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Summary 
 
The development of methylotrophic microbial platforms for the production of value-added 

compounds is a crucial step towards a methanol-based bioeconomy. Methanol is a promising 

substrate for the synthesis of such compounds as methods for its sustainable production 

continue to advance. One of the most straight-forward routes to green methanol includes the 

use of renewable energy to power electrolysis of water, generating green hydrogen that can 

subsequently be used for the hydrogenation of CO2. Moreover, methanol does not compete 

with the food industry and reduces the risk of contamination during fermentation. One 

promising organism capable of efficiently utilizing C1 substrates is the natural methylotroph 

Methylobacterium extorquens, one of the most well-studied organisms for methylotrophy. The 

central carbon metabolism of M. extorquens contains intermediates, most interestingly CoA 

esters in the EMCP, which could be harnessed for the production of value-added compounds 

using methanol as a substrate. However, rewiring of central carbon metabolism is tedious and 

comes with multiple drawbacks in strain performance. I therefore chose the M. extorquens PA1 

strain, which grows faster on minimal medium and has a smaller genome, benefiting genetic 

engineering work. To develop an EMCP-deficient strain of M. extorquens PA1, I introduced 

the heterologous glyoxylate shunt, which would allow to exploit the EMCP for the 

accumulation of CoA esters and the subsequent conversion to the carboxylic acid, here 

crotonate. To test this, the plasmid containing the glyoxylate shunt also harbored the 

thioesterase encoding gene for the YciA from E. coli, which catalyzes the reaction of crotonyl-

CoA to crotonate.  

The first part of this thesis focuses on the establishment of the glyoxylate shunt in  

M. extorquens PA1 in a strain that is deficient in the EMCP at the level of the crotonyl-CoA 

carboxylase/ reductase. While initial introduction of the heterologous glyoxylate shunt did not 

yield any strain capable of growing with methanol as the sole carbon source, adaptive 

laboratory evolution (ALE) allowed and significantly improved growth after 45 serial transfers 

(P45). Here, I identified mutations in the evolved strain that redistribute carbon fluxes around 

the isocitrate node. Subsequent characterization of the evolved strain revealed changes in 

protein abundances and adaptation to the methanol-induced stress conditions during ALE. 

Furthermore, determination of the biomass yield on different C1 compounds during chemostat 

cultivation in bioreactors showed that the evolved strain is capable of accumulating wildtype-

levels of biomass, while crotonate production was below wildtype levels.  
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In the second part of this thesis I aimed to enhance crotonate production through deletion of 

the competing PHB synthesis pathway. As the construction of the ΔccrΔphaC double mutant 

strain was unsuccessful, I designed and tested different versions of a CRISPR interference 

(CRISPRi) system for the targeted knockdown of phaC and ccr and prototyped them in the 

wildtype strain during growth on methanol. Here, I tested varying expression levels by altering 

plasmid copy number and different promoters for the control of the CRISPRi machinery, which 

consists of the dCas9 and a gRNA. While constitutive expression of CRISPRi strongly affected 

strain viability, exchange of the constitutive promoter for an IPTG-inducible promoter enabled 

cell growth on methanol. I introduced this CRISPRi design in the wildtype, where the 

knockdown of ccr had a negative impact on methylotrophic growth. In contrast, 

downregulation of phaC consistently improved growth on methanol in the wildtype. This 

plasmid system, however, was not suitable for the knockdown of ccr and phaC in the 

corresponding ΔphaC and Δccr knockout strains. Therefore, to find a suitable candidate for 

targeted knockdowns in these strains, I designed a mismatched gRNA library to tune the 

binding capacity of the CRISPRi complex, which would reduce lethality of the ccr knockdown 

in ΔphaC and vice versa. Growth assays of the CRISPRi system containing mismatch gRNAs 

in the wildtype showed a correlation between sequence length, degree of mismatches and 

growth. 

In summary, this work advanced the development of a potential production strain for EMCP-

derived carboxylic acids and introduced a new approach for the downregulation of the 

competing PHB pathway – an alternative to the highly unstable genetic knockouts. 
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Zusammenfassung 
 

Die Entwicklung methylotropher mikrobieller Plattformen für die Produktion von 

Mehrwertprodukten ist ein essentieller Schritt in Richtung einer Methanol-basierten 

Bioökonomie. Methanol eignet sich hervorragend als Ausgangsstoff für die Herstellung 

solcher Produkte, da erneuerbare Produktionsverfahren für Methanol kontinuierlich verbessert 

werden. Einer der direktesten Wege zu grünem Methanol besteht darin, erneuerbare Energie 

zur Elektrolyse von Wasser zu nutzen, wobei Wasserstoff generiert wird, welcher zur 

Hydrogenierung von CO2 genutzt werden kann. Weitere Vorteile zur Nutzung von Methanol 

als Substrat für die Industrie sind, dass Methanol nicht mit der Lebensmittelindustrie 

konkurriert und das Risiko von Kontaminationen bei laufenden Fermentationsprozessen 

minimiert. Ein vielversprechender Organismus, welcher C1 Substrate effizient verwerten kann, 

ist der natürliche Methylotroph Methylobacterium extorquens, einer der am besten erforschten 

Organismen in Bezug auf Methylotrophie. Der zentrale Kohlenstoff-Metabolismus von  

M. extorquens beinhaltet wertvolle Intermediate, vor allem CoA Ester aus dem Ethyl-Malonyl-

CoA Stoffwechsel (EMCP), welche für die Produktion von Mehrwertprodukten aus Methanol 

als Substrat genutzt werden kann. Das Ändern von Stoffwechselwegen des zentralen 

Kohlenstoff-Metabolismus ist allerdings umständlich, und führt oft zu Nachteilen im 

Wachstum der genetisch veränderten Stämme.  

Aus diesem Grund wählte ich den M. extorquens PA1 Stamm, welcher schneller auf 

Minimalmedium wächst und ein reduziertes Genom aufweist, was genetische Manipulationen 

in diesem Organismus erleichtert. Mein Ziel war es durch die Einbringung des heterologen 

Glyoxylat-Shunts einen EMCP-unabhängigen Stamm von M. extorquens PA1 zu entwickeln, 

in welchem CoA Ester aus dem EMCP akkumulieren können, welche dann in Crotonatsäure 

umgewandelt werden können. Um dies zu testen enthielt das Plasmid, welches den Glyoxylat 

Shunt beinhaltete, zusätzlich eine Thioesterase (YciA), welche die Reaktion von Crotonyl-CoA 

zu Crotonatsäure katalysiert.  

Der erste Teil dieser Arbeit fokussiert sich auf die Etablierung des Glyoxylat-Shunts in einem 

M. extorquens PA1 Stamm, welcher einen dysfunktionalen EMCP auf dem Level der Crotonyl-

CoA Reduktase/Carboxylase (ccr) besitzt. Während die Einführung des Glyoxylat-Shunts das 

Wachstum auf Methanol zu Beginn nicht ermöglichte, verbesserte adaptive Laborevolution 

(ALE) das Wachstum signifikant nach 45 Übertragungen auf flüssigem Methanolmedium. 

Hierbei konnte ich Mutationen identifizieren, welche eine Umverteilung des 
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Kohlenstoffflusses im metabolischen Knotenpunkt um Isocitrat verursachen. Die 

anschließende Charakterisierung des evolvierten Stammes enthüllte Veränderungen der 

Proteinlevel und eine Anpassung an die Methanol-induzierenden Stressbedingungen der ALE. 

Zusätzlich konnte ich zeigen, dass Erträge der Biomasse auf verschiedenen C1 Substraten 

während der kontinuierlichen Kultivierung im Bioreaktor den Erträgen des Wildtyps glichen, 

wobei die Produktion von Crotonsäure unter dem Level des Wildtyps lag. 

Das Ziel des zweiten Teils meiner Arbeit war es die Produktion von Crotonsäure durch die 

Deletion des konkurrierenden PHB Synthesewegs zu erhöhen. Da die Entwicklung einer 

ΔccrΔphaC Doppelmutanten nicht möglich war, erstellte und testete ich verschiedene 

Versionen eines CRISPR Interferenz (CRISPRi) Systems für die gezielte Repression von ccr 

und phaC, und prüfte diese Konstrukte im Wildtyp während des Wachstums auf Methanol. 

Hierbei testete ich unterschiedliche Expressionsniveaus für die CRISPRi Maschinerie, welche 

aus dCas9 und gRNA besteht, indem ich die Plasmidkopienzahl sowie verschiedene 

Promotoren variierte. Während die konstitutive Exprimierung von CRISPRi die 

Lebensfähigkeit der Zellen stark beeinträchtigte, konnte Wachstum auf Methanol durch den 

Austausch des konstitutiven Promotors durch einen IPTG-induzierbaren Promotor erzielt 

werden. Im Wildtyp verursachte dieses System bei der Herunterregulierung von ccr ein 

Wachstumsdefizit auf Methanol. Im Gegensatz hierzu verbesserte die Herrunterregulierung 

von phaC das Wachstum des Wildtyps auf Methanol. Dieses Plasmidsystem war jedoch nicht 

geeignet für die Genrepression in den Δccr und ΔphaC Deletionsstämmen. Um eine CRISPRi 

Variante zu finden, die für die Genregulierung in diesen Stämmen geeignet ist, entwarf ich 

gRNAs mit fehlerhaften Basenpaarungen, welche die Bindungskapazität des CRISPRi 

Komplexes verändern würde, was wiederum die Letalität der ccr Repression in ΔphaC (und 

vice versa) verringern würde. 

Zusammenfassend trug diese Arbeit zur Weiterentwicklung eines potentiellen 

Produktionsstamms für Carbonsäuren aus dem EMCP bei, und stellte einen neuen Ansatz für 

die Herunterregulierung des konkurrierenden PHB Synthesewegs als Alternative für die höchst 

instabilen Deletionsstämme vor. 
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1. Introduction 
 

1.1 Sustainable bioeconomy to reduce industrial CO2 emissions 
 
The continued rise of greenhouse gases (GHG) in our atmosphere is an ever-growing threat to 

our ecosystems and our health as they contribute to global warming, causing extreme weather 

conditions like heatwaves, floods and droughts. As a result, we experience the frequent 

occurrence and rising severity of wildfires and marine heatwaves, which causes a widespread 

loss of terrestrial and marine biodiversity1. 

Throughout the past decades, GHG emissions have increased steadily correlating with a rise in 

global surface temperature, which has increased by approximately 1.2 °C since pre-industrial 

levels of the mid-19th century, and each year breaking the previous record high temperatures. 

To stay in line with the Paris Agreement, recent assessments reported that the rise in global 

temperature above 1.5°C can be avoided if GHG emissions are reduced substantially, while the 

magnitude of further warming is determined by the rates at which anthropogenic GHG 

emissions are decreased2. GHGs consist of a mixture of different gasses. In 2019, total CO2 

(including fossil fuel industry, land-use and forestry) made up for approximately 75% of total 

GHG emissions, followed by the more potent methane (~18%), nitrous oxide (~5%) and 

fluorinated gases (~2%)3. Although methane and the other GHGs have a higher global warming 

potential per unit mass, the immense increase of CO2 from human activity has caused the 

majority of global warming4. Recent assessments estimated that CO2 from fossil fuels alone 

accounted for 74.5% of total GHG emissions in 20245. 

The majority of emitted CO2 is captured by natural CO2 sinks, which are capable of absorbing 

and releasing CO2, such as grasslands, forests and oceanic ecosystems. Tropical rainforests 

account for the majority of carbon storage, while absorption in grasslands is highly dependent 

on precipitation6. However, these natural sinks are decreasing over time due to continued 

deforestation and agricultural land use for livestock and crops, while increased surface 

temperature lower the rate of precipitation due to frequently occurring droughts 7–9. In 2024, 

atmospheric CO2 concentrations reached a record-high of 423.9 parts per million (ppm), an 

increase of 52% from pre-industrial levels10. With the industrial revolution in 1850, CO2 

emissions have drastically increased through the expansion of the industrial sector and the 

excessive use of fossil fuels11. Nowadays, industry and fossil fuels are among the main 

contributors to the global GHG emissions with an annual production of ~37-38 Gt of CO2 from 
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fossil fuels, accounting for 24% in total12,13. Proposed pathways to stay below the 1.5 °C 

threshold emphasize the mitigation of CO2 emissions from the industrial sector. However, 

according to scientists of the Global Carbon Project, global warming is predicted to exceed this 

threshold at current emission rates by 2030, as efforts for economic decarbonization are far too 

slow14. Finding solutions for the reduction in CO2 emitted by industrial processes would 

therefore help to accelerate the decarbonization process, and scientists across different fields 

have successfully designed strategies to achieve this goal15.  

Besides energy generation, chemical and manufacturing industry are one of the main sources 

of industrially produced carbon, and finding alternative resources for the replacement of fossil 

fuels for the production of platform chemicals has received considerable attention throughout 

recent years16,17. Conventional production routes of many industrially relevant compounds rely 

heavily on petrochemical processes, with 67% of emissions derived from fuel combustion. 

These processes do not only have a high energy demand (e.g. high temperatures) but also often 

produce toxic wastes and cause resource depletion18. In recent years multiple strategies have 

been developed to create alternative production routes for the synthesis of value-added 

compounds19–21. Besides enzyme catalysis and biorefinery processes, the latter of which 

converts biomass feedstocks into value-added biochemicals, microbial fermentation is one of 

the most promising strategies to find more eco-friendly alternatives for the synthesis of certain 

chemicals from renewable resources22–26.  

Humanity has utilized microorganisms in the production of valuable products for millennia, 

such as classic fermentation by S. cerevisiae in beer brewing and bread making or lactic acid 

bacteria in the production of yoghurt and cheese. While these processes still play an important 

role in our daily life, the microbial product spectrum has shifted drastically in the recent years 

through advances in biotechnology and metabolic engineering, as we are now able to produce 

complex chemicals like terpenoids, alkaloids or cannabinoids27–30. By altering the native 

cellular metabolism through the introduction of heterologous genes, a vast variety of products 

such as biofuel precursors, organic acids, and biopolymers can be synthesized in diverse 

microbial cell factories31–36. Additionally, the introduction of non-native genes or entire 

pathways may unlock new substrates which can be utilized for strain cultivation or enhance 

product titers37–40. While common feedstocks for large-scale economically feasible microbial 

processes often rely on sugar- or starch feedstocks, lignocellulosic biomass or oils, these 

resources often directly compete with food industry and agricultural supply chains41–43. The 
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ability to culture non-model organisms which are able to metabolize unconventional carbon 

sources has unlocked more potential for an even more sustainable bioproduction.  

1.2 Single carbon compounds for sustainable microbial cultivation 
 
The carbon source for microbial cultivations plays a vital role when it comes to creating 

sustainable processes for the production of value-added compounds. According to the IEA, 

renewable resources are defined as energy derived from natural processes that are produced 

faster than they are consumed and play a critical role in reducing CO2 emissions by 203044. As 

previously mentioned, many bioproduction routes rely non-sustainable substrates, which often 

directly compete with the food industry and deplete natural resources. Single carbon (C1) 

compounds on the other hand are a promising alternative to these feedstocks, as they are highly 

available and can be produced through environmentally friendly processes.  

1.2.1 Gaseous feedstocks 
 
Throughout the last few decades many studies have developed microbial cell factories for the 

production of industrially relevant chemicals during fermentation powered by gaseous C1 

substrates such as CO2, natural gas (CH4), syngas (CO and H2), or biogas (also referred to as 

biomethane; CH4 from anaerobic digestion). As the main constituent of natural gas is methane 

and only a small fraction of other alkanes and CO2, it comes with high energy density and could 

potentially serve as a substrate for the cultivation of methanotrophs. However, as natural gas 

is derived from fossil fuels and depleting natural gas reservoirs, it is not suitable for a 

sustainable bioeconomy. Despite its lower energy content, which is approximately 30% lower 

than natural gas, synthesis gas (Syngas) on the other hand is a more attractive resource for 

future industrial applications. The main components of syngas are CO and H2, along with 

smaller amounts of CO2 and methane, and its composition varies greatly depending on its origin 

and processing method45,46. While syngas can be derived from fossil fuels like natural gas, 

crude oil and coal, sustainable production from biomass gasification has gathered more 

attention throughout recent years47. Many studies have demonstrated the production of 

platform chemicals from syngas, which will be discussed further below. Coupling of gaseous 

feedstocks from industrial flue gases or carbon capture from the atmosphere can directly reduce 

industrial CO2 emissions and are part of CO2 mitigation strategies. However, when it comes to 

utilizing gaseous C1 substrates for microbial fermentation, certain drawbacks are expected. 

First, the low miscibility of gases in water necessitates elevated gas concentrations and efficient 

sparging in large reactor volumes to maintain stable growth and compound production. Also, 
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fluctuations in gas composition or dispersion in the culture often leads to lower growth and 

production rates.  

 

1.2.2 Liquid feedstocks 
 
As the use gaseous feedstocks has several disadvantages, liquid feedstocks are generally 

preferred for industrial applications for several reasons. Besides higher energy densities, easy 

storage and handling as well as higher solubility in water makes liquid C1 feedstocks attractive 

for industrial use. Methanol, formic acid and formaldehyde have been used as feedstock for 

microbial fermentation in different cultivation scales. Methanol can be synthesized through 

different routes and from various renewable and non-renewable sources (Figure 1). To date, 

the vast majority of methanol is synthesized from non-sustainable sources, with 65% of global 

methanol production from natural gas (CH4), through steam methane reforming. This process 

includes three steps: 1. Catalytic conversion of natural gas to syngas; 2. Conversion of syngas 

to crude methanol using Cu/ZnO catalysts; and 3. Distillation of crude methanol to high purity 

methanol48. Besides the requirement of natural gas, high temperature (200-300°C) and pressure 

(50-100 bar) further lower the sustainability for this synthesis route. Half of global methanol is 

made in China, where coal gasification is the dominant manufacturing process, which requires 

even higher temperatures (≥ 900°C) and high pressures of at least 20 bar49,50.  

In recent years, however, multiple pathways for the sustainable synthesis of methanol have 

been developed. For example, methanol can be produced from syngas through the Fischer-

Tropsch process, in which CO is hydrogenated with H2, and accounts for 11% of products 

derived from syngas51. While syngas can be produced from non-sustainable sources, biomass 

gasification from sustainably grown biomass is a promising alternative for methanol synthesis 

as the overall energy chain has potential to be GHG neutral48. Moreover, methods such as the 

photocatalytic conversion or electrochemical reduction (ERC) of CO2 as well as microbial 

cultivation of anaerobic acetogens or aerobic methanotrophs are promising pathways for the 

synthesis of green methanol52. Photocatalytic conversion involves carbon capture and 

utilization (CCU), which captures off-gases of industrial processes that have inherent CO2 

emissions like steel, cement or paper refineries. In a photocatalytic process, H2O is dissociated 

into O2 and H2, which is then used for the hydrogenation of the captured CO2. ERC and 

methanol synthesis from microbes, however, do not meet industrial requirements yet. The 
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efficiency of ERC is limited by overpotential requirements, low solubility of CO2 in aqueous 

solutions and the lack of stable and efficient catalysts48.  

For microbial cultivations, the aerobic methanotroph Methylacidiphilum fumariolicum was 

shown to produce methanol from methane (0.88 mmol/gCDW/h), while production was highly 

dependent on growth rate53. Another promising liquid C1 feedstock is formate, which has great 

potential for industrial application. Like methanol, it can be produced from photochemical or 

electrochemical reduction or hydrogenation of CO2, oxidation of natural gas, hydration of 

syngas or oxidation of biomass. Also, catalytic conversion of methanol can be used for the 

production of formate by carbonylation with CO54. Both methanol and formate can serve as 

carbon and energy sources at the same time. While formate represents an interesting alternative 

to methanol as it is non-volatile, stable at room temperature and comes with simple production 

routes, its application for industry faces some downsides such as lower biomass yields due to 

its lower energy content and the availability of efficient formate assimilation pathways55.  

