank was also observed, but at lower total protein-normalized

specific activity levels than by xylose-induction (0.31-1.36 Urmin). LacZ

production under aerobic and anaerobic 1 atm CO2 conditions represents the first

successful use of IPTG-inducible PHyper-spank in B. megaterium. This development,

and verification of strong PxYI activity under 1 atm CO 2 expands the list of

genetic tools available for SR,7 engineering, as well as alternative B. megaterium

strains used for biotechnological applications.

After exhibiting superior total protein-normalized LacZ activity under 1

atm C0 2 , the SR7xL strain was investigated for expression under scCO2.

Duplicate cultures with and without 0.4% xylose inducer demonstrated robust

germination and growth after 21 days under scCO 2 conditions, with appearance

of vegetative cell morphologies and at least 15-fold increase in cell counts relative
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to starting cultures. Duplicate cultures of induced and uninduced reactors

showing vegetative cell morphologies, but not robust outgrowth (< 10-fold

increase in cell counts) were utilized for comparison of LacZ activity in

germinated low-level growth cultures. Both cultures that grew under sCCO 2 in

the presence of xylose showed elevated total protein-normalized LacZ specific

activity (0.66-0.90 U/ nin) relative to uninduced cultures that grew (0.06-0.23

U / min) (Figure 6). Uninduced cultures may display low-level LacZ activity due

to minor leakiness of the xylose promoter, as also demonstrated under aerobic

conditions (personal communication, Jason Boock). Duplicate induced cultures

that did not grow but appeared to have germinated (by microscopy) displayed

activity values (0.06-0.17 U 1Tmin) on par with the negative control (0.14 U min),

indicating that active growth is required for heterologous enzyme expression

under scCO 2 . Successful LacZ production by SR,7 under scCO 2 was the first

demonstration that exogenous gene expression in a scCO2 headspace bioreactor is

possible.

1~

* SR7xL Growth 090

0N8.

E- . 0.66

0.6

0.171

000
N -XYLOSE +XYLOSE

Figure 6. LacZ-specific activity in scCO 2 CUitUres in the absence (green) and

presence (blue) of 0.5% xvlose, with B-PER negative control. SR7xL cultures

demonstrating robust growth are highlighted with red stars. Cultures without stars

germinated but did not denimonstrate robiust outgIrowth.
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4.3.3 Engineering and expression of a heterologous pathway for biofuel

synthesis in scCO 2-tolerant strain SR7 under aerobic, 1 atm CO 2 and

scCO 2 conditions

The final two steps in the production of isobutanol using the valine

biosynthesis pathway requires catalytic conversion of (-KIV to isobutyraldehyde

by a-ketoisovalerate decarboxylase (KivD), followed by conversion to isobutanol

by alcohol dehydrogenase (Figure 1). Since the kivD gene is not present in the

SR7 genome (Thesis Chapter 3), it required exogenous introduction in order to

be to be expressed. The well-described Lactococcus lactis version of keto-

isovalerate decarboxylase commonly used for isobutyraldehyde production (de la

Plaza et al., 2004) was utilized in this study. Though the SR7 genome indicates

that the gene then required for conversion of isobutyraldehyde to isobutanol,

alcohol dehydrogenase, is present in the cell, its production is likely lower than if

transformed on a plasmid with a strong promoter. As a result, the E. coli

version, adh6Ec, was initially used in SR7 due to laboratory availability.

While upstream optimization may enable efficient conversion of glucose to

a-KIV, initial pathway engineering relied on an exogenous supply of a-KIV to

constrain heterologous enzyme activity assays to the final two steps of the

pathway. Because the isobutanol pathway genes should be functional under both

anaerobic and aerobic conditions, induction of the final two steps was first

characterized under aerobic and 1 atm CO 2 conditions to validate expression

under both conditions. After demonstrating initial activity, subsequent screening

for highly active alcohol dehydrogenase enzymes in SR7 under aerobic and 1 atm

CO 2 ultimately enabled the use of an optimized construct under scCO 2. 1 atm

CO 2 passaged cultures of strains SR,7xKA6 and SR7x (enipty vector control) in

LB media grew similarly well 24 hours after gene expression was induced. Based

on averaged OD6 00 values, heterologous pathway expression appeared to impose a

metabolic burden that results in a 24% decrease in biomass yield relative to the

empty vector control (Figure 7). GC-MS analysis verified production of several

biofuel products in the 1 atm CO 2 cultures grown in LB after 4 and 24 hours,

including expected compounds isobutyraldehyde and isobutanol (Table 2). In a

somewhat surprising result, isopentanol and phenethyl alcohol were also

produced, indicating that pJBxKA6 genes kivDLL and adh6sc appear to redirect
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flux of alternative amino acid biosynthesis pathways, including those of leucine

(to isopentanol) and phenylalanine (to phenethyl alcohol; Figure 1). No biofuel

peaks were detected in either of the Pxy Empty replicate cultures.

-0-) Enpty A

- P Empty B

- - P VkivDU )dh6 A

-i p1 kivD1 adh6 13

10 15

Time Elapsed (h)

Figure 7. Growth of biofuel and empty vector control strains iunder 1 atm CO 2

The biofi.iel strain replicates (A & B) showed accumulation of the

intermediate product isobutyraldehyde at the 4-hour time point (A: 1.34, B: 1.66

mM) with trace level accumulation of isobutanol (A & B: 0.01 muM) and

isopentanol (A & B: 0.01 mnM) and no detectable phenethyl alcohol (Table 2).

