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Methanotrophic bacteria are promising means of producing value-added products as
they have the ability to transform methane under atmospheric temperature and pressure.
Efforts to develop methanotrophs to produce value-added products are hoped to incentivize a
decrease in methane flaring operations. The data collected during this study was used to inform
a larger effort for design of a bio-laminar plate reactor system (BLP) that could be used in
conjunction with encapsulated whole-cell technology to convert methane into a marketable
multicarbon product.
Methylomicrobium buryatense 5GB1 with an engineered plasmid PA5 was studied for
methane bioconversion to soluble multicarbon products. This study focused on previously
identified compounds including crotonate, succinate, and acetate, and their expression in
different environments. Experiments were performed in batch to study culture environments
used to induce secondary metabolites, including substrate limitation, oxygen limitation and
salinity flux. Methane and oxygen consumption was monitored along with soluble metabolites
made by M. buryatense 5GB1 in batch reactors. Soluble products were analyzed by high
performance liquid chromatogram (HPLC). Under experimental conditions studied, carbon

conversion efficiency (CCE) reached a maximum of 5.2% for crotonate production during a
salinity cycle with active encapsulated cells. Succinate CCE was measured at a maximum of 2.64
± 0.34% for batch reactors receiving multiple methane injections with decreasing oxygen
concentration. Acetate maximum CCE was 17.4 % for batch reactors with exchanged fresh
media.
Bacterial milking was performed by exchange of liquid media with agarose-encapsulated
M. buryatense 5GB1PA5 culture. Hemispheric agarose beads were suspended in media with 8%
NaCl and nanopure water in 24 hour cycles. Extracellular crotonate in salinity cycled bioreactors
was observed to reach a maximum of 10.9 mg/L and a CCE above 4 % in the first three cycles.
Media control bioreactors undergoing media exchanges without salinity change produced
maximum crotonate concentration of 0.032 mg/L and 0.02 % CCE during the first three
exchanges. This observation provides evidence that salinity exchange is likely to have the
capacity to increase production of microbial products.
This study found that the methods tested to increase soluble metabolite production by
M. buryatense 5GB1PA5 are unlikely to meet market needs without further refinement. High
variance among triplicates in tests led to limited confidence in production reliability. Benchmark
CCE for crotonate, succinate and acetate were identified for an economically feasible bioreactor
plant based on the in-house techno-economic cost analysis and found to be 2.6, 6.0 and over
100 % respectively. M. buryatense 5GB1PA5 produced carbon conversion below identified
benchmarks in most environments tested, and all averaged CCE values fell below this target.
Future efforts for methanotrophic bioconversion should be revisited only after better metabolic
control is achieved. While this study found that market application is still out of reach, it
provides insight for reaction intensification technology using osmotic fluctuation.
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Chapter 1: Introduction
Methane and the Environment
Methane, a flammable gas produced naturally in anaerobic degradation of
organics, is often a wasted source of energy. Making up 95% of natural gas, it is
routinely burned (flared) during the production of petroleum hydrocarbon without
capturing the energy. The World Bank estimated 147 billion cubic meters of natural gas
were flared at oil production sites worldwide in 2015 (Bamji, 2016). This practice is often
performed in remote areas where direct energy capture or gas transport are not
currently economically feasible. A change in modus operandi is therefore in order for
this routine and there’s a global initiative to have zero routine flaring by 2030.
Some landfills, feedlots, and wastewater treatment plants use their methane
production directly for electricity generation. However, methane production as an
energy source is typically overlooked, especially in remote areas where electrical
demand is low and infrastructure does not exist to transport generated electricity. The
startup cost to chemically or biologically transform methane is not an economically
feasible investment for many producers with the current market technology, particularly
due to the infrastructure and risk involved with transporting compressed flammable gas
(Haynes and Gonzalez, 2014). Liquid fuel is preferable because it is more stable, higher
value, and can be transported with existing infrastructure. For this reason, there is an
opportunity to capture wasted value by upgrading methane to a liquid marketable
product by the means of a low cost reactor.
Microbiological processes have potential to be a low capital cost means of
methane conversion as opposed to typical chemical approaches, such as natural gas
reforming and the Fischer-Tropsch process. Atmospheric temperature and pressure are
sufficient for microbial conversion of methane to liquid fuel, decreasing the costs
associated with high heat and high pressure equipment needed for chemical
transformation (Fei et al., 2014). Multicarbon products and liquid fuel produced from
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methane has the opportunity to generate a return on investment depending on the
market status of compounds. For instance, liquid fuel is preferable to methane as it
could be used in existing transportation infrastructure, however costs of microbial
production must balance revenue from fuel sales.

Bioconversion of Methane
Methane can be converted into liquid fuel or higher value products at
atmospheric temperature and pressure due to the metabolism developed by bacteria
which use methane as their sole carbon and energy source. These bacteria,
methanotrophs, play a critical part in managing atmospheric methane. Aerobic
methanotrophs are gram negative bacteria which convert methane to higher carbon
number structures for cell components. With genetic alteration, it is proposed that
these metabolic structures can produce products by the bioconversion of methane
(Lidstrom and Stirling, 1990a);(Puri et al., 2015);(Haynes and Gonzalez, 2014).
To be considered a viable option to synthesize products, a methane
bioconversion process must be economically feasible. The process must produce a
product with market potential higher than the cost of culture maintenance, equipment
operation, and capital costs. Most methanotrophic bioconversion processes are not
considered near to commercial application and needing further study, with the
exception of single cell protein production and bioremediation (Strong et al., 2015). Cost
reducing strategies and microbial product forming abilities therefore ought to be
assessed in order to determine viability to decrease global natural gas flaring
operations.
Despite current limitations, methanotrophs are considered promising for
commercial application (Lidstrom and Stirling, 1990a);(Gilman et al., 2015);(Puri et al.,
2015). Metabolic engineering has been of recent interest for harnessing methanotrophs
to produce valuable metabolites for remote methane sources (Kalyuzhnaya et al., 2015);
(Puri et al., 2015); (Yan et al., 2016). Recent technological advances increased genetic
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capabilities for enhancing the methanotrophic bioconversion, however commercial
viability remains nominally feasible. A major linchpin in the economic feasibility of
methanotroph commercial use is the identification of commercial product opportunities
consistent with microbial capabilities (Lidstrom and Stirling, 1990a).
This study aims to increase our current body of knowledge toward market
application in this area by investigating a particularly promising microbe with applied
genetic manipulation for soluble extracellular product formation. Culturing
environments including substrate, oxygen, phosphate buffer presence, and salinity were
tested for increasing product formation.

Research Intention and Significance
High capital cost and low volumetric productivity have historically limited the use
of methanotrophs for bioconversion of methane to commercial products (Lidstrom and
Stirling, 1990). This project, funded by Advanced Research Projects Agency-Energy
(ARPA-e), strived to overcome some of the intrinsic difficulties in bioconversion by
creating a low capital cost modular reactor design with high mass transfer from gaseous
methane to the immobilized culture for product formation. The project, as awarded to
Oregon State University, was rich in challenges including genetically modifying a
methanotrophic bacteria to produce multicarbon products and using the
microorganisms in a microfluidic bioreactor.
The final bio-laminar plate (BLP) reactor design used live bacteria encapsulated
in hydrogel. Hydrogel, a hydrophilic polymeric material, maintained a stationary layer on
bio-plates for methane bioconversion. The BLP design consisted of a mixer assembly
promoting laminar flow sandwiched between two bio-plates as shown in Figure 1. Bowtie mixers at the inlet provide high mass transfer for gas phase methane as an electron
donor and oxygen as an electron acceptor The spiral mixer assembly promotes plug flow
from the outside toward the inside of the reactor.
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Figure 1 BLP Multiplate Reactor Assembly.
A BLP bio-plate is pictured with M. buryatense 5GB1 (PA5) encapsulated in a
layer of agar hydrogel in Figure 2. Details on BLP preparation are in Appendix A.

Figure 2 BLP Bio-plate with M. buryatense 5GB1 Encapsulated in Agar Hydrogel.
This multifaceted project required simultaneous research in microfluidic flow
dynamics, biocompatible gelation techniques, physical hardware design and microbial
optimization. Efforts on this project were supported by Oregon State University, Rice
University, and the University of Washington.
The objective of this research was to study various microbial cultivation methods
with potential to increase multicarbon product yield. Genetic modification of
Methylomicrobium buryatense 5GB1 was performed by Dr. Peter Bennett at Rice
University, and the strain with plasmid PA5 was used in the research performed at OSU
(PA5 construct provided by Dr. Bennett is in Appendix I). The goals of the project were:

5



Characterize substrate limited growth and oxygen limited growth for soluble
multicarbon product formation by M. buryatense 5GB1



Identify multicarbon products produced and compute carbon conversion
efficiency (CCE) over a range of operating conditions in batch reactors



Use bacterial milking (osmotic flux) to increase soluble multicarbon product
formation by M. buryatense 5GB1 encapsulated in hydrogel beads
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Chapter 2: Literature review
Methanotrophs
Methanotrophs are a group of bacteria that are able to use methane as their
sole carbon and energy source (Hanson and Hanson, 1996);(Murrell, 2010). They use the
enzyme methane monooxygenase (MMO) to transform methane into methanol and
then use methanol dehydrogenase (MDH) to transform methanol into formaldehyde.
From there, formaldehyde is either broken down for energy or incorporated into the cell
mass. Methanotroph metabolic pathways are shown in Figure 3, and display the
pathways for the oxidation of methane to carbon dioxide and the assimilation of
formaldehyde to the cell mass (Hanson and Hanson, 1996).

Figure 3 Microbial Degradation Pathways for the Oxidation of Methane
Methane Monooxygenase
The first step in methane utilization is the oxidation of methane to methanol by
the enzyme methane monooxygenase (MMO) (Trotsenko and Murrell, 2008);(Sirajuddin
and Rosenzweig, 2015);(Banerjee et al., 2015);(Hakemian and Rosenzweig, 2007). It is
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catalyzed by a membrane-bound particulate MMO (pMMO) or a cytoplasm-entrained
soluble MMO (sMMO) (Lawton and Rosenzweig, 2016). These enzymes have different
activities and substrate specificities; sMMO transforms a wider range of substrates
(Burrows et al., 1984). MMOs have an immediate potential for commercial application
and are of interest for industrial use because they can catalyze the hydroxylation
(introduction of a hydroxyl group) of alkanes or the epoxidation (introduction of an
epoxide group) of alkenes to produce epoxides (Burrows et al., 1984). One MMO type
may be advantageous over the other depending on the chemical transformation
desired.
Soluble MMO can initiate the oxidation of a wide range of substrates including nalkanes, n-alkenes, ethers, aromatic, alicyclic and heterocyclic compounds, while
particulate MMO cannot oxidize aromatic, alicyclic and heterocyclic compounds (Stirling
et al., 1979); (Burrows et al., 1984). Soluble MMO (sMMO) from Methylosinus
trichosporium OB3B has been shown to epoxidate several substrates to products as
shown in Table 1 (Aono et al., 1989). Thus, using methanotrophs to produce epoxides
has potential in the chemical industry.
Particulate MMO (pMMO) produces a similar transformation (hydroxylation of
alkane or epoxidation across a double bond), but has a narrower substrate range.
Particulate MMO is more common; 95% of discovered methanotrophs produced pMMO
and 5% were known to produce both sMMO and pMMO (Lieberman and Rosenzweig,
2004). Although pMMO is predominant in nature, sMMO is more widely investigated
due to the difficulty in isolating pMMO from the cell membrane. Despite the difficulty,
pMMO has successfully been solubilized and purified, leading to a deepened
understanding of the structure and active site (Lieberman and Rosenzweig, 2004). This
has led to excitement in the scientific community for the potential of synthetic catalysts
capable of methane oxidation to methanol at ambient temperature and pressure.
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Table 1 sMMO Epoxidation of Alkenes
Substrate
name

Substrate structure

Product name

Propene

Propylene
oxide

1-butene

1,2epoxybutane

1,3
butadiene

1,2 epoxybut3-ene

Cis-2butene

2-Butene
oxide

Product structure

In methanotrophs that are able to produce both forms of MMO, the growth
conditions of cells influence the distribution of particulate versus soluble MMO. Oxygen
and copper availability have produced a MMO expression response. One study found M.
trichosporium OB3B cells grown in oxygen limited environments (3-6% oxygen in
methane v/v) had a propensity to produce variable but substantial amounts of pMMO
activity, while cells grown in excess oxygen (1:5 v/v CH4 to air) had 100% sMMO activity
(Scott et al., 1981a). Several studies have correlated copper availability to
monooxygenase expression as well, linking low copper levels to sMMO production
(Burrows et al., 1984);(Murrell et al., 2000);(Semrau et al.);(Takeda et al., 1976);(Prior
and Dalton, 1984). A summary of the differences between sMMO and pMMO are
presented in Table 2.
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Table 2 Comparison of SMMO to PMMO
sMMO
Associated with growth in
excess oxygen

pMMO
Associated with oxygen
limited growth

Cytoplasm entrained

Membrane bound

Produced under low copper
availability
(Cu2+ ~1 µM)

Produced during adequate
copper availability
(Cu2+ ~5µM)

Oxidizes n-alkanes, n-alkenes,
ethers, aromatic, alicyclic and
heterocyclic compounds

Oxidizes n-alkanes or nalkenes

References
(Scott et al., 1981a)
(Lawton and
Rosenzweig, 2016)
(Burrows et al., 1984)
(Murrell et al., 2000)
(Semrau et al.)
(Takeda et al., 1976)
(Prior and Dalton,
1984)
(Burrows et al., 1984)
(Stirling et al., 1979)

Methanotrophic MMO is of interest for industrial use. There is hope in applying
MMO for conversion of natural gas to liquid transportation fuel in order to make use of
some of the infrastructure we already have for gasoline (Conrado and Gonzalez, 2014)
(Molzahn, 2016). In addition, MMO is a potential commercial oxidative catalyst (as
shown in Table 1) with capabilities that reach into the bioremediation field (Lidstrom
and Stirling, 1990a)(Strong et al., 2017). The utility of MMO remains tied to biological
systems as efforts to synthetically produce a commercially viable MMO have not yet
been successful (Lawton and Rosenzweig, 2016); (Lidstrom and Stirling, 1990a);
(Goldberg and Rokem, 1991).
Carbon Assimilation by Methanotrophs
After methane has been transformed to methanol by MMO, methanol
dehydrogenase (MDH) converts methanol to formaldehyde. Formaldehyde is
subsequently broken down for energy or assimilated into cell mass. Methanotrophs are
separated into groups type I, II and X. Type I utilize the ribulose monophosphate (RuMP)
pathway and type II use the serine pathway, while type X is capable of both (Patel et al.,
1979) (Hanson and Hanson, 1996) . The RuMP cycle is the most energetically efficient
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pathway of assimilation of single carbon substrates (Khmelenina et al., 2010). The
efficiency of this pathway results in faster growing cells and higher carbon conversion
efficiency. Type I, II and X methanotrophs are described in Table 3.
Commercial Promise of Methylotrophs
Methylotrophs are a set of microorganisms that can use reduced one-carbon
compounds or multi-carbon compounds without carbon-carbon bonds as their sole
carbon source. Over the past decade, many reviews and articles have discussed the
promise of methylotrophs for industrial use (Lidstrom and Stirling, 1990a); (Gilman et
al., 2015); (Strong et al., 2015); (Fei et al., 2014); (Jiang et al., 2010). This is best
represented by over 100 patents issued involving methylotrophs since 1980 (see
Appendix H). The most likely commercial application of methylotrophs is to either
provide catalytic potential through MMO, or to synthesize a novel product (Lidstrom
and Stirling, 1990a).
Methanotrophs are a subset of methylotrophs that can only use reduced, onecarbon compounds methane or methanol for their carbon and energy source. Physical
and chemical limitations are associated with methane bioconversion, however,
production of a novel product by a methanotroph will ultimately depend on the
microbial culture. Methanotroph types and distinguishing characteristics are shown in
Table 3 and include Type I, Type II and Type X methanotrophs (Hanson and Hanson,
1996);(Lidstrom and Stirling, 1990a); (Kalyuzhnaya et al., 2013).
In the Type I (gammaproteobacterial) methanotrophs, some members have been
established as catalysts for single cell protein, carotenoids, glycogen or other
exopolysaccharide production (Kalyuzhnaya, 2016). Gammaproteobacterial
methanotrophs are capable of methane fermentation, which opens the option of
producing biomass-based products and synthesizing chemicals (Kalyuzhnaya et al.,
2013). Moreover, these types of methanotrophs are capable of producing valuable
osmoprotectors such as ectoine and sucrose. The challenge associated with these
microbes lies with unstable growth.
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Type I

Type II

Type X

Methylomonas albus
Methylomonas sp.
Methylomicrobium
buryatense

Methylosinus sp.
Methylobacterium
organophilum
Methylosporvibrio
methanica

Methylococcus
capsulatus (bath)

Serine

RuMP and Serine

Alphaproteobacterial
Crescent shaped rods,
pear shaped cells,
sometimes occur in
rosettes; Paired
membranes are aligned
to periphery of cells

Gammaproteobacterial
cocci; membranes
arranged as bundles of
vesicular disks

Robust growth

Grow at higher
temperatures

Physical
characteristics

RuMP (most efficient
carbon conversion
efficiency)
Gammaproteobacterial
Short rods, some cocci
or elipsoids;
membranes arranged as
bundles of vesicular
disks

Important
properties

Carbon
Assimilation

Representative
species

Table 3 Representatives of Methanotrophic Types and Distinguishing Characteristics

Proposed to be capable
of methane
fermentation

In the Type II (alphaproteobacterial) methanotrophs, more robust growth in the
laboratory setting is observed, however there is a tradeoff with lower carbon conversion
efficiencies and relatively slow growth, exhibiting 6-8 hr doubling time for the fastest
cultures (Kalyuzhnaya, 2016). Representatives of this type have been studied for
poly(hydroxybutyrate) (PHB) production, epoxidation, methanol production, and
bioremediation (Khosravi-Darani et al., 2013). They have been shown to ferment
methane to excrete extracellular acetate, succinate, acetone, 2,3 butanediol, and
isopropanol (Kalyuzhnaya, 2016). Although type II methanotrophs are promising, their
research was beyond the scope of this study as more efficient carbon conversion
through the RuMP cycle was desired.
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Methylomicrobium buryatense
Due to its high lipid content, fast growth cycle, flexible metabolism and genetic
tractability, M. buryatense 5GB1 is regarded as an economcially viable culture for
converting methane to multicarbon products (Kaluzhnaya et al., 2001); (Khmelenina et
al., 2013);(Puri et al., 2015);(Gilman et al., 2015);(de la Torre et al., 2015). The Type I
methanotroph, Methylomicrobium buryatense 5GB1 uses the ribulose monophosphate
(RuMP) pathway for formaldehyde fixation to cell mass (Jiang et al., 2010); (Khmelenina
et al., 2010). M. buryatense 5GB1 was selected by our research group as a promising
microbe for study. It is a fast-growing (doubling time of 0.23 hr -1) lab variant with fairly
robust growth and well developed genetic strategies (Puri et al., 2015);(de la Torre et
al., 2015).
Methylomicrobium buryatense strain were originally isolated from salt lakes in
Eastern Russia. They are short motile rods that possess a single polar flagellum. Their
dimensions are 1-1.3 µm x2.0-3.0 µm and therefore a 0.6 µm filter will provide
adequate filtration (Kaluzhnaya et al., 2001). M. buryatense will only grow on C1 primary
substrates: methane or methanol. Methylomicrobium buryatense 5G is deposited in the
Russian Culture Collection of Microorganisms as VKM B-2245 (Kaluzhnaya et al., 2001).
Of the original five strains isolated of this bacteria, 4G, 5G, 6G, 7G, and 5B, all
expressed pMMO and 5G alone expressed both pMMO and sMMO (Kaluzhnaya et al.,
2001). These bacteria are halo(alkali)philic methanotrophs, meaning that they optimally
grow at a high salt concentrations and alkaline pH as shown in Table 4. A transition
electron microscope (TEM) image is shown in Figure 4 depicting a representative of this
strain.
This bacterium has been studied fairly heavily in the last few years after being
characterized taxonomically in 2001 (Kaluzhnaya et al., 2001). It possesses increased
lipid content compared to standard heterotrophs (Gilman et al., 2015). Comprehensive
bioreactor datasets have been published on this industrially promising microbe (Gilman
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et al., 2015), as well as a stoichiometric flux balance genome-scale model (de la Torre et
al., 2015), and genetic tools for modification work (Puri et al., 2015).
M. buryatense 5GB1 are robust for Type I methanotrophs and tolerate a range of
environmental conditions, including pH, salinity, temperature, and oxygen levels. M.
buryatense have a tolerance for temperatures 7 to 45 ᵒC (optimum 30ᵒC), NaCl range
0.2-8% w/v (optimum 0.75%), and a pH range 6 to 11 (optimum 8.5-9.5) as shown Table
4 (Kaluzhnaya et al., 2001). Under oxygen limiting environments, these methanotrophs
drive the conversion of methane to excreted products and hydrogen, supporting the
notion of fermentation-based methanotrophy (Gilman et al., 2017).
Table 4 Growth Parameters for M. buryatense 5GB1
Parameter
Temperature
Salinity
pH

Range, optimum
7-45 °C (30 °C)
0.2-8% (w/v), 0.75 %
6-11 (9.5)

For growth, 5GB1 is cultured in nitrate media salts (NMS2) media (Puri et al.,
2015);(Kaluzhnaya et al., 2001) (recipe in Appendix A). Studies report that M.
buryatense uses membrane bound pMMO to oxidize methane to methanol. Only strain
5G was able to oxidize naphthalene when grown in copper-free medium, implying the
potential for forming sMMO exists in that strain (Kaluzhnaya et al., 2001). A TEM image
of M. buryatense 5GB1 is given in Figure 4 (Gilman et al., 2015).

