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Abstract

Anthropogenic agricultural and industrial activities have intensified in the past few
decades to satisfy the food and energy demands of a rapidly growing human population. The
increase in these activities is causing extremely high emission of greenhouse gases which
results in global warming and inevitable climate change. One of the most potent greenhouse
gases is methane. From a biological perspective, methane represents a sole carbon source for
microorganisms known as methanotrophs. These microbes, which are the only known biotic
methane sink, can act as natural barrier to methane emissions. From an industrial perspective,
these organisms can be used as microbial factories to produce value-added compounds from
methane. Another important feature of methanotrophs is their ability to consume methanol as
well as methane, which is immediately available without the need to control gas to liquid

mass transfer.

The focus of this thesis is the alphaproteobacterial methanotroph Methylocystis sp.
Rockwell. Alphaproteobacterial methanotrophs encode the enzymatic machinery for the
production of bioplastics while growing on methane and/or methanol. The most important
bioplastic produced by alphaproteobacterial methanotrophs is polyhydroxybutyrate (PHB).
The overall goal of this study was to optimize production and detection of PHB in

Methylocystis sp. Rockwell.

To optimize production of PHB, bacterial cultures were grown under different
combinations of methane and/or methanol with ammonium or nitrate mineral salts as the
source of nitrogen. Growth was monitored along with oxygen and methane consumption,
while biomass and PHB were analyzed at the end of growth. Results of this study revealed
the importance of methane/methanol combination for PHB production, regardless of nitrogen
source, and led to the question of the mechanism of beneficial influence of methanol on PHB

synthesis.
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In addition, this study established novel, environmentally friendly, cheaper, and faster
approach for direct PHB detection in methanotroph cells and confirmed its accuracy with the
standard detection approach. In another approach, a molecular tool for detection of novel
PHB-producing organisms in the environment was created, and the proof-of-concept

principle has been confirmed.

Overall, results of this study offer new perspectives in both, optimization and
detection/quantification and serve as the basis for further improvements in designing

methanotrophic PHB biofactories.
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Figure 6.11Comparation between fluorescent signal emitted from ARA2s0 and T7250 stGFP-
SBD after interaction with PHB in the assay plate and methyl-3-OH-butyrate/methyl-
benzoate (GC-FID obtained PHB quantification) for the approximately same amounts of

PHB measure in the assay plate (for fluorescent signal) or derivatized (for GC-FID reading).

Figure 6.12. Comparation between fluorescent signal emitted from ARAs00 and T7500 sSfGFP-

SBD after interaction with PHB in the assay plate and methyl-3-OH-butyrate/methyl-
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benzoate (GC-FID obtained PHB quantification) for the approximately same amounts of

PHB measure in the assay plate (for fluorescent signal) or derivatized (for GC-FID reading).

Figure 6.13. Comparation between fluorescent signal emitted from ARA 1000 and T71000
sfGFP-SBD after interaction with PHB in the assay plate and methyl-3-OH-butyrate/methyl-
benzoate (GC-FID obtained PHB quantification) for the approximately same amounts of

PHB measure in the assay plate (for fluorescent signal) or derivatized (for GC-FID reading).

Figure 7.1. Methanotrophs as a sustainable platform for production of PHB. The methane-

emitting landfill digestor is linked to the bioreactor

Figure 7.2. The potential application of PHB-binding sfGFP-SBD module. The source of

novel PHB producing species can be an environmental sample.
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Chapter 1
Introduction: Rationale and Context
1.1 PHB production by the alphaproteobacterial methanotroph Methylocystis sp. Rockwell

A doubling in atmospheric methane concentrations occurred from the glacial to
interglacial periods, ranging from 360 -700 ppb. About 5,000 years ago, the increase in
atmospheric methane was linked to emission from the southern tropics (Lan et al., 2021).
However, the highest observed peak in atmospheric methane was detected more recently,
starting from the industrial revolution in the 18" century when atmospheric methane levels
increased by approximately 150%. The most significant peak was observed after 2006 at
~1879 +0.6 ppb. About 50% of recent global methane emissions are caused by human
activities, mainly due to a growing population and industrial development in Europe, North
America, and China (Kirschke et al., 2013). Regardless of the reasons behind these increasing
methane emissions, all records are showing that methane has a significant impact on climate

change (Lan et al., 2021)

Atmospheric methane absorbs infrared radiation at a wavelength of 7.6 um. This
event affects the radiation balance in the atmosphere and increases global temperature, and
leads to the climate changes that we have been witnessing over the past few decades. Most
methane in the atmosphere and soils is removed via abiotic oxidation driven by hydroxyl
radicals (OH¢) (Nazaries et al., 2013). Additional abiotic sinks include reactions with chlorine
and atomic oxygen radicals in the stratosphere and the marine boundary layer (Nazaries et al.,
2013). In addition to the highly important abiotic sinks, it is impossible to omit the only biotic
methane sink: methane oxidizing microbes. Even though some data report microbial
contributions to atmospheric methane mitigation as “negligible” (Colin Murrell & Jetten,

2009; Nazaries et al., 2013) — accounting for around 5 -7% of the total methane sink —, over



90% of the methane produced by soil archaea is oxidized by methanotrophic microbes before
it reaches the atmosphere (Colin Murrell & Jetten, 2009). Although understanding methane
sources and sinks is complex, it is crucial for the development of efficient strategies to
attenuate harmful methane emissions that damage the environment and human health (Colin

Murrell & Jetten, 2009).

Another recent environmental problem caused by human activities is the increased
level of plastic pollution. This pressing issue encourages the development of environmentally
friendly biodegradable alternatives with reduced use of toxic chemicals. One such alternative
is the group of biopolymers known as polyhydroxyalkanoates (PHAs), among which
polyhydroxybutyrate (PHB) is the most widely studied (Zaldivar Carrillo et al., 2018).
Thanks to its beneficial properties — such as biodegradability, biocompatibility, and
thermoplasticity, PHB represents a promising alternative to produce environmentally friendly
biodegradable plastic. Biodegradability of the material refers to “the ability of material to be
decomposed by the action of biological agents (bacteria or fungi), with or without oxygen
while getting assimilated into the natural environment”. Biodegradable material does not
cause ecological harm during decomposing process

(https://youmatter.world/en/definition/biodegradable-plastic/). Biocompatible materials refer

to those that are compatible with living tissue and does not produce any toxic or

immunological response after body fluids exposure (https://www.spine-

health.com/glossary/biocompatibility). Thermoplasticity of material refers to the temperature

stability, and is defined as “the ability of softening or fusing when heated and of hardening

again when cooled” (https://www.merriam-webster.com/dictionary/thermoplastic).

Current industrial production of PHB mainly involves sugars as a feedstock, which is
not only expensive, but is also mired in the food vs fuel debate. From that perspective, a

specialized group of aerobic methane-oxidizing bacteria,alphaproteobacterial methanotrophs,
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have been investigated as a means for PHB production from methane and/or methanol
(Chidambarampadmavathy et al., 2015). These bacteria contain enzymatic machinery that
enables the metabolic conversion of single-carbon substrates to the bioplastic precursor PHB
(Pieja et al., 2017). The use of low value industrialby-products as starting material for PHB
production reduces the cost of the entire process while contributing to the reduction of GHG
emissions. One of the most famous low-cost carbon sources is carbon dioxide. Carbon
Dioxide is another GHG highly emitted as industrial byproduct, and the idea of capturing it
for industrial bioconversion has been explored in various aerobic and anaerobic organisms.
Cyanobacteria were one of the most interesting targets, as they have been established as the
efficient platform for biodiesel production (Nozzi et al., 2013). However, the attempts to
screen PHB-producing cyanobacteria did not give promising results. The % of PHB
identified in these organisms ranged from 0.15 — 6.44 % only, while the addition of
expensive, food vs fuel debate trigger, glucose was required to improve PHB content to
26.37% (Ansari and Fatma, 2016). In addition to carbon dioxide only, there have been
attempts to optimize PHB production from synthetic gas (syngas) which is the H2, COz2, and
CO mixture (Jin et al., 2020). The process of syngas conversion cam be completed by
microorganisms that can oxidize Hz and fic CO2 and CO while producing acetyl-CoA, which
is the molecular base for PHB synthesis. In these organisms, acetyl-CoA is immediately
converted to the acetate to gain ATP (Cestellos-Blanco et al., 2021). Even though the
production of PHB from syngas can be relatively high (12.6 mg/L per hour in continuous
culture), the production yield could not be maintained, as these cells were depleting PHB to
acquire carbon and energy (Cestellos-Blanco et al., 2021). The production of PHB from
carbon fixing acetogenes usually require genetic modifications of the strain (Jin et al., 2020),
which might result in disrupted redox balance and affect biomass production. Regardless of
successful improvement, the amount of PHB reached approximately 22-27 mg/L (de Souza

Pinto Lemgruber et al, 2019), which is not enough to justify commercialization. In addition,
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hydrogen oxidation is required to support cellular growth, which generates the problem of
potential reactor explosion during fermentation process. It is true that lowering hydrogen
amount reduces the risk of explosion and improves PHB content up to 70% dw/L (Miyahara
et al. (2020), but the process bear risks which can be avoided if other feedstock is used to
support both, PHB and biomass production. In addition, carbon dioxide fixation is
energetically expensive metabolic route, and the production of biomass might not follow
production of PHB. However, carbon dioxide should still be considered as a feedstock,
especially in methanotroph-cyanobacterial co-culturing, where simultaneous use of both
GHG can be achieved (Hill et al., 2017).

The production of PHB from methane and methanol has been successful in past few
decades. Companies such as Mango Materials and New Light are actively engaged in
commercial PHB production from methane, and they are constantly seeking for production
improvement. Regardless of being britt and stiff, PHB still remains optimal polymer for
bioplastic productions. The reason behind that is the ability to improve its quality with
alternative purification methods (Olivera et al., 2009; McAdam et al., 2020).

The production of PHB by alphaproteobacterial methanotrophs is typically
accomplished by providing an excess of carbon, followed by a starvation signal that triggers
PHB synthesis (Pieja, Rostkowski, et al., 2011). Even though all alphaproteobacterial

methanotrophs utilize the same metabolic pathways for PHB production, there is substantial

variability in terms of preferable carbon and nitrogen source that enhances PHB synthesis in
different species (Rostkowski et al., 2013; Zaldivar Carrillo et al., 2018; T. Zhang et al.,
2017). In addition, PHB yield, and quality is affected by pH, temperature, other
macronutrients (phosphorus, sulfur, potassium, magnesium sodium), and trace metals
(copper, iron, zinc, manganese, and cobalt) (Strong et al., 2015). Despite the importance of
methane-based PHB production, the physiological effects of media formulation and diversity

among PHB-producing strains has not been widely investigated. Studies have resolved the
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impact of carbon source on metabolic distribution (Kalyuzhnaya et al., 2013) and shifting
towards preferred metabolites (Fu et al., 2019; O. K. Lee et al., 2016; Sugden et al., 2021).
However, these studies were performed on gammaproteobacterial methanotrophs, while
PHB-producing methanotrophs remained largely unexplored. A recent study revealed the
diverse growth requirements of three different alphaproteobacterial methanotrophs where the
common features were low growth followed by high formate excretion when methanol was
used as the sole carbon source (Tays et al., 2018). Despite valuable information on the effect
of the carbon source on bacterial physiology, its impact on PHB production remains

relatively unexplored.

Regardless of their ability to utilize ammonia or nitrate mineral salts (AMS or NMS),
most studies on methanotrophic metabolism have been performed with nitrate as the nitrogen
source (Fu et al., 2019; Matsen et al., 2013; Yang et al., 2013). The discovery that ammonia
can serve as a better nitrogen source than nitrate in some organisms has led to comparisons of
physiology and growth between the two sources of nitrogen (Nyerges et al., 2010; Nyerges &
Stein, 2009). In addition, PHB-producing methanotrophs can utilize atmospheric nitrogen due
to the presence of nitrogen fixing enzymatic machinery (Dam et al., 2014; Stein et al., 2011).
Even though there was substantial evidence of differences in preferable nitrogen source for

growth among isolates (Campbell et al., 2011; Nyerges et al., 2010; Stein et al., 2011; Tays et

al., 2018), the effect of nitrogen source on PHB production was not investigated among all
alphaproteobacterial methanotrophs. The only common feature was the need for starvation or
stress signal to initiate PHB synthesis (Zaldivar Carrillo et al., 2018; T. Zhang et al., 2017; Y.
Zhang et al., 2008). Among all known alphaproteobacterial methanotrophs, most of them has
been investigated as potential platform for PHB synthesis. The well-known model organism
Methylosinus trichosporium OB3b has been studied by various researchers (Zhang et al.,

2017; Zaldivar-Carrilo et al., 2018) and gave promising results achieving around 52%



without (Zaldivar-Carrilo et al., 2018) and 51% of PHB dw/L with existing oxygen limitation
(Zhang et al. 2017). Another organism Methylocystis hirsuta accumulates over 40% dw/L
(Bordel et al., 2019). However, even though M. trichosporium OB3b produces significant
amounts of PHB followed by biomass increase after optimization (Zaldivar-Carrilo et al.,
2018), our comparative analysis showed that under identical growth conditions where stress
signal was not applied (methane-nitrate growing conditions), the model organism used in this
study Methylocystis sp. Rockwell produced detectable PHB amounts, while M. trichosporium
OB3b did not (Lazic et al., 2021). These findings suggest that Methylocystis sp. Rockwell
should be explored for further PHB production, especially due to the fact that this organism
thrives well on ammonia as the source of nitrogen, which leaves possibility to use ammonia-
containing wastewater as a simple growing medium. Nevertheless, there are a few
unexplored alphaproteobacterial methanotrophs (such as Methylocystis sp. WRRCI) that

remain to be investigated and screened for PHB production in future.

1.2. PHB detection and quantification in alphaproteobacterial methanotroph Methylocystis sp.

Rockwell

Interest in the production of PHB has intensified as plastic waste continues to
accumulate and interfere with ecosystems and wildlife (https://www.unep.org/news-and-
stories/story/world-leaders-set-sights-plastic-pollution). Because PHB is non-toxic and
biodegradable, and has properties that resemble traditional plastic materials, much effort has
been invested to reduce the cost of microbial production by identifying cheaper carbon
sources (Oehmen et al., 2005) and/or by modifying existing PHB-producing strains
(McAdam et al., 2020). In addition, efforts have been made to improve polymer recovery,
detection and quantification (Godbole, 2016). The success of any type of production
(including PHB) requires an efficient, rapid, and simple method for product analysis. It is

critical to know the exact amount of synthetized and recovered material, especially when the
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focus is to compare between different production conditions. There are numerous available
methods for PHB detection and quantification, and they include microscopy-based staining
reactions, spectrophotometric methods, High Performance Liquid Chromatography (HPLC),
Gas Chromatography (GC), and NMR Spectroscopy. Each of these methodologies has
advantages and disadvantages, but in terms of precision and accuracy, the method based on
depolymerization and esterification of PHB followed by indirect detection of methylated
monomer with GC-flame ionization detector (FID) has been reported as the most successful
(Godbole, 2016.; Oehmen et al., 2005; Zaldivar Carrillo et al., 2018). However, this approach

not only involves the use of harmful solvents (such as chloroform and sulfuric acid) but is

also time consuming. Thus, the present study aimed to develop novel, environmentally

friendly and cheaper approaches for PHB detection and quantification.

The first approach was based on staining with Nile Blue A (NBA), a fluorescent dye,
followed by microscopy (Lazic et al., 2022). The spectral properties of NBA enables
selective detection of PHB among other lipid-based cellular components, making it easily
visible under a fluorescent microscope. In addition, this methodology enabled single-cell

analysis and evaluation of PHB granules.

The second approach was based on the ability of a PHB-degrading enzyme, PHB
depolymerase (PhaZ), to interact tightly with its PHB substrate (Martinez-Tobon et al.,
2020a). PhaZs are hydrolytic enzymes that contain catalytic (CAT) and substrate-binding
domains (SBD) linked by a fibronectin-like domain (Clark et al., 2019; Costa et al., 2014). A
framework for the production and purification of PhaZ-recombinant fusion proteins
(Martinez-Tobon et al., 2020b) was adapted to design and recover a synthetic module for
PHB detection. The design involved the replacement of the CAT domain by fluorescent
reporter Superfolded Green Fluorescent Protein (sf GFP), resulting in a novel synthetic fusion
sfGFP-SBD enzyme capable of binding to PHB and emitting a strong fluorescent signal. The
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idea of using fusion proteins as reporters of expression levels is widely explored in multiple
areas of science, but has not been investigated for the detection and quantification of PHB.
This new approach enables detection of PHB in specific organisms and screening for novel

PHB-producing species in the environment.

1.3. Scope and summary of the thesis

This study integrates the scientific and industrial potential of methanotrophs.
Methylocystis sp. Rockwell belongs to the phylum Proteobacteria and the class
Alphaproteobacteria. With the continuous increases in methane emission and plastic waste
generation, organisms that can solve both issues like Methylocystis sp. Rockwell represent an

important area of investigation.

The initial goals of this work were to (i) understand the metabolic regulation of
biochemical pathways in Methylocystis sp. Rockwell, and (ii) to improve its production of
PHB. This was achieved through complex omics-based analysis that can serve as a guide for
the optimization of nutrient combinations to support the highest possible bacterial biomass,
followed by the highest possible PHB production. The secondary goals of this work aimed to
develop novel, environmentally friendly methods for in vivo (ii1) and/or in vitro (iv) PHB

detection that serve as efficient alternatives to the current costly and toxic approaches.

Chapter 2 summarizes previous work in methanotroph physiology and biochemistry,
with specific focus on the effects of carbon and nitrogen sources on growth and PHB
production. Because of scientific and industrial integration in this work, Chapter 2
emphasizes the most important value-added compounds that can be made from methane via
methanotrophs. In addition, Chapter 2 covers the most significant methodologies used to
detect and quantify PHB, with advantages and disadvantages for each of them. Chapter 2 also

describes the main characteristics of PHB, as it is the focus of interest in this thesis.

Chapter 3 reports detailed metabolomic profiles of the model organism, Methylocystis
8



sp. Rockwell, grown on four different nutrient conditions (methane-ammonium, methane-
nitrate, methanol-ammonium, and methanol-nitrate). A version of this chapter was published

in FEMS Microbiology Letters (Lazic et al., 2021).

Chapter 4 focuses on the effect that methanol has on PHB production, along with

simultaneous growth and biomass production.

Chapter 5 describes the development of an in vivo fluorescence detection system for
PHB. A version of this chapter was published in Applied Microbiology and Biotechnology

(Lazic et al., 2022).

Chapter 6 describes the development of a novel synthetic PHB binding protein for in

vitro detection of PHB.

Chapter 7 offers a closing perspective and future directions for the research.

1.4. Significance of this study

The increasing amount of methane in the atmosphere and the accumulation of plastics
in the environment are two major global concerns. Methanotrophs can be used to mitigate
both issues through their consumption of methane and its conversion to PHB. Thus, it is
highly beneficial to understand the metabolic pathways that regulate production of
biodegradable polymers from methane in these organisms. Having this accurate metabolic
“roadmap” will help determine the most efficient pathway for biopolymer synthesis. The
results reported in this thesis will serve as a guideline for future processes and/or genetic

modifications to improve methanotrophic bacterial strains for useful purposes.



Chapter 2

Literature Review

2.1. The global budget and significance of methane

Methane (CHa) is the main component of natural gas and considered to be the second
most prevalent greenhouse gas after carbon dioxide (CO.) (Nazaries et al., 2013). It has been
estimated that methane has a Global Warming Potential (GWP-100) 28 times greater than
carbon dioxide on a molecule-to-molecule basis (Saunois et al., 2020). In the lower parts of
the atmosphere (troposphere) methane contributes to the production of ozone (O3), which has
a negative influence on the environment. It also is oxidized by hydroxy radical present in the
atmosphere to form formaldehyde and carbon monoxide; the latter is further oxidized to
create carbon dioxide. At the same time, nitrogen dioxide is split by sunlight into nitric oxide
and an oxygen atom, and the oxygen atom combines with molecular oxygen to create ozone
(Sanderson, 2007). In general, it has been established that rapid photochemical oxidation of
carbon monoxide and hydrocarbons in the presence of nitrogen oxides contributes to
increased levels of ozone in the troposphere (Fiore et al., 2002). On the other hand, in upper
parts of the atmosphere, methane emissions contribute to the destruction of the ozone layer,

mostly through decomposition mediated by hydroxy and chlorine radicals (M. Li et al., 2018)
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Figure 2.1. Global Methane Budget for the period 2008-2017. The main sources of methane
emissions are human activities, including agriculture, waste generation and the use of fossil
fuels. Significant contributions also originate from wetlands and other anaerobic
environments where methanogenic archaea produce methane. Not shown in this figure,

methanotrophic bacteria oxidize methane to carbon dioxide. This figure is adapted from

(Saunois et al.,2017).
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According to data obtained from studies on ice cores and firn, the first significant
increase in methane emission in Earth's history was during glacial to interglacial periods,
with an increase from 360 ppb to approximately 700 ppb (Lan et al., 2021). Even though this
change may have been triggered by variations in the main ecological and geological
parameters of the Earth (land, water, structure of the atmosphere), the initial increase in
methane emission most likely was due to feedback loops in the carbon cycle (Lan et al.,
2021). Another period of high methane emission was observed 5,000 years ago and was
linked to natural emissions from the southern tropics. Nevertheless, these records are
generating enough evidence to connect methane with episodes of global warming and

obvious climate change.

In general, the main causes of increased methane emission (from 720 to 1879 0.6
ppb) from the pre-industrial period to present day are human activities. The production and
use of fossil fuels, along with intensified agriculture and waste generation, account for about
50% of total methane emissions (Fig. 2.1). Inland waters, oceans, permafrost, and vegetation
contributes to approximately 20% of total methane emissions, while the contributions from
biomass and biofuel burning are negligible (around 7%) (Fig. 2.1). Even though abiotic
reactions are responsible for the majority of atmospheric methane oxidation (abiotic sink),
most methane generated in anaerobic environments is oxidized by bacteria and archaea
known as methanotrophs. In oxygen-depleted environments, small amounts of hydrogen and
organic compounds are produced by microbial fermentation. Methanogenic archaea consume
dihydrogen while reducing carbon dioxide, which results in methane production
(methanogenesis) (Topp et al., 1997.). Methanotrophs inhabit surface layers of the soil where
they can access methane and oxidize it to carbon dioxide, thereby generating energy required
for metabolic processes. The oxidation of methane to carbon dioxide completes the carbon

cycle (Topp et al., 1997). In other words, methanotrophs represent the only biological sink for
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methane and thus play a crucial role in regulating the global carbon cycle. Without these
microorganisms, mitigation of methane emissions would not be possible (Colin Murrell &

Jetten, 2009).

2.2. Methane-oxidizing microorganisms

The biotic oxidation of methane is performed by highly diverse methane-oxidizing
microorganisms from the bacterial and archaeal domains of life. These organisms oxidize
methane in fully oxic, hypoxic and anoxic environments. In anoxic environments,
methanotrophs couple methane oxidation to the reduction of alternative electron acceptors
such as sulfate, nitrate, nitrite, iron, or manganese (Ettwig et al., 2009, 2010; Haroon et al.,
2013; Milucka et al., 2012). Certain methane-oxidizing bacteria can scavenge oxygen at low
concentrations and thrive under hypoxia by oxidizing methane while reducing nitrate (Kits et
al., 2015; Stein, 2019), or fermenting formaldehyde via central carbon pathways
(Kalyuzhnaya et al., 2013). The aerobic oxidation of methane is performed by methanotrophs
(a.k.a. Methane-Oxidizing Bacteria, a.k.a. MOB) largely belonging to the Proteobacteria
phylum, where they are divided into two main groups, Gammaproteobacteria and
Alphaproteobacteria (Trotsenko & Murrell, 2008). Both groups are significant from a
biotechnological perspective due to their highly diverse metabolic machinery that enables

them to produce various value-added compounds (Strong et al., 2015, 2016).

While methanotrophic archaea are considered anaerobic (they do not require oxygen
as terminal acceptor), bacteria that oxidize methane are strict aerobes with highly diverse
methane metabolism (Stein, 2019; Trotsenko & Murrell, 2008). Following oxygen
requirements, archaeal and bacterial methanotrophs evolved with different enzymes used for

methane oxidation. Aerobic methane oxidation relies on the methane monooxygenase
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enzyme (MMO) (Ettwig et al., 2009) while the main enzyme in anaerobic methane oxidation

1s methyl-coenzyme M reductase (MCR) (Evans et al., 2019).

2.2.1. Anaerobic Methane-Oxidizing microorganisms

In the early 1970s, Martens and Berner provided an initial explanation regarding
methane consumption in the anaerobic marine environment (Martens and Berner, 1977.).
These authors proposed the ability of sulfate-reducing bacteria (SRB) to co-metabolize
methane, which would explain its significant decrease in anoxic Long Island Sound
sediments (Martens and Berner, 1977). The reaction of methane oxidation paired with sulfate
reduction is energetically plausible, but pure cultures of SRB were not able to perform the
process. Moreover, all known methane oxidizers known at the time were obligate aerobes. A
few years later, Reeburgh reported anaerobic methane oxidation in the sulfate-reducing zone
in anoxic marine sediments (Reeburgh, 1980). At the same time Zehnder and Brock
identified nine methanogenic strains that were capable of simultaneous methane production
and anaerobic consumption. They proposed the model of methane oxidation by
methanogenic archaea when paired with H>-consuming SRB (Zehnder and Brock, 1979). In
addition to Zehnder and Brocks findings, anaerobic methane oxidation has been reported
after the addition of sulfate, acetate in combination with methane and acetate to the Lake
Mendota surface sediments (Panganiban et al., 1979). At the same time, Kosiur and
Warford analyzed methane oxidation rate in Santa Barbara Basin sediments in vitro and
concluded that the oxidation of methane indeed occurs under anaerobic conditions
describing so called "quasi-in-situ" measurements of anaerobic methane oxidation (Kosiur
and Warford, 1979). Later reports confirmed the link between anaerobic methane oxidation
and sulfate reduction (“sulfate-stimulated methane oxidation”) (Hoehler et al., 1994;
McGlynn, 2017). The process, termed “reverse methanogenesis” (Hallam et al., 2004),
involves a consortium of methanogenic archaea and SRB. Reversely operating
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methanogenic archaea oxidize methane to carbon dioxide, sharing the energy yield with
sulfate-reducing bacteria (SRB). SRB perform sulfate respiration (SO4 > reduction) which
results in hydrogen-sulfide (H2S) production (Boetius et al., 2000; Hinrichs et al., 1999;
Hoehler et al., 1994). However, the most recent findings exclude the syntrophically linked
sulfate-reducing partner (Milucka et al., 2012). According to these findings, methane
oxidation can involve only one organism (ANaerobic Methane oxidizing Euryarchaeota or
ANME), which allows in-cell energy conservation (Milucka et al., 2012).

In addition to sulfate, nitrate (NO3—), nitrite (NO2—), manganese (Mn4+) and Iron
(Fe3+), can serve as electron acceptors to support methane oxidation. The most significant
process for methane consumption is certainly sulfate-dependent, however, anaerobic
methane oxidation via iron reduction occurs in some marine and freshwater environments
that are described as sulfate nitrate depleted (Yang et al., 2021). The absence of sulfides in
deep water facilitated the accumulation of Fe** at high concentrations (Crowe et al., 2008),
while experimental results by Beal et al. reported the involvement of ferrihydrite in
anaerobic methane oxidation process in the absence of sulfates (Beal et al., 2009).
Nevertheless, it is confirmed that anaerobic methane oxidation can be coupled with ferric
iron (Fe*") reduction resulting in the production of CO: and ferrous iron (Fe?") in

stoichiometric amounts (Ettwig et al., 2009, 2010).

Haroon et al. confirmed that ANME species Candidatus Methanoperedens
nitroreducens was able to couple methane oxidation with nitrate (NO3-) reduction (nitrate
respiration) which results in nitrite (NO»-) generation. The nitrite was further consumed by
syntrophically linked anaerobic ammonium-oxidizing bacteria (ANAMMOX) (Haroon et al.,
2013). The link between anaerobic and aerobic methane oxidation can also be accomplished
syntrophically with Methanoperedens and the bacterium Candidatus Methylomirabilis
oxyfera (NC10 phylum). Bacteria in the NC10 phylum oxidize methane andreduce nitrite to

NO, which is then dismutated intracellularly to produce N> and O>. Methane oxidation then
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commences under anoxic conditions using intracellularly produced O: (Ettwiget al., 2010; He

et al., 2015).
2.2.2. Facultative methanotrophs

According to comprehensive reviews on methanotrophy published in the beginning of
2000s, (Trotsenko & Murrell, 2008; Op den Camp et al., 2009; Semrau et al., 2010),
methanotrophs isolated in 50s and 60s in the past century are known by the ability to utilize
only methane or methanol for growth (Dworkin & Foster, 1956; Brown et al., 1964; Foster
& Davis, 1966). However, in 1970, Whittenbury reported various methanotrophic strains that
exhibited enhanced growth with malate, acetate, and succinate in combination with methane
(Whittenbury et a., 1970). These findings were indication that facultative methanotrophy
exists and there are methanotrophic isolates that can thrive on multicarbon compounds as a
sole growth substrate (Semrau et al., 2011). A few years after Patt et al. isolated facultative
methanotrophs from freshwater lake sediments and described their ability to use organic
acids and sugars as growth substrate (Patt et al., 1974). In early 2000s, novel acidophilic
methanotrophs have been identified and named Methylocella palustris (Dedysh et al., 2000),
Methylocella silvestris and Methylocella tundrae (Dunfield et al., 2003; Dedysh et al., 2004).
These organisms were able to utilize methane or methanol, but surprisingly, they did not
express p MMO and were not able to utilize sugars as the growth substrate. The absence of
sugar utilization in addition to C1 substrates categorized Methylocella species as obligate
methanotrophs (Semrau et al., 2011). However, later findings confirmed that Methylocella
sp. can utilize acetate, pyruvate, succinate, malate, and ethanol (Dedysh et al., 2005) in
addition to methane and methanol, which is the indicator of facultative methanotrophy. Up to
date, it has been reported that Methylocella sylvestris can thrive on methylamine, pyruvate,
succinate, malate, and ethanol (Semrau et al., 2011). Furthermore, the growth yield, carbon
conversion efficiency and growth rate on acetate vs methane in Methylocella sylvestris were

higher, suggesting that acetate may be the preferred growth substrate (Semrau et al., 2011).
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Methylocella palustris exhibits the same pattern, while Methylocella tundrae growth can be
achieved with formate in addition to the reported organic acids (Semrau et al., 2011). Among
acidophilic methanotrophs, the isolate Methylocapsa aurea had the ability to utilize acetate,
but neither of tested sugar substrates (glucose, fructose, maltose) could be used as a sole

growth substrate (Dunfield et al., 2010).

2.2.3. Aerobic Methane-Oxidizing Bacteria

Aerobic methanotrophs are a subset of the larger physiological group of organisms
known as methylotrophs (Bezirhan and Ozsoy, 2015). Methylotrophs can oxidize a variety of
single-carbon (C1) compounds including methane, methanol, halomethanes, methylated
amines and sulfur-containing methylated compounds (Trotsenko & Murrell, 2008). The best-
studied C1-oxidizers are bacteria that utilize methane and/or methanol as the sole carbon and
energy source. The most studied aerobic methanotrophs are classified as
Gammaproteobacteria and Alphaproteobacteria (Trotsenko & Murrell, 2008). For both
groups, methane is oxidized to methanol, methanol to formaldehyde, and formaldehyde is
further converted to carbon dioxide via a formate intermediate (Fig. 2.2). The branching point
between gamma- and alphaproteobacterial methanotrophs is the assimilation of

formaldehyde. While gammaproteobacterial methanotrophs assimilate it through the ribulose

monophosphate (RuMP) pathway (Fig. 2.2), alphaproteobacterial methanotrophs perform

formaldehyde assimilation via the serine cycle (Fig. 2.2).
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Figure 2.2. Schematic representation of initial steps in methane metabolism in
gammaproteobacterial and alphaproteobacterial methanotrophs. The branching point is
formaldehyde assimilation through the RuMP (gammaproteobacterial methanotrophs) and

serine (alphaproteobacterial methanotrophs) pathways.

18



Older literature describes Type X methanotrophs, like Methylococcus capsulatus
Bath, that contain enzymes of both the RuMP and serine cycles (Murrell and Jetten, 2009).
However, the most recent classification recognizes Type X as gammaproteobacterial
methanotrophs that assimilate formaldehyde via the RuMP cycle (Trotsenko & Murrell,
2008). More recently discovered methanotrophs denoted as extremophilic species belong to
the Verrucomicrobia phylum. The optimal growth conditions for these extremophiles are pH
2.0 and temperatures between 30-65°C. Verrucomicrobia were also identified in areas of
Russia and Italy (Conrad, 2009; Islam et al., 2008; Khadem et al., 2012). For these
organisms, methane represents only the energy source, while carbon assimilation is
performed through the Calvin-Benson-Basham (CBB) cycle (Khadem et al., 2012). All
aerobic methanotrophs contribute to methane removal from the environment, which makes
them extremely important participants in the global carbon cycle. They inhabit various
environments, such as freshwater and marine communities, ground and wastewater, sewage
sludge, landfill cover soils and extreme environments such as hot springs, Antarctic lakes,

and volcanic mud pots (Colin Murrell & Jetten, 2009).

2.3. Central carbon metabolism of aerobic methane-oxidizing bacteria

The ability of MOB to thrive in diverse environmental conditions has been linked to a
variety of different enzymatic systems present in these organisms (Colin Murrell & Jetten,
2009; Trotsenko & Murrell, 2008). Methane oxidation enzymes are connected to central
metabolic pathways and regulatory networks that control metabolism and nutritional
responses in different habitats (Trotsenko & Murrell, 2008). The complex metabolic network
in methanotrophs provides high capacities for degradation of environmental pollutants that

are considered hazardous to human and animal health (Semrau, 2011; Pieja et al., 2017).
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2.3.1. Methane oxidation to methanol

The initial step in methane oxidation is performed by the enzyme known as methane
monooxygenase (MMO) (Fig. 2.2). This is generally well-characterized enzyme that is
capable of oxidizing C-H to C-OH groups with the expense of molecular oxygen (O2). One
oxygen atom is incorporated into methanol (CH3OH), while the other one is reduced to H20
(Fig. 2.3) (Jeremy D. Semrau, 2010; DiSpirito et al., 2004; Trotsenko & Murrell, 2008).

MMO exists in two forms, soluble (s MMO) present in cytoplasm, and particulate (p
MMO) embedded in intracellular membranes (Semrau et al., 2010). The expression of these
two forms is highly dependent on the organism type, but also on nutrient concentration
(methane, nitrate, copper, or biomass density). Almost all known methanotrophs express p
MMO (Drummond et al., 1989), while only certain genera express both versions. The
exception is genera Methylocella (Bordel et al., 2020) and Methyloferula (Vorobev et al.,
2011) that contain only soluble version of MMO. Methanotrophs that express both
biochemical forms of MMO are subjected to the differential regulation vi copper
concentration (Dalton et al., 1984; Semrau et al., 2010). Methanotrophs that express pMMO
have higher biomass yield than organisms that only express sMMO. The significant
difference in growth rate has been related to the reduction of energetic requirements and

higher substrate affinity of pMMO compared to sSMMO (Trotsenko & Murrell, 2008).
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Figure 2.3. The model of methane oxidation via two forms of methane mono-
oxygenase (MMO): particulate MMO (pMMO), embedded in the membrane, and soluble
MMO (sMMO), a free-floating form. The oxidation model presented in this figure is from
Methylococcus capsulatus Bath. The enzymes are sSMMO, pMMO, methanol dehydrogenase
(MeDH), formaldehyde dehydrogenase (FalDH), and formate dehydrogenase (FDH).
Respiratory components are cytochromes becl and ¢ (cyt bcl and cyt ¢). The terminal oxidase
is completing the final step in the Electron Transport Chain (ETC) by reducing oxygen (O2)

to water (H20O). This Figure is reproduced with permission from (DiSpirito et al., 2004).

