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Abstract 

Ruminant emissions are responsible for a significant portion of the anthropogenic 
greenhouse gases that cause global warming. Methane emissions from cows are diffuse and 
difficult to treat, however, several solutions have been proposed which could reduce low 
(v/v) methane streams emitted from cattle up to ~30%. The novel Cattlelyst biofilter 
proposed by the Wageningen University & Research international Genetic Engineering 
Machine competition team is designed is to collect and convert the methane and ammonia 
emitted from cattle by means of a hood system and two genetically modified organisms 
under three layers of safety mechanisms. The goal is to engineer Escherichia coli into a 
suitable synthetic methanotroph. In this thesis synthetic methanotrophy was attempted to be 
expressed in a suitable methanotrophic strain SM1 or C1Saux. The resulting products are 
one pSEVA2610-sMMO plasmid containing the subunits of sMMO with a duplication in the 
mmoX gene. The other chaperone plasmid could not be achieved and methylotrophic growth 
of the SM1 and C1Saux strain was not shown. In the end the hypothesis has neither been 
confirmed or rejected. Synthetic methanotrophy for biofilters is becoming an increasingly 
relevant technology for tackling low concentrations of methane as multiple technological 
advances are made as explored in this thesis. It is expected that improvements in biofilter 
design such as concentrating methane in a hood, porous packing material, and specific 
cultures which are engineerable could make biofilters a useful tool in achieving the global 
methane pledge. 
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Introduction 

Societal importance of methane 

Natural gas consists for the majority out of methane, CH4, a hydrocarbon and the simplest 
alkane (Favre & Powell, 2013; Howarth, 2014). Methane can originate from natural sources: 
pyrogenic such as wildfires or thermogenic geological processes or biogenic such as 
anaerobic fermentation of biomass by methanogens (Kirschke et al., 2013). Anthropogenic 
methane accounts for 60% of methane emissions and is produced by the energy sector, 
waste streams and agriculture (Myrhe & Shindell, 2013). Over half of these anthropogenic 
emissions are diffuse and contain a methane concentration less than 3% (v/v), which is 
below the 5% threshold that needs to be maintained for proper thermal oxidation (La et al., 
2018). After methane is produced it rises to the atmosphere where it acts as a greenhouse 
gas (GHG) by trapping infrared heat radiation (Burch & Williams, 1962). The main global 
methane sink (90%) is in the atmosphere where methane is oxidized by hydroxyl radicals 
(Kirschke et al., 2013). Despite residing in the atmosphere for only a decade, methane is a 
potent GHG. Over a duration of 20 years methane absorbs as much as 84 times the CO2 
equivalent of infrared heat radiation (Vallero, 2019). The intergovernmental panel on climate 
change determined that the average global temperature has risen by ~1°C in 2017 since 
preindustrial levels. Of the 1°C rise in average global temperature about 25% of the net rise 
is attributed to methane (van Amstel, 2012).  A collective effort of over 100 countries called 
the Global Methane Pledge aims to reduce global warming with 0.2°C by 2050 through 
mitigating methane emissions by 30% (Birol, 2021). The distribution of major anthropogenic 
sources of methane emissions are shown in figure 1 (Olivier & Peters, 2020). Since a 
significant portion of methane emissions originates from ruminants, understanding how 
methane is formed in cattle is necessary for finding a solution. 

 

Figure 1. Distribution of anthropogenic sources of methane. 
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Methanogenesis in cattle 

The cattle industry already has a significant impact on the environment through their 
emissions and this impact is anticipated to increase in the coming years. There is a disparity 
between the available food in 2010 and the food required to feed the human population in 
2050. An additional 3 billion people will need to be fed by 2050 and as incomes rise the 
demand for animal-based food increases under the business-as-usual model (Ranganathan 
et al., 2018). This “business as usual” model is problematic since the rise in demand for 
animal-based foods leads to more cattle producing methane. A single dairy cow can 
generate three tons of CO2 equivalents every year (van Lingen et al., 2021). The source of 
this methane is predominantly the rumen (89%) and only partially the small intestine (11%) 
(Getabalew et al., 2019). In these regions the dietary plant cell wall polysaccharides are 
broken down by microbes into among others hydrogen (Miller & Wolin, 2001). Hydrogen is 
an important intermediate for methane in the rumen fermentation (Hungate, 1967).  
Accumulation of hydrogen is detrimental for the health of cows and several hydrogen sinks 
exist to avoid this. Of the existing hydrogen sinks, methane and ammonia are of importance 
for GHG (Pereira et al., 2022). The organisms responsible for methane production are 
methanogenic archaea (Morgavi et al., 2010). Methanogenic microbes produce methane 
through two biochemical pathways: through acetate decarboxylation and the reduction of 
carbon dioxide. In the rumen most methane is produced from hydrogen reducing carbon 
dioxide into water and methane 4 H2 + C O2 → 2 H2O + CH4 (Wilkinson, 2012). Interfering 
with the reduction of carbon dioxide can be an interesting approach towards decreasing the 
methane production and redirecting hydrogen metabolism (Ungerfeld, 2020). 

State of the art technology for methane emissions 

Multiple technological solutions are pursued to reduce the methane emissions from 

ruminants, and most solutions involve a trade-off between implementation difficulty, cost-

effectiveness, and animal welfare. One of these solutions is through food additives that 

interfere with the reduction of carbon dioxide. Bovaer® is an EU approved feed additive that 

reduces methane emissions by about 30% (Bampidis et al., 2021). The interaction of the 

feed additive works by disrupting the methanogenesis pathway. The MCR enzyme 

necessary to complete methanogenesis gets inhibited and overall methane formation is 

decreased (Johnson et al., 2011). The implementation of food additives is straightforward 

but put an annual burden of costs on the farmer plus the hydrogen sink can produce other 

harmful compounds such as NH4+ and H2S (Pereira et al., 2022). The company ZELP has 

taken a different approach by developing a “cattle harness” that directly catches methane 

from belching and converts up to 60% of the emitted methane (Norris et al., 2023). The 

mechanism uses a patented energy recovery-system to facilitate catalytic methane 

oxidation, resulting in CO2 and water vapor (Lee & Trimm, 1995). However, making cows 

wear harnesses on their faces has been shown to hinder social grooming (allogrooming) 

which negatively impacts animal welfare (Buijs et al., 2023; Val-Laillet et al., 2009). Another 

approach to tackle emissions is by genetic variation of cows. Studies have shown that 

around 30 per cent of methane variation between cows is heritable and depends on their 

genetic profile (van Breukelen et al., 2022). If economic weight is put on the breeding goal, 

then selective breeding can result in reduction of methane intensity by about 24% by 2050 

(de Haas et al., 2021). Finally, there is the approach of methane biofiltration with immobilized 

methane-oxidizing bacteria (MOB). The MOB consortium was fed a 1% (v/v) methane 

airstream that according to Henry’s law corresponds with a dissolved methane concentration 

of ~20 µM at 15 °C and 1 atm (Cookney et al., 2016). Because methane has gas-liquid mass 

transfer limitations larger biofilters are needed which hinder economic viability (Melse & Van 

Der Werf, 2005). One of the ways to improve biofilter activity is biofilter design, such as 

optimizing packing material. Experiments testing biofilter packing material found that fly ash 
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ceramsite is 33% more effective than suspended cells as it reached an elimination capacity 

of 4.628 g h1 m3 and the lowest average outlet reached 0.78% (v/v) methane (Sun et al., 

2020). Another problem with current biofilters is that they consist of a consortium of methane 

oxidising bacteria and the biofilter performance can vary over time depending on biomass 

concentration (Kim et al., 2014). One of the proposed solutions to improve biofilters is to use 

a specific culture (Cáceres et al., 2017).  

Cattlelyst 

In 2021 the team of Wageningen University & Research (WUR) participated in the 
international Genetically Engineered Machine (iGEM) competition (Bakker et al., 2021). The 
project called Cattlelyst aims to tackle methane and nitrogen emissions from cattle, two 
major greenhouse gasses and pollutants (Dijkstra et al., 2011). The approach to tackle these 
emissions is by using a hood system to collect ruminant emissions and direct airflow through 
a biofilter containing genetically modified microorganisms as can be seen on figure 2 
(Aarnink et al., 2011). The biofilter is build on 3 major pillars: safety, ammonia removal and 
methane conversion (Bakker et al., 2021). The biofilter contains two genetically modified 
organisms: Escherichia coli and Pseudonomas putida, that according to Genetically Modified 
Organism (GMO) legislation from the European commission, must not be released into the 
environment and neither end up in food or feed (Arpaia et al., 2015; Spranger, 2015). For the 
first pillar several layers of safety are designed. A methane-dependant kill switch that upon 
detecting low methane concentrations produces toxins and kills the E. coli host. A proximity-
dependent kill switch that senses cell densities, killing both E. coli and P. putida with toxin 
production upon low cell densities. And build in co-dependency, by making both strains 
nutrient-dependent for amino acids and a carbon source. The second pillar of the biofilter, 
converts ammonia (NH3) to harmless dinitrogen gas (N2). This process is enabled by a 
novel technology called heterotrophic nitrification aerobic denitrification (HNAD). In the 
HNAD pathway denitrification is coupled to nitrification (Chen & Ni, 2011). And the third pillar 
aims to convert methane into biomass and CO2 with a novel synthetic methanotroph 
(Bennett et al., 2021). 

 

Figure 2. Simplified overview showing the components of the Cattlelyst filter system. Air excreted by ruminants 
is taken up by the hood system and is then guided through the biofilter. The biofilter contains genetically modified 
bacteria that are made able to convert methane and ammonia into CO2 and N2 (Bakker et al., 2021). 
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Methanotrophy in nature  

Methanotrophy, the consumption of methane as carbon or energy source through bacterial 
metabolism, can occur aerobically and anaerobically. Aerobic methanotrophs found so far 
belong to one of three groups: the type I and X Gammaproteobacteria (found at low methane 
ppm and utilizes the RuMP pathway) or type II Alphaproteobacteria (utilizes the serine 
pathway) (Dedysh & Knief, 2018). Anaerobic methanotrophs are found in among others 
deep-sea sediments where they remove ~80% of produced methane (Reeburgh, 2007). 
These methanotrophs belong to the class anaerobic methanotrophic archaea (ANME) 
(Hinrichs et al., 1999). Anaerobic methanotrophs reduce iron, sulfate, manganese, nitrite or 
nitrate and couple this to methane oxidation (Guerrero-Cruz et al., 2021). In aerobic 
methanotrophs one-carbon(C1) metabolism starts by converting methane to methanol by a 
methane monooxygenase (Ross & Rosenzweig, 2017). In the next step methanol is oxidized 
by a methanol dehydrogenase (Mdh) to formaldehyde by one of three different methanol 
dehydrogenases that oxidize differently and are either pyrroloquinoline quinone (PQQ)-
containing, NAD-dependent or O2-dependent (Anthony, 1982; Krog et al., 2013; Yurimoto et 
al., 2011). Formaldehyde can be metabolised through one of four natural pathways: the 
xylulose monophosphate (XuMP) pathway, the ribulose bisphosphate (RuBP) pathway, the 
serine cycle, or the ribulose monophosphate (RuMP) pathway as can be seen in figure 3 
(Gregory et al., 2022a). The natural methanotrophs are well understood in their metabolism 
but are currently limited in their application due to slow growth, a narrow product spectrum 
and few genetic tools (Cotton et al., 2020; Stolyar et al., 1999). 

