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ABSTRACT

Methanotrophs and green algae are microorganisms that grow on single carbon
substrates. Methanotrophs are bacteria that use methane as their carbon source, and green algae
are eukaryotic phototrophs that grow on CO». They are of interest both as primary producers in
the environment and as biological catalysts for the conversion of greenhouse gases into value-
added compounds. Understanding how methanotrophs and green algae adapt to cultivation
stresses is key to understanding carbon cycling in the environment and in industrial settings.

This work uses stoichiometric metabolic modeling to investigate the role of carbon
storage compounds in the metabolism of C1-utilizing organisms. Storage compounds are
accumulated as intracellular reserves of polysaccharides or lipids, which can be catabolized
under stress conditions to provide carbon and energy to the cell. Catabolism of carbon storage
compounds often results in the excretion of multi-carbon organic compounds that can be utilized
as carbon substrates by other members of the microbial community. /n silico metabolic models
were developed for methanotroph and algal systems and used to examine the breakdown of
storage compounds in response to common cultivation stresses. For the aerobic methanotrophs,
predictions focused on the use of polyhydroxybutyrate and glycogen in adaptation to O»
limitation. For the green algae, starch and triacylglycerol reserves are analyzed as sources for
compatible solutes, which are produced by cells in response to high salinity conditions.
Metabolic modeling of storage compound utilization by methanotrophs and algae helps elucidate
the role of these organisms as primary producers and presents an opportunity for industrial
production of multi-carbon compounds from single carbon substrates.
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CHAPTER ONE

THE CARBON STORAGE COMPOUNDS OF AEROBIC METHANOTROPHS AND

GREEN ALGAE

Introduction

This work focuses on two types of microorganisms: aerobic methanotrophs and
photoautotrophic green algae. Aerobic methanotrophs are a subset of methylotrophic bacteria
that are able to use methane as their sole carbon and energy source (C. Anthony, 1982). Green
algae are photosynthetic eukaryotes that use the energy from sunlight to drive CO; fixation
(Borowitzka et al., 2016). Methane is the most reduced form of carbon, and CO» is the most
oxidized form, but growth on these compounds poses a similar problem for both organisms: the
conversion of a single-carbon substrate into the multi-carbon macromolecules that make up the
cell (Wood et al., 2004).

Both methanotrophs and green algae have been intensively researched as potential
biocatalysts because of their ability to transform methane and CO; into useful products at
ambient temperature and pressure. Methanotrophs have been used as a source of single-cell
protein. They have also been investigated for their ability to produce a variety of chemical
feedstocks, including methanol, ectoine, and biocompatible polymers (Strong et al., 2015). Green
algae are often researched for biofuel production (Vitova et al., 2014), but they have also been
cultivated as a source of single-cell protein and compounds like carotenoids, which can be used

as nutritional supplements (Gong & Bassi, 2016). Methane and CO; are readily available
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substrates, and since both are potent greenhouse gases, the products made using these
microorganisms could help mitigate the effects of climate change.

Methanotrophs and green algae often serve as primary producers in the environment
(Shelley et al., 2014). They provide metabolites to other microorganisms, either by biomass
turnover via cell lysis (Hunt et al., 2016; Ramanan et al., 2016), direct metabolite transfer
between closely associated community members (Abby et al., 2014), indirect metabolite leaking
of compounds from the cell (Hagemann, 2016), or by excretion of waste products (A. E. Beck et
al., 2017). To understand carbon cycling in the environment, we must understand the metabolism
and ecology of these primary producers.

CO: fixation and methane assimilation are both metabolically expensive processes.
Methanotrophs and algae, however, both accumulate carbon storage compounds that act as a
repository of carbon and energy. In methanotrophs, algae, and many other microorganisms,
degradation of these compounds helps cells survive during times of stress or starvation. While it
may seem inefficient for methanotrophs and algae to excrete multi-carbon compounds as
byproducts when they are growing on single carbon compounds, byproduct excretion is
commonly observed, especially when the microorganisms are catabolizing storage compounds.
Investigations into carbon storage compounds are important not just for the insight they provide
into the metabolism of the cell, but also because the byproducts can provide reduced carbon to

nearby microorganisms, establishing food webs.

This thesis investigates the accumulation and consumption of carbon storage compounds
by methanotrophs and algae, with an emphasis placed on the role lipid and polysaccharide stores

play in stress acclimation for these organisms. The role of storage compound degradation by
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autotrophs and methanotrophs is also examined as a source of reduced carbon compounds for

heterotrophic microbial communities associated with the primary producers.

Accumulation of Carbon Storage Compounds

Nutrient availability in the environment often fluctuates between abundance and scarcity.
Aerobic methanotrophs experience seasonal changes in the availability of methane (Shelley et
al., 2014) and even more frequent changes in O levels (Roslev & King, 1995). Diurnal shifts in
light limit the amount of time that algae can power carbon fixation by photosynthesis (Raven &
Beardall, 2016). Like many other microorganisms, aerobic methanotrophs and green algae both
accumulate carbon storage compounds under conditions of excess carbon or energy relative to
the availability of other nutrients like nitrogen or phosphorus. These intracellular storage
compounds can then be degraded for energy and carbon when resources like light, methane, or
O, are scarce (Wilkinson, 1959).

Carbon storage compounds are broadly divided into two classes: polysaccharides and
lipids. The polysaccharide storage compounds include glycogen and starch, which are
synthesized in an ATP-dependent pathway that links glucose monomers via glycosidic bonds.
Glycogen and starch have essentially the same chemical composition but differ in their
branching patterns (Brust et al., 2020). Glycogen is highly branched, making it easier to be
degraded and accessed for quick energy, as degradative enzymes have many terminal sugar
molecules with which to bind and act on. Starch, meanwhile, typically has a more linear
organization with fewer branch points (M. A. Sutherland, 2000). The branching results in
different chemical properties; glycogen is typically water-soluble, while starch packs tightly and

is insoluble in water (Brust et al., 2020).
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Lipids are hydrophobic compounds that are typically present in the cell as either
phospholipids or triacylglycerols. Phospholipids and other polar lipids make up membranes in
the cell, as their polar nature gives them a hydrophobic tail and hydrophilic head that readily
form the lipid bilayers that separate the cell interior from the environment (Tymoczko et al.,
2015). Nonpolar lipids are used by cells as intracellular storage compounds (M. A. Sutherland,
2000). In algae, storage lipids typically take the form of triacylglycerols, which are fatty acids of
various lengths bound together by a glycerol backbone (Vitova et al., 2014). In
alphaproteobacterial methanotrophs, polyhydroxybutyrate (PHB) and other
polyhydroxyalkanoates are used as lipid storage compounds (Pieja, Rostkowski, et al., 2011; Ren

et al., 2009).

Carbon Storage Compounds of Aerobic Methanotrophs

This work focuses on two types of aerobic methanotrophs: the gammaproteobacterial
methanotrophs, which use the ribulose monophosphate (RuMP) pathway for methane
assimilation, and the alphaproteobacterial methanotrophs, which use the serine pathway for
methane assimilation (Hanson & Hanson, 1996). The gammaproteobacterial methanotrophs
funnel methane from the RuMP pathway into glycolytic pathways, allowing for easy production
of glycogen (S. Yu But et al., 2020). The serine pathway methanotrophs, however, use the
ethylmalonyl-CoA (EMC) pathway to replenish intermediates in the serine pathway and continue
methane assimilation. The EMC pathway shares several metabolic intermediates with
polyhydroxybutyrate (PHB) synthesis (Peyraud et al., 2009). The alphaproteobacterial
methanotrophs are able to accumulate PHB, while the gammaproteobacterial methanotrophs use

glycogen as a storage compound (Pieja, Rostkowski, et al., 2011).



Figure 1.1. Methane assimilation pathway of alphaproteobacterial methanotrophs showing the
formation of polyhydroxybutyrate (PHB) from intermediates of the serine pathway.
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Figure 1.2. Methane assimilation pathway of gammaproteobacterial methanotrophs, showing the
formation of glycogen from intermediates of glycolysis.
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Carbon Storage Compounds of Green Algae

Green algae are known to accumulate both starch and lipids. Starch is a combination of
the polysaccharides amylose and amylopectin and forms hydrophobic granules. The nonpolar
storage lipids in algae are typically triacylglycerols, with chain length determined by the species.

Chain lengths of 16 to 20 are most common (Vitova et al., 2014). Starch is accumulated in the
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chloroplast. Lipids are typically found in the cytoplasm (Moriyama et al., 2018). Starch is a
common carbon storage compound in algae, and it appears to be favored over lipids for
providing energy to the cell. Lipids, however, make good electron sinks because of their high
degree of reduction and can be favored under growth conditions with a high amount of energy,
like high light conditions (Cecchin et al., 2019). As lipids are more electron dense, they allow for

more energy storage while occupying a smaller volume than starch (Vitova et al., 2014).

Figure 1.3. Abbreviated carbon fixation in green algae, including starch and triacylglycerol
synthesis.

co,

Ribulose-1,5-bisphosphate 3-phosphoglycerate ===p Glycolysis === | Starch

K Calvin Cycle /
Glycerone phosphate
v

Fatty acid g Acetyl-CoA

Triacylglycerol

Lipid and Polysaccharide Accumulation Triggers

Nitrogen limitation triggers lipid accumulation in methanotrophs and algae (Pieja,
Sundstrom, et al., 2011; Yap et al., 2016). This is the most common lipid production strategy

used in industry and in research. Because cells require nitrogen for amino acids and other
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macromolecules, they cannot grow without nitrogen. Two-stage cultivation methods are often
used to trigger lipid accumulation, where the first stage focuses on a high biomass production
and the second stage limits nitrogen in order to trigger lipid overproduction (Pieja, Sundstrom, et
al., 2011; Vitova et al., 2014). Nitrogen limitation can also trigger polysaccharide accumulation
in both algae and methanotrophs, although algae subjected to nitrogen limitation often
preferentially accumulate lipids over starch (Khmelenina et al., 1999; Vitova et al., 2014).
Phosphorous limitation can have similar effects as nitrogen limitation in algae (Guschina &
Harwood, 2006). In green algae, salt stress has been shown to trigger lipid and starch
accumulation (Goyal, 2007; Morales-Sanchez et al., 2017). High light conditions have been
shown to favor production of lipids over starch in microalgae, likely because lipids are more
electron dense and act as a better electron sink (Cecchin et al., 2019). Micronutrient limitation
can trigger lipid and starch accumulation, as well. Algal cultivation under Mg*" or Ca**
limitation has been shown to trigger both de novo synthesis of lipids (rather than conversion of

starch to lipids) and starch accumulation (Hanifzadeh et al., 2018).

Benefits of Degradation

Energy Production

During the day, green algae use energy from sunlight to power carbon fixation via the
Calvin cycle. At night, when no light energy is available, they use carbon storage compounds to
produce cellular energy. While starch is the main energy reserve utilized by algae,
triacylglycerols can also be broken down for energy, provided O2 is available as an electron sink

(Vitova et al., 2014).
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In alphaproteobacterial methanotrophs, PHB degradation is used mainly to provide
energy for the cell under either O> or methane limited conditions (Pieja, Sundstrom, et al., 2011).
PHB degradation has also been hypothesized to provide energy for nitrogen fixation and for

methane oxidation, even during carbon replete growth (Pieja, Sundstrom, et al., 2011; Zhang et

al., 2019).

Low O, Conditions

O: is needed by the aerobic methanotrophs both for methane assimilation via methane
monooxygenases and as a terminal electron acceptor. Some gammaproteobacterial
methanotrophs can directly ferment methane to reduced carbon byproducts, effectively
partitioning Oz between biosynthetic processes and the electron transport chain (Kalyuzhnaya et
al., 2013). Other methanotrophs rely on fermentation of carbon storage compounds to survive
low O2 conditions (Thomson et al., 1976; Margarita Vecherskaya et al., 2009). PHB fermentation
could also supply reducing power for methane assimilation during recovery from O, or methane
limitation, which would shorten the lag phase and provide a competitive growth advantage
(Pieja, Sundstrom, et al., 2011).

Green algae produce O> as a byproduct of oxygenic photosynthesis in the presence of
light. In the dark, however, cultures can become anoxic due to a high demand for O,. Starch can
be fermented in the dark under low Oz conditions to provide maintenance energy and potentially
to help prepare the cell for greater metabolic activity once light becomes available (Raven &
Beardall, 2016). Triacylglycerol stores, however, are broken down via the Oz-requiring 3

oxidation pathway, limiting their utility during dark O limitation.



Production of Compatible Solutes

Compatible solutes are small, water soluble organic compounds that are produced by
cells in order to maintain appropriate intracellular osmotic pressure relative to the environment
(Hagemann, 2016; Oren, 2001). They are often produced under conditions of high environmental
osmotic pressure in places like the ocean or soda lakes. In green algae, starch can be degraded to
the compatible solute glycerol even during light conditions, when Calvin cycle carbon could also
be used to form glycerol. The amount of glycerol produced from starch vs. the Calvin cycle
increases in a Dunaliella species with increasing salt stress, showing that starch reserves are
beneficial for survival under high salt conditions (Goyal, 2007). Glycerol could also be produced
from starch at night. Sucrose is another common compatible solute and is produced by both
methanotrophs and green algae. Sucrose accumulation has been shown in a salt-tolerant
gammaproteobacterial methanotroph and is tightly linked to glycogen accumulation (S. Yu But
et al., 2020; Khmelenina et al., 1999). In green algae, sucrose has been hypothesized to be

protective from heat stress in addition to osmotic pressure (Hagemann, 2016).

Metabolic Modeling

Stoichiometric metabolic modeling is used in this work to investigate carbon and energy
flow through microbial biochemical networks. Building an in silico metabolic model often uses
the genome of an organism, which defines the list of potential biochemical reactions that can be
catalyzed by the organism. Computational predictions can then be made for microorganisms
growth on different substrates or under different stress conditions. Models must be carefully

curated, mass and charge balanced, and have an accurate representation of the biomass
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composition of the organism to produce accurate results (A. Beck et al., 2018; Thiele & Palsson,
2010).

Chapter Two of this work uses Elementary Flux Mode Analysis (EFMA) to analyze core
metabolic models of aerobic methanotrophs. EFMA calculates all possible, minimal,
biochemical pathways for substrate flux through a metabolic system (elementary flux modes,
referred to here as EFMs or modes) (Trinh et al., 2009). This method is thus considered an
unbiased approach as the initial solutions are not limited by assumptions about constraints and
optimization criteria (A. E. Beck et al., 2017; Hunt et al., 2014). Each mode represents a
potential phenotype that could be realized by the organism of interest, and, because a large
number of possible modes are often predicted, different analytical methods are used to determine
which potential phenotypes are physiologically relevant for a given environment. One common
method is to rank the possible EFMs based on criteria or constraints that are proposed to be
competitive for survival of an organism. For example, a low resource cost criterion will select for
phenotypes that allow an organism to use a limiting substrate more efficiently. However,
metabolic pathways that produce a large amount of energy or biomass precursors, both of which
could be useful for an organism, often require a large input of resources from the environment
(R. P. Carlson, 2009). Competing multiple criteria against each other in this way defines a
tradeoff curve of optimal phenotypes that would be likely to be expressed by the organism.
EFMA is computationally demanding and as a result is best suited to analyzing modest models
of central carbon metabolism.

Chapter Three of this work uses Flux Balance Analysis (FBA) to analyze a model of

Chlorella sorokiniana SLA-04, a eukaryotic microalga. FBA is a linear optimization technique
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that incorporates optimization criteria directly, using an objective function to predict a single
optimal phenotype for a given scenario. Common optimality principles include maximization of
biomass yield, maximization of energy production, or minimization of limiting resources like O>
or nitrogen. FBA is commonly used to analyze larger metabolic models that are computationally

difficult to investigate using other methods (Orth et al., 2010).

Overview of Chapters

Chapter Two investigates the role of PHB and glycogen degradation in methanotroph
metabolism under O stress. Chapter Two also provides step-by-step instructions for building
core metabolic models of organisms with biochemistries that are not easily captured by
automated model building systems. Chapter Three compares the role of starch and lipids in algal
survival in the dark and under conditions of high osmotic stress. Chapter Four presents a KBase
workflow for analysis of microbial community interactions in a high alkalinity system. These
chapters have all been prepared as manuscript drafts. Chapter Five provides a summary of results

and proposes future research directions for each project.



12

CHAPTER TWO

THE ROLE OF CARBON STORAGE COMPOUNDS IN METHANOTROPH METABOLISM

UNDER HYPOXIC/ANOXIC GROWTH CONDITIONS: A MODELING APPROACH

Contribution of Authors and Co-Authors

Author: Adrienne D. Arnold

Contributions: Conceived and directed the research, performed analysis, conducted literature
review, wrote the manuscript

Co-Author: Dr. Ross P. Carlson

Contributions: Conceived and directed the research



13
Manuscript Information
Adrienne D. Arnold and Ross P. Carlson
[TBD]
Status of Manuscript:
__X__ Prepared for submission to a peer-reviewed journal
Officially submitted to a peer-reviewed journal

Accepted by a peer-reviewed journal
Published in a peer-reviewed journal



14

Abstract

Aerobic methanotrophs grow at oxic-anoxic interfaces and use competitive strategies to
survive low O; conditions. Partial denitrification and degradation of accumulated carbon storage
compounds are two common methods for producing cellular energy under O»-limited conditions.
These two strategies are both ecologically important; partial denitrification produces nitrous
oxide, a potent greenhouse gas, and catabolism of carbon storage compounds produces organic
byproducts that can support associated heterotrophic organisms and thus influences methane
cycling. Two metabolic models were constructed, one for gammaproteobacterial (type 1) and one
for alphaproteobacterial (type II) methanotrophs. These models quantify the physiological limits

of the two methanotroph metabolisms at low O availability.

Motivation

Methanotrophs are prokaryotes that can utilize methane as their sole carbon and energy
source. These organisms convert methane to methanol and to multi-carbon compounds, a process
which is of both ecological and industrial importance. Methanotrophs can act as primary
producers in the environment by supplying multi-carbon compounds that support associated
microbiomes (Shelley et al., 2014). In industry, biological conversion of methane to chemical
feedstocks like methanol, formate, formaldehyde, and acetate can take place at ambient
temperature and pressure, allowing for a safer and less energy-intensive process that uses a
widely available and comparatively cheap carbon substrate (Strong et al., 2015).