21



The soluble MMO (s MMO) is cytoplasmic enzyme initially described in 1985% in M.
capsulatus Bath (Green and Dalton, 1985), followed by the alphaproteobacterial members M.
trichosporium OB3b (Fox et al., 1989) and Methylocystis sp. (Nakajima et al., 1992). The s
MMO is encoded by the mmoXYBZDC operon is (Erguder et al., 2009) and controlled with
a 054-dependent promoter located upstream of the mmo gene cluster. The 654 transcription
regulation (Iguchi et al., 2010) has been linked to nitrogen limitation, which indicates a
connection between methane and nitrogen metabolism in methanotrophs (Iguchi et al., 2010).
The s MMO contains three components: hydroxylase, reductase and regulatory protein
(Colby et al., 1977; Colby & Dalton, 1978; Woodland & Dalton, 1984; Fox et al., 1989;
Pilkington & Dalton, 1990; Wallar and Lipscomb, 1996, 2001; Semrau et al., 2010).
Hydroxylase component adopts trimeric structure containing o (54 kDa), B (42 kDa) and y
(22 kDa) subunits organized as (apy)2 (Semrau et al., 2010). Reductase component contains
one subunit molecular mass 38-40 kDa which contains FeS clusters and FAD cofactor (Fox
et al., 1989). Component B is the smaller part of s MMO also known as a colorless protein
that does not contain cofactors (Lipscomb, 1994). The active site (methane catalysis) is in
hydroxylase component and is characterized by the specific “oxygen bridged diiron cluster”
(Fox et al., 1988, 1989; Rosenzweig et al., 1993; Elango et al., 1997; Semrau et al., 2010).
Unlike p MMO (described later) that can oxidize only smaller hydrocarbons, s MMO has
broader substrate specificity and oxidizes various substrates, such as alkanes, alkenes,
aliphatic, aromatic, and halogenated hydrocarbons (Wendland et al., 2010;
Chidambarampadmavathy et al., 2015). The sequence of SMMO is highly conserved among
methanotrophs, especially the gene encoding the hydroxylase component. This gene is often
used as a DNA probe to detect the presence of methane-oxidizers in different environments

(Chidambarampadmavathy et al., 2015).
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Membrane-bound particulate MMO (pMMO) is encoded by the pmoCAB operon;
methanotrophs generally contain multiple copies of this operon with significant sequence
divergence (Colin Murrell & Jetten, 2009). The pMMO enzyme resembles a trimeric
structure (afy)3 composed of the PmoB (a) (~45 kDa), PmoA (B) (~26 kDa), and PmoC (y)
(~23 kDa) subunits. Regardless of described crystal structure, the full description of
physiological nature that involves the number and function of metal centers as well as the
nature of electron donor for p MMO was not defined during many years. Regardless of
different hypothesis, everyone agrees that p MMO expression relies on copper ions (Semrau
et al., 2013). Both versions of MMO are tightly regulated by transition metals, iron for s
MMO and copper for p MMO. At extremely high copper levels (> 50 uM) the expression of
p MMO is inhibited due to the strong metal interaction with the reductant (Balasubramanian
et al., 2010; Nguyen et al., 1994; Yu et al., 2003; Chidambarampadmavathy et al., 2015). The
result of this interaction is hydrogen peroxide which reversibly inhibits p MMO
(Chidambarampadmavathy et al., 2015). However, the differential expression of p MMO vs s
MMO is linked to the copper- biomass ratio. At high copper-biomass ratio the enzyme that
performs methane oxidation is p MMO, but the addition of iron can stimulate the expression
of soluble version (s MMO). In general, at high copper/biomass the p MMO is expressed,
while at lower copper/biomass ratio, the dominant enzyme is s MMO. At high copper
concentration s MMO is losing its activity because of copper binding to the FeS clusters in
reductase component of s MMO, preventing the electron flow from FAD cofactors (Jahng et
al., 1996). The loss of s MMO activity is followed by the expression of p MMO, which is
copper-regulated MMO form. The copper regulation is described as “copper switch”
(Semrau et al., 2013; Chidambarampadmavathy et al., 2015). The theory behind the copper
switch states that s MMO will be expressed only at low copper/biomass ratio, while as the
ratio increase, the expressed MMO form will be particulate (p MMO) (Semrau et al., 2013).

The central regulator of this mechanism is chalkophore methanobactin (Mb) described in
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detail elsewhere (Kim et al., 2004; Choi et al., 2010; Semrau et al., 2013). This is
siderophore-like molecule that is known as the molecule that increases the availability of
copper, and thus can control the expression of copper-regulated s MMO/p MMO switch
(Knapp et al., 2007). Methanobactin is characterized as small polypeptide that contains up to
six imidazole, oxazolone or pyrazinedione rings along with enethiol groups that are capable
of copper binding (Choi et al., 2006; Bandow et al., 2012; El Ghazouani et al., 2012; Semrau
et al., 2013). Methanobactin is genetically encoded polypeptide, as it was confirmed in M.
trichosporium OB3b (Stein et al., 2010). The Mb precursor in the same organism is MbnA
encoded by gene mbnA and is absolutely required for the expression of Mb (Semrau et al.,
2013). Along with methanobactin, another polypeptide MmoD is actively involved in copper
switch mechanism. As proposed in recent model, at low copper/biomass ratio, MmoD
increases the expression of s MMO and Mb proteins while repressing the expression of p
MMO. Thus, when the availability of copper is decreased, Mb will be highly synthetized to
support copper uptake. If the ratio copper/biomass is high (high copper availability), Mb will
interact with copper, which will cause the decrease in mmo gene expression and reduced
level of s MMO. This activity will substantially lead to the reduced activity of mbn gene for
methanobactin, and eventually reduce methanobactin production at higher copper levels. At
high copper levels he MmoD regulator will bind to metal forming MmoD-Cu. In this way,
MmoD will not be able to decrease pmmo or increase mmo operon expression

(Chidambarampadmavathy et al., 2015; Semrau et al., 2013).

As previously mentioned, the p MMO resembles trimeric structure containing three
subunits PmoB (a)), PmoA (B), and PmoC (y). Each subunit is transmembrane, where PmoB
contains large periplasmic domain (Lieberman et al., 2005; Ro SY et al., 2018; Ross et al.,
2019). The crystal structure of p MMO defines three copper-binding sites: Cu®, Cus and Cuc.
The first Cu+ is ligated by two histidines (bis-His), and the lack of conservation among

organisms indicates that this cannot be catalytical site (Balasubramanian et al., 2007). In Cus,
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copper is also coordinated with two histidines, but one of controversy was that this site is
dicopper (Cu**). However, dicopper site was not identified in all species, and it remained
unclear whether in monocopper species the copper was lost during purification, or the site
was truly monocopper (Ross et al., 2019). One more copper binding site is identified in
PmoC also coordinated with two histidines with the addition of one aspartate (Sirajuddin et
al., 2014). The recent publication by Ross et al (2019) finally identified two monocopper
binding sites in PmoB where the active site of methane catalysis is. However, the exact
nature of catalytical site was not clear as well as PmoB location. The proposed catalytically
active copper sites were Cus and Cuc (in PmoB and PmoC, respectively). After the discovery
that Cus mutant can still perform methane oxidation, the Cus as the active site was excluded
(Ross et al., 2019). On the other hand, Cuc mutation resulted in complete activity loss in
Mycobacterium NBB4 (Liew et al., 2014), suggesting that this might be the catalytical site.
However, the difficulties in engineering of p MMO out of its natural membrane — embedded
environment makes it characterization difficult. In addition, the p MMO strictly requires
specific membrane compartment to be properly active, which disables the possibility to
engineer methane oxidation in non-methanotrophic organisms. Instead, scientists are mainly
focused on the next step in methane metabolism (methanol oxidation to formaldehyde), as

methanol is acceptable C1 carbon source as well.

2.3.2. Methanol oxidation to formaldehyde

The conversion of methanol to formaldehyde is catalyzed by the enzyme methanol
dehydrogenase (MDH) (Trotsenko & Murrell, 2008). There are two different forms of this
enzyme in methanotrophs: the calcium-dependent MxaFI type, and the lanthanide-containing

XoxF type (Chu & Lidstrom, 2016).

MzxaFI type MDH is encoded by the mxaFI operon (Chistoserdova, 2015). This
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operon is composed of genes that encode the large (mxaF) and small (mxal) subunits of
MDH, the cytochrome c electron acceptor (mxaG) and proteins for calcium insertion
(mxaACKL). Expression of mxaF]I is controlled by the MxcQE and MxbDM two-component
system, as well as by an orphan response regulator, MxaB (Chistoserdova, 2015). The Ca® * -
dependent MDH (MxaFI type) contains two distinct subunits, a and B, and resembles a
tetrameric a2B2 structure. The a subunit is a peptide ~66 kDa in size that contains a
pyrroloquinoline quinone (PQQ) molecule and a Ca®" ion. The B-subunit is very small (~8.5

kDa) and folds around the a-component (Anthony, 2004; Chistoserdova, 2015).

XoxF type MDH is encoded by xoxF genes, and expression is regulated by rare-earth
elements (lanthanides) like lanthanum or cerium (Chu & Lidstrom, 2016). Lanthanide-
dependent MDH has been isolated from various methanotrophic species during growth in

lanthanide-supplemented media (Hibi et al., 2011; Nakagawa et al., 2012; Pol et al., 2014).

PQQ-linked Xox enzymes containing lanthanides indicate the existence of alternative metals
that contribute to MDH activation and regulation. Since lanthanides are recognized as
stronger Lewis acids than calcium, the electrophilic strength of the PQQ molecule is
significantly greater than in MxaFI type MDH, which leads to increased efficiency of

electron removal from methanol (Chu & Lidstrom, 2016)
2.3.3. Formaldehyde oxidation to formate

Formaldehyde (CH»O) is a key intermediate in the oxidation of methane to carbon
dioxide by methanotrophic bacteria (Murrell & Jetten, 2009; Trotsenko & Murrell, 2008).
The formaldehyde formed from methanol oxidation can be assimilated into cellular carbon
via the serine or RuMP pathways (Fig. 2.3) (Pieja et al., 2017). The alternative fate of
formaldehyde is its oxidation to formate via formaldehyde dehydrogenase (FalDH)
(Trotsenko & Murrell, 2008). Formaldehyde-oxidizing enzymes are divided into two groups:

group 1 includes NAD(P)"-linked aldehyde dehydrogenases that may or may not require
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reduced glutathione or other co-factors, and group 2 includes dye (cytochrome)-linked
dehydrogenases (DL-FalDH). The activity of group 2 dehydrogenases is measured by the
reduction of dyes like 2,6-dichlorophenol (Attwood et al., 1992). In methanotrophs, DL-
FalDH are less studied than the NAD"-linked enzymes. The DL-FalDH enzyme isolated from
Methylosinus trichosporium OB3b is described as “a broad-substrate-range aldehyde (C1 to

C10) dehydrogenase with a subunit molecular mass of 22,000 Da” (Zahn et al., 2001).

One of the best-characterized formaldehyde oxidation pathways is the
tetrahydromethanopterin (H4sMPT)-linked CH>O oxidation (Fig. 2.3) (Trotsenko & Murrell,
2008). The whole process is performed through 4 steps: the formaldehyde activating enzyme
(Fae) condenses CH>O with H4MPT and forms methylene-HsMPT, methylene-H4sMPT is

oxidized by NADP" dependent methylene-HsMPT dehydrogenase (MtdB), methenyl-HsMPT

is converted to formyl-HsMPT via Methenyl-HsMPT cyclohydrolase (Mch) and formyl-
transferase-hydrolase converts formyl-HsMPT to formate (Martens and Berner, 1977.;

Trotsenko & Murrell, 2008).
2.3.4. Formate oxidation to carbon dioxide

The last step of aerobic methane oxidation in methanotrophs is the oxidation of
formate (CH20>) to CO». This reaction is catalyzed by a NAD"-dependent formate
dehydrogenase (Fdh) located in the cytoplasm (Trotsenko & Murrell, 2008). While some
methanotrophs favor the cyclic pathway of methane oxidation that assumes formaldehyde
assimilation through the RuMP or serine cycle, other methanotrophs utilize a linear type of
methane oxidation that results in COzproduction at the end of the process (Pieja et al., 2017) .
The final oxidation of formate is an important step because it generates NADH, an important

metabolic reductant (Martens and Berner, 1977.; Tays, 2019).
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2.4. Carbon assimilation in methanotrophs

Methane-derived formaldehyde is assimilated to form intermediates of the central
metabolic routes that are subsequently used for biosynthesis of cell material. Methanotrophs
are characterized by large metabolic diversity, and they employ a wide variety of carbon
assimilation pathways (RuMP pathway, serine cycle, Embden-Meyerhof-Parnas (EMP)
pathway, Entner-Doudoroff (EDD) pathway, Bifidobacterium shunt (BS), the Ethylmalonyl-
CoA pathway, Calvin-Benson-Basham (CBB) cycle, Reductive acetyl-CoA (Wood-

Ljungdahl) pathway and the Reductive TCA cycle (Kalyuzhnaya & Xing, 2018)).

2.4.1. Ribulose-Monophosphate pathway (RuMP) for formaldehyde assimilation

The RuMP pathway was first described in the late 1960s. This pathway for
formaldehyde assimilation is characteristic of gammaproteobacterial methanotrophs
(Trotsenko & Murrell, 2008)). Initially, it was believed that two enzymes from the RuMP
cycle are unique for Cl-oxidizing organisms (Yasueda et al., 1999). Later investigations have
shown that both enzymes also exist in heterotrophic species where they play a role in

formaldehyde detoxification (Mitsui et al., 2003).

The RuMP cycle consists of three main parts: fixation, cleavage, and rearrangement
(Fig. 2.4). Each of these steps contains metabolic reactions that are catalyzed by specific

enzymatic systems (Trotsenko & Murrell, 2008):
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Figure 2.4. Simplified metabolic pathway of Ribulose Monophosphate (RuMP) cycle in
gammaproteobacterial methanotrophs. Formaldehyde is generated from methanol via
methanol dehydrogenase (MDH). Formaldehyde is then either oxidized to formate via
formaldehyde dehydrogenase (FDH) or assimilated spontaneously to create methylene
tetrahydropteryn (HsMPTP). Formate generated after formaldehyde oxidation via FDH is
oxidized to carbon dioxide via formate dehydrogenase. D-arabino-3-hexulose-6-phosphate
(hexulose-6-P) is built in the reaction of formaldehyde with ribulose-5-phosphate (catalyzed
by 3-hexulosephosphate synthase (H6PS). The unstable product is rapidly isomerized to
fructose-6-P via hexulose-6-phosphate isomerase (H6PI). The enzyme glucose-6-phosphate
isomerase (GPI) converts fructose to glucose-6-phosphate, and glucose-6-phosphate
dehydrogenase creates 6-phospho gluconate. 6-phosphogluconate dehydrogenase (6PGDH)
regenerates ribulose-5-phosphate with the release of carbon dioxide, and hexulose-6-
phosphate synthetase (H6PS) condenses formaldehyde with regenerated ribulose-5-

phosphate.
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2.4.2. Serine pathway for formaldehyde assimilation

Assimilation of formaldehyde via the serine cycle (Fig. 2.5) is the strategy employed
by alphaproteobacterial methanotrophs (Trotsenko & Murrell, 2008). This pathway is also the
precursor pathway to produce PHB.
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Figure 2.5. Simplified serine cycle in methanotrophic bacteria. Formaldehyde is generated via
methanol dehydrogenase (MDH), and formaldehyde can either be oxidized to formate via
formaldehyde dehydrogenase (FDH) or be assimilated spontaneously to create methylene
tetrahydropteryn (HsMPTP). Formate generated after formaldehyde oxidation via FDH is
oxidized to carbon dioxide via formate dehydrogenase. Formaldehyde is condensing with
tetrahydrofolate (THF) to create N5,N10-methylene THF; next is condensation with glycine
to create serine (catalyzed by serine hydroxytransmethylase (SHTM). The enzyme serine-
glyoxylate aminotransferase (SGAT) transfers amino group to the glyoxalate forming glycine
and hydroxypyruvate (catalyzed by hydroxypyruvate reductase (HPR)). After

phosphorylation of hydroxypyruvate by ATP glycerate kinase 2-phosphoglycerate is created
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(2-PG). 2-PG is isomerized to phosphoenol pyruvate (PEP) and carboxylated to oxaloacetate
(OAA). OAA is converted to malate via malate dehydrogenase (MD). Malate is converted to
malyl-CoA via malate thiokinase (MTK). Malyl-CoA is split to glyoxalate and acetyl-CoA

via malyl-CoA lyase (MCL). Acetyl-CoA is the main product of serine cycle.

2.4.3. Other carbon assimilation pathways in methanotrophs

Methanotrophs that belong to Verrucomicrobia (such as Methylacidiphilum
Sfumariolicum SolV) contain enzymes from the Calvin-Benson-Basham (CBB) cycle, which
indicates their ability to fix carbon dioxide (Khadem et al., 2012). In gammaproteobacterial
methanotrophs, 5-15% of cellular biomass originates from carbon dioxide assimilation and
alphaproteobacterial methanotrophs assimilate carbon dioxide to up to 50% of their biomass
(Strong et al., 2015, 2016). One of the most important biochemical pathways for C1
assimilation is the Ethyl-Malonyl-CoA (EMC) cycle (Matsen et al., 2013; Yang et al., 2013).
In the initial steps of the serine cycle, serine-hydroxymethyltransferase (SHMT) utilizes
glycine to form serine via metabolic condensation with methylene-THF (Khadem et al.,
2012). While serine is transaminated to hydroxypyruvate, the regeneration of glycine is done
via transaminase using glyoxalate (Trotsenko & Murrell, 2008). The EMC pathway yields
glyoxylate that will further be used for regeneration of glycine enabling the continuous
operation of the serine cycle. Moreover, glyoxalate can be used for malate generation via
malate synthase, which will replenish TCA cycle metabolites required for further cellular

biosynthesis (O. K. Lee et al., 2016).
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2.5. The role of carbon source in methanotrophic metabolism

The common feature among all methanotrophs is their ability to thrive on methane or
methanol (C1 compounds). However, there is substantial differences between
gammaproteobacterial and alphaproteobacterial methanotrophs in terms of preferable carbon
source. While many gammaproteobacterial organisms grow equally well on both carbon
sources (Fu et al., 2019): alphaproteobacterial methanotrophs generally show strong
preference for methane (Lazic et al., 2021; Sugden et al., 2021). Since methanol-based
biotechnology is a rapidly evolving field for bioproduction (Fu et al., 2019), and since
methanol is a readily available substrate not burdened by mass transfer issues, having a single

strain that can thrive on both carbon sources is highly beneficial.

From a physiological point of view, growth on methane and methanol is expected to
be similar, as there is only one enzyme, MMO, upstream of methanol metabolism. In the case
of methane, pMMO (or sMMO) uses molecular oxygen, where one O atom is used to create
methanol, and the other is incorporated into water. The electrons that drive this oxidation
originate from different sources for gamma- and alphaproteobacterial methanotrophs.
Electrons that drive methane oxidation in gammaproteobacterial methanotrophs originate
from methanol dehydrogenase (MDH). This mechanism is called “direct coupling.” Briefly,
the reduction of an oxidized electron donor (which occurs simultaneously with consumption
of molecular oxygen) is coupled to the oxidation of methanol to formaldehyde via MDH.
Another methane-to-methanol oxidation mechanism, known as “uphill electron transfer”, is
also present in gammaproteobacterial methanotrophs. In this mode of action, electrons that
drive methane oxidation originate from cytochrome ¢ and complex III in the electron
transport chain. On the other hand, the electron donor for methane oxidation in
alphaproteobacterial methanotrophs has not been resolved yet (Kalyuzhnaya et al., 2015).
The biomass yield that these organisms generate while growing on methane is significantly
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lower than in gammaproteobacterial methanotrophs, which was attributed to the relatively
expensive route for formaldehyde assimilation via the serine cycle. However, recent progress
in Genome Scale Metabolic Models (GEM) revealed another reason for lower biomass yield
in alphaproteobacterial methanotrophs (Bordel et al., 2019) associated with a different
electron donor for methane oxidation. Instead of direct coupling or uphill electron transfer,
alphaproteobacterial methanotrophs employ a mechanism called the “redox arm”. In this
system, the ubiquinone supplies electrons that originate from complex I (NADH
dehydrogenase) to the pMMO (Bordel et al., 2019). This hypothesis was recently confirmed
when the catechol-driven inhibition of complex I prevented methane oxidation in

Methylocystis hirsuta (Bordel et al., 2019) .

When growing on methanol as the carbon source, no methane oxidation takes place,
thus the energetic balance is significantly altered (Fu et al., 2019). Since methanol oxidation
to formaldehyde generates electrons that would be used to support methane oxidation in the
direct coupling mechanism (Bordel et al., 2019), in the absence of methane these electrons
enter the electron transport chain, which is followed by oxygen consumption, proton
pumping, and ATP synthesis through oxidative phosphorylation. The consequence of the
electron re-distribution is a lower level of NADH dehydrogenase flux and less ATP generated
through oxidative phosphorylation (Fu et al., 2019), which can explain the slower growth of

alphaproteobacterial methanotrophs on methanol.

However, gammaproteobacterial methanotrophs do not exhibit growth reduction on
methanol, which is explained by a more efficient formaldehyde detoxification strategy
(Sugden et al., 2021). Despite its toxicity, formaldehyde is a significant cellular metabolite. In
general, it is generated by methylotrophs and methanotrophs during the oxidation of short-

chain hydrocarbons and its further metabolic fate is specific for each group of organisms.

33



Among methanotrophs, the Gammaproteobacteria Methylomicrobium album BGS is
one that thrives exceptionally well on methanol due to glutathione (GSH)-dependent
formaldehyde detoxification (Chen et al., 2016). Briefly, this organism performs a
nucleophilic addition of GSH to formaldehyde to form S-hydroxymethylglutathione
(HMGS). This reaction can be spontaneous, but in M. album BGS it is likely catalyzed by a
formaldehyde-activating enzyme (Sugden et al., 2021). Next, the HMGS is oxidized to S-
formylglutathione (SFG) via zinc-containing NAD"-dependent alcohol dehydrogenase. In the
final step, formate is produced, where GSH is regenerated and able to participate in further
detoxification processes (Chen et al., 2016). Carbon source dependent metabolic changes are
notable in gammaproteobacterial methanotrophs, not only at the level of formaldehyde
detoxification, but also in formaldehyde assimilation (Nguyen et al., 2020; Sugden et al.,
2021). Unlike Methylomicrobium alcaliphilum 20Z, M. album BGS8 performs the EDD
variant of the RuMP cycle for formaldehyde assimilation when growing on methanol
(Kalyuzhnaya et al., 2013; Sugden et al., 2021), whereas Methylomicrobium buryatense
5GBI directs formaldehyde toward the EDD pathway (Fu et al., 2019). However, the pentose
phosphate (PP) variant of the RuMP cycle has been identified only in M. album BGS8 thus far
(Sugden et al., 2021). Unlike many gammaproteobacterial methanotrophs, little is known
about alphaproteobacterial methanotrophs and their metabolic response to methanol except
that they grow poorly or not at all, and that growth on methanol leads to stress-related

(starvation) metabolic pathways (Tays et al., 2018).
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2.6. The role of nitrogen source in methanotrophic metabolism

Methanotrophic bacteria are an important link between the global carbon and nitrogen
cycles, and factors that influence their metabolism must be assessed and evaluated (Strong et
al., 2015, 2016). Findings that reported the negative influence of nitrogen fertilizers on
methane consumption (Duc Nguyen et al., 2021) directed methanotrophic researchers toward
evaluation and determination of nitrogen influence on methane metabolism (Bodelier &
Laanbroek, 2004). The kinetics of methane oxidation in soil is divided into high affinity and
low-affinity oxidation (Bender & Conrad, 1992). Low-affinity methane oxidation occurs in
wetlands and other methane-producing soils. Methanotrophic communities in these soils
contain MMO enzymes with Km values for methane in the uM range (Bender & Conrad,
1992; Bodelier & Laanbroek, 2004). High-affinity methane oxidation is observed in forest
soils with low methane flux that originates from atmospheric diffusion. Thus, methanotrophs
that inhabit forest ecosystems developed MMO with lower Km values (Bender & Conrad,

1992; Bodelier & Laanbroek, 2004).

Methane consumption was evaluated in upland and wetland soils, and it was a general
conclusion that ammonium inhibits methane uptake (Bodelier & Laanbroek, 2004). One of
the potential explanations of this phenomenon is the high similarity between MMO and
ammonia monooxygenase (AMO) (Norton et al., 2002). Ammonia-oxidizing bacteria (AOB)
are physiologically close to aerobic methanotrophs. Both groups can oxidize a similar
substrate range, including ammonia and methane (Bedard & Knowles, 1989.; Schnell &
King, 1996). The difference in the kinetics of oxidation is related to the different Km values
of MMO and AMO for their substrates (Nyerges & Stein, 2009). The activity of both AMO
and pMMO is stabilized by copper, which is part of their active sites (Ensign et al., 1993).
The ability of some methanotrophs to produce hydroxylamine (NH2OH) by ammonia
oxidation reveals the possibility that inhibition of methane uptake could occurs due to
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hydroxylamine toxicity (Chandran et al., 2011). On the other hand, some methanotrophic
strains express an enzymatic system for hydroxylamine detoxification (hydroxylamine
dehydrogenase enzymes or HAO) and, for them, growth reduction mainly originates from
competitive inhibition of MMO by ammonia (Campbell et al., 2011). Even though methane
and ammonia oxidation processes are physiologically similar (Klotz & Stein, 2008), one
substantial difference is related to the ability of these organisms to utilize electrons from
hydroxylamine oxidation. Where AOB possess the hydroxylamine ubiquinone redox module
(c552 and c¢554) that delivers electrons from hydroxylamine oxidation to the ubiquinone pool
enabling further ETC operation and energy generation, methanotrophs lack these two

cytochromes; thus, they cannot use ammonia as an energy source (Klotz & Stein, 2008).

Nitrate (NOs-) also affects the metabolism of methane by some methanotrophs (Klotz
& Stein, 2008). For example, Methylocystis sp. strain Rockwell is extremely sensitive to
nitrate/nitrite toxicity, while strains that express nitrite and nitric oxide reductase enzymes
can detoxify nitrite (Klotz & Stein, 2008). Nitrate-related growth inhibition might occur in
strains that can produce nitrous oxide (N2O) as well (Klotz & Stein, 2008). However, other
groups of methanotrophs can utilize nitrate as a terminal electron acceptor and survive under
hypoxic conditions (Kits et al., 2015). A recent study showed that Methylomonas
denitrificans FIG1 is not only capable of respiring nitrate and coupling this activity to ATP
generation, but the terminal product of this activity is nitrous oxide (N>O) (Kits et al., 2015).
Moreover, N>O can trigger the Reactive Oxygen Stress (ROS) response (Zhao et al., 2007) ,
thus growth will be further decreased relative to oxygen respiration (Kits et al., 2015).
However, N>O production does not necessarily mean growth inhibition. In M. denitrificans
FJG1, the denitrification pathway that occurs under hypoxia provides cellular energy (Kits et
al., 2015). In fact, the existence of alternative electron acceptors is beneficial in natural

ecosystems (Klotz & Stein, 2008). However, for industry, nitrate might be seen as an
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inhibitory factor that affects yield and production of particular methanotrophic strains at large

scale, making it a “cost-driver” of production (Tays et al., 2018).

In general, methanotrophs can use nitrate or ammonia as a nitrogen source (Stein,
2018), but the preference varies among strains (Tays et al., 2018; Zaldivar Carrillo et al.,
2018) and optimization must be accomplished on a strain-to-strain basis. This is not
surprising, as earlier studies showed the distinct effect of nitrogen source on methane
metabolism in natural environments (Chandran et al., 2011; Klotz & Stein, 2008). In
addition, one of the first comparative studies from 1994 (M. album BGS8 vs M.
trichosporium OB3b) revealed distinct response to different nitrogen forms in organisms.
According to these findings, gammaproteobacterial methanotroph (M. album BG8) was
more sensitive to nitrite than alphaproteobacterial organism (M. trichosporium OB3Db).
However, the inhibition of methane oxidation by nitrite was abolished at higher methane
concentrations, while the increased level of ammonium was followed by reduced methane
oxidation (King and Schnell, 1994). These findings showed differential sensitivity to
different nitrogen sources among methanotrophs, but also showed that ammonium
inhibition originates from cometabolism by MMO, while nitrite inhibition is indirect (King
and Schnell, 1994). Nevertheless, it has been clear that the nitrogen response is variable,
and the detailed physiological and metabolic studies are required before field or laboratory
experiments that involve methanotrophs are performed. At the same time, another study a
compared the growth of the same two organisms and showed that both, M trichosporium
OB3b and M. album BGS8 can thrive on a combination of methane and methanol, but A.
trichosporium OB3b had better growth under nitrogen limitation (Graham et al., 1993).

Later, it was confirmed that M. trichosporium OB3b encodes the ability to fix atmospheric

nitrogen (N2) (Stein, 2010). Another study compared the strains Methylocystis sp. Rockwell

and M. album BGS8. While nitrate significantly inhibited growth of the former, M. album
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BGS had increased growth withnitrate. The situation was the opposite with ammonia as the
nitrogen source (Nyerges et al., 2010). High ammonia tolerance was also identified in

another species, Methylocystis sp. strain SC2 (Dam et al., 2014).

The effect of nitrogen source is highly dependent on the type of carbon source
(methane or methanol) provided to the strain. Nitrate did not inhibit the growth of
methanotrophs while they were growing on methane; however, when growing on methanol,
nitrate had a stronger inhibitory effect than ammonia (Tays et al., 2018). Overall, results from
various studies under laboratory conditions clearly indicate that nutrient combination and
concentration must be analyzed and optimized on an individual, strain-by strain level
(Chandran et al., 2011; Dam et al., 2014; Tays et al., 2018). Even though metabolic pathways
for most methanotrophs are well understood, there is no available universal tool that can
predict the optimal conditions for high biomass yield. Furthermore, the type and level of
metabolites change depending on available nutrient sources (Tays et al., 2018), hence, it
would be beneficial to develop an algorithm-based model for simulating a variety of growth
conditions to better predict the optimal nutrient combinations that will result in the highest

biomass and product yield.
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2.7. The production of value-added products by methanotrophs

The metabolism of aerobic methanotrophic bacteria has been studied in detail for
decades (Trotsenko & Murrell, 2008) with numerous reports about specific and diverse
enzymatic networks enabling methanotrophs to thrive under many environmental conditions
(Murrell & Jetten, 2009; Kalyuzhnaya & Xing, 2018; O. K. Lee et al., 2016; Trotsenko &
Murrell, 2008). Interest in methanotrophic metabolism has expanded in the last few decades
when the potential to transform methane into valuable bioproducts was discovered (Pieja et
al., 2017). The abundance and low price of natural gas contributed to the increased interest in
methane metabolism in the scientific as well as the industrial communities (Strong et al.,
2015, 2016). The best studied products from methane include methanol,
polyhydroxyalkanoates, and single cell protein (Strong et al., 2015, 2016). However, there are
other value-added chemicals (such as biofuels) that can be generated by methanotrophs (Pieja
et al., 2017; Strong et al., 2015, 2016). The expansion of metabolic/genetic engineering
manipulations in various species can result in improved production of target bioproducts (Lee

et al., 2016; Pieja et al., 2017; Strong et al., 2015, 2016) .
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2.7.1. Single cell protein

The production of single cell protein (SCP) began in the 1950s due to a shortage of
protein for animal nutrition, which is disconnected from human protein sources (Lee et al.,
2016; Strong et al., 2015, 2016). Even though the production of low-cost soy protein had a
negative influence on methane-derived SCP (Gao et al., 2012), SCP is still considered to be
the most successful, commercially produced methane-derived product (Lee et al., 2016;
Strong et al., 2015). The pioneers in commercial production of methanotrophic SCP was a
company based in Denmark in the 1980s (UniBio A/S) (Strong et al., 2015). The term
“single—cell protein” was introduced in the food industry as a “protein-rich nutrient that
serves as a dietary supplement for livestock and humans” (Ritala et al., 2017). This methane-
derived protein source has been used widely for nutrition of pigs, broiler chickens, mink, fox,
Atlantic salmon, rainbow trout, and Atlantic halibut (Strong et al., 2015). One of the most
famous SCP foods is marmite, the spread manufactured by Unilever (Ritala et al., 2017).
Marmite is a result of Saccharomyces cerevisiae digestion of starch. Vegemite is a similar
product made in Australia (Kerr & Schulz, 2016). Another fungi-based SCP is called Quorn.
Quorn is produced by Fusarium venenatum using oxygen, nitrogen, glucose, and minerals
(Ritala et al., 2017). The disadvantage of sugar-based production of SCP is high cost and
interference with food supplies (Ritala et al., 2017; Strong et al., 2015, 2016). In comparison,
methane is a highly abundant and cheap industrial waste (Strong et al., 2015, 2016). One of
the potential problems with microbial SCP production is their high DNA/RNA content that
can trigger an immune response in consumers (Strong et al., 2015). This was revealed in
toxicology studies on UniBio A/S products that resulted in increased immune response and
significant bladder and gut damage in rats. Thus, SCP was approved only as food for animals
with a short lifespan (NCSF, 2006). The other problem is contamination, the most common

issue in microbiology research and commercial production (Strong et al., 2015). SCP-
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producing Methylococcus capsulatus Bath cultures were repeatedly contaminated by three
different bacterial genera (Aneurinibacillus, Brevibacillus, and Ralstonia) (Bothe et al.,
2002). However, none of these contaminants were toxic and their presence was even
beneficial since they stabilized the culture by consuming other metabolic products that could

cause growth inhibition (Bothe et al., 2002; Strong et al., 2015).

2.7.2. Lipids

Methanotrophic cells contains complex internal membrane systems (ICM) that hold
and stabilize pMMO enzymes (Bowman et al., 1991). The ICM arrangement varies among
alpha- and gammaproteobacterial methanotrophs. While membranes in alphaproteobacterial
methanotrophs resemble the structure of stacked discs, ICM organization in
gammaproteobacterial methanotrophs follows the contour of the outer membrane (Trotsenko
& Murrell, 2008). The membrane lipids (phospholipids) in methanotrophs are categorized as
phosphatidylglycerol and phosphatidylethanolamine (Strong et al., 2016). In
gammaproteobacterial and alphaproteobacterial methanotrophs the most prevalent fatty acids
are C16:1 and C18:1, respectively (Bowman et al., 1991; Fang et al., 2000; Fei et al., 2014)
Methanotrophs accumulate up to 20% lipids in their biomass; hence, they have high potential
for use in biofuel production (Conrado & Gonzalez, 2014). The slight improvement in
methanotrophic lipid content (20% to 35%) would justify their use in biofuel production as an
alternative for petroleum-derived fuels. Microbial production of lipid-based biofuels has been
researched extensively in the last few decades (Strong et al., 2015, 2016). Yeast and
microalgae accumulate lipids (Eshinimaev et al., 2002) up to 20% of dry mass; hence, these
organisms have been exploited as biofuel producers for years (Strong et al., 2016). Microbial
lipids are synthesized in a short life cycle, and unlike plants, microbes are not as dependent
on location, season or climate, which opens possibilities for easier scale-up production.
However, the cost of carbon source and the food vs fuel debate often prevent efficient
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commercialization of microbial lipids in the biofuel industry (Q. Li et al., 2008). The
accumulation of lipids in methanotrophic cells occurs in the presence of sufficient carbon and
nutrient deficiency. Under these stress-related conditions the cell synthesizes lipids and stores
them as a source of energy and reductant (Fei et al., 2014). Currently, there is a patent
(US20150353971) for lipid-containing methanotrophic/methylotrophic biomass conversion
into oil that is further refined to generate fuel (Strong et al., 2015, 2016). However, the
difficulties in the process of transformation and extraction of phospholipids slows down their
commercial production. On the other hand, non-structural lipids are more promising as a
platform for biofuels. The University of Washington has developed a project funded by
ARPA-E that is focused on genetic modifications of methanotrophs to increase synthesis of
non-structural lipids that are easier to extract and transform into biofuel (Strong et al., 2015).
Microbially-derived lipids can be applied to the human health industry as well. Lipids are
commercially produced as food supplements that decrease the ratio of LDL/HDL cholesterol
and increase the level of immunoprotectant docosahexaenoic acid in the plasma (Miiller et

al., 2004).

2.7.3. Ectoine

Ectoine is cyclic imino acid that helps bacteria survive in salty conditions. The
primary function of ectoine in bacteria is molecular stabilization of enzymes, nucleic acids,
and DNA-protein complexes (Strong et al., 2015, 2016). This molecule is often used in the
cosmetic industry to produce moisturizer (Mustakhimov et al., 2010). The commercial strain
for ectoine production is Halomonas elongata DSM 2581T (Schwibbert et al., 2011). Among
methanotrophs, commercial production of ectoine has been performed by Methylomicrobium
alcaliphilum 20Z (Mustakhimov et al., 2010). In this organism, three key enzymes participate

in ectoine synthesis: diaminobutyric acid aminotransferase, diaminobutyric acid
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acetyltransferase, and ectoine synthase. The complete metabolic system is regulated by a

“MarR-like" transcription regulator (Mustakhimov et al., 2010).