 

Figure 3. Aerobic pathways of methane metabolism. Purple colour indicates the native metabolic pathways, blue 
colour indicates key enzymes and in red is the intermediate formaldehyde entering the pathways. Abbreviations are 
as follows: AcCoA, acetyl-coA; Das, dihydroxyacetone synthase; DHA, dihydroxyacetone; DHAP, dihydroxyacetone 
phosphate; Fd, ferredoxin; F6P, fructose 6-phosphate; GAP, glyceraldehyde-3-phosphate; HCHO, formaldehyde; 
LtaE, threonine aldolase; Mcr, Methyl-coenzyme M reductase; Mdh, methanol dehydrogenase; MeOH, methanol; 
MMO, methane monooxygenase; MTI, methyltransferase I; MTII, methyltransferase II; 3 PG, 3-phosphoglycerate; 
Pyr, pyruvate; rGlyP, reductive glycine pathway; RuBP, ribulose bisphosphate; RuMP, ribulose monophosphate; 
Ru5P, ribulose-5-phosphate; 5,10-CH2-THF, 5,10-methylene tetrahydrofolate; X5P, xylulose-5-phosphate; XuMP, 
xylulose monophosphate. Image source is from (Gregory et al., 2022). 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/ferredoxin
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Synthetic methylotrophy 

Synthetic methylotrophy is a field that aims to utilise reduced one-carbon molecules (e.g., 
methane, methanol, formaldehyde and formate) as feedstock for non-methylotrophic hosts while 
retaining biotechnological relevance (Heux et al., 2018). One-carbon based feedstocks offer 
many advantages as they are widely available from different sources, do not compete with food 
security, can be made from CO2 using renewable energy, and used carbon neutrally in 
fermentation processes for biochemicals, biofuels or biomass (Cotton et al., 2020; Li & Tsang, 
2018). An industrial workhorse such as Escherichia coli is a well characterized organism that 
can be used as a cell factory in fermentation processes (Valle & Bolívar, 2021). E. coli has been 
intensively characterized and is the most studied microorganism worldwide with well-defined 
metabolic pathways, genetic tools and a fast doubling time(~20 min) (Gibson et al., 2018; Idalia 
& Bernardo, 2017). These qualities make E. coli a chassis fit for metabolic engineering (Woo et 
al., 2019). Major strides have been made in understanding the complexity of synthetic 
methylotrophy (Singh et al., 2022). Promising synthetic methylotrophic E. coli proof of concept 
strains able to utilise formaldehyde and methanol as feedstock have been established.   

A novel methylotrophic strain is the SM1 strain than can utilize methanol its only carbon source 
for growth (Chen et al., 2020). The synthetic methylotrophic SM1 strain was made in E. coli K-12 
BW25113 by introducing the RuMP pathway through disruption of the pentose phosphate 
pathway (PPP) (Grenier et al., 2014). First rpiAB was deleted and two variants of methanol 
metabolic enzymes were incorporated. The genes that initially incorporated the RuMP pathway 
into the genome were two synthetic operons containing: Two Mdh (Cupriavidus necator), one 
hps (Bacillus methanolicus) and one hps (Methylomicrobium burytense), two phi 
(Methylobacillus flagellates), tkt (Methylococcus capsulatus, and tal from Klebsiella 
pneuomniae). These genetic alterations together with laboratory evolution made the cells 
auxotrophic for methanol, requiring the addition of both methanol and xylose for growth. 
Afterwards ensemble modelling for robust analysis (EMRA) suggested flux improvement of the 
pathway through expressing gapC from E. coli BL21 and deletion of lower glycolysis enzymes 
pfkA and gapA. Then through reintroducing rpiA and laboratory evolution this synthetic 
methylotrophic strain is able to utilize methanol as sole carbon source (figure 4). The many 
rounds of laboratory evolution resulted in mutations/deletions/duplications in 23 genes related to 
central carbon metabolism and regulation that results in increased flux through the RuMP 
pathway. A 4-fold copy number variation (CNV) of the insertion sequence was found that is 
hypothesized by authors for an improved growth rate on methanol (Chen et al., 2020). The 
resulting SM1 strain is reported to have a long lag phase, attributed partially to the DNA-Protein 
Crosslinking (DPC) problem from formaldehyde when inoculated from a stationary phase 
(Nakamura & Nakamura, 2020). This strain has shown growth on a methanol concentration 
range from 50 mM to 1.2 M. While having optimal growth on a methanol concentration of 400 
mM. The SM1 strain only uses methanol as carbon source and is reported to have a doubling 
time of 8 hours with a maximum OD600 of 2 (Chen et al., 2020). This growth rate is comparable 
to native methylotrophs such Pichia pastoris (Moser et al., 2017). Culturing E. coli on just 
methanol as carbon source is a big milestone and has major potential for sustainable 
production. However, the conditions in the biofilter can be variable and cell regeneration might 
not keep up with cell death at low methane concentrations so an additional synthetic 
methylotroph should be considered. 
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Figure 4. The RuMP pathway built in SM1 with a suggested addition of the MMO enzyme to convert methane. 
The skeletal structures are labelled in bold. Each arrow has the main enzyme next to it and represent reactions. 
Green gears indicate the enzymes that have been added to complete the pathway. The dashed lines show exit points 
for metabolites. The abbreviations used are: MMO, methane monooxygenase; Mdh, methanol dehydrogenase; hps, 
hexulose-6-phosphate synthase; phi, 6-phospho-3-hexuloisomerase; ATP, adenosine triphosphate; fba, fructose-1,6-
bisphosphate aldolase; tkt, transketolase; tal, transaldolase; rpi, ribose-5-phosphate isomerase; rpe, ribulose-
phosphate 3-epimerase. This image compiles RuMP pathway images from (Chen et al., 2020; Singh et al., 2022). 

Another novel synthetic methylotrophic strain is the C1Saux strain (Yishai et al., 2017). This 
strain is auxotrophic for serine metabolism and requires formate to grow biomass. This 
auxotrophy results in the C1Saux strain being for 2-3% of its biomass dependant on formate 
assimilation (Neidhardt et al., 1990). This C1Saux strain produces serine through the reductive 
glycine (rGly) pathway. The rGly pathway is not cyclic, has limited interaction with central 
metabolism and efficiently converts two formate molecules with CO2 to produce serine. The rGly 
pathway starts with the enzyme FTL coupling formate to tetrahydrofolate (THF) and creating 10-
formyl-THF. The enzyme FolD reduces 10-formyl-THF to 5,10-methylene-THF (Bar-Even, 
2016). In the reductive glycine pathway, the glycine cleave system can be reversed to combine 
5,10-methylene-THF with NH3 and CO2 to create serine. Serine can then be deaminated to 
pyruvate which is used for biomass. The metabolism of formate and proposed metabolism of 
methane can be viewed in figure 5. The C1Saux strain was made by making E. coli MG1655 
auxotrophic for serine by deleting the genes for glycine cleavage ΔglyA ΔgcvTHP and the genes 
for serine biosynthesis ΔserA, ΔgcvTHP. The auxotrophic strain was then made capable of 
metabolising formate by improving the reductive glycine pathway by overexpressing the genes 
FTL, FolD, and GlyA (Yishai et al., 2017). The achieved C1Saux strain is able to grow to an 
OD600 of 1.8 and doubles every 1.6 h on M9 minimal media with 10 mM glucose and 5 mM 
formate. The C1Saux strain and SM1 strain show that the RuMP and rGly pathway can be 
implemented and used in an industrial relevant organism such as E. coli. The next logical step 
would be for these strains to convert and use methane as carbon source as this could make for 
an engineerable synthetic methanotroph. 
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Figure 5. The reductive glycine pathway with additional reactions from proposed enzymes methane 
monooxygenase (MMO) and methanol dehydrogenase (Mdh) to convert methane. Red indicates where formate 
enters the pathways, blue indicates where CO2 enters the pathways and green indicates the ammonia/nitrogen. The 
abbreviations used are: MMO, methane monooxygenase; Mdh, methanol dehydrogenase; Fdh, formaldehyde 
dehydrogenase; FTL, formate tetrahydrofolate; FolD, bifunctional methenyl tetrahydrofolate 
cyclohydrolase/dehydrogenase; GcvH, lipoyl carrier protein; GcvT, amino methyltransferase; GcvP, glycine 
dehydrogenase (decarboxylating); Lpd, dihydrolipoyl dehydrogenase; GlyA, serine hydroxy methyltransferase; SDaA, 
serine deaminase. Image adapted from (Yishai et al., 2018) 

Aim of the project  

The overarching goal of the project is to build the novel Cattlelyst biofilter with GMOs able to 
convert ammonia to nitrogen gas and methane to CO2. The Cattlelyst biofilter requires a 
synthetic methanotroph that can convert methane for the co-culture with Pseudomonas putida 
and is accessible to build in safety mechanisms to contain the GMOs. The aim of the project is 
to build a synthetic methanotroph in E. coli for the Cattlelyst biofilter. A synthetic methanotroph 
in E. coli requires two things: a methane monooxygenase (MMO) to convert methane to 
methanol and a suitable synthetic methylotrophic pathway for the metabolism of methanol to 
biomass (Nguyen et al., 2016). There are two versions of MMO that have been expressed 
heterologously by Bennett et al. (2021) and Kim et al. (2019) and two milestone synthetic 
methylotrophic strains have been made available by Chen et al. (2020) and Yishai et al. (2017). 
The hypothesize is that the expression of soluble methane monooxygenase with either the 
RumP pathway of the SM1 strain or the reductive glycine pathway of C1Saux strain with an 
additional methanol dehydrogenase should allow Escherichia coli to consume methane as 
carbon source. 

