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Summary 

Proteobacterial methane-oxidizing bacteria, or methanotrophs, have the unique ability to 

grow on methane as their sole source of carbon and energy. Among these, Methylocystis 

spp. belong to the family Methylocystaceae within the Alphaproteobacteria. Their key 

enzyme is the particulate methane monooxygenase (pMMO), which oxidizes methane to 

methanol. Methylocystis spp. are among the ecologically most relevant methanotroph 

populations in terrestrial environments and are widely distributed in diverse habitats. In 

consequence, Methylocystis spp. require a range of physiological capabilities that allow 

them to respond and acclimatize to fluctuations in abiotic and biotic factors in their native 

environment. However, to date there still exist major gaps in our knowledge of their 

metabolic potential, in particular with regard to their ability to acclimatize to 

environmental change and to cope with abiotic stress.  

In my first project, we used a recently developed proteome workflow to elucidate the 

cellular mechanisms underlying the acclimatization of Methylocystis sp. strain SC2 to 

high NH4
+ load (added as NH4Cl). Relative to 1 mM NH4

+, high (50 mM and 75 mM) 

NH4
+ load under CH4-replete conditions significantly increased the lag phase duration 

required for proteome adjustment, while the addition of 100 mM NH4
+ completely 

inhibited growth of strain SC2. The number of differentially regulated proteins was highly 

significantly correlated to the increase in NH4
+ load. The cellular responses involved the 

significant upregulation of stress-responsive proteins, the K+ ñsalt-inò strategy, the 

synthesis of compatible solutes (glutamate and proline), and the glutathione metabolism. 

The apparent Km value for CH4 oxidation significantly increased with the NH4
+ load. This 

observation was indicative of an increased pMMO-based oxidation of NH3 to toxic 

hydroxylamine. In consequence, the detoxifying activity of hydroxlyamine 

oxidoreductase (HAO) increased with the NH4
+ concentration and led to a significant 

accumulation of NO2
ī and, with delay, N2O. Significant production of N2O occurred only 

after the oxygen concentration had dropped to low or unmeasurable levels. Thus, high 

NH4
+ load had a dual effect on the activity of strain SC2, with one being general 

phenomenon of ionic-osmotic stress and the other being the competitive inhibition effect 
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of NH3 on pMMO-based methane oxidation. Al though strain SC2 precisely rebalanced 

enzymes and osmolyte composition in response to the increase in NH4
+ load, the need to 

simultaneously combat both ionic-osmotic stress and the toxic effects of hydroxylamine 

may be the reason why its acclimatization capacity is limited to 75 mM NH4
+. 

Starting point of my second project was the knowledge that the growth of strain 

SC2 is completely inhibited at medium concentrations ² 1.5% NaCl. Sodium chloride is 

an important ionic-osmotic stressor in bulk and rhizosphere soils. We therefore tested 

various amino acids and other osmolytes for their potential to act as a compatible solute 

or osmoprotectant under otherwise inhibitory NaCl conditions. The addition of 10 mM 

asparagine to the growth medium had the greatest stress relief effect under severe salinity 

(1.5% NaCl), leading to a partial growth recovery of strain SC2. The analysis of the exo-

metabolome revealed that asparagine was taken up quantitatively by strain SC2. This 

resulted in an intracellular concentration of 264 ± 57 mM asparagine. Under severe 

salinity (1.5% NaCl), the uptake of asparagine induced major proteome rearrangements 

related to the KEGG level 2 categories energy metabolism, amino acid metabolism, and 

cell growth and death. In particular, various proteins involved in cell division and 

peptidoglycan synthesis showed a positive expression response. The incorporation of 

asparagine-derived 13C-carbon into nearly all amino acids indicated that asparagine acted 

as a source for cell biomass under severe salinity (1.5% NaCl), with glutamate being a 

major hub between central carbon and amino acid pathways.
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Zusammenfassung 

Die zu den Proteobacteria gehörenden methanoxidierenden Bakterien, oder auch 

Methanotrophe, sind durch ihre Fähigkeit charakterisiert Methan gleichzeitig als Energie- 

und Kohlenstoffquelle nutzen zu können. Ihr Schlüsselenzym ist die partikuläre Methan-

Monooxygenase (pMMO), welches Methan zu Methanol oxidiert. Methylocystis spp., 

welche zur Familie Methylocystaceae innerhalb der Alphaproteobacteria gehören, zählen 

zu den funktionell bedeutendsten Methanotrophen in terrestrischen Ökosystemen. 

Tatsächlich sind Mitglieder der Gattung Methylocystis in Standorten mit stark 

variierenden Umweltbedingungen weit verbreitet. Grundlage hierfür ist ihr 

physiologisches Potential sich schnell an wechselnde abiotische und biotische 

Umwelteinflüsse anpassen zu können. Allerdings existiert bis heute ein Mangel an 

Kenntnissen über die zellulären Mechanismen, mit denen Methylocystis spp. auf 

abiotischen Stress zu reagieren vermögen.    

Daher sollten in meinem ersten Projekt die zellulären Mechanismen aufgeklärt 

werden, welche es Methylocystis sp. Stamm SC2 erlaubt sich an eine hohe 

Ammoniumbelastung (zugefügt als NH4Cl) anzupassen. Ausgangspunkt war die 

Kenntnis, dass das Wachstum von Stamm SC2 bereits durch eine Belastung mit 100 mM 

NH4
+ vollständig gehemmt wird. Zur Anwendung kam eine kürzlich entwickelte 

Methode, mit der das Proteom von Stamm SC2 effizient analysiert werden kann. Eine 

hohe (50 mM und 75 mM) Belastung mit NH4
+ im Medium führte, relativ zu 1 mM NH4

+, 

unter nicht limitierenden Methanbedingungen zu einer signifikant erhöhten Dauer der 

lag-Phase. Korrespondierend dazu erhöhte sich die Anzahl differentiell regulierter 

Proteine mit der Ammoniumbelastung signifikant. Die zelluläre Antwort beinhaltete eine 

erhöhte Expression von Stress-Proteinen, der K+ "Salz-in" Strategie und des Glutathion-

Metabolismus sowie eine Akkumulation kompatibler Solute (Glutamat und Prolin). 

Verursacht durch die vermehrte pMMO-basierte Oxidation von NH4
+ zum toxischen 

Hydroxlyamin (NH2OH) erhöhte sich der apparente Km-Wert der Methanoxidation mit 

zunehmender Ammoniumbelastung signifikant. Korrespondierend dazu erhöhte sich die 

Aktivität der Hydroxylamin-Oxidoreduktase (HAO),  welches zu einer Akkumulation 

von Nitrit und Distickstoffoxid (N2O) führte. Eine signifikante Produktion von N2O fand 

erst statt, nachdem die Sauerstoffkonzentration auf ein sehr niedriges Niveau gefallen 

war.  Offensichtlich hatte eine hohe Ammoniumbelastung einen doppelten Effekt auf die 

Aktivität von Stamm SC2.  Dies war zum einen der durch NH4Cl verursachte osmotische 
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Stress und zum anderen die kompetitive Hemmung der pMMO-basierten 

Methanoxidation durch Ammoniak; letzteres ein spezifisches Phänomen methanotropher 

Bakterien. Obgleich Stamm SC2 fähig war Proteom und kompatible Solute der 

steigenden Ammoniumbelastung exakt anzupassen, ist die Notwendigkeit sowohl auf 

osmotischen Stress als auch auf den toxischen Effekt von Hydroxylamin reagieren zu 

müssen vermutlich der Grund, warum eine zelluläre Akklimatisation nur bis zu einer 

Belastung mit 75 mM NH4
+ im Medium möglich war. 

Ausgangspunkt meines zweiten Projekts war die Kenntnis, dass das Wachstum von 

Stamm SC2 bei einer Konzentration von 1,5% NaCl im Medium vollständig gehemmt 

ist. Natriumchlorid ist ein wichtiger osmotischer Stressor im Boden und Rhizosphäre. 

Wir testeten daher eine Reihe von Aminosäuren und anderer Osmolyte auf ihre 

Schutzwirkung als kompatibles Solut. Dabei zeigte die Zugabe von 10 mM Asparagin in 

das Medium die größte stressmindernde Wirkung auf Stamm SC2 bei Inkubation mit 

1.5% NaCl, was eine teilweise Wachstumswiederbelebung zur Folge hatte. Die Analyse 

des Exo-Metaboloms bestätigte eine vollständige Aufnahme des Asparagins in die Zellen. 

Dies resultierte in eine intrazelluläre Konzentration von 264 ± 57 mM Asparagin. Die 

zelluläre Aufnahme von Asparagin unter Salzstress (1,5% NaCl) induzierte eine 

erhebliche Proteomantwort, die insbesondere Proteine mit Bezug zum Energie-

Metabolismus, Aminosäure-Stoffwechsel sowie Zellteilung und Zelltod betraf. So wurde 

die Synthese einer Reihe von Proteinen, welche in Zellteilung und Peptidoglykan-

Synthese involviert sind, aufreguliert. Der Nachweis von 13C-Kohlenstoff, abgeleitet von 

markiertem Asparagin, in nahezu allen freien intrazellulären Aminosäuren lieferte 

Evidenz, dass Asparagin unter Salzstress zur Bildung von Zellbiomasse beiträgt und die 

Umsetzung von Glutamat ein entscheidendes Bindeglied zwischen dem zentralen 

Kohlenstoff-Metabolismus und dem Aminosäure-Stoffwechsel ist. 
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1 Introduction  

1.1 Methane in the Global Carbon Cycle 

1.1.1 Methane budget 

Next to carbon dioxide (CO2), methane (CH4) is the most important greenhouse gas, 

responsible for about 30% of the rise in global warming since the industrial revolution 

(Jackson et al., 2020; Arias et al., 2021). CO2 remains in the atmosphere for hundreds to 

thousands of years and thus much longer than CH4 (around nine years). However, since CH4 

absorbs thermal infrared radiation from the sun more efficiently than CO2, it has 84-87 times 

more global warming potential than CO2 over a 20-year timeframe (GWP20) (Dean et al., 

2018). Furthermore, methane affects the air quality because it is an ingredient in the 

formation of tropospheric ozone (West et al., 2006). Atmospheric CH4 concentrations have 

accelerated in recent years, reaching approximately 1888.3 parts per billion in 2021 which 

is likely to be among the largest annual increases ever recorded (Fig 1.1) (NOAA, 2021). 

The most recent estimate suggests that global CH4 emissions are around 570 million tons 

per year (Reay et al., 2018). Understanding global CH4 sources and sinks is a prerequisite 

for the design of strategies to counteract global warming. 

 

Fig. 1.1 The annual increase in atmospheric CH4 since systematic measurements began in 1983. Figure 

adopted from (NOAA, 2021, https://www.noaa.gov/). 

https://www.noaa.gov/
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CH4 is emitted in a variety of biotic and abiotic processes, involving anthropogenic 

and natural sources. Anthropogenic emissions, caused by direct human activity, include 

agriculture, waste management, and fossil-fuel-related activities, which collectively 

contribute 60% to the total CH4 emission (Jackson et al., 2020). The natural sources of 

CH4 can be divided into ñwetlandsò and ñother naturalò emissions such as non-wetland 

inland waters, wild animals, termites, land geological sources, oceanic geological and 

biogenic sources, and terrestrial permafrost (Saunois et al., 2020). Collectively, these 

natural sources contribute 40% to the total CH4 emission (Fig 1.2). 

Fig. 1.2 Methane emissions and sinks. Figure adopted from (Saunois et al., 2020). 

1.1.2 Methanogen ecology 

Indeed, both anthropogenic and natural sources are associated with biogenic and 

abiogenic CH4 emissions (Fig 1.2). The biogenic sources, including rice fields and natural 

wetlands, account for almost half of the total (44%) global CH4 budget. Here, CH4 is the 

final product of the anoxic decomposition of organic matter by methanogenic archaea 

(methanogens) (Chen and Prinn, 2005; Conrad, 2007; Saunois et al., 2020). Other 

methanogenic sources are the intestines of ruminants and termites (20%), landfills, and 

other waste treatment systems (10%). Thus, 75% of the total atmospheric CH4 originates 

from the activity of methanogens in various anoxic environments (Knapp et al., 2014). 

As strict anaerobes, methanogens have long been believed to be limited to anoxic 

habitats. However, recent studies have shown that some methanogens produce CH4 in 
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oxic environments (Lyu et al., 2018). Most recently, it was shown that in the presence of 

oxygen, many organisms across all domains of life could form CH4, including plants, 

fungi, algae, and cyanobacteria (Ernst et al., 2022). The formation of CH4 by these non-

methanogenic organisms is triggered by free iron and reactive oxygen species (ROS). 

ROS-induced methyl radicals are key intermediates for CH4 production (Ernst et al., 

2022). However, these sources make only a small contribution to the global CH4 budget. 

Methanogenesis is a form of anaerobic respiration carried out by microorganisms 

that belong to the phylum Euryarchaeota within the domain Archaea. Methanogens can 

be classified into three group based on their substrate. These are aceticlastic (acetate), 

hydrogenotrophic (H2/CO2) and methylotrophic (methylated compounds) methanogens. 

Taxonomically, they are organized into eight orders: Methanosarcinales, 

Methanomicrobiales, Methanopyrales, Methanocellales, Methanococcales, 

Methanobacteriales, Methanonatronarchaeales, and Methanomassiliicoccales (Balch et 

al., 1979; Sakai et al., 2008; Dridi et al., 2012; Iino et al., 2013). Aceticlastic 

methanogenesis can be found only in the order Methanosarcinales. In contrast, 

hydrogenotrophic methanogenesis is present in almost all methanogenic orders with the 

exception of the Methanomassiliicoccales. Methylotrophic methanogenesis is found in 

the orders Methanosarcinales, Methanomicrobiales, and Methanomassiliicoccales. Over 

the last decade, methanogenesis has been recognized no longer to be restricted to the 

Euryarchaeota but also to be present in the Bathyarchaeota (Guerrero-Cruz et al., 2021). 

In addition, methanogenic archaea have representatives in three superphyla: TACK 

(Thaumarchaeota, Aigarchaeota, Crenarchaeota, and Korarchaeota) (Lloyd, 2015; 

Berghuis et al., 2019), DPANN (Diapherotrites, Parvarchaeota, Aenigmarchaeota, 

Nanoarchaeota, and Nanohaloarchaeota) (Castelle and Banfield, 2018), and the Asgard 

superphylum (Evans et al., 2015; Guerrero-Cruz et al., 2021). However, all data regarding 

methanogenesis outside of the Euryarchaeota is based on genome analysis and require 

laboratory studies which at present are not possible due to the lack of isolates. 

The methanogens show diversity in regard to their substrates (Fig. 1.3). Acetate-

consuming methanogens are fairly well studied and contribute to approximately 2/3 of 

the global biomethane production (Conrad, 2005). The Methanosarcina and 

Methanosaeta (ñMethanothrixò) genera are the only aceticlastic methanogens known to 

date. The Methanosaeta genus is strictly dependent on acetate showing high affinity to 
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substrate (Jetten et al., 1990; Rotaru et al., 2014). Methanosaeta is the most abundant 

aceticlastic methanogen in environments where a low acetate concentration is observed 

(Jetten et al., 1990). In contrast, Methanosarcina has a high growth rate and low affinity 

for acetate, making their enrichment much easier using routine isolation procedures. 

Moreover, Methanosarcina has a versatile substrate range, including methanol and 

methylated amines, and the ability for hydrogenotrophic growth. It can be considered a 

generalist (Stams et al., 2019). 

Fig. 1.3 Sources of biogenic methane emissions to the atmosphere. Figure adopted from (Lyu et al., 

2018). 

Hydrogenotrophic methanogenesis is most dominant in terms of both CH4 

emissions and community composition, with 1/3 contribution to the total global 

biomethane production (Fig. 1.4) (Conrad, 2005). Methanosarcinales, 

Methanomicrobiales, Methanopyrales, Methanocellales, Methanococcales, and 

Methanobacteriales utilize H2 and CO2 to produce CH4 via the methyl branch of the 

archaeal type WoodïLjungdahl pathway (WLP) or the reductive methyl-CoM reduction. 

Hydrogen can be replaced by formate, carbon monoxide (CO), or alcohols as substrates 

(Conrad, 2020). It is postulated that hydrogenotrophic methanogenesis is the ancestral 

form of CH4 production due to its broad distribution (Bapteste et al., 2005; Berghuis et 

al., 2019). 
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Methylotrophic methanogenesis uses certain methylated compounds 

(methylamines and methylated sulfides) and is common in marine systems and in  

hypersaline, sulfate-rich environments (Fig. 1.4) (Alcolombri et al., 2015; Lyu et al., 

2018). The environmental production of methanol is different from acetate, CO2, and   

H2. Methylotrophic methanogenesis is less frequently detected and thus remains poorly 

understood (Xiao et al., 2018). 

Fig. 1.4 Pathways of methanogenesis. Abbreviations: Mtr, coenzyme M methyltransferase; Mcr, methyl-

coenzyme M reductase; MLP, WoodïLjungdahl pathway; Fd, ferredoxin. Figure adopted from (Berghuis 

et al., 2019). 

The ratio of aceticlastic and methylotrophic methanogenesis is tightly regulated by 

substrate quantity and quality. An overview about the environmental significance of 

hydrogenotrophic and aceticlastic methanogenesis for CH4 production can be found in a 

review by Conrad (2020). If the degradation of complex organic matter is complete, the 

fermentation pathways result in the production of acetate and H2, which favors > 67% 

aceticlastic methanogenesis and 33% hydrogenotrophic methanogenesis (Smith and Mah, 

1966; Conrad, 2020). If organic matter is incompletely degraded or complex organic 

substrates and recalcitrant organic matter increase in soil or sediment, their degradation 

occurs predominantly by (> 50%) hydrogenotrophic methanogenesis (Conrad et al., 2010; 

Ji et al., 2016). These results provided insights into why a transition from aceticlastic to 

hydrogenotrophic methanogenesis might have occurred. 
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1.1.3 Methanotroph ecology 

In terrestrial and aquatic environments, only a fraction of produced CH4 is emitted to the 

atmosphere. Most of CH4 is oxidized to reduce global CH4 emission to the atmosphere 

(Saunois et al., 2020). CH4 oxidation can occur in both oxic and anoxic environments 

using oxygen or alternative terminal electron acceptors; however, this involves both 

completely different biochemical processes and very different microbial groups. 

Anaerobic CH4 oxidation. Anaerobic oxidation of methane (AOM) is a major 

biological sink in anoxic marine and natural sediments (Conrad, 2009). Briefly, anaerobic 

methane oxidation (ANME) is coupled to the reduction of sulfate, nitrate/nitrite, iron, 

manganese, or organic electron accepters as the terminal electron acceptor (Cui et al., 

2015; Guerrero-Cruz et al., 2021; Karthikeyan et al., 2021). Several archaeal lineages 

have been shown to mediate AOM, which are phylogenetically related to different 

methanogenic archaea. ANME-1 and ANME-2 archaea are the most abundant groups of 

ANME. ANME-1 archaea are distantly related to the orders Methanosarcinales and 

Methanomicrobiales. ANME-2 archaea belong to the order Methanosarcinales. ANME-

3 archaea are mostly present in submarine mud volcanoes and related to the genera 

Methanococcoides of Methanosarcinales order (Wang et al., 2014). The biological 

process of anaerobic methane oxidation was described as sulfate-dependent anaerobic 

methane oxidation (S-DAMO) which is performed by a microbial consortium consisting 

of sulfate-reducing bacteria (SRB) and methanotrophic archaea (S-DAMO). ANME-1 

and ANME-2 archaea are associated with SRB of the genera Desulfosarcina and 

Desulfococcus, while ANME-3 archaea are associated with SRB of the Desulfobulbus 

branch. The ANME group for S-DAMO is further divided into subgroups, including 

ANME-1a and ANME-1b, ANME-2a, ANME-2b, and ANME-2c. No subgroups are 

shown for ANME-3. 

In freshwater sediments, abundant nitrate and nitrite thermodynamically favor CH4 

oxidation relative to sulfate reduction. The anaerobic methanotrophs that use nitrate or 

nitrite as the electron donor for CH4 oxidation are referred to as nitrogen-dependent 

anaerobic methane oxidation (N-DAMO) group (Norði and Thamdrup, 2014). The 

methanotrophic representatives of the candidate phylum NC10, such as Candidatus 

Methylomirabilis oxyfera, were shown to perform nitrite-dependent anaerobic methane 

oxidation (Luesken Francisca et al., 2011; Versantvoort et al., 2018). The new mechanism 

of N-DAMO involves an ñintra-aerobicò pathway of nitrite reduction to NO and O2 by 
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Candidatus Methylomirabilis oxyfera in anoxic habitats (Ettwig et al., 2010). The O2 is 

used as terminal electron acceptor for the intra-aerobic pathway of CH4 oxidation (Ettwig 

et al., 2010). Subsequently, the archaea ANME-2d partner of the NC10 bacteria named 

Candidatus Methanoperedens nitroreducens was identified to use nitrate rather than 

nitrite as the terminal electron acceptor, which is different from M. oxyfera. For 

comparisons between Candidatus Methylomirabilis oxyfera (M. oxyfera) and Candidatus 

Methanoperedens nitroreducens (M. nitroreducens), the reader is referred to a review 

article (Cui et al., 2015). Metal ions, i.e. manganese (Mn4+) and iron (Fe3+), are abundant 

in marine methane-seep sediments and act as electron acceptors for AOM (M-DAMO). 

The M-DAMO may play an important role in global marine AOM although its 

mechanism still remains unclear (Cui et al., 2015). 

 

Fig 1.5 Three electron-accepting processes coupled to anaerobic methane oxidation (AOM) in natural 

environments: (A) sulfate-dependent anaerobic methane oxidation (S-DAMO); (B) metal ion (Mn4+ and 

Fe3+)-dependent anaerobic methane oxidation (M-DAMO); and (C, D) nitrate/nitrite-dependent anaerobic 

methane oxidation (N-DAMO). Abbreviations: ANME, anaerobic methane oxidation; SRB, sulfate-

reducing bacteria; M. oxyfera, Candidatus Methylomirabilis oxyfera; M. nitroreducens, Candidatus 

Methanoperedens nitroreducens; MBGD, marine benthic group D. Figure adopted from (Cui et al., 2015). 

Aerobic CH4 oxidation. Aerobic methanotrophic bacteria typically inhabit anoxic-

oxic interfaces (Brune et al., 2000; Reim et al., 2012). Extensive enrichment and isolation 
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work by Whittenbury et al. led to the isolation of a large variety of methanotrophs into 

pure culture (Whittenbury et al., 1970). With the increasing availability of molecular 

methods for the identification and classification of microorganisms, the number of 

methanotroph cultures has doubled over the last 10 years. Nearly all the aerobic 

methanotrophs have been identified to belong to the phylum Proteobacteria (Knief, 

2015). A limited number of isolates, however, further expanded our knowledge of the 

phylum Verrucomicrobia for bacteria that are able to utilize CH4 as the sole carbon and 

energy source (Dunfield et al., 2007; Pol et al., 2007; Camp, 2009). 

Proteobacterial methanotrophs are classified into two major groups, type I 

(Gammaproteobacteria) and type II (Alphaproteobacteria) methanotrophs based on 

morphology, ultrastructure, phylogeny, and metabolic pathways (Whittenbury and 

Dalton, 1981). The carbon fixation mechanism via the ribulose monophosphate pathway 

(RuMP, type I) or serine pathway (type II) is still a distinctive feature to differentiate type 

I and type II methanotrophs (Knief, 2015; Dedysh and Knief, 2018), while other traits 

found in various genera and species do not longer exclusively differentiate between type 

I and type II methanotrophs. 

To date, 23 methanotrophic genera and 56 different species with validly published 

names within the Proteobacteria have been proposed, with five genera being described 

in the Alphaproteobacteria (Fig 1.6) (Knief, 2015; Dedysh and Knief, 2018). 

Alphaproteobacterial methanotrophs belong to the families Methylocystaceae (type IIa), 

including the genera Methylocystis and Methylosinus, and Beijerinckiaceae (type IIb), 

including the genera Methylocella, Methylocapsa, and Methyloferula (Knief, 2015). 