 

Figure 1: Industrial methanol synthesis from different substrates. 
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Methanol has a couples advantages over formate as substrate for microbial cultivation. With a 

growing number of synthesis routes and increasing annual production of the C1 compound, the 

price of methanol has steadily declined over the years, while green methanol production costs 

fluctuate depending on electricity and H2 prices and introduction of carbon taxes56. Moreover, 

methanol has a higher degree of reduction and therefore higher energy density than glucose, 

allowing for a more efficient production of reduced products with a lower substrate 

consumption for biomass formation.  It is also highly miscible in water and liquid at room 

temperature, simplifying transport and storage, all of which are favorable properties for large-

scale biotechnological productions. Another important aspect while considering methanol as a 

feedstock is that growth on methanol inevitably leads to the formation of formaldehyde, a 

highly toxic intermediate, which is a metabolic hub during methylotrophic growth and causes 

cellular damage due to its high reactivity with DNA and proteins. This, however, also reduces 

risk of contamination during cultivation and therefore highlights another advantage of 

methanol as a substrate.   

However, the number of organisms that are able to utilize these valuable C1 carbon sources is 

limited. In nature there are five CO2- and six C1-assimilation routes that are utilized by different 

eukaryotes, bacteria and archaea. The following section describes known naturally occurring 

CO2 assimilation pathways found in bacteria and yeasts and their applicability for industrial 

production routes, paving the way for a GHG neutral bio-based economy. The two archaeal 

CO2-fixation pathways, namely the 3-Hydroxypropionate/4-Hydroxybutyrate and the 

Dicarboxylate/4-Hydroxybutyrate cycle, will not be discussed as they lie outside the scope of 

this work.  

 

1.2.3 Natural CO2 assimilation pathways for industry 
 
The most prominent aerobic pathway for C1 assimilation is the Calvin-Benson-Bassham 

(CBB) cycle, which is a CO2 fixation cycle that relies on the activity of Ribulose-1,5-

bisphosphate-carboxylase/oxygenase (RuBisCO), found in photoautotrophic and 

chemolithoautotrophic organisms. The CBB cycle is initialized by the carboxylation of 

ribulose-1,5-bisphosphate (RuBP) catalyzed by RuBisCO yielding 2 molecules of 3-

phosphoglycerate. The C3 compound can then be used to form biomass, or to refill the RuBP 

pool. For this, glyceraldehyde-3-phosphate in converted to ribose-5-phosphate, to ribulose-5-
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phosphate and then to ribulose-5-phosphate, which then yields ribulose-1,5-bisphosphate 

catalyzed be the ATP-dependent reaction of phosphoribulokinase (Prk). 

CO2 and industrial exhaust gasses have been used frequently as C1 substrate in cultivation of 

genetically engineered CBB-utilizing organisms from different phyla for the production of 

industrially relevant compounds, for example cyanobacteria for the production of biofuels, or 

the production of biomass or precursor metabolites from Chlorella microalgae57–60. 

Cupriavidus necator is among one of the most promising organisms for C1-based 

biomanufactoring. Many studies have demonstrated the production of biopolymers like 

polyhydroxybutyrate (PHB), fatty acids and biofuel precursors CO2
61–64. Langsdorf and 

colleagues also demonstrated the cultivation of C. necator in a bioreactor with continuous 

gassing of industrial flue gas for the production of Polyhydroxybutyrate (PHB)65.   

Another CO2-fixation pathway is 3-Hydroxypropionate bicycle (3HP bicycle), which was first 

identified in Chloroflexus aurantiacus and occurs in green non-sulfur bacteria. It consists of 

two cycles, which convert two molecules of CO2 into one molecule of glyoxylate in the first 

cycle, while the second cycle forms Mesaconyl-C4-CoA, which is cleaved into the biomass 

precursor pyruvate and one molecule of acetyl-CoA. In total, this pathway involved 16 

enzymatic reactions that are catalyzed by 13 enzymes. While natural 3HP-utilizing organisms 

have not yet been used for the production of value-added compounds, part of the 3HP cycle 

has been implemented in C. necator and E. coli for the production of succinate. Here, however, 

cultivation medium was supplemented with alternative carbon sources66,67.  

A third CO2 fixation pathway that is used for natural anaerobic C1 assimilation is the reductive 

TCA (rTCA) cycle, found in diverse anaerobic or microaerophilic bacteria, such as acetogens 

and methanogens, with an ATP-citrate lyase as its key enzyme. This cycle fixes two molecules 

of CO2 to generate acetyl-CoA, which is subsequently reductively carboxylated to pyruvate 

with one additional CO2 by the pyruvate:ferredoxin oxidoreductase (Pfor). Similarly, the 

Wood-Ljungdahl pathway (reductive acetyl-CoA pathway, WLP) condenses two molecules of 

CO2 to one molecule of acetyl-CoA, operating through two metabolic branches: the methyl- 

and the carbonyl-branch. As in organisms that use the rTCA cycle, Pfor then converts acetyl-

CoA to pyruvate. So far, organisms that rely on the rTCA cycle for CO2 fixation have not yet 

been employed for bioproduction in industry, while organisms that employ the WLP have been 

utilized for the production of various industrially relevant chemicals.  
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A prominent example is the obligate anaerobic acetogenic bacterium Clostridium 

autoethanogenum, which was engineered at LanzaTech to produce ethanol, acetone and 

isopropanol from waste carbon such as industrial emission gasses from or syngas in a net 

carbon-negative process68. Syngas fermentation was also demonstrated in Clostridium 

ljungdahlii, other Clostridium species and Alkalibaculum bacchi for the production of ethanol 

and acetate depending on culturing conditions, and high pressure fermentation of Acetobacter 

woodii resulted in the production of acetone, acetate and formate69–72. While the use of CO2 or 

CO2-species has been widely applied for the production industrially relevant products, 

organisms that assimilate CO2 require an external energy source such as light or hydrogen in 

order to grow. Methanol on the other hand can be used as both the energy and the carbon source 

by natural methylotrophs, which poses a major advantage over CO2.  

 

1.3 Natural versus Synthetic Methylotrophy 
 
Methylotrophy is defined as the ability to utilize reduced C1 substrates such as methanol and 

methylamine to produce energy in form of reducing equivalents and biomass through carbon 

assimilation via different pathways.  

To utilize methanol, natural methylotrophs possess methanol oxidation pathways, which may 

either fully oxidize methanol to CO2 for energy generation, or partially oxidize it to 

formaldehyde or formate, which can then enter central metabolism through different routes. 

For the oxidation to formaldehyde, methylotrophs possess methanol dehydrogenases (MDHs), 

which require different cofactors and metals depending on the organism, as for example the 

Ca2+-dependent MxaF and the lanthanide-dependent XoxF MDH73. For subsequent 

assimilation of the C1 compound into biomass there are six major naturally occurring 

assimilation pathways, which support growth on methanol. In aerobic organisms, pathways 

that use O2 as the electron donor include the Ribulose-monophosphate pathway (RuMP), the 

Xylulose-monophosphate pathway (XuMP), the serine cycle and the CBB cycle, while 

anaerobic organisms use the WLP or the reductive glycine pathway (rGly). The RuMP is the 

most widespread pathway, employed by a variety of aerobic methylotrophs like Bacillus 

methanolicus and Type I methanotrophs like Methylococcus capsulatus and uses ribulose-5 

phosphate (Ru5P) as formaldehyde acceptor for C1 assimilation, which also contributes to 

formaldehyde detoxification74,75. The key enzymes of the RuMP are a 3-hexulose-6-phosphate 

synthase (Hsp) and the phosphor-3-hexuloisomerase (Phi). This pathway is generally 
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considered as the most efficient natural C1 assimilation route in terms of ATP consumption 

and biomass production by using reduced C1 compounds as the sole source of carbon and 

energy, generating one molecule of pyruvate from 3 molecules of formaldehyde76. The XuMP 

pathway is another formaldehyde assimilation pathway, which is mostly found in 

methylotrophic yeasts such as Pichia pastoris and uses xylulose 5-phophate (Xu5P) as its 

formaldehyde acceptor. For methanol oxidation, these methylotrophic yeasts rely on the 

alcohol oxidase (Aox), to oxidize methanol to formaldehyde. Key enzymes for subsequent 

assimilation are the dihydroxyacetone synthase (Das) and dihydroxyacetone kinase (Dak).  

Another aerobic C1 assimilation pathway is the serine cycle, which is found less frequently 

than the RuMP pathway. Despite its higher energetic cost compared to the RuMP, the serine 

cycle can lead to higher theoretical carbon yield for acetyl-CoA-derived products, as the RuMP 

loses carbon through CO2, and is especially suitable for the synthesis of reduced compounds 

from methanol. The serine cycle is found in many methylotrophic bacteria, predominantly in 

α-proteobacteria like Methylobacterium extorquens, and allows the assimilation of different C1 

compounds. Methylene-THF (tetrahydrofolate) serves as an entry point of C1 assimilation into 

biomass via the serine cycle. While formaldehyde can react spontaneously with 

tetrahydrofolate (THF) to form methylene-THF, the more common route for C1 assimilation 

in M. extorquens is the oxidation of formaldehyde to formate via the tetrahydromethanopterin-

dependent (H4-MPT) dissimilation pathway, where it is condensed with THF by a formate-

tetrahydrofolate ligase (FtfL, ATP-dependent) to formyl-THF, reduced to 5,10-methenyl-THF 

by the Formyl-THF cyclohydrolase (Fch), and then converted to 5,10-methylene-THF by 5,10-

methenyl-THF dehydrogenase (Mtd)77. In the serine cycle, glycine is used as the 5,10-

methylene acceptor and forms serine.  

These natural C1 assimilation pathways have served as a blueprint for the design of synthetic 

methylotrophy, and throughout recent years, multiple studies have worked on the 

implementation of synthetic methylotrophy in model organisms such as E. coli, S. cerevisiae 

and Corynebacterium glutamicum. One great advantage for building methylotrophy through 

this bottom-up approach is the availability of a vast genetic engineering toolbox, which greatly 

facilitates the progress of synthetic strain development. For the in vivo implementation of 

synthetic pathways, selection strains are essential tools, which facilitate the development of 

microbial cell factories78.  To develop metabolic dependency on the synthetic route, genetic 

deletions are introduced, to create an auxotrophy, which is relieved by the utilization of the 

synthetic route, efficiently coupling the pathway to growth. This has been used in the past to 
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establish the RuMP pathway in E. coli79,80. Another common strategy to improve the 

establishment of synthetic routes in these selection strains is adaptive laboratory evolution 

(ALE). ALE allows the accumulation of mutations through specific selection conditions and 

continuous culture propagation, yielding an adapted strain with a beneficial phenotype. This 

method has also been widely applied to establish synthetic methylotrophy in E. coli and S. 

cerevisiae through implementation of the RuMP pathway, which in some cases enabled growth 

with methanol as the sole carbon source 81–83.  

Another example for successful establishment of synthetic methylotrophy is the reductive 

glycine pathway (rGlyP), in which the first few reactions mirror the natural serine cycle, while 

the subsequent synthesis of glycine is achieved by reversal of the native glycine cleavage 

system. The rGlyP was shown to lead to higher biomass yields from CO2 and formate in  

C. necator, demonstrating how synthetic pathways can outperform their natural counterparts, 

in this case the CBB84. The homoserine cycle is another synthetic route, which was built as an 

alternative to the serine cycle and relies on the activity of two promiscuous formaldehyde-

condensing aldolases, and is predicted to be more efficient than any of the naturally occurring 

C1 assimilation pathways in terms of synthesis of acetyl-CoA derived products85.   

Although synthetic methylotrophy has great potential for industrial applications, the 

introduction synthetic pathways in vivo encounters several challenges. The main drawback of 

synthetic C1 assimilation routes is the lack of established methanol oxidation and 

formaldehyde assimilation pathways in the target organism. This greatly limits growth rates 

due to insufficient MDH activities and/or regeneration of formaldehyde acceptor molecules. 

While several efforts to establish synthetic methylotrophy in E. coli have been successful, 

further optimization to mitigate these metabolic bottlenecks are needed80,86–89. This requires 

codon-optimization, finding a suitable source for heterologous enzymes or the employment of 

ALE73. Furthermore, while most model organisms already contain formaldehyde detoxification 

pathways, which decreases the issue of formaldehyde toxicity, these often need to be knocked 

out to ensure efficient formaldehyde assimilation to enable growth on methanol. This, can in 

turn lead to increased formaldehyde sensitivity or low methanol consumption and growth 

rates79,90. Therefore, the greatest challenge for the implementation of synthetic methylotrophy 

lies within balancing and rewiring metabolic fluxes between synthetic pathways and native 

metabolism, which requires extensive engineering. 
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This poses one great advantage of natural methylotrophs, as methanol oxidation and 

formaldehyde assimilation pathways are already established, while formaldehyde 

detoxification works in favor of C1 assimilation, alleviating the need for further metabolic 

engineering. Despite the immense advances in the establishment of synthetic methylotrophy in 

model organisms, native methylotrophs still hold great potential for the development of a 

microbial production platform for the production of reduced compounds91. Essentially, 

methylotrophic strain development for bioindustry could be achieved through a top-down or 

bottom-up approach and to date, high-level production for target compounds does not meet 

industrial needs. While the development of a production strain from natural methylotrophs 

comes with some disadvantages, the greatest limitation being the availability of genetic tools 

for metabolic engineering, they harbor great potential for the production of value-added 

compounds from methanol for industry.  

 

1.3.1 Methylobacterium extorquens 
 
Methylobacterium extorquens AM1 has been a model organism for methylotrophy for several 

decades. As previously mentioned, this facultative methylotroph is able to utilize methanol and 

other C1 substrates such as formate and methylamine as the sole source of carbon and energy 

through the serine cycle. The central carbon metabolism of M. extorquens consists of an 

interconnected network of three major pathways, the serine cycle, the Tricarboxylic Acid 

(TCA) cycle, the Ethyl-Malonyl-CoA pathway (EMCP) as well as the Polyhydroxybutyrate 

(PHB) cycle. The EMCP has been the focus for genetic engineering in many studies, as it 

harbors valuable CoA esters, which have been used for the production of biofuel precursors 

such as 1-butanol92 and isobutanol93, platform chemicals for polymer and resin industry like 

itaconic acid94 and polyhydroxyalkanoates95,96 and various other compounds like the terpenoid 

α-humulene97 or mevalonate98. While the AM1 strain more well-known and has been used in 

the production of several industrially relevant compounds in the past, M. extorquens PA1 may 

prove as a more suitable strain for industrial applications. The AM1 strain contains the 5.5 Mb 

chromosome, a 1.3 Mb megaplasmid and three smaller plasmids and grows faster on rich 

medium than the PA1 strain. In contrast, M. extorquens PA1 does not contain any additional 

plasmids, and grows faster on minimal medium. Hence, the PA1 strain has gradually become 

more interesting for genetic engineering studies. However, one of the greatest limitations in 

the development of M. extorquens as a microbial production strain is the lack of genetic 

engineering tools.  
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1.3.2 Metabolic engineering toolbox for M. extorquens 
 
In the last two decades, multiple studies worked on expanding the toolkit for non-model 

organisms, which led to the improvement of genetic engineering strategies. While methods 

such as the cre-lox system99 or the sucrose-counterselection sacB-based vector system100 have 

been used frequently for genetic modifications in the past, more modern methods for genetic 

modification include the prominent Clustered Regulatory Interspaced Short Palindromic 

Repeat (CRISPR) system, which allows easier and more flexible gene editing. CRISPR-Cas-

based tools are under constant development and include methods for the construction of genetic 

knockouts, up-or downregulation of target genes, base-editing or insertions101 in non-model 

organisms.  

Recently, CRISPRi has been employed in M. extorquens for the targeted downregulation of 

genes. This system regulates gene expression on an RNA level in a less disruptive fashion than 

genetic knockouts. Originally derived from the Streptococcus pyogenes CRISPR system, this 

knockdown system consists of an inactivated (dead) Cas9 (dCas9) and a single guide RNA 

(gRNA)102. The mutations that cause the loss of endonuclease activity in dCas9 are located in 

the RuvC-like (D10H) and the HNH (H840A) nuclease domain. The dCas9 enzyme forms a 

complex with a gRNA, which is able to efficiently target genes of interest resulting in a 99.9% 

gene repression. The gRNA contains a 20 nt base-pairing region which is complementary to 

the target DNA sequence and a trans-activating CRISPR RNA (tracrRNA) and a hairpin 

structure which forms a complex with dCas9. The complementary sequence of the gRNA can 

be modified to target a specific gene of interest with high accuracy and minimal off-target 

effects103. Previously, CRISPRi has successfully been implemented in M. extorquens104. This 

was shown through the downregulation of multiple genes such as the housekeeping gene glyA, 

an mCherry reporter gene and the native gene for a phytoene desaturase META1_3670. Besides 

modifications on a genomic level, the introduction of heterologous genes is an important part 

of engineering organisms. Vector systems that have successfully been used for heterologous 

gene expression in M. extorquens include broad-host range cloning single copy pABC 

vectors105, the widely used pCM80-family plasmids (pCM80, pCM160)106 and the very 

recently developed pBBR1-derivative pMis1_1B107.  

Despite this limited toolbox, recent studies have demonstrated the possibility of engineering a 

strain of M. extorquens that has potential for more accessible production of EMCP-derived 

carboxylic acids by replacing the EMCP with the glyoxylate shunt. 
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1.3.3 The Glyoxylate cycle as an alternative to the Ethyl-Malonyl-CoA Pathway 
 

The serine cycle releases acetyl-CoA as product, which is efficiently assimilated in  

M. extorquens via the Ethyl-Malonyl-CoA pathway (EMCP), (Figure 2). This route was 

discovered nearly 20 years ago by Erb, Fuchs and colleagues108 as an alternative pathway for 

acetyl-CoA assimilation in isocitrate lyase negative strains. This pathway allows the generation 

of C5 compounds from C2 starting units with the crotonyl-CoA carboxylase/reductase (Ccr) 

as its key enzyme. Throughout this pathway, two molecules of acetyl-CoA are converted to ß-

methylmalyl-CoA, which is subsequently cleaved into glyoxylate and propionyl-CoA. While 

glyoxylate is fed back into the serine cycle to form glycine, several steps convert propionyl-

CoA to succinyl-CoA and to succinate in the TCA cycle. Hence, to assimilate C1 and C2 

substrates, M. extorquens depends on the EMCP to regenerate glyoxylate109. In nature more 

routes exists to assimilate acetate and acetyl-CoA. The most dominant of which is the 

glyoxylate cycle (also referred to as glyoxylate Shunt) which was first described in 1957 by 

Kornberg and Krebs110. It is one of the major routes for the assimilation of C2 compounds and 

can be found across different phyla including bacteria, plants and fungi. As in the TCA cycle, 

the first step of the glyoxylate cycle is the condensation of acetyl-CoA with oxaloacetate by 

citrate synthase, which is then isomerized to isocitrate by an aconitase. Isocitrate is then cleaved 

into glyoxylate and succinate by an isocitrate lyase (AceA), which is the first key enzyme of 

the glyoxylate cycle. The second key enzyme is a malate synthase (AceB), which condenses 

the resulting glyoxylate with another molecule of acetyl-CoA forming malate, which can be 

used to replenish the central TCA cycle intermediate oxaloacetate. While many organisms 

employ the glyoxylate cycle to assimilate acetyl-CoA, some organisms like M. extorquens and 

purple non-sulfur bacteria lack AceA, one of the key enzymes for the glyoxylate cycle. The 

next section briefly discusses previous work done for generating EMCP-deficient strains of  

M. extorquens and implementation of the glyoxylate shunt for glyoxylate regeneration. 
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1.3.4 Related work 
 
The first study that demonstrated the potential of carboxylic acid production from a 

downregulated EMCP was conducted by Sonntag and colleagues, who focused on the 

production of the EMCP-derived acids mesaconic acid and (2S)-methylsuccinic acid. Here, the 

production of these two acids was demonstrated by employing YciA and by cultivation on low-

cobalt methanol medium, thereby reducing the activity of the cobalt-dependent mutases of the 

EMCP111. This resulted in the production of mesaconic and (2S)-methylsuccinic acid with a 

yield of 0.17 g/g methanol.  