To accomplish synthetic methanotrophy a soluble form of the enzyme methane monooxygenase 
(MMO) is required (Nguyen et al., 2016). A soluble pMMO-mimetic enzyme was designed using 
a soluble human heavy-chain ferritin (huHF) scaffold to preserve the catalytic structure of the 
pMMO domains from Methylococcus capsulatus (bath). The best subunit structure, pMMO-m3, 
resulted in stable soluble protein with activity comparable to wild-type pMMO. pMMO is 
interesting for biofilter applications because of the higher affinity to methane than sMMO and 
allowing some methanotrophs to grow on 10-100 ppm methane (Baani & Liesack, 2008). 
However, the enzyme activity was measured in vitro and no in vivo results have been shown for 
this enzyme (Kim et al., 2019). To establish in vivo synthetic methane oxidation the Bennett et 
al. (2021) expressed sMMO instead. Functional and soluble sMMO expression from 
Methylococcus capsulatus was achieved in E. coli by overexpression of native GroESL2 and 
introducing the sMMO subunits (mmoXYZBDC) with its cognate GroESL chaperone from M. 
capsulatus. The resulting enzymatic methanol productivity reached near 100 mg·gCDW·h-. The 
expression system for the NADH dependant sMMO was then used in an E. coli strain 
(ΔfrmAΔpgi + pUD11) that produces acetone from glucose and methanol, resulting in the first 
synthetic methanotroph (Bennett et al., 2021; Bennett et al., 2018; Bermejo et al., 1998). 
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The published sMMO expression set-up can also be used in a suitable synthetic methylotrophic 
organism to convert methane to biomass and sustain the Cattlelyst biofilter. For the plasmid 
expression two plasmids are designed. To express sMMO all the subunits should be expressed 
as if they were on the same operon. To achieve stable and soluble sMMO expression two sets 
of chaperones are required, the cognate GroESL-2 from M. capsulatus (Bath) and 
overexpressed E. coli GroESL (Bennett et al., 2021). The approach is to build two plasmids 
containing all the parts required for heterologous sMMO expression. One plasmid contains the 
operon of sMMO with the functional subunits mmoXYZ hydroxylase, mmoBD regulatory proteins 
and mmoC reductase from M. capsulatus expressed using the araBAD promoter system in a 
medium copy number plasmid (p15A ORI) on a pSEVA2610 backbone with kanamycin 
resistance. The other plasmid contains chaperones GroESL from E. coli and the GroESL-2 from 
M. capsulatus are expressed constitutively by the J231XX promotor additionally with Mdh from 
B. stearothermophilus on a medium copy number plasmid (pBR322 ORI) with a pSEVA391 
backbone containing chloramphenicol resistance. These plasmids when transformed together 
should replicate the two-plasmid set-up used by Bennett et al. (2021) and result in the functional 
expression of sMMO. The expressed MMO enzyme enables the oxidation of methane to 
methanol by use of NADH as electron source (Wang et al., 2014). The sMMO enzyme 
functionality can be tested for methanol production by gas chromatography when incubated with 
methane. The methanol produced by sMMO can also be used for biomass, with this read-out 
the SM1 and C1Saux strains can act as sensors. 

The synthetic methylotrophic strains SM1 and C1Saux as shown by Chen et al. (2020) and 
Yishai et al. (2017) are able to grow on reduced C1 substrates using their respective RuMP or 
rGly pathway. To allow the C1Saux to grow on formate derived from methanol the enzyme Mdh 
from Bacillus stearothermophilus is added to the strain from the published plasmid pZASSC-
rbsC-bsMDH (Wenk et al., 2020). To identify which strain is most suitable for the biofilter the 
SM1, C1Saux and C1Saux+BsMdh strains are grown over a 96-hours period on glucose and 
different methanol and formaldehyde concentrations during which the OD600 is measured over 
time on a platereader. The results of growth on different carbon source concentrations could 
help in defining the conditions in which carbon source levels are limiting biomass accumulation. 
The strain with the lowest methanol requirement to grow could function as a sensor strain with a 
lower demand scenario to determine if sMMO is converting methane. 
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Materials and methods 
Cloning design  

The cloning strategy to build the sMMO expression plasmids was designed by Riemer van 

der Vliet and adopted from literature (Bennett et al., 2021). The strategy replicates the two-

plasmid expression system on pSEVA backbones with an additional B. stearothermophilus 

Mdh to assure synthetic methlotrophs SM1 and C1Saux can convert the methanol from the 

sMMO enzyme. In this system one plasmid contains the sMMO operon and the other 

plasmid contains the chaperones required for functional sMMO expression. The two 

plasmids are built up according to the Standard European Vector Architecture (SEVA) 

format. The SEVA format standardises plasmid assembly. According to the SEVA criteria the 

natural sequence is shortened to the smallest functional DNA sequence. Common restriction 

sites are removed from the sequences and gene modules are flanked by fixed, rare 

restriction sites (Martínez-García et al., 2020). In the cloning process for the two-plasmid 

system there are four interim plasmids that act as intermediates to accommodate the cloning 

of the large inserts. The cloning steps for the sMMO plasmid and chaperone plasmid can be 

viewed in figure 6&7. The interim plasmids pSEVA2610-sMMO(1-2), pSEVA2610-sMMO(3-

4) and pSEVA391-chap(2-3) were achieved previously by Riemer van der Vliet. For the 

remaining cloning steps this leaves the plasmids pSEVA391-chap1-Mdh, 

pSEVA2610_sMMO_final and pSEVA391_chap_Mdh_final.  

 

Figure 6. The cloning strategy to assemble the pSEVA2610_sMMO_final plasmid. The colours used are as 

follows: red is the origin of replication(ori), yellow is the antibiotic resistance, grey are terminators, green are 

primer binding sites, purple are promoters, pink is the ribosomal binding site (RBS), and blue is the cargo. The 

arrows show which parts form a product together. First pSEVA2610 is made by PCR amplifying the pSEVA261 

backbone and the pSEVA1810 AraBADC promoter system that are ligated through Gibson assembly. Then 

intermediate plasmid pSEVA2610_sMMO1-2 is assembled from the amplified backbone of pSEVA2610, sMMO1 

from the M. capsulatus (bath) mmoX gBlock from Integrated DNA Technologies (IDT) and sMMO2 from another 

IDT gBlock containing mmoY. The intermediate plasmid pSEVA2610_sMMO3-4 is assembled from amplified 

pSEVA2610 backbone, sMMO3 from a bath mmoBZD gBlock from IDT and sMMO4 from Bath gBlock containing 

mmoC from Twist Bioscience (Twist BS). The expression plasmid pSEVA2610_sMMO_final is assembled from 

the amplified backbone from pSEVA2610_sMMO1-2 and the amplified cargo (mmoBZDC) from 

pSEVA2610_sMMO3-4. 



10 
 

 

 

Figure 7. The cloning strategy designed to assemble the pSEVA391_Chap_MDH_final plasmid. The 

colours used are as follows: red is the origin of replication(ori), yellow is the antibiotic resistance, grey are 

terminators, green are primer binding sites, purple are promoters, pink is the ribosomal binding site (RBS), and 

blue is the cargo. The arrows show which parts form a product. First pSEVA391 is made by PCR amplifying the 

pSEVA291 backbone and the pSEVA331 chloramphenicol resistance that are ligated through Gibson assembly. 

Then intermediate plasmid pSEVA391_Chap1_MDH is assembled from the amplified backbone from pSEVA391, 

Chap1 from the M. capsulatus (bath) GroESL2 gBlock from Twist bioscience (Twist BS) and Mdh from the 

pZASSC-rbsC-bsMDH plasmid (Wenk et al., 2020). The intermediate plasmid pSEVA391_chap2-3 is assembled 

from amplified pSEVA391 backbone, Chap2 from the same M. capsulatus GroESL2 gBlock and Chap3 from E. 

coli MG1655. The expression plasmid pSEVA391_Chap_MDH_final is assembled from the amplified backbone 

from pSEVA391_Chap1_MDH and the amplified cargo (truncated GroEL2 and GroESL) from pSEVA391_chap2-

3. 

Cloning 
The main method used to obtain the plasmids was amplifying fragments with primers to 

create matching overhangs and ligate through Gibson assembly. Plasmids pSEVA291, 

pSEVA331, pSEVA2610_sMMO1-2, pSEVA2610_sMMO3-4 and pSEVA391_chap2-3 were 

retrieved from glycerol stocks of transformed DH5α cells. The DH5α cells were transferred 

into 5 ml Lysogeny Broth (LB) medium (Appendix 1) with appropriate antibiotic overnight 

(figure 6&7). The plasmids were obtained from the cells by ZymoPURE miniprep (Zymo 

Research). Gene fragments of interest pSEVA291, pSEVA331, pSEVA391, Mdh, 

pSEV2610-sMMO(1-2) and pSEV2610-sMMO(3-4) were amplified by PCR from plasmids 

while Chap1 is amplified from a g-block (Table 1). The PCR mix used was Q5® High-Fidelity 

2x Master Mix. The products were checked using a 1% agarose gel in TAE buffer. The 

agarose gel was run at 120 V for 30 minutes. The products pSEVA291, pSEVA331, 

pSEVA391, Mdh, Chap1, pSEV2610-sMMO(1-2) and pSEV2610-sMMO(3-4) were purified 

after gel excision with the Zymoclean Gel Recovery kit (Zymo Research). The PCR products 

pSEVA291, pSEVA331 and pSEVA391 were also purified by DpnI digesting for 1 hour at 

37°C followed by PCR clean-up using the ZR-96 DNA Clean & Concentrator® kit (Zymo 

Research). The parts were then assembled using the NEBuilder® HiFi DNA Assembly 

Master Mix (NEB) using 50 ng of vector and for each insert a 2-fold molar excess. Gibson 
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assembly incubation was done at 50°C for 60 minutes. After assembly 5 µl of the reaction 

mix was transformed by heat shock into DH5α cells. Competent DH5α cells were taken from 

the -80°C. The reaction mix was added to the cells and the DNA was incubated with the 

cells while thawing on ice for 30 minutes. Heatshock transformation was done by placing the 

cells in a 42°C water bath for exactly 45 seconds. The cells were shortly (2 minutes) 

incubated on ice. Afterwards the cells were allowed to recover by adding 950 µl LB medium 

and incubating at 37 °C for 60 minutes. For plating, appropriate antibiotic selection plates 

were used on which 50 µl cell suspension was spread over half the plate, the remaining cells 

were spun down at 1000g for 20 minutes, aspirated, and then spread on the other half of the 

plate. Colony PCR (cPCR) was done on the colonies to check for successful fragment 

assemblies using OneTaq (NEB). After cPCR confirmation the plasmids were sent for 

sequencing to MacroGen for Sanger sequencing. 

Table 1. Overview of plasmids and the parts that were used and built.  