2.7.4. Bioproducts from genetically engineered methanotrophs

The concept of genetic engineering in methanotrophs was established in the last
century when Methylosinus sp. strain 6 was modified using a Tn5-transposon system
(Toukdariant & Lidstromt, 1984). Over the past few decades, the large biotechnological
potential of methanotrophs has been heavily exploited (Strong et al., 2015, 2016) and the idea
of commercial production of a value-added product using cheap single-carbon feedstock
brought up the approach that assumes application of metabolic engineering in methanotrophic
species (Kalyuzhnaya et al., 2015). Even though genetic tools are available for some strains,
few products are successfully produced by engineered methanotrophs. The most famous
products obtained from engineered methanotrophs are isoprene (Strong et al., 2015), 2,3-
butanediols (Duc Nguyen et al., 2021), farnesene (Strong et al., 2016) and lactate (Henard et
al., 2016). Among these three compounds, farnesene is probably the most important for
global needs. This molecule is a precursor for diesel, lubricants, rubber, plastic, and it is
commonly used in the cosmetic industry (Strong et al., 2015, 2016). Another successfully
produced class of compound are carotenoids — yellow-to-orange terpenoids that play a role in
oxidative damage prevention (Heider et al., 2014). Carotenoids are commonly used in the
food, medical and cosmetic industries (Strong et al., 2016). In terms of carotenoids,
methylotrophs are considered more successful than methanotrophs, as methanol is another
abundant, low cost and unlike methane, soluble carbon source. The genes for carotenoids
biosynthesis have been identified in facultative methylotroph Methylobacterium extorquens
AM1 that is known to produce pink carotenoid (Peel and Quayle, 1961; Downs and Harrison,
1974). Th detailed genomic characterization along with genetic tools’ development was done
in 2003 (Van Dien et al., 2003). Currently, there is an established production of carotenoids

43



by Methylomonas sp. strain 6 that was initiated with the expression of the canthaxanthin
(carotenoid) gene in combination with enzymatic systems for its conversion to astaxanthin in
this organism (Ye et al., 2007).

Methanotrophs are commonly used as a platform to produce recombinant proteins
andenzymes, such as MMO and B-glucuronidase (Strong et al., 2015). Theoretically, species
thatnaturally produce surface layers (such as Methylococcus, Methylothermus, and
Methylomicrobium) are potential candidates for genetic engineering and commercial

production of exogenous therapeutic or IgG proteins (Khmelenina et al., 2015).

2.7.5. Polymers

Polymers are substances whose molecular structure contains more than one
same/similar units, bonded together via specific chemical bonds (Liu et al., 2020). Broadly,
biopolymers can be categorized as externally and internally stored molecules, and each of
these two groups has a different role in metabolism. In addition, both types of polymers can
be significant from an industrial perspective and can be produced from methane and

methanol by methanotrophs.

2.7.6. External biopolymers

The most famous external biopolymers are extracellular polysaccharides (EPS). Due
to their colloid and adhesive properties, EPS are often used in the food industry, as well as in
pharmaceutical, textile, and oil industries. The current industrial production of EPS relies on
algae and plants (Koffas et al., 2003). However, the controversy of food vs fuels motivated
researchers to seek for alternative, “nonedible raw material” that can be used for EPS
production (Malashenko et al., 2001; Strong et al., 2015). Methane satisfied these criteria for
alternative feedstock. In addition, methanotrophs contain genetic machinery that enables

them to synthetize EPS (Dedysh et al., 2002; Malashenko et al., 2001; Strong et al., 2015).
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Methane-based EPS production was performed in chemostats via gammaproteobacterial
methanotrophs, and production ranged from 0.03-0.43 g/L. Moreover, the achieved viscosity
was comparable to the viscosity of EPS synthesized by other known producers (2.2 to 4.0
mm?/s) (Malashenko et al., 2001; Strong et al., 2015). However, one possible complication

with methanotrophic EPS production is the negative influence of accumulated polysaccharide

on further gas uptake (Dedysh et al., 2002), which might delay growth and EPS production

from methane.
2.7.7. Internal biopolymers

Another class of biopolymers are internally produced metabolites that serve as storage
molecules. The accumulation of internal biopolymers occurs in response to nutrient limitation
in the presence of sufficient carbon (Strong et al., 2015). The most significant internal
biopolymers are polyhydroxyalkanoates (PHA) (such as polyhydroxybutyrate (PHB) and
polyhydroxybutyrate covalerate (PHBV)) (Chidambarampadmavathy et al., 2015). PHAs
have multiple beneficial properties such as biodegradability, biocompatibility, and
thermoplasticity, which make them a potential alternative to conventional, petroleum-derived
plastics (Strong et al., 2016). Plastic materials are used worldwide and have numerous
applications and enormous significance in all types of industrial activities
(Chidambarampadmavathy et al., 2015). However, oil derived (conventional) plastics are
only 5-7% recyclable, and consequences to the environment are enormous
(https://greenhome.co.za/the-pros-and-cons-of-bioplastics/). At least 50% or more of plastic
waste is disposed into landfills. The strategy of disposal eventually leads to accumulation of
material, and lack of oxygen prevents the efficient breakdown of disposed waste
https://www.unep.org/news-and-stories/story/world-leaders-set-sights-plastic-pollution. More
harm to the environment is done when plastic waste is littered (around 45%). Plastic waste is
washed into oceans, rivers and streams where it is degraded into smaller pieces and
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commonly introduced into the food chain (Bezirhan Arikan & Duygu Ozsoy, 2015). A study
from 2010 revealed 580,000 pieces of plastic are present per square kilometer in the ocean,
which is extremely harmful to all lifeforms in and around these ecosystems (World Leaders
Set Sights on Plastic Pollution, 2018). Plastic degradation releases toxic chemicals, which is
an additional threat to wildlife, humans, and the environment (Chidambarampadmavathy et
al., 2015). Because of these many environmental issues, researchers have focused on
exploring environmentally friendly materials such as biodegradable plastic. Biopolymers
such as PHB and PHBYV are stored as granules intracellularly in microorganisms where they
serve as a source of energy and/or reducing power during starvation conditions (Mitra et al.,

2022).

2.8. PHB pathway

The metabolic pathway for PHB production (Fig. 2.6) involves three enzymes
encoded by the phaCAB operon. The enzyme PhaA catalyzes condensation of two acetyl-
CoA molecules to form acetoacetyl-CoA. In the next step, the enzyme PhaB reduces
acetoacetyl-CoA to the (R)-3-hydroxybutyryl-CoA monomer. In the final step, PHB synthase

(PhaC) catalyzes formation of stable polymer (Fig. 2.6) (Pieja, Rostkowski, et al., 2011).

The catabolism of PHB involves two types of degrading enzymes known as PHA
depolymerases (PhaZ). Intracellular depolymerases (iPhaZ) perform active hydrolysis of
PHB accumulated asPHB granules in the cell. This degradation is often linked to energy
extraction during starvation (Jendrossek & Handrick, 2002; Sudesh & Abe, 2010;
Volova et al., 2006). iPhaZs can only recognize and degrade native, amorphous forms of
PHB (except for iPhaZ from Bacillus megaterium which can degrade external layers of
native PHB granules (H. J. Chen etal., 2009; Sznajder & Jendrossek, 2011). The
degradation of native PHB granules usually involves an activator protein, which is

replaced with trypsin or alkaline treatment during in vitro experiments (Merrick &
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Doudoroff, 1964). In some cases, PHB granules can be self- hydrolyzed (Uchino et al.,
2007). The complete intracellular PHB degradation involves oxidation of 3-
hydroxybutyrate monomers to acetoacetate via NADPH-dependent 3- hydroxybutyrate
dehydrogenase, followed by the esterification of acetoacetyl-CoA via 3-ketoacid-CoA
transferase (CoA is derived from succinyl-CoA or acetoacetyl-CoA synthases)

(Martinez-Tobodn, 2019.; Miller & Seebach, 1993).

Another type of PHB degrading enzymes is extracellular depolymerase (ePhaZ).
These enzymes are used by non-PHB producing organisms that can utilize PHB as the sole
carbon source. Extracellular PhaZs usually do not resemble the structure of intracellular

enzymes, and they recognize crystalline and semi-crystalline forms of PHB.
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Figure 2.6. Biosynthetic pathway for polyhydroxybutyrate (PHB) synthesis in methanotrophs.
Two acetyl-CoA molecules are condensed via 3 ketothiolase encoded by gene phaAd. The
acetoacetyl-CoA created in previous reaction is reduced to 3-hydroxybutyryl-CoA via
acetoacetyl-CoA reductase (encoded by gene phaB). In the final step, the enzyme PHB

synthase encoded by gene phaC creates PHB.

2.8.1. Microbial PHB production
48



The production of PHB has been documented in alphaproteobacterial, but not
gammaproteobacterial, methanotrophs through the serine cycle for formaldehyde
assimilation. The yield of PHB is highly affected by pH, temperature, trace elements,
macronutrients and the type and amount of available carbon source (Mitra et al., 2022; Strong
et al., 2016). Currently, there are three routes for PHB production: bacterial fermentation,
genetically modified plants, and cell-free systems using enzymatic catalysts (Tobon-
Martinez, 2019). Microbial PHB production has been commercialized using glucose, cane
starch, palm oil, cassava waste, wheat bran and molasses as carbon sources (feedstock)
(Isabel- Tobon, 2019). However, the cost of feedstock is significantly slowing down the
industrialization of bioplastic from these carbon sources (Strong et al., 2015, 2016). The price
of PHB is strongly influenced by the type of organism and feedstock used for its production.
For example, in 2015, PHB synthetized by Cupriavidus necator cost $16/kg
(Chidambarampadmavathy et al., 2015), which was four times greater than the production by

recombinant E. coli in 2000 ($4/kg) (Suk Ahn et al., 2000).

Considering the high cost and difficulties of commercialization, there has been
increased interest in discovering microbial producers that can utilize cheap carbon sources for
production of biopolymers such as PHB or PHBV. Methanotrophs fit perfectly in this model
(Strong et al., 2015, 2016). However, when compared to the famous PHB producer
Alcaligenes eutrophus, methanotrophs did not show promising results. The PHB produced by
Methylobacterium had a lower molecular weight and the extraction was difficult compared to
Alcaligenes-produced PHB (Mitra et al., 2022). Regardless of existing disadvantages and
difficulties, cheapness and availability of feedstock keep methanotrophs as the primary
choice for bioplastic commercialization (Khosravi-Darani et al., 2013) and several companies

are now successfully making PHB using methanotrophs with methane as feedstock. The
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methanotrophic species M. trichosporium OB3b has been used as a PHB-producing platform
using a combination of methane, methanol, and citric acid as the carbon source (Y. Zhang et
al., 2008). This experiment resulted in production of high-quality PHB (Mw 1.5x10° Da),
which comprised around 40% of total cell mass (Strong et al., 2015; Zhang et al., 2008).
Methylocystis sp. was also a successful producer of high-quality PHB (Mw 2.5x10° Da), with
51% biopolymer cell content from a two-stage nonsterile process under phosphorous
deficiency (Helm et al., 2008). Another example of improved PHB production involved
genetically modified Methylosinus sp. that overexpressed the enzyme pMMO that was able to
accumulate 50% PHB cell content over 120 h with biomass yield up to 18 g/l (Shah et al.,
1996). Methylosinus sp. has been proven as an excellent PHB producer in potassium-limiting
conditions, generating a polymer of Mw 3.1x10% MDa (Helm et al., 2008). The increased
PHB production (57% of total cell mass) was observed in two-phase partitioning bioreactors
using Methylobacterium organophilum with 10% v/v of silicone oil and 1% methane as the

carbon source (Zuiiga et al., 2011).

In addition to PHB production, the co-polymer of PHB and PHBV, PHB-co-HV, has
an even higher potential for commercial production. However, researchers must continue to
identify potential industrial strains that can synthesize larger amounts of PHB and bring its
production to large scale (Khosravi-Darani et al., 2013). Currently, companies like Mango
Materials Inc. and Newlight Technologies Inc. have successfully used methane to produce
bioplastics at scale. The potential to use metabolic engineering approaches to successfully
increase production of value-added compounds, including PHB in methanotrophs, has a
strong potential (Pham et al., 2022). Since the reconstruction of C1 pathways in heterotrophic
bacteria did not give desired results (very low biomass yield on methane or methanol in E.
coli), researchers efficiently engineered gammaproteobacterial methanotrophs to utilize

sugars (specifically xylose) as co-substrate for growth (Duc Nguyen et al., 2021). Xylose as a
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co-substrate in M. alcaliphilum 20Z cultures resulted in increased production of certain
metabolites, among which are 2,3-butanediol (2,3-BDO), acetoin and 3-hydroxybutyric acid
(Duc Nguyen et al., 2021). The introduction of enzymatic machinery that can convert 3-
hydroxybutyric acid to 3-hydroxybutyryl-CoA (the monomer for PHB production) can be
additional approach to enhance PHB synthesis in engineered methanotrophs. However,
gammaproteobacterial methanotrophs cannot produce PHB naturally and the addition of
PHB synthesis genes might result in redox disbalance which can negatively affect the
growth. Alternatively, gammaproteobacterial methanotrophs have tendency to accumulate
glycogen or polyphosphate as storage polymers, and the accumulation of PHB might require

additional gene knockouts which can negatively affect remaining cellular processes.

Overall, the microbial methane based PHB production has been studied in detail
(Table 2.1) and there are many possibilities and potential for further improvement for

bioplastic production.

51



Table 2.1. Alphaproteobacterial methanotrophic strains tested for PHB production in

batch and bioreactor cultures.

Organism Growing conditions Stress trigger % PHB Reference*
Methylocystis sp. GB 25 DSM Bioreactor Nitrogen depletion 51.3 (Wendlandt et al., 2001)
7674
Methylocystis sp. GB 25 DSM Bioreactor Phosphorus depletion 46.3 (Wendlandt ef al., 2001)
7674
Methylocystis sp. GB 25 DSM Bioreactor Magnesium depletion 283 (Wendlandt et al., 2001)
7674
Methylocystis sp. GB 25 DSM Bioreactor Sulphur depletion 326 (Helmer al., 2008)
7674
Methylocystis sp. GB 25 DSM Bioreactor Potassium depletion 336 (Helm er al., 2008)
7674
Methylocystis sp. GB 25 DSM Bioreactor Iron depletion 104 (Helmer al., 2008)
7674
Methylocystis parvus OBBP Bioreactor Nitrogen depletion 6 (Pflugeret al.,2011)
Methylosinus trichosporium Bioreactor Nitrogen depletion 10 (Pfluger et al.,2011)
OB3b
Mixed consortium Bioreactor (copper and iron Nitrogen depletion 2.1-47 (Chidambarampadmavathy er
addition) al. 2015)
Merhylocystis parvus OBBP Batch Nitrogen depletion 30.5-503 (Piejaeral 2011)
Methyiocystis parviis OBBP Batch Nitrogen depletion 36.5 (Piejaetal., 2011)
Methylesinus trichosporium Batch Nitrogen depletion 38 (Piejaetal.,2011)
OB3b
Methyloesinus trichosporium Batch (no O, limitation) Methanol 487 (Zaldivar-Carrillo et al., 2018)
OB3b
Methylesinus trichosporium Batch (ammeonium) Nitrogen depletion 452 (Zhang etal., 2017)
OB3b
Methylosinus trichosporium Batch (nitrate) Nitrogen depletion 51 (Zhang etal., 2017)
OB3b
Methylocystis sp. Rockwell Batch (ammonium) Methanol 248 This study
Methylecystis sp. Rockwell Batch (nitrate) Methanol 16.9 This study
Methylocystis sp. Rockwell Batch (ammonium or nitrate) N/A 736-9.39 This study
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2.8.2. PHB properties

PHB is an optically active polymer with approximate native density of 1.18 g/cm?.
Crystallization increases its density up to 1.26 g/cm’. The melting temperature varies from
165-180°C, depending on crystallization. PHB monomers of biological origin are always in
(R) configuration, and in polymeric form; they can build the structure up to several million
Da (Doi, 1995.; Mansour et al., 1999.; Sudesh & Abe, 2010; Volova et al., 2006). The most
important property of PHB is its biodegradability (Sudesh & Abe, 2010). The PHB monomer
R- 3- hydroxybutyrate has been detected in humans at very low concentrations (0.03-0.1
mg/ml in blood), and its lethal dose is recorded at >5,000 mg/kg (Holmes 1988.; Pawan &
Semple, 1983.; Sudesh & Abe, 2010). PHB cannot absorb UV light due to the lack of
aromatic compounds and double bonds. These properties make it more resistant to the UV
light than polystyrene, which makes it great material that can be use in medical implant
manufacturing (Holmes 1988.; Tobon-Martinez, 2019). Thermodynamically, PHB is very
stable without many changes to its mechanical properties (Tobon-Martinez, 2019). The only
disadvantage of PHB is its low elongation at break, which makes it stiff and brittle (Sudesh &

Abe, 2010; Volova et al., 2006).
2.8.3. Methods for detection and quantification of PHB

Because of their importance, there have been continuous efforts invested in the
methods for detection, evaluation, and quantification of PHAs in microorganisms. Currently,
the most common approaches for PHB detection and quantification in microorganisms
include staining reactions, spectrophotometric analysis, flow cytometry, gas and liquid
chromatography (HPLC and GC-FID) and NMR spectroscopy (Godbole et al., 2016). More
detailed molecular characterizations are often completed through molecular weight

determination by gel permeation chromatography (GPC) followed by thermal analysis of
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extracted polymer (Godbole, 2016). Staining reactions involve the use of PHB-binding dyes,
such as Sudan Black, Nile Red or Nile Blue A (Godbole, 2016). Sudan Black-based staining
is one of the earliest methodologies used for screening of large numbers of isolates on plates
via phase- contrast microscopy (Godbole, 2016). However, Sudan Black has specificity
towards all lipidcomponents in the cell (lipids, triglycerides, lipoproteins), which cannot be
distinguished clearly from PHB granules. In addition, some Sudan Black dyes are known as
carcinogenic chemicals (Pan et al., 2012). Another well-known PHB-binding dye is Nile
Red. This molecule belongs to the benzophenoxazine dyes and is known for its intense
colors and extremely lipophilic nature. Nile Red is a non-charged molecule that emits intense
fluorescence in non-polar media. In water, Nile Red is poorly soluble and does not emit any
fluorescence. However, due to its high chromophore adaptability in various solvents, Nile
Red chromophore has a broad solvato-chromic range. This dye was extensively used for
screening of PHB-producing isolates in water-treatment plants and environmental sample
isolates (Godbole, 2016; Kung et al., 2007; Oshiki et al., 2008). It can also be detected via
flow cytometry, which was exploited for high-throughput screening of optimal conditions for
PHB production in Methylocystis parvus OBBP in a microbioreactor system (Sundstrom &
Criddle, 2015). Unlike Nile Red, another benzophenoxazine dye, Nile Blue A, is cationic
andhas a higher level of solubility in water compared to the Nile Red. Compared to Nile
Red, Nile Blue A has a redshifted-absorbance spectra, which makes it more suitable for

biological imaging (Martinez & Henary, 2016).

In terms of spectroscopy, there are three approaches commonly used for PHB
detection. The UV-based approach assumes conversion of PHB to crotonic acid via heating
and acidification. Crotonic acid has an absorption maximum at 235 nm, which is used to
determine PHB level in the sample indirectly (Godbole, 2016). The infrared spectroscopy

approach is based on carbonyl group absorption in 1728 cm™! in the infrared spectrum.
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Microbial cells are first dried, PHB is extracted via chloroform and absorbance that originates
from the carbonyl group is measured using classical spectrophotometry (Godbole, 2016). The
third spectroscopy-based approach is through nuclear magnetic resonance (NMR)
technology. NMR analysis requires dissolving PHB in deuteriated chloroform, followed by

recording of NMR high resolution spectra (Caballerot et al., 1994).

A more accurate methodology used in PHB detection is chromatography. High
Performance Liquid Chromatography (HPLC) involves digestion and acidification of PHB
granules at high temperature in the presence of highly concentrated sulfuric acid. Like UV-
spectroscopy, this approach assumes production of crotonic acid, which absorbs light at
wavelength of 210 nm. It is then quantified via HPLC (Karr et al., 1983). The most common
approach used for PHB detection and quantification is Gas Chromatography (GC). This
methodology assumes direct hydrolysis of the PHB polymer under acidic (or alkaline)
conditions at high temperature, followed by esterification and production of the monomeric
methyl-3-hydroxybutyrate. The use of flame ionization detection (FID) significantly
improves sensitivity, and this approach has become one of the most accurate and precise

methodologies commonly used for PHB detection and quantification.

Regardless of its accuracy and precision, the GC-FID conventional approach is
laborious and time consuming. Experimental preparation time increases with an increased
number of samples for analysis, and the complete procedure involves harmful solvents and
chemicals. Thus, there have been extensive efforts to develop novel, less harmful and less
time-consuming approaches that will be equally precise as GC-FID. PHB-binding dyes are
promising tools for this purpose. To generate precise PHB quantification with Nile Red
staining additional equipment is required; flow cytometry showed solid success in those
terms (Alves et al., 2017; M. Li & Wilkins, 2020). Moreover, Nile Red is not highly PHB
specific, and it is not possible to distinguish between PHB granules and the rest of cellular
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lipid components. Thus, Nile Blue A (NBA) is another PHB dye with specific spectral

properties that enables selective imaging of PHB granules (Martinez & Henary, 2016).
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Chapter 3
Metabolome profiles of the alphaproteobacterial methanotroph Methylocystis sp. Rockwell in

response to carbon and nitrogen source

A version of this mansuscript has been published as: Lazic, M., Sugden, S., Sauvageau, D.,
Stein, L.Y. Metabolome profiles of the alphaproteobacterial methanotroph Methylocystis sp.
Rockwell in response to carbon and nitrogen source. 2021. FEMS Microbiol. Lett. 368, 2021,

fnaa2l9. doi: 10.1093/femsle/fnaa2l9

3.1 Abstract

Methanotrophs use methane as a sole carbon source and thus play a critical role in its
global consumption. Intensified interest in methanotrophs for their low-cost production of
value-added products and large-scale industrialization has led to investigations of strain-to-
strain variation in parameters for growth optimization and metabolic regulation. In this study,
Methylocystis sp. Rockwell was grown with methane or methanol as a carbon source and
ammonium or nitrate as a nitrogen source. The intracellular metabolomes and production of
polyhydroxybutyrate, a bioplastic precursor, were compared among treatments to determine
how the different combinations of carbon and nitrogen sources affected metabolite
production. The methane—ammonium condition resulted in the highest growth, followed by
the methane—nitrate, methanol-nitrate and methanol-ammonium conditions. Overall, the
methane—ammonium and methane—nitrate conditions directed metabolism toward energy-
conserving pathways, while methanol-ammonium and methanol-nitrate directed the
metabolic response toward starvation pathways. Polyhydroxybutyrate was produced at
greater abundances in methanol-grown cells, independent of the nitrogen source. Together,

the results revealed how Methylocystis sp. Rockwell altered its metabolism with different
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combinations of carbon and nitrogen source, with implications for production of industrially
relevant metabolites.
3.2. Introduction

Methane is a potent greenhouse gas that contributes to nearly one-third of the current
global warming effect (IPCC, 2013). Biotic control of methane is partially done through the
action of aerobic methane-oxidizing bacteria (MOB), or methanotrophs, belonging to the
phyla Proteobacteria and Verrucomicrobia (Semrau et al., 2010). Despite their physiological
diversity, all aerobic methanotrophs share the ability to oxidize methane as their sole carbon
source to conserve energy and generate reducing equivalents that drive biochemical processes
in the cell (Trotsenko & Murrell, 2008). Two groups of proteobacterial methanotrophs,
Gammaproteobacteria and Alphaproteobacteria, perform methane oxidation to methanol via
methane monooxygenase (MMO) and methanol oxidation to formaldehyde via (PQQ)-
dependent methanol dehydrogenase (MDH). The branching point distinguishing gamma-
from alpha-proteobacterial methanotrophs is formaldehyde assimilation, wherein
gammaproteobacterial methanotrophs assimilate formaldehyde via the ribulose
monophosphate (RuMP) cycle and alphaproteobacterial methanotrophs use the serine cycle

(Trotsenko & Murrell, 2008).

The primary products of the first part of the serine cycle are glyoxalate and acetyl-
CoA. While glyoxalate serves as the substrate for transamination and glycine regeneration,
acetyl- CoA has various fates in alphaproteobacterial methanotrophs (Trotsenko & Murrell,
2008). Acetyl-CoA can be either oxidized to glyoxalate, enabling continuous serine cycle
operation, or it can feed into the synthesis of polyhydroxybutyrate (PHB). Alternatively, the
PHB cycle intermediate (R)-3-hydroxybutyryl- CoA can be converted to crotonyl-CoA,

which feeds into the ethyl-malonyl-CoA (EMC) cycle (Matsen et al., 2013; Yang et al.,

58



2013). Acetyl-CoA from the serine cycle participates in fatty acid and phospholipid
biosynthesis as well as in the tricarboxylic acid (TCA) cycle, enabling production of essential
amino acids (Trotsenko & Murrell, 2008; Vorobev et al., 2014). Many proteobacterial
methanotrophs have also been shown to grow on methanol as their sole carbon source (Tays
et al., 2018). However, despite the decreased energetic demands for the use of methanol, its
toxicity can sometimes result in lower biomass yields (Tays et al., 2018). Specifically, while
some gammaproteobacterial methanotrophs can overcome methanol toxicity and grow to
high yields (Akberdin et al., 2018; Gilman et al., 2017; Tays et al., 2018),
alphaproteobacterial methanotrophs, such as Methylocystis sp. Rockwell, Methylosinus
trichosporium OB3b and Methylocystis sp. WRRC1, exhibit poor growth and low yields

when using methanol as their sole carbon source (Tays et al., 2018).

Aside from carbon source, studies investigating the effect of nitrogen source for
growing alphaproteobacterial methanotrophs have shown broad strain-to-strain variation in
their preference for ammonium versus nitrate (Klotz & Stein, 2008; Matsen et al., 2013;
Nyerges et al., 2010; Nyerges & Stein, 2009), and no single nitrogen source can support
optimal growth of all strains (Dam et al., 2014; Tays et al., 2018; Zaldivar Carrillo et al.,
2018). For example, Methylocystis sp. Rockwell prefers ammonium, whereas Methylosinus
trichosporium OB3b grows more robustly on nitrate (Tays et al., 2018; Zaldivar Carrillo et
al., 2018). On the other hand, Methylocystis sp. SC2 has a more diverse nitrogen metabolism,
resulting in efficient growth by fixing atmospheric nitrogen as its sole nitrogen source (Dam
et al., 2014). Due to this variability in nitrogen preference, establishing optimal media
conditions for growth and metabolite production by alphaproteobacterial methanotrophs

requires strain-by-strain investigation.

The availability and low cost of methane as a feedstock has generated interest in using
methanotrophic bacteria for industrial purposes (Cantera et al., 2019; Strong et al., 2016). The
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successful industrialization of alphaproteobacterial methanotrophs requires a deep
understanding of how carbon and other nutrients, like nitrogen, affect metabolism. This
understanding is essential for optimizing growth rates, biomass yield, and the yield and
recovery of industrially valuable metabolites. The most recent studies on alphaproteobacterial
methanotrophs included multi-omics approaches that facilitated the efficient reconstruction of
biochemical networks in response to different nutrient combinations (Matsen et al., 2013;
Vorobev et al., 2014; Yang et al., 2013). While genomic and transcriptomic data can be
mined to identify metabolic pathways, metabolomics allows for rapid comparison of
hundreds of potentially valuable metabolites across different growth conditions, facilitating
an easy (and potentially cost-effective) optimization of metabolite production. In the present
study, we compared the metabolomic profiles of the alphaproteobacterial methanotroph
Methylocystis sp. Rockwell growing on four combinations of carbon and nitrogen sources,
with the goal of identifying carbon—nitrogen combinations that lead to the production of
valuable metabolites. Methylocystis sp. Rockwell has the potential to become an important
industrial strain, especially for the production of the bioplastic precursor molecule PHB
(Stein et al., 2011). Metabolomic analysis of Methylocystis sp. Rockwell with different
carbon—nitrogen combinations provide valuable information for designing and optimizing
conditions for maximizing its growth along with production of a number of valuable

metabolites.
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3.3. Materials and methods

3.3.1. Growth and maintenance of Methylocystis sp. Rockwell

Cultures of Methylocystis sp. Rockwell (ATCC49242) were grown in Wheaton media
bottles (250 ml) closed with butyl-rubber septa caps and filled with 100 mL of ammonium-
(AMS) or nitrate mineral salts (NMS) medium buffered to pH 6.8 with 1.5 mL of phosphate
buffer, as previously reported (Tays et al., 2018). Each replicate was inoculated with 1 mL
(1% v/v) of previously grown cultures that had been passaged at least once under identical
conditions. For cultures grown with methane, 2.5 mmol methane was injected through a 0.22-
um filter-fitted syringe, following the prior removal of gas headspace to maintain pressure at
1.05 atm. For cultures grown with methanol, the initial pressure was 1 atm and 1 mmol of
pure high-performance liquid chromatography (HPLC)-grade methanol was added, as this
corresponded to the maximum concentration at which Methylocystis sp. Rockwell is still able
to grow, although at significantly lower rates and yields relative to methane (Fig.3.1) (Tays et
al., 2018). All cultures were incubated at 30°C with shaking at 150 rpm. Growth data has
been averaged across two separate experiments to generate a growth curve containing six
replicates (n = 6) for time points 0-96 h and 168 h, four replicates (n = 4) for time points 120
and 144 h, and one replicate (n = 1) for 192 and 218 h. Growth was monitored using optical
density measurements at a wavelength of 540nm (ODsa40) in a 48-well microplate (Multiskan
Spectrum, Thermo Scientific). Culture purity was assured by visual examination using phase-
contrast microscopy and by plating on TSA/nutrient agar plates, where a lack of growth
confirmed a lack of contamination. Cell dry weight was measured by extracting 35 mL of
culture and centrifuging at 10 000 % g at 4°C for 10 min (Sorvall RC 6 Plus, SS-34 rotor;
Thermo Scientific). The supernatant was discarded, and the pellet was resuspended in 10 mL
of deionized water and transferred to a tarred weigh dish. The dish was placed in an oven at

60°C for drying overnight followed by weighing. Cell dry weight is reported in mg/L.
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3.3.2. Metabolite extraction

Biomass (100 pg) in late exponential phase was retrieved from cultures for metabolite
analysis using cultures grown independently from those used to generate the growth curve
shown in Fig. 6. For methane—-ammonium and methane—nitrate cultures, biomass was
retrieved at 44 and 72 h, respectively. For methanol-ammonium and methanol—nitrate
cultures, biomass was retrieved at 168 h. Frozen cell pellets were sent to Metabolon (New
York, NY) for global metabolite profiling using their HD4 platform. Samples were prepared
using the automated MicroLab STAR R ® system (Hamilton Company) and analyzed both
by reverse-phase ultrahigh-performance liquid chromatography-tandem mass spectroscopy
(RP/UPLC-MS/MS; Waters Corp.) using positive and negative-ion mode electrospray
ionization (ESI) and by hydrophilic interaction (HILIC) UPLC-MS/MS using negative-ion
mode ESI. For internal consistency, a constant amount of sample pellet (100 pg) was
processed per volume of extraction solvent. Procedures were performed according to

Metabolon standard protocols ((https://www.metabolon.com/).

3.3.3. PHB quantification

PHB was quantified as previously described (Zaldivar Carrillo et al., 2018) . Briefly,
PHB was extracted from 10 mL of culture (n = 3 for each condition) harvested at the same
times as above for metabolite extraction (Fig. 3.1) and then hydrolyzed and esterified with
methanol to produce methyl hydroxybutyrate following modified protocols (Oehmen et al.,
2005; Zaldivar Carrillo et al., 2018). Methyl hydroxybutyrate was analyzed via a gas
chromatograph (7890A, Agilent Technologies) equipped with an autosampler (G4513A,
Agilent Technologies) and fitted with a 30 m x 250 um DB- 5Sms column (Agilent
Technologies). The injector temperature was 250°C and the oven temperature was held at

80°C for 1min, raised to 120°C at a rate of 10°C/min, and then to 270°C at 30°C/min, before
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being held at that temperature for 3min. Samples were injected at a split ratio of 1:10. A
flame ionization detector at 300°C was used. Helium was used as the carrier gas at a flowrate
of 1.5 mL/min. The peak of methyl hydroxybutyrate was resolved at 2.8 min; an internal
standard of methyl benzoate was resolved at 5.4 min. The concentration of methyl
hydroxybutyrate was established based on a calibration curve using a prepared standard. The
percentage of PHB per dry cell weight was calculated as previously described (Zaldivar

Carrillo et al., 2018).

3.3.4. Statistical analysis

Raw peak areas were scaled to the median value for each metabolite; missing values
were imputed as one-half the lowest detected abundance of that metabolite. Principal
component analysis (PCA; R package vegan (Oksanen O, 2016) and sparse partial least
squares discriminant analysis (sPLS-DA; R package mixOmics (Oksanen O, 2016) were
performed to assess overall differences in metabolite profiles among treatments and identify
metabolites driving these differences. PCA clustering effects were tested using a
permutational analysis of variance (PERMANOVA) with 1000 permutations. The optimal
number of sSPLSDA components and variables per component were determined by finding the
minimum misclassification rate using 100 iterations of 3-fold cross validations with
increasing numbers of components (up to 5) and metabolites (between 5 and 100). In
addition, individual metabolites that were significantly differentially abundant among
treatments were identified using an ANOVA followed by Tukey’s honestly significant
differences post hoc test with the Benjamini—Hochberg correction for multiple comparisons.
Metabolites with corrected P < 0.05 were considered significant. To further analyze the
metabolite profiles of Methylocystis sp. Rockwell, we categorized metabolites based on the
fold changes in median-scaled metabolite abundances between treatments. Fold-changes were
categorized into five classes based on their magnitude. In addition, we used linear regression
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models with both carbon and nitrogen source as predictors to evaluate how metabolite
abundances were affected by changes in one nutrient source (carbon or nitrogen) while
controlling for the other. For each nutrient source comparison (carbon or nitrogen), we
calculated ‘controlled’ fold-changes for each metabolite as (f0+ Bn)/B0, where PO was the
model intercept and fn was the coefficient for the given nutrient.

3.4. Results

3.4.1. General metabolite profiles of Methylocystis sp. Rockwell grown in four carbon—

nitrogen combinations

Metabolomic analysis of Methylocystis sp. Rockwell cultures grown in four different
combinations of carbon and nitrogen sources yielded 355 metabolites of known identity
belonging to eight metabolic superpathways (Fig. 3.2; Table 3.1). All four treatments resulted
in significantly different metabolite profiles (PERMANOVA df =3, R2 =0.75, P <0.001)
that were consistent among treatment replicates (Fig. 3.3). The carbon source was the main
driver of metabolomic differences, with a pronounced general decrease in metabolite yield in
cultures grown with methanol. This methanol-induced effect was more prominent when
ammonium was the nitrogen source (Fig. 3.2). In sPLS-DA, treatment groups were separated
along three components based on 17 metabolites (Fig. 3.4). The methanol-ammonium
treatment group separated along the first component (Fig.3.3) and was distinguished by
increased abundances of N-acetylserine, thioproline and 2-methylserine (Fig. 3.4). The
second sPLS-DA component separated the methanol— nitrate treatment group based on an
increased abundance of seven amino acids and nucleotide derivatives (Fig. 3.4). The two

methane treatments separated along the third component based primarily on the abundance of
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methylsuccinate in the methane—ammonium treatment and N-acetylleucine and

Acetylisoleucine in the methane—nitrate treatment (Fig. 3.4).
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Figure 3.1. Log scale of ODs40 over time from 100-ml cultures of methanotrophic bacteria
provided with 10 mM ammonium or nitrate and 2.5 mmol methane or 1 mmol methanol
Growth curve containing six replicates (n=6) for time points 0 — 96 h and 168 h, four
replicates (n=4) for time points 120 h and 144 h, and one replicate (n=1) for 192 h and 218 h.
Asterisk (*) indicates one replicate only for time points 192 h and 218 h. Growth data has
been averaged across two separate experiments. Growth rates calculated across exponential
growth phase for each condition are methane-ammonium = 0.015 h™!, methanol-ammonium =
0.0098 h™!', methane-nitrate = 0.021 h™' and methanol-nitrate = 0.0074 h™!. Arrows indicate

harvesting time for each condition.
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Figure 3.2 Overview of general metabolite abundances in Methylocystis sp. Rockwell. Scaled
median metabolite abundances are shown for each sample (n = 4) and separated by treatment
group. Metabolites are grouped by their associated metabolic superpathway. One

superpathway, ‘xenobiotics’, consisted of only two metabolites and therefore is not labeled in

this figure.
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Table 3.1. Metabolites categorized by fold-change between treatments based on median-
scaled abundances; * Mean” metabolite abundances for cultures grown in methanol were
divided by the corresponding mean metabolite abundances for cultures grown in methane to
determine the fold change. "Mean metabolite abundances for cultures grown with nitrate were

divided by the corresponding mean metabolite abundances for cultures grown with

ammonium to determine the fold change.