The original categorization of methanotrophs by Whittenbury et al. in 1970 divided

methanotrophs into two main groups based on membrane morphology: the alphaproteobacterial
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(type II) methanotrophs, and the gammaproteobacterial (type I) methanotrophs (C. Anthony,
1982; Lawrence & Quayle, 1970; Whittenbury et al., 1970). This classification system has held,
and these two groups remain the best-studied aerobic methanotrophs. In addition to membrane
structure, several key metabolic functions delineate the two. Alphaproteobacterial methanotrophs
use the serine pathway for methane assimilation and can accumulate the storage compound
polyhydroxybutyrate (PHB). Gammaproteobacterial methanotrophs use the ribulose
monophosphate (RuMP) pathway for methane assimilation and accumulate glycogen as a storage
compound.

Type I and type II methanotrophs both use methane monooxygenases as the first step in
both assimilatory and dissimilatory methane metabolism. These enzymes require both electrons
and O; to convert methane to methanol, which is then converted to formaldehyde. For
assimilatory metabolism, formaldehyde is incorporated into biomass; for dissimilatory
metabolism, it is oxidized to CO; (Ross & Rosenzweig, 2017). Despite their obligate
requirement for O2, however, natural populations of methanotrophs are often found growing at
oxic-anoxic interfaces (reviewed in Guerrero-Cruz et al., 2021). This raises the question of how
obligately aerobic methanotrophs both survive and remain competitive under low O> conditions.

Many methanotrophs have genes encoding the partial (aerobic) denitrification pathway,
where NOs™ is reduced to nitrous oxide (N2O). Nitrate reduction under low O> conditions with
methane as an electron donor has been known for many years (Costa et al., 2000; Guerrero-Cruz
et al., 2021; Kits et al., 2015). Nitrate reduction by methanotrophs has important implications for
climate change and nitrogen cycling, as N>O is a more potent greenhouse gas than methane and

is difficult to biologically or chemically convert to nitrate (Stein, 2020; Stein & Klotz, 2011).
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In addition to denitrification, type I methanotrophs can “ferment” methane via the RuMP
pathway and a pyrophosphate (PPi)-dependent glycolysis. Growth of Methylomicrobium
alcaliphilum 20Z in chemostat cultures under low oxygen conditions resulted in the production
of organic acids indicative of fermentation (formate, acetate, lactate, and, under batch conditions
with an N> headspace, succinate and 3-hydroxybutyrate) as well as production of Hz. Roughly
50% of the '3C-methane consumed under these low oxygen conditions was excreted as organic
acids (Kalyuzhnaya et al., 2013). These results were later investigated in a metabolic modeling
study of M. alcaliphilum 20Z, where it was predicted that acetate produced from the
phosphoketolase pathway was the main method of ATP generation under low O levels. It should
be noted that several organic acid byproducts were included in the biomass term of this model
(Akberdin et al., 2018). While the term “fermentation” is used to describe this type of growth, O»
is still required to oxidize methane.

An alternative to direct fermentation of methane is the catabolism of carbon storage
compounds. Many microorganisms use storage compounds like glycogen and PHB for
supplemental energy or carbon under stress conditions where exogenous resources are not
present in a sufficient amount to meet the demands of cellular processes. These conditions
include O; scarcity, which is likely to be experienced by methanotrophs living at oxic-anoxic
zones on a regular basis (Roslev & King, 1994). The type of storage compound that is
accumulated by the organism depends both on its metabolic capabilities and on environmental
conditions like substrate availability (Wilkinson, 1959, 1963). In methanotrophs, it is known that
type Il methanotrophs preferentially accumulate PHB (Pieja, Rostkowski, et al., 2011), synthesis

of which shares several steps with the ethylmalonyl-CoA (EMC) pathway that is used by these
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organisms to drive the serine pathway for methane assimilation. Type I methanotrophs
accumulate glycogen, which is readily produced via a combination of gluconeogenesis and the
RuMP pathway for methane assimilation.

There are reports of production of organic acids by type II methanotrophs under
starvation conditions dating back many decades. One early report in Methylosinus trichosporium
OB3b, a model alphaproteobacterial methanotroph (Stein et al., 2010), detailed the accumulation
of acetone with the concomitant degradation of PHB. Interestingly, degradation of PHB was seen
only under conditions where OB3b was incubated with compounds that are now known to
interact with its MMOs but cannot support growth, suggesting that PHB consumption is used to
power methane oxidation after a period of carbon starvation (Thomson et al., 1976). In other
organisms, PHB consumption has been shown to support replication, not just energy production,
although this has not been reported for methanotrophs (early reports summarized in Wilkinson,
1959).

Several additional studies reinforce the premise of PHB catabolism for energy generation
rather than cell division in type II methanotrophs. A study in Methylocystis parvus OBBP
demonstrated that PHB breakdown did not lead to cell replication, and little PHB was consumed
when carbon and nitrogen limitation conditions were applied. Supplementation with formate, a
Ci electron donor, delayed PHB consumption, while supplementation with glyoxylate, a C>
donor, did not (Pieja, Sundstrom, et al., 2011). Degradation of PHB under starvation conditions
to acetone, acetate, butyrate (butanoate), isopropanol, 2,3-butanediol, and succinate in
Methylocystis parvus MTS was shown in both short-term (two week) and long-term (90 day)

experiments, although cell counts were not determined (M. Vecherskaya et al., 2001; Margarita
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Vecherskaya et al., 2009). The authors suggest that which metabolites were excreted depended
on whether starvation conditions were anaerobic or microaerobic (Margarita Vecherskaya et al.,
2009). PHB degradation has also been linked to denitrification (Dam et al., 2013).

In addition to consumption under anoxic conditions, several studies have demonstrated
the cyclical accumulation and consumption of PHB under nutrient replete growth (Pieja,
Sundstrom, et al., 2011; Ren et al., 2009). In a study in M. trichosporium OB3b, PHB
consumption was proposed to power N> fixation (Zhang et al., 2019). A transcriptomics study of
M. trichosporium OB3b also showed that both PHB synthesis and degradation genes were
expressed at the same time (Matsen et al., 2013).

There are also earlier reports of organic acid production by gammaproteobacterial
methanotrophs, with the carbon source for these generally being attributed not to methane
fermentation, but instead to the breakdown of carbon storage byproducts like glycogen
(Kalyuzhnaya et al., 2013). Methane fermentation and glycogen or PHB degradation both release
organic byproducts to the environment, potentially supporting associated heterotrophic
communities and influencing microbial community structure at oxic-anoxic interfaces. Methane
conversion to these byproducts also has important implications for global methane cycling.

This paper aims to address the role of carbon storage compounds in methanotroph growth
under both oxic and anoxic conditions. The driving questions are as follows:

1. How does consumption of storage compounds in type I and type II methanotrophs
compare to other possible acclimation strategies for low O conditions, like partial
denitrification? Does production of different fermentative byproducts depend on

the degree of O scarcity?
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. Is the degradation of these storage compounds likely to result in high levels of
organic acids being secreted from the methanotrophs? If so, could this be part of
the mechanism for carbon transfer between methanotrophs and heterotrophs?
Can the stored energy and carbon theoretically be used for growth, or is it more
likely (as is generally accepted for at least alphaproteobacterial methanotrophs)
that the stored compounds are used to fuel a restart of the energy-intensive
methane oxidation process after starvation? Does the same trend hold for both
PHB and glycogen consumption?

. What are the predicted effects/purpose of co-consumption of methane and PHB or
glycogen under nutrient replete conditions?

. It was long thought that both alpha- and gammaproteobacterial methanotrophs
could produce PHB, but more recent studies have shown PHB is only
accumulated by the alphaproteobacterial methanotrophs. Could
alphaproteobacterial methanotrophs theoretically use glycogen as a carbon storage
compound instead of PHB? If not, is there an energetic constraint, or rather a flux
constraint, as little carbon should be flowing through gluconeogenesis vs. the
ethylmalonyl-CoA (EMC) pathway?

. Methanotrophs consume the greenhouse gas methane while producing CO, and
sometimes nitrous oxide. Under what conditions are methanotrophs predicted to
decrease greenhouse gas burden, and when are they expected to contribute to

climate change?
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7. How does copper limitation impact respiration in alphaproteobacterial

methanotrophs?

This chapter uses elementary flux mode analysis to compare the central carbon
metabolism of type I and type II methanotrophs. Emphasis is placed on the ways in which central
carbon metabolism structure influences the carbon storage compounds that are utilized by
methanotrophs, and how O limitation impacts the breakdown of these storage products, which
supplies multi-carbon nutrients for other microorganisms in the environment. The role of
methanotrophs in greenhouse gas cycling is also examined.

This work also details the steps required to build and analyze a core-scale metabolic
model of organisms with metabolisms that are not easily captured by automated model building
tools such as KBase (Edirisinghe et al., 2016). While protocols have been developed for building
metabolic models, they tend to focus on high-level modeling processes or refinement of genome-
scale models (Thiele & Palsson, 2010). This work shows the process of building a detailed core
metabolic model with demonstrations of how model construction influences predictions.
Literature reviews are followed by in-depth explanations of reaction incorporation and

development.

Methods

Two core-scale metabolic models were constructed: one for type II methanotrophs, and
one for type I methanotrophs. These models include reactions for central carbon, nitrogen, and
energy metabolism, including fermentative pathways. The alphaproteobacterial model

additionally includes the EMC pathway and reactions for PHB production and degradation. The
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gammaproteobacterial model includes the Entner-Doudoroff glycolytic pathway and the
phosphoketolase pathway as well as glycogen synthesis and breakdown. Details on these
pathways and their inclusion in their respective models are provided in the “Biochemistry”
section and in the supplemental files. Global Warming Potential (GWP) calculations are included
within the model, allowing for predictions of greenhouse gas release by methanotrophs under
different cultivation conditions. The integration of GWP into model reactions is based on a
technique developed in Beck et al., 2022 for analysis membrane occupancy costs (Beck et al.,
2022, manuscript in progress). More information on these reactions is in the GWP section.

Reactions included in the model were designed using the MetaCyc, KEGG, and
BRENDA databases as well as information from literature. Where possible, metabolite names
are based on MetaCyc conventions. Transport reactions include the uptake of methane, O»,
nitrate, ammonium, N>, and phosphate. Nitrate and phosphate transport are both ATP-dependent.
Reversible reactions are present for water and proton transport. Excretion reactions are present
for methanol, formate, acetate, acetone, ethanol, succinate, and pyruvate. The type Il model
includes PHB formation and uptake reactions. The type I model includes glycogen formation and
uptake.

The biomass terms of the models are comprised of the central carbon metabolites that are
precursors for the macromolecules of the cell. They are based on the biomass term developed in
Carlson, 2007 on the theory proposed in Neidhardt et al., 1990 (R. P. Carlson, 2007; R. Carlson
& Srienc, 2004; Neidhardt et al., 1990a; Varma & Palsson, 1994). Where possible, the biomass
term reflects the cellular composition of M. trichosporium OB3b (Yang et al., 2013). Where no

values had been determined for OB3b, values from Escherichia coli were used (Neidhardt et al.,
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1990a). The biomass term is in units of moles, and where experimental values were given in
terms of ratios or cell dry weights, appropriate conversions were made using the molar mass of
the compounds and the standard conversion of 24 grams cell dry weight = 1 carbon mole (Cmol)
of biomass. The degree of reduction was adjusted to 4.2 moles of electrons per Cmol biomass on
an ammonium basis for the nitrogen species using the NADPH balance to adjust electrons. The
type Il model uses PHB as a carbon storage compound, while the type I model uses glycogen.

ATP maintenance adjustments were made using the detailed measurements in
Rostkowski et al., 2013 for growth of OB3b on nitrate and methane. Roughly 3.4 moles of ATP
are required per Cmol of biomass. All predictions in this paper are for growth on nitrate,
however, growth measurements are available for ammonium and N> cultivation, as well, making
nitrogen source comparisons a good possibility for future directions (Rostkowski et al., 2013).
For ease of comparison, the biomass terms for both models use the same overall ATP
requirement.

These models were compared using elementary flux mode analysis (EFMA). EFMA
determines all of the possible minimal pathways (modes) for flux through a metabolic network.
Each mode can be considered a possible phenotype that could be expressed by the organism.
Optimization criteria for maximization of biomass and efficient use of limiting resources were
used to determine which phenotypes are most likely to be expressed under different stress
conditions. Model construction and EFMA was performed in CellNetAnalyzer (von Kamp et al.,
2017). Tradeoff curve analysis code was modified from Beck, 2020 (A. E. Beck, 2020).

Both the type I and the type II models are also available in Escher-FBA. Escher-FBA is

an online modeling tool that allows for fast and easy visualization of flux predictions without the
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need for coding or modeling programs (Rowe et al., 2018). It should be noted that both the type I
and the type Il models follow EFMA conventions, not FBA conventions, for the reaction
directionality. Escher-FBA is also a simplified modeling program and does not currently filter
out two-reaction loops as CellNetAnalyzer does, which can substantially impact predictions
made within the web application. Future updates to Escher-FBA may reduce this problem by
implementing loopless FBA techniques, which have been developed for other prediction tools

(Rowe et al., 2018; Schellenberger et al., 2011).

Biochemistry

Methane Oxidation: Literature Review

Figure 2.1. Methane monooxygenase reactions as written in the type I and type II models. QH2
refers to quinol, and Q refers to quinone.
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Figure 2.1 Continued.

direct_coupling

methane formaldehyde

Methane assimilation begins with the energy-requiring oxidation of methane to methanol
by one of two methane monooxygenases: the membrane-bound particulate methane
monooxygenase (pMMO) or the cytoplasmic soluble methane monooxygenase (sMMO). sMMO
is proposed to use NADH as an electron source, and while the electron source of pPMMO has not
been definitively determined, though it is thought to be a quinol (D.-W. Choi et al., 2003;
Hakemian et al., 2008). Other methods of electron transfer to pMMO have been proposed,
including direct coupling of methanol dehydrogenase to pMMO, which uses the electrons
produced in the oxidation of methanol to power further methane oxidation (Akberdin et al.,
2018; Tonge et al., 1977). sMMO is also less specific for methane and can oxidize a wider range
of substrates, although these cannot be used by methanotrophs for energy or growth (Semrau et
al., 2018). The lower energy requirement and higher specificity make pMMO the most
metabolically efficient methane monooxygenase under ideal culturing environments (Semrau et
al., 2010).

The majority of methanotrophs express pMMO, some express both sMMO and pMMO
(Hakemian & Rosenzweig, 2007), and at least one methanotroph (a marine methanotroph)
expresses only sMMO (Vekeman et al., 2016). In the methanotrophs that can express both

sMMO and pMMO, expression is tightly controlled by a mechanism referred to as the “copper
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switch” (Park et al., 1991; Semrau et al., 2018; Stanley et al., 1983). The active site of pMMO
contains copper, and, as a result, its expression is dependent on copper availability. At low
copper to biomass ratios, SMMO is the sole methane monooxygenase expressed. At high copper
to biomass concentrations, only pMMO is expressed (D.-W. Choi et al., 2003). The copper
switch has extensive effects on gene expression and metabolism (Gu & Semrau, 2017; Matsen et
al., 2013).

Methanobactin is a chalkophore used by methanotrophs to acquire copper from the
environment. It has an incredibly high binding affinity for copper (10'® M) and similar metals
and has even been shown to inhibit copper-requiring metabolism in other microorganisms
(Balasubramanian et al., 2011; Balasubramanian & Rosenzweig, 2008; Chang et al., 2018;
McCabe et al., 2017; Stein, 2020). It is excreted in the unbound form, then reacquired as a
methanobactin-copper complex by the methanotroph via active transport, although soluble
copper can also be taken up via porins (Balasubramanian et al., 2011). When copper is provided
in an insoluble form, methanobactin is required to trigger the copper switch between sMMO and
pMMO, indicating that it is especially useful for pMMO expressing methanotrophs grown on
insoluble copper sources (Knapp et al., 2007). Methanobactin also has peroxidase activity and
may help reduce oxidative stress (D.-W. Choi et al., 2003; D. W. Choi et al., 2008). sMMO
expression may be triggered even in the presence of copper if other metals are present in high
enough concentrations to prevent copper binding to methanobactin (Kalidass et al., 2014).

The number of copper atoms required for pMMO activity has been debated for years,
with estimates generally ranging between 2 and 20 copper atoms per enzyme. (Lieberman &

Rosenzweig, 2004; Semrau et al., 2010). Several reasons have been proposed for the



26
discrepancy in estimates: the number of copper atoms in pMMO may vary between different
methanotroph species (Hakemian et al., 2008); preparations of membrane-bound enzymes are
difficult and differences in wash protocols may result in the retention of excess metal ions
(Lieberman & Rosenzweig, 2004); binding of methanobactin to pMMO preparations, which
increases pMMO activity, increases the copper atom count (D.-W. Choi et al., 2003; Hakemian
& Rosenzweig, 2007). pMMO is also proposed to sometimes contain a diiron center, which may
catalyze the actual reaction of methane oxidation (Semrau et al 2010). Zinc has also been
detected in pMMO preparations (Semrau et al., 2010) and in methanobactin solutions when little
copper is present (H. J. Kim et al., 2005), but it is likely that this binding is not relevant to

pMMO function in vivo.

Methane Oxidation: Model Construction. In the presented work, two reactions are
included for pMMO: one using the direct coupling method of reduction, and one using the quinol
pool as a source of reductants. The direct coupling method for pMMO was better able to
replicate experimental values of biomass yields for the type II methanotrophs and thus is the
focus of modeling predictions (discussed in the ATP maintenance section). For the sMMO
reaction, only NADH was investigated as a reductant. A value of 3 copper atoms per pMMO
reaction is used (Hakemian et al., 2008). No iron atoms were included in the metal content of
pMMO, based on the findings of Hakemian, et al. for Methylosinus trichosporium OB3b

(Hakemian et al., 2008).
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Table 2.1. Methane oxidation reactions incorporated into the models on the basis of the literature
review. QH2 is used as an abbreviation for a generic quinol, and Q is used to represent a generic
quinone.