Plasmid Fragments Primers 
Size 
(bp) Part Source 

pSEVA391 pSEVA291 pBR322.F 2419 Backbone SEVA 

    pBR322.R       

  pSEVA331 CmR-tot.F 841 CmR SEVA 

    
CmR-
tot.R       

pSEVA391-
chap1-Mdh pSEVA391 RV-9.F 2680 Backbone This study 

    RV-9.R       

  
pSEVA391-
chap(2-3) RV-9.F 2680 Backbone Riemer 

   RV-9.R     

  Chap1 RV-7.F 1200 
Chaperone M. 
capsulatus 

Twist 
BioScience 

    RV-7.R       

  Mdh RV-8.F 1260 
B. stearothermophilus 
Mdh 

pZASSC-
rbsC-
bsMDH 
plasmid 
from (Wenk 
et al., 2020) 

   RV-8.R     

pSEVA391-
chap-Mdh 

pSEVA391-
chap(2-3) RV-22.F 2655 

Chaperone GroESL2 
E. coli Riemer 

    RV-22.R       

  
pSEVA391-
chap1-Mdh RV-23.F 5086 Backbone + This study 

    RV-23.R   

B. stearothermophilus 
Mdh + M. Capsulatus 
chaperone GroESL   

pSEVA2610-
sMMO 

pSEV2610-
sMMO(1-2) RV-24.F 6470 Backbone, KmR Riemer 

    RV-24.R   mmoXY   

  
pSEV2610-
sMMO(3-4) RV-25.F 2640 mmoBCDZ Riemer 

    RV-25.R       
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Growth assays  
The E. coli strains SM1, C1Saux, C1Saux-Mdh and MG1655 were recovered from -80°C 

storage and inoculated in 10 ml (LB) medium + appropriate antibiotic (strain details in 

appendix 2). The cells were grown in preculture over 2 nights at 37°C at 500 rpm until an 

OD600 of 1.5. Before starting the growth assay, the cells were washed to eliminate LB media 

components by centrifuging at 5000g for 5 minutes, pouring the liquid off and adding 3 ml 

washing media, this was repeated 3 times. The media used for washing was M9 minimal 

medium supplemented with 20 mM glucose and 20 mM formate for C1Saux, C1Saux-Mdh 

and MG1655 while MOPS media supplemented with 20 mM glucose was used for SM1 

(media details in appendix 1). After washing the preculture the OD600 was measured, 

between 1.1 and 1.7, and about between 4-7 µl cell suspension was added to 93-96 µl of 

medium in a flat bottom 96-wells plate for a final OD600 of 0.05 and then 50 µl mineral oil was 

added to prevent evaporation. The four strains were measured in triplicates and the medium 

conditions differed per row (table 2). OD600 measurements were taken every 30 minutes for 

96 hours on the Elx800 platereader at 37°C shaking at 500 rpm. The platereader OD600 was 

corrected to cuvette OD600 by correcting the data with /0.23. The doubling time (dt) was 

calculated using the formulate ln2/r=dt with r being the slope. The slope was calculated with 

the formula (ln[OD6002/ OD6001])/(T2/T1)=r . The time intervals showing exponential growth 

were chosen by plotting the lnOD600 against time and manually determining the linear 

portion. The standard deviation was calculated from corrected data (/0.23).  

Table 2. Overview of the 96 wells plate layout for the growth experiment. In this experiment different strains: 
1-3 MG1655, 4-6 C1Saux, 7-9 C1Saux-Mdh and 10-12 SM are grown in either M9 media (purple) or MOPS 
media (orange). The different media conditions that are tested for are the carbon sources containing: A glucose 
20 mM, B formate 20 mM and glucose 20 mM, C formate 10 mM and glucose 20 mM, D methanol 25 mM and 
glucose 20 mM, E methanol 50 mM and glucose 20 mM, F methanol 100 mM and glucose 20 mM, G methanol 
200 mM and glucose 20 mM, H methanol 400 mM and glucose 20 mM. 

 

Results and discussion 

Cloning of pSEVA391_Mdh-chap1 
For the Gibson assembly of pSEVA391-Mdh-chap1 three parts are required. The approach 

was to amplify the pSEVA391 backbone from the successfully cloned pSEVA391-chap(2-3) 

(2680 bp), Mdh of B. stearothermophilus from a plasmid (1260 bp) and truncated GroESL of 

M. capsulatus (Chap1) from a Twist Bioscience gBlock (1200 bp). The electrophoresis gel in 

figure 8 confirms the correct amplification of the Mdh and chap1 fragments that can be used 

in the next cloning step. However, the backbone from pSEVA391 was not the expected band 

size. This amplification of a smaller fragment could be caused by an alternate binding site of 

primers. A solution was sought in changing the annealing temperature and the results in 

figure 9 showed multiple bands. The decrease of annealing temperature allowed for more 

primer binding sites resulting in more off target bands. The bands at the expected height of 

Strain

Media

Well 1 2 3 4 5 6 7 8 9 10 11 12

A glu 20mM glu 20mM glu 20mM glu 20mM glu 20mM glu 20mM glu 20mM glu 20mM glu 20mM Blank Blank Blank

B

form 10 mM 

+glu 20 mM

form 10 mM 

+glu 20 mM

form 10 mM 

+glu 20 mM

form 10 mM 

+glu 20 mM

form 10 mM 

+glu 20 mM

form 10 mM 

+glu 20 mM

form 10 mM 

+glu 20 mM

form 10 mM 

+glu 20 mM

form 10 mM 

+glu 20 mM Glu 20 mM Glu 20 mM Glu 20 mM

C

form 20 mM

+glu 20 mM

form 20 mM

+glu 20 mM

form 20 mM

+glu 20 mM

form 20 mM

+glu 20 mM

form 20 mM

+glu 20 mM

form 20 mM

+glu 20 mM

form 20 mM

+glu 20 mM

form 20 mM

+glu 20 mM

form 20 mM

+glu 20 mM

form 20 mM+ 

glu 20 mM

form 20 mM+ 

glu 20 mM

form 20 mM+ 

glu 20 mM

D

meth 25 mM

+glu 20 mM

meth 25 mM

+glu 20 mM

meth 25 mM

+glu 20 mM

meth 25 mM

+glu 20 mM

meth 25 mM

+glu 20 mM

meth 25 mM

+glu 20 mM

meth 25 mM

+glu 20 mM

meth 25 mM

+glu 20 mM

meth 25 mM

+glu 20 mM

meth 25 mM+

glu 20 mM

meth 25 mM+

glu 20 mM

meth 25 mM+

glu 20 mM

E

meth 50 mM

+glu 20 mM

meth 50 mM

+glu 20 mM

meth 50 mM

+glu 20 mM

meth 50 mM

+glu 20 mM

meth 50 mM

+glu 20 mM

meth 50 mM

+glu 20 mM

meth 50 mM

+glu 20 mM

meth 50 mM

+glu 20 mM

meth 50 mM

+glu 20 mM

meth 50 mM

+glu 20 mM

meth 50 mM

+glu 20 mM

meth 50 mM

+glu 20 mM

F

meth 100 mM

+glu 20 mM

meth 100 mM

+glu 20 mM

meth 100 mM

+glu 20 mM

meth 100 mM

+glu 20 mM

meth 100 mM

+glu 20 mM

meth 100 mM

+glu 20 mM

meth 100 mM

+glu 20 mM

meth 100 mM

+glu 20 mM

meth 100 mM

+glu 20 mM

meth 100 mM

+glu 20 mM

meth 100 mM

+glu 20 mM

meth 100 mM

+glu 20 mM

G

meth 200 mM

+glu 20 mM

meth 200 mM

+glu 20 mM

meth 200 mM

+glu 20 mM

meth 200 mM

+glu 20 mM

meth 200 mM

+glu 20 mM

meth 200 mM

+glu 20 mM

meth 200 mM

+glu 20 mM

meth 200 mM

+glu 20 mM

meth 200 mM

+glu 20 mM

meth 200 mM

+glu 20 mM

meth 200 mM

+glu 20 mM

meth 200 mM

+glu 20 mM

H

meth 400 mM

+glu 20 mM

meth 400 mM

+glu 20 mM

meth 400 mM

+glu 20 mM

meth 400 mM

+glu 20 mM

meth 400 mM

+glu 20 mM

meth 400 mM

+glu 20 mM

meth 400 mM

+glu 20 mM

meth 400 mM

+glu 20 mM

meth 400 mM

+glu 20 mM

meth 400 mM

+glu 20 mM

meth 400 mM

+glu 20 mM

meth 400 mM

+glu 20 mM

M9 minimal media MOPS

SM1C1Saux MDHC1SauxWT MG1655
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2680 bp were excised from the gel and used for Gibson assembly together with the earlier 

obtained Mdh and chap1 fragments from figure 8. However, the transformations did not yield 

any colonies. The most likely reason being the unspecific amplification of the pSEVA391 

backbone. Thus, another approach was taken by rebuilding the pSEVA391 plasmid. This 

was done by amplifying the original backbone plasmid pSEVA291 (2419 bp) and exchanging 

the kanamycin resistance (KmR) to chloramphenicol resistance (CmR). The chloramphenicol 

resistance fragment (841 bp) was obtained from amplifying pSEVA331. The following PCR 

analysis from figure 10 showed the desired pSEVA291 backbone fragment (2419 bp) and 

CmR fragment (841 bp). These fragments were further used for Gibson assembly and 

yielded colonies. The colonies were then checked using colony PCR (cPCR) as can be seen 

figure 11. The results from the cPCR show that the backbone plasmid pSEVA391 was not 

achieved. This can be caused by several things. There might be an issue with the used 

primers, unspecific binding or DNA structures that get in the way of proper amplification. 

There is also a slight possibility that the pSEVA291 backbone plasmid might not have the 

expected sequence that is shown in the plasmid map.  

 

Figure 8. Electrophoresis results of pSEVA391-Mdh-chap1 parts. The gel shows that the pSEVA391 

backbone bands are between the 1 Kbp and 1.5 Kbp band which is not the expected band size (2680 bp). The 

Mdh fragment band is between the 1 Kbp and 1.5 Kbp band as expected (1260 bp). And the chap1 fragment 

band is visible between 1 Kbp and 1.5 Kbp as expected (1200 bp). The ladder used is Generuler 1 Kbp plus. 
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Figure 9. Electrophoresis results of pSEVA391 backbone amplification with lower annealing temperature. 

The gel shows multiple pSEVA391 backbone bands between the 2 Kbp and 3 Kbp band, among which is the 

expected height (2680 bp). The ladder used was Generuler 1 Kbp plus. 
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Figure 10. Electrophoresis results of pSEVA391 backbone parts. The gel shows pSEVA291 backbone bands 

between the 2 Kbp and 3 Kbp band which is the expected height (2419 bp). The chloramphenicol resistance 

bands between the 700 kb and 1 Kbp band are also at the expected height (841 bp). The ladder used was 

Generuler 1 Kbp plus. 
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Figure 11. Electrophoresis results of pSEVA391 cPCR. The gel shows different colonies of Gibson assembled 

pSEVA391. The band sizes are between the 2 kbp and 1.5 kbp bands which is not the expected size (2680 bp). 

The ladder used was NEB 1kb plus ladder. 

Cloning of pSEVA2610_sMMO 
The final plasmid containing the sMMO operon was obtained from intermediate plasmids by 

using pSEVA2610_sMMO(1-2) as the backbone plasmid that already contains the sMMO 

subunits mmoXY subunits and using pSEVA2610_sMMO(3-4) for the subunits mmoBZDC. 