Table 2. Surnary of 1ioprodtucts (raM, nig l) generated by SR7

[Biofuell (mM)

Ti lic )1!iife Isob'i yral(ehy e ISiubQtI 1hol plsopstauooI Phiuniut yIu AIcohol Suit

I A 1.66 0.01 (.I ( 1.69

I B 1.3 0.01 0.01 1.35

21 A 1.7 1.00 1.05 0.22 7.87

21 1 1[.08 (18 0.26 S.17

IBiofuell (mg/L)

Tile Replicate Isobotyra llye Isoblalxutol isopenttaTol Pheellhy Alcohol Sum

I A 23.0 ).1 0.1 0.0 23.3

1 13 18.6 0.1 (. 1 0.0 18.8

21 A 23.6 51.0 22.1 21 101.5 1

21 It 25.7 55.0 22.5 1 2.1 105.3

xIKA6 ilnder 1 atn CO9

Culture Conditions

Suppleiiiented: -IKV: 5 inI

St vain: SH 7 P, kivD, AdhU

Nedfia: LB It 0.1 1g IIIL

Id(uced: 0.5% xyVIse

Std Curve Conversion
Compounds

y counts :x miM

Isobltyraldy(IdI y 27623x; R 0.81

Isoblitaltol y 1(9971x: 1? 1.00

Isopentallol y 81505x; R 0.97

Plnetihyl Alolhol y 131871x: 1.00
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A marked shift in production was observed ill duplicate cultures at the 24-hour

tile point, wit h significant accuiiulation of isobutanol (A: -1.00. B: 4.08 iM),

isopentailol (A: 1.95. B: 1.98 nmM) alid small amounts of' plhieiethyl alcohol (A:

0.22. B: 0.26 nm\l), while maintaining comparable al(lehyde accumulation (A:

1.70. B: 1.85 nu\). It therefore appears that while a certain concentration of

aldehyde will build up duie to the limits of Adh6s(. activity ill SR7. 1y 24 hours

the majority of c-KIV sulbstratc has been converted to filial biofflel products

isoblutan1ol anld isopentanlol.

1 atm CO.) cultures of SR7xKA6 generated bioproducts at a slower rate

than under aerobic conditions, but final 24-hour titers were similar under both

conditions (Figiure 8), indicating redluced catalytic efficiency but comparable total

substrate conversion. At 4 hours. the sum of I ati CO2 hioproduct

concentrations was 28%A of the sunmmed concentrations under aerobic conditions.

increasing to 88% of the aerobic suimn by 24 hours. Specifically with regard to

isobutanol, by 24 hours the I atim CO. incubations generated 93(%0 of the

concentration detected in aerobic cultures. Overall. these results suggest that

reduced production rates under 1 atm CO-> relative to aerobic conditions may be

dle to slower microbial growth uetabolisin or diminished l enizyie activity.

I tl I ati CO'
1M2I hr I alil ('0

.1 i A e r Ib ic 8 .0 2

7.

6. ",

5.31

1.() 072 0.1.II-l

4.D

1 .0 .72 . 0 .6 0.57

I I4
Isob ityraidl.(eIydc Isobutaiiol Isopent a l Pheethyl Sum Products

Alcohol

Figure 8. SR 7xKA6 bioprm oft c o(1n1enit rlons 111der 1 at 11 CO (igiht dark blue) anI aerobie

(p ink red) c(md1itiolns 4 and 21 hours after ildolicion. iMensireimients )f bit fuel prdhI ct ion frm

aerobl 1ly-i fbat etcltu 1i ay 11b he (1deresti (ited due to lie reitiovul of caps d11 uing
subsni pling of '1r111 cultur1s. whichl 11my lave resulted ill smle vobi atile prod ct loss s.
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while inearlv identical amiounts of isobitanol were produced under 1oth aerobic

a1n(d 1 atm CO2 conditions. 1 atm CO2 titers of isopentallol aln(d pllenlethyl alcohol

were abollt half as concent rated as uider aerobic conditions. Theref ore. it

appears that alternative amino acid pathway enzymes (Figure 1) may be

operating at re.duced efficiency in siphoning off a-KIV substrate. possibly due to

dependence on O-dependent co-factor NAD(P)H.

Alcohol dchydrognascsc r(ccnin? lg

The accinuilation of isobutyraldehylde in initial SR7xKA6 cultures under

1 atm CO9 (Table 2. Figure 8) prompted additional screening of alcohol

dehydrogenase gene variants iln order to improve the rate and completeness of

isobutyraldellyde conversion to isobutanol. This enzymatic reaction is of

particular importance in the Proposed biofilel production system becaise

isobutyraldehvde is solubl ill seC 2 (personal conmmnication. Prof. Mike

Timko) and thus premature partitioning of accnllIlllated isobutyraldehyde into

the scCO2 lleadspace would re(uce overall vields, titers and purity of the (esired

isoblltallol enld product. Vectors constructed with PxY kivDi alone and with one

of five alcohol dehydrogenase variants (adh6s). adhAIMI1 , adhAjj. adhPvy. and

yqhDLc) were thus assayed for biof1el production u11(der aerobic anld I atm CO2

conditions. Aerobic results for GC-NIS detected compounds after 4 and 24 hours

are preseited in Figure 9.

4 hour 24 hour

5- 5

EQ Kv Donl

4 ivD ADH6 4
* KvD. AdhA_ C KivD only
El KivD AdhP U KivD. ADH6

KivD, YqhD 3 KivD, AdhA

3 KivD, AdhA E KivD. AdhP

E E- C KivD. YqhD
KivD, AdhA.

2 - 2

Isobutyraldehyde Isobutano! Isopentanol Isobutyraldehyde Isobutanol Isopentanol

Figure 9. Bioproduict concentralitiOls generated 1n(der aerobic conditions by SR Pxy kiju anid in

tnldeil Wi ith (ile of five 1lcohol d ylI(dro inse variants after A) 4 hioiurs (left) anid B) 21 hours (right)
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Results from subsequent alcohol dehydrogenase variant screens (including raw

and OD-normalized values) under 1 atm CO2 are presented in Figure 10.