Model Reactions: Methane Oxidation

Model Enzyme Reaction Copper | Iron
cost cost
Both Particulate methane | methane + QH2 + O2 = methanol + Q + 3 0
monooxygenase H20
(pMMO)
Both Soluble methane methane + NADH + H+ + Oz = methanol + | 0 2
monooxygenase NAD+ + H,O
(sMMO)
Both | Direct coupling of | methane + O2 = formaldehyde + H20 3 1
pMMO and
methanol
dehydrogenase

Methanol Oxidation: Literature Review

Figure 2.2. The methanol dehydrogenase reaction in the type I and type II models. Cytc is used
as an abbreviation for an oxidized cytochrome c, and cytcE is an abbreviation for a reduced
cytochrome c. H pmf refers to protons that contribute to the proton motive force.

Methanol dehydrogenase

cytochrome ¢ methanol dehydrogenase
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After the initial step of methane oxidation to methanol, methanol is oxidized to
formaldehyde by methanol dehydrogenase. Methanol dehydrogenase is pyrroloquinoline quinone
(PQQ)-dependent with cytochrome c as its electron acceptor. Methanol dehydrogenase is located
in the periplasm and generates protons that contribute to the proton motive force. See Anthony,

1992, Anthony et al., 1994, and Anthony and Williams, 2003 for overviews of research into the
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fundamental workings of methanol dehydrogenase (C. Anthony et al., 1994; Christopher
Anthony, 1992; Christopher Anthony & Williams, 2003).

There are two classes of methanol dehydrogenase in methanotrophs: one with calcium in
its active site (Mxa-MeDH) and one with a rare earth element (REE) in the active site (Xox-
MeDH) (Farhan Ul Haque et al., 2015; Hibi et al., 2011; Nakagawa et al., 2012; Pol et al., 2014).
Cerium and lanthanum have both been investigated for their role in methanol dehydrogenase
activity (Farhan Ul Haque et al., 2015; Good et al., 2019). The REE-dependent version of
methanol dehydrogenase appears to be more catalytically active (Hibi et al., 2011), likely
because the lanthanides can be stronger Lewis acids than calcium (Cotruvo, 2019). Its
expression, however, is subject both to copper levels, with low Cu levels promoting expression
of Xox MeDH, and concentration of the REE, with copper concentration appearing to be the
most important factor in both MeDH and genome-wide gene expression (Farhan Ul Haque et al.,
2015; Gu & Semrau, 2017). While some versions of Xox-MeDH produce formate from methanol
(Pol et al., 2014), studies in both Methylobacterium extorquens AM1 (Good et al., 2019) and
Methylosinus trichosporium OB3b (Gu & Semrau, 2017) show production of formaldehyde by
Xox-MeDH. Expression of Xox-MeDH is thus unlikely to negatively impact biomass
production, which in methanotrophs begins at formaldehyde.

Methanol Oxidation: Model Construction. A cytochrome c-dependent, proton-pumping

methanol dehydrogenase is included in the model. As the stoichiometric reactions are typically
the same for both types of methanol dehydrogenase and either can support growth in OB3b
(Farhan Ul Haque et al., 2016), no REE-dependence is included in this model. The iron cost for

methanol dehydrogenase is one atom based on the information for EC 1.1.2.7 in BRENDA.
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Table 2.2. Methanol oxidation reactions incorporated into the models on the basis of the
literature review. Cytc is used as an abbreviation for an oxidized cytochrome c, and cytcE is an
abbreviation for a reduced cytochrome c. H pmf refers to protons that contribute to the proton
motive force.

Model Reactions: Methanol Oxidation
Model Enzyme Reaction Copper | Iron
cost | cost
Both | Methanol methanol + 2 cytc = formaldehyde + 2 cytcE + 2 0 1
dehydrogenase | H pmf
(MeDH)

Formaldehvyde oxidation: Literature Review

There are three pathways for formaldehyde oxidation in methanotrophs: a formaldehyde
dehydrogenase, part of dissimilatory methane metabolism that converts formaldehyde directly to
formate; the assimilatory tetrahydromethanopterin (HsMPT) and tetrahydrofolate (THF)
pathways, which use different cofactors to carry out a four step oxidation of formaldehyde to
formate; and the ribulose monophosphate pathway, which is used by gammaproteobacterial
methanotrophs to funnel methane into glycolysis (Hanson & Hanson, 1996; Matsen et al., 2013;

Naizabekov & Lee, 2020).
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Formaldehvde dehydrogenase and formate dehydrogenase

Figure 2.3. Formaldehyde dehydrogenase and formate dehydrogenase reactions in the type I and
type Il models. Cytc is used as an abbreviation for an oxidized cytochrome c, and cytcE is an
abbreviation for a reduced cytochrome c. H pmf refers to protons that contribute to the proton
motive force.
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In dissimilatory methane metabolism, after the conversion of methanol to formaldehyde
by methanol dehydrogenase, it is thought that formaldehyde dehydrogenase converts
formaldehyde into formate (Hanson & Hanson, 1996). There are two main types of
formaldehyde dehydrogenases described in methanotrophs: one cytoplasmic, and one membrane-

bound. The cytoplasmic formaldehyde dehydrogenase is NAD-dependent, while the membrane
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bound is cytochrome-dependent. The cytochrome-dependent formaldehyde dehydrogenase has
been reported experimentally in OB3b (Patel et al., 1980), but in the genome study by Matsen et
al., only generic aldehyde dehydrogenases were found, two of the three of which were NAD-
dependent (Matsen et al., 2013). Previous studies in Methylococcus capsulatus Bath have shown
that expression of the two versions is linked to copper concentration, likely to balance electron
flow depending on the different cofactors for the MMOs being expressed (Hakemian &
Rosenzweig, 2007; Zahn et al., 2001). Others, however, have found that enzymes other than
formaldehyde dehydrogenase may be responsible for the NAD-dependent activity in M.
capsulatus Bath (Adeosun et al., 2004). The cytochrome-dependent formaldehyde
dehydrogenase contributes to the proton motive force.

An NAD-dependent formate dehydrogenase from OB3b has been purified and
characterized by two groups (Jollie & Lipscomb, 1991; Yoch et al., 1990). The sequence
encoding this enzyme was also found in the genome study by Matsen et al. (Matsen et al., 2013).
Other methanotrophs have multiple formate dehydrogenases, although it has been shown in
Methylobacterium extorquens AM1 that only one formate dehydrogenase is necessary for growth

on formate, and none are required for growth on methanol (Chistoserdova et al., 2000).
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H4sMPT and THF-based formaldehyde oxidation

Figure 2.4. Tetrahydromethanopterin (H4MPT) and tetrahydrofolate (THF) pathways for
formaldehyde oxidation.
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Many methanotrophs encode both the tetrahydromethanopterin (HsMPT) and the
tetrahydrofolate (THF) pathways for formaldehyde oxidation (Chistoserdova et al., 1998; Matsen
et al., 2013). Both of these cofactor-dependent pathways are linear and result in the production of
formate (Vorholt, 2002). The HsMPT pathway has been shown to be the most active pathway in
several methanotrophs during growth on methane (Crowther et al., 2008; Matsen et al., 2013;
Pomper et al., 1999). This is likely due to thermodynamic differences between the two methyl
group carriers, with H4MPT transferring methyl groups more easily, and because of energy
differences between the two pathways, as the HIMPT pathway can generate NADH (Maden,
2000; Vorholt, 2002). The HsMPT pathway does require an additional ATP, however (Crowther

et al., 2008). 5,10-methylenetetrahydrofolate, an intermediate of the THF pathway that can be
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generated using either majority HsMPT- or THF-dependent enzymes, is the donor of the 1C

group from methane into the serine pathway in type Il methanotrophs (Crowther et al., 2008).

Ribulose monophosphate pathway

Figure 2.5: Ribulose monophosphate (RuMP) pathway in the type I model.
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The ribulose monosphosphate (RuMP) pathway is present only in type I methanotrophs
and 1s used for methane assimilation in these organisms. There are two steps: the condensation of
formaldehyde with ribulose-5-phosphate to form a phosphorylated six carbon hexose, and the
conversion of that hexose to fructose 6-phosphate (Khmelenina et al., 2019). From there,
assimilation proceeds via glycolytic pathways.

Formaldehyde Oxidation: Model Incorporation. While there is continued debate over

which version of formaldehyde dehydrogenase is encoded by different methanotrophs and over
the relevance of this type of formaldehyde dehydrogenase in methanotroph metabolism (Klein et
al., 2022; Vorholt, 2002), for completeness both possible reactions are included in the model.
Only the NAD-dependent formate dehydrogenase is included in the model, as it is thought to be
the most common form of formate dehydrogenase in methanotrophs (Hanson & Hanson, 1996).
Both models contain the HsMPT and THF pathways for formaldehyde oxidation. It should be
noted that this does allow for formaldehyde assimilation via the serine pathway in type |

methanotrophs (the presence of this pathway is described below). Modes that used the serine
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pathway for formaldehyde assimilation were removed from analysis of the type I growth on
methane, as the RuMP pathway is the major method of methane assimilation in

gammaproteobacterial methanotrophs. Only the type I model includes the reactions for the

RuMP pathway.

Table 2.3. Reactions for formaldehyde metabolism in type I and type II models. Cytc is used as
an abbreviation for an oxidized cytochrome c, and cytcE is an abbreviation for a reduced

cytochrome c. H pmf refers to protons that contribute to the proton motive force.

Model Reactions: Formaldehyde Oxidation
Model Enzyme Reaction Copper | Iron
cost | cost
Both Formaldehyde formaldehyde + NAD+ + H20 = 0 0
dehydrogenase formate + NADH + 2 H+
Both Formaldehyde formaldehyde + 2 cytc + H20 = 0 0
dehydrogenase formate + 2 cytcE + 3 H pmf
(cytochrome)
Both formate dehydrogenase formate + NAD+ = NADH + CO2 0 4
Both 5,6,7,8- formaldehyde + 0 0
tetrahydromethanopterin tetrahydromethanopterin = H20 +
hydro-lyase 5,10-methylene-
tetrahydromethanopterin
Both NAD(P)-dependent 5,10-methylene- 0 0
methylene H4MPT tetrahydromethanopterin + NAD+ =
dehydrogenase 5,10-
methenyltetrahydromethanopterin +
NADH
Both NAD(P)-dependent 5,10-methylene- 0 0
methylene H4AMPT tetrahydromethanopterin + NADP+ =
dehydrogenase 5,10-
methenyltetrahydromethanopterin +
NADPH
Both methenyltetrahydropterin 5,10- 0 0
cyclohydrolase methenyltetrahydromethanopterin +
H20 = 5-formyl-
tetrahydromethanopterin + H+
Both formyltransferase/hydrolase | 5-formyl-tetrahydromethanopterin + 0 0
complex H20 = formate +
tetrahydromethanopterin + H+
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Both spontaneous formaldehyde + tetrahydrofolate =
5,10-methylenetetrahydrofolate +
H20
Both methylenetetrahydrofolate | 5,10-methylenetetrahydrofolate +
dehydrogenase (NADP+) NADP+ = 5,10-
methenyltetrahydrofolate + NADPH
Type II | methenyl tetrahydrofolate 5,10-methenyltetrahydrofolate + H20
cyclohydrolase = 10-formyl-tetrahydrofolate + H+
Both formate-tetrahydrofolate ATP + formate + tetrahydrofolate =
ligase ADP + 10-formyl-tetrahydrofolate +
phosphate
Type I | 3-hexulose-6-phosphate D-ribulose 5-phosphate +
synthase formaldehyde = hexulose 6-phosphate
Type 1 | 6-phospho-3- hexulose 6-phosphate = B-D-
hexuloisomerase fructofuranose 6-phosphate




36

Serine Pathway: Literature Review

Figure 2.6. Serine pathway for formaldehyde assimilation in type Il methanotrophs. The
ethylmalonyl-CoA (EMC) pathway is used to replenish the glyoxylate supply if biomass
precursors are pulled off of the serine pathway. The type I model does not include
phosphoenolpyruvate carboxylase or methylene tetrahydrofolate cyclohydrolase.
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Figure 2.7. Ethylmalonyl-CoA (EMC) pathway and propanoyl-CoA degradation in the type II
model. The EMC converts two carbon compounds to four carbon compounds, generating
glyoxylate and propanoyl-CoA. Glyoxylate is used to power the serine pathway. Propanoyl-CoA
is degraded to succinyl-CoA and can enter the citric acid cycle. QH2 is used as an abbreviation
for a generic quinol, and Q is used to represent a generic quinone.
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Type II methanotrophs use the serine pathway for formaldehyde assimilation into
biomass (Khmelenina et al., 2019). The pathway begins with the conversion of glyoxylate to
glycine, with glycine then accepting a methyl group from an intermediate of the THF pathway.
2-phosphoglycerate, phosphoenolpyruvate, oxaloacetate, malate, and acetyl-CoA are all
intermediates of the serine pathway, making it a central hub for generation of biomass precursors
(Christopher Anthony, 2011). In most type II methanotrophs, including OB3b, the glyoxylate
required for the serine pathway is regenerated via the ethylmalonyl-CoA (EMC) pathway
(Matsen et al., 2013; Peyraud et al., 2009; Yang et al., 2013). Some alphaproteobacterial

methanotrophs use the glyoxylate shunt instead of the EMC pathway, which is less energy

intensive and requires fewer enzymes but results in less CO; fixation overall (Christopher
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Anthony, 2011; Crowther et al., 2008). The glyoxylate shunt has also been the focus of
metabolic engineering experiments in type II methanotrophs (Schada von Borzyskowski et al.,
2018).

Type I methanotrophs also encode the serine pathway (S. Y. But et al., 2017). A recent
series of studies examined the properties of key serine pathway enzymes from various
methanotrophs (Khmelenina et al., 2019). These studies generally support the idea of the serine
pathway as a major biosynthetic pathway in type II methanotrophs but as a formaldehyde-
detoxification method in type I methanotrophs (But et al., 2017, 2019; But et al., 2020).
Interestingly, the serine-glyoxylate aminotransferase of M. capsulatus Bath was shown to be able
to transfer an amino group from alanine to glyoxylate, rather than the typical serine to glyoxylate
transfer, which forms glycine. It is proposed that this reaction, in combination with the reaction
of alanine-pyruvate aminotransferase, could represent a link in gammaproteobacterial
methanotrophs between the key intermediate pyruvate and the serine pathway and TCA cycle (S.
Y. But et al., 2019). The alanine-glyoxylate transfer activity was lower than that of the standard
reaction and may not be physiologically relevant (S. Y. But et al., 2019).

Serine Pathway: Model Incorporation. The EMC pathway was included in the type I1

model as the method of glyoxylate generation. Isocitrate lyase was not included in either model,
as it is known to be present in few methylotrophs and is not essential for growth of type I
methanotrophs (Christopher Anthony, 2011). Alternative methods of glyoxylate generation in
type I methanotrophs are also not included, but represent an interesting possibility for future

studies (S. Y. But et al., 2019).



Most type I methanotrophs do not encode phosphoenolpyruvate carboxylase, so this
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enzyme is not included in the type I model (although there are some exceptions, and alternate

enzymes may exist—these are reviewed in Khmelenina et al., 2019). No gammaproteobacterial

methanotrophs encode methylene tetrahydrofolate cyclohydrolase, so it is likewise excluded
(Khmelenina et al., 2019) from the type I model, which reduces serine pathway function. To

prevent loops while running predictions for glycogen degradation in type I methanotrophs,

conversion of glycolytic intermediates to formate using the serine pathway was prevented. These

reactions would theoretically be possible, however, and could be analyzed in the future.

Table 2.4: Serine pathway reactions in the type I and type Il models. Ethylmalonyl-CoA pathway
reactions can be found in the supplemental file.

Model Reactions: Serine Pathway
Model Enzyme Reaction Copper | Iron
cost | cost
Both glycine glycine + 5,10- 0 0
hydroxymethyltransferase | methylenetetrahydrofolate + H20 = L-
(serine serine + tetrahydrofolate
hydroxymethyltransferase)
Both serine-glyoxylate glyoxylate + L-serine = glycine + 0 0
aminotransferase hydroxypyruvate
Both hydroxypyruvate hydroxypyruvate + NADH+ H+=D- |0 0
reductase glycerate + NAD+
Both hydroxypyruvate hydroxypyruvate + NADPH + H+=D- | 0 0
reductase glycerate + NADP+
Both glycerate kinase D-glycerate + ATP = 2-phospho-D- 0 0
glycerate + ADP + H+
Both 2,3-bisphosphoglycerate- | 2-phospho-D-glycerate = 3-phospho- 0 0
independent D-glycerate
phosphoglycerate mutase
Both enolase 2-phospho-D-glycerate = 0 0
phosphoenolpyruvate + 1 H20
Type II | phosphoenolpyruvate phosphoenolpyruvate + 0 0
carboxylase hydrogencarbonate = oxaloacetate +
phosphate
Both malate dehydrogenase oxaloacetate + NADH + H+ = (S)- 0 0
malate + NAD+
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Table 2.4 continued.

Both malate thiokinase (malate- | (S)-malate + ATP + coenzyme A = 0 0
CoA ligase) (S)-malyl-CoA + ADP + phosphate
Both malyl coenzyme A lyase (S)-malyl-CoA = acetyl-CoA + 0 0
glyoxylate

Citric Acid Cycle and Anaplerotic Reactions: Literature Review

Figure 2.8: Citric acid cycle and related reactions in both the type I and the type I models. QH2
is used as an abbreviation for a generic quinol, and Q is used to represent a generic quinone.
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The role and presence of the complete citric acid cycle (TCA) in methanotrophs has long

been debated (Khmelenina et al., 2019; Van Dien & Lidstrom, 2002; Wood et al., 2004). It was

previously hypothesized that missing enzymes in the TCA cycle may contribute to obligate

methanotrophy in some organisms. However, the complete set of genes for the TCA has been
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found in OB3b (Matsen et al., 2013), and a functionally complete TCA has been demonstrated in

Methylomicrobium buryatense SGB1 (Fu et al., 2017).

Citric Acid Cycle and Anaplerotic Reactions: Model Incorporation. All TCA cycle

reactions are included in both models. Both models additionally included an NAD-dependent

and an NADP-dependent malic enzyme (Matsen et al., 2013). Only the alphaproteobacterial

model includes phosphoenolpyruvate carboxylase. While genes for a presumed 2-oxoacid

ferredoxin oxidoreductase were identified in OB3b, that reaction is not currently included in the

model but could be used for future studies. Pyruvate carboxylase is included in both models on

the basis of its presence in OB3b and in the KEGG annotation for Methylomonas koyamae LM6

(D.-H. Lee et al., 2020; Matsen et al., 2013).