This was done by amplifying pSEVA2610_sMMO(1-2) for a fragment of 6470 bp and 

amplifying pSEVA2610_sMMO(3-4) for a fragment of 2640 bp. These fragments with 

overlapping overhangs were then ligated using a Gibson assembly reaction. The 

transformed plate yielded colonies of which colony 2 and 3 were sent for sanger sequencing 

by Macrogen. The sequencing reaction in figure 12 confirmed the presence of the gene 

mmoC from pSEVA2610_sMMO(3-4) in both samples. To gain more coverage another 

sequencing reaction was run using a different primer set. The sequencing results in figure 13 

show an insertion in mmoX as indicated by the interrupted sequence in the template. The 

sequence found in the gap is likely a duplication of the mmoX sequence. This result confirms 

the presence of both pSEVA2610_sMMO(1-2) and pSEVA2610_sMMO(3-4) parts in the 

cloned pSEVA2610_sMMO. However, this plasmid should not be used for sMMO expression 

without fixing the gene of interest and sequencing the entire plasmid. 
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Figure 12. Sequencing results of pSEVA2610-sMMO genes of interest. The primer set used was PS1 and 

PS2. The genes amplified are mmoC and AraC regulator. The sequenced genes show no insertions or deletions 

or frame shifts or point mutations resulting in different amino acids. 

 

Figure 13. Sequencing results of pSEVA2610-sMMO mmoX gene. The primer set used was BG27809 and 

BG27810. The fragments amplified are in the mmoX gene. The sequence shows an insertion in the mmoX gene. 

Growth experiment  
To attempt synthetic methanotrophy it is important to determine a suitable synthetic 

methylotrophic host for the sMMO enzyme. A growth experiment was set up to determine 

the characteristics of the C1Saux strain and SM1 strain when cultured on different carbon 

sources and concentrations. The strains are cultured on either M9 or MOPS medium and 

carbon source concentrations comparable to literature (Chen et al., 2020; Yishai et al., 

2017). The main difference between the strains is that SM1 strain is made to grow fully on 
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methanol as carbon source using the RuMP pathway and C1Saux is for 1-3% of its biomass 

dependent on formaldehyde that is metabolised using the rGly pathway. It is expected that 

the SM1 strain can grow on MOPS media with 400 mM methanol as its only carbon source 

to a maximum OD600 of 2 with a doubling time of 8 hours (Chen et al., 2020). The SM1 strain 

has a mutated glycolysis pathway from multiple rounds of adaptive laboratory evolution 

(ALE) which directs flux towards the RuMP pathway. The SM1 strain is expected to grow 

slower than wild type (WT) MG1655 E. coli when cultured on glucose because of the 

redirected flux. SM1 is not expected to grow when cultured on formate as sole carbon 

source because formaldehyde is used in the RuMP pathway and E. coli cannot efficiently 

reduce formate to formaldehyde. It is expected that the C1Saux strain can grow on M9 

minimal media containing carbon sources of at least 10 mM glucose when supplied with 5 

mM formate to an OD600 of 1.8 and doubling every 1.6 h (Yishai et al., 2017). The C1Saux 

strain cultured with just glucose as carbon source is not expected to grow because of the 

serine auxotrophy that can only be relieved by formate metabolism. The C1Saux is neither 

expected to grow when cultured on glucose and methanol as it naturally lacks a Mdh to 

convert methanol. To allow C1Saux metabolise methanol derived from the sMMO enzyme 

an C1Saux-Mdh strain was included in the experiment. The C1Saux-Mdh strain is 

transformed with the pZASSC-rbsC-bsMDH plasmid and allows it to use the NADH 

dependant Mdh of B. stearothermophilus (Wenk et al., 2020). It is expected that the C1Saux-

Mdh strain has similar characteristics of max OD600 and doubling time as the C1Saux strain 

but with the added ability to grow on glucose with methanol substrate. The doubling time of 

MG1655 in minimal media and glucose is reported to be around 1 h (Thakur et al., 2010). 

The results of the growth experiment with only glucose as carbon source can be seen in 

figure 14. 

 

Figure 14. Growth curves of MG1655, C1Saux, C1Saux-Mdh and SM1 cultured on 20 mM glucose. The 

vertical error bars are calculated from technical replicates with a sample size of 3. The x axis represents time in 

hours and the y axis represents the OD600 value. 

Figure 14 shows the growth curves of the strains MG1655, C1Saux and C1Saux-Mdh 

cultured on M9 minimal media and SM1 on MOPS media with 20 mM glucose as carbon 

source. All strains in this condition show growth. The WT MG1655 strain has a lag phase of 

4 h, a doubling time of 2.7 h and maximum OD600 of 1.6. The doubling time is slower than 

expected and could be caused by the growing conditions in the plate reader set-up. The long 

lag phase can be explained from the suboptimal pre-culture that was not maintained at the 

log phase. The C1Saux strain has a lag phase of 6.5 h, a doubling time of 2.7 h and a 
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maximum OD600 of 1.7. The growth of the C1Saux strain in this condition is unexpected as 

the C1Saux strain cannot grow without serine metabolism that is not being provided. It is 

unlikely that the strain reacquired the deleted serA and gcvTHP gene activity. Either the 

media used contains formate or there is a strain present from contamination that was 

already able to grow on glucose as its only carbon source. Further results on the C1Saux 

strain should not be considered as C1Saux characteristics because of the unexpected 

growth in this condition. The C1Saux-Mdh strain has a lag phase of 7.5 h, a doubling time of 

2.7 h and a maximum OD600 of 1.7. The C1Saux-Mdh strain just like the C1Saux strain is not 

expected to grow on only glucose as carbon source. The other platereader results of the 

C1Saux-Mdh strain should also not be viewed as C1Saux characteristics because of the 

possibilities of an unknown amount of formate in the medium or possible contamination. The 

SM1 strain has a lag phase of 6 h, a doubling time of 2.3 h and a maximum OD600 of 2.0. 

The SM1 doubling time is unexpected as glycolysis related genes are mutated which should 

result in a slower doubling time than the WT E. coli MG1655 strain. The faster doubling time 

could be caused by the overgrown preculture which could lead to a difference. Another 

carbon source condition tested was 20 mM formate + 20 mM glucose, a condition that 

should be optimal for the C1Saux strain and can be viewed in figure 15.  

 

Figure 15. Growth curves of MG1655, C1Saux, C1Saux-Mdh and SM1 cultured on 20 mM glucose + 20 mM 

formate as carbon source. The vertical error bars are calculated from technical replicates. The x axis 

represents time in hours and the y axis represents the OD600 value. 

Figure 15 shows the growth curves of the tested strains cultured on 20 mM glucose and 20 

mM formate. When comparing figure 15 to figure 14 it becomes apparent that the strains 

MG1655, C1Saux, C1Saux-mdh and SM1 grow with a similar doubling time but with a 

slightly lower maximum OD600 in the presence of formate. Growth in this condition is 

expected for all strains as the media contains glucose for glycolysis in the MG1655 and SM1 

strain and formate as carbon source that provides the C1Saux strains with the C1 building 

blocks for growth. The lower max OD600 might be influenced by formate toxicity. The WT 

MG1655 strain has a lag phase of 4 h, a doubling time of 2.7 h and maximum OD600 of 1.4. 

The C1Saux strain has a lag phase of 7 h, a doubling time of 2.7 h and a maximum OD600 of 

1.5 The C1Saux strain is expected to grow with a doubling time of 1.6 h when grown on 10 

mM glucose and supplied with 5 mM formate. However, it is already determined from figure 

14 that C1Saux and C1Saux-Mdh are not showing characteristics attributable to C1Saux 

because of the unexpected growth seen on glucose as carbon source. The C1Saux-Mdh 
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strain has a lag phase of 8 h, a doubling time of 2.7 h and a maximum OD600 of 1.4. The 

SM1 strain has a lag phase of 6.5 h, a doubling time of 2.4 h and a maximum OD600 of 1.4. 

The SM1 strain is expected to grow in this condition because of the glucose present in the 

media. To see if there is no contamination a more informative condition would be to culture 

SM1 on just formate as growth on this carbon source is not expected. A carbon source for 

which SM1 is optimized to grow on is 400 mM methanol. In figure 16 the growth of strains is 

tested on 400 mM methanol + 20 mM glucose.  

 

Figure 16. Growth curves of MG1655, C1Saux, C1Saux-Mdh and SM1 cultured on 20 mM glucose + 400 

mM methanol as carbon source. The vertical error bars are calculated from technical replicates. The x axis 

represents time in hours and the y axis represents the OD600 value. 

Figure 16 shows the growth curves of the strains cultured on 400 mM methanol and 20 mM 

glucose. The figure shows growth for every strain in this media condition. The growth of the 

strains MG1655, C1Saux-mdh and SM1 are expected with these carbon sources. C1Saux 

however has no means to generate serine from methanol and should not be able to grow. 

The WT MG1655 strain has a lag phase of 4.5 h, a doubling time of 2.6 h and maximum 

OD600 of 1.6. These growth curves are very similar to growth on just 20 mM glucose. This 

growth is expected as E. coli can tolerate up to 1 M methanol and 400 mM is well below this 

threshold (Bennett et al., 2021). The C1Saux strain has a lag phase of 7 h, a doubling time 

of 2.7 h and a maximum OD600 of 1.6. This strain is not expected to grow in this condition as 

it does not have a Mdh to metabolise methanol into formate and serine. The C1Saux-Mdh 

strain has a lag phase of 8 h, a doubling time of 2.9 h and a maximum OD600 of 1.4. Growth 

of this strain is expected but it is still unclear whether there is a contamination or additional 

formate in the M9 minimal media stock resulting in the observed growth. The SM1 strain has 

a lag phase of 6 h, a doubling time of 2.2 h and a maximum OD600 of 2.0. Growth in this 

condition is expected since glycolysis in this strain is mutated to have flux run through the 

RuMP pathway. This strain is reported capable of growing on only methanol as carbon 

source. Adding a test condition where SM1 is cultured in just methanol would be more 

informative for the purpose of finding a synthetic methylotroph. Doubling time when grown 

on only methanol as carbon source should be 8 h. In figure 17 the C1Saux strain growth on 

different tested carbon sources are being shown in a single graph to see if there any trends. 
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Figure 17. Growth curves of C1Saux cultured on 20 mM glucose with different added carbon sources. The 

different carbon sources are as follows: green just glucose, yellow 10 mM formate + 20 mM glucose, red 20 mM 

formate + 20 mM glucose and blue 400 mM methanol + 20 mM glucose. The vertical error bars are calculated 

from technical replicates. The x axis represents time in hours and the y axis represents the OD600 value. 

Figure 17 shows C1Saux cultured with different carbon sources. The carbon sources are as 

follows: 20 mM glucose, 10 mM formate + 20 mM glucose, 20 mM formate + 20 mM glucose 

and 400 mM methanol + 20 mM glucose. The growth experiment shows that the tested 

strain grows in every tested carbon source condition. Growth is only expected with 10 mM 

and 20 mM formate + 20 mM glucose because of the C1Saux dependence on formate 

metabolism to generate serine and its metabolites necessary for growth. And when C1Saux 

is grown on formaldehyde and glucose to reach a doubling time of 1.6 h. The results 

however do not match the expectations. The lag time seen in all conditions is between 6.5-7 

h with a doubling time of consistently 2.7 h and a max OD600 measured between 1.5 and 1.7. 