Figure 4 TEM Image of M. buryatense 5GB1
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Methanotroph metabolism shown in Figure 3 is significantly simplified. A specific
metabolic pathway for methane bioconversion by M. buryatense 5G is provided in
Figure 5 (Bennett, 2017). Methane to formaldehyde transformation is represented in
the pathway by bold red lines down to where the first gray line branches off. The entire
remainder of the figure, except for the purple RuMP cycle, represents a simplified
formaldehyde to carbon dioxide path. The light blue TCA cycle is shown in bold arrows
with arrow thickness indicating flux magnitude. The TCA cycle is the energy generating
function of the cell.
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Figure 5 Wild Type M. buryatense 5G Metabolic Pathway
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Growth Characteristics
A lab variant of M. buryatense 5G arose during cultivation and was subsequently
called 5GB1 (Kaluzhnaya et al., 2001);(Puri et al., 2015);(Khmelenina et al., 2013). This
strain has a relatively fast growth rate of µ=0.231 h-1 and a doubling time of 2.9 h
(Gilman et al., 2015). It is able to oxidize methane with fairly high rates with a K max
180 to 200

∗

with a high affinity for methane K = 0.9 to 2.9

(Kaluzhnaya et al., 2001). These kinetic parameters were also found in a recent study at
OSU using an integrated Monod model (Molzahn, 2016) with K max as 581
and K = 119

∗

affinity. This wide range of differences in reported cell rates may be

due to Monod fitting method or minor experimental differences (Smith et al., 1998);
(Robinson and Tiedje, 1983).

Soluble Products Made by M. buryatense 5GB1
Formate, acetate, lactate and succinate are all part of the normal energy/growth
cycle and created in significant quantities under normal growth conditions. Other
soluble products are more specific and not made under “normal” conditions in high
quantities and thus require specific environments or manipulation. M. buryatense 5GB1
produces elevated acetate under oxygen limited conditions (Gilman et al., 2017). It also
has the ability to form sucrose, ectoine, or 5-oxoproline for resistance to heat and
desiccation treatments (Khmelenina et al., 2010);(Kaluzhnaya et al., 2001);(Khmelenina
et al., 1999);(Khmelenina et al., 2000). A list of soluble multicarbon products associated
with M. buryatense from a literature review their prominent uses are provided in Table
5 (Lewis, 1997); (Khmelenina et al., 2015). Chemical structures were found on
ChemSpider from the Royal Society of Chemistry (2015).
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Table 5 Usage and Structure of Products Produced by M. buryatense
Product

Formate

Acetate

Lactate

Succinate

Structure

Major Production
Use
Method
Produced as a
Dyeing and finishing
byproduct in the
textile, electroplating,
liquid-phase oxidation brewing, silvering glass,
of hydrocarbons and
leather treatment,
manufacture of
manufacture of
acetaldehyde and
fumigants, insecticides,
formaldehyde
and refrigerants.
Made by the
carbonylation of
methanol, oxidation of
acetaldehyde or
butane-naphtha and
methyl acetate
Food additive,
carbonylation.
pesticide, in plastics, in
Reaction of methanol
pharmaceuticals, and
and carbon monoxide
in dyes
with a catylist is
considered the most
cost efficient method
for general use.
Lactate is made by
fermenting starch,
milk, whey, molasses,
potatoes and
neutralizing the acid as
soon as it is formed
with calcium or zinc
carbonate
Produced from
fermentation of
ammonium tartrate

An acidulant,
chemicals, mordant in
dying wool, and as a
food additive

Organic synthesis,
dyes, lacquers, used in
food as a sequestrant,
buffer and neutralizing
agent
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Table 5 Usage and Structure of Products Produced by M. buryatense (Continued)
Product

Crotonate

Ectoine

Structure

Major Production Method
The protonated crotonic
acid, otherwise known as
2-butenoic acid, is
typically formed by the
oxidation of
crotonaldehyde
Officially 1,4,5,6tetrahydro-2methylpyrimidine
carboxylic acid. Large
amounts of ectoines can
only be produced by
biotechnological means

Use
Resin, polymer,
plasticizer and drug
synthesis.
A protectant of cells
from various
physiochemical factors
including temperature,
dehydration, UV
radiation and
chemotherapy

Sucrose

Harvested from sugar
cane

Table sugar, it can be
used as a substrate to
provide metabolic
energy for a secondary
microbial reaction

5oxoproline

Also known as
pyroglutamic acid,
produced by
biotechnological means

A natural humectant
amino acid that can be
used cosmetically for
dry skin and hair

3-Hydroxybutyrate

This ketone is naturally
produced in the liver
when fasting

It is the precursor to
polyesters

Oxygen Levels
The economic viability of a methane-fueled microbiological carbon conversion
plant relies heavily on the value of the product produced and the costs associated with
growth parameters. Gas utilization rates and natural products made by the
microorganism under excess or limited oxygen levels are therefore important to
consider. If operational costs associated with providing oxygen for an aerobic process
can be decreased, that serves as an added bonus!

19

Oxygen conditions influence the growth and survival of methanotrophic bacteria
(Roslev and King, 1994);(Gilman et al., 2015); (Chidambarampadmavathy et al.,
2017);(Scott et al., 1981b). Some methanotrophs have been observed to excrete higher
levels of soluble extracellular metabolites under oxygen limited conditions as opposed
to normal aerobic conditions (Kalyuzhnaya et al., 2013); (Gilman et al., 2015).
Explanations for this phenomonon include the potential for fermentation (Kalyuzhnaya
et al., 2013);(Strong et al., 2016), low-level catabolism for cell maintenance energy
(Roslev and King, 1994); (Roslev and King, 1995), or cyst formation (Whittenbury et al.,
1970);(Fu et al., 2017).
A study of Methylomicrobium alcaliphilum 20 Z found that oxygen limitation lead
to increased efficiency for production of soluble metabolites (Kalyuzhnaya et al., 2013).
This discovery implies that gammaproteobacterial methanotrophs at oxic-anoxic
interfaces in the environment convert methane into excreted products that can be
transformed by non-methanotrophs. They found that 40-50% of the total methane
carbon consumed was converted to extracellular carbon, mostly acetate and formate.
This implies that the metabolism of type 1 methanotrophs can be controlled by
providing oxygen at levels that maximize product excretion.
M. buryatense 5GB1 excrete low levels of organic acid products, much like
Methylomicrobium alcaliphilum 20 Z. Oxygen levels are likely to increase extracellular
organic metabolites (Gilman et al., 2015);(Kaluzhnaya and Lidstrom, 2016). A study by
Gilman et al. (2015) looked at organic acid production in M. buryatense 5GB1 and found
carbon conversion efficiency (CCE)1 from methane to acetate differed under excess
methane (DO=1%) and excess oxygen (DO=92%) conditions. The observed CCE was
about 0.038 ± 0.020 % in chemostats with oxygen limitation and 0.024 ± 0.001 % under
methane limitation conditions as shown in Table 6. This study found that under
methane limited conditions (excess oxygen), M. buryatense 5GB1 will consume 1.6 mol

1

CCE calculation is defined in Chapter 3
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oxygen per mol of methane and under oxygen limited (excess methane) this ratio drops
to 1.2 indicating metabolic flexibility as shown in Table 6 (Gilman et al., 2015)
(Supporting data in Appendix F).
Table 6 Elevated Acetate Production in Oxygen Limited Chemostat Cultures
Parameter for 1 L
bioreactor

Oxygen limited

Methane limited
Test 2
Test 1

Test 1

Test 2

Extracellular acetate
(μmol gCDW−1)

36

85

32

28

Methane uptake
(mmol gCDW−1 h−1)

9.7

10.6

8.4

7.8

Specific growth rate
(h−1)

0.119

0.122

0.122

0.126

CCE to acetate
(%)

0.038 ± 0.020

0.024 ± 0.001

Gilman et al. studied oxygen limitation (1 % DO ) and methane limitation (92 %
DO) for M. buryatense 5GB1 in chemostat reactors with an in-line gas chromatograph.
The inlet gas composition for chemostats was premixed. Oxygen limited chemostats had
an inlet gas composition of 20 % methane, 5 % oxygen, and 75 % nitrogen, and methane
limited chemostats had an inlet gas composition of 2.5 % methane, and 97.5 % air.
Results from this study indicate that M. buryatense 5GB1 has metabolic flexibility to
respond to different oxygen and substrate concentrations. Methane limited bioreactors
were found to have an oxygen to methane uptake ratio of 1.6, while oxygen limited
chemostats had a ratio of 1.1-1.2. In this study, Gilman found that oxygen limitation
resulted in lower carbon conversion efficiency values as determined by TOC analysis.
Chemostat results for oxygen limited culture (10.5-10.7 gCDW/L) resulted in formate,
acetate and lactate concentrations of 286-301, 36-85, and 24-28 μmol/gCDW
respectively. Methane limited chemostat (10.2-10.5 gCDW/L) results for formate,
acetate and lactate production were 255-459, 28-32 and 21-47 μmol/gCDW
respectively. He found specific oxygen uptake and specific methane uptake to be 11.1-
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12.3 and 9.7-10.6 mmol/gCDW/hr in oxygen limited bioreactors and to be 12.8-13.7 and
7.8-8.4 mmol/gCDW/hr in methane limited reactors respectively. A summary of his
studies, along with a flux-based genome model based on these studies is summarized in
Table 7.
Table 7 Summary of Studies on Products made by M. buryatense 5GB1
Study
Flux-based
genome model
(de la Torre et al.,
2015)
(Gilman et al.,
2015)
Unrestricted
methane batch
Gas: 10% CH4,
5% O2, 75% N2
(Gilman et al.,
2015)
Oxygen limited
chemostat
Gas: 20% CH4,
5% O2, 75% N2
(Gilman et al.,
2015)
Methane limited
chemostat
Gas: 2.5% CH4,
97.5% Air
(Gilman et al.,
2015)

Growth Parameters

Products

Methane uptake: 18.5

Formate: 600

Oxygen uptake: 23.6

Acetate: 100

O2/CH4 uptake ratio: 1.25
Specific growth rate: 0.232 h-1
Methane uptake: 17.1-19.8
Oxygen uptake: 22.4-24.7
O2/CH4 uptake ratio: 1.3-2.1
Specific growth rate: 0.239-0.224 h-1
Cell Density: 0.31-0.34

Lactate: 44
Ectoine: 0.38 %
Formate: 400
Acetate: 96
Lactate: 26

Methane uptake: 9.7-10.6

Formate: 286-301

Oxygen uptake: 11.1-12.3

Acetate: 36-85

O2/CH4 uptake ratio: 1.1-1.2
Specific growth rate: 0.122-0.119
Cell Density: 0.77-0.79

Lactate: 24-28

Methane uptake: 8.4-7.8
Oxygen uptake: 12.8-13.7
O2/CH4 uptake ratio: 1.6
Specific growth rate: 0.122-0.126
Cell Density: 0.45-0.46

Formate: 255-459
Acetate: 28-32
Lactate: 21-47
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Genetic Modification
Genetic modification provides a possibility of making additional products from
those produced naturally. The genetic modification approach for product intensification
includes overexpressing genes for desirable pathways and/or blocking the flow of
metabolic intermediates to unwanted products. This practice may unintentionally
trigger metabolite and redox imbalances that have unforeseen, adverse effects
(McKinlay and Harwood, 2011);(Lee et al., 2008);(Lee et al., 2009).
Genome tools for genetic modification of methanotrophs have been historically
elusive. A genetic modification procedure was developed by Puri et al. for 5GB1 where a
sucrose counterselection system is used with a small replicable vector (Puri et al., 2015).
During their study, they produced 5GB1S and 5GB1C, strains that have lost endogenous
plasmids and are therefore more genetically tractable for modern genetic manipulation.
Rice University, in collaboration with this study, explored diversion of central
carbon metabolites into useful chemicals by M. buryatense 5GB1. They tested
constructed expression plasmids generated from Gibson assembly using various
ribosomal binding sites (Gibson et al., 2009). Functional expression of constructed
plasmid genes in M. buryatense 5GB1 was confirmed by measurement of the
corresponding enzyme activity.
Individual products were targeted from each node shown in Figure 6: crotonic
acid from the acetyl-CoA (node 1), acetoin from the pyruvate (node 2), and
aminopropionic acid from the phosphoenolpyruvate/oxaloacetate nodes (node 3)
(Bennett, 2017). Constructs expressing different combinations of thiolase (atoB), βketoacyl-CoA reductase (fadB, hbd, phaB), β-hydroxyacyl-CoA dehydratase (fadB, crt,
phaJ) and thioesterase (ydiI) were constructed. Measurement of enzyme activities from
crude extract of cells expressing gene combinations revealed sufficient thiolase activity
(~20 μmol/mg/min), while FadB activity (as measured by β-ketoacyl-CoA reduction) was
measured at potential rate limiting levels (0.05-1 μmol/mg/min).
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Figure 6 Targeted product synthesis from acetyl-CoA (node 1), pyruvate (node 2) and
oxaloacetate (node 3) by M. buryatense 5GB1 (Project Final Report)
At the time of microbial transfer, the construct PA5 resulted in the highest
concentration of crotonate production at 77 mg/L (nearly 60 mg/L produced from
methane within 48 hours). PA5 was cloned with genes from E.coli MG1655, including
ydil (expressing thioesterase) on ribosome binding site R1, atoB (expressing thiolaseCoA synthase and acetoacetyl-CoA synthase) cloned on R2 and fadB (expressing βhydroxyacyl-CoA dehydratase and β-ketoacyl-CoA reductase) cloned on R3. PA5
included a kanamycin resistance gene allowing it to grow on 50 mg/ml kanamycin,
which improved culture purity and verified plasmid presence. The PA5 plasmid insert
sequence and plasmid map are included in Appendix I.
The M. buryatense 5G metabolic pathway (Figure 5) was altered via constructed
plasmid insertion. Genetic modifications were introduced to capture the acetate
(acetoacetate) normally generated by active cells and convert it to crotonate, instead of
using it for succinate production in the TCA cycle. This modified pathway has a
diminished TCA cycle shown in Figure 7 (Bennett, 2017). Carbon flux is directed toward
crotonic acid production shown by bold light blue arrows.
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Figure 7 M. buryatense 5G Crotonic Acid Metabolic Pathway
m e t h f _c

h 2 o _c

M TH FC 0 . 0 7 0 6

h _c

1 0 f t h f _c

p i _c

FTH FLi -0 . 0 1 9 4

h _c

M TH FD 0 . 0 7 0 6

n ad p h _c

f d p _c

p i _c

PFK _p p i 6 . 0 5

p p i _c

f 6 p _c

H PI 1 8 . 5

a h 6 p __d _c

H PS 1 8 . 5

a d p _c

a t p _c

FH CA -4 . 4 1 e -2 4f o r _c

m l e n e h 4 s p t _c

x u 5 p __d _c

n a d p _c

g l y _c

n ad p h _c

h 2 o _c

t h f _c

TPI -6 . 0 1

g l x _c

g 3 p _c

h _c

g l y _c

h _c

n a d h _c

h _c

n ad _c

H PYRRx 0 . 0 0

1 3 d p g _c

h 2 o _c

n ad _c

a t p _c

h _c

ad p _c

g l y c__r _c

a t p _c

a t p _c

g l x _c

2 p g _c

EM P

p y r _c

c o a_c

EN O 5 . 5 0

h 2 o _c

2

h _c

c o 2 _c

at p _c

h 2 o _c

n a d _c

co 2 _c

a cco a _c

n ad h _c

co a _c

PC 0 . 4 1 0
2

h _c

a d p _c

p i _c

h _c

CS 0 . 2 0 1

o a a _c

h 2 o _c

h _c

M DH 0 . 0 7 4 4

c o 2 _c

a k g _c

c o a _c

n ad h _c

n a d p _c

ACON H T 0 . 2 0 1

h 2 o _c

a co n _c _c

h 2 o _c

ACON H T_1 0 . 2 0 1

i ci t _c

n a d p h _c

n a d _c

AK GD H 0 . 0 0

c o 2 _c

su c co a_c

ci t _c

I CD Hy r 0 . 2 0 1

a d p _c

TCA cy cl e
n a d _c

m al __l _c

FUM -0 . 0 7 5 1

f u m _c

p e p _c

a d p _c

PYK 5 . 3 5

a t p _c

g 3 p _c

ED A 0 . 0 0

EDD

PD H 4 . 4 4

n ad h _c

at p _c

p i _c

SUCOA S 0 . 0 2 8 4

c o a_c

FRD 0 . 0 1 5 8

M CLA 1 -0 . 0 0 0 0 3 5 4

s m a l co a_c

c o a _c

a ca c co a _c

PGM 5 . 5 0

2 d d g 6 p _c

co a _c

M TK -0 . 0 0 0 0 3 5 4

h 2 o _c

u q h 2 _c

u q _c

s u c c_c

TH IOLA SE 1 . 8 32

a d p _c
p i _c

GLYCK 2 -0 . 0 0 0 1 6 1

3 p g _c

h _c

n ad h _c

h _c

BKCA 1 . 8 3

ED D 4 . 8 3 e -7

3 h b c o a _c

PGK 5 . 6 8

6 p g c_c

ad p _c

h _c

co a_c
c r o _c

n a d h _c

h p y r _c

GA PD 5 . 6 8

f 6 p _c

B HCD 1 . 8 3

TH EST 1 . 8 3

h 2 o _c

h 2 o _c

PGL 0 . 0 0 0 0 2 4 6

SGAT -0 . 0 0

p i _c

n a d _c

6 p g l _c

G6 PD H 2 r 0 . 0 0 0 0 2 4 6

e 4 p _c

TKT2 6 . 2 2

Cr o t o n i c a ci d p r o d u ct i o n

TAL A 6 . 1 6

cr o co a _c

EX _c r o _c 1 . 8 3

s 7 p _c

g 3 p _c

Ru M P cy cl e

TK T1 6 . 1 6

r 5 p _c

GH M T 0 . 0 9 0 4s e r __l _c

d h a p _c

g 3 p _c

h 2 o _c

m l t h f _c

FBA 6 . 0 5

h _c

g 6 p _c

RPI 6 . 0 9
r u 5 p __d _c

n ad p _c

PPE 1 2 . 4

PGI 0 . 0 2 5 0

f a l d _p

u q h 2 _p

M XA 2 1 8 . 5

u q _p

u q _p

u q h 2 _p

M et h an e oxid at ion

FA E - 4 . 4 1 e -2 4 f a l d _c

FAL Dt p c 1 8 . 5

m e o h _p

h 2 o _p

p M M O 1 8 .5

ch 4 _p

CH 4 t e p 1 8 . 5

h 4 m p t _c

h 2 o _c

M TD B -4 . 4 1 e -2 4

h 2 o _c

5 1 0 m e t h m p t _c

n ad h _c

TH M PT cy cl e

o 2 _p

O2 t e p 1 8 .5

o 2 _e

ch 4 _e

EX _c h 4 _e -1 8 . 5
EX_o 2 _e -1 9 . 0

24

25

This concludes the literature review of methanotrophs for commercial
application by bioconversion of methane to soluble metabolites. The following portion
of this study represents literature supporting methods for increasing soluble
metabolites during bacterial cultivation using osmotic flux cycling.

Osmotic Flux
Due to the low amounts of crotonate, succinate and acetate observed in our
repeated experiments with controlled oxygen concentrations, a large experimental shift
was made to investigate osmotic flux for harvesting soluble metabolites. A literature
review indicated that osmoprotectants could be the value-added product to look for.
Osmoprotectants have relatively high-value for use in cosmetics and can be made by
methanotrophs fed methane gas (Strong et al., 2015). To test this, extracellular products
were evaluated for cells experiencing salinity cycles.
Bacterial adaptation to high-salt environments requires mechanisms to protect
the cell. Survival mechanisms result in accumulation of biocompatible salts and/or
organic-osmolytes, called osmoprotectants, in the cell and concentrations are directly
related to the ionic strength of the media (Kunte 2006). Osmoprotectants are produced
by halophilic and halotolerant bacteria in order to maintain their volume, and not
rupture or dessicate, under changing salt concentrations (Kleinzeller, 1985). This
concept is illustrated in Figure 8. Methylomicrobium thrive in an environment with a
relatively high ionic strength by producing osmoprotectants (de Carvalho and
Fernandes, 2010);(Gunde-Cimerman et al., 2005).