Table 2.5: TCA cycle reactions in type I and type II methanotrophs. QH2 represents a generic
reduced quinol, and Q represents a generic oxidized quinone.

Model Reactions: Citric Acid Cycle
Model Enzyme Reaction Copper | Iron
cost | cost
Both pyruvate dehydrogenase pyruvate + coenzyme A + NAD+ = 0 0
system (PDH) acetyl-CoA + CO2 + NADH
Both citrate synthase acetyl-CoA + oxaloacetate + H20 = 0 0
citrate + coenzyme A + H+
Both aconitate hydratase citrate = D-threo-isocitrate 0 0
Both isocitrate dehydrogenase D-threo-isocitrate + NADP+ = 2- 0 0
(NADP+) oxoglutarate + CO2 + NADPH
Both isocitrate dehydrogenase D-threo-isocitrate + NAD+ = 2- 0 0
(NAD+) oxoglutarate + CO2 + NADH
Both 2-oxoglutarate 2-oxoglutarate + coenzyme A + 0 0
dehydrogenase system NAD+ = succinyl-CoA + NADH +
COo2
Both succinate—CoA ligase ADP + phosphate + succinyl-CoA = 0 0
(ADP-forming) ATP + succinate + coenzyme A
Both succinate dehydrogenase succinate + Q = fumarate + QH2 0 0
Both fumarate hydratase fumarate + H20 = (S)-malate 0 0
Both NADP+ dependent malic | (S)-malate + NADP+ = pyruvate + 0 0
enzyme CO2 + NADPH
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Table 2.5 continued.

Both NAD+ dependent malic (S)-malate + NAD+ = pyruvate + CO2 | 0 0
enzyme + NADH
Both pyruvate carboxylase pyruvate + hydrogencarbonate + ATP | 0 0
= oxaloacetate + ADP + phosphate +
H+

Polyhydroxybutyrate Synthesis and Degradation: Model Incorporation

Figure 2.9: Polyhydroxybutyrate (PHB) synthesis and degradation reactions in the type I model.
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Figure 2.10. Fermentative metabolism in the type I and type II metabolic models. Acetone
synthesis proceeds from polyhydroxybutyrate degradation and is blocked in the type I model.
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PHB synthesis requires several enzymes of the EMC pathway (acetyl-CoA
acetyltransferase and acetoacetyl-CoA reductase) in addition to polyhydroxyalkanoate synthase.
In the type Il model, PHB is broken down first by the removal of a hydroxybutanoate monomer
from the PHB polymer, then by conversion of that molecule to acetoacetate and then to
acetoacetyl-CoA, which can re-enter the EMC pathway. Fermentation byproducts that can be
produced by the model are acetone, acetate, ethanol, lactate, pyruvate, and succinate. Acetone
production proceeds from acetoacetate, which is not a metabolic intermediate in the

gammaproteobacterial model, so acetone production is infeasible in the type I model.



Table 2.6. Polyhydroxybutyrate synthesis and degradation reactions in the type I and type II
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models.
Model Reactions: Polyhydroxybutyrate Synthesis and Degradation
Model Enzyme Reaction Copper | Iron
cost | cost
Type II | class I poly(R)- (3R)-3-hydroxybutanoyl-CoA + H20 = | 0 0
hydroxyalkanoic acid polyhydroxybutyrate produced +
synthase coenzyme A + H+
Type Il | polyhydroxyalkanoate polyhydroxybutyrate consumed = 3- 0 0
depolymerase hydroxybutanoate
Type I | 3-hydroxybutyrate NAD+ + 3-hydroxybutanoate = 0 0
dehydrogenase acetoacetate + NADH + H+
Type II | acetoacetate:CoA ligase ATP + acetoacetate + coenzyme A = 0 0
(AMP-forming) AMP + diphosphate + acetoacetyl-CoA
Table 2.7. Fermentative metabolism in type I and type Il models. Acetone production is
infeasible in type I methanotrophs.
Model Reactions: Fermentation
Model Enzyme Reaction Copper | Iron
cost | cost
Both phosphate acetyl-CoA + phosphate = 0 0
acetyltransferase acetyl phosphate + coenzyme A
Both acetate kinase acetyl phosphate + ADP = acetate + 0 0
ATP
Both acetaldehyde acetyl-CoA + NADH + H+ = 0 0
dehydrogenase acetaldehyde + coenzyme A + NAD+
Both alcohol dehydrogenase acetaldehyde + NADH + H+ = ethanol | 0 0
+ NAD+
Both acetoacetate acetoacetate + H+ = acetone + CO2 0 0
decarboxylase
Both D-lactate dehydrogenase pyruvate + NADH + H+ = (R)-lactate | 0 0

+ NAD+
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Glycolytic Pathways

Figure 2.11. Embden-Meyerhof-Parnas (EMP) glycolysis. In the type Il model, reaction
directions were adjusted to force flux through the gluconeogenic direction only.
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EMP Glycolysis: Model Incorporation. Both alpha- and gammaproteobacterial

methanotrophs encode several PP;-dependent enzymes in addition to the standard Embden-
Meyerhof-Parnas (EMP) glycolysis enzymes. The reversible PPi-phosphofructokinase (PPi-PFK)
is included in both models (Khmelenina et al., 2018; O. N. Rozova et al., 2012). Pyruvate
phosphate dikinase (PPDK) is also commonly found in both types of methanotrophs and was
included in both models. This makes glycolysis fully reversible (Khmelenina et al., 2018). PP;-
dependent phosphoenolpyruvate carboxykinase was not included in either model.

A proton-translocating pyrophosphatase is included in both models (Kalyuzhnaya et al.,

2013). An ATP diphosphatase is also included in both models to supply PP; where it is not
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already generated by steps of central carbon metabolism (this is more likely in the type Il model,

where gluconeogenesis rather than glycolysis is required at a higher rate). If multiple enzymes

can carry out one reaction (for example, the conversion of phosphoenolpyruvate to pyruvate

could be carried out either by PPDK or phosphoenolpyruvate), the PP;-dependent reaction was

used. This prevented the generation of ATP from PP; in metabolic loops. A reversible glycolysis

caused too many loops in the type II model, and as a result, glycolysis was altered to run only in

the gluconeogenic direction by making glucose 6-phosphate isomerase irreversible.

Table 2.8. Emden-Meyerhof-Parnas glycolysis in type I and type II models. To prevent loops in
the type Il model, glucose-6-phosphate dehydrogenase was made irreversible in the
gluconeogenic direction.

Model Reactions: Emden-Meyerhof-Parnas Glycolysis
Model Enzyme Reaction Copper | Iron
cost | cost
Both glucose-6-phosphate D-glucopyranose 6-phosphate =B-D- | 0 0
isomerase fructofuranose 6-phosphate
Both pyrophosphate dependent | B-D-fructofuranose 6-phosphate + 0 0
phosphofructokinase diphosphate = B-D-fructofuranose 1,6-
bisphosphate + phosphate + H+
Both fructose-1,6-bisphosphate | B-D-fructofuranose 1,6-bisphosphate | 0 0
aldolase = glycerone phosphate + D-
glyceraldehyde 3-phosphate
Both triosephosphate isomerase | glycerone phosphate = D- 0 0
glyceraldehyde 3-phosphate
Both glyceraldehyde-3- D-glyceraldehyde 3-phosphate + 0 0
phosphate dehydrogenase | NAD+ + phosphate = 3-phospho-D-
(triosephosphate glycerol phosphate + NADH + H+
dehydrogenase)
Both phosphoglycerate kinase 3-phospho-D-glycerol phosphate + 0 0
ADP =1 3-phospho-D-glycerate + 1
ATP
Both pyruvate phosphate phosphoenolpyruvate + AMP + 0 0
dikinase diphosphate + H+ = pyruvate + ATP +
phosphate
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Entner-Doudoroff Glycolysis: Literature Review. Key enzymes of the Entner-Doudoroff

(EDD) pathway have recently been characterized in M. alcaliphilum 20Z (Olga N. Rozova et al.,
2021). The EDD pathway is hypothesized to be important in regulating the levels of free glucose
in the cell and in degradation of glycogen for energy or carbon in gammaproteobacterial

methanotrophs (Olga N. Rozova et al., 2021).

Figure 2.12. Entner-Doudoroff (EDD) glycolysis in the type I model.

Entner-Doudoroff Glycolysis

H @ 6-phosphogluconolactonase 0.00
6_phospho D glucono_1_5 lactone D_gluconate_6_phosphate
ocoo O 000 O
D_glucopyranese_6_phosphate
@ @ @ O
NADP_ NADPH H20 H » Phosphogluconate dehydratase 0.00
(-]

o

NADP+-dependent glucose-6-phosphate dehydrogenase 0.00

2 dehydro 3 deoxy D_gluconate 6_phosphate
Ho ©

2-dehydro-3-deoxy-phosphogiuconare aldolase 0.00
(=]

pyruvate o

@ o

D_glyceraldehyde_3_phosphate O

Entner-Doudoroff Glycolysis: Model Incorporation. This pathway is included only in the

gammaproteobacterial model. It was previously shown that the EMP pathway was favored over
the EDD pathway in M. alcaliphilum 20Z and in Methylotuvimicrobium buryatense SGB1C (He
et al., 2020; Kalyuzhnaya et al., 2013). In M. buryatense SGB1C, however, the EDD pathway is

still essential for growth (He et al., 2020).
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Table 2.9. Entner-Doudoroff glycolysis in the type I model.

Model Reactions: Entner-Doudoroff Glycolysis
Model Enzyme Reaction Copper | Iron
cost | cost
Typel | NADP+-dependent D-glucopyranose 6-phosphate + 0 0
glucose-6-phosphate NADP+ = 6-phospho_D-glucono-1,5-
dehydrogenase lactone + NADPH + H+
Typel | 6- 6-phospho D-glucono-1,5-lactone + 0 0
phosphogluconolactonase | H20 = D-gluconate 6-phosphate + H+
Type I | phosphogluconate D-gluconate 6-phosphate = 2-dehydro- | 0 0
dehydratase 3-deoxy-D-gluconate 6-phosphate +
H20
Type Il | 2-dehydro-3-deoxy- 2-dehydro-3-deoxy-D-gluconate 6- 0 0
phosphogluconate aldolase | phosphate = D-glyceraldehyde 3-
phosphate + pyruvate

Phosphoketolase Pathway: Literature Review and Model Incorporation. Phosphoketolase

cleaves sugars to acetyl phosphate and either D-glyceraldehyde 3-phosphate or erythrose 4-
phosphate. This enzyme typically participates in heterolactic fermentation, but it is also present
in both alpha- and gammaproteobacterial methanotroph genomes, where it has been proposed to
play a role in fermentation and acetyl-CoA production (Akberdin et al., 2018; Olga N. Rozova et
al., 2015). The phosphoketolase pathway was only included in the type I model, as its
incorporation in the type II model created loops.

Figure 2.13. Phosphoketolase pathway-specific reactions in the type I model.
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Table 2.10. The phosphoketolase pathway in the type I model.

Model Reactions: Phosphoketolase Pathway
Model Enzyme Reaction Copper | Iron
cost | cost

Type I | phosphogluconate D-gluconate 6-phosphate + NADP+= | 0 0
dehydrogenase D-ribulose_5-phosphate + CO2 +
[NAD(P)+-dependent, NADPH
decarboxylating]

Type I | phosphogluconate D-gluconate 6-phosphate + NAD+ = 0 0
dehydrogenase D-ribulose 5-phosphate + CO2 +
[NAD(P)+-dependent, NADH
decarboxylating]

Type I | phosphoketolase D-xylulose 5-phosphate + phosphate = | 0 0

D-glyceraldehyde 3-phosphate +
acetyl phosphate + H20

Type I | phosphoketolase B-D-fructofuranose 6-phosphate + 0 0

phosphate = D-erythrose_4-phosphate
+ acetyl phosphate + H20

Glycogen Formation: Literature Review and Model Incorporation

Figure 2.14. Glycogen synthesis and degradation reactions in type I model.
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Glycogen formation has been characterized in an alkaliphilic methanotroph. In M.
alcaliphilum 20Z, glycogen formation occurs either via sucrose or via ADP-glucose (S. Yu But
et al., 2020). In the gammaproteobacterial model, glycogen synthesis proceeds via ADP-glucose.

To simplify the model, glycogen degradation requires only EC 2.4.1.1, which uses excess energy
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from glycogen bond lysis to phosphorylate the glucose monomer. Fermentation pathways are

detailed in Table 2.7.

Table 2.11. Glycogen synthesis and degradation in the type I model.

Model Reactions: Glycogen Synthesis and Degradation

Model Enzyme Reaction Copper | Iron
cost | cost

Type I | phosphoglucomutase D-glucopyranose 6-phosphate =a-D- | 0 0
glucopyranose 1-phosphate

Type I | glucose-1-phosphate a-D-glucopyranose 1-phosphate + 0 0

adenylyltransferase ATP = glycogen produced + ADP + 2

phosphate + H+

Type 1 | glycogen synthase glycogen consumed = 0 0
glycogen produced

Type I | glycogen phosphorylase glycogen consumed + phosphate + 0 0
H20 = a-D-glucopyranose 1-
phosphate

Electron Transport Chain: Model Incorporation

Figure 2.15. Electron transport reactions in the type I and type II models. Cytc is used as an
abbreviation for an oxidized cytochrome c, and cytcE is an abbreviation for a reduced
cytochrome c. QH2 is used as an abbreviation for a generic quinol, and Q is used to represent a
generic quinone. H pmf refers to protons that contribute to the proton motive force.
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The electron transport chain (ETC) of both methanotroph models is based on the KEGG
annotation for Methylosinus trichosporium OB3b. There is one NADH:ubiquinone reductase,
one quinol-cytochrome reductase, two quinol oxidases, and one cytochrome oxidase.

Interestingly, alternative enzymes in the ETC often have different copper requirements (as
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determined in a variety of organisms; info from metacyc), possibly allowing for flexibility under

copper limiting conditions with potential tradeoffs in energetic efficiency.

Table 2.12. Electron transport chain in the type I and II models. QH2 refers to quinol, and Q

refers to quinone. H pmf are protons that contribute to the proton motive force. Reduced
cytochromes are cytcE, and oxidized cytochromes are cytc.

Model Reactions: Electron Transport Chain and Additional Energy Metabolism

Model Enzyme Reaction Copper | Iron
cost | cost
Both NADH:ubiquinone INADH+1Q+5H+=1NAD++1 |0 0
reductase (H(+)- QH2 +4 H pmf
translocating)
Both ubiquinol-cytochrome ¢ I1QH2+2H++2cytc=1Q+4 2 0
reductase H pmf+ 2 cytcE
Both cytochrome ¢ oxidase 4 cytcE+ 102+ 8 H+ =4 cytc + 4 0 0
H pmf+2 H20
Both cytochrome bd ubiquinol |2QH2+102+4H+=2Q+2H20 |0 0
oxidase +4 H pmf
Both cytochrome bo3 ubiquinol | 2 QH2+102+8 H+=2Q +2 H20 1 0
oxidase + 8 H pmf
Both H+-exporting diphosphate + H20 = 2 phosphate + 0 0
diphosphatase H pmf
Both ATP diphosphatase ATP + H20 = AMP + diphosphate + 0 0
H+
Both ATP synthase 1 ADP + phosphate +4 H pmf=1 0 0
ATP + 3 H++ 1 H20
Both adenylate kinase ATP + AMP =2 ADP 0 0
Both ATP maintenance 1 ATP+1H20=1ATP_main + 1 0 0
ADP + 1 H+ + 1 phosphate
Both transhydrogenase NAD++ NADPH = NADH + NADP+ | 0 0
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Nitrogen Metabolism: Literature Review

Figure 2.16. Dissimilatory and assimilatory nitrogen metabolism in the type I and type II models.
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Methanotrophs can grow using a variety of nitrogen sources, including ammonium,
nitrate, and urea. Growth on ammonium is particularly interesting for methanotrophs, as MMOs
have a similar structure to ammonia monooxygenases (AMOs) and growth is sometimes (but not
always) inhibited by competition between ammonium and methane at the MMO active site
(Rostkowski et al., 2013; Tays et al., 2018). The reaction of ammonium with O> produces
hydroxylamine, which is likely detoxified by an enzyme similar to hydroxylamine
oxidoreductase (Stein, 2020). Methanotrophs are thus capable of nitrification, but they do not use
this pathway to grow (Stein & Klotz, 2011).

In addition to nitrification, methanotrophs can also carry out aerobic denitrification with
N2O as the end product (Dam et al., 2013; Stein & Klotz, 2011). These reactions are all included
in both models. A comparison of denitrification-related genes in methanotrophs can be found in
Stein & Klotz 2011. Both alpha- and gammaproteobacterial methanotrophs can fix N2 (Auman et

al., 2001).



Nitrogen Metabolism: Model Incorporation. Both metabolic models include the GS-
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GOGAT system for ammonium assimilation. Both models include a reaction for the conversion

of hydroxylamine to nitrite based on EC 1.7.2.6. Aerobic denitrification is included in both

models. Nitrate reduction does not contribute to the proton motive force in these models (Kits et

al., 2015), although nitric oxide reduction does. The nitrite reductase used in the model is nirK,

which is copper-dependent. Nitrogenase is included in both models, as is an NAD-dependent

hydrogenase, which was detected in M. alcaliphilum 20Z (Kalyuzhnaya et al., 2013). Reactions

for polyamine synthesis are also included in both models (Nguyen & Lee, 2019).

Table 2.13. Nitrogen metabolism reactions in the type I and type Il modelsQH2 refers to quinol,
and Q refers to quinone. Reduced cytochromes are cytcE, and oxidized cytochromes are cytc.