Members of the genus Methylocystis are strictly aerobic bacteria with type II 

intracytoplasmic membranes (ICM). They are among the most ecologically relevant 

methanotroph populations in terrestrial habitats (Bowman, 2015) and commonly found 

in diverse environments, such as different soils, rice paddies, peatlands, landfills, and 

freshwater sediments (Belova et al., 2013; Bowman, 2015; Leng et al., 2015; Tikhonova 

et al., 2021). At species level, Methylocystis species that are related to Methylocystis 

rosea, Methylocystis hirsuta, and Methylocystis echinoides have most frequently been 

isolated. 
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Fig 1.6 Phylogenetic trees showing the phylogeny of methantrophic type strains based on sequences of both 

16S rRNA gene and pmoA. The Neighbor-Joining trees were calculated using the ARB software package 

(Ludwig et al., 2004) based on 1556 nucleotide positions (16S rRNA gene) with Jukes Cantor correction 

and 160 amino acid positions (PmoA) with Kimura correction, respectively. PmoA sequences of 

Methylobacter luteus, Methylobacter whittenburyi, and Methylomicrobium pelagicu are not available from 

the type strains, but were taken from a different strain representing the species. The 16S rRNA gene tree 

was rooted with sequences of methanogenic Archaea (AB301476, M60880, AB065296, AM114193, 

AB196288), while the PmoA tree was rooted with AmoA sequences of ammonia-oxidizing bacteria 

(NC_004757, X90822). Dots label branch points that were confirmed in Maximum-Likelihood trees. The 

scale bars display 0.10 changes per nucleotide or amino acid position. Figure adopted from (Knief, 2015). 

In addition to act as a biofilter for CH4 produced in methanogenic sites, another 

environmentally relevant activity is the oxidation of atmospheric CH4 in unsaturated soils 

(Conrad, 2009). Upland soils act as a CH4 sink for 9 to 45 Tg atmospheric CH4 year-1, 

thereby balancing for about 1 to 7 % of the global annual CH4 emission (Knief et al., 

2003). Atmospheric CH4 consumption is performed by bacteria with high affinity to CH4. 

Initial molecular-ecology research identified two as-yet-uncultured methanotroph clades 

as the major biological sink for atmospheric CH4 in forest and grassland soils. These were 

termed upland soil clusters alpha and gamma (USCŬ and USCɔ) (Holmes Andrew et al., 
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1999; Knief and Dunfield, 2005; Kolb, 2009). The USCŬ and USCɔ clusters are 

phylogenetically affiliated to Alpha- and Gammaproteobacteria and use the particulate 

methane monooxygenase (pMMO) for atmospheric CH4 oxidation (Cai et al., 2020). 

Most recently, Methylocapsa gorgona MG08 has been described (Tveit et al. 2019). This 

isolate is (i) able to oxidize atmospheric CH4, (ii) globally distributed in upland soils, (iii) 

closely related to USCŬ, and (iv) exhibits an higher estimated specific affinity for CH4 

(a0
s, Ḑ195 × 10ī12 Lẗcellī1ẗhī1) than other cultivated methanotrophs (Dunfield Peter and 

Conrad, 2000; Knief and Dunfield, 2005; Tveit et al., 2019).  

Besides the members of these two uncultured methanotroph clusters, some 

methanotrophic strains belonging to the family Methylocystaceae have been shown to 

oxidize CH4 at atmospheric mixing ratios (Knief and Dunfield, 2005; Täumer et al., 

2022). In particular, USCŬ and Methylocystis spp. are most frequently detected in acidic 

soils, while USCɔ and Methylocystis spp. are frequently detected in pH-neutral soils. 

Methylocystis sp. strain SC2 was found to oxidize atmospheric CH4 by an alternative 

high-affinity pMMO2 isozyme (Dunfield et al., 2002; Ricke et al., 2004; Baani and 

Liesack, 2008). In addition, two Methylocystis strains (DWT and LR1) required the 

lowest amount of CH4 for growth (10ï100 ppmv) and maintained atmospheric (1.75 

ppmv) CH4 oxidation for the longest period in a study by (Knief and Dunfield, 2005). 

Depending on soil type and environmental factors, methanotrophic communities in 

unsaturated soils were dominated by USCŬ, USCɔ, or Methylocystis. Their ecophysiology 

needs to be more specifically addressed in future studies (Kolb, 2009; Deng et al., 2019). 

1.2 Metabolic versatility of aerobic methanotrophs 

1.2.1 Methane oxidation 

Methanotrophic bacteria use monooxygenase enzymes for the first step of CH4 oxidation 

to methanol, which is then further converted to formaldehyde, formate and CO2 by 

methanol, formaldehyde, and formate dehydrogenases (Hanson and Hanson, 1996). Cell 

carbon for growth is assimilated from formaldehyde by either the RuMP (type I) or serine 

pathways (type II). Two forms of CH4 monooxygenases are known, a soluble form 

(sMMO) present only in a few methantroph species (Kaluzhnaya et al., 2001; 

Kalyuzhnaya et al., 2008; Khalifa et al., 2015) and a membrane-bound form (pMMO) 

present in all known methanotrophs, except members of the genera Methylocella and 
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Methyloferula (Theisen et al., 2005; Dedysh and Dunfield, 2016). A subset of type I and 

type IIa methanotrophs can produce both sMMO and pMMO. 

The two MMO systems are evolutionarily unrelated and thus completely differ in 

their gene and protein sequences, their overall structure, their substrate selectivity, and 

their active site composition (Fig 1.7) (Holmes et al., 1995; Leahy et al., 2003; Khadka 

et al., 2018). The sMMO belongs to a multicomponent monooxygenase (BMM) family 

and is composed of a hydroxylase (MMOH), a reductase (MMOR), and a regulatory 

protein (MMOB). The MMOH consists of three polypeptides arranged in an Ŭ2ɓ2ɔ2 dimer 

(Rosenzweig et al., 1993). The sMMO has a wide substrate range including halogenated 

alkanes, alkenes, and aromatic compounds (Semrau, 2011). The pMMO is a membrane-

bound, copper- and iron-containing enzyme (Lieberman et al., 2003). The pmoCAB gene 

cluster codes for three integral membrane polypeptides of approximately 22, 24, and 42 

kDa, respectively. These are arranged as a 300 kDa Ŭ3ɓ3ɔ3 trimer (Gilbert et al., 2000; 

Sirajuddin and Rosenzweig, 2015). The PmoB subunit consists of two cupredoxin-like 

domains linked by two transmembrane helices, while the PmoA and PmoC subunits are 

primarily composed of transmembrane helices (Sirajuddin and Rosenzweig, 2015; Zhu et 

al., 2022). Since pMMO is the predominant CH4 oxidation catalyst in nature, it is 

critically important to understand its catalytic potential to oxidize atmospheric CH4. 

However, the identity of the physiological electron donor for pMMO activity is still 

unknown and the exact catalytic mechanism of pMMO remained elusive for many years 

(Kalyuzhnaya et al., 2015). 

 

Fig 1.7 Overall structure of the two MMO forms. a M. capsulatus (Bath) sMMO (PDB accession code 

1MTY) showing the Ŭ subunits in gray, ɓ subunits in magenta, and ɔ subunits in green. Iron ions are colored 

redïbrown. b M. capsulatus (Bath) pMMO (PDB accession code 3RGB) showing the PmoC subunits in 

green, PmoB subunits in magenta, and PmoA subunits in gray. Copper ions are dark blue and zinc ions are 

gray. Figure adopted from (Ross and Rosenzweig, 2017). 
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1.2.2 Carbon assimilation 

1.2.2.1 Central carbon pathways 

While gammaproteobacterial (type I) methanotrophs operate the ribulose monophosphate 

(RuMP) cycle for carbon assimilation, the alphaproteobacterial (type II) methanotrophs 

make use of the serine pathway (Fig. 1.8). Type X methanotrophs were categorized as 

Gammaproteobacteria that are distinguished from type I methanotrophs by the presence 

of low serine-cycle enzyme levels, in addition to the enzymes of the CalvinïBensonï

Bassham (CBB) cycle. Later studies showed that type X methanotrophs use CO2 as their 

sole source of carbon and energy (Khadem Ahmad et al., 2011). 

Methanotrophs have the potential to play a role in future energy sustainability. The 

type I methanotrophs condense formaldehyde with ribulose monophosphate, thereby 

resulting in the production of sugar-phosphate phosphate (Trotsenko and Murrell, 2008; 

Kalyuzhnaya et al., 2013; Fu et al., 2017). Actually, these methanotrophs operate two 

variants of the RuMP cycle, with one being the Embden-Meyerhof-Parnas (EMP) variant 

and the other being the EntnerïDoudoroff (ED) variant. Both pathways convert 

formaldehyde into the C3 intermediates pyruvate and phosphoenolpyruvate (PEP). 

Subsequently, pyruvate acts as a precursor of multi-carbon compounds. 

 

Fig. 1.8 Carbon assimilation pathway in methanotrophs. Abbreviation: MMO, methane monooxygenase; 

MDH, methanol dehydrogenase; FADH, formaldehyde dehydrogenase; FDH, formate dehydrogenase. 

Figure adopted from (Sahoo et al., 2021). 
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In the serine pathway, equimolar amounts of tetrahydrofolate (H4F) and CO2 result 

in the production of acetyl-CoA, which will be channeled into the ethylmalonyl-

coenzyme A (EMC) pathway or the glyoxylate shunt (GS) for synthesis of amino acids, 

CoA derivatives, and TCA cycle intermediates. The C1 carbon assimilated via the serine 

pathway into the central carbon metabolism is the basis for gluconeogenesis, thereby 

leading to the synthesis of particular amino acids, DNA and RNA, and cell wall 

components. Collectively, these contribute 53% to total cell biomass (Yang et al., 2013). 

The second part of the serine pathway overlaps with the EMC pathway and replenishes 

the intermediates required for C1 carbon assimilation, including malate, acetyl-CoA, and 

glyoxylate. Operating the serine pathway is essential for the activity of type II 

methanotrophs, which are known to have a high demand for acetyl-CoA as a key 

metabolite for PHB biosynthesis (Jeon et al., 2019; Gňsicka et al., 2021). In addition, a 

significant fraction of PEP is converted to pyruvate, the precursor for alanine and the 

acceptor in two anaplerotic CO2-fixation reactions. Indeed, it has been predicted that the 

proportion of cell carbon derived from CO2 in type II methanotrophs (> 50%) is much 

greater than that of type I methanotrophs (approx. 5-15 %) (Trotsenko and Murrell, 

2008a; Yang et al., 2013). Most recently, CO2 fixation was proposed to occur via the 

reductive glycine pathway (Tveit et al., 2019). Since type II methanotrophs incorporate 

more CO2 per unit of substrate than type I methanotrophs, they may thus represent a more 

suitable system for C1-based commercial production of chemicals (Yang et al., 2013). 

1.2.2.2 Multi-carbon metabolism 

Abiotic environmental factors, including CH4 and oxygen concentrations, nitrogen, 

nutrient availability, pH, temperature, and salinity largely influence the activity of 

methanotrophs (Kaupper et al., 2020). Methanotrophs were initially considered to be 

obligates utilizing only methane or methanol for growth. Over the last two decades, 

discoveries greatly expanded our understanding of the methanotroph physiology. In 

addition to the growth on other C1 compounds such as formate and formaldehyde, strains 

of Methylocystis and Methylocapsa, but in particular Methylocella spp., have been shown 

to be capable of growing on compounds containing C-C bonds (Belova et al., 2011; 

Dedysh and Dunfield, 2011). Members of the genus Methylocystis, such as M. bryophila 

H2sT, M. heyeri H2T, and M. echinoides IMET10491T, show slow growth on acetate and 

ethanol in the absence of methane (Belova et al., 2011). In contrast, Methylocella spp. are 

not only able to use methane and methanol as their sole source of energy, but also grow 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/tetrahydrofolate
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on acetate, pyruvate, succinate, malate, and ethanol (Dedysh Svetlana et al., 2005; Farhan 

Ul Haque et al., 2020). The growth rate and carbon conversion efficiency were even 

higher on acetate than on methane, and acetate was the preferable substrate when both 

substrates were provided in excess (Dedysh Svetlana et al., 2005; Im et al., 2011). 

The assimilation pathway of acetate is not yet conclusively known for members of 

the genus Methylocystis (Belova et al., 2011; Pratscher et al., 2011). The assimilation 

pathway of acetate in Methylocella spp. was considered to involve the activity of two 

enzymes of the glyoxylate shunt. These are isocitrate lyase (ICL) and malate synthase 

(MS), which are able to convert acetate into intermediates of the serine pathway such as 

malate and glyoxylate. The deletion of ICL or MS in Methylocella. silvestris BL2 resulted 

in growth defects that confirmed the incorporation of pyruvate into the central carbon 

metabolism via the glyoxylate shunt (Bordel et al., 2020). The sMMOs belong to a large 

family of di-iron carboxylate enzymes that include soluble di-iron monoxygenases 

(SDIMOs). The sMMO allows Methylocella spp. to grow on a range of short-chain 

alkanes, ethane, and propane (Crombie and Murrell, 2014; Farhan Ul Haque et al., 2018; 

Tveit et al., 2019). Interestingly, acetate repressed the sMMO expression in some 

facultative Methylocella strains (Theisen et al., 2005). 

Conversely, Methylocystis strains H2s and SB2 constitutively expressed pMMO 

regardless of whether methane or acetate was available as substrate for growth. It was 

speculated that facultative Methylocystis spp. are able to use acetate as a secondary carbon 

or a reducing source to enable the continued expression of the pMMO, so that these strains 

can readily utilize methane when it becomes available (Belova et al., 2011). This newly 

detected metabolic flexibility suggested that some type II methanotrophs have a greater 

competitive advantage than previously thought and the operation of multiple pathways 

by Methylocystis spp. can be highly controlled and integrated. This facultative capability 

may be a further explanation of why Methylocystis spp. are ubiquitously distributed in 

oligotrophic environments such as upland soils. 

1.2.2.3 Growth strategy under unbalanced nutrition conditions 

Another factor that affects methanotroph selection is nutrient concentration. Almost all 

type IIa methanotrophs are able to convert CH4 to poly-beta-hydroxybutyrate (PHB), the 

most common type of polyhydroxyalkanoates (PHAs) naturally produced in 

methanotrophs under nutrient-limiting conditions (e.g., carbon excess coupled to nitrogen 

limitation) (Pfluger et al., 2011; Pieja et al., 2011). Type IIa methanotroph cells use 
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intracellular PHB as a source of carbon and reducing power and as an internal substrate 

for cell survival during starvation periods with limited external carbon and energy sources 

(Fig 1.9). 

Three genes, phaCAB, are considered crucial for PHB synthesis (Madison and 

Huisman, 1999). These genes encode the condensation of two acetyl-CoA molecules to 

acetoacetyl-CoA (phaA), the reduction of acetoacetyl-CoA to (R)-3-hydroxybutyryl-CoA 

(phaB), and the polymerization of (R)-3-hydroxybutyryl-CoA monomer units into PHB 

(phaC) (Madison and Huisman, 1999). These genes are well conserved among type IIa 

methanotrophs and have been used to screen for PHB production capacity (Sheu et al., 

2000). To date, neither PHB synthesis genes nor the production of PHB have been 

detected in type I methanotrophs. The production of PHB has only been documented in 

type IIa methanotrophs of the genera Methylocystis and Methylosinus (Pfluger et al., 

2011; Pieja et al., 2011; Pieja Allison et al., 2011; Bordel et al., 2019). The main precursor 

for PHB bioconversion is acetyl-CoA. Its synthesis via the serine pathway, which 

contributes 53% to cell biomass, partially explains why PHB production is limited to type 

IIa methanotrophs, while not found in type I methanotrophs (Yang et al., 2013). 

Previous research had already shown that low nutrient level favors type IIa 

methanotrophs over type I methanotrophs due to PHB storage (Criddle et al., 2014). In 

fact, Methylocystis and Methylosinus are known to accumulate 20% to 50% of its dry 

biomass in the form of poly-3-hydroxybutyrate (PHB) under nitrogen-limiting conditions 

(Pieja et al., 2011). Their ability to convert CH4 to PHB not only mitigates CH4 emission 

to the atmosphere but also makes type IIa methanotrophs a promising cell factory for 

synthesis of biodegradable polymer substitutes used in plastics production (Saratale and 

Oh, 2015; Yeo et al., 2018). Nowadays, great efforts are made to elucidate their metabolic 

potential in order to make their use in biotechnology (Trotsenko and Murrell, 2008b; Fei 

et al., 2014; Hakobyan et al., 2020). 
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Fig 1.9 Methane metabolism in methanotrophs. Adopted from (Zhang et al., 2008; Liu et al., 2020) 

1.2.3 Alternative energy sources 

Atmospheric hydrogen has a mixing ratio as low as 0.53 ppmv (Greening et al., 2014). 

Abiogenic and biogenic processes, such as fermentation, nitrogen fixation, and 

photosynthesis, can continuously produce hydrogen. There are three phylogenetically 

distinct classes of hydrogenases. Their differentiation is based on the metals within the 

interior H2-binding sites: groups 1 to 4 [NiFe]-hydrogenases, groups A to C [FeFe]-

hydrogenases, and [Fe]-hydrogenases (Fig 1.10) (Shima et al., 2008; Greening et al., 

2016). Low-affinity H2 oxidation is catalyzed by microbes in habitats with relatively high 

H2 availability. On the contrary, high-affinity microorganisms can oxidize atmospheric 

H2. The H2 metabolism has been recently recognized in anoxic sediments, animal guts 

and hydrothermal vents involving members of five different bacterial phyla: 

Proteobacteria, Firmicutes, Cyanobacteria, Euryarchaeota and Chlorophyta. 

Furthermore, various members of the Actinobacteria and Acidobacteria are able to persist 

in aerobic soils by scavenging H2 from the lower atmosphere (Greening et al., 2014; 

Greening and Cook, 2014; Lubitz et al., 2014; Greening et al., 2015). The use of H2 as an 

alternative energy source may help microorganisms to cope with environmental 

fluctuations in available energy sources (Piché-Choquette and Constant, 2019). 

Our current knowledge on the evolution and diversity of hydrogenases suggests that 

the H2 metabolism is more diverse and widespread across members of the domain 

Bacteria and thus among microbial communities than previously thought (Greening et 
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al., 2016). Hydrogen treatment of soils altered both the carbon utilization and the CH4 

oxidation. The strong negative correlation between low-affinity H2 oxidation and high-

affinity CH4 oxidation led to the conclusion that CH4 and H2 oxidation might be 

performed by the same microorganisms that have the ability to utilize both CH4 and H2 

as substrates (Khdhiri et al., 2017; Piché-Choquette et al., 2018). 

 

Fig. 1.10 Classification and phylogeny of hydrogenases. These Neighbor-Joining skeleton trees show the 

phylogenetic relationships of 3286 hydrogenases. The trees are color-coded by [NiFe]-hydrogenase 

subgroup and [FeFe]-hydrogenase group. The nodes separating the major clades are encircled and colored 
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according to their bootstrap values, that is, black circles for well-supported nodes (bootstrap values >0.75) 

and red circles for unsupported nodes (bootstrap values <0.75). Group A [FeFe]-hydrogenases cannot be 

reliably subdivided phylogenetically and can only be classified into subtypes based on their genetic 

organisation. Figure adopted from (Greening et al 2015). 

Recently, hydrogenase-coding genes were also identified in the genomes of various 

alphaproteobacterial and verrucomicrobial methanotroph genomes, thereby suggesting 

that hydrogen oxidation is a general metabolic strategy operated by these methanotrophic 

bacteria (Hanczár et al., 2002; Greening et al., 2016; Carere et al., 2017). Later, the low-

affinity and oxygen-sensitive membrane-bound group Id [NiFe]-hydrogenase was shown 

to provide the ability to switch between growth strategies on the concurrent use of H2 and 

CH4 as energy and carbon sources (Mohammadi et al., 2017; Hakobyan et al., 2020). 

Mixotrophy relying on H2 as an energy source confers a flexible Knallgas-

methanotrophic lifestyle that uses hydrogenases to channel electrons from hydrogen into 

the quinone pool, thereby providing the link between hydrogen oxidation and energy 

production (Piché-Choquette and Constant, 2019). Hydrogen oxidation is particularly 

important for the acclimatization of methanotrophs to CH4 and oxygen limitation (Fig 

1.11) (Hakobyan et al., 2020). 

 

Fig. 1.11. Proposed metabolic model of how Methylocystis sp. strain SC2 responds to the addition of H2 

under CH4 and O2 limited conditions. During the growth of strain SC2, H2 is oxidized by Group 1d uptake 

hydrogenase, yielding reduced quinones (QH2) and, in consequence, a large proton-motive force for 

production of ATP. In addition, some of the QH2 provides electrons for CH4 oxidation by pMMO. Some 

formaldehyde oxidation via the activity of formaldehyde dehydrogenase (FADH) and formate 

dehydrogenase (FDH) may lead to the production of reducing equivalents (NADH) that feed the electron 

transport chain through the FixABCX complex, resulting in additional ATP available for growth. In 
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addition, certain amounts of energy in form of NADH and ATP may be generated through fermentative 

pathways. All the proteins and pathways that were differentially regulated are highlighted in red. The exact 

functional role of FixABCX should be elucidated in future studies. Figure adopted from (Hakobyan et al., 

2020). 

1.2.4 Nitrogen metabolism 

One of the major distinctive characteristics between type I and type II methanotrophs is 

their nitrogen metabolism capabilities. Both NH4
+ and NH3, but also nitrate (NO3

-), can 

be used as a nitrogen source for growth and biomass production (Bodelier et al., 2000; 

Tays et al., 2018). However, methanotrophic activity in soil is highly sensitive to high 

NH4
+ concentrations. Whether NH4

+ in the environment has inhibitory or stimulatory 

effects on methane-oxidizing bacteria, however, depends largely on the diversity, the 

structure, and the activity of the methanotrophic community, as well as the particular 

conditions in the habitat (Stein et al.; Schnell and King, 1994; Dunfield and Knowles, 

1995; Bodelier et al., 2000; Mohanty et al., 2006). The application of NH4
+ fertilizers to 

various soils and sediments has been shown to inhibit methanotrophic activity (vanderNat 

et al., 1997; Bodelier and Laanbroek, 2004). In particular, the activity of 

alphaproteobacterial type IIa methanotrophs (Methylocystis / Methylosinus) is inhibited 

or at least not stimulated in nitrogen-amended soils (Mohanty et al., 2006; Nyerges and 

Stein, 2009). The evolutionary relationship between the pMMO and ammonia 

monooxygenase (AMO) explains why, in addition to pMMO and sMMO, AMO is the 

only other enzyme known to oxidize CH4 (Fisher et al., 2018). The structural homology 

between pMMO and AMO allows both methanotrophs and ammonia oxidizers to convert 

either substrates (CH4 and NH3), although neither is able to grow on the alternative 

substrate (Stein and Klotz, 2011; Versantvoort et al., 2020). The pMMO oxidizes NH3 to 

hydroxylamine (NH2OH) (Versantvoort et al., 2020). Ammonia produced from the 

deprotonation of liquid NH4
+ competes with CH4 for the same active site of pMMO 

(Nyerges and Stein, 2009; Yang et al., 2011). On the other hand, methanotrophs, like all 

bacteria, require nitrogen for growth. The fact that NH3 acts for methanotrophs as both a 

nutrient and a competitive inhibitor of pMMO suggests that these bacteria need to be able 

to simultaneously acclimatize to various environmental triggers: assimilation of NH4
+ 

nitrogen, competitive inhibition of pMMO, and NH2OH and NO2
- toxicity when NH3 

oxidation is favored (Stein and Klotz, 2011). Nevertheless, the acclimatization response 

of methanotrophs to increasing NH4
+ load has not yet been conclusively understood at 
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the cellular level. This is particularly valid for type IIa methanotrophs and more 

specifically for Methylocystis spp. 

Type IIa methanotrophs are known to be capable of expressing nitrogenase and 

utilizing N2 as nitrogen source in many environments including forest soil, rice roots, and 

oligotrophic ocean; i.e., ecosystems characterized by extremely low concentrations of 

available nitrogen compounds (Murrell and Dalton, 1983; Auman Ann et al., 2001; 

Dedysh et al., 2004). 

1.3 Multi -omics methods to elucidate the physiological and 

metabolic versatility of methanotrophs 

High-throughput molecular techniques, collectively termed multi-omics techniques such 

as metagenomics, metatranscriptomics and metaproteomics, can be used to assess the 

community structure and the metabolic potential as well as the activity of methanotrophs 

in diverse environmental niches (Abram, 2015). Metagenomics allows us to access the 

environmental gene pool of methanotrophs that is not reachable through classical 

microbial cultivation techniques. The main purpose of metagenomics is to infer the 

taxonomic and functional profiles of a microbial community. However, the metagenome 

provides only insights into the genetic potential of a microbial community, while the 

metatranscriptome informs us of the genes being expressed by the community at the time 

of sampling (Zheng and Chistoserdova, 2019). The annotation of the mRNA transcripts 

provides detailed information on the functions being expressed by a community under 

specific environmental conditions. Metaproteomics investigates the proteins expressed 

within a microbiome and, together with metabolomics, provides access to ecosystem 

functioning (Zheng and Chistoserdova, 2019). The metabolites, collectively termed 

metabolome, released by members of the microbial community are a result of the 

interaction of these microbes with the biotic and abiotic conditions that prevail in the 

environment that they inhabit. The results of metaproteome and metabolome complement 

with each other well and can be used to construct active metabolic pathways. 