Methanol/Methane? Nitrate/Ammonium®
Fold change  No. metabolites No. metabolites Shared No. metabolites No. metabolites Shared
metabolites metabolites
Ammonium Nitrate Methane Methanol
>4.00 21 25 35 9 104 22
2.00-4.00 19 46 38 27 82 16
0.50-2.00 146 237 173 285 144 236
0.25-0.50 67 35 80 26 14 61
<(0.25 102 12 29 8 11 20
(A) (B)
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Fig. 3.3. sPLS-DA performed on log-transformed median-scaled metabolite abundances.

Ellipses represent 95% confidence intervals.
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Figure 3.4. Metabolites that drive differences among different treatment groups in
Methylocystis sp. strain Rockwell (based on the sparse partial least squares discriminant

analysis [SPLS-DA].

3.4.2 Metabolic effect of carbon and nitrogen source in Methylocystis sp. strain Rockwell

To further analyze the effects of carbon and nitrogen source combinations, we
categorized the detected metabolites into five categories based on the fold change between
mean values of scaled imputed data for each metabolite (Table 3.1). For the carbon source
effect, fold changes were calculated by dividing mean metabolite abundances in methanol by
the corresponding abundance in methane, in ammonium and nitrate. For the nitrogen source
effect, fold changes were similarly calculated by dividing abundances in nitrate by
abundances in ammonium, in methane and methanol. Categorizing metabolites by their fold
changes revealed that the carbon source effect was accentuated with ammonium, whereas

nitrogen source effect was more prominent in methanol (Table 3.1).
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Table 3.2 Mean values of the median-scaled abundance of selected metabolites under the four

carbon—nitrogen combinations. Primary metabolism refers to biosynthetic and energy-

conserving (ATP-generating) pathways whereas starvation metabolism refers to a stress

response. Asterisks indicate specific metabolites that are produced at significantly higher

abundances in the specified condition (the list of all detected metabolites is provided at the

end of the document as the excel file Appendix 1).

Conditions
Biochemical pathway Metabolites methane- methanol- | methane- | methanol-
ammonium | ammonium nitrate nitrate
3-PG 1.49* 0.08 1.54* 0.95
Glycolysis PEP 1.59% 0.13 1.56* 1.15
Pyruvate 2.02 0.29 1.35 0.74
Primary Glycerate 0.99 0.09 1.20 0.94
metabolism Succinate 1.09 0.15 1.72 0.86
TCA cycle Fumarate 1.06 0.24 1.19 0.94
Malate 1.03 0.22 1.16 0.99
Asp/Glu metabolism Aspartate 1.54 0.18 1.12 0.86
Glutamate 2.51 0.42 1.57 0.56
Serine 0.33 2.78 0.45 1.54
Ser/Thr/Gly Glycine 0.88 0.16 1.17 1.37
metabolism Threonine 0.97* 0.67 1.12* 1.15%
Starvation Leucine 0.73 0.94 1.04 1.45
Valine 0.57 0.80 1.81 1.09
BCAA metabolism | 3-met-2-oxovalerate 0.42 1.70 0.84 1.12
Ethylmalonate 4.81 0.19 1.13 0.48
Isoleucine 0.81 1.17 1.81 0.95
PHB cycle PHB 0.50 1.70* 0.64 1.16*
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3.4.3 Effect of carbon—nitrogen combinations on production of industrially relevant

metabolites

When grown on methane, Methylocystis sp. Rockwell directed its metabolism toward
primary energy-conserving (ATP generating) pathways (glycolysis, TCA cycle, and Asp/Glu
metabolism), independent of the nitrogen source (Table 3.2 and Fig. 3.5). On the other hand,
growth on methanol directed the metabolic response toward starvation and stress-related
pathways (ser/thr/gly metabolism, branched chain amino acid [BCAA] metabolism and the
PHB cycle), again independent of nitrogen source (Table 3.2 and Fig. 3.5). However, the

effect of nitrogen source was observed in the relative production of several specific

metabolites (Table 3.2 and Fig. 3.5). Since PHB could not be detected through the general
metabolomics protocols used in the Metabolon platform, we analyzed it independently to
evaluate the effects of the different carbon and nitrogen source combinations on production
of PHB. Methylocystis sp. Rockwell produced the highest dry weight PHB percentage when
grown in methanol (ANOVA F, df, P); the effect of nitrogen source was not significant (Fig.

3.6).
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Figure 3.5. Metabolites in main pathways of Methylocystis sp. strain Rockwell affected by growth on
various combinations of methane or methanol and ammonium or nitrate. Orange = methane—
ammonium, yellow = methanol-ammonium, green = methane—nitrate, blue = methanol-nitrate. The
color of specific metabolites corresponds to the carbon—nitrogen combination in which its presence
was most abundant (e.g. PHB production was the highest in methanol-ammonium and methanol—
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Figure 3.6. PHB production in the four carbon—nitrogen growth combinations, expressed as a
percentage of total dry weight (DW). Error bars represent standard deviation (n = 4). P-values
showing significant differences between conditions were calculated using analysis of

variance (ANOVA).
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3.5. Discussion

The goal of this study was to evaluate the effect of four different combinations of
carbon and nitrogen sources on the intracellular metabolite profiles of the
alphaproteobacterial methanotroph Methylocystis sp. Rockwell, and to identify culture
conditions favorable for production of industrially relevant metabolites. Overall, the carbon
source had a stronger effect on global metabolomic differences (Fig. 3.2.) and metabolic
pathway distribution, whereas the nitrogen source had a stronger effect on the production of

specific metabolites (Table 3.2 and Fig. 3.5). The fact that clustering analysis could clearly

discriminate among all four growth conditions indicates that both carbon and nitrogen
sources had significant effects on differentiating the metabolite pools (Fig. 3.4). Growth
analysis (Fig. 3.1) confirmed previous findings that methane is the preferred carbon source
and ammonium is the preferred nitrogen source for optimal growth of Methylocystis sp.
Rockwell (Tays et al., 2018). The poor growth on methanol is reflected thorough the

increased pools of metabolites related to stress responses.

Previous studies have shown that methanotroph strains differ in their preferred
nitrogen source (Dam et al., 2014; Klotz & Stein, 2008; Nyerges et al., 2010; Nyerges &
Stein, 2009; Tays et al., 2018; Zaldivar Carrillo et al., 2018). In this study, we observed
alterations in the abundance of specific metabolites in response to the nitrogen source. In
robustly-growing methane—ammonium cultures, the lack of serine, 3-phosphoglycerate (3-
PG) and 2-phosphoglycerate (2-PG) accumulation was indicative of efficient carbon
assimilation via the serine cycle, which is characteristic of alphaproteobacterial
methanotrophs (Trotsenko & Murrell, 2008). On the other hand, the increased abundance of
metabolites in the phosphoenol pyruvate (PEP)-pyruvate reaction node and the lack of
oxaloacetate and malate accumulation in cultures growing with ammonium indicated rapid
PEP carboxylation to oxaloacetate, which feeds into aspartate/glutamate metabolism. Another
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branch of oxaloacetate bioconversion is its reduction to malate, which feeds into the EMC
cycle (Matsen et al., 2013; Yang et al., 2013). The increased pool of ethylmalonate, an
intermediate of the EMC cycle, under methane—ammonium growth conditions—also
observed with other alphaproteobacterial methanotrophs in previous studies (Matsen et al.,
2013; Vorobev et al., 2014; Yang et al., 2013) confirms the integration of the serine and EMC
cycles for carbon assimilation in these organisms. In cultures grown with nitrate, serine
accumulation was not observed, suggesting sub-optimal growth relative to that with

ammonium. However, unlike cultures grown with ammonium, cultures grown with nitrate
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accumulated metabolites in the glycerate-3-PG reaction node where PEP and pyruvate are
rapidly assimilated through the TCA cycle, as indicated by the abundance of malate,
fumarate, and succinate. The accumulation of the BCAAs valine and 1soleucine in the
methane—nitrate growth condition suggested the possibility of increased BCAA biosynthesis,

which, again, could be considered a sub-optimal growth response (Kaiser & Heinrichs, 2018).

Interestingly, regardless of poor growth, the accumulation of the industrially relevant
metabolite PHB increased during growth on methanol, likely because PHB is a secondary
metabolite related to starvation conditions. The accumulation of serine in cultures grown on
methanol-ammonium was a further indication that the cells were directing serine-derived
acetyl-CoA towards PHB instead of towards the TCA and EMC cycle, or aspartate/glutamate
metabolism, signifying starvation rather than growth (Pieja, Rostkowski, et al., 2011; Pieja,
Sundstrom, et al., 2011; Zaldivar Carrillo et al., 2018). On the other hand, the lack of serine
and glyoxalate accumulation combined with the abundance of glycine and threonine in
methanol—nitrate cultures suggest a potential metabolic branch of the serine cycle feeding
glycine and threonine into BCAA metabolism, resulting in leucine accumulation. The
accumulation of BHBA in cultures grown on methanol was another indicator of stress-
associated conditions. However, in the methanol-nitrate cultures, the BHBA precursor pool
was split between ketone bodies and the PHB cycle, which might be the reason for observing
slightly less PHB in the methanol-nitrate versus the methanol-ammonium conditions (Fig.
3.6). Without any attempt at optimization, Methylocystis sp. Rockwell performed
intermediate levels of PHB synthesis that were comparable to those reported for other
alphaproteobacterial methanotrophs undergoing some levels of optimization (Fig. 3.6 and
Table 3.2). Thus, this organism could be considered a potential novel industrial platform for
bioplastic production, with methanol as the stress inducer leading to PHB accumulation.

Unlike other alphaproteobacterial methanotrophs (Zaldivar Carrillo et al., 2018), in the
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absence of stress (methane— ammonium and methane—nitrate), Methylocystis sp. Rockwell
still produced PHB (Fig. 3.6). In addition, Methylocystis sp. Rockwell prefers ammonium as
the nitrogen source (Fig. 3.1). This is an important feature for production of bioplastic

precursors using ammonium-rich wastewater as a growth medium.

An important challenge for the industrial production of PHB and other industrially
useful metabolites by Methylocystis sp. Rockwell is that it grows most robustly under
methane-ammonium conditions, whereas the production of industrially useful metabolites
such as PHB requires the induction of stress, which can be achieved by growth on methanol.
Also, different alphaproteobacterial methanotrophs experience stress under different nutrient
combinations: PHB synthesis in M. trichosporium OB3b was optimal with a combination of
methane (30%) and methanol (70%) (Zaldivar Carrillo et al., 2018), whereas our results with
Methylocystis sp. Rockwell showed maximum PHB biosynthesis with methanol as the carbon
source and ammonium as the nitrogen source. That said, we did not test a mixture of
methane/methanol, and it remains possible that PHB synthesis is Methylocystis sp. Rockwell
maybe further increased by combination of the two carbon sources. The effect of carbon—
nitrogen source combination on PHB biosynthesis justifies a two-stage fed-batch strategy,
thereby separating biomass from PHB production (Wang et al., 2012) . On the other hand,
another primary metabolite of industrial significance, succinic acid (Potera, 2005), could be
adequately produced under methane—nitrate growth conditions if biomass production could
be further optimized. In order to use metabolomic data for the industrialization of
Methylocystis sp. Rockwell, the detailed evaluation of specific nutrient combinations and the
associated production of metabolites must be accompanied by an optimized feeding strategy
to ensure both sufficient biomass and robust product yields. This work revealed how
combinations of carbon—nitrogen source are important considerations towards optimized

metabolite production by methanotrophic bacteria.
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Chapter 4
The combined effect of methane and methanol on growth and PHB production in the

alphaproteobacterial methanotroph Methylocystis sp. Rockwell

4.1 Abstract

Methane is a highly potent greenhouse gas mostly released through anthropogenic
activities. Methane represents a low-cost and sustainable feedstock used for biological
production of value-added compounds by bacteria known as methanotrophs. In addition to
methane, these organisms can utilize methanol, another cheap carbon source that is a
common industrial byproduct. Alphaproteobacteria methanotrophs can utilize both methane
and methanol to produce the biopolymer polyhydroxybutyrate. The goal of this study was to
examine the effect of methanol on polyhydroxybutyrate production in Methylocystis sp.
Rockwell and to identify the optimal methane:methanol ratio that will improve PHB without
reducing biomass production. Three methane:methanol ratios (4, 2.5., and 0.5) and three
nitrogen source (ammonium or nitrate) concentrations (10 mM, 1 mM, and 0.1 mM) were
combined to generate 18 growing conditions (9 per carbon source). The production of
polyhydroxybutyrate and biomass were analyzed at the end of growth. Overall, the
methane:methanol ratio that promoted polyhydroxybutyrate synthesis without reducing
biomass were 4 and 2.5 and the optimal nitrogen concentration was 1 mM for both
ammonium and nitrate. The physiological mechanism behind the beneficial effect of
combining methane and methanol as carbon source remains to be discovered. One possibility
is that methanol has a dual role as carbon source at lower concentrations and as a stringent
response trigger at higher concentrations. Nevertheless, the beneficial effect of methanol and
optimal nitrogen concentration for PHB production was confirmed, providing a basis for

future physiological analysis and conditions for process scale-up.
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4.2. Introduction

With over 300 million tons of plastic waste produced every year and plastic
production expected to double by 2050, there is an urgent need to find biodegradable
polymers that can replace the toxic materials currently used to produce conventional plastics
(Ritchie & Roser, 2018.; Verma et al., 2016). One of the most promising groups of
biodegradable polymers is polyhydroxyalkanoates (PHAs), of which polyhydroxybutyrate
(PHB) is the most widely studied (Pieja et al., 2017; Pieja, Rostkowski, et al., 2011; Pieja,
Sundstrom, et al., 2011). PHB is a short-chain length methyl-ester synthetized by bacteria as
a storage biopolymer under nutrient limitation and conditions of carbon excess (Pieja et al.,
2017; Rostkowski et al., 2013; Zaldivar Carrillo et al., 2018; T. Zhang et al., 2017). Due to its
biocompatibility and similarity to conventional plastics (McAdam et al., 2020), PHB is
viewed as efficient substitute biodegradable plastic. Industrial production of PHB from
microbes currently mostly relies on sugar-based feedstocks (Govil et al., 2020; Sirohi et al.,
2020), which are expensive and often require the removal of agricultural products from the
food supply chain. Thus, there is an increased interest in alternative feedstocks such as
methane and methanol. These compounds are common industrial byproducts and are
significantly less expensive than sugar-based feedstocks for industrial production of PHB
(Lazic et al., 2021; Tays et al., 2018; Zaldivar Carrillo et al., 2018). In addition, using waste
methane to produce PHB represents an efficient strategy for reducing GHG emissions.

Biological methane- and methanol-based PHB production requires the use of
alphaproteobacterial methanotrophs (Cal et al., 2016; Pieja et al., 2017; Pieja, Sundstrom, et
al., 2011). These organisms utilize methane and methanol as carbon and energy sources
(Trotsenko & Murrell, 2008). Alphaproteobacterial methanotrophs grow poorly with
methanol as the sole source of carbon even though methanol is readily available in media and

methanotrophs can oxidize it to formaldehyde (Tays et al., 2018). However, our recent study
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on Methylocystis sp. Rockwell identified methanol as the stress trigger that directs
metabolism toward increased PHB production and demonstrated an inverse correlation
between biomass and PHB yield (Lazic et al., 2021). The beneficial influence of methanol on
PHB production has been demonstrated previously (Lazic et al., 2021; Zaldivar Carrillo et al.,
2018; Zhang et al., 2008). Zhang et al. confirmed that the addition of methanol in a non-
sterile process improved PHB production from 12-40% cell dw/1 (Y. Zhang et al., 2008).
Furthermore, it was shown in Methylosinus trichosporium OB3b that the combination of 30%
methane and 70% methanol was optimal for increased PHB production without
compromising biomass production (Zaldivar Carrillo et al., 2018) .

In general, alphaproteobacterial methanotrophs can utilize nitrate or ammonia mineral
salts (NMS or AMS) for growth. However, most studies so far used only nitrate as the source
of nitrogen. The reason is due to competitive inhibition of methane monooxygenase (MMO)
by ammonia, followed by release of the toxic intermediate hydroxylamine from the oxidation
of ammonia by MMO (Nyerges et al., 2010; Nyerges & Stein, 2009). Unlike many other
alphaproteobacterial methanotrophs, Methylocystis sp. Rockwell shows high nitrate
sensitivity but thrives when cultivated with ammonia (Nyerges et al., 2010; Nyerges & Stein,
2009; Tays et al., 2018) .

Despite sharing identical central metabolic pathways for carbon and nitrogen
assimilation, alphaproteobacterial methanotrophs display substantial strain-to-strain variation
in terms of the optimal carbon-nitrogen combination that supports growth and PHB
production. For example, both M. trichosporium OB3b and Methylocystis parvus OBBP
prefer methane over methanol for growth (Tays et al., 2018), but for PHB production, M.
trichosporium OB3b prefers nitrate (Zaldivar Carrillo et al., 2018) whereas M. parvus OBBP

prefers ammonium (Zhang et al., 2017). Despite these differences, both organisms require

79



nitrogen limitation to initiate PHB production (Zaldivar Carrillo et al., 2018; Zhang et al.,
2017).

Unlike many other alphaproteobacterial methanotrophs, Methylocystis sp. Rockwell
produces detectable amounts of PHB without nitrogen limitation (Lazic et al., 2021, 2022).
However, the highest PHB production in this species was achieved under nitrogen starvation
where the only source of nitrogen was N-fixation (Lazic et al., 2022). Even though
Methylocystis sp. Rockwell produces PHB in the absence of nitrogen stress (Lazic et al.,
2021), the amount was very low and biomass production was poor, necessitating further
optimization to design efficient bioreactor strategies for scaling-up production. Since the lack
of nitrogen might cause significantly reduced growth, the determination of the N:C ratio that
is high enough to support biomass but low enough to trigger PHB synthesis is required.
Identifying an optimal N:C ratio would help avoid a two-stage production process and reduce
production costs (Zaldivar Carrillo et al., 2018).

The optimization of biomass and PHB production in alphaproteobacterial
methanotrophs has already been attempted for M. trichosporium OB3Db via statistical
regression analysis and Response Surface Methodology (RSM) (Zaldivar Carrillo et al.,
2018). The efficiency of this approach has been confirmed in heterotrophic organisms where
PHB production was successfully increased at small- and large-scale in Rhodococcus
pyridinivorans BSRT1-1 (Trakunjae et al., 2021). It also helped define the effect and
significance of multiple variables (carbon source, nitrogen source and N:C ratio) toward the
response of interest. In addition, the combination of statistical tools enabled the determination
of the combination of nutrients that resulted in the highest yields of biomass and PHB. In this
study, a similar approach is investigated for Methylocystis sp. Rockwell to establish optimal

conditions and determine the range of favorable conditions between species.
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4.3. Materials and Methods
4.3.1. Growth and maintenance of Methylocystis sp. Rockwell

Cultures of Methylocystis sp. Rockwell (ATCC 49242) were maintained as previously
described (Lazic et al., 2021; Tays et al., 2018). Briefly, bacteria were maintained in 1-L
Kimble Bottles closed with butyl-rubber septa caps, filled with 100 mL ammonium (AMS) or
nitrate mineral salts (NMS) buffered to pH 6.8 with 1 mL phosphate buffer with 5 mmol (120
ml) methane. Fresh inoculum was prepared from maintained stocks in Wheaton media bottles
(250 mL) closed with butyl-rubber septa caps, filled with 100 mL AMS or NMS media,
buffered to pH 6.8 with 1 mL of phosphate buffer. Each replicate was inoculated with 1 mL
of 3- to 5-day old growing culture (1% v/v). The corresponding amount of methane was
injected through a 0.22-pm filter syringe, following the prior removal of gas headspace to

maintain pressure at 1.1 atm (Table 4.1).
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Table 4.1 Experimental conditions and combinations for full factorial design with two

predictors, methane:methanol ratio (4, 2.5, and 0.5) and nitrogen concentration (10 mM, 1

mM, and 0.1 mM AMS or NMS). The amount of carbon was kept at 6 mmol. N:C ratio was

calculated in 100 mL of nutrient media.

Experiment %CH4 %CH30H Nitrogen (mM) CH4+/CH3;0H N/C
Name/Number (AMS or NMYS) ratio ratio
1 33 67 1 0.5 0.017
2 80 20 1 4 0.017
3 72 28 10 2.5 0.17
4 72 28 1 2.5 0.017
5 80 20 0.1 4 0.0017
6 72 28 0.1 2.5 0.0017
7 80 20 10 4 0.17
8 33 67 10 0.5 0.17
9 33 67 0.1 0.5 0.0017
CH4_10 100 0 10 N/A 0.17
CH4_1 100 0 1 N/A 0.017
CH4_0.1 100 0 0.1 N/A 0.0017
CH;O0H_10 0 100 10 N/A 0.17
CH;O0H_1 0 100 1 N/A 0.017
CH3;0H_0.1 0 100 0.1 N/A 0.0017
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Pure high performance liquid chromatography (HPLC)-grade methanol was added to
each replicate to the desired concentration (ranging from 0 to 60 mM; Table 4.1). All growth
experiments were done in 1-L bottles in triplicates to avoid oxygen limitation during growth
(n=3). Cultures were incubated at 30°C with shaking at 150 rpm. Growth data was averaged
across triplicates to generate a growth curve (Fig. 4.1). Growth was monitored using optical
density measurements at a wavelength of 540 nm (ODs40) in a 48-well microplate (Multiskan
Spectrum, Thermo Scientific). Culture purity was assured by plating on TSA/nutrient agar
plates, where a lack of growth confirmed a lack of contamination. Cell dry weight was
measured by extracting 15 mL of culture and centrifuging at 5,000 % g at 4°C for 20 min. The
supernatant was discarded, and the pellet was resuspended in 5 mL of deionized water and
transferred to a tarred weigh dish. The dish was placed in an oven at 30°C for 48 h for drying,

followed by weighing. Cell dry weight is reported in mg/L.

4.3.2. Analysis of headspace gases

The amount of methane and oxygen in the culture headspace was measured as
previously described via a Gas Chromatograph with TCD detector (GC-TCD, Shimadzu)
fitted with a molecular sieve 5A and Hayesep Q column (Alltech) (Tays et al., 2018). Briefly,
250-mL gas-tight syringe (SGE Analytical Science; 100 mL/injection) was used to extract
and inject headspace samples. Injection and detection temperatures were 120°C with oven
temperature 90°C, current set to 90 mA (column 1), using helium carrier gas (Ultra High
Purity, Praxair) at 200 kPa. Gas concentrations were calculated using standard curves of

known amounts of the respective pure gases (Praxair).
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4.3.3. PHB quantification

PHB was quantified as previously described (Lazic et al., 2021; Zaldivar Carrillo et
al., 2018). Briefly, 10 mL of bacterial cultures was spun at 5,000 x g at 20°C, supernatant was
discarded, and the pellet was fully resuspended in 2 mL of chloroform, 1 mL of methanol,
followed by the addition of 1 mL of methanol acidified with sulfuric acid to produce methyl-
hydroxybutyrate. Methyl hydroxybutyrate was analyzed via a gas chromatograph (7890A,
Agilent Technologies) equipped with an autosampler (G4513A, Agilent Technologies) and
fitted with a 30 m x 250 pm DB-5ms column (Agilent Technologies). The injector
temperature was 250 °C and the oven temperature was held at 80°Cfor 1 min, raised to 120
°C at a rate of 10 °C/min, and then to 270 °C at 30°C/min, before being held at that
temperature for 3 min. Samples were injected at a split ratio of 1:10. A flame ionization
detector (FID) at 300 °C was used. Helium was used as the carrier gas at a flowrate of 1.5
mL/min. The peak of methyl hydroxybutyrate was resolved at 2.8 min; an internal standard of
methyl benzoate was resolved at 5.4 min. The concentration of methyl hydroxybutyrate was
established based on a calibration curve using a prepared standard. The percentage of PHB
per dry cell weight was calculated as previously described (Lazic et al., 2021; Zaldivar
Carrillo et al., 2018).
4.3.4. Statistical analysis

Statistical comparisons between treatments were performed using two-tailed t-test.
Significance was determined for P < 0.05. Results from these analyses can be found in

Appendix 2 at the end of the document.
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4.4. Results
4.4.1 Effect of methanol addition on growth and biomass production

Control cultures grown with methane or methanol as the sole carbon source in 10 mM
or 0.1 mM AMS media showed no significant difference in growth or biomass; but reduced
growth and biomass was observed for methanol- versus methane-grown cultures with 1 mM
AMS (Table 4.2; Figs. 4.1 and 4.2 panels A, B, C). The only experiment showing a
significant increase in growth (Fig. 4.1) and final biomass (Fig. 4.2) relative to the methane-
only control was with a methane:methanol ratio of 0.5 in 0.1 mM AMS (Experiment 9; Fig.
4.1 and 4.2 panel C). All other methane:methanol ratios and AMS concentrations resulted in
similar or decreased growth relative to the methane-only control.

Growth and biomass were significantly reduced in control cultures with NMS
concentrations of 10 mM and 1 mM when methanol was the sole carbon source compared to
methane-grown cultures (Table 4.3; Figs. 4.1 and 4.2 panels D, E, F). Methanol addition only
significantly improved growth and biomass production at a methane:methanol ratio of 4 with
I mM NMS (Figs. 4.1 and 4.2, panel E). All other methane:methanol ratios and NMS
concentrations resulted in similar or decreased growth relative to the methane-only control.
4.4.2. Effect of methanol addition on oxygen and methane consumption

For AMS-growing cultures, the addition of methanol significantly affected oxygen
consumption only at low methane:methanol ratio 0.5 for 1 and 0.1 mM nitrogen) (Table 4.2,
Appendix 2). Unlike for AMS, in NMS-growing cultures at 10mM nitrogen, the addition of
methanol significantly affected oxygen consumption and the difference between controls
(methane only vs methanol only) was significant (lower oxygen consumption with methanol).
For 0.1 mM nitrogen, the addition of methanol significantly affected oxygen consumption at

low methane:methanol ratio of 0.5 (Table 4.3, Appendix 2).
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The methane consumption in AMS-growing cultures was significantly affected with
methanol addition only at 1 mM nitrogen (Table 4.2, Appendix 2). In NMS-growing cultures,
the addition of methanol significantly affected methane consumption only at 10 mM nitrogen

with methane:methanol ratios of 4 and 0.5 (Table 4.3, Appendix 2).
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Figure 4.1. Growth of Methylocystis sp. Rockwell cultures measured over six days for AMS
(panels A, B, C) and NMS (panels D, E, F). Three nitrogen concentrations were combined
with three ratios methane:methanol ratios creating nine growing conditions (full factorial
design) per nitrogen source. Cultures were grown in 100 mL media in 1000 mL bottle to

prevent oxygen limitation (n=3). Error bars represent standard deviation.
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Figure 4.2. Biomass cell dry weight (mg/L) of Methylocystis sp. Rockwell cultures measured
at day six. Three nitrogen concentrations were combined with three methane:methanol ratios
creating nine growing conditions (full factorial design) per nitrogen source. Error bars

represent standard deviations (n=3)
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Table 4.2. Experimental results from full factorial design with two predictors and controls

with 6 mmol carbon source(s) on AMS. Details of experimental conditions are presented in

Table 4.1.
Experiment Biomass (mg/L) PHB % PHB (dw) | O, consumed CH, 0,/CH, ratio
Name/Number (mg/L) (mmol) consumed
(mmol)
1 91.43+10.30 23.44+8.03 26.45+5.16 0.11+0.03 0.04+0.00 2.63+0.65
2 384.44427.76 271.53£14.25 70.70+1.45 0.89+0.06 0.5840.05 1.52+0.03
3 234.29476.77 37.3440.59 16.89+5.79 0.63+0.05 0.33+0.02 1.92+0.03
4 391.11416.78 268.03£17.05 68.74+7.36 0.70+0.12 0.35+0.10 2.03+0.28
5 109.52+1.65 62.88+18.55 57.52+17.51 0.17+0.05 0.04+0.03 5.80+£3.45
6 95.7146.06 60.41+8.79 58.78+4.56 0.16+0.03 0.03£0.01 6.91£2.27
7 252.38+54.69 35.71+0.90 15.35+¢5.19 0.63+0.11 0.37+0.07 1.67+0.01
8 87.62+5.95 37.53+4.05 42.76x+2.10 0.20+0.01 0.01+0.01 20.71+11.78
9 57.14£9.90 29.1046.16 48.86+3.18 0.24+0.03 0.03+0.01 9.37+4.56
CH4 10 320.004204.29 23.95+0.28 5.39+0.50 1.020£0.21 0.94+0.17 1.08+0.03
CH4 1 357.784£25.24 163.154£22.70 45.96+8.75 0.951+0.05 0.9+0.08 1.1240.05
CH4 0.1 120.00£13.33 37.65+8.11 31.23+4.00 0.104+0.04 0.1+0.03 1.04+0.07
CH30H 10 190.00+14.14 37.85+0.18 19.97+1.39 0.104+0.06 N/A N/A
CH30H 1 128.89+53.47 41.52+4.19 36.49+15.46 0.136+0 N/A N/A
CH30H 0.1 117.78+55.51 4.55+0.57 4.45+2.11 0.084+0 N/A N/A

Table 4.3. Experimental results full factorial design with two predictors and controls with 6

mmol of carbon source(s) on NMS. Details of experimental conditions are presented in Table

4.1.

Experiment Biomass (mg/L) PHB % PHB (dw) | O, consumed | CH, consumed O,/CH,
Name/Number (mg/L) (mmol) (mmol) ratio

1 79.05£10.03 14.88+1.88 18.84£1.14 0.1220.02 0.06£0.05 3.55+2.57

2 448.89+34.21 200.80+7.53 44.89+3.57 0.69+0.27 0.6240.33 1.220.29

3 185.71£16.16 41.04£2.03 22.23+3.03 0.4320.02 0.2640.06 1.72+0.34

4 428.89+64.75 210.28+11.91 49.70+7.44 0.68+0.11 0.3840.09 1.83+0.28

5 88.57£19.79 66.48+6.79 76.70+11.06 0.15£0.24 0.10£0.10 3.3740.63

6 70.48+7.19 45.74£11.09 66.40£23.25 0.2720.04 0.3840.23 0.91+0.65

7 223.81x54.54 39.30+3.18 18.22+4.52 0.76:0.44 0.53£0.26 1.44+0.29

8 94.29+13.09 20.88+2.23 22.2842.29 0.05+0.04 0.00£0.00 1.27+0.16

9 54.29422.31 20.97+1.10 45.04+23.44 0.00£0.00 0.00£0.00 0.00+0.00

CH4 10 457.78+10.18 18.57+1.76 4.0620.46 1.49+0.12 1.470.07 1.02+0.09

CH4 1 353.33423.09 142.48+29.86 | 40.77+10.64 1.10+0.16 0.99£0.09 0.97+0.06

CH4 0.1 148.89+16.78 60.87£12.13 41.41£10.16 0.10£0.01 0.17£0.06 0.64+0.31
CH30H 10 162.22+18.86 22.81+2.46 19.09+0.95 0.08+0.01 N/A N/A
CH3OH 1 113.33+29.06 14.6942.79 13.9846.32 0.23£0.00 N/A N/A
CH30H 0.1 137.78£19.25 25.10+2.18 18.42+2.73 0.1220.09 N/A N/A
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4.4.3. The effect of methanol on PHB production

Control experiments showed significantly higher PHB production for cultures grown
with methane versus methanol as the sole carbon source; this held for both AMS and NMS at
I mM and 0.1 mM nitrogen concentrations (Fig. 4.4; Tables 4.3 and 4.4). At 10 mM, the
nitrogen concentration was too high to show appreciable PHB production under any
condition. In some instances, low levels of improved PHB production were observed with
methanol addition at 10 mM AMS or NMS, but overall production remained low. The
strongest improvement was observed with 1 mM AMS or NMS and a methane:methanol ratio
of 4 or 2.5 (Fig. 4.4, Tables 4.2 and 4.2). Although the % PHB per unit dry weight (dw) was
high in experiments with 0.1 mM nitrogen, the biomass was quite low, and did not represent
a desirable condition. However, the average percentage of PHB per unit biomass for cells
grown with a methane:methanol ratio of 4 and 2.5 was 70% for | mM AMS and 48% for 1
mM NMS with high biomass (Table 4.1). To compare, cells grown with methane alone had
46% PHB per unit dw for 1 mM AMS and 41% PHB per unit dw for | mM NMS (Table 4.2
and 4.3).

In summary, the addition of methanol in the range of 20-28% (Experiments 2 and 4;
methane:methanol ratios =4 and 2.5) improved PHB production in AMS and NMS without

compromising biomass production (Fig. 4.4).
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Figure 4.3. The PHB amount (mg/L) was measured in Methylocystis sp. Rockwell culture at

day six. Error bars represent standard deviations (n=3).
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Figure 4.4. Biomass and PHB production in Methylocystis sp. Rockwell cultures across all nine
experimental treatments for two nitrogen sources — AMS (left panel) and NMS (right panel) (Table

4.1). Treatments that maximize both PHB production and biomass are towardsthe top right of the

graphs.
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4.5. Discussion

The goal of this study was to evaluate the potential beneficial effect of methanol
addition on biomass and PHB production Methylocystis sp. Rockwell cultures relative to cells
grown in methane only in. We also aimed to assess the effects of N-source (AMS or NMS)
on these cultures. Our previous study revealed that methanol acts as a stress-related metabolic
trigger directing bacterial metabolism toward PHB production (Lazic et al., 2021). However,
to justify industrial scale-up, it is required to ensure high bacterial biomass production in
addition to PHB. Since methanol triggers a stress response, metabolic biosynthetic pathways
are reduced, leading to the decreased growth and biomass production when grown solely with

methanol (Lazic et al., 2021). Thus, regardless of a high % PHB level, low biomass

production prevents further scale-up processes with methanol as a sole source of carbon.
Since methanol is an inexpensive waste-derived carbon source (Fei et al., 2015; Strong et al.,
2015; Tays et al., 2018), and unlike methane it is readily available to cells, a methanotroph
that can consume both carbon sources and produce value-added compounds (such as PHB) is
highly significant and beneficial.

Overall, the addition of methanol reduced production of biomass and growth at a
methane:methanol ratio of 0.5, while methane:methanol ratios of 4 and 2.5 were not
detrimental to growth (Figs .4.1, 4.2, and Tables 4.2 and 4.3). The oxygen consumption was
significantly affected with methanol addition in AMS and NMS at low nitrogen (0.1 m M)
and low methane/methanol ratio (0.5). At high nitrogen concentration (10 m M), oxygen
consumption was affected only in NMS. The difference in oxygen consumption between
methane and methanol control was significant only in NMS-growing cultures with 10 mM
nitrogen (Tables 4.2 and 4.3, Appendix 2). The methane consumption was reduced only at 1
mM AMS and at 10 mM NMS, methane:methanol ratios 4 and 0.5 (tables 4.2 and 4.3,
Appendix 2).
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Both the amount (mg/L) and % PHB per unit dw were vastly improved with
methane:methanol ratios of 4 and 2.5 with 1 mM AMS or NMS (Figs. 4.3 and 4.4, Tables 4.2
and 4.3) indicating that these are the appropriate amounts of methanol and nitrogen to test in
bioreactors for scale-up of PHB production by Methylocystis sp. Rockwell. Moreover, the
N:C ratio of these optimal conditions was 0.017, which is similar to the ratio of 0.016 found
for PHB production by M. trichosporium OB3b (Zaldivar Carrillo et al., 2018).