Model Reactions: Nitrogen Metabolism

Model Enzyme Reaction Copper | Iron
cost | cost
Both spontaneous ammonium = ammonia + H+ 0 0
Both glutamine synthetase ammonium + L-glutamate + ATP =L- | 2 0
glutamine + ADP + phosphate + H+1
QH2+2H++2cytc=1Q+4H pmf
+ 2 cytcE
Both glutamate synthase L-glutamine + 2-oxoglutarate + 0 0
NADPH + H+ =2 L-glutamate +
NADP+
Both nitrogenase N2 + 8 ferredoxin_reduced + 16 ATP + | 0 0
16 H20 = 2 ammonium + H2 + 16
ADP + 16 phosphate + 8
ferredoxin _oxidized + 6 H+
Both hydrogenase NAD+ + H2 = NADH + H+ 0 0
Both ferredoxin-NAD+ 2 ferredoxin_oxidized + NADH = 2 0 0
oxidoreductase ferredoxin_reduced + NAD+ + H+
Both nitrate reductase nitrate + NADH + H+ = nitrite + 0 0
NAD+ + H20
Both nitrite reductase nitrite + 3 NADH + 5 H+ = ammonium | 0 0
+ 3 NAD+ + 2 H20
Both pPMMO, acting as ammonia + QH2 + 02 = 3 0
ammonia monooxygenase | hydroxylamine + Q + H20




Table 2.13 continued.
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Both hydroxylamine 4 cytc + hydroxylamine + H20 =4
oxidoreductase cytcE + nitrite + 5 H+
Both dissimilatory nitrite nitrite + cytcE + 2 H+ = nitric_oxide +
reductase (NO-forming) cytc + H20
Both nitric oxide reductase 2 nitric_oxide + 2 cytcE + 2 H pmf=
nitrous _oxide + 2 cytc + H20
Both glutamate 5-kinase L-glutamate + ATP = g-L-glutamyl 5-
phosphate + ADP
Both glutamate-5-semialdehyde | g-L-glutamyl 5-phosphate + NADPH
dehydrogenase + H+ = L-glutamate-5-semialdehyde +
NADP+ + phosphate
Both ornithine--oxo-acid L-glutamate-5-semialdehyde + L-
transaminase glutamate = L-ornithine + 2-
oxoglutarate
Both ornithine decarboxylase L-ornithine + H+ = CO2 + putrescine | 0 0

Global Warming Potential and Methanotroph Metabolism

Public policy and environmental remediation decisions must account for the climatic
effects of greenhouse gas releases. Researchers use emissions metrics like global warming
potential (GWP) to compare the impact of different greenhouse gases in standardized units.
GWP measures how the release of a greenhouse gas effects energy trapping in the atmosphere.
These effects are described in terms of CO» equivalents, which compare both the lifetime and the
radiative properties of a particular gas to those of CO>. GWP values for greenhouse gases also
include the warming effects of breakdown products like ozone that can be produced as
greenhouse gases decay. As an example, methane is a more potent greenhouse gas than CO», and
the release of one metric ton of methane is considered equivalent to the release of 79.7 metric
tons of CO2 on a 20-year timescale. Methane breaks down faster than CO,, however, so when the

timescale is increased to 100 years, one metric ton of methane is considered equivalent to 27
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metric tons of CO2. GWP is commonly reported as GWP-20, GWP-100, and GWP-500, which
are the 20-year, 100-year, and 500-year global warming potentials, respectively. The GWP that
should be used depends on the prediction being made, but GWP-100 is commonly used to inform
policy decisions (Forster et al., 2021).

Methanotrophs act as biological methane sinks. They are estimated to consume about 5%
of atmospheric methane (Canadell et al., 2021; Knief, 2015). In consuming methane, however,
methanotrophs produce CO; and sometimes nitrous oxide, which is a more potent greenhouse
gas than either CO> or methane. Excess nitrate in the environment, typically from agricultural
pollution via fertilizer runoff, can result in the microbial production of nitrous oxide (Stein,
2011). Nitrous oxide production has been shown for many methanotrophs and should be a
consideration when growing methanotrophs for industrial use or for remediation, as
methanotroph mediums often contain nitrate (Stein & Klotz, 2011; Whittenbury et al., 1970).

We have incorporated measures of GWP into both the type I and the type II metabolic
models. The models can make predictions of greenhouse gas release under different cultivation
conditions, which can help guide decisions about industrial cultivation and the use of
methanotrophs for environmental remediation.

In the metabolic models, CO» equivalents were included as metabolites within reactions
related to greenhouse gas flux. A transport reaction is used to tally production and consumption
of greenhouse gases as CO: equivalents based on the GWP-20 and GWP-100 measures. CO»
equivalents were also included for the consumption of PHB and glycogen, since these carbon

storage compounds are derived from methane. CO> equivalents for these reactions were
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calculated using model predictions for the minimum amount of methane required to form one

mole of PHB or glycogen.

Table 2.14. Global warming potential (GWP) calculations as included in the type I and type II
models. Both the 20 year and the 100 year GWP values are considered. CO2 equivalents are
included as metabolites in units of moles. CO2 equivalents for PHB and glycogen were
calculated using model predictions of the minimum cost of methane required to form one mole
of each storage compound. Flux of CO; equivalents is tracked and used to calculate the overall
GWP of each mode.

Model Reaction

Type I glycogen consumed ext + 349 CO2 eq 20+ 118 CO2 eq 100 =
glycogen consumed

Type 11 polyhydroxybutyrate consumed ext+ 145 CO2 eq 20 +49.2 CO2 eq 100 =
polyhydroxybutyrate consumed

Both nitrous_oxide = nitrous_oxide ext+ 273 CO2 eq 20+ 273 CO2 eq 100
Both CO2=CO02 ext+1CO2 eq 20+ 1CO2 eq 100

Both CO2 eq 100 =GWP100

Both CO2 _eq 20=GWP20

Results and Discussion

Model Validation

Model predictions for biomass yield on methane were compared to experimental values
for the growth of OB3b on nitrate as a nitrogen source (Rostkowski et al., 2013). Typically,
idealized model predictions do not initially fit real-world growth data and the model must be
adjusted by manipulating the ATP requirement of the model. This adjusted ATP value is referred
to as “maintenance ATP” and is meant to represent the metabolic costs associated with cellular

repair, growth inhibition, and other factors that require energy but are not easily captured in
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stoichiometric models, which can result in incorrect predictions prior to model calibration
(Thiele & Palsson, 2010). In EFMA, ATP maintenance values are generally included as part of
the biomass term, with different biomass terms being developed, for example, for growth on
nitrate vs. growth on ammonium, conditions which would be expected to place different energy
requirements on methanotrophs due to competition between methane and ammonium at the
active site of the MMOs.

Cell growth requires not only ATP, but also electrons. The degree of reduction is another

energy value within the biomass term that can be adjusted in order to improve modeling

predictions. Degree of reduction refers to the moles of electrons per mole of carbon in a

compound. For a compound with the equation CwHxOyNz, carbon has 4 available electrons,

hydrogen has 1, oxygen has -2, and the electrons for nitrogen vary based on the reference state (5

for nitrate, -3 for ammonia, and 0 for N) (Doran, 1997). The degree of reduction for key

metabolic intermediates of methanotroph metabolism is shown in Table 2.15.

Table 2.15. Degree of reduction values for metabolic intermediates in the type I and type 11
models. Degree of reduction is calculated for an ammonia basis.

Compound Formula in Model Degree of Reduction, Ammonia
Basis (electrons per carbon mole)
Methane CH4 8
Methanol CH40 6
Formaldehyde CH-O 4
Formate CHO2 2
CO2 CO, 0
Hexulose 6-phosphate CsH1109P 4
Pyruvate C3H303 3.33
Glycogen CsHgO4 4
Acetyl-CoA C23H34N7017P3S 6.6
Serine C3H7NO; 6
Polyhydroxybutyrate C4H703 4.5
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In this work, degree of reduction in the biomass term is adjusted by manipulating the
NADPH requirement, where NADPH acts as an electron donor and NADP" is a byproduct of
biomass formation (Neidhardt et al., 1990b). The degree of reduction of the biomass term used in
predictions presented here is 4.2 moles of electrons per carbon moles of biomass on an
ammonium basis, which is a generic value determined using the average elemental composition
of microbial biomass (CH1.800.5sNo.2) (Doran, 1997).

For the type II model, before calibration to experimental data, it was found that the
predicted yields of biomass on methane during growth on nitrate were consistently lower than
experimental yields. Interestingly, the model displays a large tolerance to changes in ATP
maintenance. Removing polymerization and maintenance ATP completely from the biomass
term did not increase the predicted biomass yield. Increasing ATP maintenance did eventually
decrease the overall yield, but only at a high ratio of ATP/Cmol biomass (Table 2.16). It is
hypothesized that the high degree of reduction of methane allows for a large amount of ATP
production (roughly 5.5 ATP/ methane, based on model predictions, vs. roughly 4.33
ATP/glucose in Escherichia coli), and that this excess ATP is readily funneled into biomass
production. Methanotrophs also have highly flexible electron transport chains and encode
electron transport chain enzymes that allow for a high P/O ratio, which increases ATP yield
(Figure 2.15) (Akberdin et al., 2018; DiSpirito et al., 2004).

To check model function, we compared the effects of adjusting the degree of reduction of
the biomass term on yield predictions. Increasing the degree of reduction decreased overall

biomass yield (Figure 2.17, Table 2.16). It should be noted that methanotrophs form extensive
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lipid membranes under conditions of copper excess, which is predicted to raise the degree of
reduction of biomass above the value of 4.2 that is used here (Semrau et al., 2010).

Improving efficiency of energy generation is one way to increase biomass yield, making
electron transport chain stoichiometry a key component of metabolic models (Taymaz-Nikerel et
al., 2010). Because the electron donor of particulate methane monooxygenase is debated, we
tested the possibility of direct coupling between pMMO and methanol dehydrogenase, where the
electrons generated in the oxidation of methanol are used to provide reducing power to pMMO
(Akberdin et al., 2018). This reaction essentially allows pMMO to use reduced cytochromes as
electron donors instead of quinol, reducing the energy required for methane oxidation. The
simplified reaction is below:

Equation 2.1: CH, + 0, = CH,0 + H,0
Changing the electron donor for pMMO from the quinol pool to methanol dehydrogenase
increased the predicted yield of biomass on methane (Figure 2.17, Table 2.16). The yield of ATP
on methane also increased to 6 moles of ATP per mole of methane, the same value that has been
determined in other modeling studies (Akberdin et al., 2018). Similar adjustments could be used
to investigate the possibility of alternative enzymes in the electron transport chain or the proton-
pumping capacity of the various membrane-bound enzymes in methanotroph metabolism; any
adjustment that improves energy efficiency should increase ATP and biomass yields. These

alternatives represent a possible avenue for future work.
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Figure 2.17. Comparisons of experimental and predicted methane uptake rates for growth of
Methylosinus trichosporium OB3b on methane, O, and nitrate. The experimental values were
determined based on Rostkowski et al., 2013. Model predictions were consistently higher than
experimental values; introducing direct coupling in electron transfer between pMMO and
methanol dehydrogenase increased expected biomass yields on methane.
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Table 2.16. Predicted methane costs per carbon mole (Cmol) of biomass as determined by

changes to the biomass term or to model structure.

Minimum Predicted Methane
Cost (Cmol methane/Cmol

Biomass Term Adjustments biomass)

Degree of reduction = 4.2 3.06
Degree of reduction = 4.4 3.12
Degree of reduction = 4.6 3.26
Degree of reduction = 4.8 3.36
Degree of reduction = 4.2; ATP cost 0 ATP per Cmol biomass 3.06
Degree of reduction = 4.2; ATP cost 5 ATP per Cmol biomass 3.06
Degree of reduction = 4.2; ATP cost 10 ATP per Cmol biomass 3.61
Degree of reduction =4.2; ATP cost 50 ATP per Cmol biomass 10.88
Degree of reduction = 4.2; direct coupling 1.80
Degree of reduction = 4.2; direct coupling with ATP

maintenance 2.20
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While adjusting the electron donor for pMMO improved biomass yields, it lowered the
predicted Oz/methane consumption ratio away from the experimentally supported value of 1.5
moles of Oz per mol of methane for optimal growth of type II methanotrophs (Fig 2.17) (Pieja,
Sundstrom, et al., 2011; Zhang et al., 2019). The predicted value with direct coupling for pMMO
reduction is closer to the optimal growth values for M. alcaliphilum 20Z of 1.3 Oz/methane (Fig
2.18). It is possible that other changes to the model would increase the biomass yield while
preserving the O>/methane uptake ratio, which should be investigated in future studies. A mix of
electron donors for pMMO is one possibility that merits more focus. Other work that has
investigated the electron donor of pMMO has revealed similar problems matching experimental

data exactly to a particular electron donor within the model (Akberdin et al., 2018).
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Figure 2.18. Comparison of biomass yields and O>/methane uptake ratios for type II
methanotrophs with the direct coupling mode of pMMO reduction. The x-axis shows the ratio of
02 to methane consumption. The y-axis shows the yield of biomass on methane. Modes are
color-coded according to the ratio of methane that flows through the pMMO reaction vs. the
sMMO reaction, which uses NADH as an electron donor. Yields are higher with the direct
coupling method. The predicted optimal Oz:methane ratio is 1.3 mol O2:mol methane.
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Comparison of Denitrification and PHB Degradation

Methanotrophs have been shown to degrade PHB under low O, conditions. In some

experiments, the degradation of PHB led to production of reduced carbon byproducts like
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acetone and acetate. Predictions were run for PHB degradation for the generation of biomass or
for the generation of energy in the form of ATP. Modes were sorted according to the cost of
PHB and O; per biomass, with the assumption that competitive phenotypes in the environment
would maximize production of biomass on carbon and O, which are anticipated to be limiting
resources under these conditions.

It is thought that PHB degradation is used for the generation of reducing equivalents for
methane oxidation. In these predictions, however, it was found that the biomass yield on PHB is
similar to that on methane (0.4348 Cmol biomass/Cmol PHB, compared to 0.4327 Cmol
biomass/mol methane) (Figure 2.19). It was also predicted that in the presence of nitrate, no
fermentative byproducts are produced during PHB degradation. Instead, the phenotypes that are
predicted to be expressed (those along the tradeoff curves) represent a gradual switch from fully

aerobic respiration to the use of nitrate as an electron acceptor (Figure 2.19, Figure 2.20).
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Figure 2.19. Predictions for biomass production during polyhydroxybutyrate (PHB) degradation.
The x-axis is the cost of O per carbon mole of biomass produced, and the y-axis is the cost of
PHB per carbon mole of biomass produced. The tradeoff curve (red line) shows the optimal
phenotypes expressed between Oz sufficient and O limiting conditions. Modes are color coded
according to the amount of nitrate that is directed towards denitrification (as opposed to biomass
production).
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Predictions for PHB consumption leading to ATP production mirror the biomass
predictions. There are only two points on the tradeoff curve: one for aerobic respiration, and one
for denitrification (Figure 2.20). When denitrification is removed from the predictions, however,

fermentation of PHB is predicted. Acetate is the sole byproduct excreted under the lowest O
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conditions (Figure 2.21). Under the lowest possible O» availability for these conditions, nearly all
PHB is converted to acetate. Figure 2.20 and Figure 2.21 show the same modes, but
denitrification is removed in Figure 2.21, changing the shape of the tradeoff curve. In Figure
2.21, three points lie along the tradeoff curve, with more fermentative byproducts being
produced as O becomes more limited. ATP yield on PHB is comparable to ATP yield on

methane (5.12 ATP/Cmol PHB vs. 6 ATP/mol methane).
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Figure 2.20. Predictions for ATP production during polyhydroxybutyrate (PHB) degradation in
the presence of nitrate. The x-axis is the cost of O2 per mole of ATP produced, and the y-axis is
the cost of PHB per mole of ATP produced. The tradeoff curve (red line) shows the optimal
phenotypes expressed between Oz sufficient and O limiting conditions. Modes are color coded
according to the flux through the partial denitrification pathway, which is expressed as the cost
of nitrate per ATP. When biomass is not being produced, all nitrate that is taken up by the cell is
used for denitrification.
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Figure 2.21. Predictions for ATP production during polyhydroxybutyrate (PHB) degradation in
the absence of nitrate, when denitrification is not possible. The x-axis is the cost of O2 per mole
of ATP produced, and the y-axis is the cost of PHB per mole of ATP produced. The tradeoff
curve (red line) shows the optimal phenotypes expressed between O sufficient and O> limiting
conditions. Modes are color coded according to the yield of byproducts on PHB (Cmol/Cmol).
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Comparison of Denitrification and Glycogen Degradation

Similar predictions were run to examine the role of glycogen degradation and
denitrification in survival of type I methanotrophs under low O; conditions. Like the PHB

degradation predictions, it was found that optimal phenotypes when comparing biomass yield
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and O, consumption represent a walk between aerobic respiration and denitrification (Figure
2.22). No fermentation is predicted under low O conditions when nitrate is present. This is also
the case for predictions of ATP production on glycogen (Figure 2.23). Like the type II
methanotrophs, however, fermentation is predicted under low O> conditions when denitrification
is removed (Figure 2.24). The major byproducts that are produced are acetate and succinate, with
the shift towards succinate being observed under lower O; conditions. Figure 2.25 shows this
shift in terms of the amount of ATP that is produced via oxidative phosphorylation vs.
fermentation. Biomass yield on glycogen is comparable to biomass yield on methane (0.4423

Cmol biomass/Cmol glycogen vs. 0.4263 Cmol biomass/Cmol methane).
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Figure 2.22. Predictions for biomass production during glycogen (PHB) degradation. The x-axis
is the cost of Oz per carbon mole of biomass produced, and the y-axis is the cost of glycogen per
carbon mole of biomass produced. The tradeoff curve (red line) shows the optimal phenotypes

expressed between O sufficient and O; limiting conditions. Modes are color coded according to
the amount of nitrate that is directed towards denitrification (as opposed to biomass production).
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Figure 2.23. Predictions for ATP production during glycogen degradation in the presence of
nitrate. The x-axis is the cost of O per mole of ATP produced, and the y-axis is the cost of
glycogen per mole of ATP produced. The tradeoff curve (red line) shows the optimal phenotypes
expressed between O sufficient and O; limiting conditions. Modes are color coded according to
the flux through the partial denitrification pathway, which is expressed as the cost of nitrate per
ATP. When biomass is not being produced, all nitrate that is taken up by the cell is used for
denitrification.
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Figure 2.24. Predictions for ATP production during glycogen degradation in the absence of
nitrate, when denitrification is not possible. The x-axis is the cost of O, per mole of ATP
produced, and the y-axis is the cost of glycogen per mole of ATP produced. The tradeoff curve
(red line) shows the optimal phenotypes expressed between O sufficient and O; limiting
conditions. Modes are color coded according to the yield of byproducts on PHB (Cmol/Cmol).
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Figure 2.25. Predictions for ATP production during glycogen degradation in the absence of
nitrate, when denitrification is not possible. The x-axis is the cost of Oz per mole of ATP
produced, and the y-axis is the cost of glycogen per mole of ATP produced. The tradeoff curve
(red line) shows the optimal phenotypes expressed between O sufficient and O; limiting
conditions. Modes are color coded according to the amount of ATP that is produced via
oxidative phosphorylation per glycogen that is consumed (mol/Cmol). The modes that are shown
here are the same as in Figure 2.24, with different color coding.
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Glycogen Predictions in Type II Methanotrophs