24 hours 48 hours
AC

i A AdhA

MY hD ', 17

0 Ad hPIMAh

Adh 1A1 

b-1

Isobuityraldehyde Isobitanol Isopentanlol Isobutyraldehydt IsobutaIOl Nopentanol

24 hours 48 hours
B OD-nomalizd D 01normahizd

M AdhA, 8 AU hA

&IAdhA,, "M2 AdhP,303

AdhI db

Isobutyraldehyde Isobltaol Isopentanol Isobutyraldehyde Isobittatiol IsopentalIol

Figure 10. Bioproduct concentrations generated under 1 atn CO, by S 7 Pxxi kivD11 in tandemn with

five alcohol delydrogellase variants at 24 hours presented as A) raw and B) OD-normalized values, and

48 hours as C) raw and D) OD-normalized values.

Under aerobic conditions concentrations of aldehyde and alcohol products

demonstrate that yqhD,1. variant cultures (SR7xKY) outperformed all other

alcohol dehydrogenases according to several metrics. By 4 hours, while all other

variants generated isobutyraldehyde above 1.5 muM, SR7xKY cultures prevented

intermediate accumulation by converting nearly all a-KIV substrate to isobutanol

and isopentanol (Figure 9A). By 24 hours, while all alcohol dehydrogenase

variants had converted isobutyraldehyde to alcohol products, SR7xKY cultures

generated the highest titers for both isobutanol (4.6 muM) and isopentanol (3.4

mM). Overall, YqhDj,,. results in >90% conversion of a-KIV substrate to biofuel

products (Figure 9B).

Under 1 atm CO2  isobutyraldehyde. isobutanol, and isopentanol

concentrations were nearly identical for all strains at both 24 and 48 hours based

on raw values (Figure 1OA,C), suggesting that effectively all a-KIV substrate had
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been converted by 24 hours. The fact that low levels of isobutyraldehyde persist

at both 24 and 48 hours also suggests that alcohol dehydrogenase activity may

become limited once the aldehyde concentration drops below a threshold level, as

all aldehyde concentrations from both time points fell within a narrow range,
(0.193-0.457 mM; 0.014-0.033 g/1). The best performing enzyme variants after 24

and 48 hours as determined by maximum alcohol and minimum aldehyde

concentrations are listed in Table 3.

Table 3. 1 atm CO 2 alcohol dehydrogenase variant performance summary based on raw concentrations

Time (h) Enzyme [Isobutanol]mm Enzyme Ilsobutyraldehydel mI
mM g/L mM g/L mM g/L

24 YqhD 4.43 0.342 Adh6sc 1.893 0.167 YqhD 0.193 0.014
48 YqhD 4.448 0.343 Adh6sc 2

.
02  0.178 AhdAl 0.203 0.015

OD-normalized product concentrations (Figure 10B,D) suggest that

AdhALl may be especially efficient at product generation on a per-cell basis,
which in addition to displaying the lowest aldehyde concentration at 48 hours

indicates it may be one of the better performing variants. In addition to yqhDE,

strain SR7xKY demonstrating the fastest aldehyde conversion rates and highest

final titers under aerobic conditions (Figure 9), results from 1 atm CO 2 cultures

also displayed the highest final titers (Figure 10C), although performance

differences under 1 atm CO 2 were marginal relative to aerobic results. With

available data especially encouraging for variant YqhDEc, subsequent incubation

experiments under sCCO 2 proceeded with the pJBxKY construct-bearing strain

SR7xKY.

4.3.4 Bench scale abiotic isobutanol scCO 2 and aqueous phase

extractions

In situ extraction via sCCO 2 relies on the partitioning of a compound from

the aqueous phase to the scCO 2 phase followed by product recovery. After

manifold modifications, batch reactors used for culturing under scCO 2 in this

study were utilized for bench scale in situ extraction, as described in the

methods. Standard curves generated for partitioning of isobutanol from aqueous

media into the scCO 2 phase demonstrated that isobutanol at concentrations from
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0.5-5.0 mNI (37-371 mg 1) coild be (Iualtitatively stripped from the Ille(lia plhase

anl recovered in the scCO. phase (Figire 11).

scCO 2 phase Media phase

7, ' Ut 5 5. E L F

2 U1 2 1 75

Isobutallol (iil) Isobutanol (mM)

Figure 1.1. Stand(rd curves Ibsed on atbiotic A) sC, phase (left) and B) quemlS plUimse extrition of

isobultamll (fight')

Process mo(lifications inchluding continuous reactor heat jig, increase(d

(lepressurizatiol rates an( increased( etl i acetate solvent voliie appeared to

significantty improve sll)ercritical CO1 phase recovery efficiencies during a secodl(l

rolll(l of albiotic isobl)taiol extractionis. iincreasirig the percellt of* total isob)tanol

recovere(l from the scCO9 phase by an or(er of' magnitude from 2% to 20%

betweeil the initial an( seconl r1s. Overall mass balance calculations of the

secoll(d rim (lemiostrate(d that between 75-90% / of loa(le(d isobutaiol

coicenitratioin was recovere(d bv the s11111 of aqieolus an( scCOi_ phase pro(lucts

after three-day scCO) iicubatiolns. We note that since the batch bioreactor set

up use(d in this work is not optimrize(l for solvent stripping using scCO2., 2-20%

product recovery in scCO 2 is satisfactory in the context of this study. However,

we expect that firther work to optimize the reactor and st ripping confignration

will enable more effci ent in sitn extraction.