The beneficial effect of methanol on PHB accumulation in alphaproteobacterial
methanotrophs had been shown for M. trichosporium OB3b (Zaldivar Carrillo et al., 2018)
and M. trichosporium IMV3011 (Zhang et al., 2008). In the case of M. trichosporium OB3b,
a higher methane:methanol ratio tended to promote PHB production in AMS whereas a lower
methane:methanol ratio promoted PHB production in NMS (Zaldivar-Carrilo et al., 2018).
On the other hand, Methylocystis sp. Rockwell did not show a nitrogen source dependence
forPHB production, but the N:C ratio was an important parameter. Furthermore,
improvement ofPHB production did not require nitrogen starvation; in fact, low nitrogen
levels of 0.1 mM did not improve production. These results clearly indicate the importance
of establishing the optimal N:C ratio that promotes PHB synthesis without negatively
affecting growth and biomass production for alphaproteobacterial methanotrophs. Similarly
to M. trichosporium OB3b, Methylocystis sp. Rockwell benefited from a methane/methanol
combination to boost PHB synthesis without compromising biomass production. The positive
synergistic effect of these two C1 substrates was also observed in M. trichosporium
IMV3011 (Zhang et al., 2008). In addition, two substrates can affect quality of the polymer
produced as shown in the methylotrophic bacterium, Mehylobacter exotermus (MW of PHB
was reduced from 1.7x10° Da to 0.6x10° Da) (Anderson et al., 1992). Despite this effect,
alterations in PHB structures have not yet been observed in alphaproteobacterial
methanotrophs with methane/methanol mixtures and could be an excellent area for future

investigation.
93



The exact effect that methanol has on cellular physiology is not fully understood. It is
known that gammaproteobacterial methanotrophs can tolerate high levels of methanol due to
their efficient GSH-dependent detoxification of formaldehyde (Sugden et al., 2021) and
energetically more efficient RuMP cycle for formaldehyde assimilation (Kalyuzhnaya et al.,
2013; Ngyan et al., 2020). On the other hand, the serine cycle used by alphaproteobacterial
methanotrophs is less efficient and energetically more expensive (Bordel et al., 2019;
Trotsenko and Murrell, 2008). Alphaproteobacterial methanotrophs also lack GSH-dependent
formaldehyde detoxification. For these reasons, they do not grow robustly on methanol as the
sole carbon source (Tays et al., 2018; Lazic et al., 2021). However, the presence of small
amounts of methanol (high methane:methanol ratio) in Methylocystis sp. Rockwell cultures
did not negatively affect biomass and improved PHB production (Fig. 4.4). Thus, it is
possible that the fate of methanol varies depending on its concentration. When present as the
sole carbon source, methanol should be assimilated into biomass. When methanol is added
along with methane where methane is the dominant carbon source, it could act as a stringent
response regulator. A recent study by Benett et al. (2020) found that an engineered
methylotrophic E. coli was unable to grow on methanol due to its inability to synthetize
essential amino acids. Thus, they improved the stringent response through enhanced
activation of ppGpp, DksA and RpoS (gs), which enabled efficient protein biosynthesis and
improved methanol utilization (Bennett, 2020). However, these authors did not test the effect
of different amounts of methanol on stringent response activation, but instead focused on
genetic modification. It might be possible that methanol at low levels acts as a stringent
response trigger in Methylocystis sp. Rockwell, which promotes protein biosynthesis through
activation of alternative sigma factors. However, this stringent response can be considered
“fake”, as cultures are not also exposed to a nutrient stress. In this scenario, protein
biosynthesis is diverted, and cells can direct metabolic pools toward PHB synthesis while

stillgrowing. In favor of this hypothesis, TCA cycle inhibition tends to improve PHB
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production (Zhang et al., 2008). The TCA cycle is a major source of amino acid precursors,
so if a stringent response were to trigger de novo amino acid biosynthesis, then the
consumption of TCA cycle metabolites would increase. This might result in acetyl-CoA re-
direction toward PHB rather than towards the TCA cycle. In terms of stringent response
connections to the PHB biosynthesis it is worth of mentioning studies on cyanobacteria that
showed relation between ppGpp (main stringent response indicator) and PHB production
(Juengert et al., 2017). In famous PHB producer, R. eutropha H16, deletion of spoT genes
reduced PHB synthesis (Juengert et al., 2017), which indicates potential connections between
stringent response and PHB synthesis. In addition to the stringent response, PHB synthesis
has been linked to the redox balance maintenance (NADH/NAD+), and it has been shown
that PHB serves as the electron sink and maintain NADH/NAD+ ration in the cell (Hauf et
al., 2013). It is possible that with methanol, the organism is pumping electrons toward PHB
to balance the excess of reductants that are generated and not used for methane oxidation be
MMO. However, the amount of formaldehyde produced must be balanced as well to prevent
toxicity, which is not possible with methanol as the sole carbon source. The unresolved
question remains whether the methanol promotes PHB synthesis in combination with
methane (ratio methane:methanol), or the effect of methanol is strictly linked to the methanol
concentration that would be low enough to prevent overproduction of formaldehyde and high
enough to support stringent response and ensure synthesis of electron sink to maintain the
balance of reduction equivalents.

In conclusion, this study confirms that the combination of methane and methanol at
elevated ratios of the former benefit PHB production at an N:C of 0.017. The exact
physiological mechanism remains to be elucidated and will require additional
experimentation, including '*C metabolic tracing of consumed carbon, analysis of stringent

response components at different time points, and proteomic analysis. Additional omics data
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can be incorporated into a Genome Scale Metabolic Model (GEM) to enable in silico metabolic

simulation to better track biochemical and metabolic fluxes in this microbe.
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Chapter 5
In vivo quantification of polyhydroxybutyrate (PHB) in the alphaproteobacterial

methanotroph, Methylocystis sp. Rockwell

A version of this mansuscript has been published: Lazic, M., Gudneppanavar, R., Whiddon,
K., Stein, L.Y., Sauvageau, D., Konopka, M. 2022. In vivo quantification of
polyhydroxybutryate (PHB) in alphaproteobacterial methanotrophs. Appl. Microbiol.

Biotechnol. 106(2):811-819 doi:10.1007/s00253-021-11732-x

5.1 Abstract

Methane is a common industrial by-product that can be used as feedstock for
production of the biopolymer polyhydroxybutyrate (PHB) by alphaproteobacterial
methanotrophs. /n vivo assessment of PHB production would shed light on the biosynthesis
process and guide design of improved production strategies, but it is currently difficult to
perform efficiently. In this study, the alphaproteobacterial methanotroph Methylocystis sp.
Rockwell was grown on methane with three different nitrogen sources (ammonium, nitrate,
and atmospheric nitrogen), and biomass samples were harvested at defined time points during
lag, exponential, and stationary growth phases. PHB cell content was analyzed at these
sampling points via a standard gas chromatography-flame ionization detector method, which
requires hydrolysis of PHB and esterification of the resulting monomer under acidic
conditions, and a novel, rapid, cost-effective approach based on fixation and staining of
bacterial cells via Nile Blue A fluorescent dye enabling differential staining of cell
membranes and intracellular PHB granules for single-cell analysis through fluorescence
microscopy. Overall, the two PHB quantification approaches were in agreement at all stages

of growth and in all three growing conditions tested. The PHB cell content was greatest with
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atmospheric nitrogen as a nitrogen source, followed by ammonium and nitrate. Under
atmospheric nitrogen and ammonium conditions, PHB cell content decreased with growth
progression, while under nitrate conditions PHB cell content remained unchanged in all
growth phases. In addition to presenting a rapid, efficient method enabling in vivo
quantification of PHB production, the present study highlights the impact of nitrogen source

on PHB production by Methylocystis sp. Rockwell.

5.2. Introduction

Polyhydroxybutyrate (PHB) is a biopolymer that accumulates in microorganisms as a
result of nutrient limitation and availability of excess carbon (Pieja, Rostkowski, et al., 2011;
Pieja, Sundstrom, et al., 2011; Strong et al., 2016). Due to its biodegradability and physical
properties, PHB shows potential as an alternative to petroleum-derived polymers (Strong et
al., 2016). While most microbial production of PHB relies on using sugars as feedstocks
(Harding et al., 2007), the relatively high cost and food vs. fuel controversy have motivated
researchers to investigate greener and more economical feedstock alternatives. Agricultural
waste has been recognized as one of the least expensive feedstock options for PHB
production. Two recent studies reported PHB production by Bacillus drentensis strains BP17
and Zobellellae tiwanensis strain DD5 while growing on pineapple or banana peels (Penkhrue
et al., 2020). However, agricultural wastes are heterogeneous and complex, and some
components can interfere with efficient bioconversion. Thus, there is continuous interest in
seeking alternative feedstocks, such as methane (CHa), that are inexpensive, structurally
simple, abundant, and that do not impede on food sources. Methane is an abundant and potent
greenhouse gas (GHG) that is estimated to contribute approximately 40% of the current
radiative forcing attributed to anthropogenic greenhouse gas emissions (IPCC, 2013).

Methane is also a sole carbon and energy source for aerobic methane-oxidizing bacteria, or
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methanotrophs (Trotsenko & Murrell, 2008). The most widely studied methanotrophs belong
to the Proteobacteria phylum within the classes of Alphaproteobacteria and
Gammaproteobacteria. Alphaproteobacterial methanotrophs assimilate formaldehyde via the
serine pathway, and, under nutrient limitation, carbon is gated from the serine to the PHB
biosynthesis pathway (Pieja, Sundstrom, et al., 2011). Despite their identical carbon
metabolism pathways, optimal PHB production by alphaproteobacterial methanotrophs varies
from strain to strain in terms of their preferred carbon and nitrogen sources (Zaldivar Carrillo
et al., 2018). For example, previous studies showed that addition of methanol to culture
media can improve PHB production in Methylosinus trichosporium IMV3011 and
Methylosinus trichosporium OB3b (Zaldivar Carrillo et al., 2018; Zhang et al., 2008). In
terms of nitrogen source, Methylosinus trichosporium OB3b produced more PHB upon
nutrient deprivation when cultivated with nitrate, while Methylocystis parvus OBBP
produced PHB optimally when grown with ammonium (Rostkowski et al., 2013; Zhang et al.,
2017). The common factor in these studies is the presence of a stress signal, i.e., the presence
of methanol or nitrogen depletion, that triggered PHB biosynthesis. Since stress can often
result in lower biomass yield, the industrialization of alphaproteobacterial methanotrophs
requires evaluation of specific nutrient combinations that favor the production of both
biomass and PHB.

The detection and quantification of PHB with a rapid, simple, reliable, and cost-
efficient method are essential tools in the development of strategies for improved cellular
production and efficient bioprocessing. The standard method for PHB quantification involves
derivatization (i.e., depolymerization under acidic conditions and esterification with
methanol) followed by gas chromatography (GC-flame ionization detector: GC-FID). While
this method has high sensitivity, accuracy, and reproducibility, it is extremely time

consuming and requires the use of hazardous chemicals at high temperature. In addition, the
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method is destructive and does not enable in vivo assessment of PHB. Thus, there is
increased interest in seeking alternative methods to derivatization/ GC-FID-based PHB
detection and quantification. Previously, flow cytometry and transmission electronic
microscopy (TEM) have been successfully used to visualize and quantify PHB (Li &
Wilkins, 2020; Tian et al., 2005); however, the expenses and facilities required for these
techniques may preclude their widespread adoption.

The present work presents a fluorescence microscopy-based method that relies on a
stable lipophilic fluorescent dye that targets intracellular PHB granules. Some commonly
used dyes for PHB assessment include Nile Red and Sudan Black (Kung et al., 2007), but
here we used the cationic oxazinic compound, Nile Blue A (NBA) (Martinez & Henary,
2016). The spectral properties of NBA are dependent on the pH and polarity of its solvent. In
addition to staining lipids, NBA was also shown to target intracellular granules of PHB in
Azotobacter chrococcum and Bacillus megaterium KM cells and was non-specific toward
glycogen and polyphosphate (Ostle & Holt, 1982). Moreover, the broad spectral properties of
NBA make it possible to visualize cell membranes and PHB granules at different excitation
wavelengths (Martinez & Henary, 2016).

In this study, we demonstrate specific staining of intracellular PHB granules and cell
membranes of the methanotroph Methylocystis sp. strain Rockwell by NBA. We applied this
single-cell, in vivo fluorescence microscopy method to quantify PHB cell content during
cultivation of Methylocystis sp. strain Rockwell growing on methane and three different
nitrogen sources. We further validated the microscopy method by comparing our results to
the derivatization/ GC-FID method for PHB quantification on the same cell samples. This
single-cell fluorescence microscopy method for PHB quantification avoids the use of
hazardous solvents and time-consuming manipulations and will be valuable in rapidly

assessing PHB bioproduction by methanotrophic bacteria in an industrial context.
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5.3. Materials and methods
5.3.1. Bacterial strains and cultivation

Methylocystis sp. Rockwell (ATCC 49242) and Methylosinus trichosporium OB3b
(NCIMB 11131) strains were cultivated in sterile 250-mL sealed serum bottles containing
100 mL ammonium mineral salts (AMS) medium (10 mM NH4Cl), nitrate mineral salts
(NMS) medium (10 mM KNO:s3), or no nitrogen mineral salts medium (NoN). Each medium
formulation contained per L: 1 g MgS0O4-7H>0, 0.2 g CaCl, -2H,0, 1 uM CuSO4 -5H>0,
3.8% w/v FeEDTA solution, 0.1% w/v NaMo-4H>O, Whittenbury trace elements solution,
and phosphate buffer at pH 7.0 (Whittenbury & Wilkinson, 1970). Cultures were grown in
the presence of 3:2 air: methane mixture in the headspace. Methane gas was injected using a
sterile 0.2-pum size filter after extracting the same amount of air from the headspace. Cultures
were incubated at 30 °C and 200 rpm in an orbital shaker (MaxQ6000, Thermo Scientific).
Bacterial cultures were grown under the same conditions for both methods for PHB detection
and harvested in lag, log, and stationary phase. Samples were analyzed via GC/FID
derivatization and fluorescent microscopy.
5.3.2. Sample preparation for fluorescence microscopy

Cell samples were collected in lag phase (ODs40 ~ 0.100), exponential phase (ODsao ~
0.200), and stationary phase (ODs40~ 0.300) as determined by spectrophotometry at a
wavelength of 540 nm (Implen, Nanophotometer P330). Cells were centrifuged at 10,000 x g
for 5 min and re-suspended into 1% phosphate buffered saline solution (PBS, pH 6.9-7.0).
Cells were fixed immediately using 4% paraformaldehyde solution (Sigma-Aldrich). Prior to
imaging, fixed cells were stained with Nile Blue A (Sigma Aldrich), which was dissolved at a
concentration of 0.05% (w/v) ethanol and added to samples to a final concentration of 10

uL/mL (14.13 uM). Staining was performed for 30 min at 30 °C in an orbital shaker at 200

rpm.
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5.3.3. Quantification of PHB in single cells using fluorescence microscopy

Nile Blue A-stained cells were imaged using a Nikon A1 inverted confocal
microscope. Imaging was done on 0.01% polylysine (Sigma Aldrich) -coated cover slips and
glass slides with the 100 x Plan Apo A (NA 1.45) oil objective. Excitation was performed
with multiple wavelengths using solid-state lasers, and emission was selected by band pass
filters. Specifically, excitation at 561 nm was filtered for emission in the 575-625 nm range,
while 647-nm excitation was filtered for the 650—720 nm range. Laser intensity was
maintained at 1% with HV gain below the pixel oversaturation limit. Emission signals were
captured using GaAsP (for Aex= 561 nm) and photomultiplier tube (for Aex = 647 nm)
detectors with the pinhole radius at 0.3 um. All the imaging was performed at room
temperature immediately after staining. Images were analyzed using the NIS-Elements AR
Analysis 4.20.00 software (Nikon). The volume of each individual cell and internal PHB
granules were calculated based on the region of interest (ROI) with fluorescence intensity
above the threshold value. Cell surface area and PHB granules area were obtained from the
ROI using standard settings for image analysis. Based on the two-dimensional (2D) region of
interest, percent PHB per cell was calculated as:

% PHBa (ROlLwed) = 2212 Eq. (5.1)

where Al is the area of individual granules within a cell and Ac is the total area of a cell.
Parameters obtained from the 2D analysis such as cell radius and length were converted to
three-dimensional (3D) volume-based percent PHB per cell:

% PHBv (ROlirea) = 2217 Eq. (5.2)
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where Vi is the volume of individual granules within a cell and Ve is the total volume of a
cell. Further, volume percent was converted to mass percentage (% PHBm) using PHB
density factor of 1.099 (corresponding to the ratio of densities between PHB (1.22 g/mL) and
bacterial cells (1.11 g/mL)). Plots show that notches contain a 95% confidence interval around the
median (+/— 1.5 x interquartile). Upper and lower whiskers display 75" and 25"percentile. Notches
with similar shapes (ranges) and median overlaps indicate similar variance and populations, respectively.
5.3.4. Quantification of PHB by derivatization/GC-FID

The quantification of PHB in each of the cultures was validated by derivatization/GC-
FID as described previously (Zaldivar Carrillo et al., 2018). Briefly, 10 mL of culture was
centrifuged at 5000 x g for 30 min. The supernatant was discarded, and the pellet was re-
suspended in 2 mL chloroform, 1 mL methanol, and 1 mL of benzoic acid solution (40 mg/1)
dissolved in methanol and acidified with 3% concentrated sulfuric acid. The sample was
digested for 5 h in a capped glass vial in a boiling water bath in order to depolymerize the
PHB polymer to its monomer and esterify it with methanol. After cooling, 1 mL deionized
water was added, and the sample was vortexed for 20 s before standing overnight for phase
separation. The organic phase was analyzed for monomer, using a gas chromatograph
(7890A, Agilent Technologies) equipped with an autosampler (G4513A, Agilent
Technologies) and fitted with a 30 m x 250 um DB-5ms column (Agilent Technologies). The
percentage of PHB per dry cell weight was calculated as previously described (Zaldivar
Carrillo et al., 2018). The amount of PHB in the sample was calculated using the area ratio
(AR) of the methyl- 3-hydroxybutyrate peak to the internal standard peak and a calibration
curve relating AR to the analyte concentration.
5.3.5. Cell dry weight measurements

Cell dry weight was measured by extracting 35 mL of culture and centrifuging at
10,000 x g and 4 °C for 10 min (Sorvall RC 6 Plus, SS-34 rotor; Thermo Scientific). The
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supernatant was discarded, and the pellet was re-suspended in 10 mL deionized water and
transferred to a pre-weighed weigh dish. The dish was placed in an oven at 60 °C for drying
to constant weight. The cell dry weight per volume was then calculated based on the

difference in mass. All measurements were performed in triplicates (n = 3).

5.4. Results
5.4.1. Single-cell staining and microscopic visualization of PHB granules

We visualized and compared the abundance of intracellular PHB granules in cells of
Methylocystis sp. Rockwell when cultivated with methane and ammonium (AMS), nitrate
(NMS), or atmospheric nitrogen (nitrogen starvation; NoN) as the N-source. To determine the
effects of distinct growth phases on PHB accumulation, cells were sampled in lag,
exponential, and stationary phases of growth. Collected cells were fixed and stained using
Nile Blue A perchlorate (NBA) and visualized via fluorescence microscopy. Distinct multi-
emission properties of NBA enabled differential visualization of cell membrane (Aex = 647
nm) and PHB granules (Aex = 561 nm) (Fig. 5.1). Significant photobleaching was not
observed (laser intensity: 1%), and 2D slices of images minimized possible photobleaching.
The use of high magnification objectives (100 % 1.45 NA) facilitated analysis of individual
PHB granules on a cell-to-cell basis, no matter the variation in granule size. As a negative
control for the staining protocol, we performed the same procedure with the
alphaproteobacterial methanotroph Methylosinus trichosporium OB3b under conditions that
do not lead to the production of PHB granules.
No fluorescence emission was detected under the excitation condition expected for PHB
granules; the only fluorescence signal was indicative of labeling of the cell membrane by
NBA (Fig. 5.2). The absence of PHB was also confirmed using derivatization/GC-FID

analysis.
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All channel Aex = 647 nm Aex = 561 nm

Figure 5.1. Fluorescence images of Nile Blue A (0.05% in ethanol) -stained Methylocystis sp.
Rockwell. “All channel” represents merging of Aex = 647 nm and Aex = 561 nm, whereas “far
red fluorescence” (Aex = 647 nm) represents the membrane and “near red fluorescence”

(Aex =561 nm) represents the PHB granules. Individual PHB granules are internalized
spherically and dispersed in the cell. Nile Blue A-stained regions above the threshold for
fluorescence intensity were marked as region of interest (ROI). (a) Stacked fluorescent image
channels of membrane and granules with marked ROIs. ROIs corresponding to the membrane
or area of the cell (b) and PHB granules (c). The % PHByvV per cell was calculated by dividing

volume of granules by the volume of the cell. Scale bar=1 um.
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All channel Aoy =647 Nm Aoy =561 nm

Figure 5.2. Fluorescence imaging of Nile Blue A (0.05% in ethanol) -stained Methylosinus
trichosporium OB3b cells. “All channel” represents merging of Aex = 647 nm and Aex = 561
nm whereas “far red fluorescence” (Aex = 647 nm) represents the membrane and “near red
fluorescence” (Aex = 561 nm) represents the PHB granules. As shown, PHB was not observed

in Methylosinus trichosporium OB3b. Scale bar = 1pm.
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5.4.2. Quantification of PHB granules

2D single-cell images (n = 300 per sample) with distinct fluorescence channels for
cell membrane and PHB were assessed to calculate the area and volume of both the cell and
intracellular PHB granules. Images taken using confocal microscopy used an adjusted pinhole
to ensure that captured images included the intracellular contents with sections of PHB
granules in the x—y plane while minimizing out-of-focus fluorescence (Fig. 5.1). 2D images
showing cells and PHB granules were converted to volumes as follows: radius and length of
each cell were determined from the cell membrane image (Aex = 647 nm), and the cell volume
was estimated to be a cylinder capped with two hemispheres. The fluorescent PHB granules
were considered as individual equivalent spheres, each displaying distinguished and separate
boundaries. The equivalent diameter of each granule was extracted from the PHB image (Aex
=561 nm) and used to determine the equivalent radius and volume of individual PHB

granules in each cell (Fig. 5.3). Three measurements of PHB per cell were reported: PHB

content on an area basis (% PHB,), volumetric basis (% PHBy) and mass basis (% PHBn).
The % PHB, was assessed using 2D imaging to obtain the ratio of the area occupied by
intracellular PHB granules over the area of the corresponding cell (Fig. 5.4). Volumetric PHB
per cell (% PHB,) was calculated by taking the ratio of the sum of the intracellular PHB
granule volumes over the volume of the corresponding cell. This volumetric PHB cell content
was converted to mass PHB content (% PHBm) using the density of PHB (~ 1.22 g/mL) and
bacterial cells (~ 1.11 g/mL) (Figs. 5.6b, 5.7b, and 5.8b). The resulting % PHB, obtained
from microscopy could then be compared to % PHB, obtained using the derivatization/GC-
FID quantification methodology (Figs. 5.6¢, 5.7¢, and 5.8c). This comparison between
methodologies is summarized across the three nitrogen conditions during growth of the

bacteria on methane (i.e., AMS, NMS, or NoN) in Fig. 24. The R? value for agreement
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between the two methods was 0.94783. Single-cell analysis also enabled us to report the

average number of PHB granules per cell for each growth condition (Fig. 5.5).
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Figure 5.3. Quantification of PHB in Methylocystis sp. Rockwell using fluorescence imaging.

% PHB, quantification per cell was based on the fluorescent 2D region of the interest area by

calculating the percent ratio of fluorescence area of PHB granules within the cell membrane.

Notched plots show % PHB; distribution in lag phase, exponential phase and stationary phase

based on fluorescence images of Methylocystis sp. Rockwell grown in (a) ammonium mineral

salts (AMS), (b) nitrate mineral salts (NMS) and (¢) no nitrogen mineral salts (nitrogen

starvation, NoN). Each dot represents a single cell % PHB.in lag, exponential and stationary

phases. Plots contain 300 cells from triplicate cultures. Under these conditions the %PHB,

decreased gradually towards stationary phase from lag phase. However, the trend remained

unchanged in NMS grown cells. (¢ plot y axis range is 0 to 100 whereas a and ¢ plots y axis

range is 0 to 50).
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Figure 5.4. Plots represent (a) Radius, (b) Volume of individual PHB granules and (c)
Volume of Methylocystis sp. Rockwell cells grown in AMS, NMS and Nitrogen starvation
media (NoN) in lag phase (ODs40~0.100), exponential phase (ODs40~0.200) and stationary
phase (ODs40~0.300). Radius, volume of PHB granules, and volume of cells decreased from
the lag to stationary phase in AMS and NoN conditions. However, they remained constant in

NMS. Each notched plot sampled 100 cells for each of triplicate samples (n=300).
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Figure 5.5. Total number of PHB granules per Methylocystis sp. Rockwell cell (n = 100 per
sample in triplicate; n =300 per ODs40) grown in (a) AMS, (b) NMS and (c) Nitrogen
starvation (NoN) media. In all three conditions, the number of PHB granules remained
constant during lag and exponential phases and decreased in stationary phase. No granules

were detected in stationary phase in NoN medium; thus, this data point was not plotted.
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Figure 5.6. Single-cell quantification of PHB using fluorescence imaging and verified using
derivatization/GC-FID. (a) Fluorescence images of Methylocystis sp. Rockwell grown in
AMS and methane and stained with Nile Blue A. “All channel” represents merging of Aex =
647 nm and Aex = 561 nm, whereas Aex = 647 nm image represents membrane staining and
Aex = 561 nm represents PHB granule staining (false blue color). Images imply PHB granule
variation in lag (top row), exponential (middle row), and stationary (last row) phases.
Notched plots of % PHB, distribution at lag phase (ODs40= 0.112 and 0.104), exponential
phase (ODss0 = 0.225 and 0.243), and stationary phase (ODs40 = 0.344 and 0.342) based on

fluorescence images (b) and GCFID data (c), respectively.
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Figure 5.7. Single-cell quantification of PHB using fluorescence imaging. (a) Fluorescence
images of Methylocystis sp. Rockwell grown in NMS and methane and stained with Nile
Blue A. “All channel” represents merging of Aex = 647 nm and Aex = 561 nm, whereas Aex =
647 nm image represents membrane staining and Aex = 561 nm represents PHB granule
staining (false blue color). Images imply PHB granule variation in lag (top row), exponential
(middle row), and stationary (last row) phases. Scale bar = 1 um. Notched plots of % PHBn,
distribution at lag phase (ODss0 = 0.122 and 0.128), exponential phase (ODs40= 0.220 and
0.234), and stationary phase (ODs40= 0.307 and 0.311) based on fluorescence images (b) and

GCFID data (c), respectively.
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Figure 5.8. Single-cell quantification of PHB using fluorescence imaging. (a) Fluorescence
images of Methylocystis sp. strain Rockwell grown without nitrogen source (NoN) in the
presence of methane and stained with Nile Blue A. “All channel” represents merging of Aex =
647 nm and Aex = 561 nm, whereas Aex = 647 nm image represents membrane staining and Aex
=561 nm represents PHB granule staining (false blue color). Images imply PHB granule
variation in lag (top row), exponential (middle row), and stationary (last row) phases. Scale
bar = 1 um. Notched plots of % PHB, distribution at lag phase (ODss0= 0.122 and 0.128),
exponential phase (ODs40=0.220 and 0.234), and stationary phase (ODs40=0.307 and 0.311)

based on fluorescence images (b) and GC-FID data (c), respectively.
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5.4.3. Effects of growth phase and nitrogen source on PHB production in Methylocystis sp.
Rockwell

To analyze the effects of growth phase and nitrogen source on PHB accumulation in
Methylocystis sp. Rockwell, we characterized the % PHB, for cells grown in AMS, NMS,
and NoN media in lag, exponential, and stationary phases. When growing on AMS, the %
PHB, assessed by both methods was highest in the lag phase (9.6% for microscopy and
15.2% for derivatization/GC-FID) and decreased in the exponential (9.11% for microscopy
and 9.20% for derivatization/GC-FID) and stationary (3.52% for microscopy and 5.84% for
derivatization/GC-FID) phases (Fig. 5.6b, ¢). When growing on NMS, both methodologies
confirmed that the % PHBx was lower for Methylocystis sp. Rockwell compared to growth in
AMS and remained constant regardless of growth phase (ca. 2.1% for microscopy and 7.0%
for derivatization/ GC-FID) (Fig. 5.7b, ¢). For growth with only atmospheric nitrogen (NoN),
both methodologies showed the highest % PHB, in lag phase (27.1% for microscopy and
25.9% for derivatization/GC-FID) and decreased during exponential growth (22.3% for
microscopy and 22.6% for derivatization/ GC-FID) (Fig. 5.8b, ¢). No PHB granules were
detected in NoN cultures at stationary phase. Furthermore, the total number of PHB granules
per cell was consistently higher in lag and exponential phases than in stationary phase for all

three nitrogen conditions (Fig. 5.9).
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Figure 5.9. Comparison of % PHB, obtained between the fluorescence microscopy (FM) and
derivatization/GC-FID (GC) techniques. Red dots represent % PHB, of cells grown in AMS,
yellow dots represent % PHB, of cells grown in NMS, and violet dots represents % PHB, of
cells grown under nitrogen starvation conditions (NoN). Linear regression fit (y = mx + ¢)
follows the correlation among % PHB, characterized for the two techniques under the three

nitrogen conditions.
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5.5. Discussion

The main goal of this study was to establish a novel single cell approach for in vivo
PHB detection and quantification. To test this approach, we evaluated the effect of nitrogen
source on PHB production in the alphaproteobacterial methanotroph Methylocystis sp.
Rockwell. Prior to development of our fluorescence microscopy method, the most accurate
direct visualization tool for PHB detection and quantification was unbiased stereology, which
involved analysis of 2D TEM images followed by calculation of average cell volume and
total surface area occupied by PHB granules (Tian et al., 2005) . A similar principle was
applied in the present study in which Nile Blue A dye was used to individually discriminate
between cell membrane and PHB granules (Fig. 5.1) to assess PHB cell content on a per area,
per volume, and per mass basis. Overall, the % PHB, quantified using the fluorescent
microscopy approach (Figs. 5.6b, 5.7b, and 5.8b) correlated well with the results obtained
through standard derivatization/GC-FID methodology (Figs. 5.6¢, 5.7c, and 5.8c). The
agreement between the two methods across all the experiments was high, with R2 = 0.94783
in a linear regression model (Fig. 5.9). Both methods validated that the highest amount of
PHB produced by Methylocystis sp. Rockwell was obtained under nitrogen starvation (NoN,
Fig. 23b, c) followed by ammonium as N-source (AMS, Fig. 5.6b, c) and then nitrate as N-
source (NMS, Fig. 5.7b, ¢). The effect of nitrogen source on PHB production in
methanotrophs is consistent with results observed in previous studies (Rostkowski et al.,
2013; Zaldivar Carrillo et al., 2018; T. Zhang et al., 2017). These studies showed that PHB
was produced to greater levels under nitrogen deprivation, although the preferred nitrogen
source varied from stain to strain. The present study confirmed PHB production was greatest
under nitrogen starvation in Methylocystis sp. Rockwell, where more PHB was present during
lag and exponential phases than in the stationary phase of growth. This result indicates that

PHB accumulation occurred during cell growth rather than solely as a stationary phase
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response, as seen in other methanotrophic bacteria (Pieja, Rostkowski, et al., 2011) .
However, unlike Methylocystis parvus OBBP, Methylocystis sp. Rockwell biomass increases
followed PHB decrease, indicating that PHB might be used as carbon source, in addition to
the reduction equivalent source (Pieja, Rostkowski, et al., 2011; Pieja, Sundstrom, et al.,
2011) . Moreover, the results confirm that ammonium is the preferred N-source for growth of
Methylocystis sp. Rockwell over nitrate or atmospheric nitrogen (Lazic et al., 2021; Tays et
al., 2018) , as the final ODs40 of the cultures was highest for the methane-ammonium
condition (Figs. 5.6, 5.7 and 5.8). Based on our results, Methylocystis sp. Rockwell is an ideal
bacterium for industrial production of PHB using methane and ammonium-rich wastewater as
feedstock as this combination would be advantageous for both biomass and PHB production.
To overcome the relatively low PHB, optimization strategy involves the separation of
biomass growth from PHB production using a two-stage fed-batch bioreactor (Wang et al.,
2012). In Phase 1, high biomass yield and moderate PHB production can be achieved through
exponential growth without restricting ammonium, and then in Phase 2, PHB synthesis can
be enhanced by limiting the ammonium or providing another stress factor, like methanol. In
conclusion, the present study demonstrates a novel, non-toxic fluorescence microscopy
method for the rapid and accurate quantification of PHB granules in single cells. This method
can facilitate the optimization and industrialization of PHB production by methanotrophic

bacteria.
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Chapter 6

In vitro detection of PHB using a recombinant substrate-binding fluorescent fusion protein

6.1 Abstract

The increased level of plastic pollution has stimulated interest in discovering
biodegradable alternatives that possess similar properties to conventional plastic materials. In
addition, the medical field progress requires identification of material that has balanced
biodegradability and stability for design of medical implants that would be safe for human
and animal use. Polyhydroxybutyrate (PHB) is a biodegradable polymer that meets many of
these requirements. This molecule is produced in microbial cells as a storage polymer during
nutrient starvation. There have been the extensive efforts to optimize microbial PHB
production from cheap carbon sources. The production is usually followed by optimization of
purification and polymer recovery, which can significantly affect its quality and purity. Both
characteristics are important to evaluate biodegradability of material. This work presents
preliminary data on novel synthetic purity detector created via genetic engineering and
synthetic biology approach. A fusion protein combining the PHB depolymerase (PhaZ)
Substrate Binding Domain (SBD) from Comamonas testosteroni was fused to st GFP and
placed downstream of an arabinose-inducible pBAD or a PlacT7 promoter to generate the
ARA sfGFP-SBD and T7 sfGFP-SBD expression cassettes. The ability to bind PHB was
tested in vitro with pure preparations of polymers. In addition, the effect of concentration and
incubation time was evaluated for proteins from both expression systems. High expression
under PlacT7 promoter caused a saturation effect over long incubation periods and a high
level of fluorescence, which was reflected by a poor correlation (low R?) with the standard
GC-FID approach for PHB quantification. The expression of the fusion protein under the

pBAD promoter did not show a saturation effect, and the correlation was stronger (higher R?
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values) than with the PlacT7 promotor. The fusion protein produced could thus be used as a
specific marker for PHB, as it differentiates it from PHBV in commercial preparations, thus,

it can be used a quality control marker to asses biodegradability.
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6.2. Introduction

Everyday usage of plastic materials causes tremendous plastic waste accumulation in
soils, rivers, and especially in oceans. Regardless of their harmful impact, plastic materials
are cheap, durable, and easy to process, which makes them one of the most used materials in
everyday society. Recent analysis from 2017 estimated that the global plastic production
reached 8,300,000 metric tons, while around 6,300,000 tons ended up as waste.
Unfortunately, only a small portion of this waste (around 9%) is recycled, while the vast
majority is disposed in landfill (79%) or incinerated (12%) (Tobon-Martinez, 2019). In
addition, chemical recycling is costly, mechanical recycling is labor intensive, and thermal
destruction has a negative environmental impact (Jendrossek & Handrick, 2002). The reason
behind extensive plastic waste accumulation is the non-biodegradable and non-renewable
nature of most polymers used for production of traditional plastics. The most used polymers
are polyethylene, polypropylene, polystyrene, nylon, and polyurethane. These synthetic
polymers originate from petrochemical resources, and there is no available machinery in
nature that can efficiently degrade them (Tobon-Martinez, 2019). A recent study revealed the
ability of the bacterium Ideonella sakaiensis to degrade synthetic polymersShosuke Yoshida,
2016). However, widespread use of these bacteria is yet to be developed and commercialized.

A promising alternative to synthetic petroleum-derived polymers are the
biodegradable polylactides (PLAs) and polyhydroxyalkanoates (PHAs) (Jendrossek &
Handrick, 2002). PLA is synthetized through esterification of lactic acid produced via
fermentation, and its degradation involves the activity of proteinase K, serine proteases,
lipases, cutinase-like enzymes, and specific PLA depolymerases (Karamanlioglu et al., 2017;
Tokiwa & Calabia, 2006). PLA biodegradation occurs under specific temperature and

moisture conditions (Tobon-Martinez, 2019), which slows down the process and increases
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the total cost of their removal. PHAs are a group of biodegradable biopolyesters, of which
polyhydroxybutyrate (PHB) is the most widely studied. Since its thermoplasticity and
thermostability are in the same range as synthetic polymers, PHB represents one of the most
promising alternatives for biodegradable plastic materials. PHB is biologically produced in
various microbes as a hydrophobic carbon storage polymer that can be depolymerized and
used as a source of reducing power during starvation conditions in some organisms (Pieja,
Sundstrom, et al., 2011). Most PHB production relies on glucose as a carbon source (Zaldivar
Carrillo et al., 2018). However, production is costly and sugar feedstock invokes the food vs
fuel debate. Thus, efforts have been made to identify cheaper and more suitable carbon
sources (fruits peels, lignocellulose, methane, methanol etc.) along with microbes that can use
them. Identifying optimal biological PHB production conditions and scale-up would
accelerate the reduction in the use of traditional petroleum-derived polymers and decrease the
level of plastic waste accumulation in the environment.

The process of PHB degradation can be explained as depolymerization of long PHB
ester chains which results in the formation of oligomers and monomers. In addition to the
thermal and chemical hydrolysis, biodegradation of PHB involves enzymes known as PHB
depolymerases (PhaZs) (Martinez-Tobon et al., 2020). These enzymes perform intracellular
(iPhaZ) and extracellular (ePhaZ) PHB degradation, with the difference residing in the
structure of PHB that they recognize. While iPhaZs recognize amorphous, non-crystalline
PHB structures (Handrick et al., 2004), ePhaZs interact and degrade semi-crystalline PHB —
binding on crystalline regions and hydrolyzing chains in the amorphous region —, which
makes them more suitable for commercial production and process development.

