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Abstract

Methanotrophs are bacteria that directly convert methane under ambient conditions. In
doing so, renewed research interest in their bioconversion capabilities have grown with the
current abundance of methane and the global climate impact the gas has. Of the many different
strains of methanotrophs, Methylomicrobium buryatense 5GB1 has gathered recent attention as a
haloalkaliphilic strain that grows rapidly in medium that is naturally selective. Despite this peak
in scientific study with methanotrophs and 5GB1, many unknowns remain. Specifically, this
study strives to systematically investigate: (1) The effect of methane and oxygen concentrations
on the growth rates and carbon distribution in small batch cultures; (2) Experimentally evaluate
the effect of carbon distribution and growth on an “oxygen deprived” and “methane deprived”
headspace with different dilution rates; (3) Conduct in silico analysis with experimental results to
evaluate energy requirements and overall predictive performance with a constrained reduced
genome scale metabolic model.

From this work, creative, analytical methods and careful control procedures allowed for
quantification of carbon distribution in under-pressurized vials or in continuous benchtop
chemostats. With accurate experimental data, an initial phenotype characterization brings forth
new insights on metabolic shifts within cells and raises fundamental biological questions during
substrate deprived states. Overall, this study contributes to the necessary knowledge base to

design processes for improved conversions with this promising biocatalyst.
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Chapter 1 : Introduction to Bioconversion of Methane and Process Considerations

1.1 Methane: An Abundant Carbon Source and Prominent Greenhouse Gas

Methane is an abundant organic gas that is considered a rich source of carbon and energy.
There are two main sources of methane: non-renewable natural gas and renewable biogas. For
natural gas, which contains ~80%-95% CHea, there is 6800 trillion cubic feet of proven reserves
globally recorded, of which the US has claims to 2,355 trillion cubic feet. Additionally, elevated
levels of natural gas production in the U.S. is expected to continue based on datasets from the

U.S. Energy Information Administration (EIA) (see Figure 1) [1,2].
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Figure 1: U.S. dry natural gas production



On the other hand, biogas, which contains ~50%-70% CHas and ~30%-40% COz, is
generated rapidly from anaerobic digestion of organic matter. The primary sources for digestion
are livestock manure, food waste, landfill gas, water treatment facilities, and food production
residuals. Collectively, these numerous sources could provide 41 billion kwWh/ year of electricity
that would satisfactorily power more than 3 million U.S. homes for one year or produce the
equivalent of 2.5 billion gallons of gasoline for vehicles. Similarly, captured biogas could feed
into bioprocesses to make additional substantial energy and bio-based products. Of the possible
13,000 sites in the U.S., only about 2,000 are operational and thus, providing untapped potential
for sustainable processes. [3].

With clear abundance for both sources, common processes regularly release methane into
the atmosphere via ventilation or flaring when the sources cannot be completely converted due to
technical or economic limitations. If released in the atmosphere, methane will add to the climate
change effect currently observed. Methane is the second most abundant greenhouse gas (behind
CO3) with a global warming potential that is >25 times that of CO2 in a 100-year period [4].
Specifically, over 100 billion cubic feet of natural gas is vented or flared per year since 2006 (see
Figure 2) [5]. Meanwhile, any unused biogas sites simply ventilate effluent streams to the
atmosphere. Additionally, more than half of the anthropogenic methane emissions are below 3%
in concentration that leads to unfavorable economic conditions for most chemical conversion
technologies. These diluted emissions come from old landfills, coal mines, or liquid manure
storage areas [6].

Hence new technology to directly convert methane is highly sought after. Ideally the

system must be able to balance challenges associated with the methane source (e.g. presence of



nitrate and sulfate based contaminants), while also increasing conversion rates or selectivity in an

effort to reduce methane emissions.
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Figure 2: U.S. vented and flared natural gas

1.2 Brief Introduction to Methanotrophs

Over the past 30 years methanotrophs have moved from a “black box” organism to being
on the cusp of becoming the next biocatalyst in a promising biotechnical world. To quickly
summarize, methanotrophs are bacteria that assimilate methane (largely through aerobic
processes) for their sole source of carbon and energy. Publications on methanotrophs have grown
significantly in the recent decades [7] with topics covering natural history [8,9], ecology [9-12],
medium preparation [13,14], molecular biochemistry [8,9,11,12,15-19], metabolic engineering
[20], and the application of methanotrophs for bioremediation [21,22], fuels, and valuable
chemicals [14,15,23-27]. As a result, methanotrophs have started to gain a foothold in

bioindustries with great progress seen in aquaculture and energy production [24]. However, their



industrial applications and developments are limited compared to the conversion of biomass to
ethanol through industrial microorganisms [28].

The oxidation of methane to methanol is the first step in carbon assimilation and is
completed with the particulate and/or soluble form of methane monooxygenase (MMO) in an

environmentally benign fashion [11,17,19]. The equation for this reaction is shown below.

CH, + 0, + 2e” + 2H* > CH,0H + H,0 (1)

The soluble form, SMMO, is found in the cytoplasm of the cell and is associated with a
large substrate range including1-8 carbon chained alkanes, cyclic alkanes, and aromatic
hydrocarbons [11]. Electrons for methane oxidation by SMMO would be provided by
intracellular NADH. The particulate form, pMMO, is found on intracytoplasmic membranes
(ICMs) and has a far narrower range of substrates. These ICMs are of growing interest because
they are composed of fatty acids that could potentially be used to create biodiesel [29]. Elections
could be provided to the particulate form, pMMO, by a number of ways and is discussed in detail
in later sections [20]. Several excellent reviews of the MMOs have been published
[8,9,11,15,16,30] and additional details regarding their structure and kinetics are covered
elsewhere [11,31]. Table 1 lists the basic properties of the two types of MMOs

[8,10,11,16,22,31].

pMMO sSMMO
Location Inner Membrane Bound Cytoplasm
Specific Activity Low Km (8.3-92 uM) High Km (92 pM)

Aromatics, heterocyclics,
alicyclics, alkanes and
alkenes (C1-C8), ethers,
halogenated aliphatics,

Alkanes and alkenes (C1-
Substrate Specificity C5), chlorinated aliphatics,
and ammonia




chlorinated aliphatics, carbon
monoxide, and ammonia

Electron Donor Not clear NADH

Active site cofactor Iron Copper

Table 1: Comparison of pMMO and SMMO properties

Methanotrophs that possess genes for both enzymes, regulate their expression by a “copper
switch”. At higher copper concentrations, the pMMO is upregulated and becomes the
predominant methane oxidizer. The regulation and transcriptomics of this copper switch is an
active area of research and is again, covered elsewhere [32-35].

Methanol created by the MMO is then directed towards two main metabolic routes. The
first entails further oxidation of methanol to regenerate the reducing power required for methane
conversion via MMO (see Figure 3). The other pathway, assembles the molecule into process
that create multi-carbon building blocks used to make lipids, proteins, and nucleic acids. How
the carbon is assimilated in aerobic organisms defines the groups their organized by. For
example, Type | organisms use the RUMP cycle and Type Il utilizes the serine cycle. A third
type, type X utilizes a combination of both assimilation routes with the CBB cycle [8]. In this
work, the central carbon network is of main interest. This reduced network pays strictly attention
to the basic metabolism (i.e. EMP, TCA cycle, RUMP cycle, etc.) of the organism,
Methylomicrobium buryatense 5GB1. Specifics of the metabolic model and biochemistry

involved are covered in later sections.
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monooxygenase and MDH is methanol dehydrogenase. [36]

1.3 Examples of Methanotrophs as a Biocatalyst for Fuels and Chemicals

In recent years, methanotrophs have gained considerable attention as biocatalysts for
processes that create biomass, fuels and chemicals [7,23,24]. For fuels, methanol and biodiesel
are of interest capitalizing on the central carbon network and generation of intercellular
membranes. Meanwhile for chemical production, PHB, ectoine, and lactate are making headway
as components that naturally accumulate under controlled stress conditions.

Among various products, single cell protein (SCP) is the closest example of commercially
successful methanotroph-based biotechnology. For example, Norferm Danmarks A/S, reportedly

could produce 8000 tons per year of BioProtein and had potential to significantly increase to



40,000 tons per year [11]. The company was latter bought out by Calysta who rebranded the
process to make FeedKind™ protein [37]. Calysta has since sought further application of
methanotrophs technology in the aqua/mariculture and livestock feed industries. The protein has
been approved recently by the European Union for use in nutritional feeds for salmon and livestock
(e.g. pigs, poultry and cattle).

In the past few years, the U.S. government has devoted millions of dollars into research
that utilizes methanotrophs to make liquid fuels through the Advanced Research Projects
Agency-Energy [14]. One topic of interest is biodiesel production from the lipid content of the
cells, especially from the ICMs when pMMO is expressed. The fatty acids in lipids accumulated
by methanotrophs are usually saturated or mono-unsaturated C14-C18 chain lengths, which are
considered ideal for diesel production [14]. However, many of the lipids associated with
methanotrophs are phospholipids which can be problematic for upgrading hydrocarbons. NREL
has worked towards alleviating this challenge and developed a two-stage pretreatment method
followed by hexane extraction with upgrading of lipids through advanced catalyst design. In
doing so, lipid conversion was in excess of 99% with the final hydrocarbon mixture dominated
by 88% pentadecane [29]. To be competitive with other biofuel production, high lipid content of
about 35% from engineered strains would be a key target [14]. Currently with the use of
Methylomicrobium buryatense 5GB1, the lipid content ranges between 9-11%, indicating more
genetic work is needed to reach this goal [38].

Methanol is another fuel of interest because it is far simpler to transport and handle
compared to methane. It would especially be lucrative if methanotrophs can convert methane
directly to methanol in an ambient one-step process, a feat that currently utilizes much harsher

conditions in a chemical conversion systems [27]. This bioprocess is usually accomplished via



inhibition of the second enzyme in the biological pathway, MDH that allows for an accumulation
of methanol (see Figure 3). Commonly used MDH inhibitors include concentrated phosphate,
cyclopropanol, NaCl, NH4Cl, chelating agents, and CO2. However, when inhibiting an important
part of the central carbon pathway, cell growth and methane oxidation pattern are affected due to
the loss of reducing power usually generated via downstream oxidation of methanol. Current
solutions include the addition of formate to the system to regenerate this lost source of electrons,
but the cost for this ingredient is economically challenging [27]. The production capabilities of
methanotrophs vary drastically pending on the chemical agent of inhibition and the specific
strain. It is worth noting that because most MDH inhibitors also partially inhibit pMMO activity,
overly high concentration of MDH inhibitors usually results in reduced methanol production
[27,39-46]. The reported range alter in between 0.0006-1.12 g/L of methanol concentration,
where higher ends prove toxic to the cells [27]. Despite these challenges, methanol production
from methanotrophs is an active area of current research with different substrates, reactors, and
consortiums being considered [27,47-49].

Poly-B-hydroxybutyrate (PHB) is a polyester of butyric acid with similar tensile and
thermal properties to industrial plastics such as polypropylene and polyethylene [50-52]. PHB
serves as storage of excess carbon that exists in cells as distinct inclusions or granules [53,54].
Being biodegradable, PHB has found use in many industries including medicine, food packaging,
and agriculture [55-57]. Limiting factors that could trigger PHB accumulation in methanotrophs
include both macrocomponents, such as phosphorous or nitrogen, and microcomponents, such as
magnesium, potassium, copper, or cobalt [57-60]. Only Type Il methanotrophs have the ability to
build PHB as they solely express the complete genetic code for polymer synthesis [61]. PHB

production with methanotrophs is often carried out in a two-stage process: the first stage is a



continuous/batch growth phase that maximizes cell density; the second stage is a batch PHB
production phase where cells are introduced to medium with limited nutrients (usually nitrogen) to
initiate PHB polymerization [57,62] . For methanotrophs, PHB can make up anywhere from 10-
68% of cellular biomass and lead to a concentrations as high as 30 g/L [50,52,58,62].
Advancements to increase yields and economic feasibility are still being sought after as research
for biodegradable plastic production with methane abatement [63-65] .

In 2013, it was discovered that methanotrophs could use their metabolic pathways to
channel assimilated carbon to formate, lactate, and acetate under oxygen limitation conditions [66].
The production of these acids was small (in umol gDCW1), but remain an important metabolic
finding as this proves that methanotrophs can undergo a fermentation mode. Of these acids, lactate
is of key interest as it serves as a precursor to biodegradable polylactide (PLA) polymer for
plastics. Utilizing new genetic engineering tools, a team at NREL modified the strain
Methylomicrobium buryatense, so it could produce 0.8 g/L of lactate which was a 13 fold
improvement compared to the wild strain [67]. Such work encourages further genetic modification,
while also potentially providing another source of revenue with methanotroph bioprocess.

Ectoine is a cyclic amino acid that acts as a microbial osmo-protectant against osmotic
dehydration and thus, is another compound of interest for methane bioconversion technologies.
Under high salinity stress, accumulation of ectoine can reduce loss of water and adjust the turgor of
the cells without negatively impacting cellular metabolism. As a result, ectoine is a highly valuable
compound ($1300/kg), and has found uses in biotechnology, cosmetics, and medicine as a
multifunctional bioprotectant [26,68,69]. Production is often considered a two-stage process where
one stage promotes growth, while the other generates ectoine excretion via hypoosmotic shock by

adjusting the salinity in the liquid medium [70]. Though ectoine production from various



methanotroph strains have been known for years, research into process design and production rates

are still in its infancy [70-72].

1.4 Process Considerations for Bioconversion of Methane

Challenges in process design for bioconversion of methane have been reviewed intensively
in the last few years [14,24,73,74]. At the heart of these challenges lie the inefficient transfer of
the insoluble gas substrates, methane and oxygen. To deal with this fundamental obstacle, reactor
design and the use of promoting agents must be considered carefully. Evaluation of transfer is
further complicated by the costly direct measurement of dissolved methane.

The mass transfer rate of gasses is usually characterized by the volumetric mass transfer
coefficient, kiLa, of the substrate. In this short review, kiLa is used as one of the major metrics to
evaluate the performance of different bioreactor configurations and mass transfer enhancement
approaches. However, it is worth noting that kLa is not a direct measure of a process
performance. In addition, it is highly sensitive to cell density and broth properties [75].

Among the many approaches to measure kia, the most common, such as dynamic method
and its variations, require the measurement of dissolved gas concentration. For methanotrophs
this would require the measurement of both dissolved oxygen and dissolved methane. Dissolved
oxygen probes are commonly used and are commercially available; however, very few probes
for measuring dissolved methane are as feasible. In fact, much of the dissolved methane sensor
technology has been developed for geochemical studies and can be prohibitively expensive [76].

To address this challenge, a couple of in-house developed methane probes with permeable
membranes have been reported [77,78]. Another approach strips the dissolved components in the

liquid into the gas phase to establish equilibrium and apply Henry's Law for proper
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quantification. The gas phase methane concentration can be measured through methane detectors
or standard analytical techniques such as gas chromatography [79].

Besides these approaches, the kia of methane can also be estimated through the kLa of
oxygen. For the applications of methane bioconversion, since the gas phase consists of mixed
methane and oxygen, both gases share the same specific interfacial area and their volumetric
mass transfer coefficients are only differentiated by their corresponding mass transfer coefficient
kL. Both the penetration theory and the surface renewal theory of mass transfer suggest a linear
relationship between the gas component’s mass transfer coefficient, k., and the square root of its
diffusion coefficient, D [80]. For methane and oxygen, their diffusion coefficients are 1.49 x
1073 cm?/s and 2.1 x 1073 cm?/s [80], respectively, which suggests that kLacHs = 0.842 kLao2. This
relationship is similar to what Yu et al. [81] have reported: kLacns = 0.855kLa o2. Because
dissolved oxygen probes are widely available, using the measured kLa of oxygen to estimate the
kLa of methane creates an easy way to quantify the mass transfer rate of methane from gas to
liquid for bioconversion applications.

Bioreactor configurations are dependent on the concentration of the gas feed, whether
methane is in high concentration, such as natural gas or biogas, or diluted within in waste stream
such as with old landfills or coal ventilation streams [73]. For high concentrations the tubular
loop reactor (e.g. U-loop, vertical or horizontal loop) is of particular interest because of long gas
residence times and break up of bubbles via static mixers [73]. In this work and in many others, a
stir tank reactor was used where broth and cells are mechanically agitated by an impeller while
gas substrate is fed through a sparger located at the bottom of the reactor. For this configuration,
over-agitation could cause negative effects on gas transfer, because of poor dispersal of bubbles

and multiple collisions leading to larger bubbles inhibiting gas transfer [73]. This is illustrated in
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Figure 4 below, where oxygen transfer was tested with three different spargers at various
agitation speeds in typical NMS medium.

For more diluted influents, such as those with less than 3% methane, the biofilters and
biotrickle filters are used primarily for gas abatement. Biotrickle filters (BTFs) are similar to
conventional biofilters in the sense that they contain solid packing material, although cells can be
immobilized or free floating. The key difference is that in BTFs the liquid phase is continuously
pumped to the top of the reactor and allowed to trickle down over the solid packing. This
characteristic contributes to higher methane removal efficiency in BTFs on average for similar
residence times. BTFs have been used for methane abatement with removal efficiencies as high
as 78% [6,82-84]. Further comparison for both concentrated and diluted feeds with other

reactors is covered elsewhere [73,85].

Flow rate of 0.5 VVM Flow rate of 0.25 VVM

20 : . . 20 . . L |
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Figure 4: Evaluation of kiLa with different agitation speeds and sparger types. Green solid line
with squares: the conventional stainless steel sparger equipped in Eppendorf Bioflo 115 reactors;
Blue dashed line with circles: Alita’s silicone tube punctured throughout with 1 mm slits; Red

dotted line with triangles: Eppendorf microsparger.
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In addition to research on reactor design, studies have been conducted on the use of
promoting agents with higher affinity to methane and oxygen to enhance mass transfer.
Examples of these components include vectors and polymers (covered below), while less utilized
nanoparticles, electrolytes, and non-ionic surfactants are being evaluated

Vectors are non-aqueous, non-toxic, non-volatile, and non-biodegradable organic phases
added to the fermentation broth that can induce significant increases in gas to liquid mass
transfer [86—89]. In some cases the kia experienced increases over 90% [90] and between 31-
72% increase in methane removal rates [91]. Polymer particles with high affinity and specificity
towards gases can be used as solid vectors. These polymers are non-biodegradable, inexpensive
(unlike their liquid vector counterparts), and can be tailored on shape, size, and gas target [92].
Also, studies have demonstrated that polymers can be specifically designed so that little to no
cell adhesion would occur that reduces cellular loss while simultaneously recovering the
polymers themselves [93]. It has been suggested that the increased specific interfacial area
observed by bubble distribution caused by the addition of polymer, is the most influential factor
for the mass transfer enhancement [94-96]. Oxygen transfer rate with the addition of polymers
has been shown to increase from anywhere between 20-255% [88].

The addition of nanoparticles, electrolytes, and non-ionic surfactants are less utilized than
the previous agents. However, they do enhance gas transfer and consumption rates via
stabilization of bubbles due to repulsion or hydrophobic/hydrophilic properties. Additionally
there is a lack of studies with the use of these agents with biomass and challenges remain on

how separation of the agents from products could occur with downstream process [73].
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1.5 Safety Concerns with Bioconversion of Methane

Methane is a highly flammable gas and with the right amount of oxygen it can easily create
an explosive mixture. Therefore, the bioconversion of methane via methanotrophs poses serious
safety concerns that must be addressed. The combustible range of methane/air mixtures is 5-15%
volume of methane. Although most methane fermentation process are outside of this range, the
following safety considerations and practices are very important to ensure the safety of
operation. The reactor should be designed in a manner that prevents the accumulation of un-
utilized substrate gases [14]. This can be achieved via gas recycling [6,90], full utilization of
substrate gas [91], as well as proper venting. This also stresses the need for in-line measurement
of oxygen and methane in the reactor [97].

For lab scale methanotroph fermentations, four safety practices are recommended ([98] and
personal communications with Dr. Mary Lidstrom, University of Washington and Dr.
Christopher Roberts, Auburn University). 1) Proper gas ventilation of any unused/non-recycled
methane and oxygen by placing the fermentation system in a fume hood or under proper metal
snorkel tubes, so effluent gases can be removed safely. 2) A fail-safe, auto shut off gas system
should be implemented to handle possible exhaust failure or gas leaks. The system should consist
of a flammable gas detector with a relay that is connected to electronic mass flow controllers and
solenoid valves in the gas lines. If the power fails or if there is a detectable flammable gas, the
system will automatically shut off the flow controllers and valves. 3) Static mixers should be
utilized to mix methane and oxygen to avoid any frictional discharge. 4) Finally, both the
equipment system and the researchers should be properly grounded. This can be achieved by
using an anti-static mat for the equipment system and having the researcher wear an anti-static

wrist band.
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1.6 Objectives of this Study

With increasing interest in methane bioconversion for abatement and production
processes, a growing need for research on phenotype behavior is required. Thus, the overall
objective of this study is to characterize the various phenotypes of a promising methanotroph
Methylomicrobium buryatense 5GB1 via experimental and computational means. Specifically,
the following content focuses on:

1) Systematically investigating the effect of methane and oxygen concentrations on the growth
rates and carbon distribution in small batch cultures.

2) Evaluating the effect of carbon distribution and growth as measurable physical responses to an
“oxygen deprived” and “methane deprived” headspace with different dilution rates in a
continuous chemostat.

3) Performing in silico analysis with the results from objective 2 to evaluate the intercellular
network pathways and their accompanying ATP requirements within a constrained reduced

genome scale metabolic model.
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Chapter 2 : Introduction to Genome Scale Metabolic Modeling and Tools

2.1 Genome Scale Metabolic Models, Flux Balance Analysis, and Phenotype Phase Plane

Analysis

With continuous progress of omics technology, mathematical model representations of
cellular metabolisms have grown in complexity and popularity. In doing so, in silico
experimentation can provide insight on the effects of designed mutation and synthetic carbon
flux through the metabolic network These models are called genome scale metabolic models
(GEMs) which as the name suggests, are constructed based from the cell’s genome to provide a
map of the possible enzymes and their corresponding reaction pathways. As such, these models
build a bridge to relate organism’s genotype and phenotype by incorporating genomics and
experimentally observed data into model building and establishing constraints [99,100].