The study that first reported the successful replacement of the EMCP with the glyoxylate shunt 

in M. extorquens AM1 was conducted by Schada von Borzyskowski and colleagues112. After 

introducing the glyoxylate shunt on the multi-copy pCM80 plasmid in EMCP-deficient strains 

and confirming that enzymes were produced at sufficient levels, they tested whether the 

Figure 2: Methanol oxidation and central carbon metabolism in M. extorquens, including serine cycle, TCA cycle 
and EMCP. Grey lines show steps of the EMCP which are missing in the strains containing a Δccr deletion, which 
then depend on the glyoxylate shunt (orange) for regeneration of glyoxylate. 
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glyoxylate shunt rescued growth on methanol, formate and methylamine. However, no growth 

was detected during cultivation with C1 substrates, but the glyoxylate shunt could rescue 

growth on acetate. They attributed this to the low activity of key enzymes of methanol 

oxidation, as methanol- and formate dehydrogenase had only 25% and 85% of wildtype 

activity, respectively. Additionally, they suspected the cause for the inability of the strain to 

grow on methanol by low flux through the TCA cycle during methylotrophic growth, which is 

enhanced during growth on acetate where growth could be restored through the glyoxylate 

shunt109,113. In a proof-of-principle, they added the unspecific YciA thioesterase from E. coli 

on the pCM80 plasmid, which also contained the glyoxylate shunt. As the strain initially did 

not produce any detectable amounts of crotonate, they redirected the carbon flux from the 

glyoxylate shunt to the EMCP by adding 3-Nitropropionate (inhibitor of AceA) and by feeding 

3 mM acetate every 24 h, which yielded 35 µM crotonate.  

In follow-up work (personal communication), the same Δccr strain with the glyoxylate shunt 

and YciA on the pCM80 plasmid was evolved to achieve growth on methanol. Through 52 

serial transfers on liquid methanol medium growth of the Δccr strain was significantly 

improved and mutations in Prk and Icd were suspected to have significant impact on carbon 

flux redirection towards the glyoxylate shunt. This evolved strain did not produce detectable 

amounts of crotonate from methanol, whereas acetate feeding and 3-NP addition achieved  

25 µM crotonate. Here, the colleague suspected PHB synthesis and promiscuity of YciA to be 

the reason for the low crotonate concentrations. Taken together, specific production of 

crotonate from methanol in M. extorquens remains an open challenge.  

 

2. Aim of this thesis 
 
The goal of this work was to develop a strain of M. extorquens PA1 that effectively utilizes the 

glyoxylate shunt in place of the EMCP for C1 assimilation to grow on wildtype-like levels 

during growth on methanol. For this, I performed ALE in M. extorquens PA1, which is 

deficient in the EMCP at the step of the crotonyl-CoA reductase (Δccr).  Initial introduction of 

the glyoxylate shunt on the multi-copy pCM80 plasmid did not support growth of the EMCP-

deficient strain on methanol as the sole carbon source. Through 45 serial transfers of liquid 

methanol minimal medium, growth of Δccr significantly improved, yielding strain P45. I then 

analyzed the P45 for mutations that led to the improved growth phenotype through whole 

genome sequencing and identified mutations in key enzymes, which cause a redistribution of 
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carbon flux in central carbon metabolism with high likelihood. I also identified changes in 

protein abundance in P45 compared to the wildtype, which showed an upregulation in stress-

response proteins and a downregulation of transcriptional and translational regulators involved 

in formaldehyde homeostasis. Through further growth characterization I demonstrated that P45 

has increased tolerance to formaldehyde, and shows wildtype-like growth during cultivation in 

a chemostat bioreactor on formate and methanol. Furthermore, P45 has wildtype-level biomass 

yield during chemostat growth on formate, while biomass yield from methanol even surpassed 

the wildtype. To utilize the evolved strain for the production of crotonate from methanol, I 

attempted to eliminate the PHB synthesis pathway as the competing pathway for EMCP-

derived acid production. I therefore developed different strategies for the introduction of a 

CRISPR interference system, targeting ccr and phaC in collaboration with the lab of Prof. Anke 

Becker (Synmikro, Marburg). I then tested the expression of the CRISPRi machinery from 

different plasmids and promoters in ΔphaC and Δccr knockout strains and evaluated the 

viability of the resulting strains for their growth on methanol. The first design was a two-

plasmid system, where dCas9 was expressed from the single-copy pABCjx plasmid, while the 

gRNA was expressed from a multi-copy pCM80-derivative plasmid, while both modules were 

under the control of strong constitutive promoters. As this system strongly reduced growth of 

the wildtype on methanol, I switched the dCas9 promoter for an IPTG-inducible promoter, and 

expressed both dCas9 and gRNA from the single copy plasmid. However, introduction of this 

system in Δccr and ΔphaC knockout strains did not allow growth on methanol regardless of 

inducer presence. To reduce potential leakiness effects, I exchanged the gRNA promoter for 

the inducible promoter as well, and evaluated growth of the wildtype, Δccr and ΔphaC. Here, 

I could show that the knockdown affects growth of the wildtype upon induction, while Δccr 

with a phaC knockdown was not affected, and the knockdown of ccr in ΔphaC resulted in cell 

death. To find more suitable candidates for the knockdown in Δccr and ΔphaC, I designed a 

mismatch gRNA to alter binding capacities of the CRISPRi machinery and evaluated growth 

on methanol of the wildtype, Δccr and ΔphaC. 
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3. Materials & Methods 
 
3.1 Cell cultivation 
 
M. extorquens PA1 was cultivated in defined minimal medium with 30 mM succinate, 123 mM 

methanol or in M9 medium containing 80 mM formate as carbon source in baffled flasks (Table 

1-3). Cultures were incubated at 30°C and 160 rpm. Chemically competent NEB Turbo E. coli 

cells were used for construction and amplification of plasmids. Cultures of E. coli were grown 

in Lysogeny Broth (LB) medium at 37°C and 180 rpm. Antibiotic concentrations for both 

organisms are listed in Table 4. Due to the ability of M. extorquens to grow on ethanol as a 

carbon source, tetracycline was dissolved in water instead. 

 

Table 1: Stock solutions for minimal media preparation. 

Solutions for autoclaving: 
Mineral salts 

 Stock solution Final media concentration 
[mM] 

NH4Cl 4.86 g  30.29 
MgSO4 ּ 7 H2O 0.60 g 0.81 
Deionized water 600 mL  
 
Phosphate Buffer pH 
6.7 

Stock solution Final media concentration 
[mM] 

   
K2HPO4 4.77 g 9.13 
NaH2PO4 ּ 2H2O 5.40 g 11.54 
Deionized water 600 mL  
   
Phosphate Buffer pH 7.1 
 
K2HPO4 4.80 g 13.78 
NaH2PO4 ּ 2H2O 2.16 g 6.92 
Deionized water 600 mL  
   
Succinate stock solution 
 
Succinic acid disodium salt 
hexahydrate 

41.65 g 30.83 

Deionized water 500 mL  
   
2 x Agar 3 g/100 ml  
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Table 2: Iron and trace element solutions. 

Solutions for sterile filtering (0.22 µm filter): 
Iron solution (1000x) Stock solution Final concentration [µM] 
   
Na2EDTA ּ 2H2O 2.16 g 6.92 
FeSO4 ּ 7H2O 3.00 g 10.79 
MilliQ water 1000 mL  
   
Trace element solution I 
(1000x) 

Stock solution Final concentration [µM] 

   
ZnSO4 ּ 7H2O 4.50 g 15.65 
CoCl2 ּ 6H2O 3.00 g 12.61 
MnCl2 0.64 g 5.09 
H3BO3 1.00 g 16.17 
Na2MoO4 0.40 g 1.65 
CuSO4 ּ 5H2O 0.30 g 1.20 
CaCl2 ּ 2H2O 3.00 g 20.41 
MilliQ water 1000 mL  
   
Add all trace elements and adjust pH to 1-2 until all salts are dissolved.  
   
Table 2: Iron and trace element solution (continued) 
 
Solutions for sterile filtering (0.22 µm filter): 
Trace element solution II 
(100x) 

Stock solution For 1L 

   
CuCl2 ּ 2H2O 1.70 g/100 mL 765 µl 
CoCl2 ּ 6H2O 4.76 g/100 mL 210 µl 
H3BO3 0.62 g/100 mL 1.6 mL 
MnCl2 ּ 6H2O 19.8 g/100 mL 8.1 µl 
ZnCl2  84 mg 
FeCl3 (anhydrous)  498 mg 
   

Dissolve 5 g EDTA in 800 mL water and adjust the pH to 7.5 with NaOH. Then add the 
components mentioned above and add deionized water to the final volume of 1L.  

 
 

Table 3: Media recipes for M. extorquens on different carbon sources. 

Media preparation for growth on methanol For 1L 
  
Buffer pH 7.1 300 mL 
Mineral salts 200 mL 
Sterile water or 2 x Agar 493 mL 
Sterile MeOH 5 mL 
Iron solution 1 mL 
Trace element solution I 1 mL 
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Media preparation for growth on succinate For 1L 
  
Buffer pH 6.7 200 mL 
Mineral salts 200 mL 
Sterile water or 2 x Agar 498 mL 
Succinate stock solution 100 mL 
Iron solution 1 mL 
Trace element solution I 1 mL 
  
Media preparation for growth on formate/ formic 
acid 

For 1L 

  
5 x M9 salt solution 200 mL 
Trace element solution II 10 mL 
1M MgSO4 2 mL 
1M CaCl2 0.1 mL 
Sodium formate/ formic acid 5.44 g/ 3.08 mL 
Deionized water 790 mL 
  
First add MgSO4 and then add CaCl2 slowly while stirring constantly to avoid 
precipitation. 
 

 

Table 4: Antibiotics and their corresponding concentrations used in this study. 

Antibiotic Stock concentration [mg/ml] Final concentration [µg/ml] 
Kanamycin 50 50 
Tetracycline 10 10 
Spectinomycin 50 50 
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3.2 Electroporation of M. extorquens 
 
For electrocompetent cells, a preculture was grown overnight in succinate minimal medium 

with the appropriate antibiotic selection marker, and inoculated to OD600 = 0.01. Cells were 

harvested at mid-log phase (OD600 of 0.8 – 1.5), spun down (4000 rpm, 4°C), washed twice 

with one volume of cold, sterile water and once with ½ volume of cold, sterile 10% glycerol 

solution. Cells were resuspended in 1/100 volume of the same glycerol solution and aliquots 

of 50 µl were shock-frozen with liquid nitrogen and stored at -70°C. Electroporation was done 

with ~ 500 ng of DNA in cold electroporation cuvettes (1 mm gap) with a pre-set bacterial 

program (1.8 kV, 5 ms time constant). Cold nutrient broth was added immediately after the 

pulse and cells were transferred into a 2 mL Eppendorf tube. Cells were incubated at 30°C and 

160 rpm for at least 2.5 h for regeneration. Cells were plated in appropriate dilutions on minimal 

medium agar plates containing the corresponding carbon source and antibiotic for selection. 

Plates were incubated at 30°C for 2 - 4 days until colonies appeared. 

3.3 Adaptive laboratory evolution 
 
To evolve M. extorquens PA1 strains for improved growth on methanol, the initial strain (P0) 

from a succinate liquid culture was plated on a solid agar plate containing methanol and 

incubated at 30°C. Once colonies appeared, they were inoculated in liquid methanol medium 

and grown to mid-exponential phase. The culture was split and diluted in three flasks 

containing the same medium and incubated at 30°C and 160 rpm to stationary phase (first round 

of evolution). The culture which first reached an OD600 of 2-3 was used to inoculate the next 

round of evolution. Each passage was saved as a cryo stock and stored at -70°C for follow up 

experiments. 

3.4 Cultivation of M. extorquens in a bioreactor 
 
Strains of M. extorquens PA1 were grown in precultures of minimal medium or minimal M9 

medium with either 123 mM methanol or 80 mM formate added. Cells were grown to late 

exponential/ stationary phase (OD600 of 2 – 3 for methanol, 0.4 – 0.6 for formate) and 

inoculated in 1L bioreactor volume. The bioreactor vessel was a DASGIP GPI-100 vessel 

OD110 x H255mm, flat bottom with an advanced stirrer (suitable for 500 – 1500 ml reactor 

volume) and equipped with an L-Sparger for aeration. The pH was set to 7 and controlled with 

acid (2M HCl) and base (2M NaOH) pumps, which operated with a shot volume of 1 ml, flow 

rate of 40 ml/h and at a set deadband of 0.2. The system was aerated with synthetic air (79% 
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nitrogen, 21% oxygen) and an air flow of 60 sL/h for 1L of reactor volume. Dissolved oxygen 

concentration was controlled by agitation and monitored with a polarographic electrochemical 

sensor. The temperature measured through an internal thermometer and was kept at 30°C 

through integrated heating pads in the DASGIP® vessel block. Growth was monitored through 

optical density measurement with an NIR turbidity sensor. For every bioreactor cultivation, the 

system was cleaned properly and filled with the cultivation medium. The pH probe was 

calibrated in a two point calibration with calibration solutions of pH = 7 (first point) and pH = 

4 (second point), after which the system was autoclaved at 120°C for 20 min. Afterwards, the 

DO sensor was calibrated in a two point calibration procedure. The first point at 100% DO 

saturation was taken by agitation and gassing under cultivation conditions (400 rpm, 60 sL/h) 

and the system was left to equilibrate for 20 min. For the second point of the calibration, the 

DO probe was disconnected from the system until DO reached 0%. Lastly, the pumps for acid, 

base and medium pumping were calibrated. For this, the pump tubes were attached to needles 

and filled with 70% ethanol. The needles were then attached to 50 ml falcon tubes with 

punctured lids, which were previously weighed. The weight of the falcon tubes was entered 

into the DASGIP® software. For calibration, the pump speed was set to max. relevant 

procedure conditions (e.g. 40 ml/h) and volume was pumped for 1h. Afterwards, the filled 

falcon tubes were weighed and the new value served for pump calibration in the DASGIP® 

software. Finally, cultivation was started by inoculation of the preculture. 

3.4.1 Chemostat cultivation 
 
For a chemostat cultivation, M. extorquens was grown in precultures with M9 minimal medium 

and Methanol or formate. Cells were inoculated in 1 L of the same medium and all parameters 

were set as mentioned previously. After sufficient growth had occurred (OD600 of 0.8 – 1.5 for 

methanol, OD600 of 0.4 – 0.6 for formate), cells kept in mid-log phase by pumping fresh 

medium at different dilution rates. A flow rate of 40 ml/h in 1L bioreactor volume corresponds 

to a dilution rate of 0.04h-1. Bioreactor volume was kept at a consistent level by adjusting a 

metal tube inside the reactor to the initial volume level and attaching a pump to it, which 

constantly removed excess volume at maximum speed. For cultivations on formate, the pH was 

controlled by titration of fresh formic acid medium (pH = 3.5 – 3.7) into the reactor at a given 

flow rate. For methanol cultivations, pH was regulated by pumping acid or base as mentioned 

previously.   
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3.4.2 Biomass yield measurements 
 
For the determination of biomass yields, aluminum trays were dried for two days in an oven at 

90°C. The weight of the trays was determined after trays were cooled down to RT in a 

dessicator. For cell dry weight (CDW) measurement, 50 ml sample volume was harvested from 

fresh waste of a chemostat bioreactor cultivation in three replicates. Samples were centrifuged 

at 4000 x g and cell pellets were washed twice with deionized water. The washed cell pellet 

was resuspended in 1 ml deionized water and loaded onto the dried aluminum trays. Samples 

were dried for two days at 90°C, cooled down to RT in a dessicator and weighed to determine 

cell dry weight (CDW). The measured CDW was divided by the collected sample volume to 

calculate harvested gCDW/L culture volume. The yield was calculated by dividing gCDW/L 

by the moles of carbon source, under the assumption that all carbon is consumed.  

 

3.5 Bioconversion growth assays 
 
Strains for the bioconversion assays were grown in precultures containing succinate as carbon 

source and the appropriate antibiotics for selection. After cells reached an OD600 of 3-4, the 

culture was harvested by centrifugation at 4000 x g for 15 min. The resulting cell pellets were 

washed twice with sterile deionized water and resuspended in flasks containing minimal 

medium with methanol as carbon source and 1 mM IPTG. Growth was monitored over 96 h by 

measuring OD600, and samples for exometabolimic analysis were taken after 2, 6, 24 and 96 h. 

 

3.6 Whole genome sequencing 
 
Strains for sequencing were streaked out on agar plates with succinate as carbon source (+ 

selection marker) and subsequently inoculated in 20 ml liquid medium containing succinate (+ 

selection marker) in baffled flasks. Cultures were grown at 30°C 160 rpm for two days until 

stationary phase was reached (OD600 2-3). Cell pellets from 5 ml of culture were harvested by 

centrifugation at 4000 x g at RT. Genomic DNA was then prepped using the NucleoSpin® 

Microbial DNA Kit from Macherey Nagel.  The cell pellets were resuspended with 100 µl 

Elution Buffer BE. Then, 40 µl of Buffer BE and 10 µl Protein Kinase were added to the cell 

suspension, which was then transferred into a bead tube (MN Tube B) and cells were lysed by 

agitation for 10-12 minutes. Subsequent washing steps were conducted according to the user 
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manual of the preparation kit. The quality and quantity of prepped gDNA was assessed by 

NanoDrop measurements. Approximately 100 ng of gDNA were sent to Novogene for 

microbial whole genome sequencing. 

 

3.7. Sample preparation for Exometabolome Analysis 
 
For the analysis of the exometabolome, 1 ml of sample volume was taken from growing 

cultures and centrifuged at 4000 x g for 10 min. The supernatant was filtered with a PTFE filter 

and samples were snap frozen with liquid nitrogen and stored at -20°C until measurement. 

 

3.8. Sample preparation for Endometabolome Analysis 
 
For endometabolomic analysis, a quenching solution (70% MeOH, 30% deionized water (v/v)) 

was prepared. 1 ml of quenching solution was added to a 2 ml Eppendorf tube and frozen at -

70°C for two days before sampling. On the day of sampling, 1 ml of culture volume was added 

to the tubes containing the quenching solution in a pre-cooled aluminum rack, inverted once 

and centrifuged at 13.000 x g for 10 min at -9°C. In the meantime, samples for CDW 

determination or OD600 measurement were taken. The supernatant of the samples was removed 

carefully with a syringe and cell pellets were snap frozen with liquid nitrogen and stored at -

70°C until further processing. For endometabolome extraction, the extraction fluid was made 

by combining 5 ml MeOH (LC-MS grade) with 5 ml TE buffer pH = 7 (10 mM TRIZMA, 1 

mM EDTA), which, along with Chloroform, was stored at -20°C at least 12h before extraction. 

The necessary volume for extraction fluid was calculated based on the CDW or OD600 

measurement taken on the day of sampling (extraction volume = 200 x biovolume (CDW), or 

200 µl extraction fluid for 1 ml culture volume of OD600 = 1). The calculated amount of 

extraction fluid and the same volume of chloroform was added to the cell pellet on a pre-cooled 

(-20°C) aluminum rack and samples were vortexed in short intervals. Samples were incubated 

in a shaker at 4°C for 2h. Phase separation was achieved through centrifugation, and the upper 

phase was extracted carefully with a syringe. The syringe needle was exchanged with a PTFE 

filter and the sample was filtered into a new Eppendorf tube, snap frozen with liquid nitrogen 

and stored at -70°C until measurement. 
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3.9 Sample preparation for Proteomics 
 
Cells were cultivated in 20 ml liquid minimal medium containing succinate and methanol to 

stationary phase. To avoid quantitative variation, a total OD600 3 was harvested for every 

sample. These culture samples were centrifuged and the resulting cell pellet was washed twice 

with ice cold PBS. Buffer was removed and cells were freeze dried with liquid nitrogen and 

stored at -70°C until further processing.  For protein extraction, 200 µl Lysis Buffer (2% SDS 

in 100 mM Ammoniumbicarbonate) were added to the cell pellets and cells were lysed at 90°C 

for 15 min. The cell suspensions were then lysed via sonication for 30 s to shear DNA, and 

centrifuged for 5 min at 14.000 rpm. The clear lysates (supernatant) were then used for acetate 

precipitation by addition of six sample volumes of ice cold acetate and one sample volume of 

ice cold methanol. The mixtures were then vortexed and incubated for two hours at -20°C. 