In terms of PHB degrading enzymes, PhaZs, a recent study reported the successful
expression and purification of recombinant PhaZ (rPhaZ) from various organisms (Martinez-

Tobon et al., 2020). These enzymes expressed different levels of activities confirmed through
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a simple plate-based PHB degradation assay (Martinez-Tobon et al., 2020). The variation in
activities suggests that further genetic manipulations and combinations are possible to
generate novel recombinant enzymes with improved PHB degrading, or binding function.
Understanding the mechanism behind PHB synthesis and degradation is crucial for
efficient process development. Like any other value-added compound, the process of PHB
production/degradation needs to include precise and accurate approaches to quantify the
presence and the state of the molecule. Regardless of the high production cost, PHA (among
which PHB is the best studied) are still broadly used for biomedical applications such as drug
delivery systems (Pouton et al., 1988, Williams et al., 2005; Valappil et al., 2006), stents
(Unverdorben et al., 2002, Valappil et al., 2006) or wound management (Lobler et al., 2003,
Valappil et al., 2006). In fact, these biopolymers are known as “the leading class of
biomaterials under investigation for the development of tissue-engineering scaftfolds” ().
Because one of the primary targets for large scale production of PHB would be its
implantation in vivo systems, the purity of the polymers must be carefully considered, as well
as their biodegradability. Since composition of biopolymers (PHA) varies (PHB combined
with PHBV or PHV), it is reasonable to expect that the physical and chemical properties of
material will be significantly different, which can affect their degradation rate in biological
tissues. For example, the polymer PHB (P3HB) is very stiff and rigid, thus it can be easily
broken (Valappil et al., 2006). However, the polymer version P4HB is highly elastic, and its
addition to the P3HB mixture can significantly improve material elasticity (Valappil et al.,
2006). One of the issues that might occur is the level of biodegradability of modified
material. For example, if we consider the degradation and disposal route for the material and
create recombinant enzymatic system do degrade PHB-based material, it is critical to know
the level of PHB present in material so we can optimize degradation protocol. From medical
implant perspective, there have been investigation on biodegradation of PHB (version

P3HB), but also on co-polymers, as it has been confirmed that the addition of various
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copolymers can improve elasticity and avoid high brittleness of crystalline P(3HB), which is
disadvantage for any biomedical material. According to these studies, the addition of
copolymers did not affect level of biodegradability in tissue, but it cased mild immune
response during implantation. The immunogenic reaction was followed by migration of
lymphocytes and eosinophils lasting 6 months, while the immune response with PHB without
copolymer was relative acute immunological reactions (Qu et al., 2006, Valappil et al.,
2006). Nevertheless, before in vivo implantation, the assessment of purity is required. Since
PHB (and other biopolymers) extraction methods involve solvent extraction and application
of highly toxic chemicals, there are many efforts to employ environmentally friendly
extraction approaches (Valappil et al., 2006, Lazic et al. 2021). Even though these
methodologies might offer the advantage for the environment, the purity of the polymer and
later the level of crystallinity has significant influence on the material that will be offered
potentially for biomedical purposes or being disposed to the degradation facility. Thus, the
nature and the purity of polymers or polymers mixture has to be carefully assessed.
Following the principle of PHB specific binding applied in the most recent study
(Lazic et al., 2022), this worked aimed to develop a novel synthetic PHB specific module
that can be used to assess the purity of purified crystalline biopolymer PHB. The principle of
this approachis summarized in Fig. 6.1. The catalytic domain of PhaZ has been replaced with
sfGFP fluorescent protein, while leaving the Substrate Binding Domain (SBD) intact. The
specificity of SBD enables this domain to bind to PHB exclusively, while emitting sfGFP-

derived fluorescence.
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Figure 6.1. Schematic representations. (A) The concept of enzyme substrate interaction in
bacterial cell: PhaZ enzyme is composed of a substrate binding domain (SBD) and a
catalytical domain (CD); upon SBD binding to PHB, CD cleaves an ester bond of aPHB
molecule. (B) Synthetic enzymatic module (sfGFP-SBD) for PHB purity evaluation
consisting of a PhaZ for which CD was replaced with the fluorescent protein stGFP. The
SBD domain will bind specifically to the surface area of crystalline PHB molecule. The level
of fluorescence will increase as the number of granules (amount of PHB increases). The level
of fluorescence will vary depending on the level of PHB in copolymer mixture and on the

purity level.
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6.3. Materials and Methods
6.3.1. Bacterial strains and growth conditions

The bacterial strain used for isolation of the PhaZ Substrate Binding Domain (SBD)
was Comamonas testosteroni. The full gene sequence was previously cloned in E. coli DH5-a
strain on pET-22b (+) vector (Novagen) (amp) (Martinez-Tobodn et al., 2020b). Super Folded
Green Fluorescent Protein (sfGFP) was stored in E. coli DH5p strain on pQSDPgap plasmid
(kan). The vectors used in cloning pBAD and pET-22b (+) were stored in E. coli DH5a.
Cultures were grown in LB media with appropriate antibiotic concentrations for selection
(100 uM ampicillin and 50 uM kanamycin). Cell growth was monitored by measuring optical
density at a wavelength of 600 nm (ODsoo) using UV-Vis spectrophotometer (Biochrom,
Ultrospec 50). After 18 h of growth at 37 °C, all plasmids were extracted using ZymoPURE
Plasmid Miniprep. Constructs with either arabinose inducible (ARA) and T7 promotors were
introduced in E. coli Rosetta-gami B(DE3) strain. The growth of cultures was performed in
LB medium containing ampicillin (100 pM) and an appropriate inducer.
6.3.2. Genetic engineering of synthetic modules

The gene segment coding for SBD and the linker from PhaZ and the gene coding for
sfGFP were amplified by polymerase chain reaction (PCR). PCR conditions and primer
sequences are listed in Appendix 3. A 6-His sequence was introduced in both Reverse
primers to enable later protein purification. Both inserts were extracted via Zymoclean Gel
DNA Recovery Kit. For the construct ARA sfGFP-SBD: plasmid vector pBAD for restriction
digestion was extracted via ZymoPURE Plasmid Midiprep and cut with restriction enzymes
Xhol and HindIII at 37 °C, overnight. For the construct T7 sfGFP-SBD: plasmid vector pET-
22b (+) for restriction digestion was extracted via ZymoPURE Plasmid Midiprep and cut
with restriction enzymes Ncol-HF and HindIII-HF, at 37 °C, overnight. Both constructs were

cloned via Gibson Assembly (Gibson et al., 2009) into DHS5a E. coli previously rendered
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chemically competent. The correct sequence was confirmed by colony PCR and sequencing.
For protein expression, constructs were introduced into the E. coli Rosetta-gami B(DE3)
strain previously rendered chemically competent.
6.3.3. Protein expression and extraction

5 mL of transformed E. coli Rosetta-gami B(DE3) at ODgoo of 0.5 was addedto 1 L
LB with antibiotics. Cultures were grown at 30°C for approximately 7 h, until ODsoo reached
0.6 —0.8. 1 mM IPTG and 2% arabinose were added, and the cultures were incubated
overnight at 8°C to induce expression. Cultures were then centrifuged at 5,000 x g and 4 °C
for 20 min, and the pellets were placed at —20 °C. Protein extraction was performed on
thawed pellets using 5 mL of B-PER II mixture with Halt™ Protease Inhibitor Cocktail,
EDTA-Free (100%) (ThermoFisher Scientific) to obtain Soluble Fraction containing ARA
and T7 sfGFP-SBD. Purification was performed at 4 °C using His GraviTrap columns (GE
Healthcare). Equilibration was done with 10 mL of B-PER II before extracted soluble
fractions were applied to the column, followed by a wash with 10 mL of binding buffer (50
mM sodium phosphate, 500 mM NaCl, pH 7.4). All three solutions contained 20 mM
imidazole. stGFP-SBD were eluted with 3 — 5 mL of elution buffer (20 mM sodium
phosphate, 500 mM NaCl, pH 7.4 with 500 mM). Purified proteins were verified through
SDS-PAGE and quantified using a Bradford Protein Assay (microassay procedure, Bio-Rad)
using bovine serum albumin as the standard. Additional Western Blot confirmation was
performed using 6X -His Tag Monoclonal Antibody along with Goat anti-Mouse IgG (H+L)

Cross-Adsorbed Secondary Antibody, HRP.
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6.3.4. PHB detection assay

Different amounts of blank PHB powder (Sigma Aldrich) 0.0060 +0.0005 g, 0.0146
+0.0010 g, and 0.0263 +0.0012 g were placed in wells of a fluorescence assay plate (Thermo
Scientific™ Nunc™ MicroWell™ 96-Well, Nunclon Delta-Treated, Flat-Bottom Microplate)
and centrifuged briefly (30 sec, 1,000 rpm, [centrifuge model and supplier]). sStGFP-SBD
fusion proteins were diluted to fluorescence levels of 250, 500, and 1000 RFU. 0.25 mL of
protein solution was added to sample wells. As negative control, an equal amount of elution
buffer used in protein purification (see previous section) was added to some PHB-containing
wells. The plate was incubated at room temperature for 15 min or overnight, washed with EB,
and the level of fluorescence was measured at 485/528 (excitation/emission) nm wavelength.
PHB binding specificity was confirmed by performing the same methodology with ground
PHBYV and PLA.
6.3.5. GC-FID analysis

The standard GC-FID PHB detection and quantification methodology was applied to
confirm the accuracy of the protein-based detection methodology. The principle of this
approach involves depolymerization of polymer under acidic conditions and esterification
with methanol. 0.24 g PHB was dissolved in 18 mL chloroform (corresponding to 2 mL
chloroform to dissolve 0.0263 g). For each PHB amount three replicates were prepared (2 mL
of PHB solution, 1 mL of PHB solution with 1 mL of chloroform, and 0.5 mL of PHB
solution with 1.5 mL of chloroform). Next, I mL methanol and 1 mL of benzoic acid solution
(40 mg/L) were dissolved in methanol and acidified with 3% concentrated sulfuric acid. The
sample was digested for 5 h in a capped glass vial in a boiling water bath to depolymerize the
PHB polymer to its monomer and esterify it with methanol. After cooling, 1 mL deionized
water was added, and the sample was vortexed for 20 s before standing overnight for phase

separation. The organic phase was analyzed for methyl 3-hydroxybutyrate, (Lazic et al.,
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2022; Zaldivar Carrillo et al., 2018) using a gas chromatograph (7890A, Agilent
Technologies) equipped with an autosampler (G4513A, Agilent Technologies) and fitted with
a 30 m x 250 um DB-5ms column (Agilent Technologies) as previously described (Lazic et
al., 2022; Zaldivar Carrillo et al., 2018). Ratios between methyl 3-hydroxybutyrate methyl-
benzoate were calculated and measured against levels of fluorescence for each construct,

under each condition.

6.4. Results
6.4.1. Expression and purification of sftGFP-SBD

E. coli Rosetta-gami B(DE3) was chosen as the expression strain for the engineered
PhaZ-derivative sfGFP-SBD. The theoretical isoelectric point (pl) and molecular weight
(MW) of this fusion protein were calculated via ExXPASY Bioinformatic Resource Portal
(SIB) and estimated to be: pl 6.27, MW=42955 Da. The instability index was predicted to be
25.75, which classifies the protein as stable, with an estimated half-life >10 h in E. coli. This
protein was determined as highly hydrophobic with an aliphatic index of 69.16 and a grand
average of hydropathicity of -0.449 (https://web.expasy.org/cgi-bin/protparam/protparam).
Since sfGFP-SBD is derived from PhaZ, and PhaZs are classified as “insoluble” (solubility
score 0.503) (Martinez-Tobon et al., 2020), one potential problems with purification is
insolubility. The novel protein sfGFP-SBD has a solubility of 0.35 (proteins with values
higher than 0.45 are predicted to have higher solubility than stable E. coli proteins, whereas
proteins with lower values are less soluble) (https://web.expasy.org/cgi-
bin/protparam/protparam). To overcome this problem, induction was done at low temperature
(8-10 °C). Both plasmid vectors without the gene of interest (GOI) were expressed in E. coli
Rosetta-gami B(DE3). Purification was performed, and protein extracts were analyzed via

SDS-PAGE. However, since both plasmid vectors already contained the 6xHis tag, this signal
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was detected via Western Blot and was thus not a sufficient negative control. For the negative
control, the complete purification protocol was performed from a non-transformed expression
strain, and the absence of signal on SDS-PAGE and Western blot is shown in Fig. 6.2, panels
A and B. The presence of proteins for each dilution was confirmed via SDS-PAGE (Fig. 6.2,
panels A and C). Western blot was also performed for each protein dilution (Fig. 6.2 C and
D). The signal that corresponds to the expected size (42 kDa) was observed for all dilutions
for both ARA and T7 sftGFP-SBD. Absence of Western blot signal was noted for ARA
sfGFP-SBD (Fig.6.2 C and D) regardless of protein concentration (Fig. 6.2 D), and very low

or non-specific signal for non-diluted proteins (Fig. 6.2 B).
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Figure 6.2. SDS-PAGE (A and C) and Western Blot (B and D) for ARA sfGFP-SBD and T7sfGFP-
SBD. Panels A and B represent undiluted proteins after purification was performed. The
concentration was determined via standard Bradford Assay as previously described () and
concentrations were relatively close in this preparation (5 ng/uL). Proteins were loaded in indicated
amounts (10 ng (2 pL) and 100 ng (20 uL)). Negative control was the cellular extract from E. coli
Rosetta gammi (10 pL of extract loaded). Panels C and D represent working dilutions of proteins
based on fluorescence (ARA250, ARA500, ARA1000, and T7250, T7500, and T71000) used in
experiments. 10 pl of sample was loaded for both SDS-PAGE andWestern blot. The concentration
of proteins was not specifically measured for each RFU, as the purpose of this analysis was
qualitative representation of data. Instead, RFU was measured for each version of protein and proper

dilutions were loaded on the SDS-PAGE and WB.
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6.4.2. The effect of stGFP-SBD concentration on PHB-specific fluorescence emission

To evaluate the effect of protein concentration on PHB-binding and efficiency,
proteins from both expression systems were diluted to achieve set levels of initial
fluorescence at 485/528 nm (250F, 500F, and 1000F). The assay was performed with ARA
sfGFP-SBD2so and resulted in fluorescence correlating with the amount of PHB (g) in the
assay plate for both short (Fig. 6.3A) and long incubations (Fig. 6.3B).

The assay performed with T7 sfGFP-SBD»so showed a similar trend for short
incubation times (Fig. 6.3A). However, during long incubation times with T7 sfGFP-SBD>so,
a saturation effect was observed (Fig.6.3 B).

The assay performed with ARA sfGFP-SBDsoo resulted in an increased level of
fluorescence corresponding to increased amounts of PHB (g) over short and long incubation
times (Fig. 6.4). The assay performed with T7 sfGFP-SBDsqo resulted in an accurate trend for
a short incubation time (Fig. 6.4A). However, the absence of a linear trend was observed over
a long incubation time (Fig. 6.4B).

The assay performed with ARA sfGFP-SBDjooo resulted in an increased level of
fluorescence similarly as the previous two concentrations (Fig. 6.5). When the assay was
performed with T7 sfGFP-SBDj 00, a linear increasing trend over a short incubation time

could be observed (Fig. 6.5A). However, the obvious saturation effect was observed over the

long incubation period (Fig. 6.5B). The absence of fluorescence signal in samples containing

PHBYV and PLA was indicative of highly specific PHB binding (Fig.6.6, panels A and B).
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Figure 6.3. The PHB-bound sfGFP-SBD emitted fluorescence for protein dilutions at 250
RFU (ARA2s0 and T75250) during short (A) and long (B) incubation. Each well was treated

with 0.25 mL of protein in elution buffer (EB). Negative control was performed with an equal
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amount of EB without PHB. Positive control consisted of proteins alone in 0.25 mL of EB.
The absence of fluorescence signal in negative control confirms sftGFP-SBD does not bind to
the well material and that unbound proteins are removed by the methods. The presence of a

fluorescence signal in the positive control confirms correct protein folding and activity.
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Figure 6.4. The PHB-bound sfGFP-SBD emitted fluorescence for protein dilution 500 RFU
(ARAs00 and T75s00) during short (A) and long (B) incubation. Approximately same amount of
PHB (g) was measured for each protein in each condition and the average was calculated.

Each well was treated with 0.25 ml of protein in elution buffer (EB). The negative control
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was performed with the equal amount of EB. The positive control are proteins only (0.25 ml
of each without PHB in the well). The absence of fluorescence signal in the negative control
confirms the existing PHB-dependent protein binding activity. The presence of fluorescence

signal in the control confirms correct protein folding and activity.
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Figure 6.5. The PHB-bound sfGFP-SBD emitted fluorescence for protein dilution 1000
RFU(ARA 000 and T71000) during short (A) and long (B) incubation. Approximately the same
amount of PHB (g) was measured for each protein in each condition and the average was
calculated. Each well was treated with 0.25 ml of proteins in elution buffer (EB). Negative

control was performed with an equal amount of EB. Positive control are proteins only (0.25
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ml of each without PHB in the well). The absence of fluorescence signal in the negative
control confirms the existing PHB-depending protein binding. The presence of fluorescence

signal in the control confirms correct protein folding and activity.
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Figure 6.6. PHBV- and PLA-bound sfGFP-SBD binding. ARA and T7 sfGFP-SBD were
used at 500 F (ARAso0 and T7500). The experiment was performed as 15 minutes “short
incubation." Each well was treated with 0.25 ml of sfGFP-SBD fusion proteins in elution
buffer (EB). Negative control was performed with an equal amount of EB. Positive control

are proteins only (0.25 ml of each without polymers in the well). The absence of fluorescence
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signal in the negative control and in PHBV and PLA-containing wells confirms the existing
PHB-dependent protein binding. The presence of fluorescence signal in the control confirms

correct protein folding and activity.
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6.4.3. The effect of incubation time on PHB-specific fluorescence emission

The fluorescent signal emitted after ARA sftGFP-SBD binding to PHB remained
unchanged and stable after prolonged incubation periods at a protein concentration
corresponding to 250 F (Fig. 6.3). Stable patterns of fluorescence emission regardless of
incubation time were observed for concentrations of 500 F (Fig. 6.4) and 1000 F (Fig. 6.5).

Unlike for ARA sfGFP-SBD, the fluorescence signal emitted after T7 sftGFP-SBD
binding to PHB was highly affected by incubation time and the saturation effect. An absence
of correlation was generally observed across the conditions tested (Fig. 6.3, 6.4, 6.6). Ata
protein concentration of 250 F, a slight increase in the fluorescence signal was observed after
a prolonged incubation period, but the saturation affect was obvious (Fig. 6.3). As the
concentration of protein increased, the effect of the long incubation period was more

prominent (Fig. 6.5).
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6.4.4. The effect of expression promotor (ARA vs T7) on PHB-specific fluorescence
emission

For all three protein concentrations tested (250 F, 500 F, and 1000 F), the
fluorescence signal emitted after ARA sfGFP-SBD binding to PHB was lower than the signal
emitted after T7 sfGFP-SBD binding, regardless of the incubation time (Fig. 6.3 to 6.5). For
the 250 F short incubation time, the signal was 3.9-fold lower for ARA sfGFP-SBD»so than
for T7 sfGFP-SBD2so (Fig. 6.3A); for 250 F long incubation time, the signal was 10-fold

lower before the saturation effect appeared (Fig. 6.3B). For 500 F short incubation time, the

signal was 4.6-fold lower for ARA sfGFP-SBDsqo than for T7 sfGFP-SBDsoo (Fig. 6.4A); for
500 F long incubation time, the signal was -fold lower, but the absence of a linear trend was
observed (Fig. 6.4B). For 1000 F short incubation time, the signal was 3.9-fold lower for
ARA sfGFP-SBDigoo than for T7 sfGFP-SBDiooo (Fig. 6.5A); for 1000 F long incubation

time, the signal was 8-fold lower before the saturation effect appeared (Fig. 6.5B).

6.4.5. Comparison of PHB measurements from sfGFP-SBD and GC-FID

To determine the quantity of PHB detected by the sftGFP-SBD approach, equal
amounts of PHB were assessed with this method and the depolymerization/derivatization
GC-FID method. The results were introduced into a linear regression model to evaluate “the
goodness of fit” between the two methods. The R? values were calculated, and results are
shown in Table 6.1, Fig. 6.7, 6.8, and 6.9. For ARA sfGFP-SBD, the R? was relatively high
(>0.7), except for ARA»so where the R? was 0.647. For T7 sfGFP-SBD, the R? values were
lower than for ARA sfGFP-SBD at all concentrations and incubation times, with the highest

R? at 0.818 and 0.7247 during the short incubation time (Table 6.1, Fig. 6.7, 6.8, 6.9).
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Table 6.1. Fit of linear regression between GC-FID and protein fluorescence measurements

for short incubation time (15 min, room temperature).

Protein name Incubation time R?
ARA»s0 short 0.647
ARA»s0 long 0.9573

T72s0 short 0.818
T7250 long 0.0814
ARA500 short 0.7705
ARA50 long 0.7401
T7500 short 0.4025
T7500 long 0.5577
ARA 000 short 0.9099
ARA 000 long 0.9748
T71000 short 0.7247
T71000 long 0.1104
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The average values were calculated for all experiments and R* were re-calculated for
all experimental conditions (Table 6.2, Fig. 6.10, 6.11 and 6.12). In general, R? were higher
than in individual replicate analysis (Table 6.1 vs Table 6.2, and Fig 6.7, 6.8, 6.9 vs Fig. 6.10,
6.11, 6.12). However, even after calculating the average between replicates, extremely low R?
was observed for T7 sftGFP-SBD, especially after long incubation period (Table 6.2, Fig.

6.10, 6.11 and 6.12 panels B and D).

Table 6.2. Fit of linear regression between GC-FID and protein fluorescence measurements

for all experiments together.

Protein name Incubation time R?
ARAs0 short 0.9992
ARA»s0 long 0.9964

T7250 short 0.9977
T72s0 long 0.1609
ARA500 short 0.9419
ARAs00 long 0.8414
T7500 short 0.9955
T7500 long 0.7098
ARA 1000 short 0.9988
ARA 00 long 0.9953
T71000 short 0.9928
T71000 long 0.5662

143



A B

GC-FID vs Fluorescence gus <25 ARy, short mcubation GC-FID vs Fluorescence 43¢50, 17244, short incubation

2000 2000

o = y=T1.1835x - 12,307
_ y = LB273x + 2.2057 oy L
::' 1500 & R2= 0.647 : 1500 R*=03818
e - 647 o
= o
Z 1000 Z 1000 O
5 7] . 2
= o . °
2 .
2 500 0.0
= L]
L Y T SR Pog ¢
— 2 °
0 R 0
0 50 100 150 200 0 50 100 150 200
Methyl-30H-butyrate/methyl-benzoate Methyl-30H-butyrate/methvl-benzoate
< D
GC-FID vs Fluorescence ygs s, ARA,z,, long incubation GOTTDr v PR sisosio T, I ARG
2000 2000

y = 2.9509x - 79,165

28

y=27532x + 804.02

o
i RE=09573 . ¥
v 1500 v 1500 . R¥=0.0814
< =
o u ’ i
£ 1000 Z 1000 | e -
3 2 .
7 7
= =
2 500 £ 500 ]
= sl =
) e L =
- 2L
0 Lo 0
0 50 100 150 200 0 50 100 150 200
Methyl-30H-butyrate/methyl-benzoate Methyl-30H-butyrate/methyl-benzoate

Figure 6.7. Comparison between fluorescent signal emitted from ARA2s0 and T7250 sStGFP-
SBD and detection by GC-FID for the approximately the same amounts of PHB. Linear
regression fit y=mx+c follows correlation between the two techniques. R? values are color

coded for each condition (e.g. protein, short/long incubation).
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Figure 6.8. Comparison between fluorescent signal emitted from ARAs00 and T7500 SFGFP-

SBD and detection by GC-FID for the approximately the same amounts of PHB. Linear

regression fit y=mx-+c follows correlation between the two techniques. R? values are color

coded for each condition (e.g. protein, short/long incubation).
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Figure 6.9. Comparison between fluorescent signal emitted from ARA 1000 and T71000 SFGFP-
SBD and detection by GC-FID for the approximately the same amounts of PHB. Linear
regression fit y=mx+c follows correlation between the two techniques. R? values are color

coded for each condition (e.g. protein, short/long incubation).
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Figure 6.10. Comparison between fluorescent signal emitted from ARA2s0 and T7250 stGFP-
SBD and detection by GC-FID for the approximately the same amounts of PHB. Linear
regression fit y=mx+c follows correlation between the two techniques. R? values are color

coded for each condition (e.g. protein, short/long incubation).
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Figure 6.11. Comparison between fluorescent signal emitted from ARAs00 and T7500 stGFP-
SBD and detection by GC-FID for the approximately the same amounts of PHB. Linear
regression fit y=mx+c follows correlation between the two techniques. R? values are color

coded for each condition (e.g. protein, short/long incubation)
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Figure 6.12. Comparison between fluorescent signal emitted from ARA 1000 and T71000 sStGFP-
SBD and detection by GC-FID for the approximately the same amounts of PHB. Linear
regression fit y=mx-+c follows correlation between the two techniques. R? values are color

coded for each condition (e.g. protein, short/long incubation).
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6.5. Discussion

The goal of this study was to develop a sensitive and specific PHB sensor for in situ
detection that can be expressed and purified using an established expression system. The
PHB-binding fusion protein sfGFP-SBD was designed and produced using two expression
systems: ARA sfGFP-SBD and T7 sfGFP-SBD (Fig. 6.1). Their ability to bind semi-
crystalline PHB was tested. In addition, we established the correlation of this method with
PHB quantification by the standard PHB-detection GC-FID method. Proteins from both
expression systems showed effective PHB binding. however, fluorescence from PHB-bound
ARA sfGFP-SBD correlated strongly with GC-FID results regardless of protein concentration
or incubation time. On the other hand, T7 sfGFP-SBD generally showed poor correlation
with GC-FID results (Fig. 6.7, 6.8, 6.9, 6.10, 6.11, and 6.12), despite emitting fluorescence
(Fig. 6.3, 6.4, and 6.5).

For the expression of recombinant fusion proteins, the E. coli-based recombinant
protein production system was selected. Previous studies confirmed that this system has been
successful for production of recombinant PhaZs (Takaku et al., 2006; Takeda et al., 2000;
Wang et al., 2012; Martinez-Tobon et al., 2018, 2020). Since the SBD portion of both fusion
proteins is derived from PhaZs, it is reasonable to expect that the same system will be equally
successful. In addition, E. coli is the most popular and desirable system for recombinant
protein expression as it has an extremely fast growth rate, molecular tools have been fully
developed and optimized, and it can achieve high cell density using inexpensive media
formulations (Bhatwa et al., 2021). Specifically, the E. coli expression strain Rosetta-gami
B121 (DE3) was chosen due to its ability to express genes cloned under a strong PlacT7
promotor (T7 sfGFP-SBD), and it contains the plasmid pRARE that enables expression of
rare codons that might be present in the SBD of PhaZ. For expression of genes cloned under

the arabinose inducible promotor, such as the AraC dimer, they are usually present on the
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plasmid pBAD, and any expression system can be used. However, the plasmid used to
express genes under the PlacT7 promotor, pET 22b (+) was previously used to express
recombinant PhaZs, and it was shown that this plasmid is optimal. The plasmid pET 22b (+)
contains pelB N-terminal signal sequence for periplasmic localization. If the protein contains
disulfide bonds (S-S), periplasmic localization is required for disulfide bond formation (Ma
eral., 2011).

One of the problems that often appears during production of recombinant proteins is
insolubility and tendency to form inclusion bodies (IB) (Lozano-Terol et al., 2021). The
formation of IBs is driven either by physicochemical protein structure or by the expression
rate (Bhatwa et al., 2021; Dyson et al., 2004; Goh et al., 2004). Since, in many cases of
recombinant protein production, overexpression is required, IB formation is a common
problem. In rPhaZ (the source of SBD for ARA sfGFP-SBD and T7 sfGFP-SBD) a large
portion of the protein was detected in the insoluble fraction (IF), suggesting that inclusion
bodies may have formed (Martinez-Tobon et al., 2018). In fact, induction temperature was an
important parameter. To avoid IB/IF issues, induction should be done at low temperature
(e.g. 15 °C as in (Martinez-Tobon et al., 2018) or 8-10 °C as described here). Alternatively,
induction can be done at 4 °C over a period of 48 h to avoid misfolding. The lack of cellular
machinery for post-translational modification might be a reason for protein misfolding and
the reason for IB formation (Walsh et al., 2010; Bhatwa t al., 2021). Thus, careful
considerations should be made in the selection of the expression system.

In addition to the choice of expression system, the choice of promoter when designing
recombinant proteins is important. PlacT7 is considered a strong promoter, while the other
choice in this study, the ARA inducible promoter, is a medium strength promoter (Lozano-
Terol et al., 2021). These two promoters have different types of regulation: Lacl-negative for

PlacT7, and arabinose-positive for pPBAD promoter (https://blog.addgene.org/plasmids-101-
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inducible-promoters). Due to its strength, expression under PlacT7 was higher than under the

pBAD promoter resulting in higher fluorescence from the cell lysate after expression (Fig.
6.3, 6.4, and 6.5). A similar effect was observed in a study by Lozano-Terol et al. (2021). In
the case of IPTG (PlacT7 inducer), yellow fluorescence expression was achieved at 0.1 mM,
while for the pBAD promoter, the concentration of the inducer, arabinose, had to be 2 mM.
Both promoters are driving gene expression as “all-or-none” when induction occurs with the
natural inducer (lactose for PlacT7 and arabinose for pPBAD). However, IPTG used as the
inducer is a lactose analog and it is not metabolized. Thus, homogenous expression can be
achieved at lower concentrations. Lowering IPTG for expression of T7 sfGFP-SBD might be
one alternative to avoid the saturation effect and IB formation. In the case of the arabinose
inducible promoter, there is no available non-metabolized analog, thus it is not possible to
avoid this phenomenon (Afroz et al., 2014).

Detection and quantification are important steps required for each study that involves
recombinant proteins, regardless of its purpose. In this study SDS-PAGE and Western blot
were used to detect proteins (Fig. 6.2). Regardless of Ni**-NTA resins that should bind only
6xHis-tagged proteins, the presence of non-specific products was observed in SDS-PAGE
(Fig. 6.2, panels A and C). To avoid this issue, a change in purification protocol must be
implemented. One of the main considerations in protein purification is the choice of buffer.
Although the general content of buffers follows a similar pattern in terms of content, the
choice between Tris, HEPES, MOPS or phosphate-based solutions will depend on the
experimental applications, financial resources, and protein structure. For enzymes,
maintaining protein structure for further application is often required, thus the choice of
extraction buffer is usually HEPES, as it does not contain primary amines that can affect
overall protein structure. Thus, even though HEPES is costly compared to the other buffers

(Tris or Phosphate-based), benefits for future applications must be considered. The extraction
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buffer for rPhaZs was optimized in a previous study (Martinez-Tobon et al., 2018). However,
results from this study show that the change of buffer system to HEPES and/or additional
washing steps with higher imidazole concentration might be required to achieve better purity.
Another issue that occurred during protein detection was the absence of visible fragments that
corresponded to the 42 kDa size (Fig. 6.2, panels B and D). The reason behind this can be
impurity of extracted proteins or the protein structure itself. In both cases, the 6xHis tag is not
exposed for detection with primary antibody, which results in an inability to visualize protein
on Western blot (Debeljak et al., 2006).

Regardless of the concentration of the proteins (250, 500, and 1000F), they each
interacted with PHB and emitted fluorescence even once bound to PHB (Fig. 6.3, 6.4, and
6.5). The level of fluorescence corresponded to the concentration level, with the highest
fluorescence emitted with 1000F for proteins from both expression systems (Fig. 6.5). A
likely saturation effect was observed after long incubation at high concentrations (500 and
100F) for T7 stGFP-SBD. The potential reason for this could be that extremely high
expression was achieved with the PlacT7 promoter. Since stGFP-SBD is derived from
rPhaZs that are considered highly insoluble with a high level of hydrophobic amino acids
(Martinez-Tobon et al., 2018), it is possible that a portion of proteins remains embedded in
hydrophobic “pockets” without exposure to the hydrophilic environment. Thus, the initial
fluorescence is equal for both proteins (250, 500, and 1000 RFU); however, during
incubation the “hidden” portion is released and interacts with PHB, which results in the
difference in fluorescence emission. Potentially released proteins are interacting with each

other giving the effect of saturation and the plateau in fluorescence emission (saturation

effect).
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Overall, the expression approach for ARA sfGFP-SBD and T7 sfGFP-SBD was
established, while the purification and detection approaches need additional improvements.
Alternatively, expression can be done in T7 Express lysY/Iq, which enables cloning and
expression of toxic genes through“tight control of expression by laclq and of T7 RNA
Polymerase by lysozyme." (Martinez- Tobon et al., 2018). The engineered stGFP-SBD can
also be used to assess the purity of PHB samples. PHB is often associated with its co-polymer
PHBYV. Both proteins designed in this study werePHB specific and did not bind PHBV or
PLA (Fig. 6.6).

Even though PHB is often defined as brittle, stiff, its usage in biomedical productions
is undeniable. The addition of copolymers does not cause significant change in the immune
response in patients, but the quality of material is improved. Thus, PHB is often packed with
other copolymers such as PHBV, or PHV (Valappil et al., 2006). For this mixture, knowing
its level of purity is important to establish biodegradation protocol. There have been
intensive efforts to design recombinant PHB degrading enzymes (Martinez- Tobon et al.,
2018), and depending on the material content (PHB, PHV and PHBV percentage), additional
degradation protocols must be evaluated. To establish that approach, the need to identify
PHYV and PHBYV specific degrading enzymes, and after confirming PHB recognition proof of
concept in this study, the same principle can be applied and design recombinant PHBV and
PHYV degrading enzymes. In the next step, the specific purity detection synthetic modules can
be created to evaluate level of copolymers in the mixture, by simple replacing SBD for PHB
with SBD for PHBV or PHV. In this way, the appropriate disposal procedures can be

established to ensure the efficient and safe removal of biomedical materials .
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Since the SBD is derived from PhaZ that binds crystalline PHB (extracellular PhaZ) (Sudesh
et al., 2010), it is reasonable to expect that this enzyme might not be able to interact with
intracellular amorphous PHB. However, the expression approach is optimized, and the
replacement of SBD can be achieved by using an intracellular PhaZ that recognizes
amorphous structures (Sznajder and Jendrossek, 2011).

In terms of significance, the need to develop novel, accurate, but environmentally
friendly PHB-detection methods in undeniable. The use of toxic solvents, costly materials
and labor-intensive preparation can affect the motivation and interest for extensive PHB-
related research. On the other hand, the level of plastic pollution is rapidly increasing, and
there is strong need to improve production of sustainable materials. Among many available
methods (Godbole., 2016), the only methodology that involves specific PHB binding are NR
(L1 and Wilkins, 2020), NBA (Lazic et al., 2021), and Sudan-black (Godbole, 2016) -based
approaches. However, NR and Sudan black dyes can bind other cellular lipid components,
which might affect the accuracy of results. Having a specific sensor that can bind only PHB
inside or outside the cell is highly beneficial and has potential to be used as an accurate,

precise, and environmentally friendly PHB-detection system.
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Chapter 7

Closing remarks

We are living at a point in history when facing the reality of climate change is
paramount to our survival. The Earth is heating up, and it is inevitable that in a few decades
we might face internal protein denaturation as temperatures regularly exceed 50°C.
Nevertheless, the global population is still growing, and industry continues to rapidly
develop. The emission of greenhouse gases from landfills, industrial facilities and agricultural
fields is not stopping, and in fact, GHG emissions continue to increase year-to-year. There
have been efforts to implement hybrid and electric vehicles, but the technology is expensive,
and the majority of the population cannot afford these luxuries. Some efforts have been made
to reduce usage of plastic bags in grocery stores. However, the economic situation does not
allow everyone to give up plastic materials and less expensive gas-fueled cars.

Methanotrophs are microbes that have the potential to solve many environmental
issues. We must not forget that these organisms are soldiers in the first line of defense against
methane emissions. They inhabit upper parts of soils, preventing release of initial methane
emissions originating from anaerobic methanogens. Without methanotrophs, this planet
would have become uninhabitable a long time ago. On one hand, they can be observed as
natural methane consumers and the only biological methane sink. On the other hand, they are
considered as microbial biofactories, as they are often used to produce a plethora of value-
added compounds. Methanotrophs that grow fast (gammaproteobacterial methanotrophs)
have the potential to be used for production of biofuels, since they are extremely lipid rich.
Another group, alphaproteobacterial methanotrophs can be useful biological platforms for
production of bioplastic precursors (biopolymers). Since the increased amount of methane in

the atmosphere and the accumulation of non-recyclable plastics are two major environmental
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issues that contribute to the climate change, it is reasonable to conclude that
alphaproteobacterial methanotrophs have the potential to help mitigate both issues. Thus, it is
highly beneficial to understand the metabolic pathways that regulate production of
biodegradable polymers from methane in these organisms. Having this accurate metabolic
road map will help in determining the most efficient pathway for biopolymer synthesis.