4.3.5 Biosynthesis and in situ extraction of natural products and

biofuels under scCO 2

Having established alcohol (.ehy(rogeiase variant YqhD[:c as the best

performing enzyme for isobntan.ol prodnctioni, cultures loa(led with spores of

SR7xKY iii the preselice of xylose inIducer were anticipated to generate biofnel

products. Conversely, metalbotically inactive ciutires and LacZ-generating SR7xL
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control cultures were not expected to show signatures of alcohol production.

Uninduced biofuel strain cultures showing growth were anticipated to generate

low-level biofuel concentrations due to the mildly leaky nature of Pxyl. A

summary of growth outcomes from scCO2-incubated cultures of genetically

modified strains (This Chapter) and wild-type SR7 (Thesis Chapter 3) is

presented in Table 4:

Table 4. Summary of growth outcomes for cultures of SRB7 wild-type and modified

strains in M9A+ media incubated under scCO 2.

Starting M9A+ Growth Max Biomass

spores/mL Frequency (cells/mL)

+Y3xIO 33% (5/15) 5.96x107
SR7xKY 

11 16- 1x105  17% (1/6) 2.88x10 7

+ 5x105  13% (2/15) 1.34x10 7

- 3x105  33% (2/6) 9.69x1O0

Wild-type SR7 - 3x104  64% (16/25) 1.63x107

Media Control + b.d. b.d. b.d.

Decreased growth frequencies observed in transformed strains relative to wild-

type SR7 may indicate a metabolic burden associated with carrying and

expressing the pRBBm34 vector, as observed under 1 atm CO 2 (Figure 7), that

reduces germination frequency and/or vegetative outgrowth, though these

hypotheses will require additional investigation.

Natural fermentation products were detected by HPLC in the media phase

of all reactors demonstrating growth (>10-fold increase in cell counts) over 21-22

day scCO2 incubations, including induced and uninduced cultures of both SR7xL

and SR.7xKY. Detected compounds were consistent with those generated by wild-

type SR7 scCO 2 cultures (Thesis Chapter 3), including succinate (up to 73.2

mg/1), lactate (up to 2.8 g/1), and acetate (up to 1.3 g/1) (Figure 12), which

reinforces the suggestion of growth via the TCA Cycle and mixed acid

fermentation. Total cell-normalized metabolite concentrations demonstrate

maximum per cell productivities of 7.6 x10-9 , 5.3 x10-8, and 2.5 x10-8 mg product

cell-1 for succinate, lactate and acetate, respectively, which are also similar to

maximum per cell productivities of the wild-type strain under 1 atm CO 2 and

scCO 2 (Thesis Chapter 3). The quantification of natural metabolites thus has

potential for use as an indicator of active growth under scCO2.
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Natural products under scCO,

WSP7.x. -X I

111sR7,0 -XNI

Scc7,Kn. X,

Suciatc

A
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Acetate
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0
*0
0

0.

0

Natural products under scCO,
Filter count-normialized

SSR 7xI. X, Iy

II 7 S~IxC -X'l

s7XKNY XII

Succinate Lactate Acetate

Figure 12. Natural fermentative products generated by SR7xL and SR7xKY cultures under scCO_

showing growth, as detected by HPLC. A) total titers and B) filter count-normalized per cell

metabolite productivity. Final cell concentrations for each sample listed at right. No metabolites

were detected in mnedia-m1ly reactors and reactors without cell growth (data not shown).

Biofuels were detected by GC-MS in the media phase of all five reactors

loaded with SR7xKY that showed growth and were induced with xylose (Figures

13 and 14; Table 5). Of the two SR,7xKY cultures showing growth in the absence

of xylose, one showed low level biofuel production (0.3 mg/i isobutanol, 0.1 mg/i

isopentanol), putatively as the result of the mildly leaky xylose promoter. No

biofuel was generated in any of the reactors that did not show vegetative growth,

verifying that metabolic activity (i.e. growth) under scCO2 is required for

heterologous compound production (e.g. Figure 6). No biofuels were detected in

SR7xL cultures or media only negative controls.

Media phase B scCO, extracted

x1l' SR7 Non-Induced Expression (-Xyl)

10, SR7 Induced Expression (+Xyl)

61 Isobutaniol

Isopentanol

X104 Media Only Negative Control (+ Xyl)

6-

2-

4 ,s,.,e s's I is ia it ii so so se si ~b ~do

SR7 Non-Induced Expression (-Xyl)

SR7 Induced Expression (+Xyl)

IObNtatol

.- Media Only Negative Control (+IXyl)

'34

RespseUl vs. AcquisitTimelmi) T an i t i i ( rr 5

Figure 13. Example GC-FID traces detecting biofuel products isobntanol and isopentanol in the A) mnedia

phase mnd B) scCO2-extracted phise of scCO2-incubated SR7xKY cultures
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scCO2 Samples (t = 22 d)

Figure 14. R )cov () )(d 1(d concetri t iiitiots fr) cultursil siowing growth ill xYlose-indiced an1(d

ulinduc d c lVles. 1l1d 111ed ia oillv iii gAtiv( co1t rols. l3i ilk refrls to seCO2 1)1p1aS5-ext raicteid

lleadspaie voIl i noes froi all ileedl . mimIudie(d. or negative colitrol reietors. Gliiose (11iiptioi

desiglated as zero, low zero (()5(S consuin ed). low (5-21). mnoi fun (20-404). aind hiigh ( 40%).

-L() D" im it of detectioin for s(CO)-extrac ted isolmt anol ((). 13 111I).

Measured isobitanol concentrations inl the aqueoiis phase of iiidilCed cultuiires

ranged froiii 1.6 to 93.5 ing . while isopei1tanol coiicentratioiis varied froim 0.5 to

29.7 ing 1. Observed inaxininim titers of 0.094 g I isobutaliol an1d 0.030 g 1

isopelitanol in scCO9 ea i acubations are approxiniatelv two orders of mnagnlitulde

lower than 1111(er 1 at In CO2 . possibly (file to reduced growth rates and biomai1ss

acCm111llatioll. o1 poteint al redirectiolt of carbo 1 flux under scCO2 conditions.