After centrifugation (max. speed), and careful removal of supernatant, the pellets were washed 

thoroughly with 200 µl ice cold methanol and vortexed. The washing step was repeated once 

and the pellets were air dried, after which they were reconstituted by addition of 0.5 % SDS 

and heat incubation for 10 min until the pellets dissolved. Protein concentration was then 

determined by BSA assay. Afterwards, 5 µl TCEP (Tris (2-carboxyethyl)phosphine 

hydrochloride; 40 x dilution in volume lysis buffer) were added, samples were vortexed, 

incubated for 15 min at 90°C and cooled down to RT. The samples were spun down to remove 

the liquid from the lid and 5 µl of freshly prepared iodoacetamide (40 x dilution, 74 mg/ml) 

were added, after which the sample was vortexed and incubated at 25°C for 20 min in the dark 

due to light sensitivity of iodoacetamide. After incubation, 50 µg of total protein were added 

to a new tube. Protein digestion was started by addition of trypsin to a final enzyme/protein 

ratio of 1:50 and incubation at 30°C overnight. The next morning, samples was spun down and 

TFA (5% trifluoroacetic acid in HPLC grade water) was added to a final concentration of 1.5% 

(pH must be < 2). Samples were centrifuged at 14.000 rpm for 10 min at 4°C until the 

supernatants were clear. Supernatants were then used for solid phase extraction. For this, C18 

columns were placed in an Eppendorf tube, conditioned with 400 µl Buffer 1 (100% 

Acetinitrile) at 200 rpm for 30 s and then equilibrated with 400 µl Buffer 2 (50% Acetonitrile 

/ 50% water (v/v)) at 300 rpm for 30 s. Samples were loaded onto the equilibrated columns at 

300 rpm for 2 min and washed once with 400 µl Buffer 3 (5% Acetonitrile/ 95% water (v/v) 

and 0.1% TFA). Columns were then loaded onto a new tube and bound peptides were eluted 

by addition of 400 µl Buffer 1 and quickly spun down at 200 rpm for 30 s to dry the column 

completely. The eluted peptide mixtures was then concentrated through vacuum drying, after 



33 
 

which they were reconstituted in 100 µl Buffer 5 (0.1% TFA) and vortexed for 10 s. Finally, 

samples were filled into LC vials and stored at -20°C until measurement. 

To compare the results of the Wt and the evolved P45 Δccr, I calculated the log2-fold ratio of 

protein abundance and summarized all strongly differentially expressed proteins. I initially 

identified 2112 proteins that were differentially expressed, which ranged from 0.01 – 10 log2-

fold change. To filter for relevant candidates, I set the cutoff to a ≥ 2-fold change. Significance 

cutoff was set to < 0.01. 

 

3.10 Enzyme assays 
 
3.10.1 Isocitrate dehydrogenase activity assay 
 
Activity assays for Icd were carried out on 37°C in 200 µl reaction volume containing 50 mM 

HEPES buffer pH 7.5, 10 mM MgCl2, 1.5 mM NADP+, 4 µM purified icd and 0.01 – 10 mM 

DL-isocitrate. The production of NADP(H) was monitored at 340 nm with a thermostated Cary 

300 UV-Vis spectrophotometer. Enzymatic activity was calculated with a molar extinction 

coefficient of 6.22 mM-1cm-1. Enzyme kinetics at given substrate concentrations were 

measured in three replicates. The assays were started by addition of substrate after establishing 

a baseline reading at 340 nm.  

 

3.10.2 Formate dehydrogenase assay 
 
The formate dehydrogenase enzyme assay was employed to detect residual formate in 

supernatants of our bioreactor cultivation during biomass yield determination. Here, the 

formation of NADH from NAD+ and HCOO– catalyzed by the FDH is monitored over the 

measurement cycles by the NADH specific absorption at 340 nm. 
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3.11 Plasmids 

 
The CRISPRi knockdown plasmids in this study were constructed and provided by Doreen 
Meier (RG Becker, Synmikro). 

Table 5: Plasmids used in this study. 

Name Genetic content Selection 

marker 

Insert description Source 

pCM80-
Glyox. 

pCM80_pcoxB-
aceAB_pmxaF-yciA 

Tet Glyoxylate shunt under 
the control of pcoxB, 
thioesterase yciA under 
control of pmxaF 

RG Erb 

pABCjx repABC- rrnB T2 
terminator 

Kan Single copy plasmid for 
expression of dCas9 
and/or gRNA 

RG Becker  

pEQT-H-
Li 

pEQT-H-Li-PJ32119-gRNA Tet Derivative of pCM80 
for gRNA expression in 
two-plasmid CRISPRi 
system  
(Figure 15) 

RG Becker 

pABC-
J30 

pABCjx_LP2F_PA1/o4/o
3-dCas9_pmxaF-gRNA30 

Kan Knockdown plasmid 
with inducible dCas9 
and constitutive gRNA 
targeted against ccr 
(Supplementary Figure 7) 

RG Becker 

gRNA-
ccr 

(J30) 

pABCjx_LP2F_PA1/o4/o
3-dCas9_PA1/o4/o3-
gRNA30  

Kan Knockdown plasmid 
with inducible dCas9 
and gRNA targeted 
against ccr 
(Figure 16; Figure 17) 

RG Becker  

gRNA-
ccr 

(J31) 

pABCjx_LP2F_PA1/o4/o
3-dCas9_PA1/o4/o3-
gRNA30  

Kan Knockdown plasmid 
with inducible dCas9 
and gRNA targeted 
against ccr 

RG Becker 

gRNA-
ccr 

(J32) 

pABCjx_LP2F_PA1/o4/o
3-dCas9_PA1/o4/o3-
gRNA30  

Kan Knockdown plasmid 
with inducible dCas9 
and gRNA targeted 
against ccr 

RG Becker 

gRNA-
phaC 
(J39) 

pABCjx_LP2F_PA1/o4/o
3-dCas9_PA1/o4/o3-
gRNA39  

Kan Knockdown plasmid 
with inducible dCas9 
and gRNA targeted 
against phaC 

RG Becker 

gRNA-
phaC 

 (J40) 

pABCjx_LP2F_PA1/o4/o
3-dCas9_PA1/o4/o3-
gRNA39  

Kan Knockdown plasmid 
with inducible dCas9 
and gRNA targeted 
against phaC 
(Figure 16; Figure 17) 

RG Becker 
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gRNA-
phaC 
(J41) 

 
pABCjx_LP2F_PA1/o4/o
3-dCas9_PA1/o4/o3-
gRNA39  

 
 
 

Kan 

 
 
Knockdown plasmid 
with inducible dCas9 
and gRNA targeted 
against phaC 

 
 
 

RG Becker 

gRNA-nt 
(J48) 

pABCjx_LP2F_PA1/o4/o
3-dCas9_PA1/o4/o3-
gRNA39  

Kan Knockdown plasmid 
with inducible dCas9 
and non-targeting 
gRNA 

RG Becker 

- pTwist Amp icdF156C Amp Multi copy plasmid 
containing mutated 
icdF156C 

Twist 
Bioscience 
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3.12 Oligos 
 
All oligos used in this study are listed in Table 6. Sequences for the mismatched gRNA library 

can be found in the supplementary information (Supplementary Table 1,  

Supplementary Table 2). 

Table 6: Oligos used in this study. 

Name Sequence (5’ – 3’) Description 
021_pCM80 seq-
fw 

TTATGCTTCCGGCTCGTATG Amplification of 
pCM80-PcoxB-aceAB-
PmxaF-yciA  

022_pCM80 seq-rv TCGCAATCGGAGGTGATCAGATCC Amplification of 
pCM80-PcoxB-aceAB-
PmxaF-yciA 

421_ccr-rv CCAACAGGGAGTGCCACG Control for ccr 
knockout. 

422_ccr-fw GCCGAGGCCTGCTTGAGG Control for ccr 
knockout. 

426_phaC-fw GAGCTTCTCGATGACGTG Another primer to 
check the phaC 
deletion. 

427_phaC-rv CTTGTCCGAGTCGAGAAG Another primer to 
check the phaC 
deletion. 

428_pCM80-seq-
fw 

CCGGCAAGGCCCGCGATAC Sequencing primer to 
confirm presence of 
pCM80. 

429_pCM80-seq-
rv 

GGCTGCCGGGGATTGCCTC Sequencing primer to 
confirm presence of 
pCM80. 

434_icd_F156C -
fw 

GCCTCACCATCAAGTaCGAGGGTGACGAC Remove mutation in icd 
through overlap PCR. 

435_icd_F156C -
rv 

GTCGTCACCCTCGtACTTGATGGTGAGGC Remove mutation in icd 
through overlap PCR. 

gRNA 30 GCCGTCTGCCCGGTCCAGGC Guide RNA for ccr in 
plasmid J30. 

gRNA 31 TCGCCCTTGTGCACGTCGAA Guide RNA for ccr in 
plasmid J31. 

gRNA 32 GAACAGCATGCGGTAGGCCG Guide RNA for ccr in 
plasmid J32. 

gRNA 39 TCCGCCCGCATCCCGCCCCG Guide RNA for phaC in 
plasmid J39. 

gRNA 40 TGTCTCCGCGACCCGCGTGA Guide RNA for phaC in 
plasmid J40. 

gRNA 41 TTCGTCATCACGAAGTTCGA Guide RNA for phaC in 
plasmid J41. 
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3.13 Strains 
 
Deletion strains used in this study were constructed previously through sacB- mediated allelic 

exchange with sucrose counterselection as described in Marx et al. 2008100. M. extorquens Δccr 

strains for ALE were constructed and provided by Doreen Meier (RG Becker, Synmikro), 

(Table 7). 

 

Table 7: Strains used in this study. 

Name Relevant Genotype Description Creator 
Wildtype Δcel Deletion in cellulose synthase 

 
RG Becker 

Δccr ΔcelΔccr  Δcel + deletion in crotonyl-CoA 
reductase 

RG Becker 

ΔphaC ΔcelΔphaC Δcel + deletion in polyhydroxybutyrate 
synthase 

RG Becker 

P0 ΔcelΔccr  
 
pCM80-aceAB-yciA 

Deletion in cel and ccr. Contains 
glyoxylate shunt plasmid. 

RG Becker 

P11 ΔcelΔccr  
 

attB C31 LP1 

pCM80-aceAB-yciA 

Based on P0. Product of ALE after 11 
serial transfers. Mutations are described 
in Table 11. Contains landing pads for 
serine integrases (attB C31 LP11) 

RG Becker 

P21 ΔcelΔccr  
 

attB C31 LP1 

pCM80-aceAB-yciA 

Based on P0. Product of ALE after 21 
serial transfers. Mutations are described 
in Table 11. Contains landing pads for 
serine integrases (attB C31 LP11) 

RG Becker 

P38 ΔcelΔccr  
 

 
attB C31 LP1 
pCM80-aceAB-yciA 

Based on P0. Product of ALE after 38 
serial transfers. Mutations are described 
in Table 11. Contains landing pads for 
serine integrases (attB C31 LP11) 

This study 

P45 ΔcelΔccr  
 
 
attB C31 LP1 
pCM80-aceAB-yciA 

Based on P0. Product of ALE after 45 
serial transfers. Mutations are described 
in Table 11. Contains landing pads for 
serine integrases (attB C31 LP11) 

This study 
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4 Results 
 

4.1 Optimization of the glyoxylate shunt in M. extorquens PA1 
  

To develop a strain which exclusively relies on the glyoxylate shunt for C1 and acetate 

assimilation, the Becker lab previously introduced a plasmid encoding isocitrate lysase (aceA) 

and malate synthase (aceB), which together form the glyoxylate shunt (pCM80-Glyox.), into 

an EMCP-deficient M. extorquens PA1 strain (Δccr). To improve growth on methanol ALE 

was performed which is where I joined the project. Additionally, one lineage of Δccr was 

constructed, which contained landing pads for serine integrases that allow the genomic 

integration of genetic cargo.  

The aim of my PhD was the optimization of methylotrophic growth via the glyoxylate shunt to 

create a promising chassis for production of the EMCP intermediate crotonate. Hence, I first 

assessed how far the ALE had progressed by determining the growth phenotypes on methanol 

and succinate (as a positive control media). To compare the improvements in methylotrophic 

growth at different stages of the ALE experiment of Δccr pCM80-Glyox. (+/- landing pads), I 

saved an aliquot of each culture before transfer for the next round of evolution. For 

simplification, I will henceforth refer to each strain with the number of passages that were 

conducted up to this point (e.g. P11 for eleven transfers on liquid medium). The initial strain 

P0, where pCM80-Glyox. was newly introduced, did not show any growth on methanol 

(Supplementary Figure 1). I characterized methylotrophic growth of the intermediate strain 

P11 and P21, without landing pads (LP) (Figure 3, Table 8).  

Figure 3: Methylotrophic growth characterization of evolved Δccr strains after 11 (P11) and 21 (P21) 
transfers with and without landing pads (+/- LP). Strains were grown in medium containing (A) 30 mM 
succinate or (B) 123 mM methanol. Each line represents five biological replicates.  
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Table 8: Growth rates of evolved Δccr strains on succinate and methanol. Growth rates were calculated 
in Matlab. 

Strain Succinate 

µ[h-1] 

Methanol 

µ[h-1] 

P11 0.138 ± 0.002 0.051 ± 0.004 

P21 0.138 ± 0.005 0.080 ± 0.007 

P11_LP 0.121 ± 0.017 0.040 ± 0.013 

P21_LP 0.117 ± 0.006 0.084 ± 0.020 

 

While the parent strain was unable to grow on methanol, methylotrophic growth of 

intermediate strains of the ALE was significantly improved after ten transfers, regardless of the 

presence of integrated landing pads, while growth on succinate was not changed and remained 

similar among all characterized strains. In strains without landing pads, the growth rate on 

methanol was improved from 0.051 ± 0.004 h-1 (P11) to 0.080 ± 0.007 h-1 (P21), while the 

strains containing landing pads showed a similar trend from 0.040 ± 0.013 h-1 (P11_LP) to 

0.084 ± 0.020 h-1 (P21_LP). While the methylotrophic growth of the strains had already 

increased it still did not approach the performance of the wild-type at growth rates of 0.14 h-1 

(5 h doubling time) and still showed a long lag phase. To improve the strains performance 

further I decided to continue the ALE experiment. 

Based on the characterization results I chose strain P21_LP, as the landing pads may prove 

useful for future applications and since they did not seem to have a significant impact on 

growth. This strain will be referred to as P21 in the following chapters. The ALE of this strain 

yielded even further improved growth on methanol in flask cultivations after 45 total transfers 

(24 passages since passage 21) (Figure 4, Table 9). While the growth rate of P45 of 0.138 h-1 

was not yet at wildtype-level I decided to stop the ALE experiment as smaller increases in 

growth rate were expected to take much longer when approaching the maximal growth rate114 

and since the growth rate was comparable to growth of other organisms on C1 substrates115,116. 

In order to assess potential heterogeneity within the population, single colonies of selected 

passages were tested for their methylotrophic growth on single colony level. From this I 

determined that the single colonies did in fact represent the phenotype of the evolved 

population (Supplementary Figure 2).  
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Figure 4: Growth assays on methanol of evolved Δccr strains at different stages of the ALE (P11, P21, 
P45), the parent strain P0 (Δccr pCM80-Glyox.) and the wildtype (Wt). (A) Growth assays were 
conducted in medium containing 123 mM methanol. (B) Growth rates on methanol were calculated for 
each passage of our ALE and the Wt via Matlab. Each growth assay was conducted in three biological 
replicates. 

 

Table 9: Growth of evolved Δccr strains from the ALE on methanol compared to the parent strain P0 
and the wildtype (Wt). 

Strain Doubling time [h] Growth rate [h-1] Timepoint of fastest 
Doubling time [h] 

P0 n.g. - - 
P11 18.2 ± 3.6 0.038 ± 0.007 158.7 ± 4.2 
P21 8.3 ± 0.8 0.083 ± 0.008 54.2 ± 4.8 
P45 6.6 ± 0.7 0.105 ± 0.011 29.0 ± 0.7 
Wt 5.0 ± 0.7 0.138 ± 0.019 20.9 ± 0.9 

 

In P45, I was able to further improve the growth rate on methanol (0.105 ± 0.011 h-1) although 

there still was a significant difference to the Wt (0.138 ± 0.019 h-1, p = 0.042). Notably, the 

timepoint of the fastest doubling time, which was calculated via Matlab and serves as an 

indicator for the end of lag phase had decreased, therefore indicating further adaptation to the 

methylotrophic growth conditions. While P11 has a long lag phase (158.7 ± 4.2 h), this point 

is reached significantly earlier in P21 (54.2 ± 4.8, p < 0.0001), and much earlier in P45 (29.0 

± 0.7 h) approaching that of the Wt (20.9 ± 0.9 h).  

In previous work on M. extorquens AM1 Δccr + pCM80-Glyox., an improvement of 

methylotrophic growth resulted in an inability to grow on acetate due a lower flux through the 

TCA cycle, caused through mutations during ALE. Therefore, I also conducted a growth assay 
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comparing growth of P45 to the wildtype on acetate, succinate and methanol (Figure 5). During 

characterization of the evolved P45 strain on different carbon sources I observed the previously 

described lower growth rate of P45 (0.116 ± 0.036 h-1) compared to the Wt  

(0.135 ± 0.073 h-1) on methanol, as well as succinate P45 (0.200 ± 0.075 h-1), Wt (0.274 ± 

0.099 h-1). Interestingly, growth on acetate was reduced in P45 (0.114 ± 0.015 h-1) compared 

to the Wt (0.165 ± 0.086 h-1), indicating metabolic changes that occurred throughout ALE. 

 

4.2 Glyoxylate shunt adaptation enables wildtype-level biomass yields 
 
Since methylotrophic growth of the evolved strain P45 had increased significantly compared 

to the parent strain, I next intended to determine and compare the biomass yield of the improved 

strain P45 to the Wt on methanol using chemostat bioreactor cultivations. Chemostat 

cultivations are ideal for biomass determination as cells are maintained at exponential phase 

and the growth yield per dilution rate can be obtained, allowing accurate yield determination 

without influence of wasteful lag and stationary phases. This experiment also marks the first 

chemostat comparison of the methylotrophic growth of a serine cycle using microbe with the 

EMCP option for glyoxylate regeneration compared to a serine cycle + glyoxylate shunt option. 

To calculate the maintenance demands and theoretical maximum yield I determined the 

biomass yields at several dilution rates (Figure 6). I also determined the biomass yield of the 

P45 and Wt strain during growth on formate as reliable literature values for this were lacking. 

As this might also allow improved crotonate production, I took samples for exometabolome 

analysis, which will be discussed in the next section. During the cultivations in the bioreactor 

I observed strong differences between the strains. 