What can be seen from the growth curves are similar lag times and doubling times. There is 

a slight difference in max OD600 that suggests a growth inhibiting effect from the additional 

carbon sources formate and methanol. When comparing the C1Saux doubling time to the 

WT E. coli strain MG1655 in figure 14 they are both 2.7 h. However, it remains unclear 

whether there is formate present in the media or a contamination from the preculture. The 

SM1 strain results have also been compiled to see if there is a correlation between carbon 

source concentration and growth and these results can be viewed in figure 18. 
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Figure 18. Growth curves of the SM1 strain cultured on 20 mM glucose with different added carbon 

sources. The vertical error bars are calculated from technical replicates. The x axis represents time in hours and 

the y axis represents the OD600 value. 

Figure 18 shows SM1 cultured on 20 mM glucose and different added carbon sources. The 

carbon sources being compared are: 25 mM methanol + 20 mM glucose, 50 mM methanol + 

20 mM glucose, 100 mM methanol + 20 mM glucose, 200 mM methanol + 20 mM glucose, 

400 mM methanol + 20 mM glucose, 20 mM formate + 20 mM glucose and 20 mM glucose. 

The SM1 strain shows growth on all conditions as is expected with glucose and a glycolytic 

pathway that has mutated flux towards to RuMP pathway but remains functional. The lag 

time observed is between 6 and 6.5 h, the doubling time is between 2.2 and 2.4 h, and the 

max OD600 is between 1.5 and 2.1. The compared results show a difference mainly when 

cultured with 20 mM formate + 20 mM glucose where there seems to be an inhibitory effect 

from formate. There is no observable difference between methane concentrations impacting 

growth. 

Together the growth experiment results were not convincing in confirming either the SM1 or 

C1Saux strain as hosts able to grow on the methanol generated by sMMO when cultured on 

methane as carbon source in the case of SM1 or methane + glucose in the case of C1Saux 

transformed with B. stearothermophilus Mdh. From the results it is strongly suggested that 

the pre-culture can be improved by maintaining log phase culture. The unexpected growth 

from C1Saux on 20 mM glucose and 400 mM methane + glucose could be caused by either 

a contamination in the preculture, as all C1Saux and C1Saux-Mdh show similar growth, or 

formate being present in the M9 stock media that generates serine for the auxotrophy. The 

SM1 strain is reported to grow on just methanol with optimal growth on 400 mM methanol. A 

more informative carbon source condition to cultivate the SM1 strain in would be 25 mM 

methanol, 50 mM methanol, 100 mM methanol, 200 mM methanol, 400 mM methanol, 20 

mM formate and 20 mM glucose. When cultured on just glucose similar growth is expected 

as seen from these results. When cultured on just formate no growth is expected, that could 

give some more indication on whether there is a contamination from preculture or not. A 

repeat experiment with just one carbon source for the SM1 strain per culture condition and 

new M9 minimal stock media for C1Saux with a logarithmic dilution for formate would give 

more insight into choosing a suitable synthetic methanotroph. The expected trends in the 

result from the new culturing conditions would be to see growth rates slowing down in 

response to lower methanol/carbon source concentrations and the maximum OD600 to be 

lower at limiting carbon source concentrations. The following section will go into the next 

steps that can be made in establishing a synthetic methanotrophy by E. coli for the Cattlelyst 

biofilter. 

Recommendations 
The goal during this thesis is to set up a proof-of-concept synthetic methanotroph for the 

innovative Cattlelyst biofilter that is designed to convert both methane and ammonia. The 

approach taken to make this synthetic methanotroph was to build on the landmark 

achievements that are synthetic methylotrophs and expand their substrate spectrum to 

methane. Multiple of these synthetic methylotrophs are made in E. coli strains through 

extensive metabolic engineering to use methanol or formate as substrate. In theory adding a 

methane monooxygenase enzyme that converts methane to methanol and an additional 

methanol dehydrogenase should allow the synthetic methylotrophs to metabolise and grow 

on methane as substrate. Bennett et al. (2021) developed a sMMO expression system and 

introduced this in a synthetic methylotrophic E. coli strain (ΔfrmAΔpgi + pUD11) (Bennett et 

al., 2018). When this strain is grown on methane or methanol and glucose as co-substrate it 

produces acetone. However, for the Cattlelyst biofilter the preferred synthetic methylotroph is 
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optimized for methane uptake and cell maintenance in the limiting biofilter conditions, which 

differs from industrial scale chemical production since the gas concentrations in cattle stable 

are at low percentage (v/v) and fluctuating over the day (Wu, 2016). Therefore, the intent is 

to use the sMMO expression system from the Bennett et al. (2021) in a more suitable 

methylotroph such as the C1Saux strain and the SM1 strain (Yishai et al., 2017;Chen et al., 

2020). The SM1 strain is based on the RuMP pathway and through metabolic engineering, 

rational design and adaptive laboratory evolution able to grow on methanol as sole carbon 

source. This would be beneficial for the biofilter since no additional carbon source would be 

needed to maintain the biofilter which reduces operation costs. Type I methanotrophs which 

are known to utilise low methane ppm streams use the RuMP pathway. The C1Saux strain 

converts formate into serine using the reductive glycine pathway. This formate consumption 

relieves the serine auxotrophy and serine metabolism makes up 1-3% of the cells’ biomass. 

Introducing Mdh in conjunction with sMMO via plasmids should allow the C1Saux strain to 

metabolize methane into methanol and then further into formaldehyde that native 

formaldehyde dehydrogenases convert into formate. The C1Saux strain requires less 

methane for the cellular metabolism and would be ideal in the scenario where the low 

methane concentrations are too low to maintain a dense biofilm in the biofilter. The C1Saux 

also has the added benefit that it can act as a lower demand sensor strain in response to 

lower activity of the sMMO enzyme than SM1 strain can. 

During the timespan of the thesis, it was not possible to test the biobricks for sMMO 

expression and a suitable synthetic methanotroph could not be established. The thesis 

resulted in a completed plasmid for the sMMO subunits as seen in the sequencing results 

with a duplication in mmoX gene. A completed chaperone expression vector for GroESL 

from E. coli, GroESL2 from M. capsulatus (bath) and methanol dehydrogenase from B. 

stearothermophilus could not be completed. The growth experiments did not show 

methylotrophic doubling times or optic densities (OD600) as expected from literature. Both the 

chaperone plasmid and synthetic methylotroph parts for the synthetic methanotroph could 

not be validated due to time constrains. The next section will describe several experiments 

that can be done if more time and resources were available to achieve the chaperone 

plasmid for the sMMO expression system and to obtain a suitable synthetic methylotroph for 

the Cattlelyst biofilter.  

sMMO expression plasmid 
The biobricks for the sMMO units and the chaperones GroESL and GroESL2 designed by 

Riemer van der Vliet for a dual plasmid set-up are similar to the expressions system from 

Bennett et al. (2021) and should be used when pursuing the heterologous expression of 

sMMO in E. coli. The biobricks in their current state are one complete plasmid containing the 

sMMO subunits called pSEVA2610-sMMO, a plasmid containing the E. coli GroESL called 

pSEVA391-chap-(2-3), and a gBlock containing the M. capsulatus GroESL2 sequence. The 

original strategy was to use Gibson assembly to make plasmid pSEVA391-chap(1)-Mdh 

using PCR amplified backbone pSEVA391 with primer pair RV-9.F/R, chaperones GroESL2 

with primer pair RV7.F/R and BsMdh with primer pair RV-8.F/R. The final plasmid 

pSEVA391-chap-Mdh can then be Gibson assembled by opening pSEVA391-chap(1)-Mdh 

with primer pair RV.23F/R and adding the E. coli GroESL chaperones fragment by PCR 

amplifying plasmid pSEVA391-chap-(2-3) with primer pair RV.22F/R.  

However, due to improper amplification of the pSEVA391 backbone that is supposed to give 

a 2680 bp fragment size only halve the fragment size of ~1.3kb was obtained, suggesting 

unspecific/off-target amplification of the fragment. The pSEVA391 backbone was PCR 

amplified from pSEVA391-chap-(2-3) using primers RV.7-F/R and from reassembled 

pSEVA291 and pSEVA331. However, both these strategies did not produce the expected 
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PCR fragment of the pSEVA391 backbone. A temperature gradient was used for the 

annealing temperature and more fragments were amplified. One of the fragments was of the 

expected size and excised from gel. A Gibson reaction was attempted with the excised 

pSEVA391 PCR product, but this did not yield any viable colonies.  

A way to approach the problem of having unspecific PCR products is by using different 

primers that bind more specifically. A different cloning strategy that can be attempted is by 

amplifying pSEVA391-chap-(2-3) with primers that open the plasmid at the location of RV.9-

R, before the E. coli GroESL sequence and have similar overhangs to RV.8-R and RV.7-F to 

enable the J231XX promotor before the M. capsulatus GroESL to express all chaperones. If 

the Gibson assembly is not able to assemble the parts, then different cloning strategies such 

as restriction ligation can be used. If the pSEVA391 backbone is not able to be amplified a 

different backbone could be used for the chaperones in the sMMO plasmid expression 

system. This backbone would be required to be another E. coli ori plasmid with a similar 

medium copy number plasmid (CloDF13 ORI) and avoiding kanamycin resistance as not to 

have the same antibiotic resistance as plasmid pSEVA2610. 

In the Bennett et al. (2021) paper directed lab evolution was used on sMMO to improve its 

activity. They did this by mutating one amino acid in the sequence to one of the other 19 

amino acids. In total ~32,000 clones were sampled and 5 mutations improved methane 

oxidation. It is unclear how these mutations improved methane oxidation but one of the 

hypotheses is that the solubility improved. For the Cattlelyst biofilter a sMMO with high 

methane affinity is preferred. A similar mutation study could be done to improve methane 

conversion on methane levels found in the Cattlelyst biofilter to maximise the elimination 

capacity of the biofilter. The enzymes that perform better at low methane concentrations will 

need a higher affinity to bind the substrate and thus have a lower methane turnover rate. 

Ideally, a synthetic methylotroph that can express higher density of sMMO will alleviate the 

lower turnover rate and still allow for high elimination capacity of methane airstreams with a 

lower methane percentage (v/v). Improving methane affinity can also improve the 

methanotrophic activity by reducing unspecific ammonia binding that inhibits methane 

conversion with nitrification (Novikov & Stepanov, 2002). 