Ill order to maximize direct scCO._ phase 1iofuel compound recovery, all

reactors loaded with strain SRxKY that were induced were depressurized into a

single collection solvent to mnaxinize the likelihood of biofhel recovery. Similarly,

all reactors loaded with SRB7xKY that were uninduced were pooled via a single

collection solvent. A pronounced GC-MS peak for isobutanol was observed only

for the pooled samiples fron induced reactors while no isobutanol peak was

observed froii nIo1-indlced samples. indicating inducible geiie expression led to

biofitel generation under seCOm (Figures 13B and 1-4). Based on the abiotic

scCO)-extracted isoblltanlol standard curve (Figure 11). the total scCO2 phase

isobultanol concentration was 10.2 ng per liter of lnedia (0.138 nM; Table 5).
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which represents 5.2%Y of the total recovered isobutanol from both the media and

scCO2 plhases. The detection of biogenic isobutanol in the sc(COj phase represents

the first I)iofiiel production under scCO9 conditions, as well as the first harvesting

of biofuels from microbial cultures incubated under scCO2.

Table 5. Suminurvary of s(C0-ilI(ulbatioln olltcoillnes for SP.xKY-I1oaded cohliils thli showed iiciriased

biollliss relative to starti jg COll(elItratiol1s

t I I1 1 uced ica t Lr Coillt Filter Fold Grow h lucisel Iscibltallol (11310 1H) ksopentanlol (11)[101) |S1m1 jBiofuecil
x i) le(cull. lL) Stid I)v I221 .,01 (g L) GC Aa i mg 1, G( Arca imM ml g 1, Ing

A n (J(1- 1)() 0J l 00 0 3 21 (1 1 10
dd 1(0 do g osi m t1) (1 h1 1 1s

N19A
Cd ntit Ia l y xt1r t 1d Omp oin s r t i th Hk sICu 1 f

Bu~lk 11 I 0I 1) HI )

C .Ell (li Tr.: ;.;' 671 , ) ,01 1 1it 11109 II I 1 11.1172

N1..6 : o" 1 ." u.-,, I I:7: 1.77 ON) L] 0 100 0.(111

SII~~~~xhY .~~~~.vi. 11 , i ( 0~ I 1., 11 71' 711

; 1A Fi 1-, u.7:l 16 11 21.0 127'' 225! 1 .12 1 2;: 1::1 1 >1 2:", 1.:1 7 , A 1 1 21.966

0- 10 1. 1 1 12:;.5 711 li t, ( 12i7I7 Ii, [1 S 2 17 ().()(15 H.46 '2 ' I.

51j3 (. 1:)" 10. 2 '2 t

Ini add(itioni to e(logellous, mietabolites and het eio logoiis l)iofiicls,

dlifferenitially extracted complIoundI~s present in the bul1k s-C~O- ph1ase of growni

cultures that are absent in the aqueous palise may hold promise as SR7 natural

products able to be extracted by the seCO) phase. If these products can be

identified. it is possible that optimization of product-generating pathways may

enable ffuture production and extraction of these unknown compounds. Peaks

differentially present in the scCO 2 bulk phase include compounds with retention

tinies of 19.75, 25.34, 25.4. and 26.97 minutes. TIC chronatogram peaks were too

small to be reliably compared to the NIST cheincal (latabase and thus could not

be identified. Repeated experiments and further inspection of CC chromatograms

and IS spectral data may aid in elucidating the nature of differenltially

generated compounds under scCO).

4.4 DISCUSSION

After demonstrating requisite growth uider proposed bioproduction

conditions (Thesis Chapter 3). initial attempts were made to confront the

challenge of genetically modifying strain SR 7 with the goal of generating biofuels
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under scCO 2 conditions able to extracted by the sCCO 2 solvent phase. B.

megaterium has generally been considered a genetically tractable species using a

range of transformation approaches (Biedendieck et al., 2011; von Tersch and

Robbins, 1990; Biedendieck et al., 2011; Richhardt et al., 2010; Moro et al.,
1995). Previous genetic engineering in the species has demonstrated the ability

for recombinant overexpression of genes and entire operons through identification

and use of strong promoters (Bunk et al., 2010). Furthermore, directed enzyme

engineering has enhanced protein stability, and an mRNA inactivation strategy

has been developed using antisense RNA to redirect carbon flux from competing

pathways (Biedendieck et al., 2010).

Development of a viable protoplast fusion protocol enabled the

introduction and maintenance of exogenous plasmid DNA bearing non-native

enzymes. Activity assays using two promoters, xylose-inducible Pxyi (Figure 4)

and IPTG-inducible PHyper-spank, established Pxyi as the superior genetic element,

generating LacZ specific activity values between 1.26 and 4.41 (U/min) relative

to PHyper-spank specific activity values of (0.31-1.36 U/min) (Figure 5). While not

utilized for additional development in this work, the PHyper-spank promoter may be

useful in the future as a component of increasingly complex pathways, including

those requiring feedback architecture with multiple inducible promoters. After

demonstrating the capacity to induce expression of a single enzyme (LacZ) under

scCO 2 (Figure 6), the logical next step in bioproduction development was

expression of a heterologous multi-enzyme pathway generating a compound that

can be localized outside the cell for sCCO 2 extraction. Follow-up efforts thus

targeted the production of C4 biofuel isobutanol due to the limited number of

required genetic modifications, its ability to partition into scCO 2 solvent, and

significant global market that is expected to reach $1.18 billion by 2022 (GVR.,
2015).