The culture-independent approaches allow us to analyze the identity, genetic 

potential, and possible functional role of as-yet uncultured microorganisms; however, 

culture-based studies are still needed to reveal microbial physiology and test multi-omics-

based ecological hypotheses, improve database annotations, and (3) construct genome-
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scale models of metabolic capabilities and pathways in order to uncover possible 

applications in biotechnology (Gutleben et al., 2018). 

Currently, five genera with taxonomically described members are known among 

the alphaproteobacterial methanotrophs: Methylocystis and Methylosinus 

(Methylocystaceae) as well as Methylocapsa, Methylocella, and Methyloferula 

(Beijerinckiaceae) (Knief, 2015). The genus Methylocystis includes seven species with 

validly published names: Methylocystis echinoides IMET 10491T (Bowman et al., 1993), 

Methylocystis rosea SV97T (Wartiainen et al., 2006), Methylocystis hirsuta CSC1T 

(Lindner et al., 2007a), Methylocystis heyeri H2T (Dedysh et al., 2007), Methylocystis 

parvus OBBPT (del Cerro et al., 2012), Methylocystis bryophila H2sT (Belova et al., 

2013), and Methylocystis silviterrae FST (Tikhonova et al., 2021). The genus 

Methylosinus includes two species with validly published names: Methylosinus 

trichosporium OB3bT and Methylosinus sporium ACM 3306T (Bowman et al., 1993).The 

Beijerinckiaceae family comprises three genera and seven species with validly published 

names: Methylocapsa acidiphila B2T (Dedysh et al., 2002), Methylocapsa aurea KYGT 

(Dunfield et al., 2010), Methylocapsa palsarum NE2T (Dedysh et al., 2015), Methylocella 

palustris KT (Dedysh et al., 2000), Methylocella silvestris BL2T (Dunfield et al., 2003), 

Methylocella tundra T4T (Dedysh et al., 2004) and Methyloferula stellata AR4T (Vorobev 

et al., 2011). 

With the development of next-generation sequencing technologies, it is 

increasingly easy to sequence bacterial genomes of pure cultures. To date, dozens of 

methanotroph genomes obtained from pure cultures are available, and the databases are 

continuously growing (http://www.methanotroph.org/wiki/introduction/). In the 

following, I discuss multi-omics applied to methanotrophs: genomics, transcriptomics, 

proteomics, and metabolomics. 

1.3.1 Genomics 

The tremendous increase in the number of draft genomes requires an accurate taxonomic 

classification of the newly assembled genomes. Bacterial and archaeal 16S ribosomal 

RNA (rRNA) gene sequences, but also functional genes (e.g., mcrA [methanogens], pmoA 

[methanotrophs]), are frequently used as markers for the taxonomic and phylogenetic 

classification of microorganisms, including methanotrophs. However, phylogenetic trees 

https://doi.org/10.1601/strainfinder?urlappend=%3fid=IMET%2010491
http://www.methanotroph.org/wiki/introduction/
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constructed based on 16S rRNA gene sequences may not be sufficiently resolving to 

reveal the exact evolutionary relationships among the closely related members of the 

genera Methylocystis and Methylosinus (Methylocystaceae) (Yang et al., 2016). Recently, 

the taxonomy placement of genome-sequenced isolates was evaluated using the Genome 

Taxonomy Database Toolkit (GTDB-Tk). This toolkit provides an automated and 

objective taxonomic classification of bacterial genomes by identifying a set of 120 marker 

genes (Chaumeil et al., 2020). In addition to single-amplified genomes, GTDB-Tk allows 

for a thorough classification of metagenome-assembled genomes (MAGs) (Bowers et al., 

2017). 

Implementation of genomic techniques into research on methanotrophs can provide 

information on their genomic potential and reveal as-yet-unknown metabolic capacities. 

For instance, the isoforms of particulate methane monooxygenase (Ricke et al., 2004), 

alternative methanol dehydrogenases (Wegner et al., 2019), hydrogenases (Mohammadi 

et al., 2017; Carere et al., 2017) as well as enzymes for aerobic anoxygenic photosynthesis 

by means of photosystem II (Miroshnikov et al., 2019) have been discovered in 

methanotrophic bacteria. Comparative genomic analysis of the acetate-utilizing 

Methylocystis sp. strain SB2 with other closely related Methylocystis strains, but also 

facultative strains of Methylobacterium extorquens, was done to elucidate the 

mechanisms of multicarbon compound assimilation that exist in facultative and obligate 

Methylocystis strains. Both TCA cycle and EMC pathway were found to be complete in 

Methylocystis sp. strain SB2, but also in Methylocystis rosea SV97T, Methylocystis sp. 

strain SC2, and Methylocystis sp. strain Rockwell (ATCC 49242). The authors did not 

find any genomic evidence for a differentiation between the obligate and facultative 

nature of Methylocystis spp. (Dam et al., 2014; Vorobev et al., 2014). A phylogenetic tree 

based on universally conserved genes demonstrated a vertical inheritance pattern of 

methanotrophy and methylotrophy genes within the Methylocystaceae and 

Beijerinckiaceae families. However, all MMOs in the alphaproteobacterial 

methanotrophs are foreign in origin via lateral gene transfer (LGT) (Tamas et al., 2014). 

Methanotrophy got lost, and the ability to grow on multicarbon substrates was regained 

in some members of the Beijerinckiaceae (Tamas et al., 2014). 

Comparative genomics also provided evidence that strains of the same bacterial or 

archaeal species can greatly differ in gene content, with only a fraction of genes being 

common to all genomes. These insights gave rise to the pangenome concept. The term 

ópangenomeô describes all the genes present in all isolates of a certain taxon. The 
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pangenome, i.e., the sum of core and accessory genes (soft core, shell and cloud genes), 

can give insights into habitat specificity and evolutionary forces shaping microbial 

genomes (Brockhurst et al., 2019). The core genome of Methylocystis spp. represents the 

conserved genetic backbone and basic cellular machineries (Dam et al., 2013). The genes 

involved in CH4 oxidation and formaldehyde assimilation, including the serine pathway, 

as well as nitrogen fixation were identified as core gene clusters in Methylocystis spp. 

(Gontijo, 2022). 

1.3.2 Transcriptomics 

Genome-wide transcriptomics analysis was applied in combination with metabolomics to 

disentangle the metabolic network of methanotrophs (Matsen et al., 2013; Yang et al., 

2013). For example, upon sequencing of the genome of M. trichosporium OB3b, 

transcriptome and metabolome analyses were applied to refine the central pathway for 

C1 utilization under growth in batch culture with no limiting carbon and nitrogen 

conditions (Yang et al., 2013). 

The growth on C1 substrates, i.e., methane and methanol, changed the gene 

expression in both type I and type II methanotrophs (Vorobev et al., 2014; Nguyen et al., 

2019). Methylomonas sp. DH-1 has been proven to be an ideal candidate for 

biotechnological applications using methane and methanol as the feedstock. Strain DH-1 

operates the RuMP cycle and the EMP pathway for C1 assimilation but is also able to 

express the complete serine pathway. The latter is the typical C1 assimilation pathway of 

type II methanotrophs, but not common in type I methanotrophs. An increase in the flux 

towards the serine pathway was particularly observed in Methylomonas sp. DH-1 during 

the growth on methanol, which led to an increased production of acetyl-CoA (Nguyen et 

al., 2019). In contrast, the growth of Methylocystis sp. strain SB2 on methanol led to a 

significant decline in the expression of genes involved in methane oxidation and the serine 

pathway (Vorobev et al., 2014). Furthermore, an opposite regulation of the TCA cycle 

was observed for Methylomonas sp. DH-1 and Methylocystis sp. strain SB2 during their 

growth on methanol (Vorobev et al., 2014; Nguyen et al., 2019). 

The analysis of both transcriptomics and metabolomics data revealed that the core 

metabolism of Methylocystis trichosporium OB3b consists of several tightly connected 

metabolic cycles, such as the serine pathway, the ethylmalonyl-CoA (EMC) pathway, and 
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the TCA cycle. Strain OB3b displays a high gene expression level of the H4MTP-pathway 

for formaldehyde oxidation. Both metabolome and 13C-labeling studies have further 

shown that in strain OB3b, a significantly larger portion of the cell carbon (over 60%) is 

derived from CO2 than from CH4 (Yang et al., 2013). Shifts in the central carbon 

metabolism were also observed for the type I methanotroph Methylomicrobium 

buryatense 5GB1 during the growth on either methane of methanol (Fu et al., 2019). A 

steady state 13C metabolic flux analysis provided evidence that in addition to the complete 

TCA cycle, M. buryatense 5GB1 operates a partial serine pathway. The analysis of fumA 

and fumC knockout mutants revealed a severe growth defect in strain 5GB1, thereby 

suggesting that the TCA cycle not only provides precursors for biomass synthesis, but 

also reducing power (Fu et al., 2017). Both metabolic and 13C-methane tracing 

experiments in Methylomicrobium alcaliphilum strain 20Z, a promising biocatalyst, 

revealed a novel model of methane utilization under oxygen-limited conditions, which 

allowed reconstructing the metabolic C1 utilization pathway. The oxygen-limited 

conditions favored operation of fermentation pathways, which led to the excretion of 

various products, such as formate, acetate, succinate, lactate, 3-hydroxybutyrate, and H2 

(Kalyuzhnaya et al., 2013). In contrast to other omics methods, metabolomics provides a 

strong link between environmental change and physiological response. 

1.3.3 Proteomics 

Proteins are the biofunctional molecules that govern the cellular phenotype. Neither 

genomics nor transcriptomics elucidate the actual production of translated proteins. 

Therefore, direct detection of the enzymes involved in methanotrophy by proteomics is a 

promising method to overcome the limitations of the other omics approaches (Abram, 

2015). 

Mass spectrometry (MS) in combination with a range of separation methods has 

been widely used as a principal methodology in proteomics. Traditional proteome 

analyses consist of two-dimensional electrophoresis (2-DE)-based methods. The protein 

mixture is either separated by two-dimensional electrophoresis followed by digestion and 

mass spectrometry or directly digested into peptide mixtures separated by 

multidimensional separation methods. Proteins are identified from their generated mass 

spectra using database searching. The identification and characterization of proteins by 

proteolytic digestion offers their in-depth analysis in complex sample mixtures and is 

termed the ñbottom-upò approach (Fournier et al., 2007; Zhang et al., 2013). In contrast, 
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the ñtop-downò approach analyzes intact proteins (Catherman et al., 2014). The two 

general categories of bottom-up proteomic experiments are the data-dependent 

acquisition (DDA) and data-independent acquisition (DIA) methods. DDA methods have 

been extensively applied in proteomics since its inception (Elias and Gygi, 2007). The 

DIA methods select and fragment precursors regardless of their abundance in the samples. 

A predetermined set of wide isolation windows (e.g. 25 Da) is used to send the precursor 

ions in an isolation window for fragmentation (Gillet et al., 2012). In DIA experiments, 

the spectral library needs to be sufficiently large and the highly complex fragment spectra 

derived from multiple precursor ions make the data-analysis quite challenging (Goh et 

al., 2015). Nonetheless, recent improvements in software tools and bioinformatics now 

enable the accurate analysis of SWATH-DIA data. 

To date, very few proteomics studies were conducted on methanotrophs. The ICAT 

(cleavable isotope coded affinity tag) technology in combination with off-line two-

dimensional LC-MS/MS has been developed for the quantitative analysis of proteomic 

changes in the type I methanotroph Methylococcus capsulatus under different copper 

conditions (Kao et al., 2004). Later, for the first time, high-resolution two-dimensional 

gel electrophoresis and mass spectrometry have been applied to identify the outer 

membrane (OM) subproteome of M. capsulatus (Berven et al., 2006). Shortly thereafter, 

three comparative proteomics approaches, which enable label-free quantification, were 

used for the identification and relative quantification of proteins in the type IIb 

methanotroph Methylocella silvestris (Patel et al., 2009). The three approaches were (i) 

one-dimensional PAGE, (ii) MudPIT incorporating isobaric tags for relative and absolute 

quantification (iTRAQ), and (iii) a data-independent scanning LC-MS method. 

Bacterial membrane proteins, or more precisely integral membrane proteins, 

comprise about 20% to 30% of the total proteome and perform essential physiological 

functions (Poetsch and Wolters, 2008). Despite the functional significance of membrane 

proteins in biological systems, the number of effective membrane protein studies is 

limited due to the methodological difficulties in the efficient solubilization and digestion 

of membrane-associated proteins (Kongpracha et al., 2022). In particular, type IIa 

methanotrophs possess a special cell wall architecture characterized by intracytoplasmic 

membranes (ICMs). The presence of ICMs makes global proteomics approaches highly 

challenging for members of the Methylocystis/Methylosinus group. However, recently an 

optimized proteomics workflow was developed for Methylocystis spp. that led to an 
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increase in both the protein quantification accuracy and the proteome coverage, with 

Methylocystis sp. strain SC2 being used as the model organism (Fig 1.12) (Hakobyan et 

al., 2018). This new crude-lysate-MS approach captured 62% of the predicted SC2 

proteome, with up to 10-fold increase in membrane-associated proteins relative to less 

effective conditions. Moreover, the use of crude cell lysate for downstream analysis 

showed to be highly efficient not only for strain SC2 but also for other members of the 

family Methylocystaceae (Hakobyan et al., 2018). 

 

Fig 1.12. Flowchart illustrating the different solubilization and digestion conditions, and procedural steps 

used to obtain an optimized proteomics workflow for Methylocystis sp. strain SC2. Cell pellets of strain 

SC2, reference methanotrophs, and E. coli were reconstituted in different buffer systems. Different cell 

disruption techniques were applied. Cell debris were either removed or maintained in the lysate to obtain 

clear and crude lysates, respectively. The protein extraction efficiency was assessed by BCA protein assay. 

After determining the optimal solubilization conditions, crude-MS performance was tested under in-

solution or FASP digestion conditions. All peptides derived from the individual assessment steps were 

purified using C18 solid phase extraction and analyzed via LCïMS. All experiments were performed in at 

least three biological replicates. Figure adopted from (Hakobyan et al., 2018). 

1.4 Our model organism: Methylocystis sp. strain SC2 

Strain SC2 was isolated in 1978 from the highly polluted river Saale near Wichmar, 

Germany (Dunfield et al., 2002; Heyer et al., 2002). The whole-genome sequence of 

strain SC2 was determined by shotgun sequencing using the 454 GS-FLX Titanium 

platform (Dam et al., 2013). Strain SC2T contains three replicons, including the circular 

chromosome (3.77 Mbp) and two plasmids of 0.23 Mbp (pBSC2-1) and 0.14 Mbp 
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(pBSC2-2) in size. The average G+C content of the circular chromosome and the two 

plasmids is 63%, 61%, and 60%, respectively (Dam et al., 2012). Their nucleotide 

sequences have been deposited with the EMBL, GenBank, and DDBJ databases under 

the accession numbers HE956757 (chromosome), FO000001 (pBSC2-1), and FO000002 

(pBSC2-2), respectively (Fig 1.13). 

 

Fig 1.13 Circular representation of the gap-closed genome of strain SC2 with two plasmids, pBSC2-1 and 

pBSC2-2. Open reading frames (ORFs) are colored according to their function: red, plasmid replication 

and maintenance; orange, conjugation; light green, ORFs having homology to some functional proteins; 

dark green, nitrogen metabolism; blue, transposase-like proteins; light gray, hypothetical proteins; dark 

gray, conserved hypothetical proteins. The singleton pmoC (marked with an arrow) and its upstream 

regulatory gene in pBSC2-2 are colored sky blue. Adopted from (Dam et al., 2012b). 

All genes required for a methanotrophic lifestyle were identified in strain SC2. Our 

model organism is able produce two pMMO isozymes with different affinities to 
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methane, the low-affinity pMMO1 and the high-affinity pMMO2 (Fig 1.14) (Ricke et al., 

2004; Baani and Liesack, 2008). The low-affinity pMMO1 is encoded by two pmoCAB1 

gene clusters, while the high-affinity pMMO2 is encoded by a single pmoCAB2 gene 

cluster. The apparent Km value of pMMO2 for methane oxidation is 0.11 ɛM, which 

corresponds well to Km(app) values measured in soils acting as a sink for atmospheric 

methane (Bender and Conrad, 1992; Baani and Liesack, 2008). 

  

Fig 1.14. Phylogenetic tree of PmoA1 and PmoA2 of Methylocystis sp. SC2 and related strains. The 

phylogenetic tree was constructed using the Maximum-Likelihood method with a JTT model. The tree was 

built with 21 amino acid sequences. Bootstrap values (100 replications) are shown at the nodes. The 

evolutionary analysis was conducted in MEGA 7. The outgroup was AmoA of Nitrosococcus oceani 

strains. Bar: 0.05 substitutions per amino acids site. 

Likewise, all the genes involved in the serine pathway were identified. These are 

the serine-glyoxylate aminotransferase (Xiao et al.), the hydroxypyruvate reductase 

(Hpr), two subunits of malate thiokinase (MtkAB), the acetyl-coenzyme A (acetyl-CoA)-

independent phosphoenol pyruvate carboxylase (Ppc), and the malyl-CoA lyase (Mcl). 

Strain SC2 shows diverse nitrogen metabolism capabilities such as the transport and 

assimilation of nitrate and ammonium, hydroxylamine detoxification, denitrification, and 

dinitrogen fixation (Dam et al., 2013; Dam et al., 2014). The full complement of 34 genes 

involved in N2 fixation and a complete denitrification pathway, including the plasmid-

born nosRZDFYX operon, were identified in the SC2 genome (Dam et al., 2013). 

Furthermore, the genome harbors a complete set of genes encoding PHB-related 

enzymes, including the PHB depolymerase, the polyhydroxyalkonate synthesis repressor 

(PhbR), the acetyl-CoA acetyltransferase (PhbA), the acetoacetyl-CoA reductase (Phb), 
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and phasin homologs. Strain SC2 was shown to be a strong PHB producer, with PHB 

(mg/ mg total suspected solids) making a 30% contribution to the total cell biomass under 

N2 fixation condition (Pieja et al., 2011). In addition, the genome of strain SC2 encodes 

various hydrogenase types (Ia, Id, 2b, 3b, 1h/5) and accessory proteins (Fig 1.15). 

 

Fig 1.15. Phylogenetic tree of hydrogenases based on the amino acid sequence of Methylocystis sp. SC2 

and related strains. The tree was conducted in MEGA7 using the Neighbor-Joining method. Bar: 0.20 

substitutions per amino acid site.



C h a p t e r  1                                                  P a g e | 35 

 

1.5 Objectives of the study 

Members of the genus Methylocystis are widely distributed in oxic-anoxic interfaces of 

methanogenic soils in which they play a key role in reducing methane emissions to the 

atmosphere. A systematic knowledge of their physiology, proteome, and thus metabolic 

capabilities is crucial for understanding their methane mitigation potential. Despite the 

fact that methanotrophs have been studied for decades, there still exist major gaps in our 

knowledge of their metabolism; in particular with regard to their acclimatization capacity 

to environmental change. Ammonium may have a dual function, with one being osmotic 

stressor and the other, after deprotonation, being competitive inhibitor of pMMO activity. 

The impact of increasing NH4
+ load on the activity of Methylocystis spp. may be of 

particular importance in agricultural soils supplied with nitrogenous fertilizers. Here, our 

research on strain SC2 combined growth experiments with global proteomics, amino acid 

profiling, and the measurement of nitrite and nitrous oxide release (Chapter 2). A related 

aspect is the effect of increasing environmental salinity on the activity of Methylocystis 

spp. The activity of Methylocystis sp. strain SC2 has been reported to be sensitive to an 

increase in salinity, with Methylocystis spp. generally exhibiting a low salt tolerance. The 

tolerance range is from 0.2% to 1% NaCl (Han et al., 2017). In my PhD study, we thus 

tested a series of canonical amino acids and known compatible solutes for their potential 

to enhance the salt and osmotic stress tolerance of strain SC2 by modulating the glutamate 

metabolism and/or the central carbon metabolism. The research combined growth 

experiments with global proteomics, metabolomics, and 13C-labeling experiments 

(Chapter 3). 
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2.1 Abstract 

High NH4
+ load is known to inhibit bacterial methane oxidation. This is due to a 

competition between CH4 and NH3 for the active site of particulate methane 

monooxygenase (pMMO), which converts CH4 to CH3OH. Here we combined global 

proteomics with amino acid profiling and NOx measurements to elucidate the cellular 

acclimatization response of Methylocystis sp. strain SC2 to high NH4
+ levels. Relative to 

1 mM NH4
+, high (50 mM and 75 mM) NH4

+ load under CH4 replete conditions 

significantly increased lag phase duration required for proteome adjustment. The number 

of differentially regulated proteins was highly significantly correlated to increasing NH4
+ 

load. The cellular responses to increasing ionic and osmotic stress involved significant 

upregulation of stress-responsive proteins, K+ ñsalt inò strategy, synthesis of compatible 

solutes (glutamate and proline), and induction of the glutathione metabolism pathway. A 

significant increase in the apparent Km value for CH4 oxidation during the growth phase 

was indicative of increased pMMO-based oxidation of NH3 to toxic hydroxylamine. The 

detoxifying activity of hydroxlyamine oxidoreductase (HAO) led to a significant 

accumulation of NO2
- and, upon decreasing O2 tension, N2O. Nitric oxide reductase and 

hybrid cluster proteins (Hcps) were the candidate enzymes for the production of N2O. In 

summary, strain SC2 has the capacity to precisely rebalance enzymes and osmolyte 

composition in response to increasing NH4
+ exposure, but the need to simultaneously 

combat both ionic-osmotic stress and the toxic effects of hydroxylamine may be the 

reason why its acclimatization capacity is limited to 75 mM NH4
+. 

IMPORTANCE  In addition to reducing CH4 emissions from wetlands and 

landfills, the activity of alphaproteobacterial methane oxidizers of the genus 

Methylocystis contributes to the sink capacity of forest and grassland soils for atmospheric 

methane. The methane-oxidizing activity of Methylocystis spp. is, however, sensitive to 

high NH4
+ concentrations. This is due to the competition of CH4 and NH3 for the active 

site of particulate methane monooxygenase, thereby resulting in the production of toxic 

hydroxylamine with increasing NH4
+ load. An understanding of the physiological and 

molecular response mechanisms of Methylocystis spp. is therefore of great importance. 

Here, we combined global proteomics with amino acid profiling.
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and NOx measurements to disentangle the cellular mechanisms underlying the 

acclimatization of Methylocystis sp. strain SC2 to increasing NH4
+ load. 

Keywords: Methanotrophs; Methylocystis; methane; ammonia; particulate 

methane monooxygenase; hydroxylamine oxidoreductase; proteomics 
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2.2 Introduction  

Aerobic methanotrophic bacteria, or methanotrophs, are crucial players in the global 

cycle of the greenhouse gas methane. These bacteria are defined by their ability to utilize 

methane as their sole energy source for growth (Knief, 2015). Among the known methane 

oxidizers, proteobacterial methanotrophs have been unequivocally proven to be 

functionally important in natural and anthropogenic terrestrial environments (Knief, 

2015; Guerrero-Cruz et al., 2021). Indeed, their activity acts in aerobic interfaces of 

methanogenic environments as a methane biofilter through which the emission of this 

greenhouse gas to the atmosphere is greatly mitigated (Cébron et al., 2007; Shiau et al., 

2018; Guerrero-Cruz et al., 2021). Another environmentally relevant activity is their 

ability to act as a sink for atmospheric CH4 in unsaturated soils (Conrad, 2009). Their key 

enzyme is particulate methane monooxygenase (Baani and Liesack), which converts CH4 

to methanol (CH3OH). The pMMO is integral part of an extensive intracytoplasmic 

membrane system (ICM), which is a particular characteristic of proteobacterial 

methanotrophs (Lindner et al., 2007; Tikhonova et al., 2021). 