Glycogen synthesis reactions were added to the type Il model in order to investigate
whether type II methanotrophs can produce glycogen in yields comparable to PHB
accumulation. Figure 2.26 and Figure 2.27 compare the accumulation of PHB or glycogen to
biomass yield. These predictions are for growth on methane, which means that all modes require
biomass to be produced, so the yield of each storage compound is slightly lower than the
theoretical maximum (for example, the yield of PHB when biomass is being produced is 0.7677
Cmol PHB/Cmol methane, compared to 0.8 Cmol PHB/Cmol methane when no biomass is
produced in addition to the PHB). It was found that glycogen yields on methane are comparable

to PHB yields: 0.7466 Cmol glycogen/Cmol methane vs. 0.7677 Cmol PHB/Cmol methane.
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Figure 2.26. Comparison of polyhydroxybutyrate (PHB) accumulation and biomass yields during
growth on methane in type II methanotrophs. The y-axis is the yield of PHB on methane
(Cmol/Cmol), and the x-axis is the yield of biomass on methane (Cmol/Cmol). Modes are color
coded according to the yield of PHB on methane (same value as the y-axis). These predictions
were run for growth conditions, so all modes shown here produce biomass.
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Figure 2.27. Comparison of glycogen accumulation and biomass yields during growth on
methane in type II methanotrophs. The y-axis is the yield of glycogen on methane (Cmol/Cmol),
and the x-axis is the yield of biomass on methane (Cmol/Cmol). Modes are color coded
according to the yield of glycogen on methane (same value as the y-axis). These predictions were
run for growth conditions, so all modes shown in this figure produce biomass.
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Global Warming Potential Evaluations

Type II methanotroph metabolism was evaluated in terms of global warming potential

(GWP). These predictions are once again plotted in terms of competing costs, with the
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assumption that carbon and O; are limiting resources during methanotroph growth. Figure 2.28
shows the CO»-equivalents consumed during type II growth on O, and methane without
denitrification. The modes on the right-hand side of the tradeoff curve are phenotypes that are
predicted to be expressed when O> availability is high. These phenotypes use O; as an electron
acceptor. The modes on the left-hand side of the tradeoff curve display a shift towards a type of
“fermentative” metabolism, where succinate, methanol, and formate are excreted as reduced
byproducts. Methane oxidation is an energy intensive process, and in the modes experiencing the
lowest possible O2 availability under which methane can be oxidized, methane oxidation to
methanol and formate apparently represents an efficient method of disposing of excess energy.
Reports of byproduct excretion by type II methanotrophs during growth on methane are scarce.
In at least one study, however, Methylocystis sp. Rockwell was shown to produce formate during
growth on methanol, which the authors suggested was a strategy to balance electrons during
unfavorable growth conditions (Tays et al., 2018). Methanol excretion may not be favored as a
“fermentation” strategy under real-world conditions as methanol is often inhibitory to
methanotroph growth, but these predictions support formate production as a method to reduce
energy burden.

Figure 2.29 illustrates the switch between overall consumption of greenhouse gases to
production of greenhouse gases that occurs at lower O; availability conditions. Type II
methanotrophs will always reduce greenhouse gas burden when growing on methane under O»
replete conditions (Figure 2.28). When denitrification is allowed, however, nitrous oxide is
produced under lower O conditions (below a methane:O; ratio of 1.2), and type 11

methanotrophs are predicted to substantially contribute to climate change (Figure 2.29). No
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byproducts are excreted by any mode along this tradeoff curve, in contrast to the modes where

denitrification is blocked.

Figure 2.28. CO» equivalents (on a global warming potential basis of 100 years) during type II
methanotroph growth on methane when denitrification is blocked. The y-axis is the cost of
methane per biomass (Cmol/Cmol), and the x-axis is the cost of O, per methane (mol/Cmol).
Modes are color coded according to the production or consumption of CO; equivalents.
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Figure 2.29. CO» equivalents (on a global warming potential basis of 100 years) during type II
methanotroph growth on methane when denitrification is allowed. The y-axis is the cost of
methane per biomass (Cmol/Cmol), and the x-axis is the cost of O, per methane (mol/Cmol).
Modes are color coded according to the production or consumption of CO; equivalents.
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Role of Copper in Type II Methanotroph Respiration

Copper is required by several enzymes in the methanotroph electron transport chain. It is
also required by nirK, the nitrite reductase used in the type Il model. Figure 2.30 shows the

relationship between copper availability, denitrification, and aerobic respiration. Copper costs
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are calculated according to enzyme use rather than flux. For example, if pMMO is expressed in a
certain mode, then the copper cost for that mode is 3 (plus the cost of any other copper enzymes
that may be used). Alternatively, copper costs can be scaled to the flux through each reaction, in
a method that is similar to parsimonious flux balance analysis. Figure 2.30 shows that nirK
expression is constrained under low copper availability, reducing the production of nitrous oxide

emissions.
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Figure 2.30. CO» equivalents (on a global warming potential basis of 100 years) during type II
methanotroph growth on methane. The y-axis is the moles of CO» equivalents (GWP-100)
produced per mole of methane consumed. The x-axis is the copper cost of each mode, with
copper costs scaled to each reaction rather than to flux. Modes are color coded according to
production of nitrous oxide.
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Conclusions

Role of Carbon Storage Compounds in Acclimation to Low O Conditions

Both type I and type II methanotrophs can ferment carbon storage compounds under low
O: conditions. Denitrification is energetically preferred over fermentation, however, and it is
predicted that nitrate will prevent fermentative metabolism. In type I methanotrophs, the
byproducts that are produced during glycogen degradation depend on the degree of O> limitation,
with acetate production seen first, then succinate production under the lowest Oz cost modes. In
type Il methanotrophs, acetate is the only reduced byproduct that is predicted during PHB

degradation.

Carbon Storage Compounds and Community Crossfeeding

Under low O; conditions when denitrification is prevented, methanotrophs convert the
majority of the carbon storage compounds that are degraded to organic acids. These compounds

could play a major role in community crossfeeding under low O> conditions.

Growth or Energy Production from Carbon Storage Compounds?

Both models predict that storage compound degradation could be used either for
production of biomass or production of ATP. The predicted biomass yields on glycogen and
PHB are comparable to yields on methane; ATP yields on PHB are slightly lower than yields on
methane. Experimental evidence suggests that carbon storage compound degradation during
starvation is used by cells to restart methane oxidation, but this is likely a regulatory mechanism
that methanotrophs have developed to adapt to shifting methane concentrations, rather than a

metabolic constraint.



82

Purpose of Co-consumption of Methane and Storage Compounds

Experimental evidence also shows that carbon storage compounds are often consumed in
conjunction with methane oxidation during nutrient replete growth. Based on modeling
predictions, this consumption could be used either to provide energy or metabolic intermediates

for central carbon metabolism.

Glycogen Accumulation in Type II Methanotrophs

The type Il model predicts that glycogen can be accumulated by type Il methanotrophs to
nearly the same levels as PHB. Type Il methanotrophs do not accumulate glycogen; this is not a
metabolic constraint, but rather is likely a flux constraint, as a large amount of flux is directed
through the serine pathway and the EMC pathway, which share several reactions with PHB

formation and degradation.

Greenhouse Gas Production and Consumption by Type 1I Methanotrophs

Methanotrophs grown in Oz replete conditions are predicted to always reduce greenhouse
gas burden, as they consume methane and produce CO», a less potent greenhouse gas. Under O
limiting conditions, however, denitrification is predicted to produce large amounts of nitrous
oxide. Methanotrophs grown under O limitation in the presence of nitrate are expected to

contribute to climate change.

Copper and Respiration in Type II Methanotrophs

Reducing copper availability may help reduce greenhouse gas emissions under low O2
conditions. In methanotrophs encoding nirK, low copper conditions prevent the denitrification

pathway from proceeding, eliminating nitrous oxide production. Methanotrophs are often
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investigated as a method of biological remediation for sites that are contaminated with organic
solvents, as MMOs can act on some of these short-chain compounds and convert them into a less
dangerous form (S. W. Lee et al., 2006). Based on these predictions, sites with high copper and
high nitrate concentrations should be avoided, as methanotroph growth under these conditions

can lead to production of nitrous oxide.

Summary of Work

This work demonstrates the steps required to build and analyze detailed core metabolic
models. The role of carbon storage compound degradation in methanotroph survival under O,
limited conditions is compared to the use of nitrate as an electron acceptor. Nitrate reduction is
preferred to fermentation. When denitrification is prevented, however it is predicted that both
reduced carbon compounds like formate, acetate, and succinate are likely to be excreted into the
environment both during growth on methane and during catabolism of glycogen or PHB. These
compounds provide an opportunity for community crossfeeding.

The models were also used to investigate the role of methanotrophs in greenhouse gas
production. Under low O conditions, denitrification results in methanotrophs contributing to
climate change. Nitrate and copper concentrations could be controlled to prevent the production

of nitrous oxide from methanotrophs.
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Introduction

Green microalgae are phototrophic eukaryotes. They are often studied for their industrial
potential, as green algae can accumulate starch and lipids up to 50% of cell dry weight under
ideal conditions (Narala et al., 2016). Starch and lipids are biofuel precursors that can be
converted into renewable energy. The use of algae to produce biofuels has significant advantages
over traditional biofuel production methods. Algae can be grown in wastewater and in locations
with non-arable land, so that biofuel production does not compete with food supplies (Narala et
al., 2016). They do not require extensive structures like roots and stems, meaning that more CO»
that is fixed goes towards high-value biomass (Benedetti et al., 2018). Algae also grow quickly,
allowing for faster recovery from crop failures (Subramanian et al., 2013).

Production of biofuels from microalgae takes advantage of a survival mechanism utilized
by photosynthetic algae to endure dark conditions. During the day, when light can be used to
drive photosynthesis and power carbon fixation, algae accumulate carbon reserves. At night,
resources are scarce for phototrophs, so storage compounds are broken down to supply both
carbon and energy for algal cells (Raven & Beardall, 2016; Vitova et al., 2014). Starch and lipids
are both used for carbon and energy storage, but they fill different roles for the algae. Starch is a
polyglucan compound that can be broken down under oxic or anoxic conditions. Lipids are more
energy dense than starch and therefore store more energy while taking up less space in the cell
(Vitova et al., 2014). They are broken down via the B oxidation pathway, however, and thus can
only be degraded when O; is present. Storage compounds have also been implicated in algal
adaptation to other types of stress, like high salinity (Liska et al., 2004; Oren, 2017). Multiple

cultivation factors influence accumulation, degradation, and interconversion of starch and lipids,
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and the elucidation these factors is an active area of research that continues to improve biofuel
precursor production from algae (Johnson & Alric, 2013; Sato & Toyoshima, 2021; Subramanian
etal., 2013).

Several methods are used to trigger overaccumulation of lipids and starch. Because the
formation of a storage compound diverts carbon away from biomass, a two-stage cultivation
technique is often used in industry. The first stage is cultivation under optimal growth conditions
in order to obtain a high biomass yield. The second stage applies a stress that promotes
accumulation of starch or lipids. The most typical triggers are nitrogen or phosphorous
limitation, but many different stresses can cause accumulation of storage compounds, including
high light, high heat, and high salinity (Cecchin et al., 2019; Sun et al., 2018; Vitova et al.,
2014).

Chlorella sorokiniana SLA-04 is a green microalga isolated from Soap Lake,
Washington, and grows well in high pH, high alkalinity environments. Cultivation in high pH,
high alkalinity environments enhances CO; dissolution, reducing the need for costly CO»
sparging and allowing algae to be grown away from CO; point sources like power plants. High
pH cultivation also reduces the growth of many common algal predators, potentially reducing the
risk of culture crashes (Vadlamani et al., 2017a, 2019). High alkalinity conditions are likely to
also impose some stresses on the microalgae, however, including high osmotic pressure.
Understanding the response of SLA-04 to stress conditions during cultivation is key to managing
lipid and starch yields. This work will focus on the interplay between accumulation of carbon
storage compounds and production of compatible solutes, with the goal of better understanding

SLA-04 metabolism during growth in high salinity and high alkalinity conditions.
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Adaptation to Osmotic Pressure

Cells must maintain an appropriate osmotic pressure relative to their environment in
order to avoid water loss/desiccation and maintain turgor pressure. This poses a challenge for
algae grown under conditions of high alkalinity or high salinity, where external osmotic pressure
is high compared to the pressure inside cells. How do these cells remain hyperosmotic compared
to the environment while avoiding the inhibitory effects of ion buildup on cytosolic enzymes
(Hagemann, 2016)?

There are two strategies used by microorganisms for adaptation to high external osmotic
pressure: the salt-in strategy, and the salt-out strategy. In the salt-in strategy, enzymes are
modified to function under high ionic concentrations. This strategy is metabolically cheap but
evolutionarily difficult, as the entirety of the enzymes expressed by the cell must have amino
acid sequences that are compatible with the high salt concentration (Oren, 2001). In the salt-out
strategy, which is used by all algae, cells accumulate high concentrations of soluble organic
metabolites, referred to as compatible solutes, within the cytosol (Oren, 2007). These compounds
balance intracellular and extracellular pressure without negatively impacting enzyme function.
The salt-out strategy is metabolically expensive, however, as both carbon and energy are
required to synthesize compatible solutes (R. P. Carlson et al., 2016; Hagemann, 2016).

There are several categories of compatible solutes, each favored by different organisms
for different purposes. Simple sugars like sucrose are commonly accumulated by green algae
with low salt tolerance. These compatible solutes are also proposed to be protective from
temperature stress, possibly making them beneficial for multiple stress conditions (Hagemann,

2016). Glycerol is accumulated by Dunaliella sp., which are the green algae with the highest
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known salt tolerance. Glycerol is cheap to synthesize but can leak through most biological
membranes, requiring microorganisms that use glycerol as a compatible solute to use strategies
to reduce glycerol loss, including modified membranes or special transporters (Hagemann, 2016;
Oren, 2017). Other common compatible solutes include proline, glucosylglycerol, and
ectoine/hydroxyectoine (Hagemann, 2016).

Compatible solutes are accumulated under salt stress and thus are released by cells during
a hypoosmotic shock, such as a rain event that dilutes the salt concentration in the environment
(Sauer & Galinski, 1998). The sudden decrease in external salt concentration requires cells to
quickly expel accumulated compatible solutes so that the cell can avoid a rapid influx of water,
which can cause cell lysis. As a result, compatible solutes are often traded back and forth
between members of the microbial community. Glycerol from Dunaliella sp., either that which
leaks out of the cell or that which is released when salt concentration drops, is proposed to be an
important source of carbon for heterotrophic organisms in extremely salty environments (Oren,
2017). Ectoine has been shown to be exchanged between algal and bacterial species (Fenizia et
al., 2020). Because compatible solute production is metabolically expensive, uptake of
compatible solutes from the environment is often preferred by cells over endogenous synthesis
(Fenizia et al., 2020; Oren, 2001).

Compatible solutes and other compounds can also be harvested from microbial cultures
in a process known as “milking.” For compatible solutes production, cultures are grown in high
salinity media, then subjected to alternating hypoosmotic shocks which catalyze the release of
compatible solutes into the media for collection and hyperosmotic shocks to renew stores of

compatible solutes (Sauer & Galinski, 1998). Under ideal conditions, milking processes do not
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result in substantial cell death. This could make milking a cheaper production strategy compared
to traditional batch cultivation and harvesting procedures (Hejazi & Wijftels, 2004; Taubert et
al., 2019).

Starch and lipid reserves have been linked to compatible solutes metabolism. In
Dunaliella tertiolecta, during the light cycle, glycerol was produced from both the Calvin cycle
and from intracellular starch, with the amount of glycerol produced from starch increasing with
increased salinity. Glycerol could also be converted into starch stores once a suitable level of
compatible solute had accumulated (Goyal, 2007). The expression of starch-related enzymes in
Dunaliella salina also increased under high salt conditions, with the authors likewise suggesting
that glycerol could be produced from a combination of carbon from starch and from the Calvin
cycle (Liska et al., 2004). Salt stress studies in Chlorella vulgaris and Chlamydomonas
reinhardtii have demonstrated increased lipid and glycerol accumulation under high salt
conditions, and key enzymes in glycerol synthesis are involved in both processes (Abdellaoui et
al., 2019; Morales-Sanchez et al., 2017).

In this study, we investigate the relationship of carbon storage compounds in SLA-04 to
compatible solutes metabolism, with a focus on sucrose and glycerol. These two compatible
solutes represent the opposite ends of salinity tolerance, with sucrose common to low salinity
environments and glycerol used by the most saline-tolerant algae. Sucrose and glycerol are
relatively inexpensive compounds to synthesize and require few additional enzymes beyond
those regularly used in central carbon metabolism. The goal of this section is to analyze the

metabolic costs of compatible solute synthesis and use these costs to determine whether a
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preference for starch vs. lipid reserves in SLA-04 may be influenced by the osmotic pressure

constraints of the environment.

Methods

A simplified core metabolic model was developed using the genome for Chlorella
sorokiniana SLLA-04. For the purpose of these predictions, this core model includes only central
carbon metabolism and accumulation and degradation of carbon storage compounds rather than
full biomass synthesis reactions. The genome was annotated using KEGG’s GhostKOALA tool
(Kanehisa et al., 2016). Reaction designations and metabolite names, where possible, are based
on MetaCyc conventions. While reactions were not assigned to particular organelles for these
predictions, draft organelle assignments are included in the model file and are based on
predictions from TargetP and PredAlgo (Armenteros et al., 2019; Reijnders et al., 2014; Tardif et
al., 2012). The metabolic model was developed in CellNetAnalyzer and analyzed using flux
balance analysis in CobraToolbox (Becker et al., 2007; von Kamp et al., 2017).