26

Initial state: Cell is in equilibrium with surrounding environment

Hyperosmotic shock
Low NaCl → High NaCl
Tends to dessicate by efflux of cellular
cytoplasm

Hypoosmotic shock
High NaCl→ LowNaCl
Tends to rupture by influx of surrounding
liquid

Figure 8 A Diagram Representing the Osmotic Pressure Driving Solute Flux During
Osmotic Shocks to An Individual Bacteria
Members of Methylomicrobium can survive NaCl concentrations up to 12% (w/v)
and an alkaline pH of 9 - 11. They do this by accumulating organic osmoprotectants such
as ectoine, glutamate and sucrose as well as K+ ions (Trotsenko and Murrell, 2008);
(Tosco et al., 2009). Osmoprotectants produced by halotolerant bacteria, particularly
ectoine, hydroxyectoine and 5-oxoproline, are novel metabolites of market interest
which may be produced in response to osmotic pressure (Khmelenina et al., 1999).
Bacterial adaptation to the Transbaikal soda lake where M. buryatense was
isolated, requires mechanisms to protect the cell (Khmelenina et al., 1999);(Strong et al.,
2016);(de Carvalho and Fernandes, 2010);(Gunde-Cimerman et al., 2005). There is
proposed to be a linear relationship between osmoprotectants and the concentration of
salt in the medium (Kunte, 2006); (Kuhlmann and Bremer, 2002).
One particular osmoprotectant, ectoine, is a valuable product in the cosmetic
industry and can be used in skin protection creams as well as in medical research (Pastor
et al., 2010)(Fallet et al., 2010). Ectoine is the most common osmolyte of aerobic
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chemotrophic bacteria (Boltyanskaya et al., 2005);(Trotsenko and Khmelenina, 2002)
and it can be captured by salt-cycling, also referred to as bio-milking (Cantera et al.,
2017a);(Kunte, 2006). This milking technique was described by Sauer et. al (1998) using
Halomonas elongata. They harvested ectoine by growth of cells in fed batch, cell
concentration (by filtration), establishing hypoosmotic shock by filling the reactor with
distilled water (1 hour equilibration), cell concentration and harvesting the product
solution, then establishing hyperosmotic shock by adding new batch medium and
allowing cells to recover for a day. They repeated this cycle 9 times and found that this
process has potential to be performed indefinitely. Their maximum yield in a cycle was
155 mg ectoine/g CDW per cycle, with their product ectoine solution approximately 50
mM out of the reactor. They purified ectoine by acidification to pH 1.4, using a Na +
cation exchange resin, and elution with 0.1 M NaOH to recover 75% of ectoines (Sauer
and Galinski, 1998).
Ectoine is produced by members of the species Methylomicrobium (Khmelenina
et al., 2000);(Trotsenko and Khmelenina, 2002);(Boltyanskaya et al., 2005) (Khmelenina
et al., 1999);(Strong et al., 2016);(Cantera et al., 2017a);(Cantera et al., 2017b). A more
recent study used Methylomicrobium alcaliphilum 20Z grown on methane to make
ectoine by growing in a fed batch reactor at 6% NaCl, then harvesting cells by
centrifugation (9000g for 10 minutes) and exposing cells to a NaCl-free medium for 24
hours. They found a maximum of 32.3 mg ectoine/CDW. Ectoine production was lower
than Sauer found, however, relevant as methane was the substrate (Cantera et al.,
2017a). Ectoine production in Methylomicrobium buryatense 5GB1 has not been
extensively studied, but has been predicted to be made with the flux-based model (de la
Torre et al., 2015).
We evaluated a novel way to produce osmoprotectants using methanotrophs
trapped in a biocompatible hydrogel. Hydrogel encapsulation can maintain high-density
cells within the reactor without the need for filtration. This simplifies the process of
concentrating cells during each hyper and hypo osmotic shock. In addition,

28

encapsulated whole cells are compatible with our BLP so that osmoprotectants could be
produced by only changing the NaCl concentration of the media. M. buryatense 5GB1
survives hydrogel encapsulation in agar and agarose as long as they are not heated
above 50 °C during the thermal gel process (Molzahn, 2016);(Weymann, 2017). Alginate,
κ-carrageenan and other ionic crosslinking hydrogels would not be feasible for this study
as high salinity would cause the gel to dissolve. Using hydrogel that can tolerate salinity
flux, such as agar or agarose, osmotic flux could be performed in the BLP as a method
for producing an osmoprotectant, such as ectoine.

Economic Feasibility
A techno-economic analysis was done for a preliminary BLP plant design to
evaluate the economic potential for methane bioconversion by M. buryatense 5GB1.
The analysis completed by Matthew Coblyn, a postdoctoral student of chemical
engineering from OSU, was used to develop economic context for crotonate, succinate,
and acetate. Estimated plant costs function as a point of reference, which help create
benchmark goals for microbial product value and carbon conversion efficiency.
Coblyn (2017) used an Aspen Plus model that integrated reactor manufacturing
costs to estimate BLP plant costs. The process flow design for the BLP plant is shown in
Figure 9. The cost analysis included manufacturing and operational costs of
bioconversion and extraction systems. The proposed plant consists of an inlet stream of
methane and oxygen feeding to a bioreactor (the BLP system). Following the BLP are gas
separation and a liquid-liquid extraction (using dodecane as a solvent for extraction)
unit processes. This plant design has capacity to produce 500 barrels per day (BPD) of a
multicarbon microbial product.
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Figure 9 Aspen Plus® Process Flow Diagram for Butanol Production and Extraction.
The techno-economic analysis indicated that the annual operating costs would
be $41 million and the capital cost would be $31 million (Coblyn, 2017). Capital costs for
this BLP plant are low compared to typical chemical plants. Plant annual cost is
estimated to be $ 39.4 million as tabulated in Table 8. The annual cost is based on a 10
year loan for the reactor and separator and a 25 year loan for equipment and property.
Table 8 Total Annual Cost for Bioreactor Plant Producing 500 BPD of Butanol.
Category
Raw Materials
Consumables2
Utilities
Labor
Capital Costs
Annual Cost

Accounted Costs
Methane, oxygen, NaCl, water, dodecane
Dodecane, water, agarose, media components
Water, electricity, natural gas, steam
Plant Technicians
manufacturing, equipment, property
-

Million $/yr
4.74
11.3
11.1
3.57
8.69
39.4

The BLP cost estimate helped to evaluate the economic feasibility of methane
bioconversion. In an idealized system (100% carbon conversion of methane), a multicarbon product must be worth $205 per barrel (bbl) to balance annual plant costs.
Potential for profit requires adequate carbon conversion efficiency and market value as

2

Accounts for general losses not recovered through recycle
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illustrated in Figure 10. Microbial products must be made at efficiencies in the upper
right profit range for this BLP plant design to make a profit. This study considered
bioconversion of methane to crotonate, succinate, and acetate. Additional cost tables
are in Appendix E.
$10,000

Product Value ($/bbl)

$9,000
$8,000
$7,000
$6,000
$5,000
$4,000

Profit

$3,000
$2,000
$1,000
$0
0%

20%

40%

60%

80%

100%

Carbon Conversion Efficiency (CCE)

Figure 10 Schematic Display of Criteria for Profit
Crotonate can be purchased at $93/kg from Millipore Sigma, and has a bulk
density of 543 kg/m3, placing it within the economically feasible range for this system at
about $8,000/bbl as shown in Equation 1. This cost estimation method is prone to
overestimation due to elevated laboratory pricing compared to bulk order. However, it
does provide motivation for further inquiry into microbial production potential. At
$8,000/bbl, the minimum carbon conversion efficiency for crotonate production must
be at least 2.6% to be considered feasible for production in the BLP as calculated in
Equation 2 and 3. Uses of crotonate are discussed in Chapter 2, providing insight to its
marketability.
$93 543 kg
1m
42 US gal
∗
∗
∗
≅ $8000/bbl
kg
m
264 US gal
1 bbl

(1)
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$205
$8000
∗ 100% CCE =
∗ 𝐶𝐶𝐸
bbl
bbl
𝐶𝐶𝐸

= 2.6 %

(2)
(3)

Succinate can be looked at with a better estimate. The global production is
between 30,000 to 50,000 tons per year and the market is expected to be near 500
million (Cao et al., 2013). Succinic acid has a density of 1560 kg/m 3.
$ 500 𝑚𝑖𝑙𝑙𝑖𝑜𝑛 1 𝑡𝑜𝑛 1560 𝑘𝑔 1 m
42 gal
∗
∗
∗
≅ $3420/bbl
40000 𝑡𝑜𝑛𝑠 907 𝑘𝑔
m
264 US gal 1 bbl
𝐶𝐶𝐸

= 6.0 %

(4)
(5)

Acetate is valued at about $ 850/ton and has a density of 902 kg/m 3, which
makes its production not feasible in our system as it is below $215/bbl. The minimum
carbon conversion efficiency needed would be over 100%. Thus it would not be
economical to produce acetate using this process.
$ 850 1 𝑡𝑜𝑛 902 𝑘𝑔 1 m
42 US gal
∗
∗
∗
≅ $134/bbl
𝑡𝑜𝑛 907 𝑘𝑔
m
264 US gal
1 bbl
𝐶𝐶𝐸

= 152 %

(6)
(7)
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Chapter 3: Study Methods
Methane Quantification
A Shimadzu gas chromatograph (GC) equipped with a flame ionization detector
(FID) was used to monitor methane consumption by M. buryatense 5GB1. A Supelco
analytical 80/100 carbopac C (6FT X 1/8IN X 2.1 MM SS, stock # 12506-U) packed
column was used with an air pressure of 25 kPa, hydrogen 50 kPa, and nitrogen 175 kPa.
Gas measurements required 100 μl injections, while liquid measurements required 2 μl.
Methane eluted at 1.0 minutes. An oven temperature of 105 °C and an injection
temperature of 200 °C was used to keep liquid injections from disrupting column
performance at these operating conditions. The standard curve for methane is shown in
Figure 11. Suppporting data is given in Appendix J.
GC Peak Area
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y = 5E+07x
R² = 0.9972

4000000
2000000
0
0%

2%

4%

6%

8%

Methane Head (%)

10%

12%

Figure 11 Methane Standard Curve. Data Points Were Taken in Duplicate and Averaged.
Error Bars Represent 2 Standard Deviations.
Error Propagation for Overall Methane Consumed
A direct methane measurement was used to calculate the amount of methane
consumed by M. buryatense 5GB1PA5. Methane consumption was evaluated by the
decrease of methane concentration determined using GC measurements. The error
associated with differences between triplicate bioreactors was propagated over the
course of the experiment. Equation 8 was applied with standard deviations for initial
methane measurements (σi) and final methane measurements (σf) among triplicates for
each addition performed up to the desired time point (t).
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Oxygen Quantification
A Hewlett Packard 5890 Series II thermal conductivity detector (TCD) with a
helium gas carrier was used to measure headspace oxygen concentration. A standard
curve was constructed using a gas-tight syringe with 20-100 µl injections of air assuming
air is 20% oxygen (Figure 12). An oven temperature of 40 °C and an injector temperature
of 200 °C was used. On this TCD, an oxygen peak eluted at 4.8 minutes and nitrogen
eluted at 5.2 minutes.

TCD Peak Area

1200000
y = 6E+06x
R² = 0.9994

1000000
800000
600000
400000
200000
0
0%

5%

10%

15%

20%

25%

Oxygen Head (%)

Figure 12 Oxygen Standard Curve for TCD
HPLC Analysis for Product Quantification
A Dionex™ 500X high performance liquid chromatograph (HPLC) equipped with
an AD20 UV adsorbance detector set to 220 nm wavelength was used to quantify
soluble metabolites produced including crotonate, succinate, and acetate. The HPLC was
equipped with a Grace Prevail™ organic acid column (ACE 3 C18-PFP, 150 x 4.0 mm id,
ACE-1110-1504 A102583) and a 4.6 x 7.5 mm organic guard column for separation.
Batch samples from the bioreactors were centrifuged using an Eppendorf 5415 C
centrifuge at 13,000 rpm, filtered with a 0.2 μm cellulose acetate filter and diluted 1 to 5
with nanopure water prior to sample analysis. The 1:5 dilution was necessary to reduce
precipitation of media salts on the column stationary phase. The HPLC was run in

34

isocratic mode for 35 minutes per sample with a 1 ml/min phosphate eluent flowrate
(25 mN KH2PO4 with a pH 2.5 by phosphoric acid addition). An example chromatogram
from the HPLC is shown in Figure 13. Lactate was not observed in the bioreactor for this
sample.

Figure 13 Example Chromatogram from M. buryatense 5GB1PA5 Supernatant
Unidentified microbial products eluted from the HPLC at 14 minutes and 20
minutes as shown in Figure 13. Although not identified, these compound’s UV detection
indicates that they have a double bond present. Nuclear magnetic resonance (NMR)
with a D2O carrier was attempted to identify these unknowns, however efforts were
unsuccessful at identification due to confounding constituents in the sample. Results
from NMR tests are given in Appendix N.
Standard curves were developed for the HPLC analysis to measure crotonate,
succinate, lactate and acetate, shown in Figure 14 and Figure 15. Over time, retention
time shifts were observed. In order to capture accurate retention times, standards were
run between experiments in order to identify when known acids eluted. Retention time
shifted more the longer an organic acid was retained within the column. Retention time
ranges for lactate, acetate, succinate, and crotonate were determined to be 4.5-4.9, 5.05.4, 7.5-8.5, and 24-29 minutes respectively using standards between experimental
samples. False positive peaks for succinate and lactate were often observed so the
standard curve did not go through the origin.
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HPLC Peak Area
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R² = 0.9686
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R² = 0.9665
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Figure 14 Standard Curves for Succinate and Acetate in 1:5 Media Dilutions.
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Figure 15 Standard Curve for Crotonate in 1:5 Media Dilutions.
M. buryatense product analysis by HPLC was complicated by peaks eluding at
roughly the same time and overlapping, called co-elution. Co-elution of unknown
compounds was common below 5 minutes using the HPLC method described. Lactate
and formate analysis (retention time 4.7 minutes and 2.8 minutes), were found
excessively unreliable due to co-elution, so their production results were omitted.
Methanotrophic product conversion to crotonate, succinate, and acetate was
evaluated as carbon conversion efficiency (CCE). The CCE represents the percentage of
the mass of carbon consumed by the bacteria that ends up as carbon in the microbial
product. First, the carbon mass fraction for each constituent (η i) was calculated using
Equation 9, using the number of carbon atoms per molecule of the constituent (N i) with
the molar weight of carbon (MWC), and the molar weight of the constituent (MWi).
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Equations 10 and 11 show example calculations of η for methane and crotonate
respectively. The mass fractions of constituents studied are given in Table 9.
Carbon Mass Fraction Calculation
η =

η

η

,

(9)

N ∗ MW
MW

12 mg C
1 mol C
∗
mg C
1
mol
methane
mol C = 0.75
=
16 mg methane
mg methane
1 mol methane
12 mg C
4 mol C
∗
mg C
1
mol
crotonate
mol C = 0.56
=
86.1 mg crotonate
mg crotonate
1 mol crotonate

(10)

(11)

Table 9 Carbon Mass Fractions for Relevant Compounds
Compound

Formula

Methane
Formate
Acetate
Lactate
Crotonate
Succinate
Cell Mass

𝐶𝐻
𝐶𝐻𝑂
𝐶𝐻𝑂
𝐶𝐻𝑂
𝐶𝐻𝑂
𝐶𝐻𝑂
𝐶𝐻𝑂 𝑁

Molecular
weight (MWi)
16.0
45.0
59.0
89.1
85.1
117.1
113.1

Carbon number
(Ni)
1
1
2
3
4
4
5

Mass fraction of
carbon (ηi)
0.75
0.27
0.40
0.40
0.56
0.41
0.53

Carbon Conversion Efficiency Calculation
An estimate of bacterial efficiency in each bioreactor system was evaluated by
the carbon conversion efficiency (CCE). In literature, carbon conversion efficiency (CCE)
for microbial performance is sometimes calculated using total organic carbon (TOC)
measured versus the amount of carbon from methane consumed. This method of CCE
combines low-value products with high-value products, which is nonspecific for industry
professionals looking to produce specific products of value.
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In this study, CCE was determined using Equation 12. The mass of the microbial
product (P) was divided by the mass of cumulative methane consumed (M) over time
(t). The carbon mass fractions (ηi) were applied in the equation to represent each
constituent by its mass of carbon.

CCE =

P ∗η
∗ 100%
M ∗η

(12)

An example calculation for CCE of crotonate is shown in Equation 13, where
0.058 ± 0.017 mg crotonate was measured in a group of reactors. The accumulated
methane consumed up to that day was 202.6 ± 8.1 mg. The carbon fraction of crotonate
and methane are 0.56 and 0.75 respectively.
CCE

=

(0.058 mg ∗ 0.56)
(202.6 mg ∗ 0.75)

= 0.021%

(13)

Propagation of Error with Carbon Conversion Efficiency (CCE)
Measurements of methane consumed and products produced are both
associated with experimental error. Alone, this error is given by the standard deviation
(σi) of a triplicate measurement. When calculating CCE, these errors were combined to
estimate the uncertainty associated with the measurement. Propagation of error for
CCE in this study was found by applying Equation 14, and the example from Equation 13
is extended in Equation 15 and 16. The reported value for CCE in unrestricted reactors at
36 days is therefore 0.021 ± 0.006%.
σ
=
CCE
σ
=
0.02 %

σ
P

0.017
0.058
σ

+

+

σ
M

8.1
202.6

= 0.006%

(14)

= 0.296

(15)
(16)
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Other Products
Ectoine was purchased from Sigma Aldrich as a standard and run on the HPLC
using the organic acid method described above. Ectoine was shown to elute at 4.4
minutes and had relatively high UV absorbance.
Time of flight mass spectrometry was used to identify possible microbial
products with molecular weights above 100 g/mol with the help of lab manager
Mohammad Azizian. Samples were centrifuged and supernatants were analyzed by the
liquid chromatography-mass spectrometry (LC/MS) on a Bruker microTOF-QLL mass
spectrometer operating in electron spray ionization (ESI) mode. A kd Scientific syringe
pump was used to calibrate the mass spectrometer with a low concentration tuning mix
(Agilent Technologies, CA, USA). This resulted in a series of peaks pertaining to
molecular weights associated with constituents in the sample.
A list of common osmoprotectants was generated to evaluate possible sample
consitiuents to compare with the LC/MS. Monoisotopic masses of 5-oxoproline, ectoine,
glutamate, potassium glutamate, glycine betaine, choline, carnitine, proline, sucrose,
glycine betaine aldehyde, n-acetylglutaminylglutamine and 5-hydroxyectoine were
compared with peak intensities observed from samples.
Volitile Organic Carbon Profile
The volatile organic compounds (VOCs) released by M. buryatense 5GB1 was
tested in the laboratory of Kimberly Halsey with the help of Cleo Davie-Martin. This
analysis used an approach that couples dynamic stripping chambers with protontransfer-reaction time-of-flight mass spectrometry (PTR-ToF/MS) to qualitatively
compare the VOC profiles of seawater and/or culture-based samples over time.
Appendix M outlines the details and approach applied in this collaborative project to
investigate the biogenic VOCs produced by 5GB1. The VOC profile did not reveal any
clear bacterial metabolite that could be used for industrial purposes.
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Total Organic Carbon
Total organic carbon in cell supernatant samples was measured by a Shimadzu
TOC-VSCH combustion carbon analyzer with the help of Kathryn Motter. Prior to
analysis, samples were diluted with nanopure to an estimated carbon content of 5 mg/L
by pipette. Glass carbon analyzer (40 ml clear) vials and septum caps were soaked in
nanopure water overnight, acid soaked overnight, and then soaked in nanopure
overnight again. On the day before TOC analysis, vials were baked at 550 °C in a muffle
furnace.

M. Buryatense Culture Storage
Genetically modified M. buryatense 5GB1PA5 was obtained from Dr. Peter
Bennett at Rice University. It was sent by mail on a buffered nitrate mineral salt media
plate with 50 mg/L kanamycin amendment (NMS2+k) to OSU (recipe in Appendix A).
Subsequently, it was grown on NMS2+k plates in an Oxoid Anaerobic Jar (Figure 16(a)
and (b)). During plating, the jar was sterilized with ethanol and exposed to air in a
laminar flow hood. Methane gas was added to the Oxoid jar to obtain 3 psi methane
overpressure. It was found that M. buryatense 5GB1 without the PA5 plasmid construct
did not grow on NMS2+k plates as the 5GB1 strain did not posess kanamycin resistance.

(a)

(b)

Figure 16 Images of Bacterial Growth Plates (a) Culture Growth was Performed in Oxoid
Anaerobic Jars with Methane Overpressure. (b) M. buryatense 5GB1 with PA5 Plasmid
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During laboratory culturing, genetic variations can occur across bacterial
generations. Cryopreservation in 5% DMSO was used to prevent genetic variation
through the extent of the study. Each month, an aliquot of frozen culture was used to
grow M. buryatense colonies on NMS2 media plates with 1.5 w/w % Difco agar. Stocks
were frozen in 2 ml cryopreservation vials at – 80 ᵒC. To innoculate a plate from frozen
culture, a cryopreservation vial was allowed to partially thaw then immediately plated
on a NMS2+k plate using aseptic procedure in a laminar flow hood. The remaining
frozen stock was disgarded as thawing and refreezing significantly reduces cell viability.