Historically, these bacteria have been classified into type I and type II 

methanotrophs. This differentiation was particularly based on the type of ICM, 

biochemical pathways of carbon fixation, the capability of nitrogen fixation, the 

formation of resting stages, and the phospholipid fatty acid composition (Whittenbury 

and Dalton, 1981; Hanson and Hanson, 1996). Phylogenetic analysis of their 16S rRNA 

gene sequences confirmed the initial classification into type I (Gammaproteobacteria) 

and type II (Alphaproteobacteria) methanotrophs. Besides phylogeny, the carbon fixation 

pathway, however, remained the only major feature of the above-mentioned criteria that 

validly differentiates between type I and type II methanotrophs. As suggested by Knief 

(2015), we therefore use these terms only as synonyms for the phylogenetic groups of 

Gamma- and Alphaproteobacteria. The methanotrophic Alphaproteobacteria were 

further divided into type IIa (Methylocystaceae) and type IIb (Beijerinckiaceae) 

methanotrophs (Deng et al., 2013; Dumont et al., 2014). Various members of the 

Methylocystaceae are able to produce two pMMO isozymes that exhibit different 

methane oxidation kinetics (Yimga et al., 2003; Baani 
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and Liesack, 2008). These methanotrophs are widely distributed in natural wetlands and 

rice paddies, but have also been shown to be abundantly present in upland (e.g., forest) 

and grasslands soils where they may oxidize atmospheric CH4 (Knief et al., 2003; Knief 

and Dunfield, 2005; Knief et al., 2005). Indeed, recent research has unambiguously 

shown that Methylocystis spp. contribute via the expression of their high-affinity pMMO 

to the atmospheric CH4 sink in grasslands, in addition to USCŬ and USCɔ (Täumer et al., 

2022). 

Like all microorganisms, methanotrophs require nitrogen for growth. Most of them 

utilize either NO3
- or NH4

+ as nitrogen source for growth. The structural homology 

between pMMO and ammonia monooxygenase, however, allows both methanotrophs and 

ammonia oxidizers to convert either substrates (CH4 and NH3), although neither is able 

to grow on the alternative substrate (Bédard and Knowles, 1989; Stein and Klotz, 2011a; 

Versantvoort et al., 2020). The pMMO oxidizes NH3 to hydroxylamine (NH2OH) (Stein 

and Klotz, 2011a). Ammonia produced from the deprotonation of liquid NH4
+ competes 

with CH4 for the same active site of pMMO (Nyerges and Stein, 2009; Yang et al., 2011). 

Whether NH4
+ in the environment has inhibitory or stimulatory effects on methane-

oxidizing bacteria depends largely on the diversity, structure and activity of the 

methanotrophic community, as well as the particular conditions in the habitat (Schnell 

and King, 1994; Dunfield and Knowles, 1995; Mohanty et al., 2006). 

The inhibitory effects of NH3 oxidation by pMMO on methanotrophic activity 

occur through toxic nitrogen products such as NH2OH and nitrite (NO2
ī). Although the 

affinity of pMMO for NH3 is generally lower than for CH4 (Bédard and Knowles, 1989), 

aerobic methanotrophs with high tolerance to these nitrogen products need the ability to 

quickly detoxify them by both nitrifying and denitrifying processes (Stein et al., 2010; 

Stein and Klotz, 2011a). Both the detailed survey of genes involved in nitrogen 

metabolism in methanotrophic bacteria and physiological studies suggest that 

methanotrophs with efficient hydroxylamine detoxification pathways show increased 

competitiveness under high NH4
+-N conditions (Lopez et al., 2019; Ho et al., 2020; van 

Dijk et al., 2021). Nevertheless, the acclimatization response of methanotrophs to 

increasing NH4
+ load has not yet been conclusively understood at the cellular level. This 

is particularly valid for type IIa methanotrophs and more specifically for Methylocystis 

spp. 
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Therefore, we here aimed to elucidate the cellular mechanisms underlying the 

acclimatization response of Methylocystis sp. strain SC2 to increasing NH4
+ load. In 

particular, we aimed (i) to determine the NH4
+ threshold level to which strain SC2 is able 

to acclimatize and (ii) to assess the cellular adjustment processes triggered by this 

threshold level. We expected to observe a dual response of strain SC2, with the first one 

being a general response to increasing ionic-osmotic stress and the second one being a 

methanotroph-specific response to hydroxylamine stress. Recently we developed a new 

analytical proteomics workflow for strain SC2, which captures 62% of the predicted SC2 

proteome under standard growth conditions (Hakobyan et al., 2018). This workflow 

tackles the major challenges related to the high amount of integral membrane proteins 

that need to be efficiently solubilized and digested for downstream analysis. Thus, our 

research combined SC2 growth experiments under increasing NH4
+ load (1 to 100 mM) 

with global proteomics, analysis of intracellular amino acids (metabolomics), and 

measurement of NOx compounds (Fig. 2.1). 

 

Fig. 2.1  Experimental design set up to elucidate the physiological and cellular responses of Methylocystis 

sp. strain SC2 to increasing NH4
+ load. Detailed information on the experimental approach is given in 

Materials and Methods. 

 



50 | P a g e                                                       R e su l t s  

 

 

 

2.3 Results 

The following subsections describe the effects of increasing NH4
+ load on the activity of 

Methylocystis sp. strain SC2. This involves the impact on its growth response and 

apparent Km value of CH4 oxidation, global proteome, and the concentration of 

intracellular amino acids. The effects of 10, 30, 50, and 75 mM NH4
+ on the physiology 

and global proteome of strain SC2 were inferred by comparison to the reference standard 

growth conditions (1 mM NH4
+). Finally, we quantified the NO2

- and N2O production by 

strain SC2 in relation to both increasing NH4
+ load and incubation time. 

2.3.1 Growth response 

To assess increasing concentration levels of ammonium on SC2 growth, cells of strain 

SC2 were incubated in strict batch incubation mode with a CH4:air mixing ratio of 20:80 

% (v/v) (Fig. 2.2). Cell density (OD600) and the headspace concentrations of both CH4 

and CO2 were regularly measured during the complete incubation period of up 336 h (14 

d), ranging from early lag phase to late stationary phase (Fig. 2.2). The addition of 1 mM 

NH4
+ prompted immediate growth of strain SC2, while the addition of 10 mM and 30 

mM NH4
+ also had nearly no delay effect on the growth response of strain SC2 (Fig. 2.2). 

Supplementation with NH4
+ levels higher than 30 mM triggered significant delays in the 

growth response with lag phase durations of 75 h (50 mM NH4
+) and 125 h (75 mM 

NH4
+). This was linked to a significant decrease in the growth and CH4 consumption rates 

(Fig. 2.2, Table 2.1). However, regardless of the amount of ammonium added (1 to 75 

mM NH4
+), all SC2 cultures grew to the same final OD600 of about 0.45 (Fig. 2.2). 

Accordingly, total cell dry weight (CDW), total amount of CH4 consumed and, in 

consequence, biomass yield did not significantly differ between the different NH4
+ 

concentrations. However, the standard deviation of CDW increased with increasing NH4
+ 

load, thereby suggesting an increasingly heterogeneous population response (Table 2.1). 

There was no significant CH4 consumption and cell density change after the addition of 

100 mM NH4
+ (Fig. 2.2). 
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Fig. 2.2  Effect of increasing NH4+ concentrations on (A) growth of and (B) CH4 consumption by 

Methylocystis sp. strain SC2. Growth (OD600) and CH4 concentration were regularly monitored over the 

whole incubation period. Measurements were done in triplicate cultures. Growth response occucrred up to 

75 mM NH4Cl, corresponding to a total ionic medium strength of 114 mM (Table S2). No growth occurred 

with 100 mM NH4Cl, corresponding to a total ionic medium strength of 139 mM. Error bars show standard 

deviations of triplicate cultures. 

Table 2.1  Physiological growth parameters of Methylocystis sp. strain SC2 during cultivation under 

different NH4
+ concentrations 

Ammonium 

treatmentÿ 

CDWÀ 

(mg) 

Growth rate§ 

(mg CDW / d) 

CH4 consumption 

(mmol CH4) 

Biomass yield 

(mg CDW / 

mmol CH4) 

CH4 consumption rate 

(mmol CH4 / g CDW / d) 

1 mM 3.5±0.04 1.75±0.02 0.29±0.04 12.38±1.59 40.87±5.55 

10 mM 3.32±0.13 1.66±0.07 0.27±0.03 12.29±1.72 41.22±5.68 

30 mM 3.93±0.35 1.31±0.12** 0.28±0.01 14.08±1.04 23.75±1.74** 

50 mM 4.26±0.54 0.71±0.09*** 0.36±0.02 11.84±2.27 14.42±2.68*** 

75 mM 4.36±1.02 0.48±0.11*** 0.35±0.04 12.4±3.21 9.34±2.2*** 

Note: ÿ All growth parameters were calculated based on triplicate cultures. À Cell dry weight (CDW) was 

calculated with 1 OD600 = 0.26 g CDW/L of strain SC2 culture (Hakobyan et al., 2020). § Asteriks 

indicate significant difference with *p-value Ò 0.05; **p-value Ò 0.01; and ***p-value Ò 0.001 relative to 

the control treatment (1 mM NH4+), using Tukey's method with one-way ANOVA. 

2.3.2 Apparent Km value of CH4 oxidation 

The CH4:air mixing ratios adjusted to 10:90 and 20:80 (v/v) showed no significant 

difference in SC2 growth response when supplemented with 10 mM, 30 mM and 50 mM 
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NH4
+. No increase in cell density (OD600) was observed in SC2 cultures supplemented 

with 50 mM NH4
+ after adjusting the CH4:air mixing ratio to below 10:90 (v/v) (Fig. 

S2.1). 

The SC2 growth parameters determined for the different CH4:air mixing ratios and 

increasing NH4
+ concentrations revealed that relative to the control (20:80 [v/v]), ratio 

values of 5:95 and 2.5:97.5 (v/v) reduced cell dry weight (CDW) production, growth rate, 

CH4 consumption, and CH4 consumption rate. This was significant (p < 0.001) across all 

physiological growth parameters for SC2 cultures supplemented with 50 mM NH4
+ 

(Table S1). The increase in NH4
+ concentration greatly altered the apparent Km values 

(Km(app)) for CH4 oxidation, being 0.17 ɛM, 1.20 ɛM, and 1.40 ɛM under growth 

conditions with 10 mM, 30 mM and 50 mM NH4
+, respectively (Table S2). This 

corresponds well to the decrease in the ratio of CH4 to NH3 dissolved in the liquid growth 

medium (Table S2). The Km(app) value for 75 mM NH4
+ could not be calculated because 

growth of strain SC2 was completely inhibited when incubated under a headspace of 2.5% 

and 5% CH4. 

Table 2.2  Effect of increasing NH4
+ load on the apparent Km and Vmax values of CH4 oxidation 

Incubation parameters 

Km(app)
 ÿ 

(ɛM) 

Vmax(app) 

mol.cell-1.h-1À CH4 

(vol/vol, %) 

NH4
+ 

(mM) 

2.5ï20 10 0.17 2.96E-15 

2.5ï20 30 1.20** 2.32E-15 

2.5ï20 50 1.40** 2.07E-15 

Note: ÿ To test the inhibitory effect of increasing NH4
+ concentration on CH4 oxidation, SC2 cells were 

grown at 2.5%, 5%, 10%, 15%, and 20% CH4. Exposed to 75 mM NH4+, growth of strain SC2 was 

completely inhibited when incubated with a headspace of 2.5% and 5% CH4. Therefore, the Km(app) value 

for the treatment with 75 mM NH4+ could not be experimentally determined. Given the steady decline in 

the CH4 consumption rates (Table 2.1), it is however reasonable to conclude that at 75 mM NH4
+, the Km(app) 
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value for CH4 oxidation was higher than for the incubation treatments with 30 mM and 50 mM NH4

+. 

Multiplication with the Oswald constant (0.03395 at 25 ) gave the Km(app) value for the methane 

concentration in water. Km(app)  values are shown in ɛM. The calculation of Km(app) and Vmax(app) is based on 

triplicate cultures. ÀThe exponential decrease in CH4 over incubation time was used to estimate Vmax(app) of 

SC2 cultures. Asterisks (**) indicate significant difference (p-value Ò 0.01) relative to 10 mM NH4+ 

condition. 

2.3.3 Whole-cell proteome 

Global proteomics led to the detection of 2206 proteins, of which 438 proteins were 

identified to be differentially regulated proteins (DRPs) in at least one of the NH4
+ 

treatments (Data Set S1). The 438 DRPs cover 10.8% of the total SC2 proteome (4040 

proteins) deposited with UniProt database (https://www.uniprot.org/taxonomy/187303). 

Neither the PmoCAB1 subunits of low-affnity pMMO1 nor the PmoB2 subunit of the 

high-affinity pMMO2 showed a differential regulation. The PmoC2 and PmoA2 subunits 

of pMMO2 were not detectable at any of the NH4
+ treatments (Table 2.3). Hierarchical 

cluster analysis and Pearson correlation coefficient values showed highly reproducible 

DRP profiles for all five NH4
+ conditions (Fig. 2.3A; Fig. S2.2). The heatmap of sample-

to-sample distances showed high similarities between the DRP profiles of the 1 mM and 

10 mM NH4
+ treatments, but in particular between those of the 50 mM and 75 mM NH4

+ 

treatments. More specifically, the DRPs grouped into three distinct clusters comprising a 

total of 141, 65, and 232 proteins, respectively. The 232 proteins of DRP cluster III were 

significantly upregulated only under 50 mM and 75 mM NH4
+ conditions (Fig. 2. 3A, 

Fig. S2.3, and Data Set S1). High DRP profile similarities between the 1mM/10mM and 

50mM/75mM NH4
+ comparisons were further evidenced by the results of Principal 

Component Analysis (PCA) (Fig. S2.4). 

https://www.uniprot.org/taxonomy/187303
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Fig. 2.3  Comparative analysis of the global label-free quantification (LFQ) proteomes. A. Heatmap 

showing the DRP pattern of each replicate culture in response to increasing NH4
+ concentrations (1 mM, 

10 mM, 30 mM, 50 mM, and 75 mM NH4+). Using Euclidean distances, the heatmap was built based on 

the LFQ intensities of 438 DRPs. Color scale indicates Z-score normalized LFQ intensity values. B. Venn 

diagram showing the overlap of up- and down-regulated DRPs among the five different NH4
+ treatments. 

Further details can be found in Table S3. 

A certain number of DRPs were co-regulated regardless of the initial NH4
+ 

concentration. A total of 18 DRPs (10 mM NH4
+), 57 DRPs (30 mM NH4

+), and 95 DRPs 

(50 mM NH4
+) were co-upregulated under 75 mM NH4

+ condition (Fig. 2. 3B, Data Set 

S1). A similar pattern was observed for the downregulated DRPs, with 5 DRPs (10 mM 

NH4
+), 24 DRPs (30 mM NH4

+), and 39 DRPs (50 mM NH4
+) being co-downregulated 

under 75 mM NH4
+ condition (Fig. 2.3B, Data Set 1). A total of 86 and 54 DRPs were 

found to be significantly up- and down-regulated only under 75 mM NH4
+ condition, 

respectively. This corresponds to more than 30 % (140/438) of total identified DRPs (Fig. 

2.3B, Data Set S1). The number of DRPs showed a significant and positive relationship 

with the increase in NH4
+ load, for both up- and down-regulated proteins (r2 values of 

0.99) (Fig. S2.5, and Data Set S2 at https://doi.org/10.6084/m9.figshare.20556600.v1). 

https://doi.org/10.6084/m9.figshare.20556600.v1
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2.3.4 Functional categorization of differentially regulated proteins 

Among the 438 DRPs, functional information was available for 312 DRPs by their 

UniProt identifiers (Data Set S1). The remaining 126 DRPs were uncharacterized proteins 

based on UniProt. A survey of the 312 functionally predicted DRPs against the Kyoto 

Encyclopedia of Genes and Genomes (KEGG) database allowed us to annotate a total of 

95 DRPs (Fig. S2.6 and Data Set S3 at https://doi.org/10.6084/m9.figshare.20556633.v1). 

A protein-protein interaction (PPI) network analysis revealed 121 proteins to be highly 

interactive (Fig. 2.4). These were partitioned into 10 functional modules including 

methane metabolism, nitrogen metabolism, stress response proteins, potassium transport, 

biosynthesis of amino acids, glutathione metabolism, transporters, porphyrin 

(cytochrome) metabolism, and DNA replication (Fig. 2.4). A selection of 43 DPRs is 

shown in Table 2.3, while information on the complete set of 121 proteins can be found 

in Data Set S4 at https://doi.org/10.6084/m9.figshare.20556651.v1. In addition to 

proteins related to glutathione metabolism and DNA replication, those involved in 

nitrogen metabolism were particularly enriched at high NH4
+ concentrations (50 mM 

NH4
+, q-value < 0.05; and 75 mM NH4

+, p-value < 0.05) (Fig. S2.7). Nitrogen metabolism 

included proteins involved in NH4
+ transport and assimilation, and in hydroxylamine 

detoxification (Table 2.3). 

 

 

https://doi.org/10.6084/m9.figshare.20556633.v1
https://doi.org/10.6084/m9.figshare.20556651.v1
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Fig. 2.4  Protein-protein interaction (Ludwig et al.) network of 121 DRPs that are connected by a total of 

431 edges. The proteins were partitioned into 10 highly connected functional modules, which are 

highlighted by different color using the modularity class methods in Gephi. The functional categorization 

of the modules is based on KEGG level 3, except for general stress response and potassium transport. The 

size of nodes and edges is proportional to the number of connections (its degree). The protein identity of 

each node is indicated by the UniProt ID. The network edges indicate both functional and physical protein 

associations based on active interaction sources including Textming, Experiments, Databases, Co-

expression, Neighborhood, Gene Fusion, and Co-occurrence. See Table S6 for details on the 121 DRPs 

used to construct the PPI network. 

2.3.5 Amino acid profiling  

Of the 16 amino acids detected, 15 amino acids showed a significant change in their 

intracellular concentrations across the five NH4
+ treatments (see Data Set S5 at 

https://doi.org/10.6084/m9.figshare.20750203.v2). In particular, the intracellular 

concentration of glutamate significantly increased to 2438.69 ɛmol/g CDW under 50 mM 

NH4
+ condition, but slightly decreased to 2020.59 ɛmol/g CDW under 75 mM NH4

+ 

condition (Fig. 2.5, see also Data Set S5 at 

https://doi.org/10.6084/m9.figshare.20750203.v2). Glutamine also showed greatest 

intracellular accumulation at 50 mM NH4
+, with 235.69 ɛmol/g CDW. Contrary to 

glutamate and glutamine, the intracellular concentration of proline significantly decreased 

from 1 mM to 50 mM NH4
+, but showed a sharp and highly significant increase to 84.12 

ɛmol/g CDW at 75 mM NH4
+ (p-valueÒ0.001; Fig. 2.5, see also Data Set S5 at 

https://doi.org/10.6084/m9.figshare.20750203.v2). Concurrently, the intracellular 

concentration of ornithine was significantly increased and greatest (167.20 ɛmol/g CDW) 

at 75 mM NH4
+ (p Ò 0.001) (Fig. 2.5, see also Data Set S5 at 

https://doi.org/10.6084/m9.figshare.20750203.v2). Arginine and lysine were also most 

enriched at 75 mM NH4
+, with 1189.02 and 2004.68 ɛmol/g CDW respectively. 

https://doi.org/10.6084/m9.figshare.20750203.v2
https://doi.org/10.6084/m9.figshare.20750203.v2
https://doi.org/10.6084/m9.figshare.20750203.v2
https://doi.org/10.6084/m9.figshare.20750203.v2
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Fig. 2.5  Amino acids that show statistically significant change in their intracellular concentrations in 

response to increasing NH4
+ levels. The association between particular pathway information (upper panel) 

and results of amino acid profiling (lower panel) is indicated by arrow and the same background color. 

Error bars indicate standard deviations of replicate cultures (n = 4). The lower panel asterisks (*) indicate 

significant difference (p-value Ò 0.05) relative to the control treatment (1 mM NH4
+). The upper panel 

asterisks (*) indicate significant difference between the stepwise increase in NH4
+ load. Significant 

difference is calculated using one-way ANOVA Holm-Sidak method: *p-value Ò 0.05; **p-value Ò 0.01; 

*** p-value Ò 0.001. 

2.3.6 NO2
- and N2O production 

Nitrite (NO2
-) and nitrous oxide (N2O) were detectable across all five NH4

+ conditions 

(Fig. 2.6, Fig. S2.8). The production of NO2
- significantly increased from 1mM NH4

+ to 

50 mM NH4
+, but did not further increase at 75 mM NH4

+. The maximum concentrations 

of NO2
- that accumulated in the growth media during the incubation experiments were 

4.44 ɛmol/L (1 mM NH4
+), 16.99 ɛmol/L (10 mM NH4

+), 23.19 ɛmol/L (30 mM NH4
+), 

59.95 ɛmol/L (50 mM NH4
+), and 54.32 ɛmol/L (75 mM NH4

+) (Fig. 2.6, Fig. S2.8, and 

Table S3 at https://doi.org/10.6084/m9.figshare.20559417.v1). The production of N2O 

significantly increased from 1mM NH4
+ to 75 mM NH4

+. The maximum headspace 

concentrations of N2O that accumulated during the incubation experiments were 0.65 

ɛmol/L (10 mM NH4
+), 1.85 ɛmol/L (30 mM NH4

+), 4.93 ɛmol/L (50 mM NH4
+), and 

5.84 ɛmol/L (75 mM NH4
+) (Fig. 2.6, Fig. S2.8, and Table S4 at 

https://doi.org/10.6084/m9.figshare.20589000.v1). 

https://doi.org/10.6084/m9.figshare.20559417.v1
https://doi.org/10.6084/m9.figshare.20589000.v1
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At high (50 mM, 75 mM) NH4
+ levels, NO2

- production rate was highly correlated 

with greatest SC2 growth activity. Compared to NO2
- production, the accumulation of 

N2O was time-shifted. Strong N2O accumulation occurred only after NO2
- had nearly 

reached its peak concentration (Fig. 2.6, Fig. S2.8). 

 

 

Fig.2.6  NO2
- and N2O production by Methylocystis sp. strain SC2 during exposure to 30 mM, 50 

mM, and 75 mM NH4+. The stained areas indicate the standard deviations of triplicate cultures. 

The amounts of NO2
- and N2O produced during growth with 1 mM and 10 mM NH4

+ were 

negligible (see Fig. S8 at https://doi.org/10.6084/m9.figshare.20750236.v3, Table S3 at 

https://doi.org/10.6084/m9.figshare.20559417.v1, and Table S4 

at https://doi.org/10.6084/m9.figshare.20589000.v1). While we measured the accumulation of 

https://doi.org/10.6084/m9.figshare.20750236.v3
https://doi.org/10.6084/m9.figshare.20589000.v1
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N2O in the gaseous headspace, it needs to be noted that N2O is soluble in water in a ratio of 

1:0.567 at 25 °C (Johnstone, 2007).
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2.4 Discussion 

In this study, we combined growth experiments with global proteomics, amino-acid 

profiling, and NOx measurements to thoroughly assess the response of Methylocystis sp. 

strain SC2 to increasing NH4
+ concentrations. The ionic medium strength to which strain 

SC2 is able to acclimatize differs between NH4Cl and NaCl as stressor. It is lower for 

NH4Cl (between 114 and 139 mM; this study) than for NaCl (between 153 and 197 

mM;(Han et al., 2017)). This may be due to the dual effect of increasing NH4
+ load, with 

one being a general stress phenomenon and another being the specific inhibition effect of 

ammonia on methanotrophic activity. Firstly, NH4Cl acted as an ionic and osmotic 

stressor, thereby leading to a tremendously increased lag phase duration with increasing 

NH4
+ load. Lag phase represents the earliest stage of the bacterial growth cycle and is 

defined by the adjustment of metabolic fluxes and enzyme composition to given 

environmental conditions (Valdez-Cruz et al., 2011; Zhang et al., 2018). The need for 

cellular adjustment processes directly depends on the level of environmental stress 

exposure. This view is congruous with our finding that the total number of differentially 

regulated proteins showed a highly positive and significant correlation with both lag 

phase duration and NH4
+ load. Secondly, CH4 consumption rate and, in consequence, 

growth rate significantly decreased with increasing NH4
+ load due to the competitive 

inhibition of pMMO and the increasing need for detoxifying hydroxylamine, the product 

of pMMO-catalyzed oxidation of NH3. Notably, all three subunits of low-affinity 

pMMO1 were differentially regulated neither in response to increasing NH4
+ load nor to 

high NaCl stress, regardless of whether the study was done on transcriptome (Dam et al., 

2014; Han et al., 2017) or proteome level (this study and (Hakobyan et al., 2018)). In the 

following, we firstly discuss the general stress response to increasing ionic and osmotic 

stress. At second we discuss the methanotroph-specific response to hydroxylamine stress. 