Specifically, GEMS enable researchers to examine how a system (i.e., cellular
metabolism) comprised of many individual components (i.e. reactions) interact to achieve a
common objective. Models are created via a system of equations in a stoichiometric matrix that
represents the reactions and metabolites that comprise an organism’s metabolism via knowledge
of the annotated genome. The rows represent the reaction taking place and the columns represent
the metabolites in the model. Each entry represents the stoichiometric coefficient of each
metabolite. A negative entry accounts for metabolite consumption and a positive entry for

metabolite production in all reactions. Metabolites that are not involved in the reaction simply
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receive a zero value. Since the matrix developed is based from the complete stoichiometry of
reactions, it is inherently mass balanced at steady state. It is important to note that most genome
sequences are only partially characterized; therefore, modifications are made for improvement
[99].

Models consist of hundreds or even thousands of reactions and metabolite. Universally,
reactions far outnumber the metabolites in GEMs creating a stoichiometric matrix in the model
that in turn, generates an underdetermined system of equations. Therefore, the most common
technique for quantitative evaluation of GEMs is through constraint based optimization. These
constraints may be physicochemical, environmental, thermodynamic, or experimentally derived
so that the solution space is logically reduced [101].

There are many ways to solve this underdetermined system of equations. For this
research, flux balance analysis (FBA) is used. FBA is a powerful technique that treats the
complex cellular metabolism as a linear programming problem. An objective function is defined
and is used to calculate an optimal solution[102]. In this study, the objective function is set to
maximize the predicted growth rate of the methanotroph. Reversibility data for reactions are used
for the lower and upper bounds to constrain the possible reaction fluxes through each pathway
and evaluated to achieve the objective function (e.g. maximize growth). Constraints commonly
applied to the model are uptake rates of the substrates and production rates from extracellular
metabolites. For model analysis, methane and oxygen are the substrates, while formate or carbon
dioxide could be constrained for production rates if desired.

It is important to note that FBA does not require Kinetic parameters, but uses defined
constraints based on mass balances and bounds set by experimental data. This method does not

incorporate regulatory effects of genes or enzyme activity [103]. Since FBA is a steady state
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approached, it only uses time-invariant substrate (mmol g DCW hr) consumption rates and
thus, used for predictions from continuous experiments.

A basic overview of GEMs and the FBA process is shown in Figure 5 [104]. Using the
genome model to understand the placement and stoichiometry of known reactions, a
stoichiometric matrix, S, can be produced. For example, the first reaction is the consumption of
metabolite A to metabolite B. Thus, reaction (rxn 1) will have a value of -1 for the consumption
of A in the S table and a value of +1 for production of B. From this table, the concentration flux
(dx/dt) over time is defined. FBA’s key steady state assumption removes the derivative term and
leaves Sv =0. The v matrix is the fluxes of individual reactions and is what is being solved by
FBA. Using define bounds (a and B) of the metabolites and substrates, an optimal solution is
found for the defined objective function (often the flux through the biomass equation called the

growth rate).
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Figure 5: Summary of genome metabolic models and flux balance analysis. This was adapted

A complete phenotype phase plane (PhPP) can be created in silico with over a hundred
step changes of substrate (oxygen, carbon, or both), as illustrated in Figure 6. Each change
perturbs the system and the reaction fluxes evaluated via FBA. The corresponding results of each
perturbation can be compared to see if the change lies within the same phenotype plane. For
physical experiments, phenotypes are characterized by carbon distribution, pickup and
production rates. For in silico experimentation, the phenotype is characterized by the shadow

price as calculated by FBA. The shadow price is defined as the effect of the metabolite




concentration on the objective function. Thus, in each phenotype plane, each metabolite is
supposed to contribute the same way to the objective function. In addition to traditional PhPP, a
systems identification enhanced phenotype phase plane analysis (SID-PhPP) was developed
which utilizes multivariate analysis, more specifically principal component analysis (PCA), to
identify phenotype phases. PCA and SID-PhPP is described in further detail elsewhere [104,105]
Figure 6 consists of a 3D plot of the exchange reactions of methane and oxygen uptake to
predicted growth rate. The line of optimality is shown in black, while the different colors
distinguish the other phenotype planes. The 3D plot can then be summarized into a 2D plot
where the expected methane and oxygen uptake display again, the phases and the line of

optimality.
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Figure 6: 3D and 2D plots of the different phenotypes for M. buryatense 5GB1
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2.2 Current Models for Methylomicrobium buryatense 5GB1

In 2015, a full metabolic model from the genome of 5GB1 was reconstructed [106]. The
composition of the biomass flux (which represents growth rate) was designed from direct
measurement of metabolites (i.e. amino acids, fatty acids, phospholipids, etc.), primary literature,
and assumed values from well-studied organisms including M. alcaliphilum 20z and E. coli. The
stoichiometric matrix for the model was further reduced by efforts of Dr. Marina Kalyuzhnaya’s
group, removing futile cycles and non- expressed reactions. This simplified model was kindly
provided for the completion of this work. It is important to note for the research of this project,
the initial model is referred to as the “full model”, while the trimmed down model is referred to
as the “reduced model”.

For both models a few key assumptions and summarizations are made. The first is the
grouping of the reactions involved in the electron transport chain where the cells produced the
energetic unit ATP via aerobic respiration. Instead of accounting for the hydrogens pumped
across the intercellular membranes for ATP generation, the overall reactions are summarized

below assuming oxygen as the electron acceptor and NADH as the main electron donor.

2NADH/H* + 0, + 6 ADP + 6 Pi+ 8 H* & 2 NAD + 8H,0 + 6 ATP (2)

The general equation for ETC above has been further broken down to the individual
complexes [107,108]. The number of hydrogen ions pumped by these enzymes is of interest and
thus are labeled specifically in these models. These labeled hydrogen ions are then used by the
ATP synthase with a set ratio of hydrogen to ATP production. The process is called oxidative

phosphorylation and it is assumed that 1 ATP is produced per 3 H+ ions translocated across the
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membrane. For this particular study, the summarized form is maintained but this assumed ratio
of ATP/H pumped is of interest, as discussed in later sections.

It is also important to note that the above equation assumes a 3 mol ATP per 1 mol
NADH yield. In other cases, 2.7 and 2.5 ATP/NADH vyield is plausible, but not considered for
this study as these yields suggest an inefficient transport chain not traditionally observed with
this methanotroph [106]. The produced ATP can be used for metabolic reactions, non-growth
associated maintenance, and growth associated maintenance. Non-growth associated
maintenance is typical energy requirements by the cells to stay viable but is separate from the
energy needed for reproduction. Growth associated maintenance is the energy utilized for cell
duplication and growing biomass. In the model, non-growth associated maintenance is accounted
for via a reaction directing ATP to ADP at an initially assumed flux of 8.39 mmol ATP gDCW'!
h1, while growth associated maintenance was set via as a coefficient in the biomass flux at a
“low”, “normal”, or “high” setting which were 23, 54, and 59.81 mmol ATP gDCW .

Furthermore, formate, acetate, and lactate are removed from the biomass equation.
Formate and acetate have especially been known to be produced by 5GB1 under both methane
and oxygen limited conditions [36,67]. However, the production in this particular methanotroph
is not solely owed to a “fermentation mode” as seen in the fellow methanotroph strain,
Methylomicrobium alcaliphilum 20z [66]. Recent research indicates a redox balance and nutrient

limitation (nitrate and trace elements such as copper) may play a larger role [32].

2.3 Electron Pathways and Energy Usage in Metabolic Modeling of M. buryatense 5GB1

Despite the high quality of research that has elucidated the metabolism of methanotrophs

over the past 30 years, the electron donor to the main enzyme pMMO remains elusive. However,
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three main mechanisms have been proposed and evaluated with both experimental and
computational studies with the closely related, M. alcaliphilum 20Z strain [106,108]. The three
mechanisms currently considered include re-dox arm, direct coupling, and uphill “reverse”
electron transfer. All three mechanisms are illustrated in Figure 7.

Redox arm is known in most methylotrophs (organisms that can consume one carbon
substrates including methanol) as the common electron donation pathway. For this mechanism,
electrons are retrieved by the series of reactions that oxidize formaldehyde to carbon dioxide.
Specifically, the electrons are passed from the cofactor, NADH, to ubiquinone via the NADH
dehydrogenase. The electrons from ubiquinone are then subsequently transferred to pMMO for
methane conversion. The methanol generated is oxidized to formaldehyde via methanol
dehydrogenase and the electrons are transferred down the ETC via cytochrome c to the eventual
electron acceptor, oxygen. This mechanism essentially ties methane oxidation to aerobic
respiration with the active roles of complex | (NADH dehydrogenase) and complex 1V
(cytochrome aa/o).

For direct coupling, the electrons for methane conversion come from the oxidation of
methanol directly and is transported via cytochrome ¢ to pMMO. Formaldehyde then is free to
enter the assimilation pathways for biomass via the RUMP pathway. It is important to note the
independence of methane oxidation from aerobic respiration in this electron pathway, where
neither complex | nor 1V are involved.

Uphill “reverse” electron transfer is a mixture of both direct coupling and re-dox arm
methods. A fraction of electrons comes directly from methanol oxidation while the rest are

provided by further metabolite reactions as seen in the redox arm mechanism. The proportion of
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electrons from both sources is defined in the model but less so experimentally. The mixture of

both sources is then given to ubiquinone that is then used for methane oxidation from pMMO.
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Figure 7: Various electron donor configurations for methane oxidation a) re-dox arm b) direct
coupling, and c) uphill transfer. ICM stands for intercellular membrane. Orange circles are
proteins involved with the main carbon pathways for methanotrophs. Green circles are carrier
proteins that carry electrons from cofactors or other enzymes. Purple circles are proteins

typically involved in aerobic respiration. This figure was recreated and adapted from de la Torre
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evaluated based off chemostat measurements of 5GB1. Of the three, the unconstrained network
selected direct coupling as the most optimal solution for methane oxidation as its predicted

growth rate and carbon conversion efficiency values correlated well with experimental data. For

In the same study that constructed the full genome scale model, these routes were
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this study here, direct coupling is only considered due to the model’s ability to capitalize on

efficient electron transfer as it attempts to maximize carbon distribution to the biomass flux.
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Chapter 3 : Methanotroph Strain, Gas Mixing Development, and Analytical Protocol

3.1 M. buryatense 5GB1: A Promising Industrial Strain

M. buryatense 5GB1 is a fast growing methanotroph from a parent strain that was
originally isolated from an Eastern Russia soda lake [109]. Due to its origins the strain is
considered haloalkaliphilic with the ability to grow in higher salt (NaCl) concentrations up to 5%
w/v and pH conditions from 6-10 [109]. These harsh conditions make it less susceptible to
contamination from mesophilic organisms, but turn lead to eventual corrosion to metal reactor
vessels and pumps [24].

In unrestricted growth, where the strain is not inhibited by methane or oxygen depletion,
peak specific growth rates range are between 0.224-0.239 h'* [36]. Compared to other strains, these
growth rates are attractive to many methane bioconversion processes with the promise of shorter
cultivation times. Additionally, product capabilities have been progressively researched to include
biodiesel, ectoine, and lactate [24,29,67].

Due to the unorthodox nature of methanotrophs, the development of genetic tools have just
recently developed in the last few years to increase production and manipulate metabolic pathways
[38,67,110-112]. Such tools have been readily available to common organisms such as E. coli for
the past two decades. Additionally, the full genome for 5GB1 has been mapped and in doing so, a
genome scale metabolic model was constructed. This allows for in silico experimentation in an
attempt to thoroughly understand how the metabolism of the cells behave and explore possible

genetic mutations routes [106,107].
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3.2 Gas Mixing System Development

One important, controllable factor for methane fermentation with 5GB1 is the transfer and
subsequent uptake of methane and oxygen. These two gaseous substrates influence the
phenotypes of methanotrophs that in turn affects growth rate, final cell density, and metabolite
production [36]. However, limited studies have been done due to the availability of these
mixtures and concerns regarding their explosive nature.

In this work, a safe gas mixing system is utilized to create various custom mixtures of
oxygen, methane, nitrogen, and helium (Figure 8a and b). By assigning different mass flow
controllers (MFCs) for each component of the gas stream and funneling the pure gasses to static
mixers, any headspace composition can be created. Upstream of the MFCs are ball valves to
isolate the gas from the mixing system and immediately downstream are check valves to prevent
backflow to the controllers. The static gas mixers are 24 inches in length, to allow for the
turbulent mixture to become uniform before entering the gas inlet for the vials or continuous
reactors.

To ensure the safety of those conducting the research, several safety mechanisms were put
in place as discussed in Chapter 1 Section 5. The failsafe, auto shut off gas system previously
mentioned consists of a flammable gas detector with a relay that is connected to the electronic
mass flow controllers and solenoid valves in the gas lines (Figure 9). If the power fails or if there

is a detectable flammable gas, the system will automatically shut off the methane flow.
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Figure 8: Gas mixing system developed for systemic studies. a) Schematic of mixing system b)

Actual mixing system.
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Figure 9: Gas safety system. The yellow box is the gas alarm connected to the relay box (grey

and to the far right) that in turn controls the brass solenoid valves on the flow lines of methane.

3.3 CO:2 Solubility and Why It Matters

Alkaline medium is a considerably large sink for CO2 because of basic water-carbon
dioxide chemistry. Unlike many other gasses, when carbon dioxide in the headspace is in
equilibrium with a liquid, there is also a chemical equilibrium that must be accounted for.
Dissolved carbon dioxide in water is found predominantly in the same chemical form (CO2) with
a much smaller percentage (<1%) converted to carbonic acid (H2COs). However, it is common
practice to group both of these compounds into a synthetic carbonic acid form (H.CO3") [113].

The synthetic carbonic acid is then influenced by acidic equilibria to form bicarbonate

(HCOz) and carbonate (CO3?), as shown in the following equations [113].
30



H,C05(aq) = H*(aq) + HCO3 (aq) 3)

HCO3 (aq) = H*(aq) + C0%2~(aq) 4)

Due to the high pH conditions utilized (>9) in 5GB1 cultures, any produced carbon dioxide
would dissociate accordingly to chemical equilibria and attempt to raise the hydrogen
concentration that in turn, slowly decrease the pH of the solution. During initial growth and in
the controlled chemostat cultures, carbon dioxide is present as stable ions in the liquid phase
because of the carbonate buffer in typical NMS2 medium. For vial cultures with uncontrolled pH
levels, the pH drops close to 8 in the late growth/stationary phase of the cell cultures and
hydrogen becomes abundant in the liquid medium to the point where association would reoccur
through Equations 2 and 3. This causes carbon dioxide to be released into the headspace via
typical gas-liquid equilibrium, though a great amount of inorganic carbon remains as carbonate
and bicarbonate.

Traditional Henry’s law cannot be used for this complex equilibrium above, as it only accounts
for one form of aqueous carbon dioxide (H2COs) and gaseous carbon dioxide. It does not account
for any aqueous carbon dioxide that disassociates to carbonate and bicarbonate. However, using
common equilibrium constants, an effective Henry’s law constant can be calculated (assuming the

ionic strength is constant) via the following equation [114].

Kcl Kcchz) (5)

HEOZ = HCOZ (1 + [H+] [H+]2

Where Hcoz is the typical Henry’s constant and Kci and Kcz equilibrium constants for the

dissociation equations above. Thus, to calculate the effective Henry’s law constant, all that is
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needed is an accurate measurement of the hydrogen ion concentration. Typically, this is done by
using a pH probe that in turn measures the following:

pH = —log Af; = —log[H*]yy+ (6)

Where, A1" is the activity of the hydrogen ions defined as the product of the hydrogen
concentration and the activity coefficient, y+. In normal medium, this coefficient is assumed to be
one and thus the measured pH is the amount of hydrogen ions. However, in NMS2 medium, the
ionic strength of the high salt concentration is too large to ignore and the activity coefficient is not
one. Though thermodynamic relations are available to calculate the activity coefficient, the ionic
strength of the medium is far higher than allowed for these standard methods. Thus, using a
standard Henry’s constant is not entirely suitable to predict inorganic carbon content.

However, to illustrate the increased solubility of carbon dioxide, effective Henry’s constants
from Equation 5 across different pH regions were calculated. VVarious amounts of carbon dioxide
and nitrogen were introduced to vials with 50 mL of NMS2 medium. In doing so, the ionic
strength should remain relatively constant as no consumption or production from cells is
occurring with an abiotic system. There was no initial carbon in the headspace and the original
carbonate in the medium was measured via TC analysis (discussed later). Triplicate vials were
created with headspaces of CO2 concentration levels of 2, 5, 10, and 15%. Gasses was introduced
to the vials with direct contact into the liquid medium (observed by the creation of bubbles) for
45 minutes. The gas flow was ceased and the septum was sealed with the mixture. The vials were
stirred overnight via magnetic plates and a stir bar to allow for equilibrium. In the following
morning, both the gaseous concentration of CO2 and the final carbon in the liquid were
measured. The amount of dissolved carbon dioxide from the introduced gas was taken to be the

difference between the final and initial liquid measurements. Using Henry’s law, the effective
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Henry’s constant, H, was determined via the measurements of the gas and liquid phase. This
constant was related to the measured pH value after equilibrium and the results are shown in

Figure 10.

30 . 7

Henry = 6.416/ (pH-7.932)
R-square = 0.9671

257

Henry (atm)
S

-
&)
T
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Figure 10: Relationship between the measured pH and calculated effective Henry’s constant
(atm). The block dots (@) are Henry constants calculated from measured carbon dioxide in the
headspace and inorganic carbon in the liquid phase. The line represents the estimated curve

relationship between the two factors.

Figure 10 demonstrates that the alkaline medium has an enhanced solubility for CO2. The
effective Henry constant that accounts for chemical equilibria ranged from 6.5-29.7 atm
depending on the pH. This is significantly different from typical values for Henry’s constants,
which is about 1650 atm [115]. It should be noted again, that the above data is for illustrative

purposes. During cell growth, the ionic strength of the solution changes because salts are
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consumed by the cells for nitrogen (KNOs3), sulfur (MgSOa), and other elemental building
blocks. In addition, the cells produce carbon dioxide that form carbonate and bicarbonate and
effectively disrupt the ionic strength value. lonic strength not only affects pH readings by a
typical pH probe (see equation 6) but also the equilibrium constants of equations 4 and 5. This
has been observed in another system with trimethylamine [116] in which the effective Henry’s
constant was altered by the amount of NaCl in the solution. Thus, for these experiments,
inorganic carbon in the liquid phase was not estimated via Henry’s law but rather through direct

measurement.

3.4 Analytical Tools Utilized for Both Vial and Chemostat Experimentation

Gas analysis for was conducted with an Agilent Technologies 7890B GC system equipped
with a TCD at 250°C. The oven was held at a constant temperature of 60 °C throughout the
analysis run. The carrier gas was nitrogen (ultra-high purity) that flowed through a valve system
(held at 115°C) to analyze methane, oxygen, and carbon dioxide with the use of Unibeads IS
60/80 mesh and MolSieve 5A 60/80 SST columns. For the chemostat culture a SRI 8610C gas
chromatographer with a Silica column was used to quantify dilute amounts of CO2. The oven in
the system was maintained at 80 °C and the TCD at 100°C.

Total carbon (TC) and inorganic carbon (IC) in the liquid phase was analyzed via a
Shimadzu TOC-Vcsn analyzer. Inorganic carbon analysis required the use of 2M HCI that was
injected at 8.0% vol/vol. Through this injection, the pH of the sample is dropped below 3 and the
carbon from bicarbonate and carbonate become CO:z that is easily sparged and analyzed. Sample
preparation was done as follows: liquid gathered from the cell cultures were first centrifuged at

10,000 rpm for 10 minutes using an Eppendorf 5415 D centrifuge. Retrieved supernatant was
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filtered with a 0.2 um nylon membrane (VWR) to remove any lingering cell biomass. The
filtered solution was then diluted (6x for vial cultures and variably for the chemostat) before
being used for TC and IC analysis. Total organic carbon (TOC) was taken to be the difference
between TC and IC measurements.

Cell biomass was measured via a Beckman Coulter DU Life Science UV/Vis
spectrophotometer. Samples were taken at a fixed wavelength (ODsoo) and calibrated to biomass

concentration in units of g dry cell weight per liter (g DCW L.

3.5 Re-pressurizing Vials for Accurate Headspace Analysis

To conduct a comprehensive carbon balance, accurate measurement of headspace gas
composition is required. As growth occurs in the closed system, methane and oxygen are
consumed that decrease the overall moles of gas present. In addition, headspace volume
increases as liquid samples are taken (see Figure 11). Thus, the vials are under pressurized (P< 1
atm) at stationary phase. To re-pressurize the vials, nitrogen was added till atmospheric pressure

was reached, as measured by a manometer, and at this point a gas measurement was taken.