The molecular tools for manipulation in methanotrophs have been recently reviewed
(Pfam et al., 2022). Significant progress has been made in developing molecular systems and
optimizing genetic engineering of methanotrophs. However, multiple drawbacks prevent
faster progress. The metabolic map of entire cellular pathways will help in understanding the
flux of carbon and nitrogen and determine appropriate target genes for knock-out or
overexpression. It is critically important to understand the fate of reducing equivalents and
metabolic precursors used for specific bioproduction. Instead of labor intensive and time-
consuming experiments, metabolic mapping along with computer simulations (Genome Scale
Metabolic Model-GEM) will be important tools that will facilitate not only engineering, but
also in optimizing feeding strategies.

In this study, genetic engineering was not applied in methanotrophs, rather attempts
were made to identify optimal nutrient conditions that will promote production of biopolymer
(PHB) without affecting biomass production. This work was dedicated to solving the effect of
carbon and nitrogen source on cellular physiology, and my hope is that data generated in this
thesis will be of use in future GEM construction for the model organism Methylocystis sp.
Rockwell. Methanol has been established as a PHB production trigger; it is clear that the
combination of methane/methanol has potential to improve PHB synthesis in many
alphaproteobacterial methanotrophs. The optimal nitrogen concentration and N:C value was
also established, and it is ten times lower than the standard concentration that has been used

to grow methanotrophs for decades. Next steps in the field include further investigations of
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optimal methane:methanol ratios and testing growth in continuous bioreactors. In addition,

proteomic analysis should be done to complete the metabolic map, implement data in a GEM,
and determine the physiological basis for how methanol affects PHB production. Overall, the
long-term goal for generations to come (including myself), we will have a sustainable system

that operates on single-carbon substrates (Fig. 7.1).
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Figure 7.1. Methanotrophs as a sustainable platform for production of PHB. The methane-
emitting landfill digestor is linked to the bioreactor. The bioreactor contains
alphaproteobacterial methanotrophs and engineered heterotrophs. In the first scenario,
methanotrophs are growing on methane and excrete metabolic products (glycerol, formate,
acetate). They are co-cultured with engineered heterotrophs, modified to use excreted
compounds and create PHB. Remaining methanotrophic biomass can be used for production
of SCP, other products, or growth media. In the second scenario, methanotrophs would grow
only on methane until they reach enough biomass, after which they are “stressed” with

methanol to stimulate PHB production.
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In addition to optimization, each production must have an efficient approach to detect
and quantify the target molecule of interest. In this work, novel methodologies were
developed - Single Cell Approach for precise and environmentally friendly in vivo, direct
PHB detection, and in vitro methodology for PHB purity evaluation. The accuracy and
precision of in vivo methodology was confirmed, and it the hope exists that this will become
a common approach in most of the research facilities worldwide. One potential drawback
must be noticed, and refers to the ability to detect PHB amount >30%. The methodology was
applied in oxygen — limiting conditions (Lazic et al., 2022, Chapter 5), where M. sp.
Rockwell produces28% in methane-N2 (NoN) conditions. In Chapter 4 where oxygen was
not limiting, it was clear that this organism can produce up to 70% dw/L PHB. Thus, the dye
saturation might occur. Nevertheless, it remains to be tested whether this approach can be
efficient with organisms that produce PHB in higher amounts (>30% dw/L). In terms of in
vitro PHB detection, this approach represents preliminary study showing (i) the possibility to
create polymer purity detection system and (ii) the ability to improve production and
purification of recombinant proteins involved in biopolymer detection.

To aim high and achieve long-term goals, small steps must be made. Each of these
steps might be too small for direct implementation, but for the future of this planet, these
steps are important. It might not be obvious at the moment, but in a few years, maybe decades
or even centuries, my hope is that the work generated here can be implemented in preventing
this world from melting. We need to ensure that we leave this planet in an appropriate

condition for generations to come, as well as for us. Remember, there is no Planet B!
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APPENDIX 1

BIOCHEMICAL

(N(1) + N(8))-acetylspermidine
agmatine

putrescine

spermidine
3-(4-hydroxyphenyl)lactate (HPLA)
3-dehydroshikimate
3-formylindole
4-hydroxyphenylpyruvate
anthranilate

kynurenate

kynurenine
N-acetylphenylalanine
N-acetyltyrosine
N-formylanthranilic acid
N-formylphenylalanine
o-Tyrosine

p-cresol sulfate
phenethylamine
phenylalanine
phenyllactate (PLA)
phenylpyruvate

prephenic acid

tryptamine

tryptophan

tyrosine
2-methylcitrate/homocitrate
5-methylthioadenosine (MTA)
alanine

asparagine

aspartate

diaminopimelate

lysine

methionine

methionine sulfoxide
N2-acetyl N6-methyllysine
N2-acetyllysine
N6,N6,N6-trimethyllysine
N6,N6-dimethyllysine
Né-acetyllysine
N6-formyllysine
N6-methyllysine
N-acetylalanine
N-acetylasparagine
N-acetylaspartate (NAA)
N-acetylmethionine
N-acetylthreonine
N-formylmethionine
pipecolate
S-adenosylhomocysteine (SAH)
S-adenosylmethionine (SAM)
threonine

isoleucine
2,3-dihydroxyisovalerate
2-isopropylmalate
3-methyl-2-oxobutyrate
3-methyl-2-oxovalerate
4-methyl-2-oxopentanoate
alpha-hydroxyisovalerate
beta-hydroxyisovalerate
isovalerylcamitine (C5)
leucine

methylmalonate (MMA)
methylsuccinate
N-acetylisoleucine
N-acetylleucine
N-acetylvaline

valine

2-oxoarginine*
4-guanidinobutanoate
4-hydroxy-2-oxoglutaric acid
4-imidazoleacetate
argininate*

arginine

argininosuccinate

citrulline

dimethylarginine (ADMA + SDMA)

formiminoglutamate
glutamate

glutamate, gamma-methyl ester
glutamine

histidine

histidinol

homoarginine
homocitrulline

imidazole lactate
N-acetylarginine
N-acetylglutamate
N-acetylglutamine
N-acetylhistidine
N-alpha-acetylornithine
N-delta-acetylornithine
N-methylglutamate
ornithine

proline

pyroglutamine*
succinylglutamine
5-oxoproline
cysteine-glutathione disulfide
gamma-glutamylalanine
gamma-glutamyl-alpha-lysine
gamma-glutamyl-epsilon-lysine
gamma-glutamylglutamate
gamma-glutamylglutamine
gamma-glutamylglycine
gamma-glutamylisoleucine*
gamma-glutamylleucine
gamma-glutamylmethionine
gamma-glutamylphenylalanine
gamma-glutamylserine
gamma-glutamylthreonine
gamma-glutamyltryptophan
gamma-glutamyltyrosine
gamma-glutamylvaline
glutathione, oxidized (GSSG)
glutathione, reduced (GSH)
ophthalmate

2-methylserine
allo-threonine

CHs+AMS

0.952
1.142
9.768
0.592
0.791
2218
0.949
0.485
1.38
0.519
0.845
1.149
0.474
1.485
0.757
0.334
0.765
0.941
1.041
0.789
0.399
0.376
0.628
0.632
0.403
0.764
0.538
1.447
0.988
1.54
2.897
0.923
0.944
0.972
1.033
0.44
0.833
1.264
0.717
0.722
1.2
0.581
0.308
1115
0.59
0.917
0.538
0.508
2.334
0.666
0.973
0.808
0.829
0.768
0.576
0.421
0.556
0.541
0.943
0.929
0.73
1.453
3.022
0.306
0.291
0.532
0.572
0.925
0.83
1.033
0.97
1.183
0.46
1.187
0.723
1.222
1.392
2,511
3.004
1.03
0.634
0.71
0.921
1.511
0.433
0.378
2.205
0.978
0.22
1.324
1.254
0.428
0.882
1.01
1.169
0.976
1.096
1.047
1.428
0.603
0.272
0.94
9.549
1.267
1.338
1.101
1.881
0.892
0.506
1.166
0.517
0.851
1.235
2.193
1.375
1.887
1.02
0.983

Scaled Sample Means

CH;OH+AMS

0.735
0.085
1.13
0.556
1.01
0.607
0.398
3.036
0.181
1.089
0.903
0.501
2.347
0.228
2.524
1.594
0.454
0.373
0.782
0.459
1.468
0.332
0.395
0.802
2.804
1.209
0.753
1.06
1.356
0.179
0.495
1.155
1.122
0.916
0.772
1.646
0.473
0.282
1.733
2.834
0.145
0.507
1.54
1.137
1.359
1.409
1.781
0.444
113
0.693
0.671
1.175
1.103
7.256
0.655
1.697
1.462
0.446
0.66
1.045
0.941
0.686
1.14
0.868
0.707
0.555
0.805
0.158
0.248
0.226
0.688
0.329
1.37
0.435
2.537
0.592
0.211
0.423
0.09
0.966
0.998
0.884
0.026
0.491
0.101
0.537
0.728
1.883
0.124
0.566
0.909
2.961
0.144
1.035
0.298
0.032
0.727
0.455
0.639
0.463
3.535
0.706
0.82
0.16
0.27
0.29
0.188
0.095
1.557
0.11
0.019
0.122
0.082
0.027
0.887
0.371
30.138
0.239

CH4+NMS

1.098
0.085
0.298
0.46
0.791
1.006
1.048
1.123
1.001
1.065
1.23
3.169
0.932
1118
1.036
1.087
0.6
1.419
1.089
1.196
0.756
1.924
1.388
1.211
1.097
0.885
1.295
0.93
0.92
1119
1.645
0.807
0.925
0.909
0.683
0.335
1.217
0.946
0.717
0.886
1.089
2.139
0.419
0.689
0.823
0.715
1.197
1.25
0.967
1.286
1121
1.814
1.862
0.69
1.622
0.837
0.926
0.645
0.85
1.126
1.042
1.165
0.388
2.397
2.616
1.784
1.813
1.151
1.387
1.239
1.021
0.999
0.685
1.62
1.037
0.498
1.056
1.57
1.664
1.227
0.988
0.71
1.133
0.406
2.879
1.515
1.091
0.966
1.903
0.882
2.53
0.186
1.061
1.691
1.268
1.013
1.048
1.384
1.423
1.108
0.39
1.216
0.732
2.405
1.589
2.157
0.772
1.871
1.67
2.769
1.713
3.068
1.574
1.776
1.013
0.834
0.907
0.951

CH;OH+NMS

3.61
0.092

0.91
2.461
0.791
0.708
2.073
0.907
0.726
0.919
1.332
0.856
0.474
0.968
0.689
0.836
0.454
1.066
1.016
0.848
1.255
0.332
1.443
1.145
0.864
0.939
1.221
0.822

0.97
0.862
0.295
2.763
1.542
1.455

1.03

4.24
4.821
1.041
0.767
1.082
0.914
0.948
0.308
0.942
0.872
1.078
0.887

9.89

0.91
1.938
1.153
0.953
0.932

1.61

119
1.126
1.211
1.188
3.616

0.98

1.45
0.929
0.986
0.987
1.044
0.956
1.087

1.58
2.154

0.97
3.007
0.351

1.53
1.999
0.969
2.398
0.713

0.56
0.449
0.573

1.94
1.092
7.738
1.183
1.661
5.207
0.325
0.368

3.94
1.424
0.587
1.693
1.408
0.644
0.836
0.038
0.424
0.957
0.176
1171
1.794
0.883
0.491
0.715

0.68

0.92
1.278
1.059
0.609
0.849

1.52
1.124
0.742

032
0.566
1212
0.475
2.565

F
63.77270062

3958.754702

401.7907491
1297655339
184.2362314

10.78292829
53.02575266

245.5924243
2296397453
191.984024

58.27239857
6.337781401
24.20600898
4.694375946

137.9696025
26.69870341
175.4138502
1.805652223
242.6619682
38.61645164
9.251696253

679.281655
193.0979227
342.0880344
21.26561035

17.6766036
72.86275267

273.519943
295.2179422
509.8673342

28.15409456
533.5337957

13.87301929
3.077824897
13.80546093
16.91903261
147.9861525
21.65793251
51.82413294
21.98915175
49.83684979
89.47426212
29.87335209
45.78683562
5.660689811
2.725323611

0.94042466
44.82405295
5.860539465
767.8979774
56.64247349
95.31636359

78.59395936
322.8643249
175.6037075
277.4880384
70.81696269

216.2001122
5.692696144
104.0624733
7497294381
129.7042315

1099.62188
119.1515411
55.39800332
76.60165063

794.8208913

820.517042
419.0289712
1639.947192
42.82868623
1271.367848
53.98645549
13.93397103
4253334514
783.4516363
165.5893488
97.88788846

128.4663149
37.75124446
3154771792

102.7220203

381.2189293
604.3069439
268.2120486
183.1938114
352.8673676
182.2252555
442.1313176
282.2491696

1862.86307

551.435099
196.5899549
23.93416833

109.3501501
935.6929542
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num_df

P WL LWL LWL LLL L LLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLELLLLLLLLLLLLLLLLLWLLLLLLWLLWLWLLLLLWLLLLLWLWLWWLWLLL®LWWWLWLWW LW

p q
3.24E-05

2.93E-10

1.63E-06
0.004598
8.46E-06

0.007158
9.91E-05

8.35E-07
0.00212
8.68E-06

4.22E-05
0.023721
0.001753
0.045785

3.76E-06
0.000553
2.65E-06
0.238657
1.69E-06
0.000146
0.010944
3.85E-08

3.5E-06
2.52E-07
0.001148
0.001485
3.88E-05
6.28E-07
4.12E-07
4.77E-08

0.000459
1.54E-07

0.003524
0.106309
0.003367
0.001989
4.57E-06
0.001169
0.000314

0.00137
9.19E-05
1.86E-05
0.000478
0.000202
0.030501
0.129758

0.478004
0.000112
0.032328
4.26E-08
5.26E-05
1.18E-05

6.32E-05
4.04E-07
3.05E-06
2.45E-07
5.84E-05

5.06E-06
0.031886
1.35E-05
2.17E-05
5.2E-06
1.9E-08
4.03E-05
6.62E-05
3.5E-05

3.8E-07

2.44E-08
8.72E-07
5.63E-09
0.000139
1.05E-08
0.000246
0.004124

2E-07
2.29E-07
3.63E-06
1.75E-05

5.31E-06
0.000153
2.87E-06

5.65E-05

5.68E-07
4.44E-08
1.03E-06
4.03E-06
2.53E-06
2.67E-06
3.39E-07
5.29E-06
2.73E-08
6.94E-07
8.71E-06
0.001322

1.04E-05
2.71E-07

0

0

0
0.006
0
0.009
0

0
0.003
0

0
0.027
0.002

0.05
0.001

0.25

0
0.013
0

0.002
0.002

coco

0.001
0

0.005
0.114
0.004
0.003

0.002
0.001
0.002
0
0
0.001
0

0.034
0.138

CHy

AMS-NMS

0.8002
0
0
0.9911
1

0
0.2926
0.3037
0.6502
0.0172
0.0068

0

0.0006
0.0018
0.6086

0
0.7606
0.0002
0.8824
0.0605
0.7236

0

0
0.0001
0.0055
0.9063

0

0
0.6794
0

0
0.2497
0.995
0.89
0.0144
0.7996
0.0146

0.0007
0.9758
0.0288
0.0058
0.8918
0.0094
0.0003
0.0072

0.0748
0.0098

0.7828
0.0014

0
0.9998
0

0.0018

0.002
0.0866
0.1341

0.5939
0.9986
0.9372
0.0153
0.9999
0.0092
09112
0.0351

0.002

coocoo

0.0002
0.0187
0.0643
0.1095
0.9995

0.965

AMS-NMS

0.9976
0.0561

0.006
0.0517
0.8795

0
0.0003
0.3674
0.6908
0.0031
0.1677

CH4-CH;0H

0.5538
0
0
0.9998
0.0517

0.0132
0.0132
0.9257
0.0072
0
0
0

0
0.2943
0

0.0091
0.1477
0.0364
0.9563
0.012
0.2069
0
0.116
0.0035
0.0003
0.0003
0

0
0.0092
0.183
0.9168
0.0737
0
0.0215
0

0.0004
0

0
0.8662

0
0.9943
0.0617
0.0795

0
0.997

0
0.994
0.0004
0.0027
0.0603
0
0.8905
0.0042
0.052
0.8502
0.0801
0.914
0.0587
0.0017
0
0.0134
0.0178
0.9864
0.0786

0
0.0002
0

0.1588
0
0
0.6213
0

0.0011
0

0

0
0.8093
0.0081
0.198
0.0087
0.0027
0.0004
0.4957

0.0001
0.3984

0
0.5782
0

0
0.9702
0
0.0102
0.004
0.0002
0.7033

0
0.0818

cococococoo

0.0003

0
0
0.0115
0.0164
0
0

CH4-CH;0H

0
0.9976
0
0.0042
1
0.1849

0
0.9233
0.8274
0.7755
0.7065

0
0.0006
0.2382
0.4389
0.0675
0.8173
0.0029
0.6959
0.1213
0.4832

0
0.8102
0.8422
0.5106
0.9902
0.4407
0.3794
0.8355
0.0001

0

0

0
0.0002
0.0154

0

0
0.1034
0.9914
0.7062
0.0045

0

0.4562
0.0526
0.9978
0.2457
0.2684

0

0.9794
0.0003
0.9258

0

0
0.3462
0.01
0.7565
0.7931
0.003
0
0.8457
0.0006
0.4587

Tukey's Honestly Significant Different post hoc test - p values
S CH:;OH:NMS

CHsAMS

CH;0H:AMS

CH4NMS

0.1637
1
0
0.9965
0.0517
0.0548

0
0.0007
0.1016
0.9987
0.0199



cystine
glycine

N-acetylglycine

N-acetylserine

serine

sulfate*

taurine

adenosine-5'-diphosphoglucose
deoxythymidine diphosphate-l-thamnose
erythronate*

N-acetyl-glucosamine 1-phosphate

N i

N-acetylmuramate
ribonate (ribonolactone)
ribulose/xylulose

UDP-galactose

UDP-glucose

UDP-glucuronate
UDP-N-acetylglucosamine/galactosamine
3-phosphoglycerate
dihydroxyacetone phosphate (DHAP)
sedoheptulose-7-phosphate
glucose

glucose 6-phosphate

lactate

phosphoenolpyruvate (PEP)
pyruvate

glycerate

3-deoxyoctulosonate

fructose

gluconate

mannitol/sorbitol

aconitate [cis or trans]
alpha-ketoglutarate

citrate

fumarate

malate

maleate

succinate

threonate

pantothenate (Vitamin BS)

pterin

adenosine 5'-diphosphoribose (ADP-ribo
NAD+

nicotinamide

nicotinamide ribonucleotide (NMN)
nicotinamide riboside

nicotinate

nicotinate ribonucleoside

nicotinic acid mononucleotide (NaMN)
acetylphosphate
methylphosphate

phosphate

FAD

FMN

thiamin monophosphate

pyridoxal phosphate
pyridoxamine

pyridoxamine phosphate
pyridoxate

indole-3-carboxylate
2-dimethylaminoethanol

choline

diethanolamine

phosphocholine

palmitamide (16:0)

palmitoleoy! ethanolamide*
palmitoyl ethanolamide

myristoyl sulfate

(14 or 15)-methylpalmitate (a17:0 or i17:0
ethylmalonate
2-aminoheptanoate
2-aminooctanoate
N,N,N-trimethyl-5-aminovalerate
adipate

azelate (nonanedioate; C9)
dodecanedioate (C12)
dodecenedioate (C12:1-DC)*
glutarate (C5-DC)

malonate

pimelate (C7-DC)

sebacate (C10-DC)

suberate (C8-DC)

undecanedioate (C11-DC)
undecenedioate (C11:1-DCY*
2,3-dihydroxy-2-methylbutyrate
2 2. i

2-hydroxyglutarate
2-hydroxyheptanoate*
2-hydroxymyristate
2-hydroxyoctanoate
2-hydroxysebacate
2R,3R-dihydroxybutyrate
28,3R-dihydroxybutyrate
3-hydroxybutyrate (BHBA)
3-hydroxydecanoate
3-hydroxydodecanedioate*
3-hydroxyhexanoate
3-hydroxylaurate
3-hydroxymyristate
3-hydroxyoctanoate
3-hydroxyoleate*
3-hydroxypalmitate
8-hydroxyoctanoate
alpha-hydroxycaproate

(12 or 13)-methylmyristate (a1 5:0 or i15:
(16 or 17)-methylstearate (al9:0 or 19:0)
10-undecenoate (11:1n1)
2-nonenoate (9: 1n7)
5-dodecenoate (12:1n7)
arachidate (20:0)

caprate (10:0)

caproate (6:0)

caprylate (8:0)

cicosenoate (20:1n9 or Inl1)
erucate (22:1n9)

heptanoate (7:0)

laurate (12:0)

linoleate (18:2n6)

linolenate (18:3n3 or 3n6)
margarate (17:0)

myristate (14:0)

myristoleate (14:1n5)

0.143
0.881
0.654
0.793
0.328
1.253
0.418
1.204

1.87
1.253
2.283
1.687
1.531
0.768
1.067
0.651
0.711
1.007
0.652
1.495
0.961
1.447
0.932
1.579
1.123

1.59
2.024
0.991

0.89

1.16
0.598
0.746
0.895
3.345
0.844
1.058
1.034

1.35
1.092

2.425
1.5
2.308
1.079
1.278
0.91
2.084
0.964
1.847
3.11
1.061
0.775
1.051
1.269
0.939
3.261
1.831
1.086
1.444
1.869
2.364
1.154
1.043
0.634
0.116
0.771
0.673
0.567
0.566
1.028
4.808
2.182
1.767
0.939
1.181
1.394
0.729
2.573
1.118
1.048
1.386
1.64
1.296
2.123
1.583
1.211
1.091
1.023
1.979
0.144
1.525
1.41
0.484
0.131
1.69
0.687
1.478
0.772
0.689
0.576
0.917
0.732
0.499
1.114
1.392
0.984

0.752
1.945
0.647
1.172
1.017
0.734
0.719
1.195
0.925

0.93
0.709
1.255

1.17
1.178
1.066
0.365

1.065
0.157
0.646
5.15
2.78
0.674
0.418
0.506
0.199
0.662
0.376
0.941
1.252
0.724
0.854
1.094
1.129
0.661
0.045
0.078
0.618
0.454
1.247
0.227
1.141
0.127
0.29
0.096
0.854
0.283
0.598
0.817
1.367
0.474
0.685
0.238
0.226
0.221
0.148
0.92
0.843
0.494
0.414
0.921
0.171
0.482
0.396
0.226
0.177
2.047
0.95
0.075
0.541
0.632
0.984
0.401
0.087
0.472
0.38
0.188
0.085
0.744
0.807
10.442
0.059
1.195
0.478
1.283
0.993
0.366
0.192
0.216
0.248
0.734
0.271
0.277
0.664
0.134
0.267
0.521
0.35
0.174
0.326
0.216
0.112
0.705
0.465
0.331
0.134
0.704
0.113
0.171
0.283
1.534
0.426
1.622
0.424
3.796
1.514
1.594
1.193
1.755
1.811
0.824
0.421
0.471
0.214
0.7
0.121
4.812
0.655
1.515
3.669
1.522
0.581
0.622
1.14
1.19
0.735
0.771
0.465
0.811
2.456

0.81
1.175
1.065
0.906
0.453
1.089
1.519

0.77

1.62
1.232
1.737
1.073

0.84
1212
0.901
0.956
0.986
0.776
1.497
1.539
1.069

0.909
1.27
1.24
1.56

1.354

1.198
0.91

1.182

0.928

0.802

1.374

1.533

1.164

1.188

1.157

1.279

1.721
0.96

1.139

1.061

0.808

0.921

0.906

1.967

0.421

1.036

0.142

0.291

1.036

1.318

1.016

0.918

1.057

0.996

1.128

1.502
0.91

2.163

1.321

0.453

0.966

1.991

2.002

0.891

1.032
0.91

1.036

0.954

1.131
1.27

1.216

0.757

0.941

1.128

1.051

0.957
1.032

112
1127
1.218
1.283
1.521
0.668
0.602
1.565
1.121
0.178
1.044
0.943
2.162
0.518
0.528
0.827
0.995
0.881
0.513
0.531
0.905
0.769
0.471
0.784
0.646
1.012
0.988

1.44
1.353
0.782
0.885
0.874
0.846
0.979
0.853
0.955

1.35

0.92
0.683
0.605
0.881
0.783

0.55

3.127
1.372
1.139
0.982
1.542
1.083
0.475
0.989
0.458
0.732
0.366
0.712
0.788
0.724
1.015
1.54
1.637
1.252
1.037
0.952
1.138
0.927
1.674
0.801
1.34
1.152
0.736
0.945
0.854
0.466
0.598
1.29
0.809
0.653
1.642
0.939
0.993
0.954
0.864
0.92
0.671
0.979
0.491
0.921
1.085
0.586
1.131
2.126
0.142
0.159
0.948
1.271
1.048
1.02
0.94
0.462
0.884
0.945
1.145
0.136
0.744
1.077
1.308
0.604
3.871
1.054
0.934
1.22
1.889
15.321
0.477
0.788
0.818
0.661

0.901
2.172
0.575
1.179
1.135

0.99
0.924
0.944
0.822
0.587

0.64
1115
0.406
0.954
2.746
0.984
1.035
1.467
1.108
3.009
1.053
0.992
0.904
1.303

439
0.984
4.036
6.146
0.931
0.943
8.612
5.593
1.525
0.693
1.035
2.417
0.872
1.052
0.972
2.496
2.773
0.846

2.617
2771

2.68
2.474
1.506

148.1226257
612.4018767
3.77640227
157.2498709
842.979746
5.946312709

335.3685355
46.50294041
130.7233685
39.04964666
16.32457257

68.22683843
63.86576238

22.83260187
33.42376066
4.498273745
83.31320191
0.070904123
54.25302016
331.8923158
338.4494353

2.350925926
129.4304622
16.564459
336.5441506
348.779364
97.84167394
392.2151589

1145.215907
40.5894365

811.7663206

181.5686678
1004.76878

188.2277966
0.395972815
399.7024902
53.00587102
15.89486624
0.504826366

180.7722085
121.5456822
100.2904419
387.0281553
419.6388396
65.13168024
76.27943585
0.964236318
392.3480512
17.44929151

0.90759363
37.92398964
12.08181386
12.98620487
269.0420271

147.989989
9221563159

60.39410414
96.53029788
20.84093455
35.44052554
106.0791125
20.13337667
41.06170733
133.5381304
45.45502061
115.1042945

286.241446

188.1129705

236.9051617
94.83693821
363.4779759
38.19158843
132.1487353
15.04954134
32.35654451
9.553250887
32.91863045
67.48132869
1.194583034

6.80112685
15.17701297
0.833430272

12.75899451

23.0616606
11.59507551
227.2141752
25.79029448
7.827040278

6.81803015

11.7882902
10.73838309

5.22261219
4.128000369
2.000693296
4.384479606
7.576956929
8.261991475
8.641658479
6.124641258
71.37267888

197

2.63E-05
1.09E-07
0.074259
2.03E-06
1.42E-07
0.027863

3.23E-07
0.000121
8.64E-06
0.000167
0.002612

3.52E-05
3.43E-05

0.000974
0.000646
0.053887
2.38E-05

0.97347
0.000293

1.8E-07
2.89E-06

0.167963
6.71E-06
0.002003
1.57E-07

1.4E-07
1.95E-05
1.34E-06

7.35E-08
0.000149

9.26E-08

9.51E-07
5.12E-09

2.18E-06
0.760839
1.54E-06
6.26E-05
0.004442
0.694088

9.57E-06
4.59E-06
8.89E-06
1.57E-06
2.03E-07

6.2E-05
2.88E-05
0.469353

3.1E-07
0.001691
0.488826
0.000392
0.006157
0.004297
1.27E-06
3.17E-06
1.75E-05

4.39E-05
2.85E-05
0.001442
0.000568
7.64E-06
0.001139
0.000132
6.59E-06

0.00016
1.12E-05
4.43E-07

2.12E-06

6.99E-07
2.06E-05
1.24E-07
0.000155
1.31E-05
0.003614
0.000371
0.011121
0.000276
0.000104
0.397619

0.02261
0.004331
0.523021

0.004227
0.001295
0.006064
1.36E-06
0.000624
0.014925
0.020101
0.005348
0.006404
0.038327
0.062063
0.218759
0.053939
0.018774
0.017557
0.011617
0.031852

2.4E-05

0

0.08

0.032

0.769

0.006
0.71

cocoo

0.005
0.001
0.013

0.414
0.026
0.006
0.537

0.005
0.002
0.008

0.001
0.018
0.023
0.007
0.008
0.042
0.067

0.23
0.059
0.022
0.021
0.014
0.036

0.1149
0

0.1224
0.1258
0.0081
0.0055
0.8063
0.9998
0.0603
0.0052

0.114
0.0015
0.0007

0
0.4605

0.0191
0.7359
0.0015
0.9772
0.2719
0
0
1
0.7468

1
0.6302
0.2361
0.4948

0

0
0
0.0174
0

1
0.0328
0.0084
0.9232

1

0
0.8277

0

0
0.7254
0

0
0.0023
0.982
0.9539
0

1
0
0.3106
0
0.0002
0

0.0035
0.9636
0

0.3371
0.0001
0.0001
0

0
0.743
0.6466
0.0693
0.3019
0.0069
0.9969
0.8701

0
0.0066
0.6451

0.009
0.0084
0.6088
0.2276
0.0001
0.0151
0.0001
0.0027
0.4226

0

0.5146
0

0.9035
0.0998
1

0.0009
0
0
0

1
0.8452
0.8912
0.9263
0.9354
0.5078
0.8927
0.0197
0.1299

0
0.0149
0
0.0028
0

0
0.9888
0

0.255
0.9943
0.0146
0.0387
0.0001

0.003
0.0009
0.0759
0.9095
0.5625
0.0126
0.0172
0.0173
0.1762

0.76
0.6326
0.1578
0.0164

0.011

0
0.9666
0.5841
0
0.4376
0

0.7715
0.7397

0
0.0022
0

0.4318
1
0.9999
0.0003
0

0.91
0.0011
0.0002
0.9191
0.2427
0.0002
0.0005
0.9545
0
0.9039
0.0007
1
0.9407
0.9999
0.0082
0.0044
0.1927
0.7685
0.001
0.0007
0.0047
0.0009
0.0033

0
0
0.1224
0.5908
0

0.7469
0.1258
0.3277

0
0.0001
0

0
0.0001
0.5288
0.8539

0

0
0.0052

0

0.784
0.0437
0.0104

0.325
0.0001
0.9707
0.8448

0
0.8719
0.8679
0.0112

1
0.5254
0.9892

0
0.0003
0.0261
0.6679
0.2651

0.144

0.296
0

0.2057
0

0.1153

0.1808

0.394
0.0118
0

0.8874
0.4413

0.442
0.2364

0.1053

0
0.0002
0.8475

0.997
0.0821
0

0
0.6451
0.0016
0.0084
1

1

0
0.0152
0

0
0.0012
0

0.5146
0.0006
0.0026
0.0345
1
0

0
0.9848
0
0.7254
0

0.8985
0
0
0.0081
0.9703
0.0099
0

0
0
0

0
0.0199
0.008
0.2761
0
0.0148
0.5167
0.004
0.9986
0.993
0.0001
0
0.0001
0.9985
0

0
0.619
0.0016
0.0001
0.0017
0.0001
0

0.9235
0.9851

0
0.2109
0

0.842
0.0007

0
0.0028
0.1286
0.4272
0.4836

0.998
0.464
0.9706
0.77
0.0037

0.8441
0.0007
0

0.0022
0.9086
0.8534
0.8069
0.1846
0.9989
0.9731
0.7527
0.9997



nonadecanoate (19:0)
oleatefvaccenate (18:1)
palmitate (16:0)
palmitoleate (16:1n7)
pelargonate (9:0)
pentadecanoate (15:0)
stearate (18:0)
glycerol
I-linoleoyl-GPC (18:2)
L-oleoyl-GPC (18:1)
L-oleoyl-GPE (18:1)
L-oleoyl-GPG (18:1)*
1-palmitoleoyl-GPC* (16:1)*
1-palmitoyl-GPC (16:0)
1-palmitoyl-GPG (16:0)*
L-stearoyl-GPC (18:0)
L-stearoyl-GPG (18:0)
2-palmitoleoyl-GPC* (16:1)*
glycerol 3-phosphate
glycerophosphocthanolamine
glycerophosphoglycerol
glycerophosphorylcholine (GPC)
glycerophosphoserine*
1,2-dioleoyl-GPC (18:1/18:1)
1,2-dioleoyl-GPE (18:1/18:1)
1,2-dioleoyl-GPG (18:1/18:1)

i1

1,2-dipalmitoleoyl-GPG (16:1/16:1)*
1,2-dipalmitoyl-GPE (16:0/16:0)*
1-palmitoleoyl-2-olcoyl-GPC (16:1/18:1)
1-palmitoleoyl-2-olcoyl-GPE (16:1/18:1)
1-palmitoyl-2-alpha-linolenoyl-GPC (16:
1-palmitoyl-2-linoleoyl-GPC (16:0/18:2)
1-palmitoyl-2-oleoyl-GPC (16:0/18:1)
1-palmitoyl-2-oleoyl-GPE (16:0/18:1)
1-palmitoyl-2-oleoyl-GPG (16:0/18:1)
1-palmitoyl-2-palmitoleoyl-GPC (16:0/16
L-stearoyl-2-oleoyl-GPC (18:0/18:1)
palmitoy! sphingomyelin (d18:1/16:0)
phytosphingosine

sphinganine

cholesterol

2-AMP

2'deoxyadenosine

2'deoxyadenosine 5'-monophosphate
2'deoxyguanosine

2"deoxyguanosine S-monophosphate (d
2'deoxyinosine

3-AMP

5-GMP

7-methylguanine

adenine

adenosine

adenosine-23cyclic monophosphate

guanine
guanosine

guanosine-2',3'-cyclic monophosphate
hypoxanthine

inosine

urate

xanthosine

2-deoxycytidine

2deoxyuridine
5,6-dihydrouridine

CcMP

cytidine

cytidine 2, 3"cyclic monophosphate
cytidine diphosphate

cytosine

dCcmP

dihydroorotate
hydroxymethylpyrimidine
orotate

pseudouridine

thymidine

thymine

T™MP

UMP

uracil

uridine

uridine 3-monophosphate (3'-UMP)
uridine 5*-diphosphate (UDP)
uridine-2' 3'-cyclic monophosphate
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ABSTRACT Methanotrophs use methane as their sole carbon and energy source and
represent an attractive platform for converting single-carbon feedstocks into value-
added compounds. Optimizing these species for biotechnological applications involves
choosing an optimal growth substrate based on an understanding of cellular responses
to different nutrients. Although many studies of methanotrophs have examined growth
rate, yield, and central carbon flux in cultures grown with different carbon and nitrogen
sources, few studies have examined more global cellular responses to different media.
Here, we evaluated global transcriptomic and metabolomic profiles of Methylomicrobium
album BG8 when grown with methane or methanol as the carbon source and nitrate or
ammonium as the nitrogen source. We identified five key physiological changes during
growth on methanol: M. album BG8 cultures upregulated transcripts for the Entner-
Doudoroff and pentose phosphate pathways for sugar catabolism, produced more
ribosomes, remodeled the phospholipid membrane, activated various stress response
systems, and upregulated glutathione-dependent formaldehyde detoxification. When
using ammonium, M. album BG8 upregulated hydroxylamine dehydrogenase (haoAB)
and overall central metabolic activity, whereas when using nitrate, cultures upregulated
genes for nitrate assimilation and conversion. Overall, we identified several nutrient
source-specific responses that could provide a valuable basis for future research on the
biotechnological optimization of these species.

IMPORTANCE Methanotrophs are gaining increasing interest for their biotechnological
potential to convert single-carbon compounds into value-added products such as
industrial chemicals, fuels, and bioplastics. Optimizing these species for biotechno-
logical applications requires a detailed understanding of how cellular activity and
metabolism vary across different growth substrates. Although each of the two most
commonly used carbon sources (methane or methanol) and nitrogen sources (am-
monium or nitrate) in methanotroph growth media have well-described advantages

and disadvantages in an industrial context, their effects on global cellular activity
remain poorly characterized. Here, we comprehensively describe the transcriptomic
and metabolomic changes that characterize the growth of an industrially promising
methanotroph strain on multiple combinations of carbon and nitrogen sources. Our
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results represent a more holistic evaluation of cellular activity than previous studies
of core metabolic pathways and provide a valuable basis for the future biotechno-
logical optimization of these species.