2.4.1 General stress response to increasing ionic and osmotic stress 

The cellular adjustment processes in response to increasing ionic and osmotic stress are 

defined by proteomic rearrangements that are widely conserved among bacteria (Lucht 

and Bremer, 1994; Kohlstedt et al., 2014; Bremer and Krämer, 2019). These involve the 

upregulation of stress-responsive proteins, K+ ñsalt inò strategy, uptake and/or synthesis 

of compatible solutes, and induction of the glutathione metabolism pathway. The stress-
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responsive proteins upregulated in response to high NH4

+ load were the DNA-binding 

protein (Dps), the general stress response protein (CsbD), and heat-shock proteins. Dps 

has a significant role in protecting the chromosome from oxidative damage, but also from 

UV radiation, iron toxicity, heat, and pH stress (Nair and Finkel, 2004). The protective 

stress-responsive function of CsbD family proteins is not yet known (Lin et al., 2019). 

While the expression of various heat-shock proteins (e.g., Hsp10, [GroES], Hsp60 

[GroEL], Hsp70 [DnaK], Hsp100 [ClpB]) at high constitutive level was not affected by 

NH4
+, Hsp20 proteins were significantly enriched in response to high NH4

+ load. The 

Hsp20 machinery prevents aggregation and misfolding of client proteins and is known to 

be expressed upon exposure to a stressor (Liberek et al., 2008; Bepperling et al., 2012; 

Yer et al., 2018). 

In principle, two cellular strategies have evolved to cope with elevated osmolarity. 

The ñsalt inò strategy leads to a rapid increase in the intracellular K+ pool followed by a 

concomitant increase in the cytoplasmic concentration of compounds that are compatible 

with cell physiology at high internal concentrations. Uptake and/or synthesis of these 

compatible solutes or osmoprotectants is defined as secondary response (Bremer and 

Kramer, 2019). Indeed, we observed a significant increase in the high-affinity (Kdp) K+ 

transport system under high (75 mM) NH4
+ load (Table 2.3). Concomitantly, global 

proteomics coupled with amino acids profiling revealed an intracellular glutamate pool 

that was significantly increased at high (50 mM and 75 mM) NH4
+ levels (Fig. 2.5, Table 

2.3). High glutamate concentrations are known to be required in a balanced 

osmoregulation to maintain a steady-state K+ pool (Lucht and Bremer, 1994; Yan et al., 

1996). 

At 75 mM NH4
+ load, glutamate was replaced in part by proline to act as a 

compatible solute, again evidenced by global proteomics coupled to amino acids 

profiling. Acetylornithine aminotransferase, whose expression was significantly 

increased at high NH4
+ load, converts ornithine to ȹ1 pyrroline 5 carboxylate followed 

by the reduction to proline; with glutamate being the precursor for ornithine synthesis 

(Fichman et al., 2015). Previous studies have shown that the cellular osmoadaptation 

gradually switches from potassium-glutamate as the dominant strategy at intermediate 

salinities to proline at higher salinities; with a 4- to 5-fold increase in intracellular proline 

content (Sleator and Hill, 2002; Saum and Müller, 2007; Bremer and Krämer, 2019). This 

is in the same range as we observed for the increase in intracellular proline content during 

the exposure of strain SC2 to high (75 mM) NH4
+ load. Thus, the intracellular 
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accumulation of ornithine and proline under the maximum tolerable stress condition (75 

mM NH4
+) follows a widely distributed response pattern that is also known to occur in E. 

coli and Bacillus subtilis (Kempf and Bremer, 1998; Hoffmann et al., 2012; Kohlstedt et 

al., 2014). 

The stress-triggered induction of the glutathione metabolism pathway involved a 

significant upregulation of both glutathione peroxidase (GPX) and glutathione S-

transferase (GST) under high NH4
+ load. These enzymes have been shown to be 

expressed when cells are exposed to oxidative stress and hyperosmotic shock conditions. 

In particular, their activity is involved in detoxifying reactive oxygen (ROS) and nitrogen 

(Ernst et al.) species such as, for example, metal bound NOÅ. The latter results in the 

formation of nitrosothiols (RSNO) and nitrosamines (RN2O), which are regarded as 

nonradical RNS (Gupta et al., 2016). Notably, the expression of two GST isoforms 

(UniProt IDs J7QHL1 and J7Q532, Table 2.3) were specifically and significantly 

upregulated in response to increasing NH4
+ load. Their increase in expression level may 

be induced by the increased production of both hydroxylamine (Spooren and Evelo, 1998) 

and RNS such as nitrite (Stein and Klotz, 2011a; Tharmalingam et al., 2017). 

Intriguingly, we also observed a differential regulation of various plasmid-encoded 

proteins, with most of them being upregulated (21 [pBSC2-1] and 18 [pBSC2-2]) (see 

Data Set S6 at https://doi.org/10.6084/m9.figshare.20750215.v2). On pBSC2-1, single-

stranded DNA-binding protein (SSB), three-component CzcCBA complex, and subunits 

of the F0F1 ATPase complex were among the proteins significantly upregulated under 

high NH4
+ load. SBB was the most greatly enriched (3.95-fold) plasmid-encoded protein 

during exposure of strain SC2 to 75 mM NH4
+ (see Data Set S6 at 

https://doi.org/10.6084/m9.figshare.20750215.v2). It plays a major role in DNA 

replication, recombination and repair. On pBSC2-2, multicopper oxidases and the type 

IV secretion system (T4SS) were among the proteins most significantly upregulated 

under high NH4
+ load, with the latter having functions in conjugation, DNA exchange 

with the extracellular space, and delivery of proteins to target cells (Wallden et al., 2010). 

Significant enrichment of the pBSC2-2-encoded T4SS may be linked to the differential 

regulation of a PmoC subunit uniquely encoded by pBSC2-2. Moderately expressed 

under standard (1 and 10 mM) NH4
+ growth conditions, this PmoC subunit showed the 

greatest downregulation (-4.8-fold) among all differentially regulated proteins in response 

to high NH4
+ load (Table 2.3), thereby providing further evidence for a particular cross 

https://doi.org/10.6084/m9.figshare.20750215.v2
https://doi.org/10.6084/m9.figshare.20750215.v2
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talk between the SC2 chromosome and the two plasmids. Another major functional aspect 

is the location of various nitrogen-cycling genes on pBSC2-2 (discussed below). 

More detailed information on the differential regulation of plasmid-encoded 

proteins in response to high NH4
+ load, but also on stress-responsive proteins, K+ ñsalt-

inò strategy, NH4
+ assimilation and glutamate/glutamine metabolism, and glutathione 

metabolism, can be found Text S2. 

2.4.2 Methanotroph-specific response to hydroxylamine stress 

The apparent Km value for CH4 oxidation significantly increased with increasing NH4
+ 

load (Table 2.2), which is due to the increasing inhibition of pMMO-based CH4 oxidation 

by NH3. This inhibition effect was evident for 30 mM and 50 mM NH4
+ but most obvious 

for the CH4 consumption rate at 75 mM NH4
+ (Fig. 2.2, Table 2.2). Unfortunately, the 

Km(app) value could not be experimentally determined for the SC2 exposure to 75 mM 

NH4
+ due to methodological constraints (Table 2.2). In addition, one may speculate that 

the increase in ionic and osmotic stress not only led to a prolonged duration of proteome 

adjustment, but also had adverse effects on the CH4 oxidation activity of strain SC2. 

Hydroxylamine is a highly toxic compound that has been shown to severely inhibit 

both the calcium- and lanthanide-dependent methanol dehydrogenases (MDHs) (Duine 

and Frank, 1980; Versantvoort et al., 2020). This necessitates a rapid turnover of 

hydroxylamine in methanotrophic bacteria, which is most likely ensured by the activity 

of methanotrophic hydroxylamine oxidoreductase (mHAO). In strain SC2, both mHAO 

subunits (mHaoAB) showed a strong significant upregulation concomitantly to the 

increase in NH4
+ load (Table 2.3). This finding corroborates the conclusions lately drawn 

for the functional role of mHAO in the verrucomicrobial methanotroph 

Methyloacidiphilum fumariolicum and other aerobic methanotrophs, namely that mHAO 

plays a crucial role in preventing the inhibition of MDH (Versantvoort et al., 2020). All 

subunits of the calcium-dependent Mxa-MDH (MxaFJGIRSACKLDH) were detectable 

in the SC2 proteome, with seven Mxa-MDH subunits (MxaFJCKLDH) being the only 

CH4 oxidation pathway proteins significantly enriched at high (75 mM NH4
+) load. The 

Mxa-MDH-associated cytochrome cL (MxaG) was highly expressed constitutively. It is 

reasonable to assume that the significant enrichment of these seven Mxa-MDH subunits 

(including MxaF) is a proteomic response to compensate for the inhibitory effect of 
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hydroxylamine. By contrast the expression response of Xox-MDH varied, with XoxF 

being significantly downregulated at 30 and 50 mM NH4
+ load (Table 2.3). 

We observed a significant correspondence between the increase in NH4
+ load and 

the accumulation of NO2
- and, with delay, N2O (Fig. 2.6). This accumulation pattern has 

already been observed for a few proteobacterial methanotrophs in previous research, with 

the presumption that NO2
- is the final product of mHAO activity (Campbell et al., 2011; 

Kits et al., 2015; He et al., 2017; Mohammadi et al., 2017). However, recent purification 

of the mHAO from the verrucomicrobial methanotroph Methylacidiphilum fumariolicum 

provided biochemical evidence that rather than to NO2
-, this enzyme rapidly oxidizes 

hydroxylamine to NO. Conserved structural elements among all known mHAOs led to 

the further conclusion that this reaction mechanism occurs in all aerobic methanotrophs 

(Versantvoort et al., 2020). Given that NO is an obligate free intermediate, one has to 

postulate either an yet unknown NO-oxidizing enzyme that converts NO to NO2
- or the 

spontanenous reaction with O2 to form NO2
- (Gupta et al., 2016; Moller et al., 2019; 

Versantvoort et al., 2020). Significant production of N2O only occurred after the oxygen 

concentration had dropped to low or unmeasurable levels (Fig. 2.6). This is in good 

agreement with previous reports that detoxification of hydroxylamine is directed towards 

increased production of N2O at hypoxic conditions (Hoefman et al., 2014; Kits et al., 

2015). Notably, the production of N2O from NO in strain SC2 does not involve the prior 

reduction of NO2
- to NO, because neither nirK nor nirS is encoded by its genome. This 

supports the authorsô (Versantvoort et al., 2020) conclusion that NO is the end product of 

mHAO activity. 

Candidate enzymes for the reduction of NO to N2O are a putative NO reductase 

(NorB) and hybrid cluster proteins (Hcps). NorB is encoded on pBSC2-2 but was not 

detectable in the SC2 proteome. Previous transcriptome research had however shown that 

relative to 10 mM NH4
+, the transcript expression of the plasmid-borne norB had 

significantly increased after 10-hour exposure of SC2 cells to 30 mM NH4
+ (Dam et al., 

2014). The inability to detect NorB in the SC2 proteome may be due to a large number 

of transmembrane domains, which makes it difficult to efficiently solubilize and digest 

NorB during the extraction of cellular proteins (Simon and Klotz, 2013). The 

chromosome-endoced Hcp (UniProt ID J7Q787) is one of the most highly expressed 

proteins in strain SC2 and significantly upregulated in response to increasing NH4
+ levels 

(Table 2.3). Over the last decades, four different activities have been reported for Hcps 
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(Hagen, 2022). Among these is the activity as hydroxylamine reductase, which would 

lead to the production of NH4
+/NH3 and thereby directly contribute to the detoxification 

of hydroxylamine. Being historically the first activity proposed (Hagen, 2022), more 

recent research however suggests that the activity as hydroxylamine reductase has little 

or no physiological relevance. More likely is the conversion of NO to N2O (NO reductase 

activity), which has been established as physiologically relevant (Hagen, 2022). 

Notably, the pBSC2-2-encoded nitrous oxide reductase (NosZ) is constitutively 

expressed at high level (see Data Set S6 at 

https://doi.org/10.6084/m9.figshare.20750215.v2), thereby suggesting that N2O may be 

further reduced to N2. The nos operon is located on a 20-kb region of pBSC2-2, which 

also contains the genes encoding NorB and two Hcp proteins (Fig. S2.9). This proximity 

of nitrogen-cycling genes (norB, nosZ), but also involving those encoding Hcps, further 

substantiates the functional relevance of pBSC2-2 for strain SC2. One of the two Hcps 

(UniProt ID I4EBE8) was also significantly enriched in response to increasing NH4
+ load, 

but its overall expression level was 1000-fold lower than that of the chromosome-encoded 

Hcp protein (Table 2.3).

https://doi.org/10.6084/m9.figshare.20750215.v2
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2.5 Concluding remarks 

In this study, we comprehensively assessed the cellular ability of Methylocystis to 

acclimatize to high NH4
+ load. Our results provide detailed insights into how 

Methylocystis spp. adjust their cells to cope with the dual effect of NH4
+, namely ionic 

and osmotic stress and competitive interaction between CH4 and NH3  (Fig. 2.7). Indeed, 

our results show that Methylocystis has the capacity to precisely acclimatize to changes 

in NH4
+ concentration by exact physiological rebalancing enzymes and osmolyte 

composition, thereby enabling maintenance of a suitable cellular homeostasis for growth. 

The maximum NH4
+ tolerance of Methylocystis sp. strain SC2 (75 mM NH4

+) was in the 

same range as previously shown for Methylosinus sporium (71 mM NH4
+) (He et al., 

2017). The need to simultaneously combat both ionic-osmotic stress and the toxic effects 

of  hydroxylamine and nitrite is presumably the limiting factor for the cellular 

acclimatization of Methylocystis spp. to higher NH4
+ concentrations (Fig. 2.7).  

Fig. 2.7  Scheme of the metabolic pathways and processes proposed to be involved in the acclimatization 

of Methylocystis sp. strain SC2 to high NH4+ load. Proteins (enzymatic steps) and pathways that were 

significantly up- and down-regulated are marked with red and green arrows respectively. Black arrows 

indicate proteins (enzymatic steps) detectable in the proteome across all five NH4
+ treatments, but not 
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differentially regulated. The response of strain SC2 to high (50 mM and 75 mM) NH4

+ load involved K+ 

influx (ñsalt-inò strategy) coupled to glutamate accumulation, in addition to increased production of various 

stress-responsive proteins. The intracellular accumulation of glutamate was achieved by high expression 

level of glutamine synthetase and glutamate synthetase (GS-GOGAT) and significantly induced activity of 

glutamate dehydrogenase (GDH), which furtherly fueled the biosynthesis of proline and other amino acids. 

Concomitantly, synthesis of the ammonium transporter (Amt) and nitrogen regulatory protein P-II was 

significantly downregulated. After initiation of growth, competitive interaction between CH4 and NH3 led 

to a significant increase in both Km(app) value for CH4 oxidation and production of toxic hydroxylamine. Its 

detoxification involved the production and accumulation of nitrite (NO2
-) and nitrous oxide (N2O) under 

high NH4
+ load, with NO as a putative intermediate (Versantvoort et al., 2020). In addition, intermediates 

of reactive nitrogen species (Ernst et al.) may have triggered antioxidant response involving the conversion 

of glutathione (GSH) into glutathione disulfide (GSSG) via the activity of glutathione peroxidase (GPX) 

and glutathione S-transferase (GST). 

2.6 Materials and methods  

Strain. The genome of Methylocystis sp. strain SC2 was found to comprise a 3.77 Mb 

chromosome and two large plasmids (Dam et al., 2012a; Dam et al., 2012b). Their 

nucleotide sequences are publicly available in EMBL, GenBank, and DDBJ databases 

under the accession numbers HE956757 (chromosome), FO000001, and FO000002 

(plasmids). Genomic analysis revealed the presence of a complete denitrification pathway 

in strain SC2 (Dam et al., 2013). Strain SC2 has the ability to produce low- and high-

affinity pMMO isozymes and can thus oxidize CH4 across a wide concentration range 

(Ricke et al., 2004; Baani and Liesack, 2008). The low-affinity pMMO1 is encoded by 

two pmoCAB1 gene clusters, while the high-affinity pMMO2 is encoded by a single 

pmoCAB2 gene cluster (Dam et al., 2012c). In addition, the genome of strain SC2 encodes 

two chromosome-encoded monocistronic pmoC genes (pmoC1Gs, pmoC2Gs) and a single 

plasmid-borne pmoC gene (pmoCPs) (Dam et al., 2012b). 

Experimental procedures. Strain SC2 cells were firstly inoculated into 40 ml 

nitrate-containing mineral salts medium (NMS) in 120-ml serum bottles and grown to an 

optical density 
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at 600 nm (OD600) of 0.25 ± 0.05 (Fig. 2.1). The composition of NMS growth medium 

was the same as previously reported (Heyer et al., 2002), containing 1 gram of KNO3 per 

liter as the nitrogen source. Strain SC2 was pre-cultured in NMS medium at least twice 

and then used to investigate the effect of increasing ammonium concentrations in mineral 

salts (AMS) medium on its cell density, CH4 consumption, and CO2 production. A 1-ml 

aliquot of NMS pre-cultured SC2 cells was inoculated into 120-ml serum bottles 

containing 40 ml AMS medium. The initial OD600 was 0.01 ± 0.003. The composition of 

AMS was the same as NMS, with the exception that 1 gram of KNO3 (10 mM) was 

replaced by increasing amounts of NH4Cl. This resulted in treatment concentrations of 1, 

10, 30, 50, 75, and 100 mM NH4Cl in the medium (Fig. 2.1), corresponding to a total 

ionic strength ranging from 40 mM (1 mM NH4Cl) to 139 mM (100 mM NH4Cl) (Table 

S2). The headspace of the batch cultures was filled with 0.20-ɛm filter-sterilized CH4 and 

air in a 20:80 (v/v) ratio. The serum bottles were sealed with rubber stoppers and 

incubated on a rotary shaker at 130 rpm and 25 . Both OD600 and changes in the 

headspace concentrations of CH4 and CO2 were regularly monitored during the whole 

incubation period (Fig. 2.1).  

Physiological parameters. The OD600 was determined using an Eppendorf 

Biophotometer UV/Vis spectrophotometer (Eppendorf, Germany). Cell dry weight 

(CDW) was calculated based on the following relationship: biomass (g CDW) = OD600 × 

0.261 × volume (Hakobyan et al., 2020). Biomass yield is shown as mg CDW / mmol 

CH4. Methane consumption and CO2 production were analyzed by gas chromatography 

(SRI Instruments, Earl St. Torrance, CA). Methane consumption rate is indicated as mmol 

CH4 consumed / g CDW / day. All rate calculations are based on parameter values 

measured during exponential growth. The production of N2O was monitored using a N2O 

microsensor with piercing-needle. The microsensor was connected to the Microsensor 

Multimeter (Unisens A/S, Denmark). The O2 concentration in the headspace was 

monitored with a Fibox 4 trace meter using SP-PSt3 sensor spots. This yielded an oxygen 

detection limit as low as 0.002 vol % (PreSens; https://www.presens.de/). The production 

of NO2
- was determined using the Griess Reagent System following the manufacturer`s 

instruction (Promega Corporation, Madison, WI). 

Methane oxidation kinetics [Km(app) and Vmax(app)] calculations. To test for the 

inhibitory effect of NH4
+/NH3 on CH4 oxidation, SC2 cells were grown at the following 

CH4:air mixing ratios: 20:80, 15:85, 10:90, 5:95, and 2.5:97.5 (v/v). Each CH4:air mixing 

https://www.presens.de/
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ratio was tested in triplicate incubation under three different ammonium concentrations 

(10 mM, 30 mM, and 50 mM NH4
+). Cell density (OD600) and CH4 concentration in the 

headspace were regularly measured over the whole incubation period. Cell density were 

converted into cell numbers as described previously (Baani and Liesack, 2008). An OD600 

value of 1 corresponds to about 1.5 × 108 cells ml-1 in the exponential growth phase. The 

exponential decrease of CH4 over incubation time was used to estimate Km(app) and 

Vmax(app) of SC2 cultures using nonlinear regression to the MichaelisïMenten equation. 

Multiplication by the Oswald constant (0.03395 at 25 °C) gave the Km(app) as the methane 

concentration in water (Baani and Liesack, 2008; Brindha and Vasudevan, 2018). 

Sample preparation for proteomics. Samples for proteomics were collected from 

the same cultures. Strain SC2 was inoculated into 300 ml mineral salts medium (initial 

OD600 of 0.01 ± 0.003) supplemented with 1, 10, 30, 50, or 75 mM NH4
+ (Fig. 2.1). Cells 

were grown to the mid-exponential phase (OD600 = 0.25 ± 0.02) and then collected by 

centrifugation at 7000 × g and 4  for 20 min. The cells were thoroughly washed twice 

with 1 × phosphate buffer (5.4 g Na2HPO4 × 7 H2O and 2.6 g KH2PO4 per liter distilled 

H2O) to remove medium traces. The washed cell pellets were transferred to 2 ml sterile 

safe-lock microcentrifuge tubes (Eppendorf) and stored at -80  for subsequent protein 

extraction. Each NH4
+ concentration involved the analysis of triplicate cultures.  

Protein extraction, LC-MS/MS analyses, peptide/protein identification, and 

LFQ quantification. The extraction of total SC2 proteins was done as described 

previously, using an efficient tandem LysC/trypsin digestion in detergent condition 

(Hakobyan et al., 2018). The LC-MS/MS analysis of protein digests was performed on a 

Q-Exactive Plus mass spectrometer connected to an electrospray ion source (Thermo 

Fisher Scientific). Peptide separation was carried out using the Ultimate 3000 nanoLC-

system (Thermo Fisher Scientific) equipped with an in-house packed C18 resin column 

(Magic C18 AQ 2.4 ɛm, Dr. Maisch). The peptides were first loaded onto a C18 

precolumn (preconcentration set-up) and then eluted in backflush mode using a gradient 

from 96% solvent A (0.15% formic acid) and 4% solvent B (99.85% acetonitrile, 0.15% 

formic acid) to 30% solvent B over 115 min. The flow rate was set to 300 nL/min. The 

data acquisition mode for the initial LFQ study was set to obtain one high-resolution MS 

scan at a resolution of 60,000 (m/z 200) with a scanning range from 375 to 1500 m/z 

followed by MS/MS scans of the 10 most intense ions. To increase the efficiency of 

MS/MS acquisition, the charged state screening modus was activated to exclude 

unassigned and singly charged ions. The dynamic exclusion duration was set to 30 s. The 
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ion accumulation time was set to 50 ms (both MS and MS/MS). The automatic gain 

control (AGC) was set to 3 × 106 for MS survey scans and 1 × 105 for MS/MS scans (for 

details see (Hakobyan et al., 2018)).  

Statistical and functional analysis of differentially regulated proteins. 

Discovery-LFQ was done using Progenesis QI software (Nonlinear Dynamics, version 

2.0) as described before (for details see (Hakobyan et al., 2018)). Next, the data obtained 

from Progenesis were evaluated using SafeQuant R package, version 2.2.2 (Glatter et al., 

2012). Hereby, a 1% identification and quantification false discovery rate (FDR) was 

calculated. Differentially regulated proteins (DRPs) with log2-fold change Ó 1 

(upregulated) or Ò -1 (downregulated), q-value Ò 0.01 were submitted to the Kyoto 

Encyclopedia of Genes and Genomes (KEGG) database for enrichment function analysis.  

Sampling and extraction of intracellular metabolites. SC2 cells were grown to 

mid-exponential phase in 120-ml serum bottles containing 40 mL mineral salt medium 

supplemented with 1 mM, 10 mM, 30 mM, 50 mM, amd 75 mM NH4
+ (Fig. 2.1). Aliquots 

(36 mL) of 60% methanol (v/v) in a 50-mL conical centrifuge tube were cooled down to 

ī80  for 48 h and then used as quenching solution. Twelve-mL culture aliquots (n=4) 

were pipetted into the quenching solution and the quenched cells were immediately 

pelleted in an Eppendorf 5430R centrifuge for 10 min at 10,000 × g and ī10 ÁC, using a 

fixed angel rotor. After centrifugation, the supernantant was removed, and the cell pellets 

were stored at ī80 ÁC until further extraction of the endometabolome. 