Cells grow
consume gases

Samples Inject known
withdrawn amount of N,

Figure 11: Re-pressurization for batch cultures of 5GB1
This methodology was tested by using separate serum vials filled with 150 mL of distilled
water that allowed for 100 mL of headspace. The headspace was then filled continuously with a

certain mixture of oxygen, methane, carbon dioxide, and nitrogen for 15-20 minutes. The initial
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headspace was measured with the gas chromatographer and the amount of mmols of each gas
was calculated. A portion of the water was then removed (~100 mL) carefully via syringe
through the septum cap. This increase in headspace volume causes an inversely proportional
pressure drop. For instance, if headspace volume doubles through the removal of water, the
pressure will drop by half. This effectively mimics the pressure drop experienced during actual
experimentation. The system with depleted water was then filled with nitrogen for a final gas
measurement. Using Henry’s law, dissolved methane, oxygen, and carbon dioxide were
accounted before liquid removal and after. From the results listed in Table2, minimal errors were
overserved with methane and carbon dioxide, indicating minimal disruption for an accurate

carbon bhalance.

a) Methane Results

Initial Initial Total Final Final Withdrawn Total % of
gas liquid | Initial Gas Liquid Final Initial
Trllal 0.278 0.015 0.293 | 0.280 0.003 0.010 0.293 100%
Trial
9 0.290 0.014 0.304 | 0.299 0.003 0.009 0.311 | 100.6%
Trial
3 0.298 0.014 0.312 | 0.296 0.008 0.004 0.308 98.7%

b) Oxygen Results

Initial Initial Total Final Final Withdrawn Total % of
gas liquid Initial Gas Liquid Final Initial
Trl'a' 0617 | 0032 | 0649 | 0.657 | 0.006 0020 | 0683 | 105.2%
Trial
2 0.656 0.031 0.687 0.702 0.006 0.020 0.728 106.0%
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Trial

3 0.675 0.030 0.705 | 0.688 | 0.017 0.008 0.713 | 101.1%

c¢) Carbon Dioxide Results

Initial Initial Total Final Final Withdrawn Total % of

gas liquid Initial Gas Liquid Final Initial

Trllal 0.740 1.017 1.757 | 0.852 0.201 0.642 1.695 | 96.5%
Trial

) 0.786 0.983 1.769 | 0.907 0.196 0.630 1.733 | 98.0%
Trial

3 0.799 0.957 1.756 | 0.871 0.566 0.253 1.690 | 96.2%

Table 2: Results of re-pressurization examination with mixtures of a) methane, b) oxygen, and c)
carbon dioxide in water. Vials were filled with nitrogen to raise pressure to atmospheric levels.

All values are in mmols, unless stated otherwise.

As shown above, all gasses are accounted for with average errors of < 5%. The increase
in oxygen is due to the few stray air bubbles that make its way into the vial when the vacuum
becomes too large and water continues to be withdrawn. Overall the re-pressurization method

was adopted for the vial experimentation, the results of which are discussed in the next chapter.

3.6 Headspace Analysis for Chemostat Cultures

For actively growing chemostats, methane and oxygen are continuously consumed for
steady state and dynamic conditions. In doing so, the effluent flow rate from the continuous
system drops noticeably, especially with higher biomass concentrations. In order to achieve a
reliable carbon balance, the altered flow rate must be accounted for. In this work, flow rate was

calculated by a mole balance of helium. This gas is utilized as a tracer that is constantly
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introduced into the gas stream for accurate measurement. Helium is selected for several reasons:
1) It is an inert gas with no toxic effects on cell viability, 2) Due to this thermal conductivity, the
gas is easily detected by the GC, and 3) Helium is far less soluble than oxygen with a
dimensionless Henry constant of 9 *10° versus 3* 1072 [115] creating minimal loss to liquid
medium.

To prove this concept in an abiotic fashion, the bioreactor was filled with about 1.5L of tap
water and fed a mixture of gasses at 300 smL min, the same gas flow rate used in the
methanotroph runs. The agitation was 500 rpm. Two sets of experiments were completed based
off helium concentrations of 10 and 9.3%, with nitrogen as the balance. Gas samples were taken
from the effluent gas stream, alongside effluent temperature measured from an online
temperature probe purchased from Vernier Software and Technology. Together these
measurements (the concentration from the GC and the gas temperature) were inputted into
Equation 7 to calculate the mole faction of the interested component (helium, methane or
oxygen). With the mole fraction of helium in the effluent known, the flow rate can be estimated

via a simple mass balance (Equation 8).

ny RT RT
Yout = (V) * ? = GCreading * ? (7)
Fi, *xy
e = out (8)
Yout

Assuming that nitrogen’s and helium’s concentration within the water is minimal (since
both Henry’s constants are rather large), the flow rate out can be measured in this circumstance
with an Alicat mass flow meter as a mode of comparison. The results are illustrated in Table 3

where the mass flow rate calculated by gas concentration is compared to the direct measurement.
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It should be noted that neither the bioreactor temperature nor the condenser temperature was

controlled during this time.

Flow rate Flow rate
Helium Set Y _out calculated measured % error
(mmol/min) (mmol/min)
10% 9.84 12.68 12.49 1.48
10% 9.87 12.64 12.48 1.26
10% 9.83 12.89 12.49 3.24
10% 9.79 12.91 12.49 3.34
9.33% 9.12 12.76 12.49 2.16
9.33% 9.12 12.97 12.49 3.82
9.33% 9.08 12.98 12.50 3.88

Table 3: Comparison of calculated flow rate via gas concentration to measured values using

helium as a tracer.

From the results above, it is apparent that the flow rate calculated by the mass balance of
helium experiences a slight positive error (average was 2.74%) from the measured flow rate.
These errors could possibly arise by the manual injection into the GC or the presence of water
vapor from sparged gas that would dilute the streams.

To further evaluate the tracer gas system, methane, oxygen, helium, and nitrogen (10%,
20%, 10%, and 60%, respectively) were sent through the bioreactor with tap water that was
agitated at 400 rpm, temperature controlled at 30°C, and effluent condenser maintained at ~5°C.
As before, the GC concentration and temperature prober were utilized to calculate the gas flow
rate. Again, the flow rate was measured by a mass flow meter for comparison purposes. The

overall results are demonstrated in Table 4.
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Methane | Oxygen
Flow out | Flow out Balance | Balance
Y CHa Y Oz Y He calculated | measured | % error

(mmol/min)|(mmol/min) Error Error
(%) (%)
0.098 0.197 0.097 12.59 12.26 2.63 0.23 0.99
0.098 0.197 0.097 12.69 12.26 351 1.43 1.95
0.098 0.200 0.097 12.68 12.26 3.37 1.71 3.14
0.098 0.195 0.097 12.68 12.26 3.40 0.89 1.05
0.098 0.195 0.097 12.60 12.26 2.73 0.72 0.37
0.098 0.195 0.097 12.65 12.26 3.12 0.59 0.62
0.098 0.196 0.097 12.66 12.26 3.22 1.10 0.98

Table 4: Flow rate evaluation and mole balance for methane and oxygen with calculated gas

flow rate using helium as a tracer.

As before, the flow rate demonstrated less than 4% error (average was 3.14%), while the
mole fraction measured was slightly lower than inputted levels. The combined behavior of mole
fraction and flow rate perceivably introduced minor error to the methane and oxygen balance
(within 2%). Thus, helium as a trace gas will provide a satisfactory estimate of methane and
oxygen consumption for chemostat cultures with calculated flow rates. This concept is utilized in
two case studies for continuous cultures in Chapter 5, Sections 1 and 2. Additionally, the
challenges associated with chemostat carbon analysis without a tracer gas is illustrated in

Chapter 5 Section 3.
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Chapter 4 : Systematic Carbon and Growth Characterization of M. buryatense 5GB1

4.1 Objective and Methodology of Study

Despite M. buryatense’s promising potential, only Gilman et al. has initially attempted to
undergo phenotype characterization under balanced growth, a single level of oxygen limitation
and another for methane limitation [36]. To enhance this current body of knowledge without any
gas mixture limitation, a systematic approach was developed to monitor the carbon distribution
and growth patterns of 5GB1 under various headspace conditions. In particular, the influence of
methane and oxygen partial pressures (pCHas and pOz2) on growth were evaluated. Additionally,
an effective carbon balance was completed to examine overall carbon dispersion amongst the
three main carbon sinks: carbon dioxide, organic liquid matter, and biomass.

Five case studies are presented in this chapter. The first half of the results focus on the
evaluation of methane’s and oxygen’s influence on growth (Cases 1,2, and 3). The other half
addresses the carbon distribution amongst various headspaces considered (Cases 4 and 5). It is
important to note that the specific and overall growth rates achieved in this study are
significantly lower than those reported previously for this strain which were 0.21-0.23 ht
[36,110]. This is attributed to two main reasons. The first is due the poor transfer rate of the
gasses from the headspace to the liquid medium in a vial shaken at 200 rpm. However, this
growth rate was necessary as it allowed for multiple (8-16) vials to grow throughout the days of
experimentation and compensated for lengthy sample/analysis time. Secondly, a large cell

inoculum was utilized, as diluted cell concentration may strongly affecting carbon balance.
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4.2 Case Outlines and Experimental Parameters

Methylomicrobium buryatense 5GB1 was provided by Dr. Mary Lidstrom from the
University of Washington and grown in modified nitrate mineral salts (NMS2) medium as
described by Puri et al. [110]. Initial pre-cultures were inoculated from plates to the 50 mL of
medium contained within 250 mL serum vials. The vials were topped with a rubber septum and
crimped with an aluminum cap. The headspaces of pre-culture sets were a 1:1 atmosphere of
methane and oxygen generated by continuously feeding the vial through the gas mixing system
with a mixture of 35% methane, 35% oxygen, and 30% nitrogen for five to seven minutes at 200
smL mint. After gas feeding, the input and output streams were removed from the septum so
that the gasses were trapped. Pre-culture and experimental vials were grown in a Lab-Line Orbit
Environ-shaker with a rotation speed of 200 rpm and temperature controlled at 30°C.

The headspaces created for all case studies are listed in Table 5 and all vial sets were
performed in duplicate. Cases 1, 2, and 3 evaluate methane’s and oxygen’s influence on growth
rate. The carbon distribution amongst various headspaces are studied and analyzed in Cases 4
and 5 based off the influential factors from the previous cases. The flasks were filled with 50 mL
of medium and capped in the same fashion as the pre-culture. Gas mixtures were fed
continuously at a total flow rate of 200 smL min* for 5-7 minutes and then an initial gas sample
was taken to verify desired composition and for later cases, the methane input for the carbon
balance. After this gas sample, another five minutes of gas feeding was allowed to maintain the

same headspace concentrations.
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02:CHs o) | CHa N2

Case 1
2:1* 0.40 0.20 0.40
1.33:1 0.40 0.30 0.30
1:1 0.40 0.40 0.20
0.66:1 0.40 0.60 0
3:1 0.60 0.20 0.20
2:1 0.60 0.30 0.10
1.5:1 0.60 0.40 0
Case 2
1.07 0.30 0.28 0.42
0.833 0.30 0.36 0.34
0.667 0.30 0.45 0.25
1.96 0.55 0.28 0.17
1.53 0.55 0.36 0.09
1.22 0.55 0.45 0
Case 3
0.66:1 0.20 0.30 0.50
1:1 0.30 0.30 0.40
1.33:1 0.40 0.30 0.30
1.5:1 0.45 0.30 0.25
1.66:1 0.50 0.30 0.20
1.83:1 0.55 0.30 0.15
2:1 0.60 0.30 0.10
2.33:1 0.70 0.30 0
Case 4
1:1 0.35 0.35 0.30
1.2:1 0.42 0.35 0.23
1.6:1 0.56 0.35 0.09
1.8:1 0.63 0.35 0.02
Case 5
1:1 0.20 0.20 0.60
2:1 0.40 0.20 0.40
3:1 0.60 0.20 0.20
4:1 0.80 0.20 0

Table 5: Outline of the methane, oxygen, and nitrogen used for each vial in set in the case
studies covered. The values listed under each gas is the partial pressure within the vials in atm.
Note that since there were two 2:1 gas mixtures for Case 1, the first with the partial pressure of

0.4 atm of oxygen was referred to as 2b:1 in figures below.
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Pre-culture vials were grown till mid exponential growth phase as measured by specific
growth rates. Systems that exhibited the best growth were harvested. The liquid medium and
cells were centrifuged to cell pellets that were then re-suspended in fresh NMS2 medium to
remove the effects of any extracellular organic carbon for the carbon and growth analysis. This
inoculum was then injected to each of the vials to create an initial concentration of 0.05-0.06
gDCW L. After inoculation was complete, the first sample was taken and the time was referred
toast=0 hrs.

Samples were taken multiple times on the initial day to monitor if or when a peak growth rate
occurs. In Cases 4 and 5, subsequent samples were taken the following day(s) less frequently till
stationary phase was reached as defined by negligible values in specific growth rates (see
Equation 9). Additionally, for these cases each sample volume was measured in order to
complete the carbon balance. Samples withdrawn in all cases were subject to OD measurement
for biomass concentration and samples for Cases 4 and 5 also underwent TC/IC measurement for

liquid carbon analysis.

4.3 Carbon Balance and Growth Rate Considerations

There are three initial sources of carbon that must be accounted for the carbon balance. The
first is the amount of methane fed into the system, as measured by the initial headspace sample.
Secondly, there are carbonate ions in the buffer from the medium and of the inoculated pre-
culture. Thirdly, the inoculated biomass is produced from the pre-culture’s methane. Any initial
carbon from the buffer or inoculated biomass must not be considered for the carbon balance, as
this carbon is separate from the substrate of interest and will inflate the results. Both of these are

measured and thus a baseline of the initial carbon is created. The subsequent liquid and biomass
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samples then utilize this baseline to account for the actual carbon consumed. Any dissolved
methane left over within samples or final liquid measurement is not accounted for because of the
insoluble nature of the gas. This assumption was thought to have a negligible impact, if any.

The carbon consumed is measured from the liquid phase, biomass, and headspace. Carbon
in biomass was determined by the mass flux equation used in the genome scale metabolic model
[106]. This came out to be approximately 39.3 mmol C gDCW. A key assumption to keep in
mind is that the carbon in biomass varies negligibly over the oxygen or methane limited
conditions. A similar assumption was verified with another methanotroph, Methylomonas
flagellata [117] who experienced insignificant differences in the organism’s carbon makeup. The
liquid carbon is measured via TC/IC analysis. Finally, vials were re-pressurized till atmospheric
pressure was reached, as measured by a manometer, an accurate gas measurement was taken.
The analytical methods are discussed in detail in Chapter 3 Section 5.

Specific growth rate between points was calculated as follows.

X;
) e - ey ©)
ti —ti—1 tp —ti—q

Where, u is the specific growth rate (h), X is cell concentration (g DCW L), and t, is time in

hours of sample point, i, and the previous sample point, i-1.

The overall growth rate (Uowr) is found via non-linear fitting of several pairs of time and
biomass concentration data along the typical biomass equation (Equation 10) with delay time, d.

This analysis was done through the nonlinear fit options within Matlab.

X = Hovpr * e(#ovr*(t—d)) (10)
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4.4 Case Studies 1-3: Oxygen vs Methane Influence

In this section, the influence of oxygen and methane concentration on growth rate (specific
and overall) were evaluated. For Cases 1 and 2, two groups were created based off the oxygen
partial pressure fed. Each group then consisted of three to four sets determined by methane
concentrations. In doing so, this creates a systematic approach to evaluate not only the influence
of each gas, but also the combinational ratio of the two.

The growing biomass for Cases 1 and 2 are demonstrated below in Figure 12a and b where
it is apparent that growth observed in the first day separated the vials into two groups. These
groups are defined by the oxygen presence rather than methane, suggesting that oxygen’s
influence dominate growth in both cases. Specifically, groups with headspaces that consisted of
the larger oxygen partial pressure tended to grow significantly slower. Additionally, the

duplicates of each vial set varied insignificantly without affecting the separation observed.
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Figure 12: Growth curves for a) Case 1 and b) Case 2. The legend is labeled as partial pressure

of oxygen over partial pressure of methane fed to the vial.

The overall growth rates were then gauged on a time basis for both cases, meaning that
the data from the initial time point till a desired time point were taken collectively to estimate the

growth rate in Equation 10. The estimated overall growth rates along the time of testing are

illustrated in Figure 13 a and b.
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Figure 13: Overall growth rates for a) Case 1 and b) Case 2. The legend is labeled as partial

pressure of oxygen over partial pressure of methane fed to the vial.

As exhibited in Figure 13a, there appears to be an increasing trend in growth rates over
time for those vials with oxygen presence of 0.4, while those with a pO2 of 0.6 atm appears to
increase at a noticeably slower rate. At 12 hours the average overall growth rates (as determined
by Equation 10) are 0.112 + 0.002 and 0.076 + 0.001 h™ for atmospheres of pO20.4 and 0.6 atm,
respectively. Results shown in Figure 13b show consistently higher growth rates at 12.1 hours
with values of 0.128 + 0.001 h'tand 0.118 + 0.003 h*! for pO2 of 0.3 and 0.55 atm, respectively.
Interestingly the latter group (with pO2 of 0.55) exhibited increasing growth rates later in the
experiment that approached those of first group (at 13.5 hours, growth rate was 0.120 + 0.003 h
1. This behavior is currently postulated with two theories. Firstly, the group of vials with 0.3 pO:
experienced larger cell concentrations early on that would in turn require larger oxygen demands.
This may cause enough deprivation of dissolved oxygen to occur so that poor gas transfer in a
vacuum setting becomes highly influential. Secondly, the group with 0.55 atm pO2 may have
seen experienced alleviation of oxygen inhibition due consumption to a point where the
dissolved oxygen concentration was far more tolerable and allowed for rising cell growth rate
over time.

From these two cases, oxygen’s influence is predominant with methane initial
concentrations having little to no noticeable effects. To expand on the studied oxygen
concentration, Case 3 was conducted in a fashion that standardized the amount of methane in

each vial while increasing the amounts of oxygen. Since Cases 1 and 2 showed inhibition at pO2
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of 0.55 and 0.6 atm, oxygen levels between 0.4 and 0.6 atm were broken down to 0.05
increments.

After inoculation for Case 3, the growth patterns of the first day presented in Figure 14a
confirm the influential factor oxygen has on growth rates. At hour 8 the biomass concentration
decreases in value with the increased initial presence of oxygen. Hour 14 displays the same
general behavior except for the obvious decrease in biomass for vials with a pO2 of 0.2 atm.
These vials experienced sharp declines in specific growth rates between hours 8 (0.14 h) and 14
(0.10 h'}), as indicated by Figure 14b. This declination was presumably because of oxygen
limitation and thus, the growth pattern was not sustained. The cells continued to grow till
stationary phase (Figure 14b). The larger oxygen supply in vials allowed for larger biomass
concentrations till methane in turn became the limiting substrate, which occurred with pO2 of
0.45 atm and higher.

From the data accumulated in the first day, overall growth rates were found by fitting
towards the typical growth curve with delay time (Equation 10). These values were then plotted
against the pO2 fed to each vial as plotted in Figure 15a. The trend illustrated with the blue line
demonstrates that a relative maximum occurred with initial pO2 of 0.3 atm, though the values of
0.2 and 0.4 atm are comparable. Beyond 0.4 atm, the growth rate declines steadily with
increasing oxygen concentration. It is important to note that this maximum was achieved through
batch experimentation with gas transfer depending on shaker speed. This relative maxima and
rate of declination may be significantly different with more efficient transfer of oxygen (i.e. a
continuously aerated and stirred reactor) that in turn may increase oxygen tension in a more
consistent manner. Appendix A provides indicative evidence of such, but the concept was not

thoroughly explored beyond this point.
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Figure 14: Biomass concentration (g DCW L) over the initial 14 hours (a) and the total time
frame (b) in the vials for Case 3. The solid and dashed lines amongst the different shapes
represent each vial of a duplicate set. The legend refers to the partial pressure of oxygen fed to

the vial.
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Figure 15: Overall growth rates vs oxygen partial pressure for Case 3. The overall growth rates
determined for each vial in the duplicates sets are represented as black dots while the trend line

illustrates the declining behavior observed.
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4.5 Case Studies 4 and 5: Carbon Distribution Amongst Various Headspaces

From the cases above, it is clear that oxygen has an impact on cell growth, however what
remains unclear is oxygen’s influences on carbon distribution. Thus, Cases 4 and 5 were created
to evaluate how carbon is dispersed amongst biomass, CO2, and liquid organic matter.

For Case 4, the overall growth of the vials are shown in Figure 16a and the specific growth
(derived from Equation 9) associated with the first 15 hours are plotted in Figure 16b. Again, the
order of the growth is clearly associated with initial oxygen concentrations. The oxygen limited
vials (pO:2 of 0.35 and 0.42 atm) had peak specific growth rates of 0.173 + 0.002 h™. Vials with
pO2 0.56 atm reached an average peak growth rate of 0.129 h*> while those with pO2 0.63 atm
experienced a slower rate of 0.115 h™t. Additionally, the larger oxygen content had an impact on
the final cell concentration. Vials with pO2 0.35 atm reached stationary phase with an average
cell concentration of 0.62 gDCW L* and those with pO20.42 atm leveled off at 0.77 g DCW L.
Both sets resided in stationary phase with hardly any oxygen left in the headspace (<0.34 mmol
L) and an abundance of methane, confirming the oxygen limitation expected. Due to the larger
oxygen content of vials with pO20.42 atm, more methane was consumed (see Table 6) and
accumulated larger biomass. Vials with headspace compositions of pO20.56 and 0.63 atm
reached biomass densities of 0.85 and 0.86 g DCW L%, respectively. Both had depreciated
amounts of methane left in the headspace (<0.25 mmol L) with an abundance of oxygen that
confirmed methane limitations occurred.

Table 4 provides specifics about the carbon balance, O2:CHa uptake, and total amount of
carbon accounted for. For the carbon analysis, only the total carbon (TC) content was considered
as this contains both the 1C and TOC in samples. With this methodology a consistent carbon

balance of 95.3 + 1.8% was achieved.
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Figure 16: a) Biomass and b) Specific growth rate for Case 4. The solid and dashed lines

amongst the different shapes represent each vial of a duplicate set. The legend is labeled as

partial pressure of oxygen over partial pressure of methane fed to the vial.