Results demonstrating biofuel production under 1 atm CO 2 (Table 2;

Figure 8) were useful as an intermediate proof of concept not only in having

generated a non-native product under anaerobic conditions, but also in enabling

a higher-throughput mode of experimentation where scCO 2 culturing conditions

are limiting. These results also established proof of concept that detectable

extracellular biofuel compounds may be generated by SR7 through heterologous

pathway expression, lending confidence to the hypothesis that production under
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sCCO2 is an achievable goal. In addition, 1 atm CO 2 titers resembled aerobic

concentrations after 24 hours (Figure 8), an encouraging result suggesting that

02-dependent enzymatic and co-factor function may be overcome through

moderately extended incubation. Isobutanol and isopentanol titers in SR7 under

aerobic and 1 atm CO 2 conditions are competitive with previous studies

attempting to similarly engineer amino acid pathways for biofuel production in

E. coli. Both aerobic and anaerobic SR7 isobutanol productivities outcompete E.

coli (Bastian et al., 2011) in one instance, while demonstrating about one-third

the productivity of an alternative E. coli strain that had been genetically

optimized to reduce competing byproduct yields through gene deletions (i.e.

adhE, ldhA, frdAB, fnr, pta; Atsumi et al., 2008) that are currently unavailable in

SR7 due to limited genetic tractability. Isopentanol titers were also comparable

with a previous amino acid pathway-utilizing study (Connor et al., 2010), which

demonstrated nearly identical productivities to those observed in SR7 under

aerobic conditions (though 1 atm CO 2 productivities were approximately half the

rate of aerobic). Competitive biofuel production and scCO 2 exposure resistance

therefore uniquely positions SR7 as holding the potential to exploit scCO2 for a

novel bioproduction and harvesting platform system if the strain is able to

demonstrate heterologous biofuel production under scCO2.

The alcohol dehydrogenase gene initially tested in SR7 (adh6Ec) appeared

to present a pathway bottleneck as the intermediate aldehyde accumulated after

4 hours in both the aerobic and 1 atm CO 2 incubations (Table 2; Figure 8). As a

result, alcohol dehydrogenase variant screens provided a means for boosting

pathway kinetics. The results from aerobic testing showed dramatic improvement

in substrate conversion rates and final titers for one variant in particular,

YqhDEc (Figure 9). Although screens under 1 atm CO 2 confirmed high final titers

by YqhDEc, follow-up experiments with earlier time points and in M9A+ media

will provide additional clarity regarding differential alcohol dehydrogenase

activity. Previous studies have shown YqhDEC is a NADP-t--dependent

dehydrogenase with a preference for alcohols longer than C3 (Sulzenbacher et al.,

2004). Because glycolysis exclusively generates NADH under anaerobic

conditions, further enzyme co-factor improvement, i.e. conversion from NADP+

to NAD+-dependency, may improve catalytic performance in light of NADH-

dependent AdhALl (from Lactococcus lactis) demonstrating the highest activity
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in E. coli (Atsumi et al., 2010). As demonstrated by Bastian et al. (2011), this

could entail overexpression of pyridine nucleotide transhydrogenase (PntAB),

which is responsible for transferring hydride from NADH to NADP. Another

approach would be to modify enzymes to be NADH-dependent rather than

NADPH-dependent. Bastian et al. (2010) utilized targeted mutagenesis and

recombination to generate two NADH-dependent variants that in conjunction

with AdhAEc produced isobutanol at 100% of the theoretical maximum yield,

confirming the utility of co-factor modifications. Utilizing specific methods and

targeted mutagenesis developed for E. coli it may be possible to modify alcohol

dehydrogenase genes for SR,7 to further improve kinetics and overall performance.

In support of our focus on genetically engineering wild-type environmental

isolate B. megaterium SR7 for biofuels production under scCO 2, we converted our

bench scale bioreactor to an in situ stripping device and demonstrated that

through very minimal system/process optimization, 5.5% of isobutanol in the

system could be recovered from the scCO2 phase. We expect that further

engineering of the stripping method with specialized reactors that include mixing

by impeller and continuous scCO 2 sparging will allow enhanced rates of mass

transfer. Demonstration of direct isobutanol extraction by scCO 2 is representative

of a breakthrough aspect of this work: beyond conferring self-sterilizing capacity

(Spilimbergo and Bertucco, 2003; Peet et al., 2015) and reducing end product

toxicity effects, scCO 2 solvent extraction generates a "dry" product upon scCO 2

depressurization that requires limited additional dehydration processing.

Unlike most current bioreactor harvesting technologies (Oudshoorn, 2012)

because water shows very limited solubility in scCO2 (-1 mol%; Sabirzyanov et

al., 2002), compounds extracted in the scCO2 phase are inherently dry. Water

and isobutanol form an azeotrope, which is a mixture of two liquids that cannot

be separated by conventional distillation because boiling generates a vapor phase

with the same proportions of the liquid mixture constituents, i.e. isobutanol has a

boiling point of 108*C, water of 100'C, and the mixture of 90'C. As a result,

scCO 2 extraction of (iso)butanol from an aqueous phase provides the opportunity

to "break" the azeotrope in a single step rather than as a multi-step process where

the isobutanol-water azeotrope is first removed from the growth medium before

subsequent steps to purify and dehydrate the isobutanol phase (Vane, 2008). The

infrastructure and energy costs of the current fermented isobutanol harvesting
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methods have prevented this approach from being brought to scale in any

industrial setup to date. A novel process of isobutanol production-to-harvest

could thus occur in our proposed reactor system while utilizing an inexpensive,

low-energy, environmentally benign solvent.