Figure 5: Growth of Wt (teal) and P45 (orange) in medium containing (A) 123 mM methanol, (B) 30 
mM succinate or (C) 30 mM acetate. Each assay was conducted in five biological replicates. 
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Biomass yield from methanol was significantly enhanced for P45 (8.70 ± 0.05 gCDW/mol 

methanol) compared to the Wt (7.73 ± 0.08 gCDW/mol methanol). Here, however, yields were 

far below the theoretical optimum, which are ~ 15 gCDW/mol methanol for the glyoxylate 

shunt, and ~ 15.5 gCDW/mol methanol for the EMCP according to a report from Cotton et 

al.117. These low yields may be the result of a relatively low dilution rate during the cultivation 

(0.02 h-1), as higher dilution rates should result in a higher biomass yield as the growth rate 

increases, lowering the effects of cellular maintenance (non-growth associated maintenance, 

NGAM). The report from Cotton et al. also stated theoretical optima of biomass yields during 

growth on formate using the serine cycle and either the EMCP or the glyoxylate shunt. As 

experimentally assessed yields during growth on formate mentioned in this report surpassed 

the theoretical optimum, I next determined biomass yield on formate. With this, I 

simultaneously investigated whether the evolved strain may have an advantage over the Wt 

regarding methanol assimilation. Here, I expected the overall biomass yield in both the Wt and 

P45 to be lower on the less reduced formate than on methanol since fewer reducing equivalents 

can be deducted from this compound.  

Figure 6: Bioreactor cultivation of Wt (teal) and the evolved P45 (orange) in 1L culture volume 
chemostat mode. (A) Cultivation with methanol as sole carbon source. The pH was controlled by 
titration of HCl and NaOH throughout cultivation. (B) Growth on formate as sole carbon source. The 
pH was controlled by titration of formic acid. (C) Biomass yield on methanol with a dilution rate of 
0.024 h-1 for P45 and Wt. (D) Biomass yield of P45 and Wt during growth on formate at a dilution rate 
of 0.024 h-1, and 0.040 h-1 for P21. The theoretical optima were deducted from Cotton et al. 2020 and 
are indicated with faint grey bars. The bars for both biomass yield experiments each represent three 
biological replicates. Complete formate consumption was confirmed via an FDH assay (Supplementary 
Figure 4). 
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During bioreactor cultivation on formate, the Wt showed no pronounced lag-phase during 

initial batch cultivation, reached a high culture density (OD [A.U.] = 1.5) and remained stable 

at the dilution rates from 0.012h-1 to 0.040 h-1. At the lowest dilution rate of 0.012 h-1 the Wt 

reached a biomass yield of 3.24 ± 0.02 gCDW/mol formate, which increased steadily to 3.64 

gCDW/mol formate at a dilution rate of 0.040 h-1. In contrast, the bioreactor batch cultivation 

of P21 resulted in a pronounced lag-phase during batch cultivation and an overall lower optical 

density in chemostat mode (OD [A.U.] = 1.0; Supplementary Figure 3), which consequently 

resulted in a much lower biomass yield of 1.9 gCDW/mol formate at the maximum tested 

dilution rate of 0.040 h-1. The cultivation of P45 was similar to the Wt, with steady growth and 

an overall high optical density (OD [A.U.] = 1.1). Here, however, I did not observe an increase 

in biomass yield with an increase of the dilution rate. At the lowest dilution rate, the evolved 

strain reached a biomass yield of 3.75 ± 0.23 gCDW/mol formate, which appeared to be the 

maximum yield, as P45 reached 3.42 ± 0.40 gCDW/mol formate at 0.014 h-1 and 3.53 ± 0.04 

gCDW/mol formate at 0.024 h-1. While these yields show that both the Wt and P45 are lower 

than the theoretical optimum, which lies at approx. 4.5 gCDW/mol formate for the Wt 

(HP/MC/EM) and at approx. 4.4 gCDW/mol formate for P45 (HP/MC/GX)87, they match 

expected experimental values, which usually are below the proposed optimum. As biomass 

yields of P45 on both methanol and formate matched Wt yields, these results reflect a well-

functioning glyoxylate shunt. 

 

Table 10: Biomass yields in methanol and formic acid medium at different dilution rates. Each value 
is the result of three replicates.  

Dilution rate [h-1] Biomass Yield [gCDW/mol methanol 
 Wt   P45 

0.020 7.73 ± 0.08   8.70 ± 0.05 
     

Dilution rate [h-1] Biomass Yield [gCDW/mol formate] 
 Wt P21 P45 

0.012 3.24 ± 0.02 - 3.75 ± 0.23 
0.014 3.10 ± 0.21 - 3.42 ± 0.40 
0.024 3.35 ± 0.05 - 3.53 ± 0.04 
0.040 3.64 ± 0.19 1.9 ± 0.3 - 
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4.3 Crotonate production and degradation in P45 
 

With the much more optimized strain in hand I next set out to test preliminary production of 

crotonate. Since the plasmid containing the glyoxlyate shunt also harbored the thioesterase 

encoding gene yciA and with the EMCP disrupted via deletion of ccr I expected to produce 

crotonate when growing on methanol. To test this I performed an experiment in shake flasks 

and took samples for LC/MS during early exponential phase (OD600 of 0.8 – 1.0), late 

exponential phase (OD600 of 1.2 – 1.6), and stationary phase (OD600 of 2 – 2.5). To assess 

intracellular crotonyl-CoA levels, I prepared samples for endometabolomics, while I analyzed 

crotonate production through exometabolomics, assuming crotonate would be excreted by the 

cells. Unfortunately, the evolved strain did not produce any crotonate, and crotonyl-CoA levels 

did not differ from the wildtype (Figure 7). In fact, the engineered strain show almost no 

detectable crotonate production whereas I detected up to 5µM crotonate in the wildtype strain. 

 

As cultivation conditions in flasks, however, do not provide ideal growth and production 

conditions, which in may in turn result in the observed low crotonate levels. I therefore 

expected cultivation in a bioreactor during chemostat mode to lead to higher production of 

crotonate, as cells are kept at a consistent growth rate in a chemostat cultivation and are 

therefore at their metabolic optimum, which supports maximum productivity. Hence, I 

analyzed exometabolomic samples from the chemostat bioreactor cultivation during growth on 

formate. These samples were taken every 24 h after cells reached steady-state (Figure 8). 

Figure 7: Crotonyl-CoA and Crotonate production in the final evolved strain P45 compared to the 
wildtype (Wt). Samples to evaluate crotonyl-CoA and crotonate production were taken during early 
exponential (EE), late exponential (LE) and stationary phase (S). Each bar represents three biological 
replicates. 
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Unfortunately, as previously observed in flask cultivations, crotonate levels remained in low 

micromolar range in P45 (0.209 ± 0.02 µM) and did not differ greatly from the wildtype (0.205 

± 0.02 µM). Here, crotonate concentrations in the wildtype were even lower than during flask 

growth.  

 

Due to the low concentrations of crotonate in the bioreactor and flask cultivation, I suspected 

a reuptake of crotonate by M. extorquens, e.g. via the combined action of a transporter and 

subsequent activation to crotonyl-CoA by an acyl-CoA synthetase or transferase. In the Wt 

strain, crotonyl-CoA could simply be fed back into the EMCP, which does not apply for the 

evolved P45. In both strains, however, crotonyl-CoA could be re-assimilated through the ß-

oxidation pathway, where crotonyl-CoA is converted to 3-hydroxybutyryl-CoA by an enoyl-

CoA hydratase, which could either be polymerized to PHB by PhaC or oxidized to acetoacetyl-

CoA and cleaved to acetyl-CoA. I first tested whether the Wt strain would be able to grow on 

crotonate as the sole carbon source, which not the case (data not shown). To test whether  

M. extorquens consumes crotonate during methylotrophic growth, I added 5 mM of crotonate 

to our methanol growth medium and analyzed the concentration changes by taking 

exometabolomic samples at the beginning and the end of the experiment (Figure 9). In the 

beginning of the growth assay I detected 6.04 ± 0.25 mM crotonate, which decreases to 2.79 ± 

0.47 mM after 216 h of cultivation, while the culture grew to a high final OD600 of 3.43 ± 0.69. 

To confirm that this effect did not occur due to instability of crotonate at 30°C cultivation, a 

flask without cells was cultivated as well. Here, I did not observe any decline in crotonate 

concentrations (Supplementary Figure 6). This growth assay shows that M. extorquens indeed 

has the capability to activate and perhaps consume crotonate. 

Figure 8: Crotonate production of wildtype (Wt) and P45 during chemostat cultivation with formate as 
the sole carbon source.  
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4.4 Whole genome sequencing reveals mutations in ALE  
 
Since growth characterization revealed that the evolved P45 strain had indeed improved 

methylotrophic growth considerably, I wanted to elucidate the underlying reasons for this 

improvement. As a first step, I analyzed several isolated clones of the evolved passages on a 

genomic level by whole genome sequencing using the Illumina pipeline (Novogene, 

Cambridge UK). In total, eight mutations had arisen during 45 transfers on methanol (Table 

11). Despite the generally high frequency of non-annotated genes in the genome of  

M. extorquens, almost all mutated genes were assigned to their corresponding product with the 

exception of Mext1540, whose product is a hypothetical protein. Considering genes related to 

C1 or central carbon metabolism, the mutations in prk (T176I) and icd (F156C) are especially 

interesting. Prk, the product of which is phosphoribulokinase, is essential for growth on C1 

substrates for its production of ribulose-1,5-bisphosphate, which is involved in transcriptional 

regulation and formaldehyde assimilation118. Both of these mutations are found in P11, and 

may therefore be found at some step between P0 and P11. In P21 a mutation was located in 

Mext_0179 encoding for the ß-subunit of the integration host factor (P64L). Interestingly, this 

is the only mutation distinguishing P11 and P21, where I previously observed a pronounced 

growth improvement on methanol. In P45, additional mutations were found at the intergenic 

region of Mext_1681 (glyoxylase resistance protein) and Mext_1682 (bleomycin resistance 

protein), in Mext_0925, whose product is a MarR-family transcriptional regulator and in 

Figure 9: Growth assay of the wildtype (Wt) during flask cultivation with 123 mM methanol and 5 mM 
crotonate. OD600 (teal) and crotonate content (orange) was determined at the beginning and the end of 
cultivation after 216 h. The growth assay was conducted in three biological replicates. 
 



47 
 

Mext_2640, encoding for a FAD-dependent oxidoreductase. While sequencing results of three 

single colonies of each passage usually coincided, I found an additional mutation in ppc 

(Phosphoenolpyruvate (PEP) carboxylase) in one single colony of P45 (Colony 1). PEP 

carboxylase plays an important role in the central carbon metabolism of M. extorquens by 

shuffling carbons between oxaloacetate (OA) and PEP. However, when comparing 

methylotrophic growth of the single colonies of P45, no benefit is seen for colony 1 

(Supplementary Figure 2). To analyze the mutation in the MarR family protein, I investigated 

the position of the affected gene in the M. extorquens genome. I determined the sequence of 

this gene to align with ttmR, a transcriptional regulator involved in a stress response caused by 

the presence of formaldehyde. TtmR is also known to affect EfgA, another stress response 

regulator involved in formaldehyde sensing.  

Table 11: Whole genome sequencing of evolved Δccr strains, the parent strain P0 and the wildtype 
(Wt). Genomic DNA of three single colonies of each strain grown on solid medium containing methanol 
as sole carbon source was extracted and sent to Novogene for Illumina sequencing.  

Gene Product Mutation Wt P0 P11 P21 P38 P45 
[Mext_0288] Ccr Δ1006 bp - + + + + + 

Mext_0980 → Prk T176I - - + + + + 

Mext_3141 ← Icd  
(NADP-dependent) F156C - - + + + + 

Mext_0179 ← integration host 
factor, beta subunit P64L - - - + + + 

Mext_1681 ← / → M
ext_1682 

Glyoxylase/ 
bleomycin 
resistance 

intergenic (-657/-51) 
G→C 

 
- - - + + + 

Mext_0925 ← MarR coding (453/588 nt) 
Δ1 bp - - - - + + 

Mext_1540 → hypothetical protein coding (410/663 nt) 
Δ1 bp - - - - + + 

Mext_2640 → FAD‑dependent 
oxidoreductase 

R116C 
 - - - - + + 

 

4.5 Mutation F156C decreases isocitrate dehydrogenase activity 
 
As part of the TCA cycle, Icd shares its substrate (isocitrate) with the isocitrate lyase of the 

glyoxylate shunt. In a previous study, it was hypothesized that the successful implementation 

of the glyoxylate shunt as an alternative to the EMCP would require increased flux towards the 

heterologous pathway in order to support growth on methanol112. Since I observed significant 

improvement in methylotrophic growth in P11, I suspected that the mutation in Icd lowered its 

enzymatic activity, hence resulting in decreased flux of the TCA cycle and increased flux 

through the glyoxylate shunt. Indeed, testing the enzymatic activity of the mutated IcdF156C 
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showed that activity towards isocitrate was reduced 4-fold compared to the Wt enzyme, with a 

kcat of 0.336 µmol/min (Wt: 1.620 µmol/min) and a Km of 0.159 mM (Wt: 0.065 mM) (Figure 

10). I therefore concluded that the mutation in Icd is one of the main contributors to flux 

redistribution towards the glyoxylate shunt. 

 

4.6 Changes in the proteome of P45  
 
To investigate the cellular changes of the evolved strains on the proteome level, I performed 

label-free proteomics analysis for relative abundance estimation of the wildtype and P45 strains 

during growth on methanol. To compare the results of the two strains I summarized all strongly 

differentially expressed proteins as a ratio of the evolved strain over the Wt (Figure 11) and 

enzymes for all pathways of central carbon metabolism of M. extorquens (Figure 12). I initially 

identified 2112 proteins that were differentially expressed, which ranged from 0.01 – 10 -fold 

change. To filter for relevant candidates, I set the cutoff to a ≥ 2-fold change, leaving us with 

110 proteins, 73 of which were upregulated while 37 were downregulated. Here, I found 

proteins involved in stress response among the most upregulated proteins.  

Among these were Hsp20 (molecular chaperone of the Hsp family), which was the most 

upregulated protein in our evolved strain (+ 8.51-fold), Gst (glutathione S-transferase, + 7.16-

fold), EshA (late growth phase protein, + 5.49-fold) and MexAM1_META1p3731 (Crp/Fnr-

family protein, + 5.62-fold). Other strongly upregulated proteins with diverse functions in  

M. extorquens were MexAM1_META1p0466 (PepSY-domain containing protein, + 7,01-fold) 

and of MexAM1_META1p0970 (oleate hydratase,+ 6.86-fold). In central carbon metabolism 

Figure 10: Enzyme activity assays of wildtype (Wt) Icd and mutated Icd (F156C). Sequences 
synthesized by Twist Bioscience were introduced on pTE5323 for protein expression in E. coli BL21-
A1 cells and purified with the His-Tag. Assays were conducted with varying concentrations of DL--
isocitrate. 
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of M. extorquens, I found an upregulation of proteins of the serine cycle, among which were 

Sgat (serine-glyoxylate aminotransferase, + 1.64-fold), Hpr (hydroxypyruvate reductase, + 

1.30-fold), Ppc (PEP carboxylase, + 2.14-fold), MtkA/B (malate thiokinase, + 1.87-fold / 2.07-

fold) and Mcl (malyl-CoA lyase, + 1.87-fold). Proteins involved in the TCA or the EMCP, on 

the other hand, were not found to be differentially expressed, with the exception of Ccr due to 

the genetic deletion (- 4.76-fold). The reason for this relatively low downregulation is explained 

by the genetic deletion having left a small truncated rest of the gene (293 bp), which can still 

produce a small number of peptides (19 in total) that are detectable in proteomic analysis. While 

Icd and Prk were not upregulated, the potentially altered Prk activity could have activated the 

LysR-family protein QscR (Quayle Serine Cycle Regulation), indirectly explaining the 

upregulation of essential serine cycle genes in the evolved strain. While multiple LysR-family 

proteins were found in the proteomics analysis, only one of them was upregulated by 1.18-fold 

which could be QscR.  

Additionally, proteins involved in methanol oxidation, which are also regulated by QscR, are 

MtdA/B (Methylene tetrahydromethanopterin dehydrogenase; + 1.54-fold) and Fch 

(Methenyl-THF cyclohydrolase; + 1.14-fold), which were also found to be upregulated119. In 

terms of methanol oxidation, I also found XoxF (lanthanide-dependent 

methanoldehydrogenase; + 1.60-fold) to be upregulated, while MxaB (-1.41-fold), MxcQE (-

1.30-fold) and MxbDM were downregulated (Figure 13). The latter three proteins are 

transcriptional regulators involved in an intricate regulatory network and will be discussed in 

detail later. Another group of upregulated proteins were involved in urea degradation (UreA (+ 

4.31-fold), UreC (+ 4.31-fold), UreD (+ 5.75-fold), UreE (+ 4.02-fold), UreG (+ 4.41-fold)). 

The reason for this, remains enigmatic, as neither does M. extorquens produce urea, nor is any 

urea added to the growth medium. I also found MetY (O‑acetyl‑L‑homoserine sulfhydrylase) 

to be upregulated (2.34-fold), potentially contributing to an increased formaldehyde tolerance. 

For downregulated proteins I detected decreased abundance for TtmR (MarR transcriptional 

regulator, - 5.27-fold), which likely also caused the downregulation of EfgA (- 2.54-fold). This 

is in line with the findings of whole genome sequencing, where I found that the mutation 

introduced an early stop codon.  
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Figure 11: Differentially expressed proteins in evolved P45 vs. wildtype (Wt) during growth 
on methanol. (A) Summary of most significantly up- and downregulated proteins in P45 and 
their metabolic role. (B) Volcano plot of proteomics results. 
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Figure 12: All enzymes of the central carbon metabolism pathways (Serine cycle, TCA cycle, EMCP) 
and their log2-fold abundance change in P45 vs. Wt. 
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Figure 13: Differential log2-fold abundance of proteins in evolved P45 vs. wildtype (Wt) involved in 
methanol oxidation during growth on methanol. 

 

4.7 Mutations in TtmR and EfgA confer enhanced formaldehyde tolerance 
 
Based on the genomic and proteomic analysis, I suspected P45 to have an increased tolerance 

to formaldehyde due to the strong downregulation of TtmR, likely caused by the single point 

mutation in the MarR transcriptional regulator discovered during whole genome sequencing, 

which also results in a downregulation of EfgA. Mutants in ttmR and efgA are known to have 

a disturbed formaldehyde homeostasis, which confers higher resistance to elevated 

formaldehyde levels120. To investigate this, the wildtype and P45 were cultured in methanol 

minimal medium with varying concentrations of formaldehyde (Figure 14). 

Figure 14: Formaldehyde tolerance test comparing growth of the wildtype (Wt) and P45 
after 48 h and 96 h with rising concentrations of formaldehyde. Cultures were grown in 
methanol minimal medium with 0, 0.5, 1, 2, 2.5, 4 and 10 mM formaldehyde. Each curve 
represents three biological replicates. 
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While the wildtype grew to a higher OD600 than P45 in medium with 0.5 mM formaldehyde, 

early growth was strongly impaired at 1 mM formaldehyde and above. In contrast, P45 did not 

show any growth defects on formaldehyde levels of up to 2.5 mM, while neither of the strains 

grew in the presence of 4 or 10 mM formaldehyde. Overall, the growth assay shows that the 

evolved P45 strain has a higher formaldehyde tolerance than the wildtype, confirming the 

previous assumption that the decreased abundance of TtmR and EfgA confers a tolerance to 

the toxic intermediate. 

 

4.8 Utilizing CRISPR interference for targeted knockdowns in the EMCP 
 
Through pathway engineering and optimization I developed a strain that can effectively utilize 

the glyoxylate shunt in a Δccr background through ALE, which resulted in improved growth 

on methanol and formate. As crotonate production remained low, I suspected that a great 

portion of the carbon flux was directed towards the synthesis of polyhydroxybutyrate (Poly-

(R)-3-hydroxybutyrate, PHB), a common storage compound in α-proteobacteria that was 

shown to accumulate in M. extorquens during growth on acetate and methanol. Previous studies 

have demonstrated that deleting the PHB synthesis pathway or decreasing the stability of PHB 

granules can increase product titers94,121. I therefore attempted to delete PHB synthase phaC to 

generate a ΔccrΔphaC strain, which should result in strongly decreased PHB accumulation. 