PO conitlr;ed CJ;SE; prciicu)(z:ed T IC oc Ellsrrtr)]g;s acc(yoougted
0.35 2.04 1.29 0.36 0.72 0.61 0.10 0.93 98.5
%j’s 2.03 1.29 0.35 0.65 0.64 0.01 0.93 94.2
0.42 241 1.30 0.52 0.73 0.63 0.10 1.04 94.6
8L14p2 244 1.29 0.49 0.74 0.65 0.09 1.06 93.7
0.56 2.66 1.34 0.59 0.73 0.64 0.09 1.15 93.0
8L15p6 2.67 1.33 0.62 0.81 0.63 0.18 1.16 96.9
0.63 2.63 1.33 0.60 0.74 0.67 0.07 1.16 95.1
gfps 2.65 1.35 0.61 0.76 0.64 0.12 1.18 96.4

Table 6: Carbon analysis of vials with varying headspace conditions for Case 4. Units for pO2

are in atm. Methane consumed, carbon dioxide produced, TC, IC, OC, and biomass carbon

values are all in mmol of carbon.

From Table 6, the O2:CHa4 uptake ratio were similar and ranged from 1.29-1.35.

Furthermore, when comparing the IC and TC content, it is evident that carbonate ions makeup a

significant portion of the liquid carbon. Specifically, the IC content made up 78-98.5% of the

liquid carbon dependent on the vials final pH. This reaffirms the increased solubility of CO2 and

the need for liquid phase inorganic measurement for an accurate carbon balance.

The yields of three main products were calculated: biomass (Y X/S), CO2 (headspace

concentration + IC as Y CO2/S), and liquid organic carbon (Y OC/S). Organic carbon was not
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further analyzed, but is assumed to be composed of the extracellular polysaccharides (EPS) or
organic acids produced during growth [118] or if/ when oxygen is severely limited sparking
fermentation pathways [66]. The yields of Case 4 are displayed in Figure 17 and it is apparent
that carbon dioxide and biomass yields make up the largest portions of carbon consumed.
Amongst all the headspaces, Y X/S and Y CO2/S remained relatively constant with average
values of 0.463 + 0.009 and 0.498 + 0.012, respectively. The Y OC/S, however, varied amongst

all vials (0.01-0.07 mol C/mol CHa4) with no clear pattern.
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0.55 - -Y XIS
LY OC/S
05r-

0.45

0.4

0.35

0.3

0.25

0.2
0.15
0.1

0.05

0
0.35/0.35 0.35/0.35(1 0.42}’0.35 0.42/0.35d 0.5610.35 0.56/0.35(1 0.63/0.35 0.63/0.35d

Figure 17: Yields to carbon dioxide (COz2), biomass (X), and organic carbon (OC) of the

different vials tested for Case 4. Yields are mmol C/mmol CH4 consumed.

Case 5 was designed as second trial to evaluate the carbon distribution for a set methane

condition with various oxygen concentrations. Cell growth is exhibited in Figure 18a, while the
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specific growth rates (calculated by Equation 9) for the first day of sampling is shown in Figure
18b. Vials with pO2 of 0.2 atm attained peak specific growth rates of 0.153 h%, while those with
pO2 of 0.4 atm achieved 0.147 h’. Vials with pO2 0.6 atm experienced a slower growth rate with
an average peak growth rate of 0.12 h%. Interestingly, after a peak growth rate of 0.087 h%, the
vials with a pO2 of 0.8 atm, grew at in a linear fashion for almost 24 hours till the experiment
was ceased. During this growth the overall organic carbon continued to increase from levels of
<25 mg C L (as experienced by the other vials) to levels of 145-160 mg C L.

As observed beforehand, the vials with larger oxygen supply fallowed for nearly
complete consumption of methane (see Table 7) and thus achieved higher cell density. The
exception being pO2 0.8 vials where carbon was distributed to organic products rather than
biomass. The final average cell density amongst duplicates for pO2 of 0.2, 0.4, 0.6, and 0.8 atm

were 0.41, 0.51, 0.50, and 0.42 g DCW L1, respectively.
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Figure 18: a) Biomass and b) Specific growth rates for Case 5. The solid and dashed lines
amongst the different shapes represent each vial of a duplicate set. The legend is labeled as

partial pressure of oxygen over partial pressure of methane fed to the vial.
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pO: conitlr;ed cljfz)'tgltl; prgjcu)(z:ed TC IC oc E;l;)rggzs acc(yoou(ﬁ:ted
0.2 1.17 1.23 0.09 0.55 0.52 0.03 0.55 101.6
C?Ui 1.18 1.26 0.09 0.53 0.51 0.02 0.56 99.8
0.4 1.53 131 0.18 0.64 0.61 0.04 0.70 100.1
3;;') 1.53 131 0.19 0.63 0.58 0.05 0.70 99.2
0.6 1.53 1.30 0.21 0.61 0.58 0.04 0.69 99.0
3u?) 1.53 1.32 0.20 0.59 0.57 0.03 0.69 97.1
0.8 1.49 1.38 0.34 0.63 0.22 0.40 0.48 97.3
(?u?) 1.47 1.43 0.34 0.61 0.17 0.44 0.47 96.4

Table 7: Carbon analysis of vials with varying headspace conditions for Case 5. Units for pO2
are in atm. Methane consumed, carbon dioxide produced, TC, IC, OC, and biomass carbon

values are all in mmol of carbon.

The uptake ratio of O2:CHa remained relatively similar to the previous case, with values
falling between 1.23-1.32. A slight increase in uptake was observed with the highest oxygen
partial pressure with values of 1.38 and 1.43. Additionally, the inorganic carbon in the liquid
phase for sets between pO2 0.2-0.6 atm made up a significant portion of the total liquid carbon
(>90%) that again demonstrates the necessity of inorganic liquid carbon measurement.

The yields for pO2 0.2-0.6 atm demonstrated constant values with Y X/S, Y CO2/S, and
Y OC/S, averaging 0.463 + 0.006, 0.514 + 0.004, and 0.024 + 0.006, respectively (see Figure
19). These yields are similar to those in Case 4, demonstrating a general consistency of the
carbon distribution by the cells regardless of any substrate limitation. Vials in pO2 0.8 atm,
however, had a significant difference in yields of all components witha Y X/S, Y CO2/S, and Y
OCI/S averaging 0.334, 0.373, and 0.293, respectively. Due to the large presence of oxygen in
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these vials, it is assumed that most of the organic carbon is associated with EPS. EPS production
at elevated oxygen levels has been observed before and is associated with a mechanism to
alleviate stress due to do the excess oxygen concentrations [119,120]. EPS also has been known
to affect gas diffusion from the headspace to the cells, thus explaining why a consistent, low

growth rate was observed [120].
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Figure 19: Yields to carbon dioxide (COz), biomass (X), and organic carbon (OC) of the

different vials tested for Case 5. Yields are mmol C/mmol CH4 consumed.

4.6 Discussion of Case Studies

The above case studies highlighted the clear effect of oxygen concentration on the growth
rate of the pure culture of M. buryatense, regardless of the amount of methane present. From
Cases 3-5 growth rates above pO2 of 0.4 atm experience noticeable growth inhibition. This
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behavior continues to deteriorate with increase oxygen presence to a point in which the cells
change phenotype completely and produce significant amounts of organic liquid carbon.

Oxygen has been identified as an influential factor for methanotrophs within previous
published research. The gas not only affects the growth rates of certain species but can alter
whole methanotroph consortiums in landfills and applied biofilters that in turn may affect
methane oxidation rates [121-124]. In pure culture studies, Ren et al. demonstrated that with
oxygen concentrations above 20% v/v a general decrease in methane oxidation is experienced
with Methylobacter luteus and Methylosinus trichosproium. Specifically, at 60% v/v of oxygen
an average 23% inhibition of methane consumption occurs for both organisms [122].

Carbon conversion efficiencies (CCE) is defined as the total amount of carbon to organic
liquid components and biomass. In this study, CCE remained relatively constant in the trials
regardless of oxygen content till pO2 of 0.8 atm. The cultures typically distributed half of the
carbon to CO2 and the other half to biomass and organic liquid products. At the pO2 0.8 atm, the
carbon conversion increased to >60% that directed almost evenly towards organic carbon and to
biomass. These values are comparable to what Gilman et. al. reported, where their CCE for

oxygen limited and methane limited cultures were 43-46% and 54-61%, respectively [36].

4.7 Conclusions of Systematic Approach

Several key conclusions were found in this chapter: 1. Growth was affected by the
presence of oxygen over a critical amount (pO2 of 0.4 atm for the vial cultures). 2. An accurate
carbon balance (average >95%) was conducted due to re-pressurization of vials and accounting
for the carbon dioxide salts within the liquid phase. 3. Carbon dioxide accounts for a
predominant amount of carbon in the liquid phase under most conditions due to the chemical

equilibrium of carbonate/bicarbonate. 4. Yields to carbon dioxide, biomass, and organic carbon
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were relatively constant until oxygen presence caused a change in phenotype behavior and
created significantly larger amounts of EPS.

This data adds to the foundation required to evaluate M. buryatense as an environmental and
industrial biocatalyst. Insight on the metabolic shift caused by oxygen growth inhibition requires
further study. Any knowledge gained will allow for efficient genetic manipulation of this
promising microbe and in turn, further develop a process that produces sustainable energy while

reducing green gas emissions.
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Chapter 5: Gas and Carbon Analysis of M. buryatense 5GB1 in a Continuous

Chemostat

5.1 Brief Considerations and Theory for Methane Fermentation

Gas transfer into the liquid phase of a chemostat originate from two main sources: the
bubble sparged and the gas accumulated in the headspace of the reactor [75]. Due to low cell
concentrations, relative to cultures dependent on liquid substrate (such as glucose fed to yeast),
and higher interfacial surface area of the bubble, it can be assumed that the transfer of gas is
predominantly from the bubble. In doing so, the gas transfer rate of the substrate for both

methane and oxygen can be described by the traditional equations:

dc;
OTR = dtoz = kLaOZ * (HOZCbOZ - CL) (11)
ac;
MTR = % = kpQcpg * (HCH4CbCH4 - Cp) (12)

In these expression, OTR and MTR stand for oxygen and methane transport rate,
respectively. The term C,, refers to the dissolved concentration of the gas species, C,, the bubble
concentration of the gas species (as dictated by the flow rates in the mixing system), H, the
Henry’s constant of the species, and finally k; a, the volumetric transfer rate of the species. As

discussed in Chapter 1, the volumetric transfer rate is highly dependent on bioreactor type. For
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STR the most influential factors for optimal gas transfer include, gas flow rate, sparger type,
agitation rate, and cell density [73,75]. Equations 11 and 12 can be compressed into one by
relating the volumetric transfer rate of methane to oxygen. For this experimental plan, the
relationship by Yu et. al. was utilized where kLacns = 0.855kLa o2. In doing so, Equation 13 can
be formed

OTR 1 Hpzy02
= *
MTR 0.855 HcpaYchua

(13)

The concentration of the individual gas species can be broken down to the molar
fraction,y, since the gasses are introduced together to the bioreactor at a constant gas flow rate.
Using 1.4 * 10 and 1.3 * 10> mol (m™* Pa) as Henry constants for methane and oxygen,
respectively, and the known gas concentration in the feed, the overall transfer rate to cells can be
calculated [115]. It should be noted that the above equation is for approximation for
experimental planning. Factors with the bioreactor design, gas accumulation, and specific
cellular uptake can have a significant effect on this estimated transfer ratio.

From the classic work of Schill et. al. that described the fundamental behavior of gas
fermentation units, a few considerations were to be expected during the continuous cultivation of
methanotrophs [125]. For methanotrophs it can be expected that either oxygen or methane or
even both substrates would be the limiting agent for growth. Since it would be a gaseous
substrate that affects growth, the transfer rate is almost completely independent of dilution rate.
Thus the following would be expected: (1) The gas uptake rate (mmol h™*) would remain
constant over the tested dilution rates as uptake rate would always be equivalent to the much
slower transfer rate; (2) The biomass concentration decreases with increasing dilution rate as

cellular pickup would increase but the gas transfer would not (referring to previous point); (3)
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The specific gas pickup rates (mmol g DCW-! h') would increase with increasing dilution rates
as transfer remains constant (rule 1) and fewer cells are present for consumption (i.e., rule 2).
This behavior is quite different from cultures fed with a substrate in the liquid phase, such
as glucose to E. coli or yeast. With liquid phase bioreactors, the substrate conversion rate (mmol
h1) increases with dilution rate in a proportional format (transfer rate a uptake rate). In doing so,

the biomass does not drop in typical liquid substrates but rather grows or stays constant [125].

5.2 Objective of the Study and Experimental Set Up

Utilizing the analysis structure from the vial experimentation, chemostat experiments were
conducted to: (1) confirm that a complete carbon analysis could be done, (2) maintain steady
state with consistent pickup/production rates, and (3) determine how cell behavior changes with
methane deprived and oxygen deprived settings. Utilizing the concepts covered in Chapter 3
Section 6 with helium as an internal standard to measure effluent flow rate, two case studies
were completed. Case 1 will cover how objectives (1) and (2) were successfully completed,
while Case 2 expands on the success of Case 1 into several more steady state conditions within
the same bioreactor run.

All continuous cultures presented here utilized either the Eppendorf Bioflo 110 or 115. The
reactor vessel was 3 L with 1.5 L of liquid volume and contained the standard baffles were
placed within the vessel. Agitation was kept at 500 rpm to avoid any over-agitation affects while
also maximizing the rotational bubble flow for efficient gas transfer (see Figure 20). The gas
mixing system delivered a consistent flow of 300 smL min™ through a microsparger to create
smaller bubbles and enhance substrate transfer. Any increase or decrease in oxygen levels were
accompanied by an equivalent but opposite change to nitrogen to maintain the same flow rate.

The exhaust gas was passed through a condenser kept at 5 °C that was cooled continuously via
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recycled water. A gas sample port was installed in the effluent stream for GC measurement. The

temperature of the gas was measured via the online probe/software made by Vernier Software

and Technology.
Gas Sample
Port
Gas Temp.
/ Probe
Agitation
Temp., pH, DO
Gas Mixing System
—— Base + Antifoam

4 B

Bioflo
Control Unit

Effluent Medium

Figure 20: Continuous chemostat for methane bioconversion. Redrawn and adapted from [126].

Unit displayed here is not drawn to scale.

The Bioflo unit maintained temperature at 30°C and pH at 9 via addition of 4 M NaOH.
For all cases, Struktol J 660R was used as antifoam and is a mixture of vegetable fatty acid and

ethylene oxid / propylene oxide blockpolymers. Antifoam in Case 1 was added intermittenly via
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manual injection while the antifoam was pumped in with New Era syinge pump at 18 pL h't to
24 uL htin Case 2. For the carbon balance to be accurate, the carbon in the antifoam (almost
completely organic carbon) was measured to be approximately 485,000 mg C L. Thus, the
inflow of organic carbon can be calculated and accounted for in carbon canalysis.

The initial medium inside the bioreactor was similar to the standard NMS2 medium with
all associated buffers, except with a larger concentration of nitrate (2x) and trace element
solution (2x). These two components were concentrated so that carbon was not forced towards
organic acid production due to nitrogen or microcompoenent limitations [32,67]. The medium
fed into the reactor for steady state conditions also contained double the nitrate (unless stated
otherwise) and trace concentration, but excluded carbonate buffer, as the pH was maintained via
the bioflo unit. This means that initially the carbon balance is affected by the buffer till the
continuous system allows for it to be washed out.

Two rounds of pre-culture are conducted to obtain the initial inoculum to the bioreactor.
The first round is inoculated via cells grown on medium plates. These cultures are allowed to
grow to mid-exponential growth phase within vials that have an initial headspace of 1:1 O2:CHa
and standard NMS2 medium. The second round is inoculated from selected vial that show the
best growth in headspace of ~0.9:1 O2:CHa with NMS2 medium supplemented with 2x nitrate.
The cells are inoculated early in the day and are re-fed again at night. The purpose of the second
round is to solely accumulate enough biomass so that the cells can handle the large exposure of
oxygen in the bioreactor. This inoculum to DO ratio was observed to be extremely influential, as
shown in the results discussed in Appendix A.

Initially the bioreactor is operated as a batch culture on the day of inoculation to allow for

a maintainable accumulation of biomass. On the following day, the system becomes continuous
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mode via powering on the inlet and outlet pumps.Samples are taken 4-5 times a day during the
bioreactor run through the day (morning, noon, early and late afternoon, and night). The sample
process is summarized as follows. After recording flow rates and bioflow control units
(temperature, dissolved oxygen, agitation, and pH), manual gas samples are taken to both the
Agilent and SRI GC systems from the gas port. A liquid sample is taken to wash out the sample
line and discarded. A subsequent sample is taken to measure OD with appropriate dilutions. Any
unused sample is centrifuged and filtered for TC/IC analysis and to measure formate
concentration via Agilent 1200 series high performance liquid chromatography (HPLC)
equipped with an RID and MWD. Formate was analyzed on an Aminex HPX-87H column (Bio-
Rad, Hercules, CA, USA) at 35°C with 0.05 N H2S04 solution as the mobile phase tat was
pumped at a flow rate of 0.6 mL/min. The injection was 100 pL and peakwidth set at 0.4 min (8
s, slow). Calibration curves were generated with the appropriate concentration of sodium
formate. No other component was measured via HPLC as formate is the largest organic acid
produced from this methanotroph during growth and acetate’s peak was continuously interfered

with by other liquid components [36].

5.3 Carbon and Growth Analysis of a Chemostat without Helium as a Tracer

To conduct an effective carbon balance, the molar flow rate of the effluent stream leaving
the condenser must be accurately measured. In the first attempt of the continuous reactor run, a
nitrogen balance was conducted based off the measurements of the other components of the gas
stream: oxygen, methane, and carbon dioxide (see Equations 14 and 15). Recall, that nitrogen is
the carrier gas for the Agilent GC system and thus, nitrogen itself cannot be directly measured.
Due to the poor solubility of the gas and the abundance of nitrate in the system, it was thought

the component would remain relatively unbothered throughout the run.
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YNy, = 1- Yen,,,, ~Yo,,,, ~ Yco, (14)

Fip * YN2feq = Fout * VN2 (15)

As with helium in Chapter 3 Section 6, the inflow of nitrogen is fixed via the mass flow
rate of the mixed gas system. With simple mathematics the gas flow out could be found and a
carbon balance completed. For the initial analysis, the temperature of the effluent was thought to
be typical room temperature of 25 °C. Especially since the residence time of the gas in the
reactor held at 30°C and the condenser held at 5°C was relatively short compared to the residence
time in the tank stored within the room. The results of the growth and carbon balance for this

first chemostat run are illustrated in Figure 21 and 22.
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Figure 21: Cell density and the accompanying specific growth gate at tested dilution rate
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Figure 22: Carbon balance for chemostat where flow rate is calculated via nitrogen balance

As the cells reached a steady state starting at about 220 hours, the carbon balance

narrowed to a range of 105-115%. To evaluate whether outlet temperature was behind this

inflated amount of carbon, the temperature was altered for Equation 7 for each gas component

measured and the carbon balance calculated again. The results for a few points are displayed in

Table 8.
Sample Hour 25C 23C 21C
259.8 115% 111.4% 107.3%
262.9 109.5% 105.4% 101.7%
265.6 105.9% 101.9% 98.3%

Table 8: Effects of temperature on the carbon balance for three time points.

From the above table it is apparent that the assumed temperature value has a significant

impact on the carbon balance due to how effluent flow rate is calculated. Specifically, each
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change in temperature affects the mole fraction of the measured components and in turn, the
concentration of nitrogen used in the above flow rate calculation. To avoid this compounded
error from gas measurement and that created from temperature assumption, an online
temperature probe was installed and helium was used as a tracer to measure flow rate (see

Chapter 3 Section 6).

5.4 Case 1: Obtaining an Accurate Carbon Balance of Methanotroph Chemostat

After establishing that a nitrogen balance was not utilized satisfactorily to measure the
effluent flow rate, helium was continuously fed into the system. The gas composition for this
was constant throughout with 14%, 11.67%, 64.3%, and 10% (v/v) for CHa, O2, N2, and He,
respectively. Utilizing Equation 13 the expected OTR/MTR is 0.91, which is under the 1:1 ratio
needed for oxidation of methane and purposely depletes the additional oxygen required for
aerobic respirations. Thus, the system was run at an oxygen depleted state for a complete carbon
analysis, the equations of which are covered in Appendix B.

With helium as an internal standard, the carbon balance amongst the three groups of steady
state data averaged between 101.3-103.7% (illustrated in Figure 23 and Table 9). Thus, the
predicted flow rate with the tracer has allowed for a complete balance. This flow rate can be
double checked via a partial carbon balance by only considering carbon in biomass and from
liquid phase (TC measurement). Due to the alkaline pH, the COz2 in the headspace was fairly
dilute (between 0.2-0.3% of the effluent gas) and represents a small portion of all carbon. With
that in mind, a rough calculation of the expected flow rate from the carbon in liquid products
could be produced. As demonstrated in Figure 24, the calculated flow rate from the carbon
products remained relatively close to the flow rate derived from the helium balance, with less

than 3% difference. This difference however is significant, because the calculated flow rate form
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liquid products is consistently higher than the estimate flow of gas into the bioreactor.