Flux balance analysis (FBA) is a stoichiometric modeling technique that is commonly
used to analyze larger metabolic models. Rather than generating all possible phenotypes that an
organism can display, FBA predicts a single optimal phenotype based on flux constraints that are
present within the model. FBA is less computationally expensive than other modeling techniques
like elementary flux mode analysis. The input requirement for optimization criteria, however,
potentially introduces bias into the results.

FBA predictions are presented here using phenotypic phase plane analysis. In this method
of analysis, the fluxes of two reactions are fixed, and a third reaction is optimized for each of the

flux conditions. The figures presented here set the fluxes of two reactions from 5% of their
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maximum possible flux to 100% of their maximum possible flux, with a 5% increase between
predictions. As a result, four hundred predictions are used to make each figure. Not all
predictions result in a feasible combination of fluxes, so some figures will appear to show more
predictions than others, as infeasible predictions are represented by blank space. Pre-determining
which reactions should be varied and which reaction should be optimized can introduce bias.
However, phenotypic phase plane analysis illustrates how an organism may respond to changing
conditions over a large range of fluxes. This expands the scenarios that are analyzed for each
prediction and provides more information than a single phenotypic prediction, which helps to

reduce bias.

Results and Discussion

Yield of Compatible Solutes Under High Light Conditions

High light conditions have been shown to induce accumulation of lipids and starch in
microalgae, with lipids often favored, as they are more energy dense and therefore are more
effective electron sinks (Subramanian et al., 2013). Phenotypic phase plane analysis was used to
compare lipid and starch accumulation under different levels of light availability (Figure 3.1). As
expected based on experimental reports, starch accumulation is favored under low light
conditions, while the highest levels of TAG accumulation occur at high light conditions. Sucrose
and glycerol production were also compared for different levels of light availability (Figure 3.2).
Similar to the TAG and starch comparisons, glycerol has a higher degree of reduction than
sucrose and is also favored under higher light conditions. High light conditions are also expected
to increase temperature, however, and the protective effects of glycerol vs. sucrose against heat

stress are not captured by the stoichiometric model.
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Figure 3.1. Starch and triacylglycerol (TAG) accumulation under different levels of light
availability. The x-axis shows light flux, the y-axis shows TAG flux, and predictions are color
coded by starch production flux. All fluxes are in units of mol/day.
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Figure 3.2. Sucrose and glycerol accumulation under different levels of light availability. The x-
axis shows light flux, the y-axis shows glycerol flux, and predictions are color coded according
to sucrose flux. All fluxes are in units of mol/day.
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Compatible Solutes Production on Storage Compounds

Starch is easily converted to sucrose, and experimental results during growth of
Dunaliella sp. under high salt conditions have shown that starch reserves can also serve as a
source of glycerol (Hagemann, 2016; Oren, 2007). Based on model predictions, it is also possible
that TAG could be degraded by algae to produce sucrose or glycerol. Predictions were run
comparing glycerol and sucrose synthesis from starch and TAG in the dark, when carbon storage
compounds would be the only possible source of these compounds. O can become limiting in
algal cultures at night, so phenotypic phase planes were generated to compare the consumption
of carbon storage compounds under different O, availabilities.

During starch consumption in the dark, sucrose can be produced at its maximum value
under a wide range of O consumption levels (roughly 70% of the maximum possible O
consumption) (Figure 3.3). Glycerol production only reaches maximum possible values at the
highest O, consumption levels. It is predicted that glycerol will be favored over sucrose as a

compatible solute under dark, O; limited conditions.
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Figure 3.3. Glycerol production from starch reserves under different levels of O, availability.
The x-axis shows O> consumption (a greater negative value represents a higher level of
consumption, as model directionality was determined based on production of O, during oxygenic
photosynthesis), the y-axis shows starch consumption, and predictions are color coded according
to glycerol flux. All fluxes are in units of mol/day.
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Figure 3.4. Sucrose production from starch reserves under different levels of O» availability. The
x-axis shows O> consumption (a greater negative value represents a higher level of consumption,
as model directionality was determined based on production of O> during oxygenic
photosynthesis), the y-axis shows starch consumption, and predictions are color coded according
to sucrose flux. All fluxes are in units of mol/day.
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In contrast, production of glycerol and sucrose from TAG reserves peaked at lower O>
availabilities, indicating that O, was required mostly for § oxidation and not as an electron
acceptor for energy generation. It should also be noted that TAG degradation generates H2O»,
which in the model is degraded to O», reducing overall values for O, consumption. Overall flux
through glycerol and sucrose production was much lower during TAG degradation than during
starch degradation, however. Due to the low yields of compatible solutes during TAG
degradation, it is likely that starch would be preferred over TAG as a source of compatible

solutes at night (Figure 3.5).
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Figure 3.5. Sucrose production from triacylglycerol (TAG) reserves under different levels of O»
availability. The x-axis shows Oz consumption (a greater negative value represents a higher level
of consumption, as model directionality was determined based on production of O, during
oxygenic photosynthesis), the y-axis shows TAG consumption, and predictions are color coded
according to sucrose flux. All fluxes are in units of mol/day.
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Starch Derived vs. Calvin Cycle Derived Glycerol

Glycerol can be derived from either the Calvin cycle or from starch degradation during
algal growth in light conditions (Goyal, 2007). The metabolic model was used to investigate
production of glycerol from CO; fixation via ribulose bisphosphate carboxylase/oxygenase
(RuBisCO) and starch degradation. High levels of glycerol production can occur at low levels of
CO; fixation, but starch consumption can be used to supplement glycerol production under high
levels of CO; fixation. It is predicted that starch degradation may be used to supplement glycerol

synthesis even under high light availability, when the Calvin cycle should be highly active.
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Figure 3.6. Glycerol production from starch under different levels of ribulose bisphosphate
carboxylase/oxygenase (RuBisCO) activity. The x-axis shows CO; fixation by RuBisCO, the y-
axis shows glycerol production, and predictions are color coded according to starch
consumption. All fluxes are in units of mol/day.
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Conclusions

FBA predictions with phenotypic phase plane analysis were used to investigate SLA-04
metabolism under high osmotic pressure conditions, when compatible solutes are likely to be
produced. The synthesis of sucrose and glycerol was compared during photosynthetic growth
and during degradation of carbon storage compounds in the dark. Glycerol is predicted to be the
favored as a compatible solute during growth in high light conditions, as it is a better electron
sink than sucrose. Glycerol is also the favored compatible solute at night, when algae are likely
to be limited for O,. During the day, starch degradation to glycerol can supplement glycerol
production from the Calvin cycle, providing an extra mechanism for SLA-04 to respond to
salinity stress during the day. Starch degradation also results in higher production of both sucrose

and glycerol than TAG degradation.
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Starch reserves appear to be more beneficial for compatible solutes synthesis than TAG
stores. This is an important consideration for biofuel production. While high alkalinity and high
salinity conditions have many benefits for cultivation, including increased CO; dissolution and
decreased risk of culture crashes, the synthesis of compatible solutes draws resources away from
lipid biosynthesis. Algae cultivated at extreme osmotic pressure may also display a preference

for starch accumulation over lipid accumulation.

Future Work

Future work will investigate compatible solutes synthesis in relation to biomass
production. Additional compatible solutes like proline will be added to the analysis. The FBA
technique minimization of metabolic adjustment will be used to compare metabolic shifts
between carbon storage compound accumulation, biomass production, and synthesis of
compatible solutes. Minimization of metabolic adjustment is based on the theory that
microorganisms have adapted to shift quickly between changing stresses in the environment. As
a result, the phenotypes that are expressed are predicted to be a tradeoff between two different
conditions (Segre et al., 2002). For example, during growth in high salinity conditions, algae
need to adjust regularly to sudden shifts in osmotic pressure caused by dilution events like
rainstorms. Minimization of metabolic adjustment could be used to predict which phenotypes
represent the least disturbance to cellular metabolism as the organism oscillates between “high

salinity” and “low salinity” conditions.
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Algae/Prokaryote Associations

Microbial community interactions are important to algal growth, with algae-associated
microbes being implicated both in culture crashes and in culture stability. Many algae are
difficult or impossible to obtain as axenic cultures, suggesting a metabolic dependence on
prokaryotic community members (Abby et al., 2014). The interactions between algae and
bacteria can be complex and are the subject of much research (Ramanan et al., 2016).

Ongoing work on green alga Chlorella sorokiniana SLLA-04 (referred to herein as SLA-
04) is focused on elucidating the role of microbial community members in growth in raceway
ponds and other xenic culturing conditions. Key questions to community assembly and structure
include: are these microbes supplying key nutrients to SLA-04, perhaps in exchange for nutrients
produced by the algae, thereby improving overall productivity? Are they subsisting on exudates
or lysed cells from SLA-04, making them neutral or potentially beneficial partners, assisting
algal growth via removal of inhibitory byproducts? Or are they predators of the algae and
contributing to culture crashes? A benefit of high alkalinity and high pH cultivation is that many
known algal grazers, such as the eukaryotic protist Daphnia magna, cannot survive at the highest
pH values (Vadlamani et al., 2017a). Other prokaryotic microbes remain in SLA-04 cultures
even under these extreme conditions, however, and determining their relationship to SLA-04 is a
crucial step in the design of stable communities with higher productivity and reduced
susceptibility to culture crashes.

This work presents a relatively quick, straightforward, and reproducible approach for
screening the genomes of prokaryotes associated with SLA-04 for metabolic capabilities. The

methodology uses KBase, the United States Department of Energy’s online knowledgebase for
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systems biology analysis (Bowen et al., 2018). The goal of this tutorial is to provide non-
modeling experts with a framework for developing reasonable hypotheses of possible metabolic

interactions in microbial communities.

Procedure

As of December 2021, KBase has several tools available for annotating prokaryotic
genomes. It is not currently recommended that algal genomes be annotated or used to build
metabolic models in KBase. A Salinarimonas species has been detected in high pH, high
alkalinity SLA-04 cultures by 16S rRNA sequencing. Salinarimonas spp. are halotolerant gram-
negative bacteria and have been found in alkaline lake environments similar to Soap Lake, WA,
where SLA-04 was isolated (Liu et al., 2010; Vadlamani et al., 2017b; Zorz et al., 2019). The
Salinarimonas rosea DSM 21201 genome was uploaded to KBase from NCBI. The genome
quality and completeness were verified using the version 1.4.0 CheckM app with default metrics.

First, functional capabilities of S. rosea were visualized using the beta app DRAM
(Distilled and Refined Annotation of Metabolism) (Shaffer et al., 2020). DRAM is a high
throughput tool for genome annotation that is designed to help researchers use the genomes or
metagenome assembled genomes (MAGs) of organisms to determine salient metabolic traits. A
primary goal of DRAM is predicting the role of those organisms in their environments. Emphasis
is placed on carbon, nitrogen, sulfur, and oxygen metabolism, and these traits are visualized in an
easy-to-read format (Figure 1 and Figure 2; see also the narrative in KBase for all data and
results discussed here). It should be noted that DRAM should not be used to definitively
determine the absence of a pathway. Additional annotations and searches should be conducted

before ruling out any pathways.



104

After analysis with DRAM, the S. rosea genome was annotated using both Prokka and
RAST. Only RAST annotations can be used to construct metabolic models in KBase, but it is
prudent to use both methods of annotation, as Prokka annotations generally provide more detail
and can be used later in the pathway analysis process to double-check any enzymes that are
missing from the RAST annotation. The TranSyT app can also be used to annotate transporters
(Lagoa et al., 2021). Transporter annotations are notoriously difficult (Zengler & Zaramela,
2018), making the use of this app in addition to the standard RAST annotation beneficial for
analysis of possible transporters. For this tutorial, annotation of transporters with TranSyT was
conducted during the model refining process so that the new reactions could be directly added to

an already-built model.
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Figure 4.7. Central carbon metabolism and electron transport chain information on S. rosea from
DRAM app in KBase. Enzymes or pathways that are marked as dark blue are 100% complete
yellow are expected to be absent in the organism. S. rosea appears to be aerobic, with the citric
acid cycle, EMP glycolysis, and the pentose phosphate pathway either complete or nearly

(shown as 1% in KBase), with all necessary subunits or enzymes present, while those marked
complete.
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Figure 4.8. Carbohydrate, nitrogen, and sulfur metabolism information on S. rosea from DRAM
app in KBase. Reactions marked in green are predicted to be present. S. rosea is predicted to be
capable of degrading starch, polyphenols, chitin, and various polyglucans, all of which can be
produced by algae (Stengel et al., 2011; Weber et al., 2022). The polyphenol degradation genes
encode enzymes for the degradation of lignin and lignin breakdown products like vanillin.
Dissimilatory nitrogen and sulfur metabolism are poorly represented. CAZY refers to
carbohydrate-active enzymes (Shaffer et al., 2020).
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The RAST annotation was used to build four metabolic models. Three of these models
were genome-scale metabolic models (GEMs), while one model was a core model. The KBase
gram-negative template was used for the biomass composition of all models. Each GEM was
gapfilled using a different media formulation. “Gapfilling” refers to the process by which
missing reactions in a model are identified and, if appropriate, reactions are added to the model
to fill the gap. In any model, there will be missing reactions in metabolic pathways, sometimes
making it impossible for the model to function even under conditions where the organism has

been shown experimentally to grow. These gaps must be resolved for the model to be an accurate



107

representation of the organism. Gapfilling in KBase is automated and helps streamline what is

typically one of the most onerous steps in the model building process (Faria et al., 2018).

There are several possible causes for these missing reactions:

1.

Sequencing or assembly issue. The enzyme that catalyzes the reaction is present,

but the sequence encoding this enzyme was missed during the sequencing process
or lost during the assembly process. The likelihood of this occurring will depend
on the level of completeness and the quality of the genome used to build the
model. Consult the results of the CheckM analysis of the genome used to
construct the model to determine the likelihood of this possibility. See Seif et al.,
2020 for a detailed analysis of assembly and sequencing issues that can cause
mistakes in growth predictions (Seif et al., 2020).

Annotation issue. The enzyme that catalyzes the reaction is present, but was

missed during the annotation process, perhaps as a result of the database or the
settings used during annotation. Annotating using multiple methods in KBase
may help with this problem. For example, apply and compare RAST and Prokka
annotations. BLAST searches can be run on enzymes of interest if there are any
specific concerns. BLASTn may be helpful in resolving some annotation issues
(Seif et al., 2020).

Unclassified/unknown enzyme. There is an enzyme present in the genome that

can catalyze the reaction, but the gene sequence is divergent enough from known
enzymes that it was not properly annotated. Promiscuous enzymes and as-yet

unclassified enzymes would be causes of this type of gap. This issue is best
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resolved by comparing experimental data to model predictions and confirming
that the model predicts growth for each experimental condition that supports
growth. Several tools exist to facilitate this process, most notably Biolog plates,
but it is still a laborious process (D. L. Sutherland et al., 2021). KBase does have
a specific app for incorporating experimental growth data: the Simulate Growth
on Phenotype Data app. If experiments are prohibitively difficult, then sequences
from literature can be searched against the genome and the missing reactions can
be added if these enzymes are detected.

4. Enzyme is not present. It is possible that there is a true lesion in the pathway. An

incomplete pathway is a potential sign of auxotrophy and could represent an
opportunity for community interactions. Note that in this case, unlike the above
cases, gapfilling is not warranted and would result in an erroneous metabolic
model. Auxotrophy is discussed in more detail in the “Interactions Due to
Vitamin Auxotrophies” section.

In KBase, different media formulations can be used to represent the availability of
different nutrients to the organism. The level of gapfilling that is implemented depends on media
that is used, as gapfilling forces the model to represent growth on the supplied media. For
example, Argonne LB media contains heme, while the Reference Glucose Minimal media does
not. If heme biosynthesis was not originally annotated in the genome, the model that is gapfilled
on the minimal media must include heme biosynthesis pathways to function, while a model that
is gapfilled on Argonne LB does not require those reactions as heme can simply be taken up

from the environment.
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Three media types, each requiring a different level of gapfilling, were used to build the
three S. rosea GEMs: KBase Complete media, Argonne LB media, and Reference Glucose
Minimal media. (Note that if a suitable media type is not already present in KBase, a new media
can be designed.) Simulations run using KBase complete media require the least gapfilling, as
this medium supplies the most biomass precursors. KBase complete media does not have an
exact formulation. Instead, its composition is dependent on the transporters that are present in the
genome annotation. For every transporter that is annotated, that compound is added to the media
and can be taken up by the model. Generally, this works well, but it can cause problems when a
transporter is present for a compound that the organism cannot grow on. Type II methanotrophs,
for example, have a phosphotransferase system (PTS) but cannot grow on external sugars like
glucose (Olga N. Rozova et al., 2021). Gapfilling a methanotroph model on KBase complete
media will incorrectly result in the model simulating uptake of and growth on glucose.

Argonne LB media was used to simulate a moderate level of gapfilling. It contains 65
compounds, with some amino acids and cofactors included in the media, meaning that
biosynthetic pathways for compounds like heme or vitamin B are not necessary. Finally, the
Reference Glucose Minimal media was used to represent the highest level of gapfilling. This
media contains only glucose as a carbon source. Nitrogen is supplied as ammonium,
phosphorous as phosphate, and sulfur as sulfate. This type of media requires the most complete
biosynthetic pathways to simulate growth.

The three GEMs were compared manually to check for any major differences between
the gapfilling methods (e.g., presence of entirely different pathways or growth modes in one

model and not in another), which could be indicative of errors within the gapfilling process. The
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Compare Models app was also used to determine the reactions and compounds that the three
models share. The core metabolic model was excluded from this analysis, as its small number of
reactions skews the statistical analysis, but it was still qualitatively checked against the core
metabolism of the three GEMs.

Additional characterization was performed on the model that was gapfilled with
Reference Glucose Minimal media (the model with the most gapfilled reactions). The Run
Model Characterization app was used to summarize pathway completion values, auxotrophy
predictions, and key model parameters like the number of reactions and compounds included.
This app also provides information about the number of reactions that are essential for biomass
production and the number of reactions that are blocked. Finally, TranSyT was used to further
refine the transporter reactions in the S. rosea model run using Argonne LB (Lagoa et al., 2021).