Despite numerous attempts to introduce a phaC deletion in a Δccr strain, I was not able to 

construct the double knockout. Altering PHB metabolism has been discussed thoroughly in 

literature, where multiple attempts to knock out or downregulate PHB metabolism often 

resulted in phenotypes deficient in methylotrophic growth or lead to the emergence of 

suppressor mutations when phaC was deleted94,97,122,123. A genetic knockout may therefore not 

be suitable for the construction of a ΔccrΔphaC strain due to lethality effects.  

While the cause for the observed cell death remains enigmatic, I hypothesized that cells may 

experience strong effects of redox imbalances due to insufficient levels of NADP(H), as both 

ccr activity and PHB synthesis involve NADP(H) consuming reactions (NADP+ regenerating). 

To circumvent this potential lethality and still achieve a similar phenotype expected for the 

double knockout, I explored the use of CRISRPR interference (CRISPRi) for the targeted 

knockdown of ccr in collaboration with RG Becker (Synmikro, Marburg). Through the use of 

CRISPRi I tried to balance the downregulation of phaC to push carbon flux towards crotonyl-

CoA while allowing a level of activity that does not result in cell death. Simultaneously, we 
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designed gRNAs for the knockdown of ccr to test the knockdown in a ΔphaC background to 

determine which combination of knockout and knockdown leads to the desired result of 

increased crotonyl-CoA and decreased PHB formation more reliably. First tests of the 

knockdown systems included growth assays on methanol to determine which design enables 

cellular growth and result in a viable strain. 

 

4.8.1 Designs for CRISPRi for targeted knockdowns 
   
Our first designs for the expression of the CRISPRi machinery included a two-plasmid system 

and a single-plasmid system, in which dCas9 (from S. pyogenes) and gRNA were expressed 

on separate plasmids or on the same plasmid. To test the knockdown variants I conducted initial 

growth assays in the wildtype strain during growth on methanol. Here, a strong growth deficit 

is expected upon induction of the CRISPRi machinery targeting ccr as the wildtype strain relies 

on a functional EMCP for C1 assimilation.  

For the two-plasmid system, both modules (dCas9 and gRNA) were constitutively expressed, 

while dCas9 was placed on a single-copy plasmid, and gRNAs were expressed from a multi-

copy plasmid. Growth assays in the wildtype showed that the knockdown through the two-

plasmid system strongly inhibits cellular growth on methanol (Figure 15). Although this 

confirms the functionality of the knockdown, I determined that this severe impact on growth is 

not suitable to achieve a viable ΔccrΔphaC phenotype and that decreased CRISPRi expression 

levels would be needed.  

Therefore, we designed a single-plasmid system on a single-copy plasmid, which contained 

both dCas9 and a gRNA. Additionally, we switched the constitutive promoter of dCas9 to an 

IPTG-inducible promoter, while gRNAs remained under the control of a constitutive promoter. 

This way, the expression of dCas9 can be activated by addition of the inducer IPTG. Initial 

tests of this system in the wildtype were conducted by our collaborators and showed growth 

deficiencies during growth on methanol when ccr was knocked down, confirming the 

functionality of the knockdown. I then introduced the new single-plasmid system targeting ccr 

or phaC in the corresponding ΔphaC and Δccr knockout strains and tested methylotrophic 

growth behavior of the resulting strains. However, cells were once again unable to grow on 

methanol (Supplementary Figure 7). Here, I observed that the presence of the CRISPRi genetic 

constructs still result in a lethal phenotype regardless of inducer presence, suggesting leakiness 

of the inducible promoter.  
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While the wildtype strain may not be susceptible to leakiness of the IPTG-inducible promoter, 

the Δccr and ΔphaC knockout strains may suffer from low levels of transcript especially during 

early stages of growth. To reduce potential leakiness effects, we therefore replaced the 

constitutive promoter for gRNA expression with the same inducible promoter that we used for 

dCas9 expression, and evaluated growth on methanol with full induction (Figure 16) and with 

different inducer concentrations (Supplementary Figure 8). By including a non-targeting 

gRNA control and comparing it to cells without the CRISPRi plasmid system, I could 

determine that neither expression of dCas9 alone nor the addition of IPTG affects cellular 

growth negatively. 

When targeting gRNAs for ccr and phaC were expressed in the wildtype, I observed growth 

deficiencies in induced cultures of the ccr knockdown, while targeting phaC lead to improved 

growth upon induction. After 100 h of incubation cells recovered from the growth defects of 

the ccr knockdown. 

Figure 15: Two-plasmid system test in wildtype during growth on methanol and succinate. dCas9 was 
introduced on the single-copy plasmid controlled under the control a constitutive promoter. The gRNAs 
were constitutively expressed from a multi-copy plasmid. Cells were grown on medium containing 
methanol as sole carbon source. Each line represents five biological replicates. 



56 
 

 

Switching from the multi-copy to a single-copy plasmid appeared to reduce the strength of 

knockdown effects on growth we previously observed with our two-plasmid system. However, 

the expression of gRNA-ccr in a ΔphaC background completely abolished growth and repeated 

attempts to cultivate this strain on methanol were unsuccessful. In contrast, growth of Δccr 

with gRNA-phaC was not affected, and the system did not respond to inducer addition.  

I could however not reproduce growth assays for Δccr gRNA-phaC, as the results were 

inconsistent among biological replicates. In some instances, growth was not impeded 

regardless of inducer concentrations, while in other growth assays, improved growth seemed 

to correlate with higher concentrations of IPTG or growth was completely inhibited. As I chose 

growth assays for initial readouts a definite cause cannot be attributed to these results and there 

are several possibilities for the observed growth behavior of our knockdown strains, which will 

be discussed in detail.  

 

 

 

Figure 16: Growth assays of wildtype, Δccr and ΔphaC containing the double inducible CRISPRi 
plasmid system on methanol (+/- IPTG). Both dCas9 and gRNA were expressed from a single-copy 
under the control of an IPTG-inducible promoter. nt: non-targeting gRNA control. Expression of 
CRISPRi was induced by addition of 1 mM IPTG. 
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4.8.2 Resting cells for crotonate production 
 

As I suspected that our inducible knockdown system may prevent growth of ΔphaC gRNA-ccr 

on methanol due to leakiness of the inducible promoter and thereby formation of low levels of 

dCas9 and gRNA transcript, I attempted to circumvent the potential lethality of our CRISPRi 

system during early growth stages with a 2-stage growth assay, in which I aimed to decouple 

growth from production by using resting cells.  

I hypothesized that allowing the cells to accumulate biomass would alleviate potential 

knockdown toxicity effects in early growth stages. Subsequently the accumulated biomass 

would be used for the production of crotonate from methanol by inducing the CRISPRi 

machinery. In theory, cells would switch from growth to production as part of the carbon flux 

may be directed towards the deficient EMCP. For this, I inoculated Δccr gRNA-phaC and 

ΔphaC gRNA-ccr in succinate precultures and harvested the cell pellet upon reaching 

stationary growth to maximize biomass formation. After washing the cells, I inoculated them 

into methanol medium containing the inducer (1 mM IPTG) and monitored growth and 

crotonate production over time (Figure 17). Prolonged cultivation of both strains did not result 

in growth after 96 h and no formation of crotonate was observed for ΔphaC gRNA-ccr. In Δccr 

gRNA-phaC, low amounts of crotonate were detected, however, they remain in the high 

nanomolar range.  

 

 

Figure 17: Growth assays of Δccr gRNA-phaC and ΔphaC gRNA-ccr during a bioconversion 
experiment. Precultures were grown in medium containing succinate to stationary growth and 
inoculated in methanol medium + 1 mM IPTG upon reaching stationary phase. Crotonate samples were 
taken at the same timepoints of OD600 measurements, with one exception after 48 h. 
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While knockdown toxicity is still a reasonable explanation for the lack of growth on methanol, 

it is also possible that the switch of carbon sources from succinate to methanol and immediate 

induction of the knockdown system could pose a substantial metabolic burden. Accumulating 

biomass prior to induction did not result in continued growth on methanol, and only low 

amounts of crotonate were produced in the cultivation of Δccr gRNA-phaC. Despite switching 

to the double inducible single-copy plasmid knockdown system, lethality appears to hamper 

cell growth on methanol. Whereas growth of Δccr gRNA-phaC was not reproducible, ΔphaC 

gRNA-ccr was unable to grow on methanol across all versions of expression for the CRISPRi 

system. While our previous designs focused on the modulation of expression levels, we 

designed yet another knockdown system directed at altering the binding capacity of the gRNAs. 

 

4.8.3 Design of mismatch guide RNAs for targeted knockdowns 
 
As previous growth assays with the double-inducible knockdown system still prevented growth 

of ΔphaC gRNA-ccr and did not yield reproducible results for Δccr gRNA-phaC, and since 

even the basal leaky expression of the CRISPRi system abolished growth, we next tested 

mismatching guide RNAs. Here the expectation was that the effect of downregulation through 

binding of the CRISPRi gRNA could be titrated by lowering binding affinity through 

procedurally mismatching gRNAs and would decrease the risk of previously observed lethality 

effects during early stages of growth.  

Based on the designs of Daniel Stukenberg and colleagues124, we generated a mismatched 

gRNA library, with truncated sequences of 14, 16, or 20 basepairs (bp) and alternating 

nucleotides at positions 5 and 10. Covering all possible combinations, we ended up with a 

gRNA library of 48 different sequences for each ccr and phaC, including one fully binding 

version. For the expression of this new CRISPRi variant we chose the same plasmid as in our 

previous experiments, where the expression of dCas9 and the mismatch gRNAs is controlled 

by the IPTG-inducible promoter.  

We conducted our first screens of this new CRISPRi system in a wildtype background targeting 

ccr and phaC during growth on methanol, as stronger binding capacities of the gRNA targeting 

ccr should result in severely reduced growth. These initial growth assays were conducted by 

our collaboration partners in tube cultures (RG Becker, Synmikro). We expected reduced 

binding efficiency for truncated gRNAs of 16 and 14 bp and thus also less impaired growth. 

As I previously observed the strongest effects of our gRNAs after incubation for more than  
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50 h, I chose the final OD600 of our growth assays as our readout and calculated the ratio of the 

final OD600 between non-induced and induced cultures to determine which gRNA variant 

responds to addition of the inducer (Figure 18). 

 

When we tested the knockdowns of ccr in the wildtype background we observed the expected 

strong growth deficiency in the fully binding non-truncated C5-C10 gRNA upon induction. 

While we still observed decreased growth in the 16 bp C5-C10 gRNA, none of the other 16 bp 

versions, nor any of the 14 bp gRNAs exhibited a strong negative effect on growth. 

Interestingly, only cells harboring a gRNA which is complementary to the target sequence at 

position 5 (C5) suffered growth deficiencies depending on the addition of IPTG, with the 

exception of C5-A10, which lead to cell death regardless of inducer presence. When solely 

position 10 was complementary to the target sequence, I did not observe any growth defects in 

our initial growth assay. However, since overall cell viability was reduced during cultivation 

in tubes, as the non-targeting and empty vector control only reached an OD600 of 0.5 

(Supplementary Figure 9), I repeated the growth assay for ccr-gRNAs in flask cultivations with 

truncated versions of C5-C10. Here, I simultaneously evaluated the relevance of position 10 

for target binding by introducing the gRNA complementary to the target sequence at position 

5 and alternating nucleotides at position 10 (C5-X10)(Figure 19). In our second growth assay, 

I could see a similar trend as in our previous experiment. Cells carrying the non-truncated C5 

Figure 18: Final OD600 ratio between induced and non-induced wildtype cultures after 56 hours during 
growth on methanol, containing the mismatch gRNA library. We determined the final OD600 in non-
induced and induced cultures. Mismatches at position 5 are indicated above (A5, T5, C5, G5), 
mismatches at position 10 are indicated below (A, T, C, G). Perfectly binding gRNA versions are 
indicated in red letters (ccr: C5C10; phaC: G5T10). 
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gRNAs had strong growth deficiencies regardless of the substitution in position 10. For the 16 

bp truncated gRNAs, however, I saw that the fully binding C5-C10 gRNA as well as C5T10 

resulted in cell death when induced, while C5-A10 and C5-G10 grew to the same level of the 

non-induced cultures. For induced cultures with the 14 bp truncated gRNAs, only C5-C10 had 

negative impact on growth. I therefore suspected that shorter gRNA sequences rely on 

complete sequence complementarity for DNA binding, while position 5 is overall more 

relevant for binding the target sequence, which is in line with reports from literature124,125.  

 

I next tested the mismatched gRNA knockdown of phaC in the wildtype background to find 

suitable gRNA candidates, which could eventually be implemented in Δccr. Interestingly, 

when phaC was targeted, the fully binding gRNA lead to improved growth in the wildtype 

when induced, which matches observations of previous tests of CRISPRi designs in the 

wildtype background. While growth for other gRNA versions was mostly unaffected, growth 

of cells containing C5-C10 gRNAs was affected negatively. I therefore investigated whether 

this gRNA versions is predicted to bind to different regions in the genome of M. extorquens 

PA1, but no other targets could be identified. Hence, I chose C5-C10 to conduct further growth 

assays.  

Figure 19: Final OD600 after 72h of cultivation of the wildtype during growth on methanol containing a 
C5 guide RNA for ccr with altered nucleotides for position 10. (B) Grey bars: Non-induced cultures, 
green bars: Induced cultures (+ 1 mM IPTG). Orange bars and red letters indicate the fully binding 
gRNA (C5-C10). Nt: non-targeting control. EV: Empty vector control. 
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4.8.4 Introduction of mismatched gRNA-phaC in P45 
 
To combine the use of this mismatched CRISPRi system with the optimized glyoxylate shunt 

utilizing Δccr strain, I introduced the CRISPRi system with the C5-C10 gRNA targeting phaC 

in P45. Unfortunately, growth assays of P45 containing this gRNA were not reproducible (data 

not shown). Here, I suspected that growth may still be inhibited to a strong degree, and hence 

tested the T5-G10 gRNA in the wildtype and P45 Δccr to alleviate potential lethality effects 

(Figure 20). While overall growth was significantly reduced compared to the Wt, I also 

observed lower growth of the non-targeting and empty vector controls, indicating that P45 may 

suffer from plasmid burden effects. For the T5-G10 gRNA targeting phaC, induction of the 

CRISPRi system did not affect growth of P45, regardless of the level of truncation for the 

mismatched T5-G10 gRNA. 

 

I therefore concluded that further tests of our gRNA library will be necessary to find a suitable 

candidate for the knockdown of phaC in Δccr. For the knockdown of ccr in ΔphaC, the 

truncated 14 bp C5-C10 gRNA seems promising as it caused slight growth deficiencies without 

abolishing growth entirely and may lead to the generation of a viable ΔccrΔphaC. Due to time 

constraints as I was approaching the end of my PhD, I was not able to test crotonate production 

in P45 containing the mismatched T5-G10 gRNA, which would be an interesting experiment 

for the future.  

Figure 20: Final OD600 after 72 h of cultivation of wildtype and P45 containing the knockdown of phaC 
in the wildtype and P45 with the T5-G10 gRNA on methanol. Grey bars: non-induced cultures, green 
bars: induced cultures (+ 1 mM IPTG). Nt: non-targeting control. EV: Empty vector control. 



62 
 

5 Discussion 
 
The aim of this thesis was to develop a highly advanced strain of M. extorquens to produce 

crotonate while growing on methanol. To achieve this the EMCP was disrupted by deletion of 

ccr and an orthogonal glyoxylate regeneration pathway was introduced; the glyoxylate shunt. 

I optimized this glyoxylate shunt-utilizing strain using adaptive laboratory evolution and 

characterized it.  

My evolved serine cycle-dependent and glyoxylate shunt employing M. extorquens strain has 

similar growth rates compared to the wildtype strain and an equal biomass yield on methanol 

and formate indicating a high degree of metabolic optimality. Chemostat experiments, NGS 

and proteomic analysis, growth- and enzyme kinetic assays were used to elucidate the cellular 

changes of the final evolved strain. Here I found key mutations in Icd and Prk, which alter the 

carbon flux through the glyoxylate shunt. While the enzymatic activity of Icd was 4-fold 

reduced compared to the Wt enzyme, the mutation in Prk likely plays a more regulatory role 

regarding methylotrophic growth. Furthermore, I found that a mutation in a MarR 

transcriptional regulator results in increased formaldehyde homeostasis in the evolved P45. 

Initial tests to produce crotonate from methanol using this strain showed only limited 

production. Crotonate degradation was identified as one factor limiting production, while 

additional carbon sinks to PHB production were proposed as another potential sink.  

Since deletion of the PHB polymerase encoding gene did was not successful, I explored the 

use of knockdowns via the CRISPRi machinery testing different expression levels for the 

targeted downregulation of phaC and ccr. While strong expression of dCas9 and gRNA from 

constitutive promoters in the wildtype strongly decreased growth on methanol when ccr was 

targeted, the switch to inducible promoters reduced the negative impact on growth in the 

wildtype. Introduction of this inducible system in Δccr did not alter growth behavior on 

methanol, while the knockdown of ccr in ΔphaC resulted in cell death regardless of inducer 

addition. I then employed a combined strategy of mismatched and truncated guide RNAs to 

lower the effect of CRISPRi on ΔphaC and aimed to find a suitable candidate for the 

knockdown of phaC in Δccr. Here, I found promising gRNAs for the knockdown of ccr, but 

not for the knockdown of phaC, for which further experiments would be necessary.   
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5.1 Adaptive Laboratory Evolution leads to improved methylotrophic growth 
 
Adaptive laboratory evolution is a powerful tool frequently used in strain engineering and 

optimization, as it allows for the accumulation of mutations which benefit growth under the 

given selection conditions. During ALE it is generally assumed that the change of certain traits 

is connected to increased fitness. Hence, the population will acquire mutations that confer a 

selective advantage over the ancestral strain, whose abundance gradually decreases until it is 

replaced entirely55. I started my work in this project in collaboration with Doreen Meier from 

RG Becker (Synmikro, Marburg), who had introduced the glyoxylate shunt on the pCM80 

plasmid in M. extorquens PA1 Δccr, added serine integrase landing pads and started the ALE 

with serial transfers on liquid methanol medium. I then evaluated the methylotrophic growth 

of passage P11 and P21, and continued the evolution on liquid methanol medium, which 

yielded the final evolved strain P45. This strain showed significantly improved methylotrophic 

growth compared to the parent strain. Analysis of the underlying changes on a genomic and 

proteomic level revealed several mutations and changes in protein levels of enzymes directly 

and indirectly involved in central carbon metabolism of M. extorquens. Here, I provide 

evidence of carbon flux rerouting and changes in regulatory networks involved in C1 

assimilation. 

 

5.1.1 Mutations in Icd and Prk rewire central carbon metabolism  
 
Analysis of the passages from ALE through WGS revealed multiple mutations involved in 

central carbon metabolism of M. extorquens. Among these was a mutation in Icd (F156C), 

which strongly decreased enzymatic activity towards isocitrate (Figure 10). As Icd shares its 

substrate with isocitrate lyase (AceA), it is likely that the reduced activity of Icd (F156C) 

redirects flux towards the glyoxylate shunt. In a similar study by my former colleague 

Francesca Severi (unpublished results), M. extorquens AM1 Δccr was evolved for glyoxylate 

shunt utilization on methanol, which also led to mutations in Icd and Prk, but with the 

substitutions Icd (Y139C) and Prk (I214S), while I observed Icd (F156C) and Prk (T176I).  