Meanwhile, the flow rate via helium balance was consistently lower than the flow rate in, as

expected in a system with continuous consumption.
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Figure 23: Carbon balance for chemostat Case 1.
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Figure 24: Calculated flow rate from the effluent stream of the chemostat for Case 1.
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Due to the confidence in the carbon balance, steady state values were found for biomass
accumulation, gas pickup rates, and CO2 production rates. Steady state was defined by data sets
within time spans that experience less than 10% deviation in biomass, gas pickup rates, and
production rates. For this study, biomass reached levels of 1.15 g DCW L™ on the 3" day of the
experiment and remained at that concentration till the experiment was ceased (Figure 25). Due to
the consistent gas transfer and biomass, the specific methane and oxygen pickup rates were also
relatively constant (Figure 26). It should be noted that the noticeable increase in methane and
oxygen pickup between hours 123-125 is usually observed after antifoam is added manually.
This rapid momentary enhancement is possibly due to a liquid vector effect where methane and
oxygen are more soluble in the heavy organic phase than water. Such vectors have been covered

in Chapter 1 Section 4.
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Figure 25: Cell density and specific growth rate for the set dilution rate for chemostat Case 1.
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a)
Set Hours M(_athane O?<ygen O_z:CH4 COz_ FormaFe
Pickup Pickup pickup Production Production
A 69-82 7.51+0.25 9.00 +0.28 1.20 + 0.02 3.78 +0.10 | 0.004 +0.001
B 94-106 7.19+0.19 8.54 + 0.26 1.19 +0.02 3.68 +0.22 | 0.004 +0.001
C 118-142 7.59 +0.45 9.23 + 0.67 1.22 +0.03 3.73+0.23 | 0.004 +0.001
b)
Biomass Growth Carbon
Set Hours (GDCW LY | Rate (h) Balance Y CO2/S Y XIS Y OC/S
0.091 + 0.492 + 0.464 + 0.044 +
Al 6982 1 1152002 Tgh05 10242351 509 0.009 0.025
0.088 + 0.496 + 0.464 + 0.040 +
B 94-106 | 1.16 +0.02 0.004 103.2 +3.2 0.020 0.024 0.010
0.091 + 0.486 + 0.469 + 0.045 +
C 118-142 | 1.15+0.01 0.003 101.1+5.0 0.008 0016 0020
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Table 9: Chemostat case 1 steady state data a) Gas pickup, production, and formate in units of
mmol gDCW-! h1. b) Biomass, carbon balance, and growth rates. Yields are mmol C/mmol CHa

consumed with X as biomass and OC as organic carbon.

From the above tables, the average methane and oxygen pickup rates fluctuated from day
to day, though less than 10% as needed for steady state condition. Additionally, a large standard
deviation is seen in the third day probably due to the effects seen with manual injection of
antifoam. Despite this variability, the overall ratio was relatively consistent at approximately
1.20, the same value found in the oxygen limited sets Gilman et al achieved [36]. Formate
production varied considerably throughout the run as concentrations ranged between 35-85 umol
L (or 33-70 umol gDCW1). This large irregularity could again be due to the manual injection
of antifoam. With antifoam additions, a small jump in cell growth was observed that in turn was
accompanied by a formate production increase. Regardless of the variability, the formate
concentration observed here is significantly lower than those overserved in other studies where
the production was well over 200 pmol gDCW [36]. From literature, formate production is
thought to be caused by a redox imbalance where NADH abundance leads to excess carbon
heading towards organic acid production. In this case however, formate production is low and
carbon yields to organic components is approximately 4-5%. From Table 9, the carbon converted
to biomass stayed between 46-47%, creating a carbon conversion efficiency of 53-54% that is
noticeably larger than the oxygen limited sets from previous studies that reported efficiencies of

43-46% [36].
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5.5 Case 2: Expansion of Carbon Balance to Methane and Oxygen Depleted States

With the demonstrated success of utilizing helium to measure the effluent gas stream and
in turn, obtain an accurate carbon balance, another chemostat run was designed with various
dilution rates and oxygen levels. As exhibited in Table 10 and Figure 27, the reactor underwent
six experimental conditions with three different dilution rates and two different oxygen levels.
Methane and helium were kept at constant levels throughout the test at 14% and 10% of the 300
smL min feed, respectively. Utilizing Equation 13, oxygen levels were created to have solely
methane (ratios of 1.80) or oxygen limitation (ratios of 0.95). From Figure 27, it can be seen that
between conditions either the dilution rate or the headspace is altered and not both. This was to
avoid any unnecessary stress and washout of the cells caused by changing both conditions

simultaneously.

Condition | Condition | Condition | Condition | Condition | Condition

1 2 3 4 5 6
Dilution ' he5 ' 0085 = 0105 = 0405 = 0121 = 0121
rate (h™)
DO -0 5.7 5.7 0 0 5.7
expected
Oxygen 35 70 70 35 35 70
flow rate
Methane 42 42 42 42 42 42
flow rate
OTRIMTR  0.95 1.80 1.80 0.95 0.95 1.80

Table 10: Experimental plan for chemostat Case 2
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Figure 27: lllustrative schematic of experimental design for chemostat Case 2

Upon starting the experiment, a series of unfortunate events caused a delay in applying
condition 1 fully. Firstly, the TC areas measured from samples became inconsistent and ranged
with errors over 100%. This was fixed after installing new catalyst and adjusting the injection
tube. Antifoam was inputted constantly with a syringe pump to avoid the random intervals of
enhanced pickup rates. A power loss caused the solenoid valve to close the methane line for
twenty minutes, causing >10% biomass drop. Finally, the inlet tube became clogged, causing a
significant problem when keeping constant volume and thus had to be replaced. Throughout this
delay however, cell growth was maintained and medium continuously fed. Upon doing so,
condition 1 was finally applied after 450 hours. The overall biomass growth from that point on is

shown in Figure 28.
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Figure 28: Cell density and specific growth rate over the tested dilution rate for chemostat Case

2

From Figure 28, the significant change in biomass upon transitioning to different oxygen
levels is apparent as seen in the comparison between conditions 1 vs 2, 3 vs 4, and 5 vs 6. Thus,
providing clear evidence of when the cells are under methane or oxygen depletion as planned
with Equation 13. Additionally, the increase in dilution rate between conditions 2 to 3, and again
with 4 to 5 exhibit drops in biomass. This agrees with the general behavior observed in Schill et.
al., where the drop in biomass is expected as the transfer rate stay constant, but the dilution rate

increases [125].
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The substrate pickup rates (O2 and CHa4) are illustrated below as well as the complete
COz2 production rate (accounted from the headspace and the liquid phase) in Figures 29-30 and
Tables 11-12. The values selected as steady state are those that show less than 10% deviation for
biomass and pickup rates within the tested condition. Compared to the data in Case 1 (see Figure
30), it is apparent that the standard deviation for this run (Case 2) is significantly smaller. This is
due to the application of the syringe pump continuously flowing antifoam into the system that
eliminates the enhanced pickup rates and biomass production previously observed. A noticeable
range of data between hours 850-1050 are not considered steady state because of a steady decline
in oxygen. This behavior was unexpected and perplexing because as the oxygen dropped, the
biomass and methane production remained relatively constant, as if the cells expressed
enzymatic pathways that decrease the dependence on this substrate. Such behavior continued
through hours 960-968 till the cells experienced a noticeable drop in biomass as the behavior
appeared to be unsustainable. From previous literature, an excessive abundance of nitrate is
known to negatively affect cell growth and vitality [32,107]. To test whether nitrate may indeed
be the influential factor, the cells were temporarily induced with a higher oxygen state between
hours 967-1030 to recover biomass while the medium inside the reactor was replaced with
typical NMS2 medium with only 2x the trace element solution and no supplemented nitrate (i.e.
remained at 1 g L™!). Then condition 4 was reset and the cells reached steady state with
satisfactory deviation between gas rates and biomass. For Conditions 4 and 5 nitrate remained at
normal levels for typical NMS2 medium and supplemental nitrate (2x) was not re-used again till
Condition 6. The possible role of nitrate on metabolic behavior is discussed further in the next

chapter.
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Condition M(_ethane O>_<ygen O;:CH4 COz_ Forma?e
Pickup Pickup pickup Production Production

1A 6.82 + 0.10 8.66 +0.13 1.27 +0.01 3.46 +0.11 0.006 + 0.001
1B 6.80 + 0.05 8.62 + 0.05 1.27+0.01 3.48 +0.10 0.006 + 0.001
1C 6.83 + 0.05 8.74+0.11 1.28 +0.01 3.56 +0.07 0.006 + 0.001
2A 7.55+0.11 10.48 + 0.11 1.39+0.01 419 +0.12 0.001 + 0.001
2B 7.64 +0.08 10.53 +0.08 1.38 +0.01 4.17+0.14 0.001 + 0.001
2C 7.62 +0.07 10.43 + 0.04 1.37+0.01 412 +0.12 0.001 + 0.000
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3A 9.33+0.09 12.89 +0.11 1.38 + 0.00 4.88 +0.16 0.007 + 0.002
3B 9.01 +0.06 12.68 + 0.11 1.41 +0.02 4.72 + 0.09 0.006 + 0.001
3C 9.04 + 0.07 12.55 + 0.05 1.39+0.01 4.80+0.11 0.006 + 0.001
4A 7.78 +0.06 8.83 + 0.07 1.13+0.01 3.92+0.03 0.002 + 0.001
4B 7.74 + 0.06 8.98 + 0.08 1.16 + 0.01 3.94 + 0.06 0.001 + 0.001
4C 7.81 +0.07 8.95 + 0.06 1.15+0.00 3.93+0.05 0.001 + 0.001
5SA 8.89 + 0.04 10.16 + 0.06 1.14+0.01 453 +0.10 0.004 + 0.002
5B 9.07+0.13 10.28 + 0.16 1.13+0.01 4.52 +0.09 0.003 + 0.002
5C 8.94 + 0.04 10.08 + 0.06 1.13+0.01 4,53 +0.07 0.002 + 0.002
6A 9.87 +0.06 12.22 + 0.09 1.24 +0.01 5.21+0.08 0.006 + 0.003
6B 9.76 + 0.07 11.93 + 0.04 1.22+0.01 5.17+0.14 0.007 + 0.001
6C 9.88+0.15 12.03 + 0.17 1.22 +0.00 5.24 +0.04 0.007 + 0.001
6D 9.68 + 0.05 11.93 + 0.08 1.23+0.00 5.06 + 0.08 0.007 + 0.002

Table 11: Chemostat Case 2 steady state pickup and production values for gasses and formate.

All pickup and production rates are in units of mmol gDCW * hi,

From the above table and Figure 30c an interesting difference in O2:CHya is observed. For

conditions 2 to 3 and 4 to 5 the pickup ratios remain relatively constant with values of about 1.15

and 1.39, respectively. With Condition 1, that experiences oxygen depletion as condition 4 and 5,

a considerably larger pickup with average values of 1.27 was measured. Similarly, Condition 6

experiences a pickup of 1.27 that is lower than those observed with similar atmospheres in

Condition 2 and 3. This difference is not caused by methane pickup, but rather than oxygen

pickup. When comparing Conditions 1 and 4 where the only difference is the higher dilution

rate, the methane increases by ~14% while the oxygen by ~2%. On the other hand, the parallel




change for Conditions 4 to 5 see a methane and oxygen uptake increase of 14.7% and 13.5%,
respectively. Thus, oxygen pickup rate between Condition 1 and 4 does not follow the expected
increased behavior (seen with transition of Conditions 4 to 5) as outlined by traditional gas
fermentation theory in Chapter 5 Section 1. Similarly, when comparing Conditions 6 to 3, the
methane increases by ~7.4%, while the oxygen actually decreased by 5.3%. When comparing
the differences with condition 2 to 3 which was done via changing dilution rate only, the
methane and oxygen content increased by 37.8 and 39.2% respectively. From this data, it is
apparent that the previous state of the cell is heavily influential on the next state, a factor not
considered from the discussed theory. The metabolic implications of this noticeable difference

are discussed further in the next chapter.
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Oxygen Pickup Rates
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d)

CO2 Production Rate
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Figure 30: Comparative gas data from chemostat Cases 1 and 2.
. Biomass Growth Carbon
Condition (GDCW L) | Rate () Balance Y CO2/S Y XIS Y OC/S
0.085 + 0502 + 0.480 + 0.012 +
1A | 1572002 | g9 | 10122241 5415 0.007 0.007
0.085 + 0.506 + 0478 + 0.017 +
1B | 1572001 | “yggp | 10132331 “5o1g 0.013 0.015
0.084 + 0515 + 0473 + 0.008 +
1¢ [ 157+001 0.002 101.3+2.3 0.011 0.011 0.009
0.085 + 0539 + 0422 + 0.034 +
2A 1 2152001\ hgpp | 1080£39 1 Th0q1 0.011 0.020
0.085 + 0532 + 0.418 + 0.044 +
2B | 217x001 0.002 1026+ 0.9 0.020 0.008 0.026
0.085 + 0531 + 0.427 + 0.037 +
2C | 2202002 | "4, | 1020£221 4540 0.010 0.012
0.105 + 0520 + 0433 + 0.042 +
3A | 1781001 0.004 1008+ 2.2 0.018 0.012 0.024
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0.105 + 0512+ 0443 + 0.040 +
3B 1.61+0.01 0.001 1025+ 1.7 0.015 0.006 0.020
0.106 + 0522 + 0.447 + 0.027 +
3C | 182£001 | “h5or | 1018217 4018 0.003 0.019
0.107 + 0482 + 0511 + 0.008 +
4A | 1294002 0.003 104.4+2.0 0.011 0.015 0.014
0.106 + 0487 + 0507 + 0.002 +
48 1324000 | 00T |0ap+21| %087 o e
0.104 + 0.487 + 0.502 + 0.007 +
4C | 1304001 | “hgpp | 1033209 | 509 0.007 0.009
0121 + 0.485 + 0.505 + 0.005 +
5A | 1144000 | 2 E 1049420 | 095 e e
0.120 + 0.491 + 0.505 + 0.000 +
5B | 1142002 | 54057 | 1014£27 1 5614 0.015 0.001
0121 + 0.490 + 0.510 + 0.002 +
5C | 1152000 | "o | 10832071 5008 0.007 0.003
0122 + 0.509 + 0462+ | 00232+
6A | 1562001 | “hgp3 1039222 “h005 0.009 0.010
0.120 + 0512 + 0.462 + 0.020 +
6B | 1532002 | “h40p | 1083£14 1 5008 0.004 0.012
0122 + 0517 + 0465+ | 00132+
6C | 156200 0.005 1028+ 3.6 0.015 0.007 0.011
0.121 + 0.506 + 0470+ | 00179+
6D [ 1594002 | o5t 1033411 | OO0 o ohe

Table 12: Chemostat Case 2 steady state biomass and carbon values. Yields are mmol C/mmol

CHa consumed with X as biomass and OC as organic carbon.

From the above table, the carbon balance has clearly been satisfactorily applied

throughout the run with average positive errors of 0.8-5%. The deviation for biomass and yields

for biomass and CO:z are fairly narrow, allowing for steady state to be reached. The deviation for

the organic content were larger, possibly due to how the organic content is measured. Recall, to
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find OC, the TC measured is subtracted from the IC measured and thus the OC itself is not
directly measured and impacted by the error from both types of analysis.

The yields from methane depended on the conditions and were influenced based off of
uptake ratio (O2:CHa) as illustrated in Figure 31 and Figure 32. In Figure 31 an increase in
uptake ratio leads to a noticeable carbon distribution change. The yields to organic carbon and
carbon dioxide increase, while biomass yields decrease. Such alterations may be due to the
internal coping mechanism of cells dealing with higher oxygen pickups or oxygen concentration
in the gas feed [122,123].

For Y X/S, Conditions 4 and 5 were 50-51%, while Conditions 2 and 3 were 42-45%.
Condition 1 varied from the other oxygen depleted states with a drop in biomass yield to 47-
48%, as was Condition 6 that was between 46-47%. The difference in COz is subtle between all
conditions where Condition 2 and 3 varied between 51-54%, Conditions 1 and 6 were 50-52%,
and Conditions 4 and 5 between 48-49%. With that in mind the total carbon conversion

efficiency lies between 49-52% throughout the study.

Uptake Ratio to Y X/S and Y CO2/S

1 1.1 1.2 1.3 1.4 1.5
02:CH4

Y XIS oY CO2/S
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Figure 31: Trends in yields based off of O2:CHa uptake ratios.
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Figure 32: Comparative yield data from chemostat Cases 1 and 2. Case 1 is simply listed as A,

B, and C.

Formate production remained low and did not vary in any noticeable pattern. For the

steady state values achieved here the specific concentrations were found to vary between 5-32
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umol gDCW-2. Again, the production is lower compared to literature sources and may be due to

the larger amounts of nitrate and micronutrients that inhibit a substantial redox imbalance.

5.6 Discussion and Directions for Future Research

Following the data analysis of Case 2, the gas pickup behavior has brought forward many
points of interest and room for future questions. Of prominent interest are the low O2:CH4 pickup
ratios for the oxygen depleted Conditions 4 and 5. When comparing the substrate pickup ratios to
literature, these values were found to be consistent with the 1.1-1.2 O2:CHg ratios reported by
Gilman et. al, while that of Condition 1 was slightly higher [36]. Methane depleted Conditions
2,3, and 6 experienced pickup ratios between 1.2-1.4. These values were noticeably lower than
the 1.6:1 in the same literature source. The lower amounts of oxygen pickup may be due to the
methane concentration that was fed into this chemostat versus that of Gilman et. al. Although in
Chapter 4, oxygen influence was the dominant influence, both this study and that cited have
similar concentrations in the feed stream (23.3 vs 20.5% v/v). However, the methane content fed
here was 14% compared to the 2.5% in the reported literature. This larger methane content
allows for a larger biomass concentration and in turn, leads to lower dissolved oxygen levels,
which prevent a change in phenotypes with lower growth and higher carbon conversion (~60%)
efficiencies as seen in vial experiments here and what appears to have occurred in the cited
study.

As mentioned before, the specific gas pickup of oxygen (and to a certain extent, methane)
did not follow the traditionally expected behavior that Schill et. al. found with their research on
methanogens [125]. Thus, one of two rules covered in Section 1 must be at fault: either the
biomass concentration or the conversion rate. In the bioreactor run, the dilution rate increased

from 0.085 to 0.105 h™! (a 23.5% increase) and then to 0.121 h! (15.2%). When comparing the
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biomass between the methane depleted sets with Conditions 2 — 3 — 6, there was a 16.9 and
13.6% drop. Similarly, for the oxygen depleted sets with Conditions 1 — 4 — 5, there was a
17.1 and 12.2 % drop. Both drops are expected as the dilution rate increases and the gas transfer
rate stays relatively consistent. Thus, rule 2 of Section 1 holds.

Recall, rule 1 states that the conversion rates would be fairly consistent regardless of the
dilution rates examined. When comparing the oxygen conversion rate (mmol h't) with
Conditions 1 — 4 — 5, there was a 14.7% drop and a 0.1% increase, and for the methane
conversion rate (mmol hrt) there was a 5.4% drop and a 1.31% increase. Oddly, for Conditions 2
— 3 — 6 the oxygen conversion rate increased by 0.7% and then dropped 18.2%, while the
methane conversion rate dropped by 0.2% and then another drop of 7.3%. All these behaviors are
summarized in Table 13 below. From this analysis it is apparent that Condition 1 (compared to 4

and 5) and Condition 6 (compared to 2 and 3) break from the traditional behavior.

e Oxygen Pickup Rate Methane Pickup Rate
Condition (mmol hY) (mmol h')
1A 20.40 16.06
1B 20.26 15.96
1C 20.60 16.10
2A 33.85 24.39
2B 34.21 24.83
2C 34.36 25.09
3A 34.49 24.97
3B 34.50 24.53
3C 34.18 24.62
4 A 17.10 15.07
4B 17.73 15.27
4C 17.43 15.21
5A 17.31 15.16
5B 17.59 15.52
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5C 17.42 15.46

6A 28.61 23.11
6B 27.42 22.44
6C 28.08 23.05
6D 28.43 23.07

Table 13: Pickup rates (mmol ht) for methane and oxygen from Case 2 of chemostat runs.

As stated above, rule 1 of Section 1 was broken as the conversion rates from Conditions 1
and 6 were not consistent. So, the question becomes what has altered the conversion rate of the
gases: the transfer of rate or the uptake? As stated beforehand, the transfer rate can be affected by
antifoam addition. However, the antifoam levels were only adjusted after Condition 2, which
does not explain the change is observed in Condition 6 but not Condition 3. Additionally, the
antifoam appeared to have an equal effect on oxygen and methane as seen in the pickup rates in
Case 1 set C (see Figure 26). Separately, the carbon balance suggests that there was no potential
leak from the mixing system thus negating that as a potential issue. Finally, the Bioflo shows
minimal to no change in the control of agitation and pH, meaning these factors that affect cell
behavior were properly controlled. Regardless if any of these possibilities could affect the
transfer rate, it is unclear why oxygen would be overly influenced with differences >14% while
methane was <8%. Even when considering the kia ratio of 0.855 (from Equation 13), the effects
should be much closer (methane % change ~11). Thus, the transfer of the gasses does not appear
to be the problem, leaving only the cellular pickup as the potential cause.

Pickup rates can be influenced by components in the medium or any change in intracellular
mechanisms. For this study, no analytical tools were utilized to measure macronutrients, such as

nitrate, or micronutrients, such as copper. However, the rate at which nitrate and influential
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micronutrients (e.g. copper), are known. Thus, these two components were plotted along the
CHa:02 pickup ratio to explore their potential effect on the unusual conversation pickup ratio

observed. The results of which are illustrated in Figures 33 and 34.
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Figure 33: Pickup ratios vs specific copper feed rate.

92

(umol copper gDCW- h-1)



1 35
1 2 3 4 5 6
0.95
30
0.9
)
0.85 25 & o
o] =
0.8 0 &2
O
075 g a}
S 07 bzg
T E v
© 065 10 82
0.6 @
5
0.55
0.5 0
450 550 650 750 850 950 1050 1150 1250 1350 1450
Time (hrs)

CH4:02 Uptake Ratio Specific Nitrate Feed Rate

Figure 34: Pickup ratios vs specific nitrate feed rate.