Growth Reactors
Suspended GM5GB1 culture was harvested for experiments from growth
reactors. Growth reactors (GR) were 500 ml glass Wheaton bottles containing 150 ml of
sterile buffered NMS2+k media (Recipie in Appendix A). Colonies from M. buryatense
5GB1PA5 plates were used to inoculate growth reactors on day 1. Growth reactors were
refreshed with methane and oxygen on day 1, 3, and twice on day 4 before harvesting
on day 5. The refresh process included exposing the growth reactors to air in a laminar
flow hood for about 30 minutes (or by using a 0.2 µm filtered air purge system for
approximately 15 minutes) prior to injecting 120 mL methane using a 60 ml luerlock
syringe. Adequate cell density was needed to provide enough cell mass for an
experiment, so if the optical density was below 0.8 OD600 on day 5, an additional feed
was given and the cells were harvested the following day.
Growth reactors (GR) had excess methane and were oxygen limited.
Unconsumed methane remained prior to each refresh and growth reactors became
microaerobic during the last day of growth. Stoichiometry representing growth reactors
is presented in Equations (18) through (22). By the ideal gas law, gases at the same
temperature and pressure have the same volume ratio as molar ratio as shown in
Equation 20 and 21. Applying the oxygen limited consumption ratio of 1.15 mol oxygen
per mol methane found by Gilman et. al (2015) in chemostat studies, a methane
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consumption of about 60 ml would be the maximum considered to be consumed under
normal growth.
500 ml − 150 ml culture = 350 ml air

(17)

20 ml oxygen
= 70 ml oxygen in growth reactors
100 ml air
𝑃 𝑉
𝑃 𝑉
=
𝑛 𝑇
𝑛 𝑇

(18)

350 ml air ∗

𝑛
𝑛

=

𝑉
𝑉

(19)
(20)

70 𝑚𝑙 𝑂
𝑚𝑙 𝑂
𝑚𝑙 𝑂
= 0.583
≪ 1.15
120 𝑚𝑙 𝐶𝐻
𝑚𝑙 𝐶𝐻
𝑚𝑙 𝐶𝐻

(21)

70 𝑚𝑙 𝑂
= 60.9 𝑚𝑙 𝐶𝐻
𝑚𝑙 𝑂
1.15
𝑚𝑙 𝐶𝐻

(22)

Growth reactor (GR) culture was separated into 50 ml centrifuge tubes pelleted
in a Beckman Coulter Allegra X-12R swinging bucket centrifuge at 3750 rpm to harvest
culture for experiments.3 Pellets were resuspended in NMS2+k media and combined
into one centrifuge tube. This cell pellet was resuspended in approximately 10 ml of
fresh NMS2+k media, spun down again in the swinging bucket centrifuge, then
resuspended in fresh NMS2+k to create a concentrated culture for experimental reactor
distribution. Growth reactors were used to estimate cell yield in Equation 24 and 25,
assuming 70 ml CH4 was consumed per methane addition. This was used to estimate the
carbon conversion of methane to cell mass in growth reactors using Equation 26.
12 GRs ∗

70 ml CH 4 Refresh 0.645 g CH
∗
∗
= 2.2 g CH
Refresh
Growth 1000 ml CH

𝐶𝑒𝑙𝑙 𝑦𝑖𝑒𝑙𝑑 =

3

1 g CDW produced
= 46 %
2.2 g CH consumed

(23)
(24)

The swinging bucket centrifuge created stronger pellets than the previously used Allegra 21 fixed angle
centrifuge and allowed for better cell retention during harvest
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𝑔𝐶
𝑔 𝐶𝐷𝑊
= 32 % CCE
𝑔𝐶
2.2 g CH ∗ 0.75
𝑔 CH

1 g CDW ∗ 0.53

(25)

Aseptic Procedures
The pure culture was maintained by working with a laminar flow hood, the
working surface sterilized with 70% ethanol and traditional open-flame aseptic
procedure using autoclave sterilized equipment. Base NMS2 media, carbonate,
phosphate, trace metals solution, and kanamycin amendment were prepared separately
(Appendix A). The NMS2 media base was autoclaved along with a phosphate buffer and
trace metals solution. Carbonate buffer was sterilized by filtration using a 0.2 um nylon
filter as part of a Thermo Scientific™ Nalgene™ Rapid-Flow™ filter unit (cat # 154-0020).
A 50 mg/L kanamycin amendment was added to media during buffer preparation to
retain plasmid with kanamycin resistance.
Tryptic soy agar (TSA), a nonselective growth media that will grow a wide variety
of microbes, was used to test whether contamination is present. M. buryatense will not
grow on TSA, and so growth designates contamination. To confirm pure culture, a plate
of TSA was streaked simultaneously with a NMS2+k plate then parafilmed and placed in
30 ᵒC constant temperature room. Plate to plate transfers on NMS2+k plates were
conducted until no growth on TSA plates were observed. Growth reactors were started
from pure culture NMS2+k plates.
One advantage of using methanotrophs is that methane is a selective substrate
and so contamination is not as prevalent as in other heterotrophic conditions. The
addition of kanamycin was also used maintain purity and ensure that the PA5 plasmid
(Apendix I) was present as the native strain would not survive the kanamycin addition.
Even with these advantages in place, batch studies over 12 days remained susceptible to
contamination. If mold growth or color change associated with contamination was
observed in batch reactors, culture was destroyed in the autoclave and new cells were
grown.
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Growth Assessment
Cell mass quantification was performed using cell dry weight (CDW) by filtering 1
ml of concentrated cell culture (in duplicate) on a dried 0.2 µm cellulose filter. Samples
were collected by vacuum, then placed in a 100 ᵒC oven for four hours and cooled in a
dessicator before filters were reweighed.
Optical density (OD) was used as a preliminary test to estimate cell
concentration as shown in Figure 17 (a). In order to measure an accurate optical density
of a cell culture, samples must be diluted to the linear range. It is convention to multiply
OD by the dilution factor to get a representative OD. An OD calibration curve was
produced using 600 nm wavelength from cells harvested from a growth reactor. The OD
calibration is shown in Figure 17 (a), comparing optical density measurements for M.
buryatense 5GB1 and the plasmid-incorporated genetically modified (GM) 5GB1. A
linear calibration was made for CDW estimation by optical density measurement and is
shown in Figure 17(b). This OD calibration of 0.622 g CDW/L OD differs from the
conversion presented in Gilman et. al (2015) for 5GB1, which was 0.201 +/- 0.002 g
CDW/L OD illustrating the necessity for developing an in-lab calibration for the
harvesting procedure and laboratory equipment used (Gilman et al., 2015).
3
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Figure 17 Optical Density Relation to Dry Cell Weight (DCW)
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Batch Culturing Conditions
Batch studies were conducted for M. buryatense 5GB1PA5 to study timedependent metabolism under continuously changing conditions. Product formation over
time in a batch reactor allows for a better understanding of BLP operation parameters,
mainly retention times needed for product formation. It was theorized that
methanotrophic product formation by M. buryatense 5GB1PA5 would differ depending
on oxygen, methane, and salinity cultivation conditions. Experiments were prepared by
distributing an equal aliquot of concentrated M. buryatense 5GB1PA5 culture into each
batch bioreactor in the test, except for a duplicate abiotic control which received and
equal aliquot of buffered NMS2+k media.
The Multiple Methane Injection Test 1 used 50 ml of culture in 500 ml batch
bioreactors with gray butyl septa and screw-tops. The following tests were smaller and
used 10 ml of culture in 70 ml glass vials with gray butyl septa and crimp-tops.
Experiments conducted for this study are summarized in Table 10. Table 10 lists the
names of experiments conducted, gives a general description of how, specifies the
objectives of the experiment, and lists the figures and tables associated with
experiments.
Headspace analysis by GC and product analysis by HPLC were performed for all
the tests. Over the course of experiments, new testing methods became available for
M. buryatense 5GB1PA5 and were used to build a better foundation of knowledge for
this microbe. Nuclear Magnetic Resonance (NMR) was run with culture from Multiple
Methane Injection Test 1 (Appendix N). The VOC profile was run on a growth reactor
prepared in conjunction of Multiple Methane Injection Test 3 (Appendix M). LCMS and
TOC results were run for Osmotic Flux Test 2 and results are discussed in the body of
this thesis. The main focus, however, was placed on crotonate, succinate, and acetate
production by M. buryatense 5GB1PA5 under known headspace conditions.
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Table 10 Experiments Conducted and Objectives
Test Name

Description

Multiple
Methane
Injection Test 1

Different amounts of
methane were
injected to bioreactors

Multiple
Methane
Injection Test 2

Study metabolites
under progressively
lower oxygen

Multiple
Methane
Injection Test 3

Microaerobic
conditions with
multiple methane
injections with and
without phosphate

Organic Product
Uptake

5GB1 were given
organic acid, then
exposed to
aerobic/anaerobic and
fed/resting
environments

Osmotic Flux
test 1

Cells were shocked
once with 8% and 0%
salinity

Osmotic Flux
test 2

Cells were shocked
with 8% and 0%
salinity in cycle

Objective

Relevant Figures

Determine if methane
Figure 18 to oxygen ratio
Figure 37, Table
influences production
11 - Table 12
of soluble products
Determine if
decreasing oxygen
Figure 38 level results in
Figure 41
increased soluble
metabolite production
Determine
extracellular
metabolite production Figure 42 Figure 47,
from extended
microaerobic
Table 13 - Table
conditions and
14
evaluate phosphate
elimination
Determine if 5GB1PA5
uptakes extracellular
product in certain
environments
Evaluate 5GB1PA5
survival and product
production during
osmotic flux within
hydrogel
Evaluate survival and
product production
during multiple cycles
of osmotic flux within
hydrogel

Figure 48 Figure 49, Table
15 - Table 16
Figure 51 Figure 58, Table
17

Figure 59 Figure 72, Table
18
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Chapter 4: Results
Methane and Oxygen Conditions
Multiple Methane Injection Test 1: Methane to Oxygen Ratio
The first biotic experiment for organic acid production was performed in 500 ml
glass Wheaton bottles. This size was chosen to make multiple liquid sample extraction
volumes for HPLC analysis negligible compared to the total volume in the reactor. Each
reactor was prepared in the laminar flow hood with 50 ml of culture at 1.1 g CDW/L
(1100 mg CDW/L), resulting in an initial cell mass of 55 mg (CDW) per bioreactor. When
reactors were not being sampled they were shaken at 200 rpm in a 30 ᵒC room.
Multiple additions of methane gas were performed at approximately 23 °C and 1
atm using a 60 ml plastic luerlock syringe. With each addition, resting bioreactors
received 0 ml methane, excess oxygen bioreactors received 22.5 ml methane, excess
methane bioreactors received 90 ml methane and unrestricted bioreactors received 45
ml methane. The experimental design is shown in Table 11.
Table 11 Design of Experiment for Multiple Methane Injection Test 1

1-3
500 ml

Excess
Oxygen
4-6
500 ml

Excess
Methane
7-9
500 ml

50 ml

50 ml

50 ml

50 ml

55 mg

55 mg

55 mg

55 mg

0%
21%
79%
N/A

5%
20%
75%
4

20%
16.8%
63.2%
0.8

10%
18.9%
71.1%
2

Name

Resting

Bioreactor Number
Bioreactor Size
Liquid Culture
Volume
Initial Cell Mass
(CDW)
Addition CH4 Head
Addition O2 Head
Addition N2 Head
O2/CH4 Molar Ratio

Unrestricted
10-12
500 ml
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Methane additions in the excess oxygen, excess methane, and unrestricted
bioreactors were designed to achieve 5%, 20%, and 10% of methane headspace in each
reactor achieving the oxygen to methane molar ratio of 4:1, 0.8:1, and 2:1 respectively.
These ratios corresponded to a different regime of growth compared to the theoretical
amount of 2 moles of oxygen required to utilize one mole of methane.
Bioreactors were opened in the laminar flow hood for 30 minutes prior to
methane injection on days 0, 2, 4, 8, 10, 12, 17, and 22. Before methane injection, the
corresponding volume of air (0, 22.5, 90, and 45 ml) was extracted using a 60 ml plastic
luerlock syringe to maintain atmospheric pressure in each reactor.
One ml of liquid culture from each bioreactor was extracted for microbial
product analysis on days 0, 2, 4, 11, 22, 36, and 43. The last two liquid samples
represent M. buryatense 5GB1PA5 culture that were unfed for 14 and 21 days
respectively. The pH was measured in these samples and bioreactors approaching a pH
of 8 were given 2.5 ml carbonate buffer and 1 ml of phosphate buffer, returning them to
the optimal pH for M. buryatense 5GB1 of 9.5.4
Methane headspace was measured in bioreactors before and after each
methane addition. Results from these tests are illustrated on the experimental time
scale in Figure 18 (a) and (b). Results from resting (no methane added) bioreactors are
represented with green diamonds, excess oxygen with blue triangles, excess methane
with brown squares, and unrestricted with orange circles. Error bars represent one
standard deviation based on measurements from the triplicate bioreactors. The results
show the greatest mass of methane consumed was in the reactors with excess methane.
Sample calculations for gas composition and methane consumption are provided in
Appendix B.

4

An experiment at Rice University found that maintaining a pH at 9.5 with MgCO 3 lead to increased
crotonate productions in M. buryatense 5GB1PA9, achieving up to 85 mg/L crotonic acid
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(b)
Figure 18 Methane Consumption Results of Multiple Methane Injection Test 1 Presented
in Mass Methane Present (a) and Mass Methane Consumed (b)
Methane additions typically took place after methane from the previous
injection was consumed, however, bioreactors with excess methane did not consume all
the methane given on days 10, 17 and 22. Liquid samples were taken before the readdition of methane and oxygen, therefore, cultures were limited by methane or oxygen
and not actively consuming methane.
A rate test was performed on day 17, displaying a consumption profile shown in
Figure 19. Results from the rate test found that excess oxygen, excess methane, and
unrestricted bioreactors consumed 90.2 ± 0.10, 77.6 ± 3.05, and 93.8 ± 3.58% of their
fed methane in 0.93 days. The excess methane bioreactors consumed 92.4 ± 1.89% of
fed methane in 5 days. Consumption rates were estimated by the slope of methane
measurements between days 16.98 and 17.06 (1.9 hours), and were found to be 0.30
mg/hr, 10.9 mg/hr, 3.9 mg/hr and for excess oxygen, excess methane, and unrestricted
bioreactors respectively. The highest rate was in the excess methane reactor, which is
consistent with it having the greatest amount of methane consumed.
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Figure 19 Methane Consumption Curve from Multiple Methane Injection Test 1
Oxygen measurements were taken for excess methane bioreactors. Results
suggest that bioreactors from this culture condition were becoming anaerobic after day
10, as shown in Figure 20. Samples were taken in triplicate and error bars represent one
standard deviation. Methane and oxygen consumption was measured and compared for
the excess methane system between samples for day 4 and 8. Oxygen headspace
dropped from 24.3 ± 0.07% to 2.93 ± 0.02% and methane headspace dropped from 18.1
± 0.006% to 0.3 ± 0.001% in this period. This corresponds to an oxygen decrease of
387.3 ± 1.3 mmol and a methane decrease of 320.7 ± 0.1 mmol from day 4 to 8
calculated by the method outlined in Appendix B. The oxygen to methane molar
consumption ratio was 1.2 ± 0.004 for this period, which was similar to those found in
methane limited chemostats by Gilman et. al. (2015).
40%
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Figure 20 Oxygen levels in Excess Methane Bioreactors
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A 60 ml plastic luerlock syringe filled with nitrogen gas was used to measure
vacuum in unrestricted reactors. Repeated samples indicated that about 50 ml vacuum
was formed after 28.8 mg methane was consumed, equivalent of 1.73 ml vacuum
produced per mg methane consumed. The development of this vacuum likely resulted
in positive oxygen measurements (2.93%) when reactor values approached 0 %, as air
would enter the sampling syringe after it was removed from the reactor.
Averaged concentration results of crotonate produced among triplicates are
shown in Figure 21. Concentrations were observed to build-up up similarly in the excess
methane and the unrestricted systems. Concentrations of crotonate achieved a
maximum after the end of methane additions in these systems, reaching 1.39 ± 0.056
and 1.16 ± 0.348 mg/L in excess methane, and unrestricted reactors respectively on day
36. Little crotonate was produced in the excess oxygen reactors. It should be noted that
much less methane was consumed in these reactors (Figure 18).
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Figure 21 Temporal Observations of Crotonate in the bioreactors
A decrease of crotonate was observed in the final sample on day 43 for excess
oxygen and excess methane reactors where a concentration of 0.95 ± 0.223 and 0.67 ±
0.380 mg/L were observed. This decrease is not statistically significant if two standard
deviations are applied for a 95% confidence interval.5 If product decrease is taken as

5

Error bars shown represent one standard deviation, or a 65% confidence interval.
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significant, it could be explained by contamination with a microbe that consumes
products made by M. buryatense 5GB1PA5, or by transformation or uptake by M.
buryatense 5GB1PA5 itself. This phenomenon was studied later in the product uptake
experiment.
The mass methane consumed to mass crotonate produced is compared in Figure
22. This is an intermediary step to evaluating the CCE of crotonate for this experiment.
Initial crotonate production (with confidence among triplicates) was observed in
unrestricted bioreactors after 110.6 ± 7.0 mg of methane was consumed, as shown in a
purple arrow on Figure 22. This could mean that crotonate production prior to 110.6 ±
7.0 mg of methane consumed was below HPLC detection limit, potentially a reason for
the lack of crotonate production in the excess oxygen reactors.
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Figure 22 Mass of Crotonate produced versus Mass Methane Consumed
The CCE was calculated from overall methane consumed during the experiment
as described in Chapter 3, which gave a fairly conservative estimate. The CCE estimate
changed with time as shown in Figure 23. CCE reached a maximum of 0.021 ± 0.006 %
on day 36, which was after methane addition cessation. This was a 3-fold increase from
0.007 ± 0.001 % observed from fed culture on day 11.3, and could indicate that
crotonate production could be part of a starvation response.
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Figure 23 Temporal observation of CCE of crotonate.
A less conservative way to estimate CCE could be to remove crotonate
production lag-time and focus on the differential methane consumed once crotonate
production was observed. A linear regression was performed to achieve a CCE estimate
for these data and is shown in Figure 24. Slopes for excess methane and unrestricted
bioreactors were 0.0002

and 0.0004

respectively. This

corresponds to 0.015 % and 0.030 % CCE.
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Figure 24 Mass of Crotonate produced versus Mass Methane Consumed
Observation of the error bars present and the linear regression coefficient of
determination (R2) of 0.58 and 0.56 and for excess methane and unrestricted provide
evidence that triplicate bioreactors did not consistently produce crotonate. To illustrate
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the performance of individual reactors, products observed in each bioreactor are shown
in temporal plots. Individual reactor plots for crotonate are given in Figure 25. Excess
methane bioreactors 1 and 2 reached their maximum crotonate concentration of 1.43
and 1.35 mg/L respectively on day 36 at as shown in Figure 25 (c). Maximums of
crotonate in these reactors was observed following the cessation of methane injections
on day 24. Excess methane bioreactor 3 underperformed in crotonate production in
comparison. Unrestricted bioreactors performed more reliably than excess methane
reactors and all three bioreactors reached their maximum of 0.76, 1.38, and 1.33 mg/L
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Figure 25 Temporal Crotonate Concentration in Individual Bioreactors (a) Resting, (b)
Excess Oxygen, (c) Excess Methane, and (d) Unrestricted
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Based on CCE and individual bioreactor analysis, crotonate production by M.
buryatense 5GB1PA5 was found to be similar in unrestricted and excess methane
bioreactors. This analysis indicated that samples were not misplaced in handling.
Interestingly, maximum crotonate levels were achieved after a period of starvation.
Temporal succinate production by M. buryatense 5GB1PA5 is shown in Figure 26
for this experiment. Much like crotonate, succinate levels were also found to vary widely
between bioreactor triplicates, resulting in large error bars compared to the
concentration of succinate observed. Excess methane bioreactors were likely to produce
more succinate than the other culture conditions, however, large error bars do not
permit a strong conclusion. Note the much higher concentration of succinate compared
to crotonate.
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Figure 26 Temporal Observations of Succinate in the Bioreactors
The mass methane consumed to mass succinate produced was compared in
Figure 27. Succinate production was first observed in unrestricted bioreactors after
174.8 ± 7.6 mg of methane was consumed, which is shown on Figure 27 with a green
arrow. This lag, as seen with crotonate results, could be due to concentrations produced
below the HPLC detection limit.
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Figure 27 Mass Succinate Produced versus the Mass Methane Consumed
A conservative estimate for temporal succinate CCE was analyzed from total
experimental carbon consumed (as described in Chapter 3). Unlike crotonate, maximum
CCE of succinate was found before methane feed cessation as shown in Figure 28. A
linear interpolation of mass of succinate produced without the production lag time was
conducted to estimate an experimental CCE and is shown in Figure 29. Using this
method, the experimental CCE was found to be 0.53 and 0.16 % in excess methane and
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unrestricted bioreactors respectively.
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Figure 28 Temporal observation of CCE of succinate
As done with crotonate, a less conservative way to estimate CCE was performed
to eliminate lag-time and focus on the differential methane consumed once succinate
production was observed. Linear regression was found to be a poor fit for succinate
production as illustrated in Figure 29. The simple average CCE was calculated to