Current bioreactor schemes are plagued by contamination events and end

product accumulation toxicity that require the cessation of product generation

and subsequent re-sterilization of the entire system. Bioreactor incubations that

include a scCO 2 phase not only enable unique extractive chemistries, but also

protects against colonization by an outside organism. Due to contamination

concerns, bioreactors are almost always set up as batch or fed-batch reactors

(Cinar et al., 2003). However, inherent to batch schemes is that as metabolic

byproducts build up in the culturing medium, microbes are unable to withstand

the toxic effects of these end products, causing them to die. Therefore,
continuous removal of metabolites that will preferentially partition into the

scCO 2 phase will relieve end-product accumulation, extending the temporal

capacity to continue product generation beyond conventional limits.

Furthermore, as the consistency of in vitro biocatalysis may be limited by

variable stability of enzymes under scCO 2 , the use of a microorganism as host

provides enzymes additional layers of protection from direct scCO2 exposure that

in vitro incubations do not allow. This protective feature is especially effective

within Gram-positive bacteria (e.g. Bacillus spp.) whose thick peptidoglycan cell

wall is thought to curtail the ability of scCO 2 to penetrate the cellular membrane

(Mitchell et al., 2008). As a result, the capacity to culture B. megaterium SR7

under scCO 2 appears to solve several challenges associated with scCO 2

biocatalysis.

Since a vast range of recombinant proteins have been produced in B.

megaterium (Bunk et al., 2010, Martens et al., 2002) for pharmaceutical and

industrial applications, including via C02-consuming carboxylation reactions,

compounds with vastly different chemistries and uses may be considered for

future bioproduction (Matsuda et al., 2001, 2008). As a result, in order to narrow

the focus of target comnpounds, several aspects of prospective products must be

taken into account for potential biphasic media-scCO 2 bioreactor production

using strain SR7, including 1) does the compound have a favorable (i.e. non-

polar, hydrophobic) partition coefficient into the scCO2 phase from water-based
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media, 2) does the product require a prohibitively high number of genetic

elements, and 3) has the pathway been demonstrated in closely-related species?

An additional consideration is whether a feasible economic landscape exists for

the bioproduction and purified extraction of specific compounds using the SR7

system, including from a range of alternative feedstocks. Considering that Bacilli-

generated enzymes comprise around 60% of the -$2 billion global market for

homologous and heterologous enzyme production (Ferrari and Miller, 1999), it is

likely that entry to a commercialized market by proper chemical vetting would

enable industrial development of the complete production and harvesting system

using SR7.

4.5 CONCLUSIONS

By integrating process and genetic engineering developments established

under 1 atm CO 2 with proven culturing methods under scCO 2 (Thesis Chapter

3), heterologous lacZ expression and biofuel production by actively growing

cultures under scCO 2 conditions establishes an exciting new field of

biotechnological development with significant implications for the future of

sustainable biofuel and biochemical production. While low-frequency growth

(Peet et al., 2015) and enzymatic catalysis (Matsuda et al., 2001) have previously

been shown under scCO2, this work represents the first combined demonstration

of heterologous enzyme production and robust vegetative growth under scCO2

conditions. Growth compatibility and protein production in SR.7 now provides a

conduit to exploiting the scCO 2 solvent phase, which was previously thought

inaccessible for microbial-mediated product generation and solvent extraction

(Knutson et al., 1999). Now that this specialized growth system has proven

feasible, attention turns to further engineered pathway complexity, reactor and

extraction design, and potential economically viable applications of this novel

technology.

158



4.6 ACKNOWLEDGEMENTS

I thank Dr. Jason Boock for his significant contributions to the work presented in

this chapter. Specifically, Dr. Boock optimized the protoplast fusion protocol,

constructed vectors, transformed modified strains (except SR7JR1), and

conducted aerobic screens of alcohol dehydrogenase gene variants.

159



5
CONCLUSIONS AND FUTURE WORK

The reason that I wrote this thesis - and did this research - was because

the world is currently on an irrevocable path to global climate change by

continued reliance on fossil fuel-based energy sources. In particular, the emission

of carbon dioxide throughout the course of industrialized human history is the

single largest contributing driver of anthropogenic-induced climate change

(IPCC, 2007). Therefore, our society must consider how we are going to use

carbon dioxide for productive purposes or at the very least find methods for

storing CO 2 in a safe and effective manner. This thesis thus aimed to survey

different methods by which microbial life may play a role in a sustainable CO 2

future. Specifically, I explored the role of the deep biosphere in a GCS analog

system and how living microbes may harness the solvent power of scCO 2 as a

component of energy efficient microbial compound biosynthesis and extraction.

Microbes hold significant potential for helping to mitigate the migration

and leakage of injected scCO2 for long-term GCS. The taxonomic identification

and laboratory isolation of bacterial species associated with deep subsurface fluids

from McElmo Dome may inform new research into the development of scCO 2-

tolerant strains with deep subsurface utility. Biofilm barriers have previously

been developed to reduce aquifer permeability by supplying nutrients to native or

introduced microbial populations in order to enable robust growth and EPS

formation (Komlos et al., 2004; Seo et al., 2009; Cunningham et al., 2009;

Mitchell et al., 2008; Mitchell et al., 2009). Furthermore, B. megaterium cells in

particular have been shown to induce the carbonate mineralization of CO 2 (Lee

et al., 2014), which if applied in situ in GCS formations could increase the

efficiency of subsurface trapping. As a result it is possible that upon co-injection

with scCO2, certain microbial strains including SR7, other spore-forming Bacilli,

or species native to natural sCCO2 formations may enhance the scCO2 trapping

capacity of deep subsurface formations.
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Additional research and d(evelopillelit of' microbial bioprodlction in scCO-

exposed bioreaetors holds significant potential for icreasingly sustainllable

Compound genieratioin and purifid extraction. Although the work in this thesis

focused oin batch reactor production, co.eontinlols flow reactors are generally

preferable due to the capacity for higher volune production. increased potential

for process automatioli, reded stless oi1 instrunentation due to lack of frequent

sterilization. an1d a niore higlily tuiiable systein in which minor process

modifications imiay be continuously evaluated to enable product, titer

improvelents (Mascia et, al.. 2013: Poechlauer et al.. 2012. Boberge et al., 2005).