As shown, the initial specific copper feed rate differed on only two levels at approximately
130 and 180 pmol Cu gDCW-* ht. From the graph, Conditions 2 and 3 share similar ratios and
the pickup ratios (CH4:02). The same conclusion can be drawn for Conditions 4 and 5. However,
Condition 6 which shares the same copper feed rate as Conditions 2 and 3, does not have the
same pickup ratio. Neither does Condition 1 with Conditions 4 and 5, that have similar copper
feed rates. Finally, Conditions 1 and 6 with comparable pickup rates have completely different
specific copper feed rates. A similar conclusion can be drawn with the specific nitrate feed rates.
Conditions 2, 3, and 6 share similar feed rates, but again the pickup ratios are different.
Condition 1 has a higher specific nitrate rate than all conditions (recall the medium was adjusted

for Condition 4), but again has similar pickup ratios as condition 6.
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Though these plots above are not constructed with measured concentrations of either copper
or nitrate within the reactor vessel and only based on initial medium concentrations, it does
provide doubt that nitrate, as a macronutrient, and/or copper, as micronutrient, have caused a
difference in pickup rates. Since the other nutrients can be scaled with these two components in
the medium, it appears that logically the other components did not cause the conversion rate
differences.

From literature of the biochemistry and metabolic models of methanotrophs, oxygen has two
main roles for the organism [66,106,108]. The first as a key electron donor in methane oxidation
and second, as the electron acceptor for aerobic respiration. Since the conversion rate drop is not
equivalent for methane and oxygen (see Table 13), it is doubtful that methane oxidation alone
causes the difference in pickup rates. However, a noticeable dip in methane conversion rates
suggests an impact was observed for whatever caused this pickup difference. Thus, leaving the
second case of ATP production via aerobic respiration as a possible reason why the cells
themselves could have adjusted their pickup rates and broken rule 1 of Section 1. If ATP
production is too abundant or limited, it could potentially influence internal mechanism that in
turn would affect the pickup rates. These concepts of ATP influence on all conditions are
examined further in Chapter 6.

The role of nitrate between the transition of condition 4 and 5 may also be affected by the
ATP issues discussed above. As shown in Figure 29, the specific oxygen picks up sharply
dropped between the hours of 893-933, while methane uptake remained relatively constant. This
led to an O2:CHa relative minimum of 1.08-1.10. After considering the oxygen consumed, very
little oxygen is available for aerobic oxidation. Another possibility, but one that is far more

unclear, is whether another electron acceptor was adopted by the cells in a hybrid respiratory
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chain. In recent literature by Kits et. al., two different strains of methanotrophs were found to
exhibit denitrification of nitrite (a reduced form of nitrate) [127,128]. With nitrate or nitrite
available cells could reduce the cellular oxygen demand for the respiratory chain and thus, utilize
oxygen for methane oxidation [129]. In essence, the cell behavior observed here indicates they
have adapted their metabolism for efficient use of ATP and how this happens is explored further
in Chapter 6.

Finally, to end the discussion of this chapter, it is important to understand why Schill et al.
did not observe the deviant behavior that occurred with Case 2 [125]. The organism used in the
cited literature was part of the general bacteria class called methanogens. Methanogens fix
carbon dioxide in the presence of hydrogen, the latter of which is used by the cell for energy
production. Methanogens are highly sensitive to oxygen, as it is toxic to their metabolism, unlike
methanotrophs who traditionally produce ATP via aerobic respiration. With completely different
pathways towards energy production, the same variability would likely not be observed in their

study as it was here.

5.7 Conclusions of Continuous Chemostat Experiments

The results of Case 1 and 2 for this chapter demonstrate that steady state was achieved for
a variety of headspace and dilution conditions. With the use of helium as an internal standard, the
effluent stream of the bioreactor was able to be properly measured and in turn, provide a carbon
balance with typical errors <5%. In addition, the use of continuous source of antifoam allows for
less deviation in gas pickup as seen between the results of Case 1 to Case 2 data.

Interestingly, the expected outcome of a constant pickup rate for both methane and oxygen

did not occur. Significant drops in oxygen pickup specifically provided evaluation of the transfer
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rate and pickup rates of the gas. Strictly judging from the physical data, it is does appear that
oxygen use in the cells is heavily influenced based off the genetics expressed in their previous
state. Such transitions are thought to occur based off energy production within the cells that are
further researched in Chapter 6.

Within hypoxia states, aerobic respiration appears to be limited based off the O2:CHjs ratio
alone. Literature suggests that nitrate plays a role in hybrid aerobic oxidation that could possible
explain the ratios observed in Case 2. However, without different analysis and transcriptomic
data, this explanation must be further examined.

The carbon conversion efficiencies for all conditions for both cases, regardless of the
conditions, range between 47-51%. Those with oxygen abundance tended to divert a slight but
noticeable portion of the carbon away from biomass and towards organic carbon production, as
is common with cells dealing with larger dissolved oxygen concentrations. The extent of organic
carbon production however did not match that observed in high oxygen content vials seen in

Chapter 4.
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Chapter 6 : Metabolic Modeling of the Cellular Metabolism for M. buryatense 5GB1

6.1 Considerations and Assumptions for Metabolic Modeling

As stated beforehand, the reduced model for 5GBlunderwent performance analysis of
predicted production rates with inputted pickup rates measured in chemostat runs of the previous
chapter. Unless stated otherwise, the following assumptions were held throughout this modeling
work. The ATP/NADH yield was assumed to remain at 3 (as shown in Equation 2). The growth
maintenance value within the set biomass equation was set at low mode with 23 ATP g DCW 1,
The EMP/EDD ratio was left at the default 0.75/0.25 ratio. Only direct coupling was evaluated
within these studies as redox arm and uphill transfer are far less efficient with limited gaseous
substrate at desired growth rates [106]. All these assumptions allow for efficient ATP
production/consumption and utilizing constrained gaseous substrate pickup for maximal growth,
which is the objective function of all studies.

To effectively evaluate model outputs (O2 pickup rates, CO2 production, and growth rate)
from methane input, the proper non-growth maintenance must be first accounted for. This value
can be estimated mathematically via the below mathematical expression. Growth associated

maintenance however is often found via fitting experimental results to metabolic models [108].

qcH, = Mcny, t (16)

Ymax

Figure 35, illustrates that a linear regression could be applied to the six conditions from Case
2. However, before utilizing this regression relationship, it is apparent that the data appears to be
split in half. This separation follows those conditions that were methane depleted and those that

were oxygen depleted allowing for the non-growth maintenance terms to be calculated for both

97



sets. From the regression analysis and assuming a yield of 6 mol ATP per mole of CH4[108], the
non-growth maintenance for oxygen and methane depleted conditions were calculated to be
10.60 and 15.53 mmol ATP g DCW-! h?, respectively. Both values are significantly higher than
the assumed value of 8.39 from the original genome scale metabolic model paper [106]. On a
separate note, the Ymax calculated from both figures remain fairly consistent with values of 1.07

and 1.04 for oxygen and methane depleted conditions, respectively.
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Figure 35: Specific methane pickup vs growth rate to calculate non-growth maintenance ATP
flux. a) All fluxes vs growth rate, b) Fluxes of oxygen depleted conditions vs growth rate, c)

Fluxes of methane depleted conditions vs growth rate.

6.2 Initial Evaluation with Single Methane Pickup Rate as the Input

The single input of methane into the metabolic model without limitation on oxygen or
any extracellular production would automatically generate the optimal solution at that specific
point. For Case 1 chemostat data both 8.39 and 10.6 mmol ATP g DCW-! h! were considered for
non-maintenance growth terms. The first value is from initial assumption during model
development [106] and latter calculated from the oxygen depleted sets of Case 2. Since Case 1
utilized a single dilution rate, no linear relationship could be developed similar to those seen in
Figure 35 to calculate the correct value, thus both are examined. From this single point input,

oxygen pickup, carbon dioxide production, and growth rates (represented by the flux in the
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biomass equation) can be predicted and compared to experimental data measured in Chapter 5 as

shown in Tables 14 and 15 for Cases 1 and 2, respectively.

Non- %
Pred. % 02 Pred. . % COz2
Cond. Groyvth 02 Error | 02/CHA Biomass | Growth CO2 Error
Main. Error
A 8.39 9.06 0.66 1.21 0.101 11.05 3.51 -7.00
10.6 9.38 412 1.25 0.096 5.25 3.72 -1.48
B 8.39 8.72 2.08 1.21 0.096 10.10 3.40 -7.70
10.6 9.03 5.72 1.26 0.091 4.03 3.60 -2.02
C 8.39 9.14 -0.94 1.21 0.102 12.42 3.54 -4.96
10.6 9.46 2.43 1.25 0.097 6.62 3.75 0.65

Table 14: Prediction results for growth, oxygen pickup, and CO2 production rates with methane

pickup rate as the only input for Case 1. The pickup and production rates are in units of mmol

gDCW-! hl. The non-growth maintenance term is in units of mmol ATP gDCW? h',

With the lower non-growth maintenance limitation (value of 8.39), the predictions for

oxygen were closer to the measured values for each of the three steady state data sets. Recall

oxygen is utilized mainly (99% of the time) for methane oxidation and aerobic respiration. Thus,

if lower ATP is required for non-growth maintenance, less oxygen would be picked up. On the

other hand, growth rate predictions (represented by the flux in the biomass equation) were

significantly over predicted (10-12%) with the lower non-growth maintenance while CO2

production is concurrently under predicted (5-7%). These percentages indicate that an over

efficiency in carbon assimilation is taking place relative to the actual measurements. With higher

demands of non-growth maintenance, the oxygen pickup prediction worsens slightly (but lie well

within experimental standards). Additionally, the lower percent error for growth and carbon
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dioxide predictions suggest that a higher non-growth maintenance term may be appropriate for

model predictions regarding Case 1.

Growth Predicted % Error | Pred. Pred. % Error | Pred. | % Error

Cond. Main. _Oz 02 02/CH4 Growth | Growth CO2 CO2
Pickup Rate Rate Prod. Prod.

1A 23 8.65 -0.15 1.27 0.085 0.000 3.47 0.20
1B 23 8.62 -0.02 1.27 0.084 -1.18 3.46 -0.63
1C 23 8.66 -0.93 1.27 0.085 1.19 3.47 -2.33
2A 23 10.11 -3.51 1.34 0.085 0.00 4.20 0.33
2B 23 10.21 -3.06 1.34 0.086 1.18 4.24 1.51
2C 23 10.18 -2.44 1.34 0.086 1.18 4.23 0.03
3A 59.81 12.52 -2.86 1.34 0.104 -0.95 5.21 6.70
3B 23 11.64 -8.14 1.29 0.108 2.86 4.73 0.15
3C 23 11.68 -6.98 1.29 0.109 2.83 4.74 -1.17
4A 23 9.66 9.38 1.24 0.100 -6.54 3.82 -2.48
4B 23 9.61 6.96 1.24 0.099 -6.60 3.80 -3.55
4C 23 9.69 8.19 1.24 0.101 -2.89 3.83 -2.55
5A 23 10.83 6.59 1.22 0.118 -2.48 4.22 -6.70
5B 23 11.01 7.12 1.21 0.121 0.83 4.29 -5.11
5C 23 10.88 7.90 1.22 0.119 -1.65 4.24 -6.30
6A 23 12.54 2.69 1.27 0.122 0.00 5.04 -3.30
6B 23 12.43 4.19 1.27 0.120 0.00 5.00 -3.12
6C 23 12.55 4.31 1.27 0.122 0.00 5.04 -3.81
6D 23 12.35 3.47 1.28 0.119 -1.65 4.97 -1.74
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Table 15: Prediction results for growth, oxygen pickup, and CO:2 production rates with methane
pickup rate as the only input for Case 2. The pickup and production rates are in units of mmol

gDCW h'l, The non-growth maintenance term is in units of mmol ATP gDCW-! hL,

The content of Table 15, indicates various behavioral patterns between and even within
the oxygen and methane depleted conditions evaluated for Case 2. Predictions for Condition 1
were on point with minimal error in oxygen pickup, carbon dioxide production, and growth
prediction rates. Both Conditions 2 and 3 see under predicted oxygen pickup rate values. Recall
from Table 12 these conditions were tested with an abundance of oxygen and higher O2:CH4
pickup ratios were measured. Despite the additional non-growth associated maintenance for
methane depleted conditions (see Figure 35), the efficiency of direct coupling is still efficient
enough to require less oxygen. Prediction differences from measured values are minimal for CO2
production and growth rates. It should be noted, that condition 3A matched well with larger ATP
growth maintenance levels compared to the other days for 3B and 3C. Such differences are
possibly due to the transition behavior observed in 3A for biomass and pickup rates. This
suggests that a smaller window of deviation (<10%) should be considered for proper steady state
comparisons.

Conditions 4 and 5 were conducted as oxygen depleted states and thus the pickup rate for
the gas is lower. Both sets are predicted by the single methane rate input to have larger than
measured oxygen pickup rates (6-9%). This is possibly due to elevated ATP non-growth
maintenance from default values (8.39 to 10.6) and the limitations of aerobic respiration yield.
Condition 4 growth rate predictions are larger in magnitude compare to those of Condition 5,

while the relationship is flipped for carbon dioxide production. This indicates that the methane is

102



used slightly differently between both conditions to handle the energy requirements set by the
oxygen pickup values. Finally, model performance for Condition 6 were generally accurate with
less than 5% error for all outputs evaluated.

With methane pickup rate being the only set constraint, the following flux map (Figure
36) was created through the central core carbon network for all conditions of Case 2. This
network would represent the optimal solutions found in the line of optimality as no other
substrate or production was limited. By assuming that no alternative optimal solution is found by
the model (something not evaluated in this work but overall studied in Dr. Jin Wang’s group
[130]), the optimal fluxes throughout the central carbon network would be consistently

proportional regardless of the methane pickup rate inputted.
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Figure 36: Flux map of M. buryatense 5GB1 with specific methane pickup as only input. Values
represent the fluxes predicted by FBA. The blue indicates positive fluxes and the reaction
proceeds in the direction of the arrow. Red fluxes (if any) would indicate flux flows opposite of
the arrow direction. Black arrows carry no fluxes and grey arrows are outside of the model

stoichiometric matrix.
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In addition to the flux map, PhPP analysis (introduced in Chapter 2) was conducted and
the measured points are shown on 3D and 2D plots, as illustrated in Figures 37 and 38 for Case 2
of the chemostat runs. The analysis displays only two main phenotypes (light blue and light
orange) with the line of optimality for the predicted optimal solutions displayed by the line of
black dots. This is a rather small number of planes for this sized model suggesting more work is
necessary for developing an accurate GEMs the predicts additional phenotypes. For example, the
E. coli core model with 95 reactions and 72 metabolites was able to generate 4 phenotypes and

many more phenotypes were noted with larger models of S. stipits [105,131,132].
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Figure 37: Phenotype phase plane with reduced model for methane depleted conditions 2, 3, and
6. a) 3D plot b) 2D plot. Black points represent the line of optimality. The blue points indicated

where actual measured conditions lie on the phenotype phase plane.
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Figure 38: Phenotype phase plane with reduced model for oxygen depleted conditions 1,4, and
5. a) 3D plot b) 2D plot. Black points represent the line of optimality. The blue points indicated

where actual measured conditions lie on the phenotype phase plane.

Methane depleted conditions displayed in Figure 37 show that none of the points lie on
the line of optimality, though Condition 2 is reasonably close. Conditions 2 and 3 skews into
blue phenotype phase plane while Condition 6 drifts into the orange plane. Oxygen depleted
conditions in Figure 38 show that condition 1 falls on the line of optimality, agreeing with data
analysis from Table 15. Conditions 4 and 5 on the other hand, are positioned far below the line of
optimality and slightly above the orange phenotype phase plane. Interestingly to note conditions
with the same substrate depletion that were tested subsequently by changing dilution rates (e.g. 2
to 3 and 4 to 5) follow a linear path that may have described a certain behavioral state. Those

conditions that altered headspaces (1 and 6) shifted towards a new phase.
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6.3 Initial Evaluation with Both Methane and Oxygen Pickup Rates as Inputs

Continuing with the evaluation of the current genome metabolic model, both specific
methane and oxygen pickup rates were utilized as input values. With the paired substrate
constraints there is no guarantee that the point will lie along the line of optimality (see Figures 37
and 38). The additional oxygen constraint compared to the previous section will reduce the
solution space providing unique fluxes through the central carbon network. Carbon dioxide
production rate and growth rates remain as the key outputs to be predicted and compared to

experimental data. Model performance for both Case 1 and Case are illustrated below.

- 0
Cond. Non GFOWth Biomass % Growth CO2 % CO2 Error

Malin Error

A 8.39 0.096 5.01 3.35 -11.40
10.6 0.061 -32.45 2.69 -28.92

B 8.39 0.079 -8.76 2.90 -21.18
10.6 0.045 -47.94 2.24 -39.17

C 8.39 0.101 10.80 3.60 -3.40
10.6 0.076 -16.22 3.12 -16.21

Table 16: Prediction results for growth and CO2 production rates with specific methane and
oxygen pickup rates as inputs to the model for Case 1. The production rates of CO2 are in units

of mmol gDCW-! h1. The non-growth maintenance term is in units of mmol ATP gDCW™ h',
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Figure 39: Growth and specific CO2 production rates predicted for methane (m) or methane and

oxygen (m + 0) rates as inputs for Case 1. a) Growth rates b) Specific CO2 production rate.

Due to the stoichiometric matrix, one molecule of oxygen is consumed per methane
oxidized by pMMO. Thus, only a portion of the constrained oxygen pickup rate is destined for
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other intercellular pathways. Once that primary methane oxidation cost is met, >99% of all
oxygen is used for the model’s ATP generation. By restricting oxygen input into the model, one
is essentially restricting the concentration of the electron acceptor in the model’s ATP equation
and thus the total energy the model can produce for other essential reactions. Data presented in
Table 16 and Figure 39 indicate that an insufficient amount of energy is created and thus the
predicted growth rates drop significantly when both methane and oxygen rates are constrained,
especially with the larger non-growth maintenance. The predicted CO2 production rate also drops
by a significant amount. This curiously implies that the model is desperately attempting to make
ATP in a way that clearly undercuts the carbon assimilation efficiency. This concept is further

explored in the next section of this chapter.

Condition (_Browth Predicted % Error Preénl(l)czted % Error QOz
maintenance | Growth Rate | Growth Rate Production Production

1A 23 0.084 -0.67 3.48 0.47

1B 23 0.084 -1.00 3.46 -0.60
1C 23 0.083 -0.76 3.53 -0.78
2A 23 0.078 -7.69 4.45 6.21

2B 23 0.081 -5.09 4.45 6.69

2C 23 0.081 -4.24 4.40 6.63

3A 23 0.098 -6.75 5.46 11.76
3B 23 0.091 -13.63 5.42 14.81
3C 23 0.094 -11.48 5.33 11.08
4A 23 0.008 -92.18 2.19 -44.07
4B 23 0.039 -63.19 2.17 -44.99
4C 23 0.024 -77.33 2.19 -44.23
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S5A 23 0.054 -55.10 2.43 -46.28
oB 23 0.048 -60.15 2.48 -45.23
5C 23 0.036 -70.66 2.45 -45.87
6A 23 0.092 -24.88 4.12 -19.51
6B 23 0.074 -38.30 3.61 -30.19
6C 23 0.074 -39.23 3.59 -31.46
6D 23 0.081 -33.31 3.82 -24.60

Table 17: Prediction results for growth and CO2 production rates with specific methane and
oxygen pickup rates as inputs to the model for Case 2. The production rates of CO2 are in units

of mmol gDCW-! h1. The non-growth maintenance term is in units of mmol ATP gDCW™ h',

As with Case 1, methane and oxygen pickup rates were constrained for Case 2 and the
results are summarized in Figure 40 below. Condition 1, again, illustrated minimal errors with
both methane and oxygen pickup rates as constraints. Conditions 2 and 3 exhibit comparable
behavior relative to each other with over predictions occurring for growth rates and under
predictions for carbon dioxide production. This suggests that the model is forced to send carbon
to rid of the excess oxygen, a concept covered in later sections. Conditions 4 through 6 exhibit
analogous negative errors for both predicted growth rates and carbon dioxide. For Conditions 4
and 5 where dissolved oxygen was nearly 0, this matches the behavior observed in Case 1 (Table
16), where oxygen limitation clearly disrupted ATP production. Curiously condition 6 follows
the same behavior by possessing a lower O2:CH4 pickup rate than the other methane depleted
sets (Condition 2 and 3). This is odd because during the experiment the DO was consistently

over 8% where oxygen was clearly in abundance supply. A possible explanation would be that
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the mechanisms utilized in Conditions 4 and 5 were continued for Condition 6, suggesting that a

relatively low DO may not offset the intracellular mechanisms utilized.
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Figure 40: Growth and specific CO2 production rates predicted for methane (m) or methane and

oxygen (m + o) rates as inputs for Case 2. a) Growth rates for conditions 1-3 b) Growth rates for
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Conditions 4-6 ¢) Specific CO2 production rate for conditions 1-3. d) Specific CO2 production

rate for Conditions 4-6.

6.4 ATP Generation with Depleted Oxygen Conditions

Data in Table 17 for Conditions 4 and 5 indicates significantly lower fluxes for the two

expected outlets, carbon dioxide and growth rates, indicating carbon is clearly distributed

elsewhere. As stated previously, the limited oxygen is thought to affect the production of ATP

which in turn affects the energetic feasibility that goes alongside carbon distribution. The

reduced model utilized has 73 reactions that ATP is consume or produced. However, a few key

reactions makeup a large portion of the fluxes and thus are listed in the Table 18 below for

Condition 4a. Note that negative flux values refer to consumption of ATP, while positive values

refer to production of ATP. From the table, the ATP production rate is dropped by half when

both gaseous substrate act as inputs. Such a drop cannot possibly overcome the constrained costs

of non-growth maintenance alone (10.6) and thus other production routes such as acetate kinase

were sought after.