56

represent succinate and was found to be 0.144 ± 0.288 %, 0.417 ± 0.445 % and 0.099 ±
0.144 % for excess oxygen, excess methane, and unrestricted bioreactors respectively.
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Figure 29 Mass of Succinate Produced versus Mass Methane Consumed
Succinate concentration observed in each bioreactor are shown in temporal
plots in Figure 30 to show differences between bioreactors. Maximum succinate
concentrations were observed on day 22, prior to the cessation of methane feed.
Maximum succinate concentrations observed in bioreactors were two orders of
magnitude above the maximum crotonate concentration, at 132 and 138 mg/L of
succinate on day 22 in excess methane bioreactors 2 and 3 as shown in Figure 30(c). The
succinate level in bioreactor 1 was observed to be much lower at 19 mg/L on day 22.
Other culture conditions appeared to be less favorable for succinate production,
with a maximum of 28.4, 12.3 and 45.7 mg/L in resting, excess oxygen, and unrestricted
conditions. Succinate concentrations decreased over the experiment in resting
bioreactors in Figure 30 (a). This behavior is repeated in the excess methane and
unrestricted culture conditions as shown in Figure 30 (c) and (d) after cells are unfed for
about 21 days between day 22 and 43.
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Figure 30 Succinate Concentration in Individual Bioreactors (a) Resting, (b) Excess
Oxygen, (c) Excess Methane, and (d) Unrestricted
Acetate averages from triplicate bioreactors with error bars representing one
standard deviation are shown in Figure 31. Acetate was the most prominent product in
this experiment, with concentrations reaching into the hundreds of mg/L. Although this
concentration is below the initial culture concentration (1100 mg CDW/L), it is higher
than expected. Acetate concentration values could be confounded by co-elution of
unknown compounds with retention times near 5.2 minutes, a phenomenon that was
commonly observed for acetate.
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Figure 31 Temporal Observations of Acetate in the Bioreactors
As shown in Figure 32, excess oxygen was not observed to suppress acetate
concentrations as it did with crotonate and succinate. The production of acetate by M.
buryatense 5GB1PA5 increased with excess oxygen as time increased. Large error bars
indicate the major differences between triplicate bioreactors.
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Figure 32 Mass of Acetate Produced versus the Mass Methane Consumed
Carbon conversion efficiency of methane to acetate was approximately 5%
before methane additions were ended as shown in Figure 33. After cells were starved
for 12 days, an increase of carbon conversion efficiency indicated in two of the three
excess oxygen reactors, while acetate in the third reactor decreased to a non-detectable
value. This resulted in a large error bar in the average estimate, thus it cannot be
concluded that the CCE increased under starvation conditions.
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Figure 33 Temporal observation of CCE of acetate
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Figure 34 Mass of Acetate Produced versus the Mass Methane Consumed for excess
oxygen (a), unrestricted (b), and excess methane (c).
Individual bioreactors were investigated for acetate production. The maximum
acetate concentration measured was 736 mg/L in bioreactor 1 in the excess methane
culture condition, however, this point was far above observations for the other two at
190 and 17 mg/L for the same conditions. Excess oxygen bioreactors reached a
maximum of 519, 546 and 138 mg/L over the course of this experiment. High values
after methane feed cessation could be related to cell lysing as a starvation response.
Excess oxygen did not seem to have a negative effect on acetate production as it did for
crotonate and succinate production. There was no statistical difference between the
acetate CCE for unrestricted bioreactors versus the excess methane bioreactors. These
results differ from results found by Gilman et. al (2017), where acetate production
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increased 10-fold under prolonged oxygen starvation (Gilman et al., 2017). The Excess
oxygen bioreactors consumed a lower overall amount of methane, thus, reducing
potential for cell growth.
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Figure 35 Acetate Concentration in Individual Bioreactors (a) Resting, (b) Excess Oxygen,
(c) Excess Methane, and (d) Unrestricted
After individual bioreactor comparison, it was found that bioreactor 3 of the
excess methane group and bioreactor 3 in the excess oxygen group consistently
produced lower product concentrations than the other two. This consistency supports
that samples were unlikely switched during measurement and must be explained in
another way. One potential explanation is contamination by a heterotroph capable of
consuming microbial products. This is commonly observed in nature (Stock et al., 2013).
Additionally, genetic drift over the course of the experiment could have rendered these
bioreactors unsuitable for methane bioconversion.
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Based on results from Multiple Methane Injection Test 1 and evidence from
Gilman et al., 2015, Kaluzhnaya and Lidstrom, 2016, and from Kalyuzhnaya et al., 2013,
it was hypothesized that elevated oxygen concentrations are likely to have a negative
influence on crotonate and succinate production. Excess oxygen bioreactors appeared
to underperform for crotonate and succinate production in comparison to excess
methane and unrestricted bioreactors. Production of crotonate and succinate by M.
buryatense 5GB1PA5 was below the benchmark carbon conversion efficiency of 2.6 and
6.0 %. Limited crotonate and succinate production suggests that observation of these
products may be related to cell mass, which increased over the course of the
experiment.
Triplicates did not perform the same, limiting statistical confidence in
conclusions. Some data points near the end of the experiment show a decrease of
soluble metabolites. The maximum carbon conversion efficiency observed in this
experiment was 0.021 ± 0.006 % for crotonate in the unrestricted reactors, 0.92 ± 0.79
% for succinate in the excess methane reactors and 12.4 ± 10.5 % for acetate in the
excess oxygen reactors. Maximum CCE observed across each experiment was taken
from Figure 23,Figure 26Figure 28 and plotted in a bar chart in Figure 36 to summarize
the CCE results. This represents the best case scenario that was observed over the
course of the experiment. The averaged CCE would be much lower.
Table 12 Maximum Average CCE observed in Multiple Methane Injection Test 2
Products

Excess Oxygen (%)

Excess Methane (%)

Unrestricted (%)

Crotonate

0.007 ± 0.005

0.015 ± 0.001

0.021 ± 0.006

Succinate

0.66 ± 0.38

0.92 ± 0.79

0.35 ± 0.24

Acetate

12.4 ± 10.5

0.88 ± 1.25

2.9 ± 2.0
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Figure 36 Maximum Average CCE for succinate and acetate (a) and for crotonate (b)
Many unknown peaks eluted for the HPLC analysis. For example, an unknown
peak at 14 minutes retention time was seen to increase over the course of the
experiment in excess methane bioreactors. Temporal peak areas are shown in Figure 37.
The identity of this compound was not found. The maximum peak area of 540,000
would correspond to a concentration of crotonate, succinate and acetate of 0.90, 260,
and 650 mg/L based on their response factors.
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Figure 37 Peak Area of Unknown Produced versus the Mass Methane Consumed
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In summary, variance of products was large between triplicate bioreactors. The
CCE was used to evaluate the culture condition that produced the highest mass of
product per mass of methane consumed. Crotonate, succinate, and acetate achieved a
maximum CCE in the unrestricted, excess methane and excess oxygen culture conditions
respectively. The maximum average CCE for crotonate, succinate, and acetate was
found to be of 0.021 ± 0.006 %, 0.92 ± 0.79 %, and 12.4 ± 10.5 % respectively. The
maximum average concentration of crotonate and succinate was found in excess
methane bioreactors while the maximum concentration of acetate was found in excess
oxygen bioreactors. Maximum average concentrations for crotonate, succinate, and
acetate were 1.32 ± 0.056, 88.1 ± 75.6, and 358.4 ± 301.8 mg/L respectively. It was
concluded that further study was needed to estimate optimum culture conditions for
product formation.
Multiple Methane Injection Test 2: Metabolites under progressively lower oxygen
Oxygen level impacts on crotonate, succinate and acetate production were
studied in a second test utilizing multiple methane injections. This test was scaled down
from the previous, to 10 ml of culture in 70 ml glass vials and operated over the course
of 8 days to decrease contamination risk. Methane injections of 3 ml were given to
bioreactors, causing them to reach progressively lower oxygen levels. M. buryatense
5GB1PA5 was harvested from growth reactors, and concentrated to a thick culture at 19
g CDW/L. This concentrated culture was separated into triplicates resulting in reactors
with a cell concentration of 1.9 g DCW/L and 1.9 mg of DCW per reactor.
Five injections of 3 ml of methane were added to 70 ml vials over the course of 8
days, resulting in spikes of 5% methane. The temporal history the average mass of
methane and oxygen in each bioreactor, as well as the sum of the consumed methane is
shown in Figure 38. As oxygen level decreased, methane consumption was observed to
slow. A total of 7.7 mg of methane was consumed. Oxygen headspace gradually
decreased from atmospheric levels to nondetectable, a total decrease of 15.7 mg. Error
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bars represent one standard deviation. A gas-tight syringe with a valve was used to
sample oxygen in this experiment in order to achieve low-level oxygen accuracy.
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Figure 38 Temporal Methane and Oxygen Headspace, and Total Methane consumed by
M. buryatense 5GB1PA5
The molar ratio of oxygen to methane consumption for Multiple Methane
Injection Test 2 was nearly constant during this experiment at 1.11 ±0.02, shown in
Figure 39. This is similar to results found in Gilman et. al. (2015) during oxygen limited
conditions in a chemostat reactor. The ratio is significantly lower than the value of 2.0
for the oxidation of methane to CO2 and water, supporting the incorporation of carbon
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into cell mass or organic products.
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Figure 39 Ratio of Oxygen to Methane Consumed in Multiple Methane Injection Test 2
Results of acetate, crotonate, and succinate production from this experiment are
shown in Figure 40 (a) and (b). Due to HPLC equipment malfunction, several samples
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were lost, so error bars representing one standard deviation are applied only when
more than one sample successfully ran. A maximum concentration of 0.38 37.1, and
91.8 mg/L concentration was achieved in crotonate, succinate and acetate respectively.
These results are consistent with the previous test with acetate produced at the highest
concentration and crotonate the lowest.
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Figure 40 Temporal Products Observed (a) and Products versus Methane Consumed (b)
from Multiple Methane Injection Test 2
The CCE was found to be below the benchmarks of 2.6 and 6.0 % for crotonate
and succinate, reaching a maximum of 0.69 ± 0.02 and 2.64 ± 0.34% in this experiment. 6
A temporal plot of CCE and a plot of CCE versus oxygen percentage in bioreactor
headspace are given in Figure 41 (a). CCE was also plotted in respect to oxygen level as
shown in Figure 41 (b). Results from this test could indicate that crotonate production
was positively correlated with oxygen, while acetate and succinate were negatively
correlated with oxygen level. However, the limited number of data points limits the
conclusions that can be drawn, and with only one nonzero oxygen head measurement,
it is hard to conclude about a trend.

6

The acetate benchmark was found to be over 100% based on the techno-economic analysis due to its
low market value, therefore acetate production cannot meet the benchmark under any circumstances.
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Figure 41 Carbon Conversion Efficiency Observed in Multiple Methane Injection Test 2
In this test, multiple methane injections were given to bioreactors without
refreshing oxygen, which resulted in progressively lower oxygen levels. Although this
test approached methane and oxygen levels differently than the first, results agreed
with the previous test. The carbon conversion efficiency was best for crotonate with
higher oxygen levels, while best for succinate and acetate at lower oxygen levels.
Multiple Methane Injection Test 3: Microaerobic and Phosphate Elimination Test
Intermittent spikes of atmospheric oxygen may shock M. buyatense 5GB1PA5
out of a fermentation state, thus changing the soluble metabolites produced.
Additionally, microaerobic conditions can be beneficial for methanotrophic product
production (Kaluzhnaya and Lidstrom, 2016). A microaerobic test was designed to study
a maintained microaerobic system with a maximum of 5% oxygen in bioreactors. We
also evaluated whether eliminating phosphate buffer would decrease the initial media
peak on the HPLC, thus permitting the measurement of formate produced by M.
buryatense 5GB1 (Gilman et al., 2015). Tests found that phosphate buffer elimination
did not decrease media peak, however, tests were continued to see if phosphate
elimination would change metabolite production.
Triplicate bioreactors with normal media (NMS2+k) and triplicate with media
prepared without phosphate buffer (only carbonate buffer) were added to 70 ml vials. A
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duplicate control of abiotic media with only methane was used to ensure GC accuracy.
In each 70 ml bioreactor, 9.5 ml of buffered NMS2+k media was added. Half a ml of
concentrated cell culture (at 23 g/L) was added to each reactor resulting in a liquid
culture concentration of 1.2 g CDW/L, and 12 mg (CDW) per reactor.
Bioreactor headspace was prepared by sparging with nitrogen gas for 15
minutes, with a long needle inlet (in media) and a short needle outlet (in headspace,
releasing pressure). Next, 15 ml of gas was extracted by a plastic luerlock syringe, then 3
ml oxygen, and 12 ml methane were injected to each reactor. Initial bioreactor
headspace upon each refresh was composed of approximately 5% oxygen, 20 %
methane, and 75 % nitrogen.
An initial test found that the methane consumption rate profile was essentially
the same between culture in normal media and media lacking phosphate as shown in
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Figure 42 Temporal Rate Profile for M. buryatense 5GB1PA5 Methane Consumption
Headspace for methane and oxygen conditions in micraerobic bioreactors with
regular media are shown in in Figure 43. Electrical and gas shut-off in the laboratory
limited TCD availability early in this test, so the oxygen concentration was estimated
based on 1.2 mol of oxygen consumed per mol of methane consumed as reported in
previous reactor studies for M. buryatense 5GB1 (Gilman et al., 2015). This estimate is
represented in Figure 43 by a dashed line. Oxygen TCD measurement later in this test
found that a molar ratio of 0.95 mol oxygen per mol of methane was consumed in this
microaerobic regime. This oxygen to methane ratio was the lowest observed among
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tests, and is slightly lower than Gilman’s observations. Bioreactors in this test
maintained a microaerobic state, where oxygen levels increased to a maximum of 4.1 ±
1.6 mg.
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Figure 43 Methane and Oxygen Consumption in Batch Reactors with Regular Media for
Multiple Methane Injection Test 3
The bioreactors without phosphate buffer consumed similar amounts of
methane as bioreactors with regular media, about 10.9 ± 1.6 mg compared to 9.8 ± 2.0
mg respectively. The average ending oxygen before refresh was approximately 2%. The
average mass methane consumed during any one batch cycle had less than 0.4%
difference between the normal media and the phosphate eliminated media, with results
summarized in
Table 13. A temporal comparison of methane headspace in reactors with regular
media and phosphate eliminated media was performed by superimposing headspace
measurements as shown in Figure 44. Methane and oxygen consumption in no
phosphate media was found to be more varied between individual bioreactors as
observed by wider error bars with methane and oxygen observation with phosphate
elimination.
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Table 13 Average Starting and Ending Gas Composition for Multiple Methane Injection
Test 3. Deviations represent 95% confidence intervals.
Regular Media
(%)

Starting CH4

19.7 ± 5.6

Without
Phosphate
buffer (%)
20.0 ± 6.9

Ending CH4

15.8 ± 4.8

Starting O2
Ending O2

Mass (mg)

Composition
for each cycle

12
11
10
9
8
7
6
5
4
3

0.528 ± 0.150

Without
Phosphate
buffer (mmol)
0.536 ± 0.186

15.4 ± 4.1

0.422 ± 0.130

0.414 ± 0.111

4.8 ± 0.9

4.5 ± 1.8

0.127 ± 0.023

0.121 ± 0.047

2.0 ± 3.1

2.3 ± 2.9

0.054 ± 0.084

0.063 ± 0.078
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Figure 44 A Comparison between Methane Consumption in Batch Reactors with and
without Phosphate buffer
A slight vacuum formed in reactors. This resulted in air being drawn into the
sampling syringe after removal from the reactor. Results from Multiple Methane
Injection Test 1 found that 1.73 ml vacuum per mg methane consumed was formed in
the 450 ml headspace. Adjusting for the smaller reactor, 1.9 mg methane consumed
could account for about 3.4 ml vacuum, which is about 5.6 % of the reactor headspace.
Sampling with a 100 μl syringe, this situation would allow about 5.6 μl of air in, enough
to account for 1.1% of the measured oxygen.
Soluble metabolites produced from this microaerobic test with regular media are
shown in Figure 45, while products for no phosphate media are given in Figure 46. In
Figure 45 and Figure 46, (a) depicts product concentration observed over time, and (b)
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represents the mass of product produced from the mass of methane consumed. As with
previous experiments, acetate was observed in the highest quantity at 16.8 mg/L.
Phosphate buffer elimination resulted in lower succinate and acetate production, but
crotonate was observed at 0.04 mg/L.
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Figure 45 Products Made in Multiple Methane Injection Test 3 with regular media
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Figure 46 Products Made in Multiple Methane Injection Test 3 with no phosphate media
Temporal CCE is shown in Figure 47 representing single composite samples.
Regular media bioreactors had acetate CCE up to 1.46 %, and succinate CCE up to 0.30
%. Crotonate production was not observed in regular media reactors. In the phosphate
eliminated media, succinate CCE was 0.37 %. Acetate was not observed to be produced
in phosphate eliminated media despite an acetate peak measured at the beginning of
the test. Crotonate peaks were observed in no phosphate media and the maximum
crotonate CCE was 0.01 %. A summary of maximum concentrations and maximum CCEs
observed in the experiment are given in Table 14.
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Figure 47 Products CCE with Regular (a) and No Phosphate Media (b)
Table 14 Maximum Concentrations and CCE for Crotonate, Succinate and Acetate
Maximum Concentration
(mg/L)

Product

Regular
Media

Regular
Media

Crotonate
Succinate
Acetate

0.00
3.78
16.8

0.00
0.30
1.46

Maximum CCE
(%)

No
Phosphate
Media
0.012
0.37
0.0

No
Phosphate
Media
0.004
1.98
7.56

The results indicate that microaerobic states are not sufficient for producing
crotonate, this observation is supported by Multiple Methane Injection test 2. If
produced, crotonate concentrations may have remained below HPLC detection limits.
Only 9.8 mg of methane was consumed over the course of this experiment, so if
crotonate was produced at 0.03% CCE, only 0.04 mg of crotonate would be produced.
This would result in 4 mg/L crotonate concentration in the bioreactor and less than 1
mg/L concentration for HPLC measurement after the 1:5 dilution.
Product Uptake Test
To investigate the potential of cell reuptake or transformation of products,
triplicate bioreactors were given crotonate, succinate and acetate under four culture
conditions. Resting cells (not given methane), fed cells (given methane) in anaerobic
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and aerobic environments were compared to see if the presence of methane or oxygen
influences product uptake. Culture conditions are shown in Table 15.
Table 15 Culture Conditions, Triplicate Bioreactors were Prepared for Each Condition

Fed

Anaerobic
Methane Oxygen

+

+

+

-

Resting

Aerobic
Methane Oxygen

-

+

-

-

Twelve bioreactors were prepared in 70 ml glass Wheaton bottles with gray
butyl septa and crimp tops. To each bioreactor, 0.5 ml stock of organic products, 7 0.5 ml
concentrated culture (21.5 g DCW/L), and 9 ml media were added. This resulted in a
mixture in each reactor with a concentration of 7.5 mg/L acetate, 7.5 mg/L succinate,
12.5 mg/L crotonate, and 1.08 g DCW/L. This converts to 1.5 mg formate, 0.04 mg
acetate, 0.04 mg succinate, 0.04 mg lactate, and 0.06 mg crotonate with a total cell
mass of 10.8 mg DCW per reactor. Formate and lactate co-eluted with other peaks (a
dual-peaked result) and therefore accurate concentrations could not be reported.
To construct anaerobic bioreactors, the reactors were sparged with nitrogen gas
for 15 minutes, with a long needle inlet (in media) and a short needle outlet (in
headpace, releasing pressure). Fed bioreactors were given 4 ml of methane. Aerobic
bioreactors were exposed to air, resulting in an initial volume of 12 ml of oxygen,
equivalent to 0.48 mmol oxygen.