The endometabolome was extracted by suspending the frozen cell pellets in equal 

volumes of extraction fluid (ī20 ÁC) and chloroform (ī20 ÁC). The extraction volume 

was adapted to sample biomass, using 1 ml of extraction fluid and an equal volume of 

chloroform per 1 ml of sample of OD600 = 1. The extraction fluid consisted of 50% (v/v) 

methanol at LCMS grade and 50% (v/v) TE-buffer (10 mM TRIZMA, 1 mM EDTA). 

The resulting cell suspension was incubated in a ThermoMixer C shaker (Eppendorf) at 

4 °C for 2 h (1500 rpm), followed by a two-phase separation of the suspension in an 

Eppendorf 5430R centrifuge for 10 min at 12,000 × g and ī10 ÁC, using a fixed angel 

rotor. The upper phase was filtered through a 0.20-ɛm PTFE membrane filter 

(Phenomenex) into 2 ml sterile safelock microcentrifuge tubes (Eppendorf). The 

metabolite extracts were stored at ī80 °C until downstream analysis.  
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Measurement of amino acids. Quantitative determination of amino acids was 

performed using LC-MS/MS. The chromatographic separation was performed on an 

Agilent Infinity II 1260 HPLC system using a ZicHILIC SeQuant column (150 × 2.1 mm, 

3.5 ɛm particle size, 100  pore size) connected to a ZicHILIC guard column (20 Ĭ 2.1 

mm, 5 ɛm particle size) (Merck KgAA), with a constant flow rate of 0.3 ml/min with 

mobile phase A being 0.1 % formic acid in 99:1 water:acetonitrile (Honeywell, 

Morristown, New Jersey, USA) and phase B being 0.1 % formic acid in 99:1 

water:acetonitrile (Honeywell, Morristown, New Jersey, USA) at 25° C. 

The injection volume was 1 µl. The mobile phase profile consisted of the following 

steps and linear gradients: 0 ï 8 min from 80 to 60 % B; 8 ï 10 min from 60 to 10 % B; 

10 ï 12 min constant at 10 % B; 12 ï 12.1 min from 10 to 80 % B; 12.1 to 14 min constant 

at 80 % B. An Agilent 6470 mass spectrometer was used in positive mode with an 

electrospray ionization source and the following conditions: ESI spray voltage 4500 V, 

nozzle voltage 1500 V, sheath gas 400°C at 12 l/min, nebulizer pressure 30 psig, and 

drying gas 250 °C at 11 l/min. Compounds were identified based on their mass transition 

and retention time compared to standards. Chromatograms were integrated using 

MassHunter software (Agilent, Santa Clara, CA, USA). Absolute concentrations were 

calculated based on an external calibration curve prepared in sample matrix.  

Computational analysis. Hierarchical heatmap analysis was performed on Z-score 

normalized LFQ intensities of the total of 438 DRPs. Creation of both hierarchical 

heatmap and Venn diagram, but also conduct of the principal component analysis (PCA), 

were done using the free online platform for data analysis and visualization available at 

http://www.bioinformatics.com.cn/. The Volcano plots were created using VolcaNoseR 

(Goedhart and Luijsterburg, 2020). The STRING database was used to construct the 

protein-protein interaction (PPI) network based on the Uniprot IDs of total DRPs, thereby 

resulting in automated calculation of edges and nodes using the default value for the 

minimum interaction score (0.4). Gephi (version 0.9.2), an open-source software, was 

used for modularity calculation and visualization (Bastian et al., 2009). Nodes with no or 

less than four edges were omitted, thereby resulting in a PPI network of 121 nodes 

(proteins) that are connected by a total of 431 edges. The final presentation layout of the 

PPI network was created with Fruchterman Reingold, a method implemented in Gephi. 

http://www.bioinformatics.com.cn/
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Software used for preparation of figures and graphs. Figures and graphs were 

created with (i) Sigmaplot version 14.0; (ii) OriginPro 2020; (iii) GraphPad Prism 9.0.2 

(iv) commercial software TIBCO Spotfire; and (v) and Adobe Illustrator 2020.  

Raw Files and Associated Data Deposition.   

Various supplemental figures (S1 - S9), tables (S3, S4), and data sets (S2 ï S6) 

are available at 

https://figshare.com/projects/Methylocystis_sp_Strain_SC2_Acclimatizes_to_Increasin

g_NH4_Levels_by_a_Precise_Rebalancing_of_Enzymes_and_Osmolyte_Composition

_-_supplementary_files/147147. The mass spectrometry proteomics data have been 

deposited with the ProteomeXchange Consortium via the PRIDE (Vizcaino et al., 2016) 

partner repository with the dataset identifier PXD032347. 
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Table 2.3 Differentially regulated proteins involved in the proten-protein interaction (PPI) network1 

Function 

category 
Uniprot  Gene Protein Description 

Median Value log2ratio_Value2 qValue2 

1mM 10mM 30mM 50mM 75mM 10mM 30mM 50mM 75mM 10mM 30mM 50mM 75mM 

Methane metabolism 

Methane 

oxidation 

J7QM98 pmoC1 
Particulate methane 

monooxygenase (PmoC1) 
1.83E+08 2.04E+08 2.30E+08 2.62E+08 2.61E+08 0.163 0.334 0.519 0.515 0.072 0.001 0.001 0.001 

Q70EF3 pmoA1 
Particulate methane 

monooxygenase (PmoA1) 
3.10E+08 3.51E+08 3.85E+08 4.26E+08 4.44E+08 0.178 0.311 0.456 0.516 0.036 0.001 0.001 0.003 

Q70EF2 pmoB1 
Particulate methane 

monooxygenase (PmoB1) 
1.41E+10 1.63E+10 1.98E+10 2.09E+10 2.11E+10 0.206 0.488 0.566 0.583 0.012 0.000 0.000 0.005 

Q6MZ16 pmoB23 
Particulate methane 

monooxygenase (PmoB2)  
2.80E+06 2.71E+06 3.63E+06 2.76E+06 1.72E+06 -0.046 0.375 -0.024 -0.707 0.980 0.000 0.366 0.000 

J7QLZ6 pmoC2Gs 
Chromosome-encoded 

PmoC2Gs 
4.50E+05 8.10E+05 9.95E+05 1.67E+06 2.23E+06 0.848 1.145 1.894 2.309 0.036 0.005 0.001 0.000 

I4EB56Ờ pmoC3Ps Plasmid-borne PmoC3Ps 5.76E+07 5.60E+07 2.07E+07 2.07E+06 2.57E+06 -0.040 -1.477 -4.800 -4.487 0.601 0.000 0.000 0.000 

Methanol 

metabolism 

J7Q447 xoxF 

PQQ-dependent 

dehydrogenase, 

methanol/ethanol family 

1.97E+08 1.43E+08 7.08E+07 9.45E+07 1.48E+08 -0.463 -1.473 -1.057 -0.409 0.001 0.000 0.003 0.064 

J7QNA0 xoxG 
Putative cytochrome c 

protein 
1.01E+07 8.33E+06 6.54E+06 5.32E+06 4.12E+06 -0.276 -0.624 -0.923 -1.290 0.182 0.001 0.002 0.002 
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J7Q898 xoxJ 
Extracellular solute-

binding protein family 3 
9.69E+05 6.89E+05 4.60E+05 5.17E+05 8.72E+05 -0.492 -1.075 -0.907 -0.153 0.006 0.000 0.003 0.401 

J7QHX8 mxaF 
Methanol dehydrogenase 

MxaF 
5.64E+09 6.84E+09 9.08E+09 1.04E+10 1.14E+10 0.279 0.688 0.879 1.022 0.003 0.000 0.000 0.000 

J7Q9K7 mxaJ 
Extracellular solute-

binding protein family 3 
2.87E+08 4.54E+08 6.79E+08 6.45E+08 7.15E+08 0.662 1.242 1.170 1.318 0.000 0.000 0.001 0.000 

J7QR86 mxaG Cytochrome c class I 2.64E+08 2.81E+08 2.75E+08 2.33E+08 2.25E+08 0.089 0.056 -0.183 -0.235 0.053 0.264 0.009 0.104 

J7Q4V7 mxaI 
Methanol dehydrogenase 

[cytochrome c] subunit 2 
2.99E+08 3.54E+08 5.11E+08 5.75E+08 5.28E+08 0.246 0.774 0.945 0.820 0.087 0.001 0.000 0.001 

J7QUZ4 mxaR 

ATPase associated with 

various cellular activities 

AAA_3 

3.76E+07 3.95E+07 4.51E+07 5.05E+07 5.83E+07 0.071 0.263 0.427 0.632 0.328 0.025 0.001 0.000 

J7QHY1 mxaS Uncharacterized protein 8.32E+05 7.81E+05 9.26E+05 1.19E+06 1.41E+06 -0.092 0.155 0.522 0.766 0.279 0.199 0.001 0.000 

J7Q9K9 mxaA MxaA protein, putative 6.81E+06 7.70E+06 9.41E+06 1.09E+07 1.30E+07 0.177 0.465 0.681 0.936 0.022 0.000 0.000 0.000 

J7QR90 mxaC 
von Willebrand factor 

type A 
9.12E+05 1.09E+06 1.37E+06 1.55E+06 1.87E+06 0.261 0.586 0.764 1.034 0.003 0.000 0.000 0.000 

J7Q4V8 mxaK Uncharacterized protein 2.59E+06 2.91E+06 3.71E+06 4.60E+06 5.62E+06 0.167 0.519 0.829 1.117 0.799 0.019 0.003 0.000 

J7QUZ9 mxaL 
von Willebrand factor 

type A 
9.13E+05 1.04E+06 1.36E+06 1.59E+06 2.07E+06 0.186 0.574 0.803 1.183 0.016 0.000 0.000 0.000 

J7QHY3 mxaD 
MxaD protein/polyketide 

cyclase/dehydrase 
2.08E+08 2.44E+08 3.28E+08 4.14E+08 4.72E+08 0.235 0.660 0.995 1.186 0.008 0.000 0.000 0.000 
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J7Q9L1 mxaH Uncharacterized protein 1.20E+06 1.49E+06 2.17E+06 2.69E+06 3.41E+06 0.315 0.856 1.168 1.511 0.010 0.000 0.000 0.000 

Stress response protein 

Potassium 

transport 

J7QR19 kdpC 
Potassium-transporting 

ATPase KdpC subunit 
4.98E+06 4.25E+06 5.24E+06 7.86E+06 1.49E+07 -0.229 0.073 0.658 1.583 0.010 0.102 0.000 0.000 

J7Q4U0 kdpB 

Potassium-transporting 

ATPase ATP-binding 

subunit 

4.19E+06 4.26E+06 5.25E+06 8.35E+06 1.61E+07 0.023 0.326 0.994 1.946 0.998 0.000 0.000 0.000 

J7QUT1 kdpA 

Potassium-transporting 

ATPase potassium-

binding subunit 

1.21E+06 1.07E+06 1.27E+06 1.78E+06 3.63E+06 -0.176 0.064 0.548 1.579 0.019 0.470 0.002 0.000 

J7Q9H9 BN69_2486 
Osmosensitive K channel 

His kinase sensor 
1.12E+05 1.46E+05 1.80E+05 3.19E+05 5.11E+05 0.393 0.691 1.514 2.196 0.061 0.005 0.000 0.000 

General stress-

induced 

proteins 

J7QQ02 BN69_2097 
Stress response DNA-

binding protein (Dps) 
9.02E+06 8.97E+06 1.39E+07 5.04E+07 6.11E+07 -0.008 0.628 2.483 2.759 0.366 0.000 0.002 0.000 

J7QF27 BN69_0580 Heat shock protein Hsp20 5.17E+07 3.09E+07 6.47E+07 1.63E+08 2.52E+08 -0.744 0.323 1.656 2.283 0.000 0.002 0.001 0.000 

J7QJH1 BN69_3580 Heat shock protein Hsp20 1.03E+07 8.09E+06 6.06E+06 5.01E+06 6.47E+06 -0.344 -0.762 -1.035 -0.667 0.002 0.000 0.000 0.000 

J7QM64 htpG Chaperone protein HtpG 1.92E+08 1.50E+08 1.14E+08 9.54E+07 9.36E+07 -0.356 -0.744 -1.006 -1.033 0.001 0.000 0.000 0.000 

J7QPM2 hdeA 
Probable acid stress 

chaperone HdeA 
2.42E+07 3.26E+07 4.32E+07 5.79E+07 6.73E+07 0.428 0.834 1.257 1.474 0.007 0.000 0.000 0.000 

J7Q5H9 BN69_3658 
Alcohol dehydrogenase 

GroES domain protein 
1.20E+04 1.17E+04 1.72E+04 9.07E+04 4.12E+04 -0.035 0.521 2.920 1.783 0.883 0.651 0.028 0.114 

J7QV15 BN69_2599 CsbD family protein 9.87E+05 1.19E+06 1.43E+06 3.12E+06 1.00E+07 0.274 0.531 1.659 3.342 0.183 0.009 0.010 0.000 
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J7QPM2 hdeA 
Probable acid stress 

chaperone HdeA 
2.42E+07 3.26E+07 4.32E+07 5.79E+07 6.73E+07 0.428 0.834 1.257 1.474 0.007 0.000 0.000 0.000 

J7QHI8 BN69_2205 Stress-induced protein 2.74E+05 3.18E+05 3.44E+05 2.20E+06 1.71E+06 0.212 0.327 3.000 2.637 0.189 0.024 0.001 0.000 

Glutathione 

metabolism 

J7QSL3 BN69_1574 Glutathione peroxidase 2.47E+06 2.67E+06 3.86E+06 5.68E+06 7.39E+06 0.115 0.646 1.202 1.582 0.315 0.000 0.000 0.000 

J7QTI3 BN69_1939 
Glutathione S-transferase, 

N-terminal domain 
1.44E+05 1.73E+05 2.37E+05 5.12E+05 6.53E+05 0.260 0.716 1.825 2.176 0.082 0.010 0.002 0.000 

J7QHL1 BN69_2280 
Glutathione S-transferase 

domain protein 
1.82E+05 2.21E+05 2.05E+05 2.69E+05 4.66E+05 0.283 0.178 0.569 1.361 0.147 0.016 0.163 0.000 

J7Q532 BN69_2948 
Glutathione S-transferase 

domain protein 
8.02E+04 1.13E+05 1.62E+05 1.78E+05 1.44E+05 0.495 1.013 1.151 0.842 0.045 0.003 0.002 0.003 

J7QIW6 BN69_3230 
Glutathione S-transferase 

domain protein 
3.56E+07 2.48E+07 1.67E+07 1.26E+07 1.02E+07 -0.522 -1.088 -1.501 -1.800 0.000 0.000 0.000 0.000 

J7QA29 BN69_3006 ChaC family protein 5.05E+05 6.39E+05 8.44E+05 9.33E+05 1.15E+06 0.339 0.740 0.886 1.190 0.007 0.000 0.000 0.000 

J7QQ61 BN69_0634 Glutamate/cysteine ligase 4.98E+07 4.86E+07 3.86E+07 2.96E+07 2.30E+07 -0.035 -0.366 -0.749 -1.117 0.495 0.000 0.000 0.000 

Synthesis of 

amino acids/ 

compatible 

solutes 

J7QVE2 argD 
Acetylornithine 

aminotransferase 
7.62E+04 8.88E+04 1.17E+05 1.81E+05 2.11E+05 0.220 0.623 1.251 1.469 0.775 0.009 0.002 0.000 

J7QHB7 BN69_2040 

Glycine dehydrogenase 

(aminomethyl-

transferring) 

9.20E+05 6.17E+05 6.61E+05 1.52E+06 2.50E+06 -0.577 -0.478 0.725 1.440 0.005 0.003 0.005 0.002 

J7QPV5 BN69_2037 Aminomethyltransferase 4.52E+05 3.38E+05 3.23E+05 7.33E+05 1.12E+06 -0.418 -0.484 0.699 1.311 0.003 0.003 0.002 0.001 
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J7Q4N1 BN69_2223 
5-aminolevulinate 

synthase 
2.82E+06 3.34E+06 7.16E+06 8.20E+06 9.09E+06 0.241 1.341 1.537 1.685 0.079 0.000 0.053 0.036 

Nitrogen metabolism 

Ammonium 

transport and 

assimilation 

J7QLT5 BN69_0652 Glutamine synthetase 1.65E+09 1.61E+09 1.61E+09 1.56E+09 1.57E+09 -0.039 -0.034 -0.082 -0.077 0.212 0.266 0.100 0.343 

J7QQX7 BN69_0914 
Nitrogen regulatory 

protein P-II  
4.89E+06 3.55E+06 2.47E+06 1.99E+06 2.38E+06 -0.464 -0.987 -1.295 -1.042 0.027 0.000 0.000 0.000 

J7QFK3 BN69_0915 Ammonium transporter 1.06E+06 5.86E+05 6.69E+05 4.75E+05 6.70E+05 -0.857 -0.664 -1.159 -0.663 0.050 0.010 0.002 0.015 

J7QFL3 BN69_0930 
Nitrogen regulatory 

protein P-II  
2.11E+06 9.85E+05 8.62E+05 7.17E+05 9.07E+05 -1.101 -1.292 -1.559 -1.220 0.000 0.000 0.000 0.000 

J7QR56 BN69_0999 Glutamate dehydrogenase 4.30E+04 2.97E+04 1.14E+05 2.78E+05 4.04E+05 -0.534 1.406 2.693 3.231 0.689 0.001 0.002 0.000 

J7QTS4 BN69_3582 
Glutamate synthase 

[NADH], amyloplastic 
1.71E+08 1.79E+08 1.80E+08 1.83E+08 1.93E+08 0.065 0.077 0.096 0.173 0.323 0.141 0.064 0.018 

J7QX35 BN69_3584 

Glutamate synthase, 

NADH/NADPH, small 

subunit 

7.65E+07 7.81E+07 7.73E+07 7.78E+07 8.57E+07 0.030 0.014 0.025 0.163 0.942 0.908 0.944 0.054 

Hydroxylamine 

detoxification 

J7Q787 hcp Hybrid cluster protein 3.29E+08 8.67E+08 1.05E+09 1.12E+09 1.08E+09 1.399 1.674 1.763 1.722 0.000 0.000 0.000 0.000 

I4EBE8Ờ hcp Hybrid cluster protein 1.93E+05 5.50E+05 6.87E+05 7.27E+05 5.60E+05 1.515 1.835 1.917 1.538 0.001 0.000 0.000 0.001 

J7QAB0 haoB Putative HaoB 1.78E+07 3.78E+07 4.71E+07 5.09E+07 5.55E+07 1.086 1.404 1.516 1.638 0.000 0.000 0.000 0.000 

J7QSX9 haoA 
Hydroxylamine oxidase, 

HaoA 
5.62E+06 1.76E+07 2.40E+07 3.01E+07 3.37E+07 1.646 2.095 2.420 2.584 0.000 0.000 0.000 0.000 
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1 The complete list of the 121 PPI network proteins is shown in Data Set S4 at https://doi.org/10.6084/m9.figshare.20556651.v1. Significantly upregulated proteins are shown in 

bold, while significantly downregulated proteins are underlined. Ờ Proteins encoded by plasmid-borne genes. 

2 Both log2ratio_Values and qValues are given in relation to the 1 mM treatment. 

3 Note that the LFQ values of PmoB2 were three to four orders of magnitude lower than those of PmoB1. The LFQ values of PmoC2 and PmoA2 were below detection limit arcoss 

all NH4
+ treatments. Compared to PmoB, the lower LFQ values of PmoC and PmoA subunits, as observed for both pMMO isozymes (pMMO1, pMMO2), may be due the fact that 

PmoA and PmoC are integral membrane subunits; thereby resulting in low solubilization efficiency. By contrast, PmoB comprises two periplasmic domains connected by two 

transmembrane helices (Lieberman and Rosenzweig, 2005; Smith et al., 2011). A significant downregulation of pmoCAB2 at the transcriptome level was observed after transfer of 

a batch of mid-log phase SC2 cells pregrown on 10 mM NMS (nitrate-based mineral medium) to the same medium containing 15 mM (NH4)2SO4 (30 mM NH4
+) instead of 10 mM 

NO3
-. The SC2 cells were incubated for 10 hours on 15 mM (NH4)2SO4 prior to sampling for RNA extraction (Dam et al., 2014).

https://doi.org/10.6084/m9.figshare.20556651.v1
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2.9 Supplemental information  

2.9.1 Supplemental discussion 

Ammonium effects on the expression of stress-responsive proteins 

Dps. The DNA-binding protein (Dps) is widely distributed among bacteria (e.g., 

Escherichia coli, Bacillus subtilis, Thermosynechococcus elongatus), and its vital role in 

contributing to stress survival is remarkably conserved (Almirón et al., 1992; Haikarainen 

and Papageorgiou, 2010; Karas et al., 2015). In strain SC2, the expression of Dps was 

significantly induced upon exposure to high NH4
+ levels. Dps has a significant structural 

homology to ferritins and possesses the ability to sequester iron and ferroxidase activity 

(Nair and Finkel, 2004). Its iron-binding activity plays a significant role in protecting the 

chromosome from oxidative damage during exponential growth of E. coli, but Dps has 

been shown to also protect E. coli cells during the stationary growth phase against UV, 

iron toxicity, heat and pH stress (Nair and Finkel, 2004). 

CsbD. CsbD is a bacterial general stress response protein. Its expression is 

mediated by sigma-B, an alternative sigma factor (Pragai and Harwood, 2002). However, 

the role of CsbD in stress response remains elusive. In strain SC2, two CsbD family 

proteins and, in agreement with literature data, one sigma factor of CsbD (RpoH [s32]) 

were co-upregulated under high NH4
+ load. Sigma factor RpoH is the key regulator of the 

heat shock response in E. coli (Narberhaus and Balsiger, 2003). 

Heat shock response system. In strain SC2, global proteomics identified the 

expression of the following heat shock response (HSR) systems: Hsp10 (GroES), Hsp20, 

Hsp60 (GroEL), Hsp70 (DnaK/DnaJ/GrpE), Hsp90, and Hsp100 (ClpB). The expression 

of Hsp20, also known as small heat shock proteins (sHSPs), was significantly upregulated 

in response to high NH4
+ load (Table 2.3). sHSPs play an important role in maintaining 

cell proteostasis. Their most widespread and evolutionarily conserved function is binding 

to denaturing polypeptides, thereby acting as protein chaperones. Indeed, sHSPs serve as 

an efficient binding reservoir for unstable protein-folding intermediates during stress. 

Once cells are exposed to sudden proteotoxic stress, Hsp20s encage and shield 

accumulated aggregation-prone nonnative proteins to ensure their correct folding in near-

native conformations. Refolding occurs via the activity of the Hsp70 and Hsp100 systems 

as soon as environmental conditions become favorable. The assemblies are recognized 
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by Hsp70 and further processed by both Hsp70 and Hsp100, which leads in an ATPase-

dependent manner to the extraction of single polypeptides from aggregates and their 

subsequent refolding (Zietkiewicz et al., 2004). In strain SC2, none of the Hsp70 

(DnaK/DnaJ/GrpE) and Hsp100 (ClpB) proteins showed a differential expression 

response to increasing NH4
+ load. However, DnaK (Hsp70) and Hsp100 (ClpB) were 

constitutively expressed at high level. In summary, while the refolding machinery is 

constitutively expressed in SC2 cells, the Hsp20 machinery to prevent aggregation and 

misfolding of client proteins is expressed only upon exposure to a stressor such as high 

NH4
+ load (Table 2.3). Hsp60 (GroEL) is another chaperone system that prevents 

aggregation of misfolded proteins in an ATP-dependent manner (Watanabe et al., 2000). 

In E. coli, Hsp60 (GroEL) binds nonnative protein and sequesters it into the central cavity 

surrounded by the inside wall of a heptamer ring and capped by Hsp10 (GroES), a co-

chaperonin (Rye et al., 1999). In strain SC2, both Hsp10 and Hsp60 were constitutively 

expressed at high level under all NH4
+ conditions. 