Acetyl-P > Acetate

Rxn Name Rxn Notes Flux \_/alue Flux. Value
m-+o input m input
. . EMP
PHOSGLYPHOS_ 45_ RXN (L3BPG > G3p) 1.938 1.794
. . EMP
RXNNOB_ 45_ 31 (PEP > Pyruvate) 1.929 1613
_3_46_6_46_3'_46_27_45_ ATP non_—growth 106 106
~RXN main
‘RXNNOB__45 102 ATP production 6.287 14.095
'SUCCCOASYN__45_ RXN' TCA 10.001 1.166
— Succ.-CoA - Succ. ' '
ACETATEKIN_ 45_ RXN' Acetate Kinase 1.816 0
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Rate

RXNNOB__ 45 50 Production of PPi -0.644 -0.565
TRANS_ 45 RXNNOB_ 45_g | Actve Iggfport of 0386 -0.648
Biomass Predicted Growth 0.271 5,504

Table 18: ATP production and consumption routes for Condition 4a, Case 2 when methane (m)

or methane and oxygen (m+o0) pickup rates are inputs to the model. All terms are in units of

mmol ATP g DCW. Negative and positive values represent consumption and production of

ATP, respectively.

Furthermore, FBA analysis was conducted to find where most carbon leaves the system via

fluxes through the exchange reactions of the transferrable metabolites. Of those within the

stoichiometric matrix, carbon is largely secreted from acetate and valine (see Table 19). Together

these compounds account for about half of the carbon introduced to the model and over 75%

with the addition of carbon dioxide.

Condition Growth Pred. Acetate | Pred. Valine Combined | Carbon % with
Maintenance Production Production Carbon % CO2 +0OC*
4A 23 1.81 0.32 67.58 95.74
4B 23 1.87 0.05 51.95 79.99
4C 23 1.85 0.02 48.83 76.90
5A 23 2.05 0.040 48.40 75.77
5B 23 2.06 0.11 51.80 79.08
5C 23 2.45 0.21 66.46 03.86

Table 19: Prediction results for acetate and valine production with specific methane and oxygen

pickup rates as inputs to the model for Case 2. The production rates of acetate and valine are in
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units of mmol g DCW™ h'l. The growth maintenance term is in units of mmol ATP g DCW.

OC* refers solely to the carbon amount from excreted acetate and valine.

Reactions for both acetate and valine production routes are demonstrated below. From
these equations it is evident that acetate kinase serves as a route to produce ATP by sacrificing
carbon for cellular energy. Valine production is indirectly related to the consumption of reducing
power (NADPH) through the creation of the glutamate and ketoisovalerate. Together these
reactions form a way to consume reducing power while also producing ATP, a behavior akin to
the normal aerobic reaction within the model (see Equation 2). In essence, these reactions are the
inefficient version of the aerobic respiration the model requires.

Acetate kinase

—1 ADP + —1 Acetylphosphate - 1 ATP + 1 Acetate (17)

Branched-chain amino acid aminotransferase for valine

—1 Glutamate + —1 2-Ketoisovalerate

— 1 Alphaketoglutarate + 1 Valine (18)
Glutamate dehydrogenase
—2 Proton+ —1 NADPH + —1 Ammonia + —1 2-Ketoglutarate
— 1 Water + 1 NADP + 1 Glutamate (19)
2-Ketoisovalerate production
—1 Proton+ —1 NADPH + —1 Alphaacetolactic acid —
(20)

— 1 Water + 1 NADP + 12-Ketoisovlaerate
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A typical flux network for Condition 4 (and inherently 5) is illustrated in Figure 41 where
the central carbon network is noticeably affected by the lower oxygen constraint. Firstly, the
flux from acetyl-phosphate to acetyl-CoA becomes a negative flux (as indicated by the red color
of the arrow). This means that the flux does not follow the direction of the arrow as it would for
optimal solutions but would go in the reverse direction where acetyl-CoA is converted to acetyl-
phosphate, which is later converted to acetate. Secondly, the succinate to succinyl-CoA flux
operates in the negative reaction, which consumes a small amount of ATP. Finally, the a-
ketoglutarate dehydrogenase is completely shut off, which essentially prevents the typical
completion of the TCA cycle. By the displacement of carbon to acetate and the shut off the TCA
cycle, it become very apparent why the model predicted such low growth rates with methane and

oxygen pickup rates as model inputs.
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Figure 41: Flux map of M. buryatense 5GB1 with specific methane and oxygen pickup rates as
inputs for Condition 4a. The blue indicates positive fluxes and the reaction proceeds in the
direction of the arrow. Red fluxes (if any) would indicate flux flows opposite of the arrow
direction. Black arrows carry no fluxes and grey arrows are outside of the model stoichiometric
matrix. The direction of the arrows matches the forward reaction for optimal solutions. Values

represent the fluxes predicted by FBA.
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6.5 Evaluation of Aerobic ATP Fluxes with Depleted Oxygen Conditions

There are multiple mechanisms in which ATP consumption may be altered to further
evaluate Conditions 4-6 with methane and oxygen pickup rates as inputs. As indicated by Table
18, such routes include the EMP/EDD variance, the restricted flux for non-growth maintenance,
and the coefficients of ATP required for growth maintenance.

In 2013, Kalyuzhnaya et. al.[66] Summarized the pathways for pyruvate generation via the
EDD and EMP routes. Pyruvate is a key component for creation of multiple metabolites for cell
growth. From their analysis, the EDD pathway would consume ATP for pyruvate generation,
while the ADP-EMP variant would actually create ATP during generation. Both pathways are in
the model and pyruvate is produced at a 0.75/0.25 ratio from the EMP/EDD routes. To assess
whether significant improvement would be possible with large fractions of pyruvate coming
from the EMP (generating ATP), the ratio was steadily increased till EDD was completely off.
The results of this alteration for growth and carbon dioxide outputs are illustrated in Figure 42,

a)

0.035 2.2
—~ 0.03 [
) 219 §
£ 0.025 =
= 218 2%
= S
g 002 82
2 217 20
(G 0.015 d“%’
2 001 216 O
s Ee
& 0.005 215 5
o
0 2.14

0.7 0.75 0.8 0.85 0.9 0.95 1 1.05
Fraction of Pyruvate Produced from EMP

Growth Flux CO2 Flux

119



b)

-60 435
[«5]
o 65 437 &
S -439
< -70 441
3 443 3
S .75 3
O 445 &
£ -80 447 S
S .85 449
' 451 T
8 90 S
453 E
-95 455 =

07 075 08 085 09 095 1 1.05

Fraction of Pyruvate Produced from EMP

Growth Flux CO2 Flux

Figure 42: a) Predicted growth and specific CO2 production rates for increasing pyruvate
production from EMP for Condition 4a from Case 2. b) The associated % error from the

predicted fluxes compared to measurements from Condition 4a in Case 2.

Despite the increase in energy production with inflated EMP fluxes, the predicted growth
and specific CO2z production rate remains far from the measured value for Condition 4a. Growth
rate error improves linearly till errors are close to ~-70% while the CO2 production rate worsens
slightly to values of ~45.3% error. Thus, the EMP/EDD variant alone cannot cover the
restrictions imposed on the aerobic respiration.

Growth ATP maintenance is set by the coefficient of ATP in the biomass equation. This

value is often selected based off prediction errors on a specific output (often growth rate) [108].
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For Conditions 4-6 of Case 2, where ATP is in need for growth, the values of the growth

maintenance term was steadily decreased till the coefficient value was 1. By altering the

coefficients, the fluxes for growth and specific CO2 production rates are displayed in Figure 43.
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Figure 43: a) Predicted growth and specific CO2 production rates associated with various ATP
growth maintenance coefficients for Condition 4a from Case 2. b) The associated % error from

the predicted fluxes compared to measurements from condition 4a in Case 2.

Regardless of the low ATP coefficient for growth maintenance, the predicted growth and
specific CO2 production rates remain largely under predicted when compared to measured
values. Growth rate error improves till an error of -85% with maintenance values of 1 mmol g
DCW-?, while CO2 error drops less than a percentage point. Thus, the ATP growth maintenance
value has little to no impact on the energy issue at hand.

The flux value for the non-growth maintenance terms was calculated based off the
assumption that 6 mol ATP are produce per mole of CH4[108].This assumption was applied on

the intercept term of Figure 35 calculated by the measured data from Case 2. From this
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assumption a large amount of ATP is required that challenges the feasibility of aerobic
respiration with the gas inputs. Thus, the non-growth maintenance term was varied in the model
to evaluate the effect on predicted growth and specific CO2 production rates, and in turn appraise

the presumed ATP/CHa ratio. The results of this analysis are shown in Figure 44.
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Figure 44: a) Predicted growth and specific CO2 production rates from various ATP non-growth
maintenance terms for Condition 4a from Case 2. b) The associated % error from the predicted

fluxes compared to measurements from Condition 4a in Case 2.

As displayed in the figure above, the growth rates drastically increased with lower ATP
non-growth maintenance. Values of 4.87-5.56 mmol ATP g DCW* h*t would give within + 5%
error from measured values which would require the ATP/CHa yield to change from 6 to 2.76-
3.15. The specific production rate of COz increased to a new consistent flux value at which time
the error remained about -17%. The same approach was conducted for the other days of steady

state data for Conditions 4-6 and a similar conclusion can be drawn.

Non-Growth Calculated ATP/CHa4 Einal % Error for
Condition | Maintenance for + 5% | Yield Required for + 5% Predigted co
Measured Growth Rate Measured Growth Rate 2

4a 4.87-5.56 2.76-3.15 -16.67

4b 2.00-6.78 1.13-3.84 -14.17
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4c 5.65-6.26 3.20-3.54 -15.07
5a 6.00-6.78 3.34-3.84 -16.61
5b 5.91-6.60 3.35-3.74 -16.00
5C 5.30-6.08 3.00-3.44 -18.10
6a 2.00-13.89 0.77-5.37 -7.52
6b 12.11-12.93 4.68-5.00 -9.62
6c 11.98-12.80 4.63-4.95 -10.44
6d 2.00-13.34 0.77-5.15 -7.22

Table 20: Effect of ATP non-growth maintenance for Conditions 4-6 of Case 2.

Though no direct measurement of ATP/CHa ratio was completed in this study, a few
guestions remain about the validity of changing the original assumed methane to ATP yield.
Recall in Tables 15 and 17, the previously assumed value of 6 brought forth excellent predictions
for oxygen pickup, growth, and carbon dioxide production rates for Condition 1. This same
condition was used alongside Conditions 4 and 5 in Figure 35 to obtain the original non-growth
maintenance term. So why would the ratio change for only a portion of the points on the original
line? Additionally, the non-growth maintenance change did not properly account for the CO2
produced in any state (see Table 20), suggesting that the non-growth maintenance term is not the
only one that may significantly affect the energy limitation and carbon flow within the genome

scale metabolic model.

6.6 Installation of Nitrate as a Theoretical Electron Acceptor

Denitrification via hybrid respiration is the process of breaking down nitrate to gaseous
nitrogen with electrons by the electron transport chain. Recent evidence of methanotrophs
conducting these actions have been observed by Kit et. al [128]. With the hybrid respiration,
methanotroph can use nitrate as an alternative terminal acceptor funneling their oxygen

dependence largely to oxidize methane. Currently this respiration route has not been examined in
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literature for 5GB1. However, some proposed routes of the structure and efficiency with other
microorganisms has been constructed [129].

Despite the lack of current genetic evidence of hybrid respiration in 5GB1, an attempt was
made in this work to summarize the possible routes into an additional reaction in the
stoichiometric matrix. In doing so, an in silico approach is adopted to evaluate whether the
predictions for growth and carbon dioxide production rates would improve for Conditions 4-5 of
Case 2 with the restrictions of methane and oxygen pickup rates.

To install this hybrid respiration route into the metabolic model two summary equations
were developed based on the stoichiometry of denitrification (see Appendix C). Both routes
include the use of nitrate reductase (NAR), nitrite reductase (NIR), and nitric oxide reductase
(NOR). What differentiates the two routes considered is the last enzyme of denitrification. The
first includes nitrous oxide reductase (NOS) that breaks down nitric oxide to diatomic nitrogen,
while the second contains nitric oxide dismutase (NOD) that creates both nitrogen and one-half
molecule of oxygen. The latter, generates a feed-back loop for further aerobic respiration or
methane oxidation. In doing so, the following summarized equations were formulated (with key
assumptions covered in Appendix C).

NAR->NOS-> ATP
2NO; + 48H} + 5NADH + 10.9 ADP + 10.9 P,

- N, + 6H,0 + 36 H} + 10.9 ATP (22)

NAR->NOD-> ATP
2NO; + 40H} + 4ANADH + 9.1 ADP + 9.1 P;

- N, + 0.50, + 5H,0 + 30 H} + 9.1 ATP (23)
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After implementing either Equation 22 or 23, the same methane and oxygen pickup rates
for Conditions 4-6 from Case 2 were inputted into the modified model. It should be noted that
non-growth maintenance was set based off the conditions in Figure 35, growth maintenance was
low (coefficient of 23), and the yield for aerobic respiration remained untouched. The numerical
results are listed in Table 21 and illustrated in Figure 45. From the tables below, the predicted
growth rates for either routes of hybrid respiration improved significantly, reducing error to -13.3
to -2% error. The corresponding carbon dioxide flux also approached measured values with

errors reducing to within 6%.

a)
Typical Aerobic NAR to NOD NAR to NOS Measured
Respiration
Growth % error Growth % error Growth % error Growth
Flux Flux Flux Rate
4a 0.008 -92.52 0.095 -11.44 0.093 -13.30 0.107
4b 0.039 -63.21 0.095 -10.05 0.094 -11.47 0.106
4c 0.024 -76.92 0.096 -7.86 0.094 -9.56 0.104
5a 0.054 -55.37 0.114 -6.01 0.112 -7.34 0.121
5b 0.048 -60.00 0.116 -3.20 0.114 -4.67 0.120
5¢c 0.036 -70.25 0.114 -6.04 0.112 -7.64 0.121
6a 0.092 -24.59 0.120 -1.72 0.115 -5.47 0.122
6b 0.074 -38.33 0.117 -2.43 0.116 -3.44 0.120
6c 0.074 -39.34 0.119 -2.66 0.118 -3.68 0.122
6d 0.081 -33.06 0.116 -3.86 0.119 -1.57 0.121
b)
Typical Aerobic NAR to NOD NAR to NOS Measured
Respiration

CO2Flux | %error | CO2Flux | %error | CO2Flux | %error | CO2 Rate
4a 2.19 -44.06 4.03 2.92 4.11 4.94 3.92
4b 2.17 -44.99 3.96 0.51 4.02 2.02 3.94
4c 2.19 -44.22 4.02 2.22 4.09 4.00 3.93
5a 2.43 -46.27 4.39 -2.92 4.46 -1.51 4,53
5b 2.48 -45.22 4.47 -0.98 4.54 0.57 4,52
5¢c 2.45 -45.86 4.44 -1.79 452 -0.12 453
6a 4.12 -20.91 5.13 -1.69 5.16 -1.09 5.21
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6b 3.61 -30.11 5.13 -0.65 5.18 0.28 5.17
6c 3.59 -31.46 5.18 -1.28 5.23 -0.34 5.24
6d 3.82 -24.60 5.08 0.36 5.12 1.14 5.06

Table 21: Results with methane and oxygen pickup rates constrained with hybrid and aerobic
respiration. a) Growth rates (h) predicted and comparison. b) Carbon dioxide production rates

(mmol gDCW h1) predicted and comparison
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Figure 45: Results with methane and oxygen pickup rates constrained with hybrid and aerobic

respiration. a) Growth rates (h) predicted and comparison. b) Carbon dioxide production rates

(mmol gDCW h!) predicted and comparison.

With the improved accuracy in models due to the installed hybrid respiration, flux

analysis of the whole network was conducted to evaluate if flux values vary drastically from

optimal solutions (i.e. when methane is the only input). Comparison of reaction fluxes that utilize

ATP are listed in Table 22 for Conditions 4a and 5a.

a)
Rxn Notes Optimal Solution Aerobic NAR to NOD NAR to NOS
(M Input) M+0O Input M +0O Input M+O Input
Aerobic ATP 11.230 6.286 7.636 6.264
Production
Nitrification/ATP - - 4.163 4.592
Succinyl-CoA 1.041 -0.001 1.124 1.155
synthetase
Acetate Kinase 0 1.811 0 0
Acetyl CoA -0.260 0.022 -0.246 0.241
Carboxylase
Pyruvate -0.255 -0.021 -0.241 -0.236
Carboxylase
Nitrate -0.705 10.386 1583 -1.663
Transporter
Non-Growth 1106 1106 1106 1106
Maintenance
Growth -2.303 -0.193 -2.180 -2.134
b)
Rxn Notes Optimal Solution Aerobic NAR to NOD NAR to NOS
(M Input) M+0O Input M +0O Input M+O Input
Aerobic ATP 11,553 7.558 8.651 7.542
Production
Nitrification/ATP - - 3.363 3.709
Succinyl-CoA 1.134 -0.010 1.201 1.226
synthetase
Acetate Kinase 0 2.052 0 0
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Acetyl CoA -0.307 -0.141 -0.296 -0.291
Carboxylase
Pyruvate -0.301 -0.138 -0.290 -0.286
Carboxylase
Nitrate -0.832 -0.423 -1.540 -1.605
Transporter
Non-Growth -10.6 -10.6 -10.6 -10.6
Maintenance
Growth -2.715 -1.250 -2.616 -2.579

Table 22: Influential reactions that generate or consume ATP for a) Condition 4a and b)
Condition 5a. Methane (M) alone or methane and oxygen (M +0O) pickup rates were inputted to

the model.

Production of ATP in the hybrid routes (i.e. the sum of the first two rows of column 4 or
5 for the above tables) closely matched those of the optimal solution in the original model (i.e.
the first row of the second column). Additionally, the flux values of intermediate reactions, such
as succinyl-CoA synthetase, acetyl CoA carboxylase, and pyruvate carboxylase, were similar to
those of the optimal solution. The key difference being the nitrate transporter, which would be
required for the new hybrid respiration to work. The other reactions in the model, not listed in
the table above (>400) do alter slightly from the optimal solution fluxes by 7-10% with hybrid
respiration. Despite this difference, the central carbon network in flux map below in Figure 46 is

similar to the optimal solution map in Figure 36.
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Figure 46: Sample flux map of NAR-> NOD for hybrid respiration for Condition 4a from Case

2. The blue indicates positive fluxes and the reaction proceeds in the direction of the arrow. Red

fluxes (if any) would indicate flux flows opposite of the arrow direction. Black arrows carry no

fluxes and grey arrows are outside of the model stoichiometric matrix.

Finally, a small note should be taken that this hybrid respiration was also applied to

Condition 6 where dissolved oxygen was not zero as it was in Conditions 4 and 5. Instead, the
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dissolved oxygen levels was measurable and remained close to 8% for over five days. If this
alternative respiration was possible for Condition 6, it would suggest that the enzymes for
denitrification has some level of oxygen tolerance [133]. This makes Condition 6 unique from
the other methane deprived conditions (Conditions 2 and 3) where no denitrification was
required to improve prediction accuracies. The reason it may exist solely for Condition 6, may be
due to genetic carry over from Condition 5 that was not possible in Condition 2 or 3. Recall,
Conditions 2 and 3 are cells that transitioned from Condition 1 that exhibited minimal prediction

errors with the use of typical aerobic respiration and thus, showing ample energy production.

6.7 Assessment of Model Performance with Abundance of Oxygen

Table 15 illustrated that with methane depleted Conditions 2 and 3, a difference in carbon
distribution occurs when compared to measurable values, i.e. more carbon was directed towards
CO:2 production (positive errors) than growth (negative errors). To evaluate the overall flux
distribution difference, the central core carbon network was plotted in Figure 47. The map shows
a significant amount of carbon is diverted away from the RuMP cycle, TCA cycle, or the
EMP/EDD pathways. Instead it is immediately converted to formate via formaldehyde oxidation
from the HaMPT pathway producing a lot of reducing power that then becomes carbon dioxide.
This suggests that the abundance of oxygen relates to a reducing power requirement. As stated
before, any oxygen leftover after methane oxidation is almost entirely consumed by the aerobic
respiration that in turn requires a certain supply of NADH. FBA was done to gauge how
influential this aerobic reaction was on reducing power consumption and the results are listed in

Table 23.
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Figure 47: The central carbon network for Condition 2a. The blue indicates positive fluxes and
the reaction proceeds in the direction of the arrow. Red fluxes (if any) would indicate flux flows
opposite of the arrow direction. Black arrows carry no fluxes and grey arrows are outside of the

model stoichiometric matrix.
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Flux Value Flux Value
Rxn Name Rxn Notes m+0 input m input
. . Formaldehyde
RXN__ 45 2883 HaMPT pathway 3.481 0.000
‘1 462 46 1 462 45 Formate
RXN' Dehydrogenase 3.495 0.015
EMP 0.889 1.749
'GAPOXNPHOSPHN 45 RXN' (GAP to DPG) ' '
'RXNNOB 45 102" ATP Equation -5.847 -5.111
Pyruvate to Acetyl
RXNNOB_ 45_ 29' CoA 0.535 1630
TCA
'MALATE 45 DEH 45 RXN'| (Malate to OAA) 0.182 1.249
'FUMARATE__45 REDUCTASE TCA
45 _NADH_ 45 RXN' (Succ. to Fum.) 0.163 1.228
' 20XOGLUTARATEDEH__45 TCA
RXN' (a-keto. to Succ. CoA) 0.155 1.220
1 46_6_46_1_46_2 45 | NADH to NADPH 0571 0,609
RXN reaction

Table 23: Key reactions responsible for the majority of NADH consumption and production for
Condition 2a of Case 2. Methane (m) or methane and oxygen (m +0) pickup rates were

constrained.