The standard stock solution was 1000 mg/L formate, 150 mg/L acetic acid, 150 mg/L
succinate, 150 mg/L lactate and 250 mg/L crotonic acid.
7
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The bioreactor test was performed similarly to previous studies. Methane and
oxygen analysis performed at the beginning, middle and end of the test confirmed that
the desired conditions were met as shown in Figure 48.
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Figure 48 Headspace Composition of Methane (a) and Oxygen (b)
An equal volume of 0.3 ml from each reactor was combined to obtain adequate
sample volume for HPLC analysis. This was performed to take liquid samples without
dramatically altering the liquid volume of the reactor and to decrease HPLC analysis
time. Succinate, acetate, and crotonate concentration are given in Figure 49 for the
composite samples, the results are also summarized Table 15.
The succinate concentration decreased below detection in all environments
tested. Acetate was observed to decrease below detection in all environments except
for fed aerobic culture where it decreased to 50% of its original measurement.
Crotonate concentrations remained elevated, but dropped from 13 mg/L to 8.6 mg/L in
fed aerobic cells, corresponding to a 34 % decrease. These results indicate that uptake
or transformation of acetate and succinate occur during aerobic and anaerobic
conditions, with both resting and fed M. buryatense 5GB1. The availability of oxygen
was not found to significantly change the decrease in product concentration.
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Figure 49 Transformation of Metabolites by (a) Fed Aerobic, (b) Fed Anaerobic, (c)
Resting Aerobic, (d) Resting Anaerobic Bioreactors, and (e) Abiotic Control
The decrease of succinate and acetate indicates that observations of products
could be limited in batch due to product uptake or transformation by M. buryatense
5GB1PA5. This could also explain the decrease in products observed at the end of the
test in Multiple Methane Injection Test 1. Abiotic controls were run with air headspace
to test natural product decrease over the course of the experiment, and concentration
decrease for acetate, succinate, and crotonate was found to be -0.36, -5.10, and 0.956
mg/L. The negative sign indicates an increase from the beginning to end samples.
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Changes measured in the controls display how sampling and analytical error contribute
to this study. No products were observed to be eliminated in abiotic controls over the
course of the experiment. A summary of the initial and final concentrations of
crotonate, succinate and acetate, as well as their percent decrease in each test
condition are given in Table 16.
Table 16 Initial and Final Product Concentrations in Culture Conditions Tested

Osmotic flux
Limited success was found producing crotonate, succinate and acetate using
oxygen limitation with M. buryatense 5GB1PA5, and so the study pivoted to osmotic flux
tests. Would more products be produced under osmotic flux conditions? Would
osmoprotectants be produced? To investigate osmotic flux initially, growth reactor cells
were harvested and separated by equal volume into six 50 ml centrifuge tubes. Two sets
of triplicate cell pellets were re-suspended in media or in nanopure water using a
Scientific Industries Vortex Genie and shaken for 2 hours. The resuspended culture was
centrifuged with a Beckman Coulter Allegra X-12R swinging bucket centrifuge at 3750
rpm and the supernatant was diluted 1:5 for HPLC analysis.
Results are shown in Figure 50, where the top three chromatogram lines in cyan,
green and maroon depict cells resuspended in media (no osmotic shock) and the
bottom three chromatogram lines in pink, black and dark blue represent pellets
resuspended in DI (hypoosmotic shock). Additional peaks at approximately 4.4, 5.5
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minutes and 10.5 minutes were observed in cells experiencing hypoosmotic shock,
meaning that M. buryatense 5GB1 might be milked for compounds not usually produced
in the absence of shocking.

Figure 50 HPLC Peaks Observed from Proof of Concept Experiment for Osmotic Flux Test
Osmotic Flux Test 1
An experiment was designed to fluctuate salt concentration from 0% NaCl to 8%
NaCl, which is the maximum salinity tolerated by M. buryatense 5GB1 according to
Gilman et. al (2015). This process is known as bacterial milking and is used to enhance
microbial product production. In order to facilitate milking, M. buryatense 5GB1PA5 was
immobilized in hydrogel beads, and the beads were suspended in liquid with desired
salinity levels. Encapsulated microorganisms permitted easy liquid exchange. The liquid
was exchanged using a syringe. Rapid salinity flux tolerance by M. buryatense 5GB1PA5
was evaluated. A biotic control of cells immobilized in hydrogel beads was performed in
triplicate with exchanges of fresh media for comparison.
The following procedure was used to immobilize the culture in agarose, as
described by Molzahn (2016). Fifteen ml of 4% (wt) agarose gel was prepared in a 50 ml
centrifuge tube by heating low melt agarose powder and nanopure in a microwave for
10 seconds at a time until bubbles formed and the powder was dissolved. The liquid
agarose solution was allowed to cool to 45 °C in a water bath. Cells were harvested from
the growth reactor, pelleted, resuspended in 50 ml buffered media, then pelleted again,
and resuspended to 18 ml of concentrated culture at a concentration of 10.8 g CDW/L.
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The concentrated cell culture was placed in a 45 °C water bath for approximately 5
minutes to increase the culture temperature before mixing it with heated agarose gel. 8
Fifteen ml of the concentrated cell solution was then mixed thoroughly with gel in equal
parts achieving 30 ml of 2% agarose gel solution. Remaining culture was used for cell
quantification.
The liquid gel was loaded into two 20 ml plastic luerlock syringes (15 ml) fitted
with a 23 G sterile needle. An Orion M362 Thermo Scientific sage syringe pump was
operated at 6-10 ml/minute to push liquid gel through the needle onto laboratory
parafilm in order to achieve hemispherical gel beads, which were allowed to cool on the
parafilm before removing by laboratory spatula. A scale was used to distribute equal
amounts of gel to each batch reactor, resulting in 3.8 g gel per 70 ml bioreactor and
about 27 mg DCW per bioreactor. Gel beads were suspended in 5 ml of media, so that
the bead and media volume reached about 10 ml. The size of the agarose beads was
approximately 7 mm.
Bioreactors were fed 12 ml methane on days 0, 2, 3, 4, 5, 7, 8, and 9. This
methane concentration was chosen to yield conditions similar to those in the excess
methane reactors from Multiple Methane Injection Test 1. Osmotic flux bioreactors
were initially suspended in normal media (0.75 % NaCl). This was exchanged with
nanopure to obtain low salt (0 % NaCl) on day 5, regular media (0.75 % NaCl) on day 7,
high salt (8 % NaCl) on day 8 and then low salt (0 % NaCl) on day 9. High salt (8 % NaCl)
media was prepared by adding 1.1 g NaCl to 15 ml of NMS2+k media. Media control
reactors were exchanged with fresh media at the same time as osmotic flux bioreactors.
The temporal salinity history for this experiment is shown in Figure 51.
Liquid exchange was done by inverting the bioreactor and removing 5 ml media
using luerlock syringes. Extracted liquid was filtered and stored in the 4 °C refrigerator
for analysis. Subsequently, 5.3 ml of fresh solution was added to each reactor. After 5

8

Heated culture was necessary to prevent gel from setting prematurely in the syringe
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minutes, liquid samples of 0.3 ml were taken from each bioreactor and mixed to obtain
a composite sample with adequate volume for analysis. Composites were sampled to
estimate product carryover in exchanges.
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Figure 51 Temporal Representation of Salinity for Osmotic Flux Test 1
Temporal methane and oxygen headspace concentrations in bioreactors were
measured, and results for osmotic flux reactors and media control reactors are given in
Figure 52 and Figure 53 respectively. Exchanges on day 5, 7, 8, and 9 are noted by a red
x. The results show similar consumption patterns with the osmotic shock test and the
media control.
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Figure 52 Methane and Oxygen concentration measurements for Osmotic Flux
Bioreactors with a Hyper (8%) and Hypo (0%) Salinity Shock
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Figure 53 Methane and Oxygen concentration measurements for Media Control
Bioreactors with (0.75%) Salinity
A methane consumption rate test was performed on day 5 and day 9 to
determine if methane consumption rates decreased by this cycle of osmotic flux. Linear
regression was used to estimate methane consumption rate using the 3 initial data
points in the rate test (over about 1 hour). Osmotic flux bioreactors had a rate of 42.5 ±
8.0 and 13.9 ± 2.8 on days 5 and 9 mg/day respectively. Media control bioreactors had a
rate of 40.0 ± 3.7 and 13.2 ± 1.7 mg/day. Methane consumption was reduced in both
media control and osmotic flux bioreactors between days 5 and 9. No significant
difference was observed between methane consumption rates for the media control
versus the osmotic flux bioreactors on day 9 (Figure 54).
Methane
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Media Control
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20
0
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Figure 54 Comparison of Methane Consumption Rates by Osmotic Flux and Media
Control Reactors in Osmotic Flux Test 1
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Acetate, succinate and crotonate were measured over time in this test and
results are shown in Figure 55. Non-detects were recorded for fresh media composite
samples for acetate, succinate and crotonate. An elevated acetate measurement was
observed at 17.8 ± 8.3 mg/L in the Osmotic flux bioreactors on day 6. It is hypothesized
hypoosmotic (low salt) shock on day 5 caused this elevated response.
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Figure 55 Known Products Observed Over Time in Osmotic Flux Test 1
The overall mass of products produced is given in terms of methane consumed in
Figure 56. Since media was removed in the osmotic flux test, microbial products didn’t
have the potential to accumulate over time as they did in multiple methane injection
tests. Therefore, the overall expression of known soluble metabolites was analyzed as
an accumulated mass. Acetate was measured in much higher concentrations than
succinate and crotonate, consistent with prior experimental observations.
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Figure 56 Products Accumulated by Amount of Methane Consumed
The CCE for this test was analyzed per each media exchange, treating each
exchange separately. For instance, carbon consumption is reset to zero on exchange
days 5, 7, 8, and 9. This data is presented in Figure 57. A significant acetate CCE was
observed on day 5, where osmotic flux bioreactors are at low salinity (0% NaCl). This
spike would be expected given osmotic flux theory. Maximum concentrations and CCE
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for each compound are given in Table 17.
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Figure 57 Carbon Conversion Efficiencies of Known Soluble Metabolites in Osmotic Flux
Bioreactors (a) and Media Control Bioreactors (b)
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Table 17 Maximum Concentration and CCE for Crotonate, Succinate and Acetate
Maximum Concentration
(mg/L)

Product

Osmotic Flux

Crotonate

0.006 ±
0.0004

Media
Control
0.023 ±
0.0008

Succinate

0.42 ± 0.59

Acetate

17.8 ± 8.31

Maximum CCE
(%)

Osmotic Flux

Media
Control

0.0015

0.0004

0.32 ± 0.28

0.015

0.018

3.43 ± 0.39

1.76

0.307

Cells experiencing hypoosmotic shock between days 5 and 7 had a peak elute at
4.4 minutes during the HPLC analysis as shown in Figure 58. This peak, which was not
observed in media controls, matched the elution time for the HPLC ectoine standard.
LC/MS analysis however, did not confirm the presence of ectoine. Instead, LC/MS
analysis identified a compound with a molar weight of 342.12 (monoisotopic), likely
corresponding to sucrose. When a new HPLC column was obtained, a 1 mM sucrose
standard was run in DI water, resulting in a peak area of 142290 at a retention time of
2.8 minutes, a 4 mM sucrose standard in media was measured to have a peak area of
595700 at 3.0 minutes. A stored sample from a hypoosmotic shock was run with 1:5
dilution from the osmotic flux test and the 2.9 minute retention time was found to be
252566. Based on a linear interpolation, this measurement could account for
approximately 8.6 mM of sucrose.

Figure 58 HPLC Elution of a possible Osmoprotectant at 4.4 minutes. A peak is present
from hypoosmotic cell supernatant (0 % NaCl) (black), but absent from media control
(blue) (0.75 % NaCl).
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Osmotic Flux Test 2
A cycled salinity experiment was conducted to test M. buryatense 5GB1PA5
survival and product production throughout multiple osmotic shocks. Triplicate reactors
with agarose encapsulated M. buryatense 5GB1PA5 were exchanged between low (0 %
NaCl) and high (8 % NaCl) salinity on days 1, 2, 3, 4, 5, 6, 7, and 9. A biotic control for

Salt Concentration
(% NaCl)

comparison was run simultaneously with fresh media exchanges, as shown in Figure 59.
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Figure 59 Temporal Salinity Cycles in Osmotic Flux Test 2
After each liquid exchange, reactors were sparged with a filtered air system for
15 minutes to refresh oxygen levels. A 20 ml luerlock syringe was used to extract 12 ml
of air from reactor headspace and add 12 ml of methane. About 25 mg methane (19 mg
as carbon) was consumed over the course of the 12 day experiment in each reactor. The
temporal methane and oxygen headspace measurements and accumulated methane
consumed in osmotic flux and media control reactors are shown in Figure 60 and Figure
61 respectively. Media exchanges are noted by a red x.
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Figure 60 Temporal Mass of Methane and Oxygen in Headspace for Osmotic Flux
Bioreactors with Salinity Cycles from 0% to 8% NaCl
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Figure 61 Temporal Mass of Methane and Oxygen in Headspace for Media Control
bioreactors (0.75 % NaCl)
Rate tests for methane consumption were performed on day 3, 5, 6, and 7.
Linear regression analysis was performed on methane consumption by each reactor for
the initial 3 data points following methane addition (about 20 minutes). Regression
slopes were used to compare relative methane consumption rates (mg/day). Results
from this analysis are shown in Figure 62 with error bars representing one standard
deviation. The results from osmotic flux reactors on day 3, 5, and 7 represent M.
buryatense 5GB1 undergoing a low (0 % NaCl) to high (8 % NaCl) salinity transition; the
result on day 6 represents a high (8 % NaCl) to low (0 % NaCl) salinity transition.
Methane consumption rates for media reactors averaged 10.4 ± 3.2 and osmotic flux
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reactors averaged 6.0 ± 2.8 over the course of these four rate tests. This data suggests
that osmotic flux results in a decrease in the rates of methane consumption. A paired
samples t-test was performed on methane consumed for the osmotic flux group and
media control group, which rejected the null hypothesis (t=4.3). This suggested that
there is statistical difference in the mean methane consumption between media
controlled cells and osmotic flux cells. This rate reduction is reasonable considering the
osmotic strain applied to bacteria. The nanopure water suspension likely led to cell

Methane Consumption
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rupture as it is below the ideal salinity and did not include trace minerals.
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Figure 62 Comparison of Methane Consumption Rates by Osmotic Flux and Media
Control Reactors in Osmotic Flux Test 2
Concentrations of acetate, succinate and crotonate were measured by HPLC
during this test. Due to HPLC autosampler malfunctions and column expiration, only
single samples were analyzed. Conclusions are limited by these individual data points. A
high-level acetate concentration was measured on day 10, which would correspond to
450 mg/L. This point was eliminated as an anomaly in analysis. Figure 63 displays
temporal concentration of products observed in this test for cells with dotted line for
media control and dashed for osmotic flux bioreactors. The pattern observed is
expected, with products increasing until the media was exchanged, then returning to
zero before accumulating again.
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Figure 63 Products Observed in Osmotic Flux Test 2
The CCEs for acetate, succinate, and crotonate for this experiment were
estimated by analyzing each exchange separately, resetting the methane consumption
to a non-detect after each refresh. The maximum product concentrations observed over
the course of this experiment and the maximum CCEs measured for each product were
given in Table 18 as a best case scenario for future application.
Figure 64 reveals that the cycling osmotic flux test had higher CCE for crotonate
than in any test. The CCE for methane to crotonate in this test was observed be 4.35,
5.23, and 4.11 % on days 1, 2, and 3 respectively. CCE to crotonate was elevated for only
the primary 3 exchanges taken on day 1 (during upshock), 2 (during downshock), and 3
(during upshock). Indicating that this phenomena is likely temporary. The
concentrations observed were much higher than in any other test. Further refinement
of this process might lead to a more reproducible means of crotonate production.
Table 18 Maximum Concentrations and CCE for Crotonate, Succinate and Acetate

Product
Crotonate
Succinate
Acetate

Maximum Concentration
(mg/L)
Osmotic Flux
Media Control
10.9
0.03
3.9
ND
34.9
38.5

Maximum CCE
(%)
Osmotic Flux Media Control
5.23
0.02
0.06
ND
4.51
17.45
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Figure 64 Temporal Carbon Conversion Efficiency for Osmotic Flux Test 2 for Osmotic
Flux bioreactors (a) and Media Controlled bioreactors (b)
Samples on the LC/MS had a peak with relatively elevated intensity compared to
background for all samples at 342.12 MW, corresponding to sucrose. The signal intensity
for this compound ranged from 40 to 250, with higher values associated with hypoosmotic shocks. This signal reached a maximum of about 250 from a sample from day
10.8 when cells underwent a hypoosmotic shock for two consecutive days.
On day 11 of this experiment, cells had undergone a 2 day hypoosmotic shock,
resulting in a suspension with visible color. Bioreactors from this test are shown in
Figure 65 and filtered samples in Figure 66. There was also small granules of gel particles
stuck to the edge of the glass in osmotic flux bioreactors, indicating that the salinity
change could have damaged the agarose gel.

Figure 65 Bioreactors on Day 10.8 of Osmotic Flux Test. “D” reactors are media controls
and “E” reactors are 5GB1 experiencing osmotic flux.
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Figure 66 Samples from Day 10.8 of Osmotic Flux Test. A visible orange color was
observed in samples from bioreactors on their second day of hypoosmotic stress
It was hypothesized that osmotic flux would increase the overall cellular CCE for
methane converted to total organic carbon (TOC). Total organic carbon (TOC) content of
the cell supernatant was sampled to find the overall CCE in this experiment. Temporal
plots of the TOC concentration are presented in Figure 67 and shown in relation to
salinity concentrations. A low value of 368 mg/L TOC was measured on day 10.8 for the
sample E3 was removed from this data set because of visible difference between
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samples (Figure 66).

11

Figure 67 TOC Results over Time in the Experiment (left axis) in relation to salinity (right
axis)
An analysis was done to estimate CCE for methane to TOC during this test. First,
the CCE was calculated using the amount of methane consumed for each exchange
separately. In other words, when media was exchanged, methane consumption was
reset to 0. The mass of total organic carbon versus mass of methane carbon consumed
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is compared in Figure 68.9 A line representing 100 % CCE is given for reference. Data
points on the y axis represent TOC values that were measured from composite samples
taken directly after exchange with fresh media. Their observation represents that TOC
carryover occurred during media exchange. Many samples were found to be above 100
% CCE, which is impossible. It was hypothesized that agarose gel contributed to carbon
mass in the sample, resulting in TOC values above what is produced by the bacteria.
Additionally, carryover causes this method of CCE to become invalid. To account for
carryover, CCE values observed were recalculated using a method which combines total
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methane consumed and total values of TOC.
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Figure 68 A Comparison of the Carbon Consumed in the Experiment versus the Total
Organic Carbon Measured
Overall CCE for methane to TOC was estimated by calculating the total mass of
methane consumed from time 0. The total TOC produced was estimated by the
accumulated sum of TOC mass (using M=CV, where V = 5 ml). TOC values at the end of
each methane addition were added together subtracting carryover (TOC measured
directly after media exchange) from the previous test. This was found to greatly reduce
scatter as opposed to the differential CCE method shown in Figure 68. Linear regression
of overall methane consumed to overall TOC produced was used to compare CCE for
osmotic flux and media bioreactors. The temporal slope of produced carbon (

9

) was

Mass methane consumed was converted to mass carbon by multiplying by the carbon fraction of 0.75
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divided by the temporal slope of consumed carbon (

) to find CCE (

).