While enzyme assays of the mutated Icd did not show any activity in cell-free lysates, it seems 

very likely that this mutation also reduces enzyme activity, as was the case in M. extorquens 

PA1 Δccr. Interestingly, in both evolved strains, an aromatic residue was exchanged for a 

cysteine. Cysteins are very potent in changing protein conformation through the formation of 
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cysteine-cysteine bonds, and are often deliberately introduced to alter enzymatic activities126–

128. These results suggest a high relevancy for a mutation in Icd to increase flux towards the 

glyoxylate shunt, which was also hypothesized by Schada von Borzyskowski and 

colleagues112. Here, the reason why the substitution of the EMCP by the glyoxylate shunt did 

not support growth on methanol was thought to be an insufficient flux through the TCA cycle, 

and therefore also the glyoxylate shunt. This is supported by metabolic flux analysis, which 

showed that flux through the TCA during methylotrophic growth is reduced113. In accordance, 

I did not observe an upregulation of TCA cycle proteins. I therefore suggest that the mutation 

in Icd alone is sufficient to increase flux towards the glyoxylate shunt to support 

methylotrophic growth of the EMCP deficient strain. Downregulation of flux through the TCA 

cycle was also observed in the establishment of synthetic methylotrophy in E. coli, were 

laboratory evolution improved formaldehyde assimilation through the RuMP pathway through 

mutations that reduced the activity of the cycle87. 

Reverse engineering of the Icd mutation in the original M. extorquens PA1 Δccr containing the 

pCM80-Glyox. plasmid could be done to test this hypothesis. I further suspect that the mutated 

Prk also has an influence on carbon flux distribution. A study by Ochsner and colleagues 

demonstrated that Prk is essential in M. extorquens for methylotrophic growth118. The reason 

for this is that Prk produces ribulose-1,5-bisphosphate, an inducer for QscR, which regulates 

serine cycle enzymes such as GlyA. While QscR itself was not annotated in the proteomic 

dataset, the majority of LysR-family transcriptional regulators was not upregulated, with the 

exception of one, which was upregulated by 1.18-fold. Despite this, my proteomic analysis 

revealed an upregulation of many enzymes of the serine cycle, including GlyA, MtkA/B, Sgat 

and Hpr, which may be caused by increased activity of the mutated Prk (T176I). Therefore, I 

hypothesize that Icd (F156C) increases glyoxylate regeneration, while an altered activity of Prk 

(T176I) enhances serine cycle activity, leading to improved methanol assimilation.  

 

5.1.2 Enhanced methanol oxidation in P45 
 
For the assimilation of methanol, M. extorquens contains two pyrroloquinolinequinone (PQQ)-

dependent methanol dehydrogenases (MHD): The Ca2+-dependent MxaF, and the lanthanide-

dependent XoxF. Expression of methanol dehydrogenases (MHD) is highly regulated in  

M. extorquens and involves a sophisticated response cascade, which involves the two-

component systems MxcQE, MxbDM and the response regulator MxaB129. MxcQE is required 
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expression of MxbDM, which in turn negatively regulates xoxF expression while activating 

mxaF expression. XoxF, on the other hand, has been shown to be essential for normal 

expression of both two-component systems mxbDM and mxcQE and for the expression of 

mxaF130. The fourth component of this regulatory cascade is MxaB, whose regulatory role in 

methanol oxidation is not well understood to date. Evidence points towards a regulatory role 

of MxaB in the expression of MxaF and PqqD129. M. extorquens mainly relies on the Ca2+-

dependent methanol dehydrogenase (MDH) MxaF, while it also contains the lanthanide-

dependent XoxF MDH. Previous studies have demonstrated that XoxF is capable of methanol 

oxidation to formaldehyde, and its expression is upregulated and even becomes the dominant 

enzyme for methanol oxidation in the presence of lanthanides131,132. In nature, the availability 

of two functionally redundant MDHs that depend on different cofactors may prove 

advantageous in an ever changing environment.  

During proteome analysis, I found that XoxF is upregulated, along with a downregulation of 

MxcQE and MxbDM and a slight downregulation of MxaF (Figure 13). Although XoxF 

represses MxaF, a study of Good et al. demonstrated that similar expression levels of both 

MDHs are observed if the lanthanide concentration is not greater than 100 nm, suggesting that 

M. extorquens is able to utilize MxaF and XoxF simultaneously. The same study also 

investigated the activity of XoxF in different lanthanide concentrations, which showed that 2.5 

nm of La already support XoxF activity. Although we did not add lanthanides to our growth 

medium, it is possible that trace amounts of lanthanides enable XoxF activity. This has been 

demonstrated in a study by Hoogendorn et al., in which the highly catalytically efficient XoxF 

from M. fumariolicum SolV still showed activity in medium devoid of lanthanides53. While 

many studies suggested that XoxF is able to oxidize methanol to formate, another more recent 

study from Good and colleagues have shown that formaldehyde activating enzyme Fae and the 

H4MPT pathway are required for lanthanide-dependent growth on methanol133. As XoxF as 

well as MtdA are upregulated in P45, increased methanol oxidation to formaldehyde and 

subsequent loading on H4MPT by MtdAB could enhance methanol assimilation.  

The importance of sufficient methanol oxidation was seen in the previously mentioned study 

by Schada von Borzyskowsky et al., where the EMCP was replaced by the glyoxylate shunt in 

M. extorquens for glyoxylate regeneration. While the introduction of the glyoxylate shunt 

rescued EMCP-deficient strains on acetate, growth on methanol could not be rescued. When 

they tested the activity of the MDH, they observed a strong downregulation of MxaF activity 

(25% of wildtype activity) and attributed this to the absence of growth with methanol as the 
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sole carbon source112. Hence, activity of MDH may be an additional factor that enables 

adaptation to the glyoxylate shunt, and therefore determines viability of the EMCP-deficient 

strain during growth on methanol.  

 

5.1.3 Altered Formaldehyde homeostasis confers higher formaldehyde tolerance 
 
In methylotrophy, the oxidation of methanol inevitably leads to the formation of the toxic 

intermediate formaldehyde, and is hence a crucial step in C1 assimilation into biomass. 

Formaldehyde can easily pass the cell membrane into the cytosol, where it interacts with 

aromatic residues of proteins, causing cross-linking in proteins and nucleic acids, which 

ultimately leads to cell damage134.  

As formaldehyde naturally occurs in the environment, all organisms have developed 

formaldehyde detoxification mechanisms to effectively balance the accumulation of the toxic 

intermediate. One of these mechanisms found in natural methylotrophs includes the 

formaldehyde activating enzyme Fae, which connects formaldehyde with H4F to form 

methylene-H4MPT as the second step in methanol oxidation. Besides this, formaldehyde can 

also spontaneously form methylene-H4MPT, a side mechanism that has likely evolved to 

decrease formaldehyde accumulation when activity of Fae is too low. Apart from direct 

conversion of formaldehyde to a less reactive intermediate, formaldehyde sensors can prevent 

transcription and translation at elevated concentrations of the toxic compound in order to 

reduce DNA damage. In my ALE, I found a mutation which introduces an early stop-codon in 

a MarR-family transcriptional regulator. Upon further investigation, I discovered that this 

transcriptional regulator is the formaldehyde-sensing TtmR, which was described by Bazurto 

et al. to be involved in formaldehyde homeostasis by regulation of EfgA. EfgA is a translational 

regulator, which prevents translation at elevated intracellular formaldehyde concentrations120. 

The same study shows that ttmR and efgA null mutants show an increased tolerance to enhanced 

formaldehyde concentrations, and had elevated intracellular levels of the toxic compound. My 

proteomics analysis showed that the introduced early stop codon drastically decreases protein 

levels, confirming an effective knockout (Figure 11). I therefore tested formaldehyde tolerance 

of P45 and compared it to the wildtype strain, which revealed that the evolved strain had indeed 

developed increased tolerance to the formaldehyde (Figure 14).  
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Although tolerance of P45 and the wildtype was not as high as the wildtype and ΔttmR strain 

from Bazurto et al., I could observe that growth of P45 was not impeded in the presence of up 

to 2.5 mM formaldehyde, while the wildtype struggled with concentrations above 0.5 mM after 

48 h of growth. The differences in formaldehyde tolerance may be explained by different 

techniques for cultivation, as they conditioned their strains in two separate precultures before 

inoculating the main culture. Interestingly, hsp20 and genes for a Crp/Fnr family protein and 

UspA domain containing protein were upregulated in the ΔttmR mutant, which I could also 

observe in P45. All of these proteins are involved in stress response, whereby proteins of the 

Hsp20 family are well a well-known chaperones that prevent protein aggregation and 

misfolding. The increased abundance may therefore prevent excessive protein damage in 

presence of elevated intracellular formaldehyde concentrations. Also, besides downregulation 

of TtmR and EfgA, the increased activity of MtdA/B in P45 could facilitate formaldehyde 

detoxification through elevated methylene-THF pools. Increased formaldehyde tolerance, 

however, did not confer a growth advantage on methanol compared to other strains of the ALE. 

Formaldehyde resistance may simply be an adaptation mechanism to prolonged exposure to 

stressful conditions (i.e. methanol), an effect which has also been observed during ALE in 

yeast, where exposure to environmental stressors like butanol or n-hexanol led to increased 

tolerance to the stressor135.  While increased tolerance of the toxic compound may prove useful 

in the conditions of ALE, it has been demonstrated that disturbed formaldehyde homeostasis 

caused by ttmR and efgA deletions decrease adaptability to switches from multi- to single 

carbon sources, as both formaldehyde sensors are critical for transition to methylotrophy120.In 

a lab setting, this trade-off likely does not negatively affect the cells. However, the evolved 

strain would likely have a hard time to survive in nature where the environment and available 

carbon sources change frequently and a fast response to a changing environment determines 

strain survival. 

 

5.1.4 Improved growth on methanol growth reduces acetate utilization 
 
While the goal of ALE is the improvement of strain performance to the given conditions, it is 

often observed that this leads to a trade-off, in which the capability of adapting to a changing 

environment decreases. In P45 growth significantly improved on methanol, while the 

underlying metabolic changes worsened growth performance on acetate. Since the EMCP in 

P45 is disfunctional, the only way to assimilate acetyl-CoA is the TCA cycle, and with reduced 
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Icd activity the TCA cycle is possibly running at lower rates. Interestingly, while P45 was still 

viable on acetate, the evolved AM1 strain was not able to grow on acetate at all (Francesca 

Severi; unpublished)136. While the reason for this could be an even lower activity of Icd, 

another explanation could be the point mutation I found in ppc, which may lead to the increased 

protein abundance that was determined during proteomics analysis. Ppc plays an important role 

in the central carbon metabolism of M. extorquens by shuffling carbons between oxaloacetate 

(OA) and PEP, meaning that the mutation found in ppc could alter fluxes in the TCA and serine 

cycle. While this mutation did not seem to have any effect on methylotrophic growth, it may 

very well have influence during growth on acetate, as Ppc could compensate for the reduced 

Icd (F156C) activity. Furthermore, the observed upregulation of PoxB and AckA could work 

to increase flux towards the TCA cycle, as PoxB may break down pyruvate to acetate, which 

is then converted by AckA to acetyl-CoA. A metabolomics analysis may grant further insight 

into the cellular mechanisms of the potentially increased serine cycle activity and the decreased 

TCA flux. To determine whether the mutated Ppc is responsible for the difference in growth 

phenotypes between the two evolved M. extorquens strains, previous passages which do not 

contain this mutation could be tested for growth on acetate. 

 

5.1.5 P45 shows wildtype-level biomass yields 
 
It was previously shown that replacing the EMCP with the glyoxylate shunt in Δccr and Δepi 

mutant strains led to wildtype level growth rates on acetate, indicating that conversion of 

acetyl-CoA into biomass is as efficient as in the EMCP137. Indeed, biomass determination with 

formate and methanol as the carbon source showed that Δccr is able to reach at least wildtype-

levels, while biomass yield in P45 from methanol even surpassed the wildtype. Since the 

EMCP is more energy efficient than the glyoxylate shunt, increased biomass yield cannot be a 

result of more efficient substrate utilization117. A possible explanation could be increased PHB 

accumulation, as the storage compound can make up to 40% of CDW123. PHB has also been 

mentioned as a major bottleneck for crotonate production in the work of my former colleague 

(Francesca Severi), where she demonstrated that fed carbon was stored in PHB, which made 

up for 13.7% of CDW136, and multiple studies could show that a great portion of the carbon 

flux is directed towards PHB. The suspicion that P45 accumulates PHB is supported by 

observations of growth profile of P45, as the growth rate of the evolved strain never surpassed 

the wildtype. An increased PHB accumulation could be facilitated further in response to the 
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deletion in ccr, which may cause a redox imbalance through accumulation of NADP(H). 

Unfortunately, while I attempted to assess intracellular NADP+/NADP(H) levels, I was not 

able to obtain reproducible results as samples were susceptible to rapid oxidation. 

The synthesis of PHB has been described as a major redox sink, and is likely the main route to 

restore redox imbalances caused by a disbalance in reducing equivalents, which may be the 

reason why a deletion of phaC in Δccr was unsuccessful thus far. Table 12 and Table 13 show 

a summary of reactions that regenerate and consume reducing equivalents in the central carbon 

metabolism of M. extorquens. An increased flux towards PHB would also decrease the flux 

towards crotonyl-CoA, or even convert accumulated crotonate back to crotonyl-CoA by an 

acyl-CoA synthetase, to 3-hydroxybutyryl-CoA through an enoyl-CoA hydratase and to 

acetoacetyl-CoA by the reverse reaction of CroR. While an upregulation of enzymes capable 

of these conversions was not observed, this might not be necessary in the first place. Multiple 

different acyl-CoA synthetases and enoyl-CoA hydratases are expressed in M. extorquens, and 

the mere abundance of these enzymes may outcompete the YciA thioesterase.  

While testing crotonyl-CoA and crotonate levels in the wildtype and P45, I determined that 

crotonyl-CoA levels did not differ from the wildtype, while the wildtype produced more 

crotonate than P45 (Figure 7, Figure 8). The reason for this may be that the wildtype has a 

higher carbon flux through the EMCP than P45, in which crotonyl-CoA is the metabolic 

endpoint of the EMCP and potential redox imbalances may favor the formation of PHB. The 

notion that crotonate may be activated back to crotonyl-CoA and perhaps to PHB is supported 

by the growth assay, in which the wildtype was cultivated in methanol medium in presence of 

5 mM crotonate, where I observed that crotonate concentration had decreased by the end of 

cultivation (Figure 9). Therefore, I hypothesize that strains may attempt to restore redox 

balance by synthesizing PHB. Further analysis of the redox state and 13C labelling experiments 

as well as PHB quantification in the evolved strain may shed some light on the metabolism of 

P45.  

To control intracellular redox balance, M. extorquens possesses pntAB, which is a membrane 

protein complex that functions as a proton pump across the membrane, regulating 

NADP:NADP(H) redox homeostasis in the direction of NADP(H), which influences the 

ATP:ADP ratio138. PntAB mutants were shown to have growth deficiencies in Synechocystis 

sp. PCC6803, emphasizing the importance of redox balance for cell viability. As the Δccr strain 
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is suspected to accumulate NADP(H), the activity of this transhydrogenase may be reduced, 

thereby altering the ATP:ADP equilibrium139.  

NAD(H) + NADP+  → NAD+ + NADP(H) 

While organisms such as E. coli possess multiple transhydrogenases which can flexibly restore 

redox balance, pntAB is the only identified enzyme with transhydrogenase activity. Therefore, 

the introduction of a transhydrogenase working in the opposite direction, such as SthA from  

E. coli, could help to repair the possible redox imbalance. Another possibility would be to 

introduce a production pathway that synthesized reduced products to keep redox balance in 

order, which has been successful in recent studies140,141.  

 

Table 12: Reactions for reducing equivalent regeneration in M. extorquens 

Enzyme Name Reaction Reducing equivalent 
Differential 

expression in 
(Wt/P45) 

MxaF/ 
XoxF 

Methanol 
dehydrogenase 

Formaldehyde → 
Methylene-THF 

Cytochrome cox 
Cytochrome cred 

-0.57/ 
+1.60 

MtdA Methylene-THF 
dehydrogenase 

Methylene-THF → 
Methenyl-THF NADP+ → NADP(H) + 1.54 

Fdh Formate 
dehydrogenase Formate → CO2 NAD+ → NAD(H) - 0.81 

Sdh Succinate 
dehydrogenase Succinate → Fumarate FAD → FADH2 + 0.61 

 

Table 13: Reducing equivalent consuming reactions in M. extorquens 

Enzyme Name Reaction Reducing equivalent 
Differential 
expression  
(Wt/P45) 

Hpr Hydroxypyruvate 
reductase 

Hydroxypyruvate → 
glycerate NAD(H) → NAD+ + 1.30 

Mdh Malate 
dehydrogenase Oxaloacetate → Malate NAD(H) → NAD+  + 0.51 

PhaB Acetoacetyl-CoA 
reductase 

Acetoacetyl-CoA → 3-
Hydroxybutyryl-CoA NADP(H) → NADP+ + 0.42 

Ccr Crotonyl-CoA 
reductase/carboxylase 

Crotonyl-CoA → Ethyl-
Malonyl-CoA NADP(H) → NADP+ - 4.76 
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5.2 CRISPRi for transient pathway optimization 
 

While in the first part of this thesis I developed an EMCP-independent M. extorquens PA1 

strain that grows efficiently on methanol, the second part of this work focused on increasing 

carbon flux towards the EMCP to eventually siphon out intermediates like crotonyl-CoA. 

Multiple reports in literature demonstrated that deleting the competing PHB synthesis pathway 

was able to raise production titers of EMCP-derived products by increasing carbon flux towards 

the EMCP94,111,142. While the knockout of phaC in M. extorquens significantly reduces PHB 

accumulation and increases flux into the EMCP, growth defects in ΔphaC strains reduces 

overall performance of this strain on methanol. As mentioned earlier, the reason for this was 

suspected to be an accumulation of reducing equivalents, which reduces the oxidative capacity 

of the strain. This is supported by another study, which introduced a phaC deletion in 

Rhizobium etli, where the observed growth defect was concomitant with a 3- to 17-fold increase 

in NAD(H) levels143. I therefore suspected a pronounced redox imbalance to be the reason why 

the generation of ΔccrΔphaC was not successful thus far. To minimize the potential lethality 

caused by this imbalance, I aimed to create the ΔccrΔphaC phenotype through a genetic 

knockdown of ccr or phaC in the corresponding ΔphaC and Δccr knockout strains. For this, I 

designed different versions of a CRISPRi system to find a knockdown version which decreases 

phaC activity, but still produces a viable strain that is able to grow on methanol. Ideally, this 

could then be combined with the evolved P45. Testing different designs for the expression of 

CRISPRi showed that strain viability varies greatly depending on plasmid copy number and 

the promoter which controls the expression of dCas9 and gRNA. 

 

5.2.1 Plasmid copy number strongly influences strain viability on methanol 
 
The first variant was a two-plasmid system, with the expression of dCas9 from a single-copy 

plasmid, and the gRNA from a multi-copy plasmid, while both were under the control of strong 

constitutive promoters. When I tested constitutive expression of CRISPRi in the wildtype, cells 

showed a severe growth defect on methanol when phaC and ccr were targeted, while growth 

on succinate was not affected (Figure 15). I therefore suspected that expression levels of the 

CRISPRi machinery were toxic to the cells during growth on methanol. For this reason, I then 

used the single-copy plasmid, which contained both dCas9 and gRNA. Additionally, the 

constitutive promoter for dCas9 expression was exchanged by an IPTG-inducible promoter, 
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while the gRNAs were still constitutively expressed. When I introduced the CRISPRi system 

with the inducible dCas9 in Δccr and ΔphaC knockout strains, none of the strains were able to 

grow and I again suspected, that expression levels of both CRISPRi modules are too high, 

lowering gene repression levels, which was lethal to the cells (Supplementary Figure 7). 

Therefore, I put both dCas9 and gRNA under the control of the inducible promoter, in hopes 

to alleviate the toxicity of my knockdown system. 