Potassium metabolism (ñsalt-in strategyò). In strain SC2, high (50 mM and 75 

mM)  NH4
+ levels significantly induced expression of the K+ channel histidine kinase 

sensor (UniProt ID H7QQ02). This two-component system is involved in sensing and 

responding to changes in environmental osmolarity. It was already shown decades ago 

that a sudden osmotic upshock triggers potassium uptake, thereby raising the cytoplasmic 

K+ pool (Whatmore et al., 1990). Potassium accumulation is believed to act as an (initial) 

emergency stress reaction to limit water efflux in high osmolality conditions and, in 

consequence, to adapt the cell proteins and enzymes to the presence of high extracellular 

ion concentrations (Hoffmann and Bremer, 2017; Gunde-Cimerman et al., 2018). For 

instance, E. coli possesses four constitutively expressed low affinity K+ transport systems 

[TrkG, TrkH, TrkF, and Kup (formerly TrkD)] and, in addition, a single inducible high 

affinity ATP-driven K+ uptake system, Kdp (Roe et al., 2000). While Trk is not encoded 

by the SC2 genome, Kup is constitutively expressed at low level under all NH4
+ 

conditions. Thus, like in E. coli (Sleator and Hill, 2002),  Kup expression is not involved 

in the osmoregulation in strain SC2. By contrast, the expression level of the entire protein 

complex (KdpABC) of the high-affinity K+ uptake system significantly increased under 

high (75 mM) NH4
+ load (Table 2.3). In summary, the significant increase in the 

expression level of both K+ sensing (H7QQ02) and high-affinity uptake (KdpABC) 
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system indicates that strain SC2 operates the ñsalt inò strategy (Bremer, 2000; Oren, 2013) 

to cope with the conditions of elevated osmolarity under high NH4
+ load. 

Ammonium assimilation and glutamate/glutamine metabolism. Methylocystis 

spp. have been reported to assimilate NH4
+ through the GOGAT system, involving 

glutamine synthetase and glutamine-oxoglutarate amidotransferase (Zuñiga et al., 2013; 

Mustakhimov et al., 2017). Indeed, the intracellular accumulation of glutamate was 

presumably achieched by ammonia assimilation using the high-affinity GOGAT 

pathway, given that GOGAT was constitutively expressed at high level under all NH4
+ 

conditions (Table 2.3). A high steady-state pool of negatively charged glutamate is 

presumably employed to neutralize the charge equibilibrium of highly detrimental cation 

of ñsalt inò K+ in the cell (Sleator and Hill, 2002; Yan, 2007; Sadeghi et al., 2014) but 

also to act, in addition to glutamine, as a nitrogen donor for biosynthesis of other amino 

acids (van Heeswijk et al., 2013; Viljoen et al., 2013; Liu et al., 2020). Glutamine showed 

the same intracellular accumulation pattern as did glutamate but on a tenfold lower level 

(Fig. 2.4). 

Among the canonical amino acids, the intracellular concentrations of threonine and 

lysine were also significantly increased at high (75 mM) NH4
+ load (Fig. 2.4). While the 

exact functional reason for this pool size increase remains elusive, it may point to a 

supplementary role of amino acids in improving molecular structure and metabolic 

function of SC2 cells under unfavorable conditions, such as high ionic strength (Zaprasis 

et al., 2015). 

Glutathione metabolism. The functional role of glutathione transferases (GSTs) 

and glutathione peroxidase (GPX) is to maintain an optimal cytoplasmic redox state, in 

both bacterial and eukaryotic cells. Following a burst of reactive oxygen species (ROS) 

or reactive nitrogen species (Ernst et al.), GST expression and activity is induced to 

catalyze the transfer of reactive species to reduced glutathione (GSH), thereby leading to 

the detoxification of the oxidants and oxidized glutathione (GSSG) (Allocati et al., 2009, 

2012). In fact, it has been shown that different types of abiotic stress (e.g., osmotic stress, 

acidity, oxidative stress) trigger elevated cytoplasmic levels of glutathione in bacteria 

(Smirnova et al., 2001), plants (Yang et al., 2020), and mammals (Al -Fageeh and Smales, 

2006). In strain SC2, high NH4
+ load induced a significant increase in the expression level 

of three isoforms of the GST superfamily and GPX (Table 2.3). In a parallel experiment, 
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we found that NaCl stress induced the significant upregulation of two GST isoforms with 

the UniProt IDs J7QAL3 and J7QTI3 (unpublished proteome data). The ionic strength 

(IS) applied in that experiment was with 153 mM (equal to 0.75% NaCl) even higher than 

under 50 mM (90 mM IS) and 75 mM (114 mM IS) NH4
+ load. Nonetheless, in addition 

to GST J7QTI3, the expression of GST isoforms with the UniProt IDs J7QHL1 and 

J7Q532 were specifically and significantly upregulated in response to increasing NH4
+ 

load (Table 2.3). Their increase in expression level may be induced by the increased 

production of both hydroxylamine (Spooren and Evelo, 1998) and RNS such as nitrite 

(Stein and Klotz, 2011b; Tharmalingam et al., 2017), given that the expression of both 

GST isoforms specifically responded to increasing NH4
+ load. GST J7QAL3 was 

undetectable under all NH4
+ conditions. High cellular levels of glutathione may also be 

required for the retention of K+ in the initial stage of osmotic adaptation (Smirnova and 

Oktyabrsky, 2005). 

Notably, the glutathione metabolism pathway has multiple stress-responsive 

functions in methanotrophs, among these formaldehyde detoxification. A significant 

upregulation of glutathione (GSH)-dependent formaldehyde detoxification was observed 

in methanol-grown cultures of Methylomicrobium album BG8. During the detoxification 

response, GSH is condensed with formaldehyde either spontaneously or via 

formaldehyde-activated enzyme to yield S-hydroxymethylglutathione, which is 

subsequently converted to formate through a multistep reaction that releases GSH for 

another round of formaldehyde detoxification (34). 

Differential regulation of proteins encoded on pBSC2-1 and pBSC2-2  

Strain SC2 harbors two large, low-copy-number plasmids of 229.6 kb (pBSC2-1) 

and 143.5 kb (pBSC2-2) in size (Dam et al., 2012). Various plasmid-encoded proteins 

were differentially regulated in response to increasing NH4
+ load: 26 of 53 proteins on 

pBSC2-1 and 24 of 45 proteins on pBSC2-2, with most of them being significantly 

upregulated (Table S10). 

pBSC2-1 

In particular, the single-stranded DNA-binding protein (SBB), three-component 

CzcCBA complex, and subunits of the F0F1 ATPase complex were among the 

differentially regulated proteins. The SBB protein showed a gradual increase in the 

expression level with increasing NH4
+ load. Indeed, SBB was the most significantly 



C h a p t e r  2                                                  P a g e | 91 

 
 

 
 

upregulated (3.95-fold) plasmid-encoded protein at 75 mM NH4
+ (Table S10). The SBB 

protein plays a major role in DNA replication, recombination, and repair. SSB binds to 

ssDNA in order to (i) keep the individual strands separated by holding them in place so 

that each strand can serve as a template for new DNA synthesis, (ii) protect ssDNA from 

being broken down by nucleases during repair and (iii) remove the secondary structure of 

ssDNA so that other enzymes are able to access them and act effectively upon the strands 

(Kunzelmann et al., 2010; Antony and Lohman, 2019). In transcriptomics, the ssb gene 

also showed significantly increased expression level when SC2 cells were exposed to 0.75 

% NaCl (Han et al., 2017). Thus, it is reasonable to conclude that the SBB protein plays 

an important biological role in the cellular response of strain SC2 to high ionic strength. 

The czcCBA gene cluster is found on diverse plasmids (Niu et al., 2015) and 

encodes three proteins: CzcA (the RND family specific protein), two-subunit CzcB 

(membrane fusion protein, MFP), and CzcC (outer membrane protein, OMF). The three 

proteins constitute a membrane-bound tripartite complex of the RND family (Hoffmann 

and Rinas, 2004). This efflux system has been reported to confer resistance to metal 

cations, including but not limited to zinc, cadmium, and cobalt (Valencia et al., 2013). Its 

expression is regulated through metal ions (Nies, 2003). Tripartite RND efflux systems 

are known to be involved in maintaining cellular homeostasis by removal of toxic 

compounds (Kim et al., 2011; Issa et al., 2018). All three proteins (CzcA, CzcB, CzcC) 

were detected in the pBSC2-1 proteome, but the regulation of their expression in response 

to increasing NH4
+ load differed. While the expression level of CzcA and both subunits 

of CzcB were found to be significantly upregulated under high (50 mM and 75 mM) NH4
+ 

levels, CzcC was constitutively expressed at low level under all NH4
+ conditions. It has 

been shown that CzcA transports metal cations from the cytoplasm to the periplasmic 

substrate-binding sites, where the outer membrane protein (CzcC) and membrane fusion 

protein (CzcB) contribute to the periplasmic efflux of the metal ions (Kim et al., 2011). 

CzcA, localized in the inner membrane, is active through proton motive force, which is 

an ATP-dependent process (Issa et al., 2018). 

Both the overall structure and the amino acid sequence homology of ATP synthases 

are conserved among all organisms. The ATP synthase of E. coli, which has been most 

intensively studied, is composed of eight different subunits; with three subunits (a, b, and 

c) constituting the membrane-integrated ion-translocating F0 complex. The other five 

subunits (Ŭ, ɓ, ɔ, ŭ, and Ů) belong to the peripheral F1 complex. The F0F1-ATPases of 

https://en.wikipedia.org/wiki/Membrane_protein
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bacteria serve two important physiological functions. The enzyme catalyzes the synthesis 

of ATP from ADP and inorganic phosphate utilizing the energy of an electrochemical ion 

gradient. On the other hand, under conditions of low driving force, ATP synthases 

function as ATPases, thereby generating a transmembrane ion gradient at the expense of 

ATP hydrolysis (Deckers-Hebestreit and Altendorf, 1996; Cabezón et al., 2003; Guo et 

al., 2019). In our study, all ATPase subunits, including a, b, c subunits of F0 complex and 

Ŭ, ɓ, ɔ, ŭ, Ů subunits of F1 complex, are encoded by pBSC2-1 and were detectable in the 

SC2 proteome at low level under standard growth conditions with 1 mM NH4
+. In 

particular, the b and c subunits of F0 complex, but also Ŭ, ɓ, ɔ subunits of F1 complex, 

were significantly upregulated in response to high (50 mM and 75 mM) NH4
+ levels. This 

increase in expression level, concurrently with CzcA, may suggest that the pBSC2-1 

encoded F0F1 ATPase provides the energy for the efflux transporter activity of CzcA. 

pBSC2-2  

In particular, the type IV secretion system (T4SS) was among the differentially 

regulated proteins. T4SS is a secretion protein complex with versatile functions found in 

both gram-negative and gram-positive bacteria, and archaea (Fronzes et al., 2009; 

Wallden et al., 2010; Christie et al., 2014). Three main functions of T4SS are known: 

conjugation, DNA exchange with the extracellular space, and delivery of proteins to 

target cells (Wallden et al., 2010). The T4SS system of many gram-negative bacteria 

comprises 12 proteins (Fronzes et al., 2009; Costa et al., 2015), whose encoding genes 

were all detected on both plasmids, pBSC2-1 and pBSC2-2 (Dam et al., 2012). According 

to the UniProt database of Methylocystis sp. strain SC2, their designation is VirB1 to 

VirB11 (pBSC2-1) and AvhB1 to AvhB11 (pBSC2-2). The twelfth T4SS protein differs 

between the two plasmids and is TraG (pBSC2-1) and VirD4 (pBSC2-2). Nine T4SS 

proteins (AvhB1, AvhB4, AvhB5, AvhB7, AvhB8, AvhB9, AvhB10, AvhB11, VirD4) 

were identified in the pBSC2-2 proteome, of which seven T4SS proteins were 

significantly overexpressed at high (75 mM) NH4
+ load (Table S10). Among these are 

AvhB4, AvhB11, and VirD4, which all participate in the synthesis of ATPase powering 

pilus assembly. The other four upregulated proteins are the inner (AvhB8, AvhB10) and 

outer (AvhB7, AvhB9) membrane channel proteins (Christie, 2004; Fronzes et al., 2009).  

All the T4SS proteins encoded by pBSC2-1 and pBSC2-2 have a conjugative transfer 

function (Dam et al., 2012), but showed an opposite expression pattern when SC2 cells 
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were exposed to either 0.75% NaCl or high NH4
+ load. The pBSC2-1 encoded T4SS 

proteins were significantly upregulated in response to the incubation treatment with 

0.75% NaCl (Han et al., 2017), but not under high NH4
+ load (this study). By contrast, 

the pBSC2-2 encoded T4SS proteins were significantly upregulated in response to high 

NH4
+ load, but not in the incubation treatment with 0.75% NaCl. These findings suggest 

that the T4SS systems encoded by either pBSC2-1 or pBSC2-2 differ in their conjugative 

transfer function. The TraG (pBSC2-1) and VirD4  (pBSC2-2) proteins have the 

fundamental function to recruit substrates to the T4SS system for secretion through the 

translocation channel (Fronzes et al., 2009), but substrate recognition may differ between 

TraG and VirD4 (Christie, 2004). This may explain the opposite expression response of 

the pBSC2-1 and pBSC2-2 encoded T4SS proteins to 075% NaCl and high NH4
+ load. 

In summary, proteins located on pBSC2-1 and pBSC2-2 showed a strong differential 

regulation in response to increasing NH4
+ load, thereby suggesting a molecular cross-talk 

between the two plasmids and the SC2 chromosome. Notably, previous attempts to cure 

plasmids pBSC2-1 and pBSC2-2 in strain SC2 failed (Dam et al., 2012). Both the failure 

to cure the two plasmids and the stress-induced proteome adjustments may indicate a 

stability relationship between the SC2 chromosome and the two plasmids, pBSC2-1 and 

pBSC2-2; not just for surviving, but also for conferring Methylocystis sp. strain SC2 with 

improved ability to cope with environmental stress. This view is further supported by the 

differential regulation of a single PmoC subunit uniquely encoded on pBSC2-2 (Table 

2.3) and the constitutive expression of a nos operon located on the same plasmid (Fig. 

S2.9). Indeed, the PmoC subunit showed the greatest downregulation (-4.8-fold) among 

all differentially regulated proteins in response to high NH4
+ load. 
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2.9.3 Supplemental figures 

 

Fig. S2.1.  Physiological parameter of Methylocystis sp. strain SC2 in response to varying CH4:air mixing 

ratios under increasing NH4
+ concentrations. Growth (OD600) of strain SC2, CH4 consumption, and CO2 

evolution were repeatedly monitored over the complete incubation period. Five different CH4 headspace 

concentrations (20%, 15%, 10%, 5%, and 2.5%) under three different NH4
+ concentrations were tested. The 

error bars show standard deviations of triplicate cultures. See Table S-1 for further details. 
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Fig. S2.2.  Correlation analysis of LFQ intensities in global proteomics. The matrix of 105 correlation plots 

revealed very high correlations between the LFQ intensities in triplicate analysis, with Pearson correlation 

coefficient values of 0.99 or 1.00. The color of the ellipses highlights the correlation coefficient level 

between 0.93 and 1.00. 
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Fig. S2.3.  Volcano plots illustrating the correspondence between the number of DRPs and increasing NH4
+ 

level (10 mM, 30 mM, 50 mM, and 75 mM) relative to the control treatment (1 mM NH4
+). The x-axis 

shows the log2 fold changes in protein abundance, while the y-axis indicates the negative log10 p-values. 

Significantly up- and down-regulated proteins are highlighted by orange and green color, respectively 

(further details in Table S3). Areas highlighted in grey color indicate those proteins whose expression level 

was not significantly affected by the increased NH4
+ concentrations relative to the control. 
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Fig. S2.4.  Two-component principal component analysis (PCA) of the intensity values of the total of 438 

DRPs. The PCA is based on the three biological replicate datasets obtained for each of the five different 

NH4
+ treatments. A total of 88.04% of data variability was explained by PCA. The first component (PC1), 

accounting for 77.78% of data variance, was mainly influenced by the NH4
+ concentration, while the second 

component (PC2) covered the remaining 10.26% of data variance. 

 

 

Fig. S2.5.  Linear regression analysis of up- and down-regulated proteins. The graphs show the relationship 

between the number of differentially regulated proteins (DRPs) and NH4
+ concentrations. The numbers of 

up- and down-regulated proteins were calculated in comparison to the control treatment (1 mM NH4
+). 
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Fig. S2.6.  Enrichment of 95 DRPs in KEGG level 2 comparison groups in response to increasing (10 mM, 

30 mM, 50 mM, 75 mM) NH4+ load relative to the control treatment (1 mM NH4
+). Note that various DRPs 

are affiliated with multiple KEGG level 2 categories (Table S5). The four higher-ranked KEGG level 1 

categories are highlighted in color. 
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Fig. S2.7.  The top 20 KEGG level 3 categories that showed enrichment of DRPs in response to increasing 

NH4
+ concentrations. The numbers indicate ïlog10 p-values. The values given for 10 mM, 30 mM, 50 mM, 

and 75 mM NH4
+ are shown in comparison to the control treatment (1 mM NH4

+). Significance of pathway 

enrichments is shown color-coded: purple (q < 0.05 using Benjamini-Hochberg (BH) method); orange (p 

< 0.05); blue (enrichment insignificant). 
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Fig. S2.8.  Nitrogen oxidation and hydroxylamine detoxification. (A) Genetic potential for nitrogen 

metabolism pathways in strain SC2. (B) Differential regulation of hydroxylamine oxidoreductase (HaoA) 

and chromosome-encoded hybrid cluster protein (Hcp) in response to increasing NH4
+ load. The lower 

asterisks (*) indicate significant difference relative to the control treatment (1 mM NH4
+). The upper 

asterisks (*) indicate significant difference between the comparison groups. Significant difference is 

calculated using one-way ANOVA Holm-Sidak method: *p-value Ò 0.05; **p-value Ò 0.01; ***p-value Ò 

0.001. (C) Accumulation of nitrite (NO2-) and nitrous oxide (N2O) over incubation time at each of the five 

NH4
+ treatments. The inset figures in the graphs for 1 mM and 10 mM NH4

+ treatments zoom into the minor 

accumulation of NO2- and N2O over incubation time. 

 

Fig. S2.9. Schematic diagram of the genetic organization of hcp genes, nos operon, and norB on plasmid 

pBSC2-2. Two hcp genes are located upstream of nosRZDFYX. The nosZ gene encodes nitrous oxide 

reductase, while nosRDFYX code for Nos-accessory proteins. The norB gene encodes nitric oxide 

reductase large subunit and is located downstream of the nos operon. The (//) sign indicates that the 

nitrogen-cycling genes are separated by several coding sequences. Scale bar = 2 kbp. 
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3.1 Abstract 

Sodium chloride is an important ionic-osmotic stressor in bulk and rhizosphere soils. 

Members of the alphaproteobacterial methanotroph genus Methylocystis are known to 

have a low tolerance to osmotic and salt stress (Ò 1.0% NaCl), despite the fact that these 

methane oxidizers are soil inhabitants. We therefore tested various amino acids and other 

well-known osmolytes for their potential to act as a compatible solute or osmoprotectant 

under otherwise inhibitory NaCl conditions. Besides ornithine, the addition of 10 mM 

asparagine to the growth medium had the greatest stress relief effect under severe salinity 

(1.5% NaCl), leading to a partial growth recovery of strain SC2. Analysis of the exo-

metabolome revealed that asparagine was taken up quantitatively by strain SC2. This 

resulted in an intracellular concentration of 264 ± 57 mM asparagine, with a certain 

portion hydrolysed to aspartate (4.20 ± 1.41 mM). Compared to severe salinity (1.5% 

NaCl), the uptake of asparagine induced major proteome rearrangements related to the 

KEGG level 2 categories energy metabolism, amino acid metabolism, and cell growth 

and death. In particular, various proteins involved in cell division (e.g., ChpT, CtrA, PleC, 

FtsA, FtsH1) and peptidoglycan synthesis showed a positive expression response. 

Asparagine-derived 13C-carbon was incorporated into nearly all amino acids. Exo-

metabolome and labeling degree with 13C-carbon suggests that in addition to aspartate, 

the amino acids glutamate, glycine, serine, and alanine, but also pyruvate and malate, 

were most crucially involved in the osmoprotective effect of asparagine, with glutamate 

being a major hub between central carbon and amino acid pathways. In summary, 

asparagine induced major changes in the flux of metabolites and amino acids through the 

central carbon and amino acid pathways and acted, in part, as a carbon and nitrogen source 

for the growth recovery of strain SC2 under severe salinity (1.5% NaCl). 

Highlights 

¶ Growth of Methylocystis strain SC2 is completely inhibited by 1.5% NaCl. 

¶ Methylocystis strain SC2 was tested for its response to potential osmoprotectants.  

¶ Asparagine triggered a partial growth recovery under severe salinity (1.5% NaCl).
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¶ Quantitative uptake of asparagine induced major proteome rearrangements. 

¶ Asparagine-derived 13C-carbon was incorporated into nearly all amino acids. 

¶ Asparagine acted, in part, as a carbon and nitrogen source during growth recovery. 

3.2 Introducti on 

Methane (CH4), as a potent greenhouse gas and a precursor for tropospheric ozone 

pollution (Prather and Holmes, 2017), with more than 20-30 times greater impact per 

molecule than carbon dioxide (CO2), has increased from 0.720 to 1.91 p.p.m.v in the 

atmosphere since the beginning of the industrial era (NOAA, 2022). The primary sinks 

of atmospheric CH4 are the abiotic oxidation by tropospheric hydroxyl radicals and the 

activity of aerobic methane-oxidizing bacteria (MOB), or methanotrophs, in unsaturated 

soils (Conrad, 2009). 

Phylogenetic analyses of proteobacterial methanotrophs confirmed the initial 

classification into Gammaproteobacteria (type I) and Alphaproteobacteria (type II). 

Their key enzyme is particular methane monooxygenase (pMMO), which is housed in an 

extensive intracytoplasmic membrane (ICM) system. The pMMO converts CH4 to 

CH3OH. Both type I and type II MOB are known to be widely distributed in the aerobic 

interfaces of methanogenic environments, such as natural wetlands, rice paddies, and 

landfills (Knief and Dunfield, 2005). Here, methanotrophic activity acts as a biofilter that 

reduces the amount of CH4 released to the atmosphere. Members of the well-known type 

IIa MOB genera Methylocystis and Methylosinus have also been shown to be widely 

distributed in upland soils where they oxidize atmospheric methane, in addition to 

members of two largely uncultured clades termed USCŬ and USCɔ (Knief and Dunfield, 

2005; Kolb et al., 2005; Täumer et al., 2022). Various Methylocystis and Methylosinus 

spp. possess a high-affinity form of pMMO, which is responsible for oxidizing CH4 at 

low partial pressures (Tchawa Yimga et al., 2003; Baani and Liesack, 2008). 

All free-living bacteria have to cope in their natural habitats with fluctuations in the 

osmolarity of their surroundings. Studies have shown that fluctuations in the 

environmental osmolarity will generally inevitably trigger water fluxes along the osmotic 

gradient into or out of the cell and thereby restricts, or even prevents, cell growth (Bremer, 

2000). Moreover, dissolved Na+ and Clī ions can be toxic to bacterial cells (e.g., 

interaction with binding sites of enzymes) (Serrano, 1996). Methanotrophs show different 
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degrees of resistance to salt stress (Osudar et al., 2018). Halophilic and halotolerant 

methanotrophs have been identified to be widespread in saline environments, e.g., soda 

lakes, mangroves, and alkaline lakes (Osudar et al., 2018). Their specialized mechanisms 

to cope with high salt-stress have been studied in detail and, among other, involve (i) the 

synthesis of low-molecular-weight osmoprotectants such as glutamate, ectoine, sucrose 

and 5-oxo-1-proline (Reshetnikov et al., 2006; 2019), (ii) structural and compositional 

changes in their cell membranes, and (iii) the production of glycoprotein S-layers that 

cover the external surface of the cell wall (Khmelenina et al., 1999). These methanotrophs 

are predominantly associated with the type Ia subgroup within the Gammaproteobacteria. 

By contrast, the response of methanotrophs in non-saline environments to 

increasing salinity has received little attention. Indeed, the increased salinization of arable 

land is at high risk. Salinity has been shown to be the major environmental determinant 

of microbial community composition as well as microbial-mediated biogeochemical 

processes, including methane cycling in widespread seawater intrusion areas (Lozupone 

and Knight, 2007; Deng et al., 2017). Here, paddy soils may be particularly affected, 

considering that growing rice consumes up to two or three times more water per hectare 

than other crop (Williams, 2010). In paddy soils, the methanotrophic activity has been 

shown to be inhibited at salinity levels > 0.3 M NaCl and to be fully ceased at 0.6 M NaCl 

(seawater salinity) (Ho et al., 2018). Furthermore, the impact of salinity on methane 

oxidation is of major environmental significance in upland soils, which are important net 

sinks for atmospheric methane (Cai et al., 2016; Deng et al., 2019). In these soils, salinity 

fluctuations caused by drought and rainfall processes have a potential impact on 

methanotrophic activity. Recent pure cultures has evidenced that alphaproteobacterial 

type II MOB possess low tolerance to salt stress (< 1% NaCl) (Trotsenko and Murrell, 

2008; Han et al., 2017), with the exception of Methylocystis parvus that is able to tolerate 

up to 2% NaCl (Han et al., 2017; Jung et al., 2020). 