Experimental CCE for osmotic flux and media control bioreactors was found to be 30.8 %
and 40.2 % respectively as shown in Equation 27 and 28. These results are contrary to
individual acid measurements that indicate osmotic flux leads to higher CCE. They
support a rather high conversion of methane to TOC soluble products which is
promising. These CCE estimates of methane to TOC for M. buryatense 5GB1 agree with
chemostat studies by Gilman et. al (2015) which estimated CCE to be 43 - 61 %.
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Figure 69 Temporal TOC and Methane Consumed for Osmotic Flux
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Figure 70 Temporal TOC and Methane Consumed for Media Control
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A comparison between the sum of peak areas (PA) on the HPLC and the results
from TOC analysis was attempted. Media peaks (elution at 2.7 minutes, extremely
elevated PAs) were eliminated and only peak areas above an elution time of 4 minutes
were summed. A positive correlation between the sum of peak areas and the TOC
concentration measured was found and is shown in Figure 71.
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Figure 71 Positive Correlation between Peak Areas Found on the HPLC and the TOC
Measurements.
In this test, peaks were observed at a 4.4 minute retention time as in the first
osmotic flux, and raw peak areas are shown over the experimental time scale in Figure
72. As shown, these peaks were much more prominent in cells undergoing osmotic flux,
and the soluble metabolite causing this elevated peak is likely an osmoprotectant. The
identity of this compound was not identified by HPLC, but it may be sucrose based on a
monoisotopic mass match on the MS analysis done on these samples. At 4.4 minute
retention time, this compound was not retarded significantly by the column, such as
succinate and crotonate. The peak area found near 500,000 can only be extrapolated to
relative mass as separate compounds have very different UV absorbance profiles (as
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shown for standards corresponding to acetate, succinate, and crotonate levels in
Chapter 3).
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Figure 72 An Unknown Compound Eluding at 4.4 minutes in Osmotic Flux Cells
Granules were observed in bioreactors undergoing osmotic flux and gel damage
over multiple salinity cycles cannot be ruled out as a contributing compound. However,
the products were observed early in the test before significant breakdown of the
hydrogel was observed. This also indicates that salinity flux may impact gel life span.
Batch tests were run to study M. buryatense 5GB1 for product formation under
various culture conditions. Multiple methane injections were given to bacteria under
different methane-to-oxygen ratios. Tests were generally inconclusive for culture
condition optimization due to wide variation between bioreactors. Oxygen limitation
was not observed to increase crotonate production in experiments run. Osmotic flux
with agarose encapsulated M. buryatense 5GB1 was found to produce elevated
crotonate concentrations for three cycles. This observation calls for further refinement
of the process to reveal whether this method could increase multi-carbon product
formation.
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Chapter 5: Discussion
Concentrations of crotonate, succinate, and acetate achieved, and overall
methane-to-product mass conversion was analyzed to evaluate the genetically modified
of M. buryatense 5GB1 with plasmid construct PA5. Carbon conversion efficiency was
used to evaluate individual metabolites for microbial production. At 100% CCE, 1.3 mg
crotonate would be produced per mg methane due to the carbon balance required
(Appendix D). This efficiency would not be possible due to the carbon and energy flux
needed for cell maintenance (Haynes and Gonzalez, 2014). In addition to overall carbon
conversion, the maximum concentration achieved was recorded in order to inform
potential downstream separations.
Previously, CCE for M. buryatense 5GB1 was reported to be 43 - 61 % based on
TOC measurements (Gilman et al., 2015). This method of describing carbon conversion
efficiency is somewhat misleading as it accounts for all organic carbon products and
doesn’t separate marketable products from low valued products. When looking for a
specific desired product, the CCE is expected to be much lower. Consideration of
product value can produce much needed perspective, where production of a higher
value product can lower CCE necessary for economic feasibility. In this study, crotonate
was the most desirable product, at a high value of $8,000/bbl. It was estimated that the
CCE needed for bioconversion of methane to crotonate by M. buryatense 5GB1PA5
would need to be 2.6%. The maximum CCE for methane to crotonate observed in
experiments was 5.23% from cells undergoing osmotic flux (Table 18), also known as
bacterial milking.
This value may be too low for economic viability and supports the claim that
organic acid production by methanotrophs is not feasible for market application (Strong
et al., 2015). However, optimization of large scale process and the recovery of other
products may make this process economically feasible.
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A results summary is given in Table 19 which presents the main results from each
experimental test conducted with M. buryatense 5GB1PA5.
Table 19 Results Summarized for Discussion
Test
Name

Objective

Maximum CCE
Observed (%)

Maximum
Concentrations
Observed (mg/L)

Interpretation

Optimal culture
conditions were not
Crotonate:
Determine if
confirmed due to
0.021 ± 0.006
methane to
Crotonate:
data variance,
Succinate:
Multiple oxygen ratio
1.32 ± 0.056
however, CCE for
0.92 ± 0.79
Methane
influences
Succinate:
crotonate and
Acetate:
Injection production
88.1 ± 75.6
succinate were
12.4 ± 10.5
Test 1
of soluble
Acetate:
highest in
(Table 11 metabolites
358 ± 302
unrestricted and
Table 12)
excess methane
bioreactors
respectively
The carbon
Determine if
conversion efficiency
a specific
was highest for
Crotonate:
Crotonate:
oxygen level
crotonate with high
Multiple
0.69 ± 0.02
1.94 ± 0.01
results in
oxygen to methane
Methane
Succinate:
Succinate:
increased
levels; for succinate
Injection
2.64 ± 0.34
37.1 ± 12.2
soluble
with more balanced
Test 2
Acetate:
Acetate:
metabolite
methane to oxygen
6.37 ± 0.003
91.8 ± 5.9
production
levels; and for
acetate with low
oxygen levels
Determine Regular media
No evidence was
extracellular
Crotonate:
found that
Regular media
metabolite
0.00
microaerobic
Crotonate: 0
production Succinate: 0.30
conditions increase
Multiple
Succinate: 3.8
from
Acetate: 0.146
crotonate
Methane
Acetate: 16.8
microaerobic No Phosphate
production.
Injection
No Phosphate
conditions,
Crotonate:
Phosphate
Test 3
Crotonate: 0.004
evaluate
0.012
elimination increased
Succinate: 1.98
phosphate Succinate: 0.37
succinate CCE, but
Acetate: 7.6
elimination
Acetate: 0.0
acetate was not
observed
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Table 19 Results Summarized for Discussion (Continued)
Test
Name

Osmotic
Flux Test
1

Osmotic
Flux test
2

Objective

Determine
5GB1PA5
survival and
metabolite
production
during osmotic
shock within
hydrogel

Test multiple
cycles and
osmotic flux.
Determine
metabolite
production
during osmotic
shock within
hydrogel
Estimate
overall
experimental
CCE

Media Control
Crotonate:
0.0004
Succinate:
0.018
Acetate:
0.307

Maximum
Concentrations
Observed (mg/L)
Media Control
Crotonate:
0.023 ± 0.0008
Succinate:
0.32 ± 0.28
Acetate:
3.43 ± 0.39

Osmotic Flux
Crotonate:
0.0015
Succinate:
0.015
Acetate:
1.76

Osmotic Flux
Crotonate:
0.006 ± 0.0004
Succinate:
0.42 ± 0.59
Acetate:
17.8 ± 8.3

Maximum CCE
Observed (%)

Media Control
Crotonate: 0.02
Succinate: ND
Acetate: 17.4

Media Control
Crotonate: 0.03
Succinate: ND
Acetate: 38.5

Osmotic Flux
Crotonate: 5.23
Succinate: 0.06
Acetate: 4.51

Osmotic Flux
Crotonate: 10.9
Succinate: 3.9
Acetate: 34.9

Interpretation
M. buryatense
5GB1PA5
survived osmotic
shock within
agarose hydrogel.
A potential
osmoprotectant
was observed in
osmotic flux
bioreactors.
Osmotic flux
produced higher
acetate levels
Gel damage was
observed over
multiple osmotic
shocks.
Experimental CCE
for TOC was
estimated to be
30.8 % for
Osmotic flux and
40.2 % for media
control, but
samples may be
contaminated by
the presence of
agarose media

96

Table 19 Results Summarized for Discussion (Continued)
Test
Name

Product
Uptake
Test

Objective

Percent
Reduction (%)

Percent
Reduction (%)

Determine if
5GB1PA5
uptakes or
transforms
extracellular
acids in
aerobic,
anaerobic, fed
and resting
culture systems

Aerobic Fed
Crotonate:34
Succinate: 54
Acetate: 100

Aerobic Resting
Crotonate: 7
Succinate: 100
Acetate: 100

Anaerobic Fed
Crotonate: 7
Succinate: 100
Acetate: 100

Anaerobic
Resting
Crotonate: 0
Succinate: 100
Acetate: 100

Interpretation

Evidence
supports that M.
buryatense
5GB1PA5 has the
capacity to
transform or
uptake crotonate,
succinate and
acetate

Product Emission
Results from Multiple Methane Injection Tests 1 and 2 support recently
published data that M. buryatense 5GB1 metabolism produces acetate in response to
oxygen limited conditions (Gilman et al., 2017). In their study, it was suggested that M.
buryatense 5GB1 is capable of a combination of fermentation and respiration
metabolism. Data generated found that acetate production in that M. buryatense 5GB1
was elevated as a response to redox imbalance, but not formate, succinate or lactate.
Results from experiments in this study suggest that crotonate production does not
respond to oxygen limited conditions.
Methane contains one carbon and crotonate contains four. Two formaldehyde
molecules (1-C, often present as formate) are used to build acetate (2-C). Two acetate
are needed to fuel the building of succinate or crotonate (4-C). Therefore, it would not
be uncommon to find the most formate and acetate and less succinate and crotonate
(or lactate etc.). Creation of crotonate is in direct competition with creation of succinate
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and operation of the TCA cycle for energy generation. Additionally, both cell growth
and crotonate production are synthesis reactions that require (and compete for) energy.
Therefore, it is difficult to imagine a genetic modification that will produce high crotonic
acid yields and maintain fast-growth kinetics. Success in crotonic acid production
implies the need for slow growth to produce efficient carbon conversion. Therefore, the
near-wild type growth kinetics of the modified strain are not a good indication that the
strain is capable of efficient methane-to-crotonate conversion.
Product Uptake
A decrease of products was observed in multiple methane injection and Product
Uptake tests. This phenomenon may be explained by reuptake, contamination by
another microbe, cometabolism, or utilization by M. buryatense 5GB1PA5. Extracellular
metabolites could be transformed or re-absorbed into the cell. Transformation by MMO
would depend on the presence of oxygen. A theoretical transformation that could be
catalyzed by MMO is the epoxidation of the double bond in crotonate as shown in
Figure 73 below. The decrease in crotonate however was small in resting cell tests ()
indicating this cometabolic reaction if occurring was at a very slow rate.

Figure 73 Theorized Epoxidation of Double Bond in Crotonate by MMO
In this study, M. buryatense 5GB1(PA5) was grown in the presence of copper.
This allows for soluble methane monooxygenase (sMMO) to be produced. As discussed
in the literature review, SMMO has the capacity to transform a wider variety of
constituents than the particulate form pMMO. For this reason, it may be possible to
avoid product transformation by cultivating M. buryatense in copper-free media for
future studies.
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Osmotic Flux
Resuspension in DI water was performed in osmotic flux tests. This practice likely
decreased microbial survival due to cell rupture. Given additional time and resources,
osmotic flux cycles between 8 % and 0.2 % NaCl are suggested to match microbial
salinity range for M. buryatense 5G (Kaluzhnaya et al., 2001). This would retain basic
media constituents from the NMS2 media (Appendix A) during hypoosmotic shock and
potentially would lead to increased cell survival. Using low salinity media is
hypothesized to lead to increased survivability and potentially increased capture of
multicarbon microbial products.
Mass transfer limitation by diffusion through agarose is unlikely to limit effects
due to 24 hour resuspensions with hemispheres (approximately 7 mm across), however,
in a continuous system such as the BLP, mass transfer limitations due to diffusion may
impact performance. Future work could investigate salinity diffusion models for the BLP
to predict whether mass transfer limitations would be a problem in application however
this analysis is beyond the scope of this study.
Limitations
Due to poor separation by the HPLC method, formate and lactate were not able
to be quantified. VOC analysis indicated that major volatile products were not found and
results are presented in Appendix M. NMR analysis was inconclusive for a low molecular
weight product and was limited by resources available. It is likely that NMR and LC/MS
analysis would likely be more successful through further separation. Several unknown
peaks were observed by HPLC were unidentified despite attempts in this study. It is
possible that sucrose was one of these peaks, however, this was not validated before
column expiration.
Limitations to the research presented include experimental error by equipment
malfunctions, primarily bubbles in the detector of the HPLC and autosampler
malfunctions. During the osmotic flux tests, the Prevail™ organic acid column became
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clogged as seen by high backpressure. It was determined a new organic acid column
would be needed for further organic acid research.10
Carbonate precipitate was observed if carbonate buffer was added to warm
media, and extra precaution was necessary for avoiding precipitation within analytical
equipment. These issues could manifest in unforeseen elevated operating costs for M.
buryatense cultivation in manufacturing.

10

A new organic acid column was obtained and a sucrose standard will be run to identify sucrose
retention time. Historic samples will be compared to this standard for possible addition to this thesis
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Chapter 6: Conclusions
Batch studies were conducted with Methylomicrobium buryatense 5GB1PA5 to
investigate techniques to increase for soluble product formation. Methane or oxygen
limitation, and salinity fluctuation were tested and compared for production of a soluble
value-added product with hopes of producing an economically feasible multi-carbon
secondary metabolite. Acetate, succinate, and crotonate were measured by HPLC and
their production by M. buryatense 5GB1PA5 was found to range widely between
triplicate reactors studied. Despite this variability, the following conclusions can be
drawn.


Acetate was the most prominent product measured across reactors. It
had the highest CCE of products in all but one experiment (osmotic flux)11



Extracellular acetate, succinate and crotonate concentrtions decreased in
anaerobic and aerobic culture conditions for fed and resting cells and
crotonate was removed to the least extent



M. buryatense 5GB1 was able to survive successive osmotic shocks and
continue to utilize methane, however, multiple osmotic shocks led to an
observed decrease in methane consumption rate.



The criteria threshold CCE of 2.6 % and 6 % for crotonate and succinate
respectively were not consistently met.



Evidence was found that M. buryatense 5GB1PA5 may have the capacity
to transform or uptake acids, which may have limited their accumulation
in the batch reactors



M. buryatense 5GB1PA5 was found to produce sucrose under salinity
stress, but not ectoine.

11

It is possible that formate (or lactate) production was higher than acetate as they were not measured
by the method used
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Our results indicate the genetic manipulation of M. buryatense 5GB1 was unable
to achieve adequate carbon conversion efficiency to a specific multicarbon soluble
metabolite. While product formation was an integral part of this study, the reaction
intensification technology associated with microbial encapsulation and function of the
BLP has potential in a much wider variety of applications. Further refinement in
metabolic processes, culture condition optimization, and product identification has the
potential to increase product formation to achieve economic feasibility.
Future work with hydrogel encapsulated bacteria is suggested for targeted
product production. Ectoine production by Methylomicrobium alkiliphilum 20Z, a similar
haloalkaliphilic methanotroph, is a potential future use of encapsulated hydrogel
technology in the BLP. Methods currently being investigated for ectoine production by
Methylomicrobium alkiliphilum 20Z require cell concentration after hyper and hypoosmotic shock (Cantera et al., 2017a). The hydrogel technology test in our study can
reduce the culture handling by maintaining elevated cell density without the need for
centrifugation. It is possible that ectoine could be produced in the BLP with salinity
cycle.
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Appendix A: 5GB1 Culturing
Table A.1 Recipies for Methylomicrobium buryatense
7.5g NaCl
0.2 g MgSO4*7H2O
0.014 g CaCl2*2H2O
1 g KNO3
DI H2O to 1 L

NMS2 (1L)
Divide into 150ml reactors (+ 2.25g agar
for plates) and autoclave
Before use, add to each 150ml reactor:
7.5 mL 1M carbonate buffer, pH 9.5
3 mL phosphate buffer
0.3 ml trace elements solution
50 µg/ml kanamycin
Grow on methane or 0.2% methanol

Phosphate buffer solution (1L)
5.44g KH2PO4
Adjust pH to 6.8
10.73g Na2HPO4 * H2O
Bring to 1L with MQ H2O and autoclave
Dissolve in ~800 ml MQ H2O
1 M Carbonate Buffer, pH 9.5 (1 L)
58.8 g NaHCO3
Check pH (should already be 9.5 because
of 7:3 ratio of NaHCO3:Na2CO3)
31.8 g Na2CO3
Bring to 1 L with MQ H2O and filter
Dissolve in ~700 mL MQ H2O
sterilize
Trace elements solution (make fresh every 3-6 months, store at 4ᵒC)
1.0g Na2-EDTA
Aliquot into small bottles and autoclave
0.03g H3BO3
2.0 g FeSO4 * 7 H2O
0.8g ZnSO4 * 7 H2O
0.03g MnCl2 * 4 H2O
0.2g CoCl2 * 6 H2O
0.6g CuCl2 * 2 H2O
0.02g NiCl2 * 6 H2O
0.05g Na2MoO * 2 H2O
Add MQ H2O up to 1L
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Figure A.1 shows the study area where culture maintenance was performed and
Figure A.2 shows the appearance of M. buryatense 5GB1 filter cakes for cell
quantification.

Figure A.1 Laminar Flow Hood with Plates and Foil-Covered Oxoid Anaerobic Jar to Limit
Light Exposure

Figure A.2 5GB1 Filter Cakes for CDW tests. Cells Were Dried on 0.2 μm Filter
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Appendix B: Gas Calculations
Calculations were made to convert volume (ml) of gas (methane or oxygen) to
concentration, and also to overall mass. The ideal gas law was used to calculate mol/L
and mol/ml of gas in Equation 29-31. Determination of mass (mg) of methane or oxygen
per ml gas are calculated in Equation 32 and 33 respectively. The determination of
moles of gas that are consumed given % headspace is shown in Equation 34 and 35.
n
P
=
V RT
n
(1 atm)
=
= 4.02 ∗ 10
V (0.08206 L atm )(303.15 K)
mol K
mol
1L
4.02 ∗ 10
of gas
= 4.02 ∗ 10
L
1000ml

(28)
mol
of gas
L

(29)

mol
of gas
ml

(30)

n ∗ MW
mol
g CH
of gas ∗ 16.04
ml
mol
mg
CH
∗ 1000
= 0.645 mg
g
ml gas
= 4.02 ∗ 10

n ∗ MWoxygen = 4.02 ∗ 10

mol
gO
mg
of gas ∗ 32.0
∗ 1000
ml
mol
g

O
= 1.29 mg
ml gas

(31)

(32)

mol gas = volume headspace in reactor(ml) ∗ % headspace ∗ 4.02
∗

10

mol
gas
ml

(33)

mmol gas = volume headspace (ml) ∗ % headspace ∗ 4.02
∗

10

mmol
gas
ml

(34)
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Henry’s constant (H ) is defined as a ratio of the gas and liquid concentration and is
used to represent the propensity of a gas to dissolve in liquid. Determination of total
mass in a system is estimated using Henry’s Law (Equation 36).
(35)

C =H C

A mass balance (shown below) of the contents of a reactor was used to estimate
the partitioning of gas in the liquid and gas phase. The total mass (M ) is the
concentration in the gas phase (C ) multiplied by the volume of the gas phase (V ) plus
the concentration of the liquid phase (C ) multiplied by the volume of the liquid phase
(V ). A theoretical total concentration (C ) and total volume (V ) was used to compare
the relative mass distribution of methane or oxygen in the liquid versus gas phase. This
process is detailed in Equation 37-54.
M =C V +C V ; M =C V

(36)

Combine Henry’s constant into the mass balance:
M =H C V +C V

(37)

C V =H C V +C V

(38)

Replace (M ) with (C V )

Divide by (V )
C =

H C V
C V
+
V
V

C =H C
C =C
Solve for (C /C )

H

V
V
V
V

V
V

+C
+

(39)

V
V

(40)
(41)
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C
=
C
H

1
V
V

+

(42)

V
V

Most experiments used 70 ml reactors with 10 ml liquid
V
V

=

60
= 0.857
70

(43)

V
V

=

10
= 0.143
70

(44)

V
V

=

110
= 0.880
125

(45)

V
V

=

15
= 0.120
125

(46)

The unitless (H ) for methane and oxygen is needed at this point. The reference
document gives (k ) in M/atm (Sander, 1999) (Dean, 1992). Convert atmospheres to
mol/L using the ideal gas law to compare (C ) to (C ) in the same units.
n
(1 atm)
=
= 4.02 ∗ 10
V (0.08206 L atm )(303.15 K)
mol K
k

=k

,

,

= 1.3 ∗ 10

mol
per atm of gas
L

(47)

mol/L
atm

(48)

mol
liquid
atm gas
L
∗
mol
atm gas
4.02 ∗ 10
gas
L
mol
liquid
= 0.0323 L
mol
gas
L

1
= 1.3 ∗ 10
H

H

methane = H

oxygen = 30.9

(49)

(50)
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Now apply these conditions to the mass to find the percentage of methane or oxygen in
the liquid phase
C
=
C
H

1
V
V

+

V
V

C
1
=
= 0.0376 ≅ 4%
60
10
C
30.9
+
70
70

(51)

(52)

Assuming shaking at 200 rpm reaches equilibrium, about 4 % of the total system
methane and oxygen are in the gas phase with this ratio of gas to liquid. This illustrates
the low liquid solubility of methane and oxygen in the liquid phase. For conservative
measures, the maximum liquid volume was always under 20%, therefore no more than
about 4 % of the total moles of gas in the batch system were in solution.
C
1
=
≅ 4%
C
30.9(0.8) + (0.2)

(53)
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Appendix C: MMO Activity Calculations using Propylene Oxidation
A study by Sirajuddin found pMMO activity to be 16-123 nmol/min/mg,
(Sirajuddin and Rosenzweig, 2015) assuming lower-range 50 nmol/min/mg that would
correspond to about 0.2 μl propylene oxide (C3H6O) per hour per mg of cell by the
following balance.
50

nmol C H O
∗ 10
min ∗ mg cells

mol
min
gC H O
ml
∗ 60
∗ 58
∗
nmol
hr
mol C H O 0.83 g

ul
μl C H O
∗ 1000
= 0.2
ml
hr mg CDW
0.2

μl C H O
cells
ml
∗ 12 mg
10
hr ∗ mg cells
reactor
reactor

C H
= 2.4 μl
transformed per reactor
hr
C H
ml 0.830 g mol 1000000 μ mol
2.4 μl
∗
∗
∗
hr
1000 μl 1 ml
58 g
1 mol
μmol
= 34
each hour
reactor
μmol
1 reactor
mmol
34
each hour
= 3400
reactor
10 ml
L

(54)

(55)

(56)

(57)

A two-phase analysis was done to ensure experimental measurement techniques
were optimized to measure rates of propene oxide formation. The Henry’s coefficient of
propelene oxide is shown below (Sander, 1999)
mol
gas
= 0.0078 L
mol
liquid
L

H

(58)

Use a mass balance of the contents of a reactor:
M =C V +C V
The definition of Henry’s constant:

(59)
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C =H C

(60)

Combine the total mass into a calculated value:
M =H C V +C V

(61)

Manipulate the equation to find liquid concentration:
C =

M
H V +V

(62)

Add 10 µmol propene oxide mass to a 70 ml reactor with 10 ml liquid and 60 ml gas, the
following calculation applies.
C =

10 μmol
mol
gas
0.0078 L
∗ 60ml + 10 ml
mol
liquid
L
umol
C = 0.96
ml
umol
C = 0.96
∗ 0.0078
ml

(63)

(64)
(65)

Reciprocally:
C ∗ 128 = C
C = 0.0075

umol
ml

(66)
(67)

This illustrates that the molar concentration (mol/L) of propylene oxide in the
liquid phase is 127 times the concentration of the propylene oxide in the gas phase. The
gas chromatograph FID standard operation is 2 µl of liquid injection and 100 µl of gas
injection for a sample. Since a gas chromatograph measures by quantity, it is more
efficient to perform liquid injections for higher sample accuracy along the lower
detection limits of the FID. A mathematical explanation is given below to clarify.