Therefore, the work done ill this thesis was done with the expectation that upon

proof of concept, the production system would be ported into a highly optimized

conitilous flow reactor. Unlike most continious flow reactors that are plagued

1y iajol coiitaumiliation events. the presene of seCO2 will severely limit the

potential that any non-target organisins will be able to colonize a scaled ip

bioreactor.

A scCO2-stripping cliemostat that we specifically designed for use on this

project is being constructed by the Tinko Lab at Worcester Polytechnic Institute

(Figure 1). After having shown the ability to produce isobutanol and isopentanol

ider scCO-_ in batch reactors, SR7 may now be utilized for continuous flow

production and compound harvesting. After growth occurs. feed dilultion rates

will be set to balance kinetics of batch growth and the relationship between
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dilution rate and steady-state cell density will be determined. The aqueous phase

flow rate will also be adjusted in order to maximize the ability to sweep away

secondary products that might adversely affect cell growth or target compound

production.

Additional development of SR7 for use in the optimized reactor involves

engineering increasingly complex and varied pathways for higher value products,

including 1-butanol and 4-methyl-pentanol. The possibility of incorporating the

bicarbonate-fixing phosphoenolpyruvate carboxylase enzyme endogenous to SR.7

for scCO 2-consuming reactions holds exciting potential for scCO2 to serve a dual

purpose as both solvent and dissolved substrate. There is also the potential to

test enzymes recovered as DNA sequences from the McElmo Dome metagenome

(or other high pCO2 systems) that may be especially well adapted to function

under high pCO2 conditions. Developing protocols for genomic integration of

heterologous pathway enzymes may confer additional stability in the context of

scaled up industrial production. Furthermore, transcriptomic analysis of SR7

growth under a variety of headspace and media conditions would provide crucial

insight into competing pathways that may be knocked out/down in order to

improve product yields and titers. Transcriptomics may also enable a genome-

wide promoter map with broad pathway engineering applications.

The genetic and process development of SR7 within a highly-customized

continuous flow biphasic aqueous-scCO2 chemostat is also exciting due to its

potential energy savings relative to conventional extraction methods, as

demonstrated by preliminary analysis by the Timko Group at WPI and

Oudshoorn (2012) with respect to butanol (Table 1).

Table 1. Energy balance for butanol extraction methods

Extraction Method Energy Requirement Reference
(MJ/kg butanol)

Gas Stripping 22

Liquid-Liquid Extraction 9 Oudshoorn (2012)

Distillation 24

Supercritical CO 2 Extraction 3.9 Tinko Group
(1 bar, 25 *C)

Even when fully depressurized to 1 bar, scCO2 extraction still represents a 57%

energy savings over the next most efficient method (liquid-liquid extraction). SR7
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bioproduction in an optimized reactor context Imay also provide new conduits for

the production and harvesting of broad classes of comipounds that are currently

reliant on environmentally harinful organic solvents for extraction. Based on

published partition coefficients and current market values (Table 2: personal

conii1 imniuication. Mike Timiko), short-to-iedium chain aldehydes are attractive as

end products for use in the scCO 9 bioproduction systen, specifically isoblltanal

(isobutyraldehyde), n-pentanal, n-butanal, and n-propanal. Encouragingly, as

SR 7 has already (emoinistrated the capacity for isobutyraldehyde production by

introduction of the kivDu gene. the current state of strain development is alreatdv

Table 2 Ecoioiii-s (A feirnie1itative 1>iodlucts. incelliig water scCM-) (K, () coefficiel its ildi(cati g

i1I(lI(olO an(1 exi)rl'1elitaL p)antitiolliag ratioS fiu0n wiuer into the sCCO) phse ( Tiiiko ct u.. 200-).

Chmial Price te. G lo bal Ca pkcity H f K"Ue
Chemical R Hef. RfUe

JSS kg (tons year) calculated. (expt)
Full cxtmtc ionl of'jilk

I-IM n10 I.12-1.5 1 14,('IS 20446 2.421.2004 S1 lbit 2011 2.2; 1tibioti

I)-bilal I;II I.2 I( I I00 it I I n e ialt
-S 1)\PA 2002

Full ('he''I l 1I vck,(
is Ihnta l [.32- 1.12 (IS 2 .1 554. (u ;11111 ow I1s14'h 201F7 2 (,)
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equipped to generate an additional compound beyond isobutanol and isopJentanol

that is able to take advantage of scCO2 solvent properties.

Overall. this thesis has shown that the microbial biosphere may access

supercritical CO. in new and nforeseeni ways. opening the door to acldditional

research and developiment of geoemigineering and bioeigineering aphplications. I

believe strongly that innovative aIpproachies must be taken in order to find novel

uses for the greenhouse gas carbon dioxide in order to diminish the effects of

global cliniate change. This thesis was my attempt to contribute to that effort.
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When applying to doctoral programs, I wrote in my personal statement that my

proposed graduate research aim was "the engineering of methods that isolate and

convert byproduct wastes, utilizing their vast potential as productive, valuable

substrates. Combining these methods with renewable energy resources represents

my vision of the next generation of energy production, water purification, and

clean industrial processes." I believe that my research has delivered on my initial

goals, and will continue to provide new avenues by which our society's future

may come to treat "waste" as a outdated concept that fails to acknowledge the

inherent utility of all compounds as substrates, especially that of carbon dioxide.
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