Synthetic methylotroph 
In this thesis the growth experiment measured C1Saux and SM1 growth on different carbon 

source concentrations comparable to conditions reported in literature (Chen et al., 2020; 

Yishai et al., 2017). The results however did not show methylotrophic growth. A growth 

experiment was set up by measuring OD600 at 37°C in a 96-wells plate over a 96-hour 

period. The medium conditions tested were glucose 20 mM, glucose 20 mM + methanol 

400/200/100/50/25 mM and glucose 20 mM + formate 20/10 mM in the respective MOPS/M9 

minimal media for each strain. The expectation for C1Saux is to only grow on the glucose + 

formate media conditions with a doubling time of 1.6 hours (Yishai et al., 2017). The 

expectations for the C1Saux strain transformed with pZASSC-rbsC-bsMDH plasmid (Wenk 

et al., 2020) is to grow on the glucose + formate conditions with a doubling time of 1.6 hours 

and when cultured on glucose + methanol conditions to possibly see slower doubling time 

limited by the efficiency of Mdh from the pZASSC-rbsC-bsMDH plasmid. The expectation for 

the SM1 strain was to show optimal growth on 400 mM methanol with a doubling time of 8 

hours to a max OD600 of 2 and to see carbon dependant growth on lower conditions (Chen et 

al., 2020). All samples except for the blank condition showed similar growth with doubling 

times between 2-3 hours and with a maximum optic density OD600 of 2.1. This growth is as 

expected as the glycolytic flux is mutated toward the RuMP pathway but remains intact. The 

different timepoints in reaching the max OD600 between wildtype and the SM1 strain could 

stem from the preculture error, this seems to be the case when looking at overlapping 
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growth curves the strains. The experiment should be repeated starting from a better starting 

cell suspension that is preferably between an OD600 of 0.4-0.8 so each strain can grow from 

the log phase.  When repeating the experiment, it is important to avoid contaminations when 

handling multiple samples. A fresh stock of M9 minimal media is also recommended to avoid 

unknown concentrations of carbon sources being present in media/the experiment. 

The growth conditions were not optimal to determine the strain characteristics. All carbon 

source conditions contained glucose, which for the C1Saux strain is a requirement since it 

cannot grow solely on formate. However, the SM1 strain was built using a xylose auxotrophy 

strategy, requiring xylose and methanol for glycolysis. The glucose metabolism is mutated 

through multiple rounds of adaptive laboratory evolution. The SM1 strain with glycolysis flux 

redirected through the RuMP pathway is expected to grow faster when cultured on glucose 

than on methanol, but at a slower doubling time than WT E. coli strain. If the experiment 

would be repeated it is important to have a condition with SM1 growing on MOPS media with 

just 400 mM methanol as carbon source to check if the reported doubling time and OD600 

can be achieved in the replicated set-up.  

In a repeat experiment it would still be interesting to see the growth of SM1 and C1Saux on 

formate and methanol with a logarithmic dilution to see the characteristics such as doubling 

time, maximum optic density with restricted carbon source availability and possibly the death 

phase. The microplate-reader set-up of the growth experiment is also important. The ELx800 

used could have suboptimal temperature control resulting in the observed slower growth 

rate. This can be especially problematic with longer running experiments and getting the 

SM1 strain with already lengthy doubling time to grow. 

The follow-up experiment after C1Saux and SM1 show comparable growth as reported in 

literature would be to look at physiologically relevant conditions in a cow stable biofilter. Cow 

stables are optimally kept between 4 °C to 16 °C (Johnson, 1965). Under Henry’s law a 1% 

methane airstream results in a dissolved methane concentration of ~20 µM at 15 °C and 1 

atm mM dissolved methane (Cookney et al., 2016). For the biofilter application on low (v/v) 

methane concentrations it is interesting if C1Saux and SM1 can sustain biomass under 

these conditions. The follow up experiment would have to be incubated at 15 °C and started 

at an OD600 of 0.1-0.3 to check whether cells can sustain biomass or will die off.  

After a suitable synthetic methylotroph is obtained it can be made more suitable as the 

chassis organism for the synthetic methanotroph. At this stage the strain engineering 

required for the Cattlelyst biofilter to have a co-culture that is amino acid/carbon dependant, 

and the safety switches can be tested on a reduced carbon substrate (e.g. methanol or 

formate). These modules can be tested individually in proof-of-concept experiments as all 

the strain engineering is novel. A synthetic methylotroph that is optimized for efficient growth 

on methanol would be optimal for the biofilter. The fastest growing isolated methanotroph 

has a specific growth rate of 0.40 h-1 on 80% air and 20% methane airstream supplied in 

chemostat. This methanotroph belongs to gammaproteobacterial genera and these bacteria 

use the RuMP pathway to metabolise methane (Kim et al., 2018). This rapid growth on 

methane highlights the potential of the RuMP pathway to efficiently metabolise methane into 

biomass.  

Investigating how the metabolic pathway is optimized and regulated would be interesting for 

the balancing of enzymes in the synthetic pathway. The end goal is to make a synthetic 

methanotroph for the Cattlelyst biofilter. The synthetic methylotroph can be optimised using 

culturing conditions which simulate growth on carbon source levels found in the biofilter. One 

of the ways this can be done is through adaptive laboratory evolution on growth limiting 

conditions by increasingly lowering methanol concentrations and selecting for clones with 
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high optic density/growth rate. Taking these steps sets up a biofilter specific synthetic 

methylotroph. 

Synthetic methanotroph 
When both the sMMO expression plasmids are achieved and the growth of a suitable 

synthetic methylotroph are characterized on different substrate concentrations a synthetic 

methanotroph can be set-up quite straight forwardly. Expressing the sMMO enzyme in a 

suitable synthetic methylotroph such as SM1 or in C1Saux in conjunction with Mdh in theory 

completes the metabolic pathway required to use methane as a carbon source and facilitate 

growth.  The first step would be to transform the methylotrophic strain. Clones can be 

selected for with the two antibiotic resistance genes found in the plasmids. Colony PCR can 

then confirm the presence of the plasmids. These transformed strains can be used as 

sensors to measure the conversion rate of methane by sMMO. A strain like SM1 that has a 

doubling time of 8 hours on 400mM methanol would most likely have a longer doubling time 

(Chen et al., 2020). Achieving such high methanol conversion from methane would be very 

difficult given the low water solubility of 1.237 mM at standard conditions (20°C 1 atm) 

(Guerrero-Cruz et al., 2021). The C1Saux strain has a doubling time of 1.6 hours when 

grown on 10 mM glucose and 5 mM formate (Yishai et al., 2017). This strain will likely show 

retarded growth because of the limited availability of formate as metabolite from methane. 

Without formate no serine can be produced, and cell growth is not possible. However, if 

growth is shown then the sMMO expression system produced functional sMMO enzyme and 

a synthetic methanotroph would be achieved. If no growth is shown further analysis such as 

western blotting and checking for methane consumption with gas chromatography can be 

done. 

The growth of an E. coli strain on methane would be a major milestone and allow for further 

optimization for biofilter use. For the SM1 strain redox balancing would be recommended to 

improve growth. The SM1 strain has Gapdh downregulated and mutated frmA fdoG that are 

involved in NADH production. sMMO is NADH dependent enzyme that can regenerate the 

NAD+ required for Mdh activity (Gregory et al., 2022). Thus, restoring some of these NADH 

production mechanisms might be beneficial for growth. When the C1Saux strain is 

transformed with both sMMO and BsMdh redox balancing likely won’t be needed since 

NAD+ and NADH are regenerated in the pathway and the sugar metabolism can regenerate 

other co-factors. Growth on low methane conditions can further be improved upon by 

nutrient restrictive adaptive laboratory evolution and selecting for growth that might help with 

the regulation/balancing of enzymes in biofilter conditions.  

Cow stables are often not closed off and have a methane concentration varying over the day 

and with temperature (van der Zaag et al., 2014). Ruminant gas excretion content is up to 

~25% methane. Per day a single cow emits roughly 1000-1300L methane. And the yearly 

emission of methane is 112 kg per cow (Nowakowicz-Debek et al., 2020). The methane 

concentration in a cow stable is roughly 40.9 mmol m-3=670 µg/l=670 ppm=0.67% (Wu, 

2016). The hood system that collects gases for the biofilter concentrates the emitted 

methane. The ventilation rate is at least 5 times smaller leading to a 5 times higher methane 

concentration in the biofilter. Adaptive laboratory evolution experiment should aim to culture 

towards these dissolved methane levels of ~60 µM at 15 °C and 1 atm (Cookney et al., 

2016). Under these restricted nutrient conditions, survival and high cell density on a low 

methane stream are the most important qualities. Therefore, a chemostat setup is 

recommended. The goal of the culture is to reach an equilibrium of cell growth and cell death 

in biofilter conditions. The Monod equation should be equal to 0 net growth rate. If this net 

growth of 0 can be achieved on such low methane concentrations, then a synthetic 
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methanotroph is made that can survive the biofilter conditions for a prolonged time resulting 

in consistent methane elimination capability.  

Future perspectives and limitations 

Synthetic methanotrophy 
Synthetic methylotrophy as a field, has made significant advances in synthetic biology, 

metabolic engineering and the understanding of natural methylotrophy. Synthetic 

methylotrophy offers a biological method to use reduced one-carbon compounds as energy 

or carbon source to produce value added products. Reduced one-carbon compounds as a 

substrate are renewable and can be produced carbon neutrally, sustainably and without 

competing with food sources. Synthetic methanotrophy as a subfield of synthetic 

methylotrophy adds the ability to convert high methane concentrations into value added 

products and low methane concentrations into a carbon source to maintain biofilter biomass 

using methane monooxygenases. Fundamental advances have been made in 

understanding how methane monooxygenases function. However, there are still questions, 

the answers of which are important for improving methanotrophy. Particulate MMO is 

interesting for biofilter applications because of the higher affinity to methane and allowing 

some methanotrophs to grow on 10-100 ppm methane (Baani & Liesack, 2008). Particulate 

MMO has been expressed by placing the catalytic domains on an apoferritin scaffold thus 

making the protein soluble and able to be expressed without a membrane (Kim et al., 2019). 

This particulate methane monooxygenase allowed for ex vivo methane conversion when 

supplied with duroquinol as electron donor. Duroquinol is not naturally found in 

methanotroph and In vivo results have not be shown. pMMO electron donors can be further 

investigated for in vivo application as this could open the possibility for cellular growth of 

synthetic methanotrophs on very low methane concentrations. Soluble MMO is more 

interesting for industrial purposes as the turnover rate of the enzyme is much higher than 

pMMO (Sirajuddin & Rosenzweig, 2015). sMMO has been functionally expressed in E. coli 

hosts by Bennett et al. (2021). This study shows that the enzyme can be heterologous 

expressed, isolated and improved upon. Bennett et al. (2021) did this with a mutant library 

for sMMO changing the amino acids one by one resulting in 5 amino acid optimizations most 

likely related to solubility. Such strategies together with modelling and ALE can give 

information on how the sMMO enzyme functions and can be optimized for different 

conditions. However, there’s a limit to how much a synthetic methanotroph can be 

reasonably optimized for methane consumption. Natural methanotrophs can sense methanol 

and their metabolism adapts to methane concentrations (Jakobsen et al., 2006). Gene 

regulation in response to biofilter methane airflow conditions is very hard to achieve in 

synthetic methylotrophs as hundreds of genes are involved in regulating the cellular 

response to carbon source availability (Gregory et al., 2022). There’s also a biological limit 

on how much extra protein a synthetic host can express.  A proteomics study found that the 

N-MDH expression made up 40% of the protein content (Keller et al., 2022). This level of 

expression is hypothesized to be a burden to the strains resulting in limited growth. The main 

role of synthetic methanotrophs in the future will likely be in gathering knowledge to improve 

natural atmospheric methanotrophs through genetic editing for when their genetic tool kits 

become available (Sanford & Woolston, 2022). For a methane biofilter the main requirement 

of the methanotroph will be the maintenance of a high cell density on low methane 

concentrations. For a higher elimination efficiency, the methane airflow concentrations are 

more vital to improve than optimizing the ability of a synthetic methanotroph to convert 

methanol efficiently (Drinkwaard, 2021). 
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Methane biofilters 
Most anthropogenic methane emissions are below the ignition threshold, for 55% of 

methane emissions a biofilter could be a more effective solution. For the use of specific 

cultures in biofilters a synthetic methylotroph is interesting because these methylotrophs can 

be engineered for the specific conditions of the biofilter environment. Synthetic 

methanotroph cultures also give a more measurable output since there is only one organism 

responsible for eliminating methane. Synthetic biofilters are currently very difficult to 

implement due to regulatory limitations on GMOs, safety concerns on GMOs, metabolic 

engineering requirements and implementation costs. According to biofilter modelling the 

biggest bottleneck for a methane biofilter lays in the methane transfer into the biofilter 

(Drinkwaard, 2021). The hood system is able to increase the methane concentrations 5-fold. 