Combining terms:

M = C V = 100 μl ∗ C

(68)

M = C V = 128 ∗ 2 μl ∗ C

(69)
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M = 128 ∗ 2 μl ∗ M /100 μl

(70)

M = 2.56 ∗ M

(71)

It is important to note that reducing equivalents produced by formaldehyde
and/or formate oxidation (NADH or QH2) are required for MMO activity, and for this
test, no reducing equivalents were provided outside of normal media and growth
conditions (Semrau et al.). One possible explanation for the maintenance of activity
could be the harvest of microbes from a biologically active state where these
equivalents would be provided by normal cell metabolism.
MMO activity was measured by the epoxidation of propene (C3H6), which can act
as a substrate of sMMO and pMMO (Burrows et al., 1984) (Colby et al., 1977) (Chen et
al., 2012) (Colby et al., 1975). The Burrows et. al (1984) method for measuring MMO
activity was adapted in our study of the MMO enzyme for M. buryatense 5GB1.
A Shimadzu gas chromatograph (GC) equipped with a flame ionization detector
(FID) was used to monitor propene consumption and propene oxide formation by M.
buryatense 5GB1. A Supelco analytical 80/100 carbopac C (6FT X 1/8IN X 2.1 MM SS,
stock # 12506-U) packed column was used with an air pressure of 25 kPa, hydrogen 50
kPa, and nitrogen 175 kPa. An oven temp of 140 °C, and an injection port at 200 °C was
used. Liquid samples of 2 μl were used to measure propene oxide. Triplicate 70 ml
bioreactors were prepared with 2 ml of propene and 10 ml of cell culture at 0.96 g
CDW/L concentration.
The MMO activity observed ranged from 53 to 74 nmol/min mg DCW with a
median of 66 nmol/min and a mean of 64 nmol/min. The abiotic control showed
negligible propene oxide formation (0.2 nmol/min, which would be within normal
variance and could be due to needle contamination in sampling procedure), validating
that cell cultures had an MMO activity within 16-123 nmol/min/mg CDW as found in
methane enzymatic oxidation studies (Sirajuddin and Rosenzweig, 2015).
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Appendix D: Carbon Conversion Efficiency (CCE)
A detailed example (also discussed in Chapter 3) of the calculation for CCE of methane
to crotonate. First, the carbon balance at 100 % CCE is shown in Equation 73-76 and
then CCE is calculated in Equation 77-79.
4CH → 1C H O
100 mg CH ∗

mmol 1 mmol crotonic acid
∗
= 1.6 mmol crotonic acid
16 mg
4 mmol CH

86 mg
= 134 mg crotonic acid
1mmol crotonic acid
134 mg crotonic acid
mg crotonic acid
= 1.34
100 mg CH
mg methane

1.6 mmol crotonic acid ∗

(72)
(73)
(74)
(75)

Carbon conversion efficiency works similarly
CCE =

Mass (mg) C produced
∗ 100%
Mass (mg) C consumed

(76)

Mass (mg) crotonic acid ∗ 0.56 carbon fraction
∗ 100 % = 100 %
100 mg CH ∗ 0.75 carbon fraction

(77)

Mass (mg) crotonic acid = 134 mg

(78)
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Appendix E: Tabulated Cost Analysis
To represent how M. buryatense cultivation costs would enter the economic
stream, supporting information for the cost analysis is represented below. The tables
below tabulate assumptions about the hydrogel and bioreactor for 2717 kg/hr methane
transformed into approximately 500 BPD of butanol. Capital and consumable costs are
given. The analysis below represents a feasible cost distribution to strive for but may not
directly reflect actual plant costs. The hydrogel properties for the BLP reactor are given
in Table A.2, the bioreactor properties are given in Table A.3. Cell cultivation cost, raw
materials cost, and consumables cost are given in Table A.4-6 respectively.
Table A.2 Hydrogel Properties in Reactor
Volume per mesh
Mesh per reactor
Total reactors
Up time of load
Total Hydrogel
Cell density
Gel Material
Water Content
Total Agarose

800
434
605
60
1278
80
Agarose
98%
25557

mL/mesh
mesh/reactor
reactors/plant
days
m3
g cell/L-gel
water in gel
kg
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Table A.3 Bioreactor Properties
Growth time
Down time
Total cells needed
Batch cell density
Total volume
needed
Batch volume
Batches per year

3
1
102,227
10

days
days
kg cells/yr
g cell/L batch

10,223
10
1,022

Required reactors
Technicians
Total Techs

12
0.5
6

m3
m3
batchs/yr
batch
reactors
techs/reactor
techs

Table A.4 Cell Cultivation Costs Based on 2717 kg/hr of Methane Consumption

Nutrient/Buffer
NO3
PO4
SO4
CO3

g compound / g
CH4 utilized

mol
compound/
mol CH4 utilized

0.627
0.072
0.062
1.41
TOTAL:

Yearly Cost
($/yr)

$/g CH4 utilized
3.46E-04
3.62E-05
1.62E-06
1.09E-03
1.47E-03

$
$
$
$
$

8,220,000
862,000
38,500
25,900,000
35,000,000
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Table A.5 Raw materials for plant operation
Materials

Cost ($/kg)

ṁ (kg/hr)

ṁ (kg/yr)

Methane
Oxygen
Water
Dodedecane

0
0.00E+00
$5.00

2717
3137
0
531158

NaCl

0.000338 ($/L
media)

22610874
26106114
0
4420296876
6,336,014
(L media/year)
Total Cost ($/yr)

Yearly Cost
($/yr)
$0
$3,480,000
$0
$1,270,000
$4,090
$4,740,000

Table A.6 Consumables costs associated general losses
Material
Dodecane
Agarose Gel
Media
Components*

$
$

Cost ($/kg)
5.00
10.00

ṁ (kg/hr)
52.8
2.92

ṁ (kg/yr)
462575.3
25,557

Yearly Cost ($/yr)
$2,310,000
$256,000

Total:

$8,750,000
$11,300,000
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Appendix F: Data Excerpts from Gilman, 2015
In addition to the data in the literature review section, a Table A.7 was made as a visual
aid to represent data from Gilman et. al (2015)
Table A.7 Oxygen and Methane Limited M. buryatense in Chemostat (Gilman, 2015)

(%)

44.5

2.1

57.5

4.9

(µmol/gCDW)
(µmol/gCDW)
(µmol/gCDW)
(% CDW)

293.5
60.5
26
10.15

10.6
34.6
2.8
4.2

357
30
34
7.05

144.2
2.8
18.4
1.5

(-)

1.15

0.1

1.6

0.0

(mmol/gCDW hr)

11.7

0.8

13.25

0.6

(mmol/gCDW hr)

10.15

0.6

8.1

0.4

Specific
oxygen
uptake

Specific
methane
uptake

700
600
500
400
300
200
100
0

Oxygen limited DO = 1%
Methane limited DO = 92 %

(µmol/gCDW)

(mmol/gCDW hr)

Carbon Glycogen
conversion
efficiency

(mmol/gCDW hr)

(% CDW)

(%)

Oxygen limited DO = 1%

(µmol/gCDW)

80
70
60
50
40
30
20
10
0

Unit
(% of saturation)
g CDW/L

Methane limited
Avg
Stdev
92
0.0
0.46
0.0

(µmol/gCDW)

Parameter
DO
Cell density
Carbon conversion
efficiency
Formate excreted
Acetate excreted
Lactate excreted
Glycogen
O2/ CH4 uptake
ratio
Specific oxygen
uptake
Specific methane
uptake

Oxygen limited
Avg
Stdev
1
0.0
0.78
0.0

Formate

Acetate

Lactate

(a)
Figure A. 3 Gilman Results for Oxygen Limitation in Chemostat

(b)
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Appendix G: Reactor Comparisons
Table A. 8 Reactor Comparisons for Product Formation
Batch/plug flow

Chemostat

Culture environment continuously changes:
Gas content
pH
cell density
Advantages:
High reliability
Lower capital cost
Better genetic control

Culture environment is relatively stable:
Fresh medium continuously added
Culture liquid removed,
volume constant
Advantages:
Higher productivity for growth related
products
Continuous production
Better nutrient control
Relevant equations:
Volume
Mean resident time (MRT) =
flowrate
V
=
Q
Growth rate (μ) = Dilution rate (D)
1
=
MRT
Substrate concentration (S)
= K D/(μ
− D)
X
Yield (Y) =
S −S

Relevant equations:
dx
K
XS
Growth rate (μ) =
=
dt
K +S
X
Yield (Y) =
S −S
Plug flow:
time (t) = (crosssectional area)
distance traveled
∗(
)
flowrate
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Appendix H: Patents Issued for Methane Oxidizing Bacteria
Patents issued since 1980 on the production of chemicals using methylotrophs (Lidstrom
and Stirling, 1990b)
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Appendix I: M. buryatense 5GB1PA5 Genetic Information
This appendix is dedicated to genetic information pertaining M. buryatense
5GB1PA5. Gibson Cloning Insert Sequence for Strain PA5 is shown in Figure A.4 and the
plasmid map for the PA5 plasmid construct are given in Figure A.5.
The maximum crotonate concentration at Rice University was observed at 77
mg/L for plasmid PA5 (nearly 60 mg/L produced from methane within 48 hours). M.
buratense 5GB1 with plasmid PA5 were cultivated in approximately 30 250ml reactors
for 2 days (containing 20-30 ml culture medium). Growth reactors were fed daily by
removing 40 ml of air and injecting 60 ml of methane. After 2 days, cultured cells had an
OD of 0.8-1. Cells were then pelleted by centrifuge and resuspended in fresh medium to
concentrate the culture to an OD of >20.12 To sample crotonate, one millileter of this
concentrated culture was spun down in a centrifuge at 13000 rpm to separate cells,
then the supernatant was acidified with 30 mM H2SO4,13 spun again, then filtered
through a 20 nm filter prior to running on HPLC. A manuscript describing these studies
has been submitted (Garg et al., 2017).

12

At low ODs (<10), no crotonic acid production was found. If the optical density calibration found in this
study CDW=0.662(OD600)-0.076 applies, that relates to a cell concentration of 13.2 g CDW/L
13
To avoid precipitation in the column. The HPLC mobile phase was 30 mM H 2SO4
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Figure A.4 Gibson Cloning Insert Sequence for Strain PA5

Figure A.5 Plasmid Map for Plasmid Construct PA5
Researchers at Rice University increased crotonate production by carbon flux
through the acetyl-CoA node. This was done by incorporating a gene encoding
phosphate acetyltransferase (Δpta) with the PA5 plasmid construct. This alteration
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found an increase in acetate but no significant increase in crotonic acid compared to M.
buryatense 5GB1 (pA5) as shown in Figure A.6.

Figure A.6 A Comparison of Crotonate and Acetate Production in 5GB1 with PA5 Plasmid
Expression of alternative heterologous or native β-ketoacyl-CoA reductases/βhydroxyacyl-CoA dehydratases are also being constructed/evaluated to determine if
increasing expression/activity enables higher crotonic acid production as well as
evaluate the impact of co-factor dependence (NADH vs NADPH). Furthermore, given the
potential low acetyl-CoA pool, as well as the thermodynamic constraints of the
condensation reaction, the use of an acetoacetyl CoA synthase (NphT7), which
condenses malonyl-CoA and acetyl-CoA for initial condensation reaction, is being
explored within this pathway framework (Project Final Report).
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Appendix J: Calibration Tables
Table A.9 TCD Calibration Table for Oxygen
µl injection of
air
20
40
50
60
80
100

% O2

PA

4%
8%
10%
12%
16%
20%

222926
443727
574021
670429
888086
1113157

The Shimadzu gas chromatograph was used to measure methane, ethylene and
ethylene glycol. Methane eluted at 1.0 and details are in the Methods section. A
methane standard table is given in Table A.10. Data was taken in triplicate and error
bars represent 2 standard deviations.
Table A.10 Methane Headspace Concentration Standard
Methane
Head (%)

0.0%

2.5%

5.0%

7.5%

10.0%

12.5%

15.0%

17.5%

20.0%

PA1

0

1175336

2641414

3931501

5121942

6037599

6721526

7468758

7400675

PA2

0

1339307

2388953

3796475

5731239

5823898

6848878

7348983

7729563

Average
Standard
Deviation

0

1257322

2515184

3863988

5426591

5930749

6785202

7408871

7565119

0

115945

178517

95478

430838

151109

90051

84694

232559

0

231890

357034

190956

861676

302219

180103

169387

465118

2*Standard
Deviation
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Measurement of Organic Acids
Standards of crotonate measured by Orion Aquamate 8000 Thermoscientific
spectrophotometer at 220 nm wavelength are shown in Figure A.7. A gradual direct
correlation (1.34 slope) was found for NMS2 media suspension while a steeper direct
correlation (5.59 slope) was found for DI water suspension. This analysis indicated that
direct concentration determined by UV absorbance without HPLC separation would not
meet the needs for this project.
3.5
3

UV Absorbance

2.5
2
1.5
1
CA in DI water
CA in Buffered water
CA in 10% media
CA in HPLC eluent

0.5
0
0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

Crotonic Acid Concentration (mmol/L)

y = 5.5941x + 0.1388
y = 3.6011x + 0.0856
y = 1.3439x + 2.4108
y = 6.0237x + 0.1982
0.40

Figure A.7 Crotonate UV Absorbance in Relevant Solution Suspensions

0.45

0.50
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Appendix K Monoisotopic Weights for LC/MS Analysis
LC/MS analysis performed on liquid samples required a list of potential products
above 100 MW to be generated in order to query by the instrument. The list was
generated of suspected osmoprotectants to test for in the osmotic flux test and are
given in Table A.11.
Table A.11 Soluble Metabolites Queried to be Made by M. buryatense in Osmotic Flux
Test
Name
5 Oxoproline
Ectoine
Glutamate
Potassium glutamate
Glycine betaine
Choline
Carnitine
Proline
Sucrose
Glycine betaine aldehyde
Nacetylglutaminylglutamine
5-Hydroxyectoine

Chemical
formula
C5H7NO3
C6H10N2O2
C5H8NO4
C5H7K2NO4
C5H11NO2
C5H14NO
C7H15NO3
C5H9NO2
C12H22O11
C5H12NO

MW
(monoisotopic)
129.042587
142.074234
146.045883
222.96492
117.078979
104.106987
161.105194
115.063332
342.116211
102.091339

MW-1 for lost
charge in analysis
128.042587
141.074234
145.045883
221.96492
116.078979
103.106987
160.105194
114.063332
341.116211
101.091339

C12H20N4O6
C6H10N2O3

316.138275
158.069138

315.138275
157.069138
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Appendix L: Methanogen VOC profiling experiments
Prepared by Cleo Davie-Martin
VOC profiling
A dynamic stripping chamber was coupled with PTR-ToF/MS to measure discrete VOC
profiles from methanogen cultures. The dynamic stripping chambers were thoroughly
washed and autoclaved (20 min), then set-up empty and flushed with synthetic air for
approximately 10 minutes to bring the VOC signals down to background levels (i.e.,
remove contamination from the ambient laboratory air and equipment that occurs
during set-up). The incubator was set to 30 °C (the growth temperature of 5GB1) and
the lights were left off. Triplicate media blank or culture samples of 100 mL were
introduced one at a time to each chamber. The chambers were flushed (i.e., fine
bubbles) with synthetic air at a flow rate of 50 mL min -1 for 5 min to evacuate the
headspace, along with any VOCs that had partitioned into and accumulated in the air.
We chose 5 min because: a) the 125 mL of headspace the system contains would
require ~2.5 min to evacuate at 50 mL min-1, b) the first 60 seconds of data is always
excluded due to the response time associated with the tubing, and c) the additional 2min of sampling provides VOC signatures from the water for the VOCs that were
sufficiently volatile to be stripped by the bubbling process. The same chamber and
sampling port was used for each replicate of a certain sample type. This minimized
sampling bias due to differences in flow rate and headspace volume introduced by the
glass components of the sample chambers.
PTR-ToF/MS data was acquired at 5-sec intervals for a period of 5-min per
chamber across the mass range 18-363 a.m.u. Data was mass calibrated against ions of
known mass (NO+ 29.998, and 1,3-diiodobenzene 203.943 and 330.848) contained
within each spectrum, using the following criteria: cycle 40, 0.2 m/z search range,
averaging 3 spectra. The first 120 seconds of data and final data point from each
measurement were excluded to account for sorption within the tubing and the response
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time for the gases to travel from the chamber into the PTR-ToF/MS inlet (i.e., cycles 2559). An average mass spectrum was defined and exported for each sample (cycles 2559) and normalized to the average total primary ion count for that sample, which was
based on both the hydronium and hydrate cluster ion counts.
Figure A.8 contains a scatterplot and Figure A.9 contains a heatmap of the blanksubtracted VOC profile of 5GB1. The average normalized ion counts were calculated for
both the media blanks and the cultures and then subtracted the average media blank
counts from the average sample counts. The resulting plots show the VOC masses with
the highest signal intensity. Note that m/z 30, 32, 33, 37, 39, 55, and 204 are
interferences due to ionization source, hydrate cluster, and calibrant ions. No prominent
products were identified with this method.

Figure A.8 Scatterplot of the 5GB1 VOC Profile

Figure A.9 Heatmap of the 5GB1 VOC Profile
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Appendix M: Nuclear Magnetic Resonance
A sample was prepared in conjunction with Multiple Methane Injection Test 1 to
run Nuclear Magnetic Resonance (NMR) experiments in an attempt to identify unknown
products. The sample was centrifuged and filtered as described in the Methods section.
A D2O carrier was used and a Fourier transform was performed to suppress H 2O signal
with the help of Stephen Huhn, Small Molecule and Natural Products NMR Facility
Manager. The sample was run on a Bruker Ultrashield™ 700 MHz and a Bruker Ascend™
500 MHz NMR spectrometer.
NMR results found 5 protons, 4 carbons and 3 carbon types. Data corresponds to
a two CH2 groups, a CH1 group and carbonyl compound based on the 13C and 1H
spectra. A doublet of dublet (or a strongly second-ordered quartet) was observed in the
13C spectrum indicating proximity to another electronegative element such as Oxygen
or Chlorine. A Heteronuclear Multiple Bond Correlation (HMBC) and a homonuclear
correlation spectroscopy (COSY) was run. Results from the COSY indicated the 2
methylene CH2 are vicinyl to one another (connected) which indicates linear structure.
The HMBC gave the long range correlation between 1H and 13C range from 2j-4j. There
were no 15N 1H signals found after running a sample on the 500 overnight MHz NMR
overnight.
NMR results for 13C and proton spectra are in Figure A.10 and Figure A.11
respectively. A BMRB Metabolomics search was done on the 2D HSQC data and no clear
matches were found.
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Figure A.10 NMR 13C Spectrum
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Figure A.11 NMR 1H Spectrum
The two identified products made by M. buryatense 5GB1 that have a carbon
number of 4 are crotonate and succinate. Their structures are shown in Figure A.12. A
tool from the Institute of Chemical Sciences and Engineering was used to predict the
C13 NMR and H1 NMR spectra for these compounds and are shown in Figure A.13 and
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Figure A.14 for succinate, and Figure A.15 and Figure A.16 for crotonate (Patiny et al.,
2007). Neither of these predicted structures matched the NMR spectra found for 13C
and 1H.

(a)

(b)

Figure A.12 Chemical Structure for Crotonate (a) and Succinate (b)

Figure A.13 Succinate Predicted 13C Spectrum

Figure A.14 Succinate Predicted 1H Spectrum
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Figure A.15 Crotonate Predicted 13C Spectrum

Figure A.16 Crotonate Predicted 1H Spectrum
Subsequent samples from culture supernatant were found to have too many
compounds or too low of concentration for NMR identification. Given longer time, NMR
could be used to identify low molecular weight products. Diffusion NMR could possibly
be used to identify products as well. Alternatively, unknown peaks from work done on
the Dionex HPLC-UV could potentially be identified by collecting fractions of the eluent
at significant retention times, concentrating them, and then running NMR.
NMR analysis is not typically recommended for high total ionic strength because
ions can absorb the electromagnetic radiation used by the spectrometer, leading to
poor signal-to-noise ratio and heating of the sample (Bloomfield, 2015). Heating can
affect the quality of the spectrum and the purity of the sample if it leads to
decomposition (Bloomfield, 2015).