Suggested apps for running modeling predictions or incorporating experimental data are
included at the end of the narrative. An example flux balance analysis prediction was run on the
GEM gapfilled with Argonne LB with biomass as the objective function to verify model
function. The Simulate Growth on Phenotype Data app can be used to include growth
information on different nutrient sources, like the information obtained from Biolog assays. This
app could help with errors introduced during the gapfilling process due to the presence of
transporters for compounds that the organism cannot grow on, like in the methanotroph/PTS
example. The Compare Flux with Expression app can be used to compare gene expression data

to flux predictions.
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General Overview of S. rosea Metabolism

EMP (Embden-Meyerhof-Parnas) glycolysis, the pentose phosphate pathway, and the
citric acid cycle are either complete or mostly complete, suggesting that S. rosea can grow on
many sugars and simple carbohydrates in addition to the more complex starch, polyglucans,
polyphenols, and chitin predicted by DRAM. Transporters are present for many polysaccharides
and for smaller sugars. The presence of multiple cytochrome oxidases in the electron transport
chain indicates that S. rosea is likely capable of aerobic respiration. Dissimilatory nitrogen and
sulfur metabolism are limited and not expected to be a major source of energy for growth.
Lactate dehydrogenase, formate dehydrogenase, and alcohol dehydrogenase are present,
indicating that anaerobic fermentation is possible. These predictions match well with the known
growth abilities of S. rosea YIM YD3 (Liu et al., 2010).

Several genes related to pH homeostasis were identified. The DRAM annotation includes
multiple Na":H" antiporters, which can be used to import protons to the cytosol, making them
crucial in maintaining cytosolic pH during alkaliphilic growth. These antiporters can also help
cells cope with saline conditions by exporting Na* (Krulwich et al., 2011). Additional enzymes
for osmotic pressure regulation were also found. “Osmoprotectant” transporters were identified
with DRAM, and ATP-dependent ectoine and glycine betaine transporters were found in the
RAST annotation, as were many transporters for compatible solutes like sucrose (Fenizia et al.,
2020; Oren, 2001). S. rosea does not have annotated genes for the synthesis of ectoine or
sucrose, but it does encode the enzymes for synthesis of glycine betaine and trehalose

(Shivanand & Mugeraya, 2011).
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Gapfilling Analysis

The purpose of the gapfilling analysis is to highlight the assumptions that go into
automated GEM building and to demonstrate methods to validate those assumptions. KBase
Complete media, Argonne LB media, and Reference Glucose Minimal media were used as the
criteria for gapfilling on each of the three GEMs. There was good agreement between each of the
models, and, as expected, the models that were gapfilled on the most complete media types
required fewer reactions to be added to simulate biomass production. The models that were
gapfilled on KBase Complete media and Argonne LB media both required about 50 additional
reactions, mostly for specific cell membrane components that are included in the KBase gram-
negative biomass reaction, which requires 89 compounds. The model that was gapfilled on
Reference Glucose Minimal media needed 72 additional reactions to satisfy the biomass
reaction. Most of these were, again, cell membrane components, but some were related to
vitamin biosynthesis, especially biotin and pantothenate, for which §. rosea is likely auxotrophic.
S. rosea YIM YD3, which has been isolated and characterized, did not have any auxotrophies
(Liu et al., 2010); however, a different S. rosea genome (Salinarimonas rosea DSM 21201),

which has not been characterized, was used for this analysis.

Interactions via Biomass Turnover

In the raceway pond system, SLA-04 is acting as a primary producer. Heterotrophic
bacteria must acquire nutrients from primary producers, either by predation, by degrading
previously lysed cells, or by metabolite transfer (Hunt et al., 2016). Enzymes associated with

macromolecule degradation, especially polysaccharide degradation for lysing or catabolizing
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algal cell walls, can be associated with algal parasitism (Ramanan et al., 2016). However, these
genes would also be useful for a scavenging phenotype and do not necessarily mean that the
bacterium is a predator.

S. rosea encodes many peptide transporters. The DRAM annotation includes branched-
chain amino acid transporters as well as the peptide/nickel transport system, which is used in the
transport of small peptides (Jameh et al., 2016). Peptidases were also identified in the
annotations. In addition to protein degradation genes, S. rosea encodes acyl-CoA dehydrogenase
(EC 1.3.8.7), a key enzyme for the beta-oxidation pathway of fatty acids. Other enzymes
associated with fatty acid degradation are also present, including a glyoxylate cycle. Finally, S.
rosea has a complete glycolytic pathway and many transporters for small sugars and for larger
polysaccharides, including cellobiose. DRAM predicts that S. rosea can degrade polyglucans,
starch, and lignin, which are components of the cell wall and are also important parts of cellular
biomass. S. rosea also has enzymes for degrading chitin. Chitin-like polysaccharides have been
identified in the cell wall of Chlorella vulgaris and are hypothesized to contribute to the
recalcitrance of the cell walls of Chlorella sp. (Weber et al., 2022).

Biomass turnover can be beneficial to algal growth. When bacteria consume dissolved
organic carbon (DOC), they produce CO> and low molecular weight organic compounds, which
can then be re-consumed by the algae (Cho et al., 2015). S. rosea encodes a complete citric acid
cycle, so it is likely to produce CO; during aerobic growth. It also contains many fermentative
pathways that could produce compounds like acetate, which has been shown to promote growth
in a Chlorella sorokiniana strain. Small organic acids can be inhibitory to growth under some

conditions, but in high pH cultivation, they are deprotonated and therefore charged, making it
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harder for them to leak across the cell membrane and cause damage inside the cell (Lacroux et
al., 2021). It is possible that fermentation products secreted by S. rosea are beneficial under high

alkalinity cultivation but deleterious under lower pH cultivation.

Interactions due to Photosynthetic Byproducts

While carrying out photosynthesis, green algae produce O>. The concentration of O can
reach high levels during daylight growth, especially under high light conditions or in closed
photobioreactors (Kazbar et al., 2019). O competes with CO at the active site of ribulose-1,5-
bisphosphate carboxylase/oxygenase (RuBisCO), and at high O> concentrations, O, reacts with
ribulose-1,5-bisphosphate to form the toxic metabolic intermediate 2-phosphoglycolate. 2-
phosphoglycolate (and the related molecules glycolate and glyoxylate) inhibit several enzymes
within the Calvin cycle and glycolysis, effectively shutting down biomass production pathways.
The photorespiratory cycle is used by photosynthetic organisms to quickly detoxify these
compounds, but it has high metabolic costs, including the loss of CO», the production of NH3 and
H>03, and the consumption of ATP (Dellero et al., 2016). The costs of the photorespiratory cycle
and the stress from reactive oxygen species (ROS) can impact algal biomass production under
industrial growth conditions (Kazbar et al., 2019; Taubert et al., 2019).

The S. rosea genome contains the genes for phosphoglycolate phosphatase, glycolate
oxidase, glyoxylate/hydroxypyruvate reductase, and a glycolate permease. It is possible that S.
rosea could consume excreted glycolate from the media during the daytime, helping to alleviate
the negative growth effects of glycolate toxicity on SLA-04. S. rosea is also predicted to be

aerobic, meaning that it could also decrease O» levels during the day, reducing the creation of
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ROS and the competition between Oz and CO> at the RuBisCO active site (A. E. Beck et al.,

2017). At night, however, S. rosea may compete with SLA-04 for available O,.

Interactions due to Vitamin Auxotrophies

Vitamin auxotrophies in both prokaryotes and eukaryotes are widespread (Seif et al.,
2020), and crossfeeding of vitamins is thought to be integral to the formation and stability of
many microbial communities (Romine et al., 2017; Zengler & Zaramela, 2018). In a 2006 survey
of 306 algal species, roughly 50% of the algae were auxotrophic for vitamin B2, about a quarter
required vitamin B (thiamine), and about 5% required biotin (vitamin B7) (Croft et al., 2006).
Studies of vitamin exchange in algal communities are generally focused towards consortia design
for industrial use, meaning that the auxotrophies in the algae are subjected to the most analysis
(Kouzuma & Watanabe, 2015; Sun et al., 2018), but for community modeling it is important to
also consider the auxotrophies of any potential symbionts and what resources they may be
acquiring from the algae. This is especially true for SLA-04, which can be grown on Bold’s
Basal Medium without vitamin additions but may still benefit from vitamins produced by
associated microbes.

Microbial community members can acquire vitamins via cross-feeding or through
scavenging of lysed cells (Romine et al., 2017). It is generally thought that vitamin transfer in
algal/bacterial systems is due to mutualistic relationships (Ramanan et al., 2016). For example,
researchers have shown that heterotrophic bacteria and algae that are grown in media lacking
carbon and vitamin B> maintain their population ratios until either external carbon or vitamins
are added, indicating a mutualistic relationship between the two (Grant et al., 2014; Kazamia et

al., 2012). Estimates of the bacterial population size vs. the algal population size can also provide



116
insight as to whether there are enough bacteria to supply all the vitamins that the algal population
needs through natural bacterial senescence and lysing alone (Grant et al., 2014).

In KBase, organisms are considered auxotrophic for vitamins if they are missing multiple
enzymes in the synthetic pathway. This matches well with standards in the field for determining
auxotrophy, which rely either on the absence of enzymes in a pathway or the lack of an entire
pathway. In the first case, the phenotype can potentially be rescued by the addition of precursors
to the vitamin. It should be noted, however, that the loss of a single enzyme in a pathway can
also cause auxotrophy. It is possible that the early stages of niche differentiation are more likely
to result in auxotrophy from a single missing enzyme or a loss of function mutation (Seif et al.,
2020), while evolution that is further along may result in the entire pathway being lost, as there is
no benefit to keeping extra genes that are not being used (Croft et al., 2006).

Loss of function mutations have several causes, but single nucleotide polymorphisms
(SNPs) are the most difficult to pinpoint and must be either determined experimentally or found
in literature and then searched for manually in the genome with BLAST or a similar program
(Seif et al., 2020). As mentioned above, it is also possible for a single missing enzyme in a
pathway to be a cause of auxotrophy, despite KBase’s apparent requirement for multiple missing
enzymes. Therefore, any predictions of auxotrophy from the Run Model Characterization app
should be double-checked either using BLAST or confirmed using experimental growth data.

Another way to verify auxotrophy predictions in KBase is by looking for vitamin
transporters or for transporters of vitamin precursors. Romine et al. note that microbes that have
transporters for vitamins or precursors that they can produce themselves often use energy-

independent transporters, which could be bidirectional, allowing for either production or
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consumption of the compound depending on the transient needs of the cell (Romine et al., 2017).
An energy-requiring transporter may be a sign that the organism is truly auxotrophic for the
compound being transported.

Vitamin B> (cobalamin) cross-feeding is one of the best studied vitamin exchanges in
algal-bacterial communities, as no eukaryotes are known to synthesize vitamin Bi>. Algae with a
methionine synthase that require vitamin B1> must obtain either it or related compounds like
pseudocobalamin from bacterial community members to produce methionine (Helliwell et al.,
2016; Kazamia et al., 2012). Algae that are not auxotrophic for vitamin Bi> use an alternative,
non-cobalamin dependent enzyme for methionine synthesis. The SLA-04 genome encodes both
the cobalamin-dependent and the cobalamin-independent methionine synthases. In other algae
that encode both versions of the methionine synthase, however, expression of the cobalamin-
independent version is repressed when cobalamin is available in the media, leaving this open as a
possible interaction between SLA-04 and S. rosea (Helliwell et al., 2011; Kazamia et al., 2012).
Cobalamin auxotrophy is not considered in the Run Model Characterization app’s Auxotrophy
Statistics. Manual analysis shows that there are some lesions present in the S. rosea pathways for
cobalamin biosynthesis, and while more detailed investigations are needed, it is possible that
both SLA-04 and S. rosea rely on added cobalamin or on other community members for their
supply of this vitamin.

Biotin (vitamin B7) is an essential cofactor for acetyl-CoA carboxylase, which is a key
enzyme in fatty acid biosynthesis. All microbes require biotin, and about 5% of algae are
auxotrophic for the vitamin (Croft et al., 2006). The SLA-04 genome contains the enzymes

required for the synthesis of biotin and pimeloyl-CoA, a biotin precursor. S. rosea, however, is
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predicted to be auxotrophic for biotin. It would rely either on SLA-04 or on other community
members for its biotin supply.

Thiamine (vitamin Bj; active form is thiamine pyrophosphate or TPP) is, like biotin,
universally required. It is needed for many enzymes in central carbon metabolism (Croft et al.,
2006). SLA-04 has the required enzymes for thiamine biosynthesis from glycine. In the S. rosea
model, the thiamine diphosphate synthesis pathway was heavily gapfilled (15/88 reactions), and
the presence of an energy-dependent transporter for this compound lends support to S. rosea
being auxotrophic for TPP despite the predictions made by the Run Model Characterization app.
A thiamine ATP transporter was also identified in the RAST annotation.

S. rosea was also identified as being auxotrophic for pantothenate (vitamin Bs). The
RAST annotation includes an energy-dependent transporter for pantetheine, a pantothenate
precursor.

S. rosea additionally encodes an energy-dependent transporter for protoporphyrin (a
heme precursor) and heme (prosthetic group used in cytochromes). Both EC 1.3.3.4 and EC
1.3.5.3, which catalyze the final step in heme synthesis, are missing from the RAST annotation.
It is possible that S. rosea is auxotrophic for heme, as well, despite its predicted aerobic
metabolism. A recent survey revealed that heme auxotrophy is likely widespread in bacteria,
even in obligate aerobes, although the authors do note that it is possible that unknown heme
biosynthetic pathways exist (S. Kim et al., 2021). Alternatively, heme uptake may be a way to
acquire iron, which is likely to be scarce in high pH systems. ATP-dependent heme exporters are
also used to regulate heme biosynthesis, which involves multiple steps that can induce reactive

oxidative species as byproducts and can therefore be toxic to organisms (S. Kim et al., 2021), but
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the absence of several necessary biosynthetic enzymes coupled with the presence of a transporter

suggest potential auxotrophy in S. rosea.

Additional Interactions

There are likely many interactions between algae and bacteria beyond the ones examined
here. Some bacteria can produce algal-growth promoting factors like indole acetate and other
auxins (Borowitzka, 2016; Goecke et al., 2010). S. rosea does encode the genes for production of
indole acetate. Bacteria are also proposed to be a major source of siderophores and other metal
chelators, which can help algae access metal ions necessary for metabolism (Fuentes et al.,
2016). Hundreds of bacterial siderophores have been described in the literature (Hider & Kong,
2010). A search of the S. rosea genome for common siderophores revealed only citrate. Due to
the large diversity of siderophore compounds, however, it is possible that enzymes related to
siderophore production are unknown and are therefore unlikely to be annotated. Experimental
techniques for the identification of siderophores, such as the chrome azurol S assay (Louden et

al., 2011; Pérez-Miranda et al., 2007), may be preferable to genomic analysis.

Conclusion

This tutorial demonstrates the use of KBase for analysis of potential microbial
community interactions using the example of Salinarimonas rosea. S. rosea is expected to
catabolize components of SLA-04 biomass for both reduced carbon species and for specific
vitamins. While breaking down macromolecules, S. rosea likely produces CO; and fermentation
byproducts like acetate, which SLA-04 could use as carbon sources. It may also supply

cobalamin to SLA-04, although additional analysis would be needed to confirm this. Finally, S.
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rosea can also synthesize glycine betaine, a compatible solute that could be used by SLA-04

under high osmotic pressure conditions.

Chapter Acknowledgements

Thanks to Nazanin Nowzaridalini, Dr. Sridhar Viamajala, and Isaac Miller for their
insights into the growth of SLA-04. Thanks also to Dr. Huyen Bui for assisting with data

collection.



121

CHAPTER FIVE

EPILOGUE

Overview

This work uses metabolic modeling to compare the metabolisms of green microalgae and
aerobic methanotrophs, two microorganisms that grow on single carbon compounds. Chapter
One provides an overview of the two organisms, their capacity to accumulate carbon and energy
storage compounds, and their roles as primary producers in the environment. Chapter Two uses
elementary flux mode analysis to investigate aecrobic methanotroph metabolism under O> limited
conditions. Denitrification and carbon storage compound degradation are compared as survival
strategies for these obligate acrobes. Chapter Three examines compatible solute production in
green microalgae using flux balance analysis. Chapter Four provides an example of how

sequencing data can be used to explore community interactions in KBase.

Future Directions

Chapter Two provides a detailed workflow for construction of core metabolic models for
organisms with uncommon metabolisms. These metabolic types are difficult to capture using
automated modeling techniques, and there are few works that describe the process of
troubleshooting metabolic models of these organisms. This chapter is prepared as a manuscript
draft that will instruct beginning modelers on the development of accurate metabolic models
with unusual energy metabolisms. The manuscript will also provide instruction on how

metabolic modeling can be used to guide cultivation techniques. For example, global warming
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potential calculations have been incorporated into the model, which both demonstrates real world
applications of metabolic modeling and showcases a method for model analysis. A similar
technique could be used to evaluate inhibitory properties of different metabolic byproducts like
methanol or to compare the copper costs of different phenotypes.

Further analysis of the effects copper and iron limitation on methanotroph metabolism
will be added into this manuscript. Membrane real estate predictions are also to be included.
Membrane real estate analysis is a modeling technique that considers the space available on the
cell membrane as a limiting resource. Only a certain percent of the membrane is available for
occupancy by transporters and the electron transport chain—how a cell optimizes its use of that
space depends on the stresses imposed by the cultivation environment. Methanotrophs provide
an interesting case study in this area, as their membrane availability greatly increases under high
levels of copper availability, providing additional room for the many membrane enzymes that are
employed in methane oxidation.

Chapter Three investigates the role of compatible solutes in adaptation of Chlorella
sorokiniana SLLA-04 to high salt stress. Experiments are currently underway to characterize
SLA-04’s salt tolerance and to determine which compatible solutes it produces. The results of
these experiments will be incorporated into future modeling predictions. Biolog plate assays are
being used to characterize the carbon and nitrogen sources that SLA-04 can use, which will also
be included in the model. Finally, the SLA-04 model is being transferred to KBase format for
easier sharing between research groups.

Chapter Four details a workflow for the use of metagenome sequencing data to model

interactions within an algal community. This workflow will be used to analyze sequencing
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results from an ongoing project. Three isolates are to be sequenced; core metabolic models will

be built for each and calibrated using Biolog data on carbon source utilization.
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