KEYWORDS methanotroph, methane, methanol, Methylomicrobium album BG8, nitrate,
ammonium, transcriptome, metabolome

ethanotrophs are a taxonomically diverse group of bacteria capable of using
methane (CH4) and other one-carbon molecules as their sole source of energy
and carbon (1). All aerobic methanotrophs share the same initial steps of their meth-
ane utilization pathway: methane is oxidized to methanol by methane monooxygenase
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(MMO), and methanol is then converted to formaldehyde by methanol dehydrogenase
(MDH) (1). The metabolic pathways downstream from formaldehyde vary among species
and growth conditions: formaldehyde can be incorporated into cell biomass via either
the serine cycle in alphaproteobacterial methanotrophs or the ribulose monophosphate
(RuMP) cycle in gammaproteobacterial methanotrophs, or else formaldehyde is further
oxidized to formate using either the tetrahydromethanopterin pathway or formaldehyde
dehydrogenase (2). Formate is then oxidized to CO; by formate dehydrogenase. In gam-
maproteobacterial methanotrophs, the RUMP pathway feeds fructose-6-phosphate into
the Embden-Meyerhof-Parnas (EMP), Entner-Doudoroff (ED), or pentose phosphate (PP)
pathways (2), the last of which can be divided into oxidative (NADPH-generating) and
nonoxidative (carbon-rearranging) phases.

Although methane is considered the primary carbon substrate for methanotrophs,
many culture-based studies addressing the biotechnological applications of these spe-
cies have explored the use of alternative growth substrates such as methanol (3-6). In
some cases, alternative carbon sources may be desirable because they are cost-effi-
cient, easier to upscale, or the target of bioremediation programs (7). Alternative
growth sources may also affect growth rates or increase the yield of value-added com-
pounds, which are the target of ongoing bioindustrial research (4, 8). Methanol has
been one of the most widely studied carbon sources aside from methane because it is
easier to use in continuous-culture systems (9), can be inexpensively synthesized from
CO; or CH4 (10), and avoids gas-liquid mass transfer issues associated with insoluble
gases such as methane (11).

Many alphaproteobacterial methanotrophs exhibit a longer lag phase, lower
growth rate, and lower final yield when grown on methanol, but several gammapro-
teobacterial methanotrophs exhibit robust growth on this substrate (3, 12, 13).
Previous studies of gammaproteobacterial growth in methanol have focused largely on
growth rate, yield, or flux through central carbon pathways (3, 5, 6, 14-16). For
example, both Methylotuvimicrobium alcaliphilum 20Z and Methylomonas sp. DH-1
were shown to upregulate the EMP pathway during growth on methanol (5, 17),
whereas Methylotuvimicrobium buryatense 5GB1 favored the ED pathway, which
appears to be essential to this species (18), along with an incomplete tricarboxylic acid
(TCA) cycle (6). Because most of the electrons required by MMO are provided by the
MDH cofactor pyrroloquinoline-quinone (PQQ) (11), growth on methanol has been
proposed to free MDH-derived electrons for use in ATP production, although this hy-
pothesis has not been widely tested outside of M. buryatense 5GB1 (6). Although these
targeted carbon flux studies are valuable, there is limited information on cellular
responses and adaptations of methanotrophs to growth on methanol outside of
changes in their central carbon pathways.

Nitrogen source is another important consideration for the growth of methanotrophs,
as it also has the potential to influence growth rate and other aspects of cellular physiol-
ogy. Methanotrophs possess a diverse suite of genes for importing and metabolizing
nitrogen, and some are capable of nitrification or denitrification activities (19-21).
Ammonium may be a more bioenergetically favorable nitrogen source because it can be
directly incorporated into cell biomass, but it can also be oxidized by MMO, competi-
tively inhibiting methane oxidation and causing the formation of toxic intermediates like
hydroxylamine (22). Because of competitive inhibition by ammonium, nitrate has been
used in the typical growth medium for culture-based studies of methanotrophs (3), even
though some species grow better on ammonium and are able to detoxify hydroxylamine
(3, 22, 23).

Recent studies of methanotrophic growth have begun to identify strain-specific
preferences based on different combinations of carbon-nitrogen sources that also
affect metabolite pools (3-5, 13, 23). These studies have also shown that the effects of
methanol toxicity exceed the effects of nitrogen source for cultures grown on meth-
ane. In this study, we used global transcriptomic and metabolomic analyses to holisti-
cally evaluate the metabolism and physiology of M. album BG8 grown with different
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FIG 1 Growth curves for Methylomicrobium album BG8 under different medium conditions. Growth was
measured as the optical density at 540 nm (OD540) of cultures of M. album BG8. Cultures were provided with either
methane or methanol as the carbon source and either ammonium (AMS) or nitrate (NMS) as the nitrogen
source. Arrows indicate when cultures were harvested for transcriptomic (red) or metabolomic (blue) analysis.

combinations of carbon-nitrogen sources. M. album BG8 was recently classified into a
separate genus from M. buryatense and M. alcaliphilum (24), grows to its highest optical
density on methanol rather than methane (3), and prefers growth on nitrate rather
than ammonium (3, 23). We first evaluated the strategies adopted by M. album BG8 to
maintain equal growth rates in either methane or methanol, and we assessed whether
these strategies differ depending on whether the culture is provided with nitrate or
ammonium. To determine if methanol alters nitrogen source preference, we addition-
ally compared the nitrogen source response in methanol to the nitrogen source
response in methane. Our results provide quantitative information on how M. album
BG8 responds to different nutrient environments; this information can be used in ge-
nome-scale metabolic models and other biotechnological frameworks designed to
optimize cultivation strategies for commercial scale-up and to direct metabolism to-
ward the production of value-added compounds.

RESULTS

We harvested M. album BG8 cultures grown under four different growth conditions
derived from the combinations of two carbon sources (methane or methanol) and two
nitrogen sources (ammonium or nitrate). All cultures exhibited similar growth rates and
yields, regardless of the carbon-nitrogen source combination (Fig. 1). Transcriptome
sequencing (RNA-seq) analysis from the cultures yielded 176,337,841 reads across 12
samples (triplicate samples of each carbon-nitrogen combination), representing 3,772 of
the 3,794 annotated sequences in the published M. album BG8 genome (see Table S1in
the supplemental material). Of these genes, 567 transcripts comprising 7.81% of all reads
were not annotated in the Clusters of Orthologous Groups (COG) database, leaving

3,205 meaningfully classified genes that were used for downstream overrepresentation
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FIG 2 Principal-component analysis. Principal-component analysis was performed on natural log-transformed
transcript RPKM (reads per kilobase per million) values (a) and on natural log-transformed median-scaled
metabolite abundances (b). Ellipses indicate 95% confidence intervals.

analyses. Genes for particulate methane monooxygenase (pmoCAB) were among the
most abundant transcripts regardless of carbon or nitrogen source. Metabolome analysis
yielded 341 metabolites across 16 samples (quadruplicate samples of each carbon-nitro-
gen combination) (Table S2). There were no significant differences in transcript detection
among treatments, but significantly fewer metabolites were detected in the methanol-
ammonium cultures (Fig. S1). Both supervised and unsupervised clustering approaches
confirmed that the treatments exhibited distinct transcriptome and metabolome profiles
that were largely consistent among biological replicates (Fig. 2; Fig. S2).

Carbon source effects when using nitrate. To determine how M. album BG8 main-
tains equivalent growth in methane and methanol, we first compared transcriptomic
and metabolomic responses between methane and methanol when cultures were
grown using nitrate. In total, 257 genes were significantly differentially expressed
between treatments (Fig. 3a), and the number of up- and downregulated genes was
equally distributed between methane (n = 128) and methanol (n = 129). Notably, over
50% of the genes upregulated in methanol had no functional annotation (Table S1).
Hypergeometric test-based overrepresentation analysis showed that methanol sam-
ples were enriched only for “translation” (J) (Fig. 3b; Table S3), with almost all ribo-
somal proteins showing moderate to significant upregulation in methanol. The stress
response sigma factor rpoE, carbon storage regulator csrA, and other oxidative stress
response genes were also upregulated in methanol (Table S1). Cells grown on methane
were enriched for “cell motility” (N), “inorganic ion transport” (P), and “secondary
metabolite biosynthesis” (Q) (Fig. 3b; Table S3); representative upregulated genes in
these categories included those encoding flagellar proteins, metal transporters, and
nonribosomal peptide synthases, respectively (Table S1). Genes involved in oxidative
phosphorylation, including those encoding cytochrome ¢ oxidase and NADH ubiqui-
none oxidoreductase, were also consistently more abundant in methane cultures,
though not all these differences were significant (Table S1).

Metabolite production was highly favored in methane cultures versus methanol: of
the 105 differentially abundant metabolites (DAMs) distinguishing methane-nitrate
and methanol-nitrate cultures, 90 DAMs were more abundant in methane (Fig. 3a).
These metabolites were distributed relatively equally among amino acids, carbohy-
drates, and cofactors, although only carbohydrates were significantly overrepresented
(Fig. 3c; Table S4). No metabolite superfamilies or subfamilies were significantly overre-
presented in methanol cultures (Fig. 3c; Tables S4 and S5); the few metabolites that
were significantly more abundant during growth on methanol included select fatty
acids, phospholipids, lyso-phospholipids, aromatic amino acids, and branched-chain
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FIG 3 Transcriptomic and metabolomic responses between methane and methanol. Transcriptomic and metabolomic responses to
methanol are shown for either nitrate (top panels) or ammonium (bottom panels) as a nitrogen source. (a, d) Volcano plots for
differentially expressed genes (DEGs) and differentially abundant metabolites (DAMs) between methane and methanol, using
methane as a reference. Numbers indicate the number of DEGs or DAMs that were upregulated (on right) and downregulated (on
left) when cultures were grown on methanol rather than methane. (b, e) DEGs were categorized based on the Clusters of
Orthologous Groups (COG) database. For each COG, the number of DEGs is expressed as a percentage of the total number of
detected genes in that COG. Significantly overrepresented COGs (P, 0.05) are indicated by asterisks. (c, f) DAMs were similarlycategorized
according to their superfamily classification and expressed as a percentage of the total number of detected metabolites in
that superfamily. Significant overrepresentation (P , 0.05) is indicated by asterisks.

amino acids, as well as histidine and histidinol (Table S2). Several additional phospholi-
pids were more abundant in methanol cultures, but the fold changes between treat-
ments did not meet our significance criterion (Table S2).

The differentially expressed genes (DEGs) and DAMs between methane-nitrate and
methanol-nitrate cultures were used for KEGG pathway enrichment analysis to test for
differences in general metabolic activity. Significantly affected pathways among the
DEGs included flagellar assembly, which was more abundant in methane cultures, and
ribosomal biosynthesis, which was more abundant in methanol cultures (Table S5).
Among the DAMs, significantly overrepresented KEGG pathways included select amino
acid biosynthesis pathways, which were largely implicated by the increased abundan-
ces of glutamate, glutamine, pyruvate, and TCA cycle intermediates in methane
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FIG 4 Pathway-level responses to methane and methanol. Central metabolic pathways are presented in the center of the figure.
Additional metabolites not involved in central metabolic pathways are shown in the top left, and additional transcripts are shown
in the bottom left and right. Transcripts (connections) and metabolites (nodes) are colored based on their log-transformed fold
change between methane and methanol for cultures grown in nitrate; red and blue indicate upregulation in methane and
methanol, respectively. See Fig. S3 in the supplemental material for the same figure reproduced for cultures grown on
ammonium. Abbreviations: FA, fatty acids; AAs, amino acids; BCAAs, branched-chain amino acids; ED, Entner-Doudoroff; EMP,

Embden-Meyerhof-Parnas; PP, pentose phosphate; TCA, tricarboxylic acid.

cultures (Table S5). However, many of the DAMs, including phospholipids and
branched-chain and aromatic amino acids, were not assigned to any KEGG pathways,
limiting the utility of this test.

We manually inspected other pathways and noted that genes encoding glucose-6-
phosphate 1-dehydrogenase and 6-phosphogluconate dehydrogenase, two key enzymes
shared by the ED and oxidative PP pathways, were among the most highly upregulated
DEGs in methanol cultures (Fig. 4; Table S1); intermediate metabolites in these pathways
were not detected on our metabolomics platform. In contrast, several of the enzymes
and metabolites involved in the EMP glycolytic pathway and the TCA cycle were upregu-
lated in methane cultures (Fig. 4; Table S1). Genes encoding glutathione-dependent form-
aldehyde detoxification to CO; via S-hydroxymethylglutathione, S-formylglutathione, and
formate were also upregulated in methanol cultures (Fig. 4; Table S1), whereas all
detected gamma-glutamyl amino acids, which are products of glutathione degradation,
were either slightly or significantly more abundant in methane cultures (Table S2). Figure
4 provides an integrated visual representation of the transcriptomic and metabolomic dif-
ferences between methane-nitrate and methanol-nitrate cultures in the context of their
biological pathways and functions.

Carbon source effects when using ammonium. We then tested whether the
observed transcriptomic and metabolomic responses to growth on methane versus meth-
anol were consistent when ammonium was substituted for nitrate as the nitrogen source.
The broad trends in the transcriptome were largely the same, with methanol-grown cul-
tures showing upregulation of all ribosomal proteins and methane-grown cultures show-

ing upregulation of genes encoding flagellar proteins, oxidative phosphorylation enzymes,
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metal transporters, and, to a lesser extent, stress response proteins (Table S1). However,
the effect size of many of these differences between treatments was smaller in ammo-
nium: only 42 genes were identified as DEGs based on our criteria for significance, 6-fold
fewer than in nitrate (Fig. 3d), and the genes encoding the stress response proteins RpoE,
superoxide dismutase, and thioredoxin were not differentially expressed. Oxidative phos-
phorylation enzymes were an exception to this trend; the genes encoding these enzymes
were more highly upregulated in methane than in methanol cultures grown with ammo-
nium, resulting in significant overrepresentation at both the COG (Fig. 3e; Table S3) and
KEGG (Table S5) levels. The preferred pathway for sugar catabolism was also less clear in
ammonium, as several genes from the EMP and nonoxidative PP pathways were nonsigni-
ficantly upregulated in methanol (Table S1 and Fig. S3).

In contrast to the transcriptomic results, the effect size of metabolomic differences
was 2-fold larger in ammonium than nitrate (Fig. 3d and f), even when excluding metab-
olites that were not detected in methanol-ammonium cultures. The broad trends
remained similar, however, with the 21 methanol-enriched DAMs encompassing select
fatty acids, phospholipids, branched-chain amino acids, and histidinol. One notable dif-
ference between carbon source effects in ammonium and nitrate was that sedoheptu-
lose-7-phosphate, a key intermediate of the nonoxidative PP pathway, was significantly
more abundant in methanol-ammonium cultures than in methane-ammonium cultures
(Table S2). Physiological responses to methane and methanol for cultures grown with
ammonium are visually represented in Fig. S3.

Nitrogen source effects. Lastly, we evaluated how M. album BG8 responds to ni-
trate and ammonium and whether these results were consistent during growth on ei-
ther methane or methanol. In methane cultures, there were 106 DEGs and 25 DAMs
between ammonium and nitrate treatments (Fig. 5a). Nitrate-grown cultures were sig-
nificantly enriched for genes associated with “inorganic ion transport and metabolism”
(COG P) (Fig. 5b) and the KEGG pathway “nitrogen metabolism” (Table S5). These genes
included primarily ABC transporters involved in acquiring extracellular nitrate as well
as the nitrate and nitrite reductase genes responsible for converting nitrate into bioa-
vailable ammonium (Table S1). Glutamine, glutamine synthetase, select sphingolipids
and genes for iron transport were also upregulated in nitrate cultures (Tables S1 and
S2). In contrast, ammonium-grown cultures were enriched for “energy production and
conversion” (COG C) and the KEGG pathway “oxidative phosphorylation” (Fig. 5b; Table
S5) and generally exhibited higher levels of transcripts and metabolites associated
with basic metabolism, including the TCA cycle and nucleotide biosynthesis (Fig. 6).
Transcripts for hydroxylamine dehydrogenase (haoAB) and several efflux pumps were
also upregulated in ammonium cultures (Table S1).

The nitrogen source response was stronger in methanol cultures, with 2-fold more
DEGs (n = 198) and 6-fold more DAMs (n = 147) than in methane cultures (Fig. 5). Nitrate
assimilation and conversion genes were significantly upregulated in nitrate cul- tures,
whereas haoAB was significantly upregulated in ammonium cultures (Table S1 and Fig.
S4), as before. Many other trends became less clear for cells grown on metha-nol, even
when considering only the metabolites that were detected in both treat- ments.
General transcriptional regulators (COG K) were significantly overrepresented in nitrate
cultures, as were dipeptides, whereas drug efflux pumps (COGs P and V) were
significantly overrepresented in ammonium cultures (Fig. 5e and f). Basic metabolic ac-
tivity appeared to be higher in nitrate than in ammonium, with most nucleotides and
amino acids accumulating at higher abundances in nitrate-grown cultures (Fig. S4).
Central carbon pathways were the only exception to this trend, with ammonium-
grown cultures showing general upregulation of the genes and metabolites involved
in central carbon metabolism.

DISCUSSION

An understanding of the growth and physiology of specific methanotroph strains in
response to carbon-nitrogen source combinations is important for scaling up their
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FIG 5 Transcriptomic and metabolomic responses between ammonium and nitrate. Transcriptomic and metabolomic
responses to nitrogen source are shown for either methane (top panels) or methanol (bottom panels) as a carbon
source. See Fig. 3 and its legend for a complete description of the panels and for the list of COG categories. Fold
changes are expressed relative to nitrate, so that numbers in panels a and d indicate the numbers of DEGs or DAMs
that were upregulated (on right) and downregulated (on left) when cultures were grown on ammonium rather than
nitrate.

growth in an industrial context and parameterizing genome-scale metabolic models
for predictive applications. Using a global transcriptomic and metabolomic approach,
we evaluated how M. album BG8 maintains equivalent growth rates when growing on
either methane or methanol and whether its responses to either ammonium or nitrate
are consistent between the two carbon sources. Several of the physiological responses
we observed could be detected only by using the global multiomics approach used
here and have not been described in previous studies of central metabolic pathways in
other gammaproteobacterial methanotrophs (5, 6, 12, 15).

Our results implicate five major differences distinguishing growth on methanol from
growth on methane, most of which presumably stem from the effects of methanol on re-
dox chemistry and the general cellular stress of growing on an organic solvent. First,
methanol-grown M. album BG8 appeared to prefer the ED and oxidative PP pathways
for sugar catabolism. In M. buryatense 5GB1, the ED pathway is essential for cellular
growth, although the reasons for its importance remain unclear (18). Increased carbon
flux through the ED pathway for M. buryatense 5GB1 growing on methanol has been
attributed to the lower rate of ATP production from this pathway, as the ATP production
power when growing on methanol can instead be provided by MDH-derived electrons
that are not needed for methane oxidation (6). Our observation that the NADH oxidore-
ductases are downregulated in methanol cultures provides further support for this hy-
pothesis; in methanol, MDH-derived electrons can be directly transferred to cytochromes
to fuel the electron transport chain (25), reducing the need for the electron-harvesting
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NADH oxidoreductase complex to power ATP production. There is less evidence for the
importance of the PP pathway in methanotrophs, although increased flux through the
oxidative PP pathway has been shown to satisfy the higher demand for NADPH produc-
tion in response to oxidative stress in M. alcaliphilum 20Z (26). Other gammaproteobac-
terial methanotrophs do not show the same preference for the ED or PP pathways when
growing on methanol (5, 17), suggesting that some methanol adaptations may be strain
specific, but further investigation of sugar catabolism pathway flux using more targeted
analysis will be needed to confirm carbon pathway preferences in M. album BG8.

Second, we found that growth on methanol induced dramatic and consistent up-
regulation of translational machinery, including all ribosomal proteins. Bacterial growth
is controlled by the rate of protein synthesis, which is in turn dictated by the number
of actively translating ribosomes and the translational elongation rate (27). Previous
studies have shown that Escherichia coli responds to stressors that lower the translation
elongation rate, such as reactive oxygen species, by increasing ribosome production,
while the opposite is true for stressors that reduce ribosome production (27). Because
ribosomes are rate limited (28), the production of additional ribosomes by methanol-
grown M. album BG8 may therefore be a strategy for maintaining the same growth
rate while growing on a toxic substrate. We hypothesize that the longer lag phase
described for methanol-grown methanotrophs, which was also observed for M. album
BG8, may be caused by this requirement for additional ribosomes to be produced
when growing on methanol, as cultures cannot begin logarithmic growth until they
have produced a sufficient number of ribosomes (28-30).

Third, we observed significant alterations in fatty acid and phospholipid production
that may reflect membrane adaptation to growth on methanol, an organic solvent.
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Organic solvents are generally toxic to bacteria because they compromise cell mem-
brane integrity (31); however, several species of Gram-negative bacteria are able to
thrive in the presence of solvents by altering cell membrane composition (32), upregu-
lating solvent efflux pumps in the outer membrane (33), and increasing the rate of sol-
vent biotransformation (34). We did not find evidence for the latter two mechanisms
acting in M. album BG8 growing on methanol, but the significant differences in fatty
acid and phospholipid abundances that we observed likely indicate some degree of
membrane remodeling. Although we expected unsaturated fatty acids to be more
abundant in methanol cultures, reflecting the increased membrane fluidity required to
uptake methanol from the culture media (35), there were no clear trends in the abun-
dances of saturated or unsaturated lipids. We hypothesize that this is driven by the
need to balance methanol assimilation with the need to ensure membrane integrity
when exposed to a solvent, although further work will be needed to test this hypothe-
sis. Growth on methanol has also been shown to decrease fatty acid methyl ester
abundance in M. album BG8 due to the reduced need to synthesize intracytoplasmic
membranes for methane oxidation (13). The metabolomics approach used in this study
did not allow us to quantify lipid abundances, but our results nonetheless provide evi-
dence for alterations in lipid composition as a mechanism for methanol tolerance.

Fourth, we observed other general responses that indicated that the presence of
methanol created a more stressful environment for the cells. Methanol-grown cultures
had 2-fold-higher abundances of the envelope stress response sigma factor rpoE and the
carbon storage regulator csrA, which are required for maintaining periplasmic and outer
membrane integrity (36) and adjusting central carbon metabolism to stress conditions
(37), respectively. We also observed the upregulation of several oxidative stress responses
described for Methylomonas sp. DH-1 grown on methanol (17), including hopanoid bio-
synthesis, peroxiredoxin, superoxide dismutase, and thioredoxin, although we did not
observe the corresponding changes in the oxyR or soxS regulons. Select branched-chain
and aromatic amino acids which are associated with adaptation to nutrient limitation
(4, 38) were also upregulated in methanol cultures. Aside from these few exceptions,
most central metabolic pathways were downregulated in the presence of methanol:
methanol-grown M. album BG8 accumulated fewer carbohydrates, TCA cycle intermedi-
ates, and nucleotides and downregulated several of the genes involved in those path-
ways. These results align with the well-established observation that stress reduces global
metabolic activity (39), as energy stores are overwhelmingly directed toward growth,
leaving little room for the production of other metabolites or energy-intensive cellular
accessories such as flagella (40, 41).

Finally, M. album BG8 cultures produced significantly fewer gamma-glutamyl amino
acids, 5-oxoproline, and glutamate when grown on methanol, indicating the upregula-
tion of glutathione (GSH)-dependent formaldehyde detoxification in methanol cultures.
During this response, GSH is condensed with formaldehyde either spontaneously or via
formaldehyde-activated enzyme to yield S-hydroxymethylglutathione, which is subse-
quently converted to formate through a multistep reaction that releases GSH. The regen-
erated GSH can then be used to detoxify another formaldehyde molecule (42). We noted
that several of the genes involved in these reactions were upregulated in methanol cul-
tures. However, in the absence of formaldehyde toxicity, unused GSH can be degraded
by gamma-glutamyl transferase, which transfers the gamma-glutamyl group in GSH to
an amino acid. In later steps, these gamma-glutamyl acids can be used to produce glu-
tamic acid via 5-oxoproline (43). The methanol-induced upregulation of genes involved
in GSH-dependent formaldehyde detoxification and the lower abundance of the byprod-
ucts of GSH degradation collectively suggest that M. album BG8 cultures grown in meth-
anol upregulate the GSH-dependent formaldehyde detoxification system to overcome
formaldehyde toxicity. M. album BG8 can also use a partial serine cycle to fuel tetrahy-
drofolate-based formaldehyde detoxification (3, 42), but no serine cycle metabolites or
genes were upregulated in methanol-nitrate relative to methane-nitrate, suggesting that
the use of this additional detoxification mechanism is limited.
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These five adaptations to methanol (altered carbon flux, ribosomal biogenesis,
phospholipid replacement, stress responses, and formaldehyde detoxification) were
largely conserved when cultures were grown in ammonium: methanol-grown cultures
again exhibited significant upregulation of translation machinery, downregulation of
oxidative phosphorylation enzymes, upregulation of formaldehyde detoxification, and
decreased general metabolic activity. However, the accumulation of sedoheptulose-7-
phosphate and slight upregulation of EMP, nonoxidative PP pathway, and serine cycle
genes suggested that carbon flux in methanol-ammonium was different from that in
methanol-nitrate and less focused toward the ED pathway. It is possible that this result
reflects the fact that methanol-ammonium may be less stressful than methanol-nitrate,
as evidenced by the fact that fewer stress response genes were upregulated with
methanol-ammonium. More detailed carbon flux analysis is needed to confirm the
pathways that process carbon for cells grown on methanol-ammonium. Trends in
metabolite production were also less clear when ammonium was the nitrogen source,
partially due to the low rate of metabolite detection in methanol-ammonium cultures,
but we noted that several phospholipids were still significantly differentially abundant
between methane and methanol, again suggesting some degree of membrane remod-
eling. Methanol-ammonium cultures were harvested slightly later than the other treat-
ments (Fig. 1), which may explain some of this variation in metabolite detection.

We additionally examined whether growth on methanol alters the response to nitro-
gen source, as competitive inhibition of MMO by ammonium would presumably not
play a role when the bacteria are not actively oxidizing methane. Although the magni-
tude of the nitrogen source response was notably larger in methanol cultures, overall
trends were largely consistent with previous studies that indicate a hydroxylamine
detoxification response in ammonium (20, 22). In both methane and methanol cultures,
growth with nitrate expectedly led to the consistent upregulation of all nitrate assimila-
tion and ammonification genes, which would be required to convert nitrogen into bioa-
vailable ammonium. In contrast, the hydroxylamine dehydrogenase genes haoAB were
upregulated in ammonium cultures, which would allow M. album BG8 to rapidly metab-
olize the hydroxylamine produced by ammonia oxidation by MMO (22). This ammonia-
induced upregulation of haoAB was preserved during growth on methanol. Nitrate also
led to increased production of lipids, ribosomes, and flagella, whereas ammonium led to
the upregulation of oxidative phosphorylation, central carbon pathways, and the TCA
cycle. This focus on central metabolic activities in ammonium may explain why ammo-
nium often enriches for gammaproteobacterial methanotrophs (44, 45).

As shown in this study, a global transcriptomic and metabolomic approach provides
information on physiological adaptations to nutrient sources that cannot be detected
by the use of more focused approaches like 3C tracer analysis, which is better for
quantifying metabolic flux through specific pathways. It has also been argued that
methanotrophs exhibit little in the form of transcriptomic responses and that the pro-
teome or metabolome are therefore a better indicator of substrate-based metabolic
responses (6); however, several foci of transcriptional regulation in this study, including
ribosome biogenesis, flagellar synthesis, and oxidative phosphorylation enzymes, do
not produce detectable metabolites and would not have been identified in a metabo-
lomic study alone. Our results are admittedly limited by the low detection of metabo-
lites in methanol-ammonium cultures and the inability to quantify metabolite abun-
dances in a global metabolomics analysis. Even so, our results implicate several
nutrient-based response strategies that have not previously been described for metha-
notrophs grown with different carbon-nitrogen combinations. These response strat-
egies represent valuable directions for future research on methanotroph physiology
and are important considerations in computational models designed for the biotech-
nological optimization of these species.

MATERIALS AND METHODS

Culture growth. We used a two-by-two factorial design, with four different growth conditions derived
from the combinations of two carbon sources (methane or methanol) and two nitrogen sources (ammonium
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or nitrate). Separate cultures of M. album BG8 were grown for transcriptomic and metabolomic analyses, and
cultures were passaged at least once under experimental conditions before being grown for each experi-
ment. All cultures were grown in 250-ml Wheaton medium bottles filled with 100 ml of medium and closed
with butyl-rubber septa caps. Cultures were grown in either ammonium mineral salts (AMS) or nitrate min-
eral salts (NMS) medium (46) buffered to pH 6.8 using 1.5 ml phosphate buffer.

For cultures grown with methane, 50 ml of gas headspace was removed from the culture bottle and
2.5 mmol of methane was injected through a 0.22-mm filter-fitted syringe. For cultures grown on metha-
nol, pure high-performance liquid chromatography (HPLC)-grade methanol was added to the culture
medium to final amounts of 2.5 mmol for the transcriptome cultures and 1 mmol for the metabolome
cultures. M. album BG8 exhibits similar growth rates at both 1 mmol and 2.5 mmol methanol (3) (Fig. 1),
so we expected comparable results between the transcriptome and metabolome experiments. Cultures
designated for transcriptome analysis were grown in triplicate, and cultures for metabolome analysis
were grown in quadruplicate. All cultures were incubated at 30°C with shaking at 150 rpm.

Culture growth was monitored by measuring the optical density of the medium at 540 nm using a 48-
well microplate reader (Multiskan Spectrum, Thermo Scientific). Culture purity was assessed via phase-
contrast microscopy and plating on Trypticase soy agar (TSA)/nutrient agar, where colony growth
would indicate contamination. Cultures were harvested during logarithmic growth after at least three
doublings had occurred (Fig. 1), with metabolome cultures harvested slightly later than transcriptome
cultures. The delayed metabolite sampling allowed for the effects of transcriptional regulation to be
observed at the metabolomic level while still ensuring that all samples were collected during logarith-
mic growth.

Transcriptome analysis. Total RNA was extracted from harvested cultures using a Masterpure com-
plete DNA and RNA kit (Lucigen Corporation, Middleton, WI). RNA was subsequently purified using a
Zymo RNA Clean & Concentrator kit (Zymo Research, Irvine, CA). We assessed the quality and purity of
extracted RNA samples using NanoDrop spectrophotometry and an Agilent 2100 bioanalyzer. High-qual-
ity RNA was sent to the Centre d’Expertise et de Services at Génome Québec (Montreal, Québec,
Canada) for library preparation and sequencing. rRNA was depleted from 250 ng of total RNA using a QlAseq
FastSelect kit (Qiagen). RNA was then reverse transcribed using NEBNext RNA first-strand synthe- sis and
NEBNext Ultra directional RNA second-strand synthesis modules (New England BioLabs). The
remaining steps of library preparation were done using an NEBNEXxt Ultra Il DNA library prep kit for
llumina (New England BioLabs). Sequencing was performed on an lllumina HiSeq 4000 with 100-bp
paired-end reads.

Raw paired-end RNA-seq reads were quality filtered using the default filtering parameters in
Trimmomatic 0.39 (47). High-quality reads were mapped to the published M. album BG8 genome (48)
using BowTie2 2.4.1 (49), and the number of reads mapped to each gene was calculated using HTSeq
0.11.1 (50). To facilitate downstream analyses of functional differences among treatments, we mapped
each transcript to functional identifiers in the Clusters of Orthologous Groups (COG) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) databases using eggNOG (51) and blastKOALA (52), respec-
tively. For downstream analyses requiring normalized count data, we converted raw HTSeq counts to
transcripts per million (TPM).

Metabolome analysis. Frozen cell pellets were processed by Metabolon, Inc. (Durham, NC, USA), for
global metabolomics analysis using the Metabolon HD4 platform. In brief, metabolites were extracted
using methanol with vigorous shaking and then recovered by centrifugation. Methanol was removed
using a TurboVap (Zymark). The resulting extracts were stored under nitrogen overnight before being
analyzed using the following four independent procedures: (i) reverse-phase ultra-high-performance lig-
uid chromatography-tandem mass spectroscopy (RP/UPLC-MS/MS) with positive-ion-mode electrospray
jonization (ESI), chromatographically optimized for hydrophilic compounds; (ii) the same procedure as
described in (i) but optimized for hydrophobic compounds; (iii) RP/UPLC-MS/MS with negative-ion-
mode ESI; and (iv) hydrophilic interaction chromatography (HILIC)/UPLC-MS/MS with negative-ion-mode
ESI. All analysis procedures were performed alongside multiple quality control samples as outlined in
Metabolon’s standard protocol (Metabolon, Inc., Durham, NC).

Metabolites were identified by comparing the retention time, mass-to-charge ratio, and chromato-
graphic data for each compound to a database of known standards. This process additionally classified
metabolites into seven main superfamilies based on their molecular structures (amino acids, carbohy-
drates, cofactors and electron carriers, lipids, nucleotides, peptides, and secondary metabolites).
Metabolite abundances were quantified as area-under-the-curve detector ion counts. If a metabolite
was detected in some samples, but not all, missing values were assumed to be lower than the detection
threshold for the analysis platform and were therefore imputed as one-half the lowest detected abun-
dance of that metabolite. For downstream analyses requiring normalized data, we divided raw area-
under-the-curve values by the median value for each metabolite prior to minimum value imputation.

Statistical analysis. All downstream analyses were performed in R 3.6.2 (53). For both transcriptome
and metabolome data, we first tested for broad differences among treatments by performing principal-
component analysis (PCA) and sparse partial least-squares discriminant analysis (sPLS-DA). These analy-
ses were performed on natural log-transformed transcripts per million (TPM) values and natural log-
transformed median-scaled metabolite abundances using the “rda” function in the R package vegan (54)
and the “splsda” function in the package mixOmics (55). We used an analysis of variance (ANOVA) with
Tukey’s post hoc test to evaluate if there were differences in transcript or metabolite detection rates
among treatments.

We then evaluated the effects of carbon and nitrogen sources on metabolic activity in M. album BG8
by testing for differentially expressed genes (DEGs) and differentially abundant metabolites (DAMs).

July 2021 Volume 87 Issue 13 e00385-21

210

Applied and Environmental Microbiology

aem.asm.org 12

Downloaded from https://journals.asm.org/journal/aem on 14 September 2021 by 2620:101:c040:85¢:84f7:1fbb:fc53:b741.


https://aem.asm.org/

M. album BG8 Multiomic Response to Carbon and Nitrogen

DEGs and DAMs were identified for each of the four pairwise comparisons in our two-by-two design. All
differential abundance analyses were performed on raw counts or abundances using edgeR (56) for tran-
scriptome data and the Student's t test for metabolome data. P values were adjusted using the
Benjamini-Hochberg (false discovery rate [FDR]) correction, and transcripts or metabolites with a logz-
transformed fold change of _j1j and an FDR of , 0.01 were considered significant. Due to the signifi-
cantly lower metabolite detection rate in methanol-ammonium (see Results and Fig. S1 in the supple-
mental material), we chose to remove undetected metabolites from all pairwise DAM comparisons that
included this treatment, which resolved the large number of interaction effects originally observed in
the metabolome data. We additionally confirmed the differential abundance results for this treatment

by comparison to results obtained using a separate procedure in which within-sample metabolite abun-
dances were normalized prior to differential abundance testing (see Supplemental Methods).

To determine whether any physiological functions or metabolic pathways were preferentially
enriched in the DEGs and DAMs associated with each treatment comparison, we categorized DEGs and
DAMs based on COGs and metabolite superfamilies, respectively. We tested for significant overrepresen-

tation of COGs and of metabolite superfamilies and subfamilies using Fisher's exact test, with a signifi-
cance threshold of an FDR-adjusted Pof , 0.05. Overrepresentation analyses were repeated at the path-
way level after assignment of transcripts and metabolites to their corresponding pathways in the KEGG
pathway database. We used the package clusterProfiler (57) to test for pathway overrepresentation in

the transcriptome data and MetaboAnalyst (58) for the metabolome data, with a significance threshold
of an FDR-adjusted Pof 0.05. Transcripts and metabolites that did not have a corresponding KEGG
identifier were excluded from overrepresentation analyses.

Data availability. Raw transcriptome reads have been deposited in the NCBI database under acces-
sion number PRINAG98057. Metabolome data, along with the R code and workspace required to repro-
duce all analyses, can be found in the GitHub repository at https://github.com/sasugden/BG8_multi

omics.

SUPPLEMENTAL MATERIAL
Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 1.2 MB.
SUPPLEMENTAL FILE 2, XLSX file, 0.8 MB.
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