With the restriction of methane and oxygen, the ATP equation generated a flux that
required 57.4% of all NADH compared to the previous 51.67% when methane was the sole
input. Consequently, more CO2 is formed with fluxes that involve direct reducing power
generation, increasing the accumulated positive flux from 4.245 to 4.489. A similar trend is
observed with the other steady state data sets for Conditions 2 and 3, where the percent of
reducing power and the fluxes associated with carbon dioxide production increase (see Table
24). Thus, for Conditions 2 and 3, the additional methane and oxygen constraints increased

NADH consumption for ATP production and in turn increased the associated COz flux.
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Total Flux of NADH % NADH Required for CO2 Flux Associated
Consumed ATP Production with NADH
Condition M Input l\l/ln;u? M Input | M+O Input | M Input | M+O Input
2a 9.89 10.19 51.66 57.38 4.22 4.47
2b 9.98 10.08 51.32 57.18 4.26 4.47
2C 9.96 9.74 51.40 57.75 4.25 4.42
3a 11.37 14.61 46.47 48.59 4.87 5.95
3b 11.11 14.28 47.29 51.26 4.76 5.88
3c 11.13 14.21 47.21 49.33 4.77 5.81

Table 24: Comparison of reducing power and associated carbon dioxide production for results
from methane input only (M) and methane and oxygen (M + O) inputs. All fluxes are in units of

mmol gDCW ht,

With the current model, it is unclear how carbon distribution with the excess oxygen
could be manipulated to match experimental values. An attempt to alter EMP/EDD ratios would
only create the same reducing power requirement and thus would have minimal effect (data not
shown) [66]. One attempt to restrict oxygen in the respiration equation for Condition 2a sent
excess oxygen to other carbon costly avenues that in turn created a drastic decrease in predicted
growth rate generating a large error (~-25%), though carbon dioxide flux dropped to within 3%
of the measured values. Thus, other routes should be introduced into the model that removes
excess oxygen in a way that limits carbon loss. Such routes may relate to hydrogen peroxide
production where no carbon is spent. However, hydrogen peroxide is often harmful to cell

viability and this mechanism is currently not stated within the covered literature.
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6.8 Discussion and Conclusions from Genome Scale Metabolic Modelling

In this chapter the reduced metabolic model was assessed with chemostat data from Cases
1 and 2 covered in Chapter 5. Results from in silico experiments that were constrained with
methane pickup alone, could not match measured growth, oxygen pickup, and carbon dioxide
production rates. Analysis of the phenotype phase plane for Case 2 demonstrates that two fluxes
are necessary to plot the location of actual data points since they are not positioned on the line of
optimality, regardless if methane or oxygen is the deprived substrate.

With both methane and oxygen restricted, two types of errors were found. Conditions 4-6
experienced a significant lack of energy production due to limited oxygen supply. Varying the
yield of ATP from methane allowed the non-growth maintenance term to be adjusted. This
influential flux value significantly improved the predictions on growth rate, however the change
in carbon dioxide production rate plateaued leaving errors over >10% for most conditions.
However, a theoretical hybrid respiration with nitrate improved not only the predicted growth
rate, but also the carbon dioxide production rates (usually < 10% error). Despite this progress,
there is no evidence in current literature that suggests the mechanisms exist and biological
research is necessary for validation.

Conditions 2 and 3 experience issues that are relatively opposite in behavior. With the
measured excess oxygen, a larger demand for NADH utilized for ATP production was created.
The uptick in necessary NADH increased flux values to COz2, diverting carbon away from the
biomass equation. The current model does not have internal mechanisms that dispose of this
oxygen without loss of carbon and alterations are required to efficiently rid of the excess oxygen.

However, there is currently a lack of biological information to implement any solutions.
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Chapter 7 : Overview of Conclusions and Closing Remarks

7.1 Final Observations Noted and Objectives Completed

Methylomicrobium buryatense 5GB1 is considered a promising industrial methanotroph
strain because of its rapid growth, versatile productivity, and ability to thrive in harsh
environments. In this study a systematic characterization on growth and carbon distribution was
constructed for batch and continuous systems. Specifically, the objectives were to: 1) Investigate
the effects of methane and oxygen on cellular behavior. 2) Provide data on carbon distributions
for cultures under oxygen or methane deprived conditions in both batch and continuous systems.
3) Perform in silico analysis with the reduced genome scale metabolic model based off data
accumulated with the continuous chemostat.

Completion of these objectives required both tool development, such as the gas mixing
system, and accurate evaluation of the gaseous headspace. For batch cultures, a vacuum would
exist in the final state after considerable bacteria growth and withdrawn liquid samples. Re-
pressurization with nitrogen proved to be an efficient way to measure the three gas components
of interest (methane, oxygen, and carbon dioxide) and was thus used for vial culture analysis.
Additionally, effluent gas streams are noticeably reduced when sparged through a continuous
chemostat. Accurate measurement of the gas flow was obtained through a simple mass balance
of helium that acted as an inert standard within the gas stream. In doing so, careful carbon

balances were conducted for two case studies with multiple days of steady state.
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With detailed analysis of vial cultures, it was observed that oxygen concentration, rather
than methane concentration, can influence both growth and carbon distributions. In general, the
increasing oxygen levels led to decreasing peak growth rates, though high biomass was still
achieved by stationary phase. Additionally, the calculated carbon conversion efficiencies remain
relatively consistent till oxygen tension becomes overbearing and an obvious change in
phenotype occurred. Beyond this exception, the carbon yields to biomass remained close to 46%
and carbon dioxide close to 50%.

Continuous chemostat runs with the use of helium as an internal standard were operated at
both methane and oxygen deprived conditions. Within this experiment, it was observed that a
degree of metabolic versatility for methanotrophs exist as exhibited by the pickup ratios for the
gaseous substrates. From the data, it appears that gas presence alone does not dictate behavior
but also the genetics of the cells from the previous experimental state. This adds a degree of
complexity that was not observed with typical gas fermentation theory and thus may explain why
conversion rates did not change in the proportional manner expected. Despite everything, the
carbon conversion efficiencies for all conditions ranged between 47-51%, which is analogous to
vial cultures.

In silico assessment of the genome metabolic model with methane and oxygen constraints
matched the versatility observed with continuous cultures. Phenotype phase plane analysis
confirmed that pickup rates do not position along the line of optimality, but tend to deviate
pending on the oxygen pickup behavior. Conditions that lacked oxygen suffered from restricted
ATP production, creating an inefficient pathway for energy generation at the cost of carbon for
biomass growth. However, alterations of the non-growth maintenance flux or installation of a

theoretical hybrid respiration route improved predictions for both growth and carbon dioxide
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production rates. However, biological evidence is required to prove the viability of either notion.
On the other hand, excess oxygen utilized for ATP production via aerobic respiration, created a
larger demand for NADH that in turn, funneled more carbon to CO2 and away from biomass. It
was determined that the current model does not have internal mechanisms that dispose of this

oxygen in an efficient carbon-based manner.

7.2 Recommendations for Future Work and Closing Statement

Future progress can continue on both the biological and process system sides of methane
bioconversion via methanotrophs. On the biological front, future experimentation can be done to
explore the metabolic shift observed when adjusting from oxygen deprived to methane deprived
conditions. Of particular interest, is the identification of the intercellular mechanisms that
produce energy when cells undergo higher dilution rates with a severely limited oxygen supply.
Does a hybrid respiration chain exist for 5GB1? Many answers could possibly be found through
transcriptomic studies from cell samples of systems analyzed and controlled by mechanisms
proposed in this study. Specifically, organisms can be harvested while under two steady state
conditions and the transition period in between. Additionally, analysis of fatty acid composition
would be especially beneficial, as genetic engineering methods are currently being sought to
improve the yields [38].

For process considerations, the most important goal is to increase the solubility of
methane and oxygen to methanotrophs within the liquid broth. In Case 2 of Chapter 5, about 14-
22% of all carbon introduced to the system was assimilated. This could be improved with
enhanced bioreactor design, or with the addition of promoting agents, as discussed in Chapter 1.
It should be noted, only 8-11% of assimilated carbon is distributed to lipids for potential

biodiesel production [14,29]. In this study, about ~45-50% of the assimilated carbon was sent to
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biomass, thus ~5% of the assimilated carbon and 0.7-1.1% of the fed carbon could possibly go
towards lipid production. Thus, improving gas transfer would increase the carbon flux not only
to lipids for biodiesel production but also to processes that use methanotrophs for single cell
protein [23].

For environmental abatement or removal of methane, methanotrophs could serve as potential
biocatalysts as long as the process enhances gas transfer or implement gas recycling. If the data
achieved here could be scaled appropriately, about half of all methane would be removed to
biomass, while the other half is released as a less impactful greenhouse gas, CO2. Thus, the
global warming potential of the influent gas stream is dropped dramatically. To improve
conversion efficiencies, genetic engineering could be utilized to redirect carbon towards biomass
or organic production. Others have also attempted to move the methane assimilating pathways to
efficient model organisms such as, E. coli or yeast, but progress thus far has been limited [20].

Considering the amount of carbon directed to carbon dioxide, 70-80% are easily accessible in
the liquid phase, processes that utilize the effluent gas and/or liquid carbonate would add value to
methanotroph systems. Two such processes include co-culture biocatalysts and mineralization
methods.

Recently, promising research have paired methanotrophs to algae/cyanobacteria in an effort
to improve yields and increase productivity capabilities [134-136]. The relationship works well
as carbon dioxide is a natural product of methanotrophs that can be assimilated by the
photosynthetic organisms. In return, algae/cyanobacteria can provide oxygen to the
methanotrophs in a dissolved format that avoids problems with gas transfer that currently plague
the single organism system. This opens the possibility of fully utilizing the carbon in renewable

biogas in a symbiotic biological process. However, the research published thus far was
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completed under continuous illumination, and there has not been any systematic study on the
factors (such as headspace composition or specific strain pairing) that could affect the stability
and performance of the co-cultures. Additional factors of interest include inoculation ratio, gas
phase composition, and illumination regimes. These systems bring further challenges, such as
how to quantify single cell concentrations and their individual pickup and production rates. This
remains a complex problem, though some work on the first half was conducted with a novel
sensor approach that was developed and explained in Appendix D [137].

As another avenue, recent literature suggests that biotechnology can be applied for cement
manufacturing. Thus, a conceivable process can be developed from carbonate byproducts of
methanotrophs. Carbonate can be mineralized, such as with calcium, to form precipitants valued
by the cement and aggregate industry as those process with ureolytic bacteria [138,139].
Through biotechnological mineralization, calcium carbonate from methanotrophs can become a
sustainable source of precipitants for cement to build infrastructure around the world [140].

By use of these proposed processes, methane abatement could potentially become an
economic drive towards sustainability. Instead of focusing on the 50% of carbon captured for
biomass and organic products, while inherently dealing with 50% carbon loss, a potential system
could be developed to utilize 90% of the assimilated carbon.

Advanced research has elevated carbon monoxide fermentation from bench scale
experimentation to profitable industrial biotechnology [141] and could serve as a role model for
future success of methanotroph based systems. In doing so, progress will be required from both
biological and process perspectives to create a path forward that will guide methane fermentation

from the realm of ideas to one of practicality.
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Appendix A: Notes Regarding Inoculum/DO ratio

This section serves as a note on observed behavior regarding the sensitivity of the cells to
the initial biomass/DO ratio for chemostats. From the experiences generated in this study, two
bioreactor runs outside of Case 1 and 2 were completed. These experiments allowed for
standardization of equipment and sample protocol.

Once inoculated, the cells are operated in a batch mode and in doing so, are expected to
follow a traditional exponential growth curve. However, it was observed during one run that with
excess oxygen and lower biomass amount, cells are thrown from a typical growth and enter a
new phenotype in which large amounts of organic carbon matter are created (presumably EPS).
For example, when the cells were inoculated with conditions of 1.29 mmol O gDCW a typical
growth curve is observed (shown in Figure A1) with peak specific growth rates of 0.2 h™ and a
stationary growth phase reached at ~23 hours. However, when cells were inoculated with
conditions at 2.4 mmol O2 gDCW!, peak growth rates were only 0.07 h* and a much slower

biomass growth seen (Figure A2).

142



Figure Al

Biomass (g DCW/L)

1.8
1.6
1.4
1.2

0.8
0.6
0.4
0.2

Figure A2

Biomass (g DCW/L)

0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

Biomass and Growth Rates

Time (hrs)

—@— Biomass (gDCW/L)

—@— Specific Growth Rate

Biomass and Growth Rates

Time (hrs)

—@— Biomass (gDCW/L)

—@— Specific Growth Rate

143

0.25

0.2

0.15

0.1

0.05

0.1

0.09
0.08
0.07
0.06
0.05
0.04
0.03
0.02

0.01

Growth Rate (h?)

Growth Rate (hr?)



Upon observing the slower growth rate, oxygen supply was decreased and dilution rate
increased slowly. However, the cells continued to grow slowly and accompanied a larger than
normal organic carbon production (see Figure A3 and A4). In doing so, large foaming would
occur over night, leading to frequent manual injections of antifoam. The organic carbon
produced reached peak levels of 1g/L before a transition from the cells caused by the increased
stress of higher dilution rates and lower oxygen content started to increase inorganic carbon
production. Unfortunately, the pH loop malfunctioned at about 100 hours and the experiment
was ceased.

Figure A3
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Figure A4
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Appendix B: Carbon Balance for Chemostat Cases

The carbon balance is achieved through direct measurement of headspace, liquid carbon, and
biomass. Below is the summary of the system of equations used to properly account for the
carbon produced and consumed by the system.

Flow into bioreactor

=Total G l (S ) ( )
. e k J—
F;, = Total Gas Flow i RT

Where P and T are values from standard conditions, 1 atm and 25°C, respectively, and R is the
universal gas constant. Flow rate is in mmol/min.
Effluent flow from bioreactor

F _YHein *Fi
out —
yHeout

VHeour = (g)%

The concentration (n/V) of helium is determined by the GC. The temperature is measured from
the gas stream out of the condenser and pressure is atmospheric. Again, flow rate is in

mmol/min.

Gaseous methane balance

Fin * Yen,, * (G2 — t1) — Fout * Yen,g, * (62 = t1) = Vieaaspace * ACcna = CHyconsumed
The mole fraction of methane into the system is defined by the fraction (in smL/min) of the total
flow rate and set by the mass flow meter in the mixing system. The mole fraction of methane in
the effluent stream is measured by GC and is calculated analogous to helium. The outlet mole
fraction applied to the equation is the average of the effluent concentration between time point 1

and 2. The change in concentration of methane for the accumulation term is also found by the
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difference between concentrations of time points 1 and 2 (t: and t2). Dissolved methane is
considered negligible and not considered for this study. Total gas consumed would be in units of

mmol. Oxygen balance follows the same format of the equations above for methane.

Carbon dioxide balance
Fout * Yco,,,: * (t2 — t1) + Vieaaspace * ACcoz2 + Viigquia * A Cic + F, * Cic * (t; — t1)

= C0,Produced

The flow rate (FL) for liquid phase is the same for medium inlet and outlet as the volume in the
reactor was maintained at the same level throughout the study. The change in concentration of
inorganic carbon (IC) is measured as covered in Chapter 3. For outflow, the mole fraction of the
gaseous COz2 and the concentration of IC in the liquid flow is averaged between measured values

over time points 1 and 2. The total carbon dioxide produced would be in units of mmol.

Total liquid carbon balance

Viiquia * A Cr¢ + F * Crc x (t; — t1) — Fy, * Capy; * (t2 — t1) = TC Produced

The total liquid carbon balance is constructed by the measured total carbon and except for
accounts for the carbon in the antifoam introduced over the same time points. For outflow, the
concentration of TC in the liquid flow is averaged between measured values over time points 1
and 2. As before, the units of total carbon are in mmol. Total organic carbon (OC) production is

simply the difference between liquid TC and IC.
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Biomass

mmol C o
(AX * Viiquia T X * F * (t; — tl)) * 39.3m = Carbon in Biomass

Biomass is represented by X and is in units of gDCW L. For outflow, the concentration of
biomass in the liquid flow is averaged between measured values over time points 1 and 2. The
amount of carbon associated with biomass is found from the biomass equation in de la Torre et.

al. [106].

Complete carbon balance

Carbon Prod.= Carbon in Biomass + TC Produced + Fyy; * yco,,,, * (t2 — t1)

+ VHeadspace * ACCOZ

The total carbon produced is from biomass, total liquid carbon, and carbon dioxide in the

headspace.

Carbon Produced

04 — O
Carbon Consumed. 100% = % of carbon accounted for

Specific gas pickup and production rates (methane used as example)

CH,consumed

X, <V, (6, — &) = Specific methane pickup (mmol gDCW ™1 h™1)

Where the cell concentration at the time of measurement (2 in this example) is used. This
equation shows that only the cells behavior in the reactor is considered. At steady state there is
minimal variation in cell concentration so the specific pickup rate should remain relative

constant, as demonstrated in results of Chapter 5.
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Appendix C: Development of Summarized Hybrid Respiration with Denitrification

Both routes will consider nitrate reductase (NAR), nitrite reductase (NIR), and nitric oxide
reductase (NOR). It should be noted that only nitrate reductase is NAR is considered which
allows for two hydrogen per nitrate to be pumped across the membrane. Another form does exist
(NAP) but does not generate protons that could be useful for ATP production. What
differentiates the two routes built here is the use of nitrous oxide reductase (NOS) or nitric oxide
dismutase (NOD).

The following reactions are in line with these enzymes:

NAR
2NO3 + 8H{ +4e” - 2NO; + 2H,0 + 4H;
NIR
2NO; + 4Hj +2e™ - 2NO + 2H,0

NOR

2NO + 2 Hy +2e~ - N,0 + H,0
NOS

N,O0 + 2H; +2e” = N, + H,0
NOD

N,0 = N, 4+ 0.5 0,
Summarizing equations above
NAR-> NOS
2NO; + 8HF + 4H + 10e™ > N, + 6H,0

NAR-> NOD
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2NO; + 8H} + 2H; +8e™ — N, + 5H,0 + 0.50,

Assuming that complex I, complex I11, and ATP synthase are still active from typical aerobic
respiration and electrons are efficiently transported for denitrification, the following portion of
typical aerobic respiration is considered:

NADH + 8H[ + xADP + xP; » NAD™" + 8H,, + x ATP

Where the fraction of ADP, Pi, and ATP are dependent on the total amount of hydrogens that
would be pumped back across the membrane to the cytoplasm from ATP synthase. Combining
the partial aerobic respiration to the summarized nitrification equations and assuming 3.3 H* per

ATP produced, the following equations were implemented into the model:

NAR->NOS-> ATP

2NO; + 48H} + SNADH + 10.9 ADP + 10.9 P, > N, + 6H,0 + 36 HF + 10.9 ATP

NAR->NOD-> ATP

2NO; + 40H} + 4NADH + 9.1 ADP +9.1 P, » N, + 0.50, + 5H,0 + 30 H} + 9.1 ATP

Note that Hc" is on both sides of the equation. This is to show the hydrogens pumped across the
membrane from electron transport chain and back via ATP synthase. There are less hydrogens
pumped back to the cytoplasm because of the hydrogens consumed for denitrification. For the
later equation of NAR-> NOD-> ATP, the total ATP production with the aerobic oxidation of

the half molecule of oxygen would provide the following equation (not used in the model):
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2NO; + 50 HY + 5 NADH + 12.1 ADP + 12.1 P, > N, + 6H,0 + 40 HF + 12.1 ATP

This shows that with the same reducing power, the cells with NOD are able to make significantly
more ATP compared to those with NOS, as long as reducing power is available.

By summarizing the above equations and | presume 1) That nitrification exists with these
known enzymes. No current literature supports that such enzymes are expressed with 5GB1 at
this current time. 2) The electrons and hydrogen ions pumped are not negatively affected by any
inefficiencies or leakage. Meaning that once NADH transfers electrons to NADH dehydrogenase
there are mechanisms for cells to continue the electron flow to denitrification enzymes without a
problem and hydrogens are pumped in the same amounts as theoretically expected. 3) The
complex I, complex 111, and ATP synthase are still active and remain efficient throughout hybrid

respiration.
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Appendix D: Summary of Soft Sensor Development

The following appendix is a brief summary of the published work “A novel soft sensor
approach for estimating individual biomass in mixed cultures” that excludes details regarding
methodology and comparison to cell counting techniques [137].

Figure B1 illustrates the unique absorbance spectrum of different organisms suspended in DI
water over a range of wavelengths. This occurs because of the different cellular compositions
and structures such as intracellular membranes or organelles. Upon mixing these organisms at
different concentrations, unique OD scanning spectra over a range of wavelengths would be
obtained. This mixed behavior leaves a sort of unique fingerprint that allows for the complete

determination of the individual cell concentrations in the mixed culture.

Figure B1
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(a) OD spectra of pure M. buryatense (solid line) and S. stipitis (dashed line) over the wavelength
of 269-1100 nm. (b) OD spectra of pure E. coli (solid line) and S. cerevisiae (dashed line) over
the wavelength of 300-900 nm. (c) OD spectra of nine different mixed cultures of M. buryatense
and S. stipitis over the wavelength of 269-1100 nm. (d) OD spectra of nine different mixed

cultures of E. coli and S. cerevisiae over the wavelength of 300-900 nm.

In this study, partial least squares (PLS) is used to build the soft sensor model that
correlates the mixture sample's OD scanning spectrum to individual cell concentration. Two case
studies (Cases 1 and 2) were conducted to examine the performance of the proposed soft sensor
approach. Case 1 uses M. buryatense and S. stipites, while Case 2 uses E. coli KO11 and S.
cerevisiae.

After building the model and evaluating the performance with 100 Monte Carlo
simulations a PLS soft sensor model was built to correlate the OD spectra with each individual
cell concentration (i.e., two models were built for Case 1 and Case 2, respectively). The number
of principal components was selected based on cross validation. For Case 1, four PCs were
chosen for predicting M. buryatense concentration, while three PCs were chosen for predicting S.
stipitis. For Case 2, four PCs were chosen for predicting both E. coli and S. cerevisiae. For Case
1, the average percentage errors for the 100 testing sets were 1.69% for M. buryatense and 3.97%
for S. stipitis. For Case 2, the average percentage errors for the 100 testing sets were 3.23 and

1.92% for E. coli and S. cerevisiae, respectively. The results are summarized in Figure B2.
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Figure B2
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the filled triangles (&) represent S. cerevisiae.
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