However, according to expert opinion current biofilter systems need to be improved 20-fold 

upon in order to be economically viable. More technical innovations in biofilter design and 

improvement on methane availability for the biofilter are needed before a methane biofilter 

can be considered for implementation. A promising technology are hydrocarbon ladder 

polymers, membranes that are able to separate gases, including methane (Lai et al., 2022). 

If methane biofilters can be implemented it would be a powerful tool for efficiently and 

sustainably tackling complex problems such as low concentration methane emissions 

without the need of expensive catalysts, energy intensive processes or harsh chemicals (La 

et al., 2018). 

Conclusion 
This study investigated a method to establish a proof of concept synthetic methanotroph for 

the Cattlelyst biofilter. The hypothesis is that a synthetic methanotroph can be made by 

using established synthetic methylotrophs SM1 and C1Saux and having them 

heterologously express sMMO by introducing sMMO subunits (mmoXYBZCD), cognate 

chaperones GroESL2 from M. capsulatus and overexpression of native chaperones GroESL 

from E. coli using a dual plasmid system. During the project the sMMO subunits plasmid was 

achieved with a duplication in the mmoX gene. However the chaperone plasmid and 

synthetic methylotrophic growth are not achieved and the hypothesis remains untested. The 

hypothesis cannot be confirmed or rejected. However, a synthetic methanotroph for biofilter 

application is still a goal worth pursuing to enable the advancements of methanotroph based 

technology. The impact of biofilter design advancements such as packing material (33%), 

hood system (5x), pure cultures (unknown) and hydrocarbon ladder polymers (unknown) 

could push methane biofilter to the 20-fold improvement needed to be economically viable. 
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Appendix 

Appendix 1 Media 
Table 1. General growth media for E. coli and antibiotic stocks used in this project. 

General media/stock Composition Concentration 

LB media autoclaved Peptone 10 g/l 

Yeast extract 5 g/l 

NaCl 5 g/l 

Demineralised water Solvent 

LB agar autoclaved Agar 15 g/l 

Peptone 10 g/l 

Yeast extract 5 g/l 

NaCl 5 g/l 

Antibiotic resistance Variable 

Demineralised water Solvent 

Chloramphenicol stock 
1/1000 
filter sterilised 

Chloramphenicol 34 mg/ml 

Ethanol 100% Solvent 

Streptomycin stock 1/1000 
filter sterilised 

Streptomycin 50 mg/ml 

MilliQ Solvent 

Kanamycin stock 1/1000 
filter sterilised 

Kanamycin 50 mg/ml 

MilliQ Solvent 
Table 2. MOPS media 1x recipe 

MOPS media Stocks Volume (1000 ml) 

MOPS media recipe 
(Neidhardt et al., 1974) 
Filter sterilised 

10X MOPS mixture 100 ml 

0.132 M K2HPO4 10 ml 

milliQ H2O (autoclaved) 880 ml 

7.2 pH (adjusted with NaOH) ~300 μl 

2M C6H12O6 10 ml 
Table 3. 10X MOPS media preparation. 

Order 10X MOPS media Composition Concentration 

1. Autoclaved, start with 300 ml Demineralised water Solvent 

2. Final volume is 1000 ml MOPS  400 mM 

3. Stored at room temperature Tricine  40 mM 

4. Add until pH 7.4  KOH 10M 

5. Make fresh FeSO4•7H2O  10 mM  

6. Mix the following 7 steps in order NH4Cl 95 mM 

7.  K2SO4 2.76 mM 

8.  CaCl2•2H2O 5 mM 

9.  MgCl2 5.25 mM 

10.  NaCl 500 mM 

11. Add 0.2 ml micronutrient stock   

 Micronutrient stock 5000x 
Filter sterilised 
Final volume 50 ml 

(NH4)6Mo7O24•4H2O 0.146 mM 

H3BO3 20.1 mM 

CoCl2 1.5 mM 

CuSO4 0.48 mM 

MnCl2 4.05 mM 

ZnSO4 0.487 mM 

12. Autoclaved separately K2HPO4 100x 132 mM 

13. Volume finished to 1000 ml and 
filter sterilize 

Demineralised water Solvent 
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Table 4. M9 minimal media recipe 1x. 

Recipe M9 minimal media Composition Amount 

Autoclaved 5X M9 solution mix 200 ml 

Filter sterilised 100X trace element mix 10 ml 

Autoclaved 1M MgSO4 2 ml 

Autoclaved 1M CaCl2 100 ul 

Filter sterilised 2M glucose 10 ml 

Filter sterilised 0.5 formate 10 ml 

Autoclaved Demiwater H2O Fill until 1L 
Table 5. M9 minimal media stock preparation. 

M9 media stocks (Yishai et 
al., 2017) 

Composition Concentration 

M9 5X salts 
Autoclaved 

K2HPO4 100 mM 

Na2HPO4 250 mM 

NaCl 5 mM 

NH4Cl 100 mM 

Mineral mix 100X 
Filter sterilised  

EDTA 13.4 mM 

FeCl3·6H2O 1.3 mM 

ZnCl2 620 μM 

CuCl2·2H2O 760 μM 

CoCl2·2H2O 420 μM 

H3BO3 162 μM 

MnCl2·4H2O 8.1 μM 

Filter sterilised, carbon source Glucose 2 M 

Filter sterilised, auxotrophy  Formate 0.5 M 

Autoclaved MgSO4 1M 

Autoclaved CaCl2 1M 

Autoclaved Demineralised water Solvent 

 

Appendix 2 Strains  
Table 6. E. coli strains used in this project. 

Strain 
name 

Description Original 
strain 

Antibiotic 
resistance 

Genes 
deleted/mutated 

Genes added Source 

K-12 
MG1655 

Wild type 
(WT) 

W1485 -  Rph, pyrE, ilvG  Rfb-50 IS5 insertion (Blattne
r et al., 
1997) 

DH5α Cloning 
strain 

K-12 -  recA1, endA, 
lacZΔM15 

 (Glover, 
1985) 

C1Saux Formaldeh
yde 
dependant 
growth 

MG165
5 

SmR ΔglyA, 
ΔgcvTHP, 
ΔserA, 
ΔgcvTHP  

FTL, FolD, GlyA (Yishai 
et al., 
2017) 

C1Saux-
Mdh 

C1Saux + 
pZASSC-
rbC-
BsMDH 

C1Sau
x 

SmR  Mdh (Bacillus 
stearothermophilus) 

(Kim et 
al., 
2020) 

SM1 Synthetic 
methylotro
ph made 

BW251
13 

CmR araG, rpoA, 
xylR, cybB, fhu, 
ydhB, 

yggE to yghO 4-fold CNV, 
rrsA to rrlB duplicate 
CNV, yqiG to smf 

(Chen 
et al., 
2020) 
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using the 
RuMP 
pathway 
growth 

fdoG, frmA, 
ugd, smf, gnd, 
wbbL, stfP, 
stfE, 
ΔgapA, gapC, 
ΔpfkA 
ΔrpiB, gnd, 
fdoG, rpoC, 
proQ, icd, gltA, 
ptsH, pgi, ptsP, 
relE, elfG, yhcM 

duplicate CNV, 
Medh (Cupriavidus 
necator) 2x, phi 
(Methylobacillus 
flagellates) 2x, hps 
(Bacillus methanolicus), 
hps (Methylomicrobium 
buryatense), tkt 
(Methylococcus 
capsulatus), tal (Klebsiella 
pneumoniae), 
gapC (E. coli BL21)  

 

Appendix 3 Primers  
Table 7. Sequences of primers used in this project. 

Primer Sequence Target Size 

RV_CmR_tot.
F 

GGGTCCCCAATAATTACGATTTAAATTGGC 

pSEVA331 841 
RV_CmR_tot.
R 

GCAGGGTTATGCAGCGGAAAAG 

RV_pBR322.F CTTTTCCGCTGCATAACCCTGC 

pSEVA291 

2419 

RV_pBR322.R ATTTAAATCGTAATTATTGGGGACCCCTGGATTC 

RV-7.F  CGTTTTATTTGATGCCATGCCTCTAGCACGCGTACC 

Chap1 

1200 

RV-7.R  CTAGAGCGGTTCAGTAGAAAAAATACTTGACATATC
AC 

RV-8.F  GTATTTTTTCTACTGAACCGCTCTAG Mdh 1260 

RV-8.R  TCAACAGGAGTCCAAGAGTTCGATAGAAACGGCAC
C 

RV-9.F  CTTGGACTCCTGTTGA pSEVA391 2680 

RV-9.R  GGCATCAAATAAAACG 

RV-22.F  GGTGCCGTTTCTATCGAACTTGGGC pSEVA391
-chap(2-3) 

2655 

RV-22.R  GATCTATCAACAGGAGTCCAAGTTACATCATGCCG 

RV-23.F  CTTGGACTCCTGTTGATAGATCCAGTAATGACCTCA pSEVA391
-chap1-
Mdh 

5086 

RV-23.R  AGTTCGATAGAAACGGCACCGTGAAC 

RV-24.F  CTTGGACTCCTGTTGATAGATCCAGTAATGACCTC pSEV2610
-sMMO(1-
2) 

6470 

RV-24.R  CGTCGTATGCGTTGCTGTTTACGCTC 

RV-25.F  GGTCATTACTGGATCTATCAACAGGAGTCCAAG pSEV2610
-sMMO(3-
4) 

2640 

RV-25.R  ATGAGCGTAAACAGCAACGCATACGAC 

PS1 AGGGCGGCGGATTTGTCC AraBAD Sequencin
g 

PS2 GCGGCAACCGAGCGTTC MMO C Sequencin
g 

BG27809 CCAAGTTCAAGGTCGAG  MMO X Sequencin
g 

BG27810 GCAACTCTCTACTGTT MMO X Sequencin
g 
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