This improved viability of the wildtype, where I observed a growth deficit on methanol within 

the first 48 h of cultivation upon induction when targeting ccr (Figure 16). Interestingly, when 

phaC was targeted, growth of the wildtype was improved when the inducer was added. I 

suspected that a knockdown of phaC in the wildtype strain could increase flux towards the 

intact EMCP and may therefore result in a growth benefit. This hypothesis, however, 

contradicts studies, in which phaC mutants were constructed. Korotkova et al. described, that 

strains deleted in phaC showed a growth deficit on methanol. However, ΔphaC strains quickly 

regain wildtype-like growth on methanol through the emergence of suppressor mutants with 

high frequency, while the deletion of phaC remains stable and PHB accumulation is still 

decreased. To date, it is not known how the suppressor mutants restore the initial growth 

deficit122. 

Introducing the same system in the Δccr and ΔphaC mutants yielded mixed results (Figure 16). 

While targeting ccr in ΔphaC with this knockdown system once again resulted in cell death, 

targeting phaC in Δccr did not affect growth. However, I was not able to reproduce these 

results. The knockdown of phaC in Δccr was lethal in some growth assays, and in others the 

addition of more inducer lead to improved growth. As targeting ccr in ΔphaC resulted in cell 

death every time, I suspected that the efficiency of downregulation of phaC varies, while the 

knockdown of ccr is strong in each growth assay. This is supported by qPCR data from my 

collaborators, who conducted growth experiments with a subsequent assessment of mRNA 

levels in a qPCR experiment. Here, no growth phenotype was observed during growth on 

methanol despite decreased levels of mRNA. However, it was shown that the knockdown of 

phaC did not decrease mRNA levels to the same degree as other knockdowns of the EMCP 

(Figure 21). 
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Based on these results, the lack of a reproducible growth phenotype of the phaC knockdown 

cannot be attributed to a definite cause. While the gRNA targeting phaC may not be strong 

enough to cause a growth phenotype, prolonged incubation of cells containing the gRNA for 

phaC could also lead to the emergence of suppressor mutants. Due to strong selection pressure, 

it is also plausible that cells might evade the CRISPRi system through mutation of the gRNA 

or the dCas9 enzyme. The loss of the CRISPRi plasmid is unlikely, as the pABC plasmids have 

shown to be highly stable, and constant antibiotic selection pressure necessitate the propagation 

of the vector105.However, it could be that escapees mutate the gRNA or dCas9, either directly 

or in the promoter region. This effect has been observed multiple times in studies, where the 

expression level of plasmids or genes was toxic for the cells144–146. 

Another possible explanation for the lack of a phaC- deficient growth phenotype is the 

inefficiency of the gRNA used for the phaC knockdown, which could explain the qPCR data. 

To solve this problem, it is crucial to determine whether the CRISPRi system used in my 

growth assays in Δccr leads to a decrease in mRNA and protein levels, PHB accumulation or 

if the CRISPRi machinery was evaded by mutations. If these factors were decreased, the lack 

of growth deficiency may be explained by suppressor mutations, which could potentially be 

identified via whole genome sequencing. It could be suspected that cells deficient in PhaC 

activity find a way to channel excess electrons into other pathways, therefore preventing the 

accumulation of NADP(H) and a potential redox imbalance, which would normally result in 

deficient growth. Elucidating the mechanism of suppression in these mutants could therefore 

lead to a discovery, which may enable the construction of ΔccrΔphaC by reverse engineering 

the phaC mutant. 

 

Figure 21: Tests of the inducible CRISPRi system. (A) Growth rates of the wildtype containing gRNAs 
targeting ccr or phaC during growth on methanol, pyruvate and succinate. (B) Validation of the 
CRISPRi mediated knockdown through qPCR. Results were taken and modified from the Master Thesis 
of Eric Ellenberger.  



74 
 

5.2.2 Mismatch gRNAs 
  
In a last attempt to achieve viable strains with a ΔccrΔphaC phenotype, I designed a mismatch 

gRNA library. By using gRNAs that have altered binding capacities, I hoped to alleviate 

potential selection pressure against the CRISPRi machinery in Δccr strain with a phaC 

knockdown, and to simultaneously find a variant for the ccr knockdown in ΔphaC, which 

would not result in cell death. The first screen in the wildtype showed that the fully binding 

and non-truncated version of the ccr gRNA results in a strong growth defect upon induction. 

Here, I also observed that complementarity of position 5 of the gRNA is more important for 

efficient binding than position 10, whose relevance increased with a decrease in sequence 

length. This is in line with reports from literature, which state that mutations in close proximity 

to the PAM sequence have a stronger effect on binding than mutations that are further 

away124,125. 

The completely complementary gRNA targeting phaC on the other hand, led to the improved 

growth phenotype which I had observed in my previous growth assays. There were, however, 

gRNA versions that led to decreased growth in the wildtype, namely C5 gRNAs, whereby all 

truncated versions C5-C10 gRNAs resulted in growth reduction. The reason for this effect can 

not be explained, as I so far only tested gRNAs in growth assays. As I determined that there 

are no other targets predicted for this gRNA, off-target effects are rather unlikely. It could be 

that altered binding dynamics through less efficient but more frequent binding, such as a high 

Km in enzyme kinetics. This way, the knockdown could be more effective, while the frequency 

of emergence of suppressor mutants might be reduced. Further experiments such as qPCR or 

proteomics are needed to find the cause for the growth deficiency with a C5-C10 gRNA. In an 

effort to combine the first and second part of this thesis, I introduced the C5-C10 gRNA in 

Δccr (P45). However, cells were unable to grow regardless of inducer presence. Going 

forward, prior determination of phaC knockdown efficiency would be important to ensure that 

1. The knockdown is happening and 2. Cells may still be viable on methanol upon induction. 
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6 Concluding remarks 
 
I successfully evolved an EMCP-deficient Δccr strain for sufficient utilization of the glyoxylate 

shunt, which led to improved growth on methanol. Analysis of the genome at different steps of 

the evolution showed few mutations in early passages, which are, however, likely the most 

namely relevant changes. This effect has previously been discussed in a review from Dragosits 

and Mattanovich147, where it was described that the accumulation of beneficial mutations in  

E. coli and S. cerevisiae occurs within the first 100 to 500 generations, corresponding to an 

incubation time of roughly 2 months, with an expected fitness increase of 50-100%.  The same 

review describes the relation between fitness increase and the number of generations, which is 

not linear. Hence, while prolonged incubation will lead to additional genomic mutations, they 

will not necessarily lead to an improved strain as the chance to gain a beneficial mutation 

decreases. Moreover, it has been described that single mutations that occur one after another 

may not lead to further growth improvement due to growing mutation network complexity, 

while on their own, they would actually lead to growth benefits147.  

For this reason, I stopped the evolution of Δccr pCM80-Glyox. after 45 serial transfers as 

growth rates approached levels comparable to other C1 assimilating organisms, and further 

increase in fitness would take considerably more time. While this part of the thesis was 

completed, the second part of my work would need further development. Throughout this 

project, I tested accumulation of crotonyl-CoA and crotonate, but could not find any condition, 

which allowed the production of either of these compounds to elevated levels or beyond 

micromolar concentrations on methanol so far. When crotonate production was attempted in 

M. extorquens AM1, maximum concentrations reached 25 µM upon acetate feeding, and PHB 

accumulation was stated as one of the major bottlenecks in for crotonate synthesis136. The 

construction and testing of different CRISPRi systems showed varying knockdown strengths 

based on the expression system when ccr was targeted, whereas targeting phaC yielded mixed 

results. While there are many possible explanations for this observation, the upmost priority 

going forward is the confirmation of the phaC knockdown through evaluation of mRNA levels 

via qPCR. Once a sufficient CRISPRi system is constructed, 13C labelling experiments or PHB 

determination will be necessary to investigate the new carbon flux distribution. In case 

CRISPRi does not work for our purposes, there are several other strategies that could be 

explored. For example, one could try to knock out phaR, which is a transcriptional regulator 

involved in PHB metabolism, or phasins gap11 and gap20, which stabilize PHB granules. It 
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has previously been demonstrated that the knockout of either of these genes resulted in 

decreased PHB accumulation and lower PHB granule stability123. However, for the production 

of EMCP-derived acids, only a knockout of phaC increased production titers until suppressor 

mutants emerged, while the deletion of phaR did not result improve dicarboxylic acid 

production111. Additionally, the overexpression of PHB depolymerases depA/depB could be 

attempted to repurpose intracellular PHB. Another promising strategy involves the introduction 

of a soluble transhydrogenase, which could stabilize the redox balance in Δccr strains, 

potentially enabling the generation of the ΔccrΔphaC knockout strain. Furthermore, preventing 

reuptake of crotonic acid by deleting DctA or lowering sodium concentration of our minimal 

methanol medium could be a promising strategy to enhance crotonate production, as I was able 

to show that M. extorquens is able to consume crotonate during cultivation on methanol (Figure 

9). The inactivation of dicarboxylic acid transporters was shown to downregulate DctA activity 

and increase production of mesaconic and (2S)-methylsuccinic acid by 2-fold, while growth 

rates were unaltered and concentrations of these acids remained constant in the cultivation 

medium at the end of exponential growth111.  

While the deletion of DctA may prevent uptake of crotonic acid, there are more enzymes that 

may contribute to its activation in M. extorquens. Through personal communication with Beau 

Dronsella, I found homologs to H16_B1148 and DmdB1 in M. extorquens, which were found 

among the most upregulated proteins involved in crotonic acid activation in C. necator. 

Therefore, while the deletion of some of these potential activators may enhance crotonate 

production, baseline level of crotonic acid activation through a variety of other enzymes likely 

unavoidable. A more promising idea may therefore be the employment of different 

thioesterases than YciA, as I could not observe the production of crotonate in any cultivation 

condition for P45. As mentioned previously, the activity of the promiscuous YciA could be 

insufficient to counter activities of crotonyl-CoA and crotonate activating enzymes, and while 

this thioesterases has been applicable for the production of mixed EMCP-derived acids, it may 

not be suitable for the specific production of crotonate. A more promising alternative would be 

the Ydil thioesterase from E. coli, which was shown to be more specific for crotonyl-CoA 

conversion to crotonate. Combined with a deletion of the PHB pathway, C. necator produced 

148.0 ± 6.8 mg/L crotonate from formate 148. The employment of Ydil was also shown to lead 

to the production of 3.2 g/L crotonate during bioreactor cultivation of an E. coli strain devoid 

of any other known thioesterases149. 
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In conclusion, this thesis has produced a promising strain for future production of EMCP-

derived intermediates, while uncovering mutations that play a crucial role for efficient usage 

of the glyoxylate shunt. Here, I emphasize the importance of understanding the relevance of 

carbon flux distribution, as rewiring metabolism comes with several challenges. Further 

advancements in the metabolic engineering toolkit for M. extorquens could unlock the true 

potential of this methylotroph, and advance the progress towards a methanol-based bioindustry. 
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9 Supplementary information 

 

 

Supplementary Figure 1: Growth of Δccr P0, P21 and the Wt on 30 mM succinate and 123 mM 
methanol. Growth assays were conducted in five biological replicates. 

Supplementary Figure 2 Growth of single colonies of P45 on 123 mM methanol minimal medium. 
Growth assays were done in three biological replicates. 

Supplementary Figure 3: Bioreactor chemostat cultivation of P21 on formate as sole carbon source. The 
pH was controlled by titration of formic acid throughout cultivation. 
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Supplementary Figure 4: Formate consumption tests including a sample list. Each sample was taken 
during bioreactor cultivation in chemostat mode at a set flow rate in 1L culture medium.  

Supplementary Figure 5: Crotonate consumption growth assay of the wildtype during flask cultivation 
on 123 mM methanol as sole carbon source, with the addition of 2, 5 and 10 mM crotonate. OD600 (teal) 
was measured at the start of the growth assay and after 216 hours. Samples for exometabolomic analysis 
of crotonate (orange) were taken at the same timepoints. Each sample point represents three biological 
replicates. 
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Supplementary Figure 6: Methanol medium containing 2, 5, and 10 mM crotonate without cells to 
determine crotonate degradation at cultivation conditions after 216 h. 

Supplementary Figure 7: Test of single plasmid system with inducible expression of dCas9 and 
constitutive expression of gRNA in ΔphaC and Δccr containing the corresponding gRNAs for the 
targeted knockdown of ccr and phaC. Cultures were grown in liquid minimal medium, and growth was 
monitored in presence of the inducer (1 mM IPTG; orange) and absence of the inducer (teal). Each 
sampling point represents three biological replicates. 
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Supplementary Figure 8: Test of the double-inducible CRISPRi system expressed from pABCjx and 
controlled by the inducible PA1o4o3 promoter during a growth assay on methanol. The knockdown system 
was tested in Δccr and ΔphaC, containing three different gRNAs for the targeted knockdown of phaC 
(J39, J40, J41) and of ccr (J30, J31, J32).  

 



100 
 

 

  

Supplementary Figure 9: Growth assays of the wildtype containing mismatched gRNAs during growth 
on methanol. Cultures were grown in 3 ml cultures in tubes and induced with 1 mM IPTG. Final OD600 
was measured after 56 h in non-induced (grey bars) and induced (green bars) cultures. A: Mismatch 
gRNAs targeting ccr (fully binding: C5C10). B: Mismatch gRNAs targeting phaC (fully binding: 
G5T10). Each bar represents three biological replicates. 
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Supplementary Table 1: Oligos used for the construction of the mismatch gRNA library through Golden Gate 
cloning. Each oligo was ordered in forward and reverse direction for subsequent annealing. They contained cutting 
sites for BsaI for the construction of the final pABCjx-gRNA plasmid for targeting ccr via Golden Gate cloning. 
The gRNA name describes truncation level (20, 16, 14 bp) and the order of introduced mismatches (position 5, 
position 10). 

gRNA name Sequence (5`-3`) 
20_A_A-ccr TACTgccgtctgccaggtcaaggc 
20_A_T-ccr TACTgccgtctgcctggtcaaggc 
20_A_C-ccr TACTgccgtctgcccggtcaaggc 
20_A_G-ccr TACTgccgtctgccgggtcaaggc 
16_A_A-ccr TACTtctgccaggtcaaggc 
16_A_T-ccr TACTtctgcctggtcaaggc 
16_A_C-ccr TACTtctgcccggtcaaggc 
16_A_G-ccr TACTtctgccgggtcaaggc 
14_A_A-ccr TACTtgccaggtcaaggc 
14_A_T-ccr TACTtgcctggtcaaggc 
14_A_C-ccr TACTtgcccggtcaaggc 
14_A_G-ccr TACTtgccgggtcaaggc 
20_T_A-ccr TACTgccgtctgccaggtctaggc 
20_T_T-ccr TACTgccgtctgcctggtctaggc 
20_T_C-ccr TACTgccgtctgcccggtctaggc 
20_T_G-ccr TACTgccgtctgccgggtctaggc 
16_T_A-ccr TACTtctgccaggtctaggc 
16_T_T-ccr TACTtctgcctggtctaggc 
16_T_C-ccr TACTtctgcccggtctaggc 
16_T_G-ccr TACTtctgccgggtctaggc 
14_T_A-ccr TACTtgccaggtctaggc 
14_T_T-ccr TACTtgcctggtctaggc 
14_T_C-ccr TACTtgcccggtctaggc 
14_T_G-ccr TACTtgccgggtctaggc 
20_C_A-ccr TACTgccgtctgccaggtccaggc 
20_C_T-ccr TACTgccgtctgcctggtccaggc 
20_C_C-ccr TACTgccgtctgcccggtccaggc 
20_C_G-ccr TACTgccgtctgccgggtccaggc 
16_C_A-ccr TACTtctgccaggtccaggc 
16_C_T-ccr TACTtctgcctggtccaggc 
16_C_C-ccr TACTtctgcccggtccaggc 
16_C_G-ccr TACTtctgccgggtccaggc 
14_C_A-ccr TACTtgccaggtccaggc 
14_C_T-ccr TACTtgcctggtccaggc 
14_C_C-ccr TACTtgcccggtccaggc 
14_C_G-ccr TACTtgccgggtccaggc 
20_G_A-ccr TACTgccgtctgccaggtcgaggc 
20_G_T-ccr TACTgccgtctgcctggtcgaggc 
20_G_C-ccr TACTgccgtctgcccggtcgaggc 
20_G_G-ccr TACTgccgtctgccgggtcgaggc 
16_G_A-ccr TACTtctgccaggtcgaggc 
16_G_T-ccr TACTtctgcctggtcgaggc 
16_G_C-ccr TACTtctgcccggtcgaggc 
16_G_G-ccr TACTtctgccgggtcgaggc 
14_G_A-ccr TACTtgccaggtcgaggc 
14_G_T-ccr TACTtgcctggtcgaggc 
14_G_C-ccr TACTtgcccggtcgaggc 
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Supplementary Table 2: Oligos used for the construction of the mismatch gRNA library through Golden Gate 
cloning. Each oligo was ordered in forward and reverse direction for subsequent annealing. They contained cutting 
sites for BsaI for the construction of the final pABCjx-gRNA plasmid for targeting phaC via Golden Gate cloning. 
The gRNA name describes truncation level (20, 16, 14 bp) and the order of introduced mismatches (position 5, 
position 10). 

20_A_A-phaC TACTcggggcgggaagcggacgga 
20_A_T-phaC TACTcggggcgggatgcggacgga 
20_A_C-phaC TACTcggggcgggacgcggacgga 
20_A_G-phaC TACTcggggcgggaggcggacgga 
16_A_A-phaC TACTgcgggaagcggacgga 
16_A_T-phaC TACTgcgggatgcggacgga 
16_A_C-phaC TACTgcgggacgcggacgga 
16_A_G-phaC TACTgcgggaggcggacgga 
14_A_A-phaC TACTgggaagcggacgga 
14_A_T-phaC TACTgggatgcggacgga 
14_A_C-phaC TACTgggacgcggacgga 
14_A_G-phaC TACTgggaggcggacgga 
20_T_A-phaC TACTcggggcgggaagcggtcgga 
20_T_T-phaC TACTcggggcgggatgcggtcgga 
20_T_C-phaC TACTcggggcgggacgcggtcgga 
20_T_G-phaC TACTcggggcgggaggcggtcgga 
16_T_A-phaC TACTgcgggaagcggtcgga 
16_T_T-phaC TACTgcgggatgcggtcgga 
16_T_C-phaC TACTgcgggacgcggtcgga 
16_T_G-phaC TACTgcgggaggcggtcgga 
14_T_A-phaC TACTgggaagcggtcgga 
14_T_T-phaC TACTgggatgcggtcgga 
14_T_C-phaC TACTgggacgcggtcgga 
14_T_G-phaC TACTgggaggcggtcgga 
20_C_A-phaC TACTcggggcgggaagcggccgga 
20_C_T-phaC TACTcggggcgggatgcggccgga 
20_C_C-phaC TACTcggggcgggacgcggccgga 
20_C_G-phaC TACTcggggcgggaggcggccgga 
16_C_A-phaC TACTgcgggaagcggccgga 
16_C_T-phaC TACTgcgggatgcggccgga 
16_C_C-phaC TACTgcgggacgcggccgga 
16_C_G-phaC TACTgcgggaggcggccgga 
14_C_A-phaC TACTgggaagcggccgga 
14_C_T-phaC TACTgggatgcggccgga 
14_C_C-phaC TACTgggacgcggccgga 
14_C_G-phaC TACTgggaggcggccgga 
20_G_A-phaC TACTcggggcgggaagcgggcgga 
20_G_T-phaC TACTcggggcgggatgcgggcgga 
20_G_C-phaC TACTcggggcgggacgcgggcgga 
20_G_G-phaC TACTcggggcgggaggcgggcgga 
16_G_A-phaC TACTgcgggaagcgggcgga 
16_G_T-phaC TACTgcgggatgcgggcgga 
16_G_C-phaC TACTgcgggacgcgggcgga 
16_G_G-phaC TACTgcgggaggcgggcgga 
14_G_A-phaC TACTgggaagcgggcgga 
14_G_T-phaC TACTgggatgcgggcgga 
14_G_C-phaC TACTgggacgcgggcgga 
14_G_G-phaC TACTgggaggcgggcgga 