In our research, Methylocystis sp. strain SC2 was used as the model organism to 

decipher mechanisms to cope with increasing salinity. Its ability to produce two pMMO 

isozymes with different methane oxidation kinetics provides strain SC2 with a selective 

advantage to thrive or survive under a wide range of methane conditions, including in 

upland soils (Baani and Liesack, 2008; Dam et al., 2012). To cope with changes in soil 

salinity, we hypothesized that, in addition to de novo synthesis of compatible solutes such 

as glutamate and proline (Han et al., 2017), strain SC2 can acquire osmoprotectants from 
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the environment. These may be synthesized by plants and released into soil by root 

exudation and decaying plant tissues (Moe, 2013). Thus, we aimed at investigating the 

ability of Methylocystis sp. strain SC2 to acquire a broad spectrum of potential 

osmoprotectants from the environment. In order to understand the unexpected 

environmental resilience and metabolic versatility of Methylocystis sp. strain SC2, our 

research further focused on unraveling the cellular mechanisms that shape its 

physiological response and central metabolism under continued salt stress, with potential 

osmoprotectants being added to the growth medium. In our research, we combined the 

growth experiments with global proteomics and 13C-tracing experiments (Fig 3.1). 

 

Fig 3.1 Outline of the experimental strategy. 
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3.3 Materials and methods 

3.3.1 Growth conditions 

Strain SC2 was routinely cultivated in nitrate mineral salt medium (NMS) with the same 

basic composition as reported earlier (Heyer et al., 2002). The synthetic medium 

contained 1 g KNO3 (~ 10 mM NO3
-) per liter as the nitrogen source. Cells of strain SC2 

were grown twice to the early exponential growth phase (OD600 value of about 0.25). 

Aliquots (1 mL) of the pre-incubated culture were transferred to 120 serum bottles 

containing 40 mL of NMS. The culture headspace was adjusted to a filter-sterilized air: 

CH4 mixing ratio of 80:20 % (v:v). The serum bottles were incubated on a rotary shaker 

at 150 rpm and 25 °C. These experimental SC2 cultures were grown to the mid-log phase 

(OD600 of 0.25 to 0.40) for salt stress exposure and the screening of potential 

osmoprotectants. The osmolarity of the growth medium was adjusted by adding NaCl 

from a 20% stock solution. The salt tolerance of strain SC2 was tested by exposing its 

mid-log phase cells (OD600 of 0.25) to 0% to 1.50% NaCl. Upon determining the salt 

tolerance range, SC2 cells were exposed to 1.00% NaCl in the presence or absence of 

potential osmoprotectants (each added at 1 mM concentration): alanine, arginine, 

asparagine, aspartate, cysteine, glutamate, glutamine, glycine, histone, lysine, 

methionine, proline, threonine, valine, ornithine, ectoine, and glycine betaine. The 

osmoprotective effect of each tested compound was analyzed by cell biomass 

measurement (OD600) at the early stationary phase. SC2 cultures without the addition of 

NaCl and potential osmoprotectant were used as control. 

Asparagine (Smirnova et al.) was chosen for further analysis. Its osmoprotective 

effect on strain SC2 was tested under three culture conditions: (i) no-salt; (ii) 1.50%-

NaCl; and (iii) 1.50%-NaCl+Asn (Fig 3.1). The SC2 cells were pre-grown to the mid-log 

phase (OD600 of 0.40) as described above, after which NaCl (1.5%) and Asn (0.1, 1, 2, 5, 

10, or 20 mM) were added. The osmoprotective effect of the increasing asparagine 

concentrations was analyzed by cell biomass measurement (OD600) at the early stationary 

phase. 
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3.3.2 Physiological measurements 

Cell optical density was monitored by spectrophotometry at 600 nm (OD600) (Bio 

Photometer RS232C; Eppendorf AG, Hamburg, Germany). Cell dry weight (CDW) was 

calculated with 1 OD600 = 0.26 g CDW/L of strain SC2 culture (Hakobyan et al., 2020). 

Methane consumption was analyzed by gas chromatography (SRI Instruments, Earl St. 

Torrance, CA). Biomass yield is indicated as mg CDW/ mmol CH4. The growth rate was 

calculated during the exponential growth. 

3.3.3 Sampling and sample preparation for quantification of 

intracellular and extracellular metabolites 

The SC2 cells were grown to the mid-log phase in 120-ml serum bottles under three 

conditions: (i) no-salt; (ii) 1.50%-NaCl; and (iii) 1.50%-NaCl+Asn (10 mM asparagine 

(Fig 3.1). Upon growth to the mid-log phase, an aliquot (1.2 mL) of each replicate culture 

was taken for various analytics applications. For the measurement of intracellular amino 

acids, a 1-ml aliquot was immediately transferred to a 2 mL Eppendorf tube, mixed with 

1 mL quenching solution (70% MeOH [v/v], -80 °C) and centrifuged using a fixed angel 

rotor (10 min, ī10 ÁC, 10,000 Ĭ g). After centrifugation, the supernatant was removed 

and the cell pellet was immediately stored at ī80  for later extraction of the intracellular 

metabolites. These were extracted by suspending the frozen cell pellets in equal volumes 

of extraction fluid (ī20 ÁC) and chloroform (ī20 ÁC) based on sample biovolume. A 10-

ɛl aliquot was used to measure the biovolume of SC2 cells usng a Multisizer 4e Coulter 

Counter (Beckman Coulter, Inc.). The residual aliquot (0.19 mL) was filtered through a 

22 ɛm HPLC/ GC approved RC membrane filter (Phenomenex) into a 0.5 mL sterile safe-

lock microcentrifuge tube (Eppendorf) and stored at -20 °C for subsequent measurement 

of the extracellular metabolites. 

3.3.4 Quantification of metabolites 

The quantitative analysis of amino acids was performed using LC-MS/MS. The 

chromatographic separation was done on an Agilent Infinity II 1260 HPLC system using 

a ZicHILIC SeQuant column (150 × 2.1 mm, 3.5 ɛm particle size, 100  pore size) 

connected to a ZicHILIC guard column (20 × 2.1 mm, 5 ɛm particle size) (Merck KgAA). 

The constant flow rate was 0.3 ml/min carried out with a mobile phase A being 0.1 % 
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formic acid in 99:1 water: acetonitrile (Honeywell, Morristown, New Jersey, USA) and 

a phase B being 0.1 % formic acid in 99:1 water:acetonitrile (Honeywell, Morristown, 

New Jersey, USA) at 25° C.  

The injection volume was 3 µl. The mobile phase profile consisted of the following steps 

and linear gradients: 0 ï 8 min from 80 to 60 % B; 8 ï 10 min from 60 to 10 % B; 10 ï 

12 min constant at 10 % B; 12 ï 12.1 min from 10 to 80 % B; 12.1 to 14 min constant at 

80 % B. An Agilent 6470 mass spectrometer was used in positive mode with an 

electrospray ionization source and the following conditions: ESI spray voltage 4500 V, 

nozzle voltage 1500 V, sheath gas 400°C at 12 l/min, nebulizer pressure 30 psig, and 

drying gas 250 °C at 11 l/min. Compounds were identified based on their mass transition 

and retention time compared to standards. Chromatograms were integrated using 

MassHunter software (Agilent, Santa Clara, CA, USA). Absolute concentrations were 

calculated based on an external calibration curve prepared in sample matrix. 

3.3.5 Comparative proteomics analysis 

As for the metabolites analysis, the proteomics samples were collected at the mid-log 

phase after the incubation under no-salt, 1.50%-NaCl, and 1.50%-NaCl+Asn conditions. 

Here, strain SC2 was grown in triplicate per treatment in 300 ml NMS medium using 1 L 

Duran laboratory bottles with gas-tight caps (Merck, Germany). The gas headspace 

concentration and incubation conditions were as described in section 3.1. Each replicate 

culture was processed separately. A total of 150 mL cell culture was collected by 

centrifugation for 20 min at 7000 × g and 4 °C. The cell pellets were thoroughly washed 

twice with 1 × phosphate buffer to remove medium traces. The washed cells were 

transferred to 2 ml sterile safe-lock microcentrifuge tubes (Eppendorf) and stored at -80 

°C until further processing. Every condition was conducted in triplicate cultures.  

Sample preparation and proteins measurement were carried out as described 

previously (for details see (Hakobyan et al., 2018). Discovery-LFQ was done using the 

Progenesis QI software (Nonlinear Dynamics, version 2.0). Next, the data obtained from 

Progenesis were evaluated using SafeQuant R package, version 2.2.2 (Glatter et al., 

2012). Hereby, 1% identification and quantification false discovery rate (FDR) were 

calculated. The data were analyzed using MASCOT (version 2.3.02), and the protein 

identification was performed using the most recent UniProt database version set up for 
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Methylocystis sp. strain SC2. Quantification was carried out with Proteome Discoverer 

(v.1.4, Thermo Fisher Scientific). Significantly regulated proteins (DRPs) (log2 fold 

change Ó1 or Ò1, q-value Ò 0.01) were searched against the Gene Ontology (GO) and 

Kyoto Encyclopedia of Genes and Genomes (KEGG) databases for protein annotation 

and functional enrichment analysis. 

3.3.6 Computational proteome analysis 

The Volcano plots were created using VolcaNoseR (Goedhart and Luijsterburg, 2020). 

Hierarchical heatmap analysis was performed on Z-score normalized LFQ intensities of 

all DRPs. Creation of both hierarchical heatmap and Venn diagram were done using the 

free online platform for data analysis and visualization available at 

http://www.bioinformatics.com.cn/. The STRING database was used to construct the 

protein-protein interaction (Ludwig et al.) network based on the Uniprot IDs of DRPs in 

three comparison groups: (i) 1.50%-NaCl/no-salt; (ii) 1.50%-NaCl+Asn/Asn; (iii) 1.50%-

NaCl+Asn/1.50%-NaCl. This resulted in an automated calculation of edges and nodes 

using the default value for the minimum interaction score (0.4). Gephi (version 0.9.2), an 

open-source software, was used for modularity calculation and visualization (Bastian et 

al., 2009). Nodes with no or less than six edges were omitted in the 1.50%-NaCl/no-salt 

and 1.50%-NaCl+Asn/Asn comparison groups, while all the nodes were maintained in 

the 1.50%-NaCl+Asn/1.50%-NaCl comparison group. The final presentation layout of 

the PPI network was created with Fruchterman Reingold, a method implemented in 

Gephi. 

3.3.7 13C-Asn labeling experiment 

SC2 cells were grown to the mid-log phase as described above, after which 1.5%-NaCl 

and 10 mM 13C-Asn (1.5%-NaCl+Asn) was added to the cultures. Cultures with no salt 

but 13C-Asn addition (no-salt+Asn) were used as control treatment. Cells were harvested 

when the cultures were at both metabolic steady state and isotopic steady state. A culture 

aliquot (1.2 mL) was taken for the extraction of intracellular metabolites and 

measurement of the cell biovolume, using procedures described in section 3.3. The 

extracts of intracellular metabolites were stored at - 80°C for later measurement. The 

labeling distributions were determined using the same instrumentation and 

chromatographic method as described in section 3.4. To increase the sensitivity to a level 

http://www.bioinformatics.com.cn/
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sufficient for detection of low-abundant metabolite fractions, the labeling patterns of 

alanine, proline, asparagine, aspartate, glutamate, leucine, isoleucine, glycine, serine, and 

methionine were determined in separate runs. The incorporation rate of asparagine-

derived 13C into intermediates of the central carbon metabolism was estimated based on 

their relative mass isotopomer distribution and the proportion of 13C. The values for mass 

transitions, collision energies, fragmentor and accelerator voltages are shown in 

Supplemental Table S3.1. 

3.3.8 Software used for preparation of figures and graphs 

Data statistic differences were tested by Sigmaplot version 14.0. Figures and graphs were 

created with OriginPro 2020 and Adobe Illustrator 2020. 

3.4 Results 

3.4.1 Growth of Methylocystis sp. strain SC2 under salt stress 

Growth experiments were conducted to determine the effect of increasing NaCl stress on 

the physiological activity of strain SC2. No difference in the growth rate occurred 

between no salt (1.57 mg CDW/d) and 0.50% NaCl (1.45 mg CDW/d), while 0.75% NaCl 

(0.66 mg CDW/d) and 1.00% NaCl (0.28 mg CDW/d) significantly decreased the growth 

rate (p̖0.001). The addition of 1.25% NaCl inhibited the growth of strain SC2 during 

the first 2 days of incubation, while it slightly recovered thereafter. Final biomass (0.50 

OD600) showed no significant difference between the no-salt control and the treatments 

with 0.50% NaCl and 0.75% NaCl (Fig S3.1A). Further increase in salinity significantly 

decreased the final biomass, with OD600 values of 0.46 (1% NaCl) and 0.35 (1.25% NaCl). 

Nearly no growth occurred with 1.50% NaCl in the medium (Fig S3.1A).
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The osmoprotective effect of a series of potential compatible solutes and 

osmoprotectants was tested in SC2 cultures grown with 1% NaCl in the medium. The 

addition of alanine, asparagine, lysine, and ornithine led to a stress relief and, compared 

to salt-only condition, restored the biomass production by 12%, 21%, 14%, and 33%, 

respectively. The other compounds had no effect (cysteine, glycine betaine) or a negative 

effect (arginine, aspartate, cysteine, glutamate, glutamine, glycine, histone, methionine, 

proline, threonine, valine, ectoine) effect on the growth of strain SC2 (Fig S3.1B). 

Incubated under 1.5%-NaCl condition, the addition of 10 mM asparagine restored the 

biomass production significantly greater (57%) than the addition of 10 mM ornithine 

(14%), with CH4 consumption, growth rate, and biomass yield being significantly 

increased (p Ò 0.001, Fig S3.1C, Fig 3.2 and Table S3.2). Therefore, asparagine was 

chosen for further analysis. 

 

Fig 3.2  Growth parameters of Methylocystis sp. strain SC2 under the conditions of (i) no-salt, (ii) 1.50%-

NaCl, and (iii) 1.50%-NaCl+Asn. All the growth parameters were calculated based on the mid-log phase. 

Asterisks indicate significant difference with *p-value Ò 0.05; **p-value Ò 0.01; and ***p-value Ò 0.001, 

using Tukey's method with one-way ANOVA. Measurements were done in triplicate cultures. Error bars 

show standard deviations of triplicate cultures. 

3.4.2 Comparative proteomics 

Samples for global proteome analysis were taken during the mid-log phase, involving 

three treatment conditions: no-salt, 1.50%-NaCl, and 1.50%-NaCl+Asn (Fig 3.1). With 

log2-fold changes Ó 1 or Ò -1 and q-value Ò 0.01, the total number of up- and down-

regulated proteins were as follows: 1.50%-NaCl/no-salt (183 vs. 342), 1.50%-

NaCl+Asn/no-salt (227 vs. 294), and 1.50%-NaCl+Asn/1.50%-NaCl (148 vs. 63) (Fig 

S3.2 and Table S3.3). Of the latter 148 DRPs, 45 DRPs were specifically upregulated in 

response to 1.5%-NaCl+Asn, with no differential expression effect in the comparison 

group 1.5%-NaCl/no-salt. The expression of another set of 18 DRPs were already 
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upregulated in the comparison group 1.50%-NaCl/no-salt and further significantly 

upregulated in response to asparagine (1.50%-NaCl+Asn/1.50%-NaCl). Finally, 85 DRPs 

showed a significant downregulation in the comparison group 1.50%-NaCl/no-salt, but 

upregulation in the comparison group 1.50%-NaCl+Asn/1.50%-NaCl (Fig 3.3). 

Triplicate proteome analysis confirmed high reproducibility, with Pearson correlation 

coefficients (PCC) Ó 0.99 for each treatment condition (Fig S3.2). The protein-protein 

interaction (PPI) networks constructed for the comparison groups 1.50%-NaCl/no-salt, 

1.50%-NaCl+Asn/no-salt, and 1.50%-NaCl+Asn/1.50%-NaCl revealed that proteins of 

the KEGG level 2 categories ñenergy metabolismò, ñcarbohydrate metabolismò, ñamino 

acid metabolismò, ñcell growth and deathò, ñreplication and repairò, and ñsignal 

transductionò were enriched in the 1.50%-NaCl and 1.50%-NaCl+Asn treatments relative 

to the no-salt treatment (Fig 3.3A and Table S3.4, 3.5, and 3.6). 

 

Fig 3.3  Comparative proteomics analysis under the conditions of no-salt, 1.50%-NaCl, and 1.50%-

NaCl+Asn. (A) Protein-protein interaction networks in three comparison groups: ñ1.50%-NaCl/no-saltò, 

ñ1.50%-NaCl+Asn/no-saltò, and ñ1.50%-NaCl+Asn/1.50%-NaClò. The complex PPI networks show a 

remarkably high number of edges under salinity conditions: 926 (1.50%-NaCl/no-salt) and 907 (1.50%-

NaCl+Asn/no-salt). The edges (157) were clearly less in number after the addition of asparagine (1.50%-

NaCl+Asn/1.50%-NaCl), thereby resulting in a loose PPI network. Note that nodes with no or less than six 

edges were omitted in the PPI networks shown for the 1.50%-NaCl/no-salt and 1.50%-NaCl+Asn/Asn 

comparison groups, while all the nodes were maintained in the 1.50%-NaCl+Asn/1.50%-NaCl comparison 

group. The functional categorization of the modules is based on KEGG level 2. The size of nodes and edges 
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is proportional to the number of connections (its degree). The protein identity of each node is indicated by 

the UniProt ID. The network edges indicate both functional and physical protein associations based on 

active interaction sources including Textming, Experiments, Databases, Co-expression, Neighborhood, 

Gene Fusion, and Co-occurrence. See Error! Reference source not found., S5, S6 for details on the 120, 

126, and 111 DRPs used to construct the respective PPI network. (B) Venn diagram showing the number 

of DRPs for 1.50%-NaCl/no-salt and 1.50%-NaCl+Asn/1.50%-NaCl. (C) Pathway annotation on KEGG 

level 2 for 45 DRPs that had been identified to be exclusively upregulated in 1.50%-NaCl+Asn/1.50%-

NaCl. (D) Pathway annotation on KEGG level 2 for 85 DRPs downregulated in 1.50%-NaCl/no-salt but 

upregulated in 1.50%-NaCl+Asn/1.50%-NaCl  

3.4.3 Metabolites analysis 

As for global proteomics, samples for the metabolites analysis were taken during the mid-

log growth phase (Fig 3.2 and Fig S3.7). At 1.50%-NaCl, the addition of 10 mM 

asparagine to the medium significantly increased the intracellular pool size of most amino 

acids (Fig 3.4 and Table S3.7). While both asparagine and aspartate were not or barely 

detectable under no-salt and 1.50%-NaCl conditions, the intracellular levels of asparagine 

(264.43 mM) and aspartate (4.20 mM) significantly increased under the 1.50%-

NaCl+Asn condition (p Ò 0.001, Fig 3.4). In addition, glutamate followed by glycine and 

serine significantly accumulated under 1.50%-NaCl+Asn relative to 1.50%-NaCl (p Ò 

0.01, Fig 3.4 and Table S3.7). The pool sizes of glutamine and arginine were lower than 

that of glutamate under all three treatment conditions, but the addition of asparagine 

(1.50%-NaCl+Asn) significantly increased their intracellular concentration relative to 

1.50%-NaCl (p Ò 0.001, Fig 3.4 and Table S3.7). 

Analysis of the culture medium sampled at the mid-log phase showed no detectable 

concentration of aspartate, glutamate, glutamine, glycine, serine, or alanine under both 

conditions, 1.50%-NaCl and 1.50%-NaCl+Asn (Table S3.8). Asparagine was detectable 

only in low concentration (17.13 ± 0.69 µM) in the 1.50%-NaCl+Asn cultures but was 

below the detection level in the 1.5%-NaCl treatment (Table S3.8). All other amino acids 

were detectable under both conditions, 1.50%-NaCl and 1.50%-NaCl+Asn; with most of 

them in significantly larger amounts than under no-salt condition (Table S3.8). The 

concentration of metabolites in the culture medium was also measured under no-salt 

condition, but with the addition of 10 mM asparagine (no-salt+Asn) (Fig S3.3 Table S3.7, 

and Table S3.8). In particular, the extracellular concentrations of asparagine (628.12 ± 

26.65 µM), aspartate (145.71 ± 13.18 µM), and glutamate (41.22 ± 1.45 µM) were 
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tremendously higher in the no-salt+Asn cultures than in the 1.5% NaCl+Asn cultures 

(Table S3.8). Similarly, the cellular efflux of various other amino acids into the culture 

medium, including alanine (19.06 ± 1.20 µM), glycine (11.5 ± 0.43 µM) and serine (7.82 

± 1.29 µM), was significantly increased compared to the 1.50%-NaCl+Asn treatment 

(Table S3.8). 

 

Fig 3.4  Absolute quantification of intracellular amino acids of Methylocystis sp. strain SC2 under the 

conditions of (i) no-salt, (ii) 1.50%-NaCl, and (iii) 1.50%-NaCl+Asn. SC2 biomass was collected at mid-

phase phase. Asterisks indicate significant difference with *p-value Ò 0.05; **p-value Ò 0.01; and ***p-

value Ò 0.001, using Tukey's method with one-way ANOVA. Measurements were done in triplicate 

cultures. Error bars show standard deviations of triplicate cultures. 

The intracellular concentrations of organic acids primarily showed a salinity (1.5% 

NaCl) effect (Table S3.9 and S3.10). In particular, the pool sizes of pyruvate, lactate, and 

glycolate tremendously declined, while those of malate and glyoxylate were nearly 

unaffected (Table S3.9). The addition of asparagine (1.5%-NaCl+Asn; no-salt+Asn) had 

no major effect on the intracellular metabolite concentrations (Table S3.9). All organic 

acids were detectable in the culture medium (Table S3.10).The extracellular 

concentrations of organic acids showed no significant difference between the 1.50%-

NaCl and 1.50%-NaCl+Asn treatments (Table S3.10). The only exception was pyruvate. 

Its extracellular pool size was significantly greater under 1.50%-NaCl+Asn than 1.5%-

NaCl (p Ò 0.01, Table S3.9). The cellular efflux of pyruvate was particularly high in the 

no-salt control, while the cellular efflux of malate into the culture medium (42.16 ± 8.66 

µM) was strongly increased in the no-salt+Asn cultures relative to the other three 
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treatments (1.45 ± 0.01 to 1.87 ± 0.19 µM [no-salt; 1.5%-NaCl; and 1.5%-NaCl+Asn] 

(Table S3.10). 

3.4.4 Tracing experiments with 13C-labeled asparagine 

The 13C tracing analysis was carried out to locate metabolite fluxes that were altered by 

the uptake of asparagine under 1.50%-NaCl+Asn condition. No-salt+Asn was used as the 

reference condition. The intracellular asparagine was fully labeled, while all other amino 

acids and metabolites were only partially 13C labeled. Most of the aspartate was 13C-

labeled in both treatment conditions, 1.50%-NaCl+Asn (86.2%) and no-salt+Asn (88.9%) 

(Fig 3.5). Glutamate (p Ò 0.001) and arginine (p Ò 0.05) were the only amino acids that 

showed a significantly higher degree of labeling under 1.50%-NaCl+Asn than under no-

salt/Asn. The degree of labeling in glutamate was 71.8% (1.50%-NaCl+Asn) versus 

41.5% (no-salt+Asn), while it was 31.9% (1.50%-NaCl+Asn) versus 23.0% (no-

salt+Asn) for arginine (Fig 3.5, Table S3.11). In addition, methionine and serine showed, 

on average, a higher degree of labeling under 1.50%-NaCl+Asn than under no-salt/Asn, 

but the difference was insignificant (Fig 3.5, Table S3.11). The degree of labeling of the 

other intracellular amino acids was lower under 1.50%-NaCl+Asn than under no-

salt/Asn, or showed no difference between the two experimental treatments (Table 

S3.11). Likely due to low pool size, the mass isotopomer distribution of proline, which is 

synthesized from the same precursor as arginine, could not be accurately detected in the 

cell extracts. 
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Fig 3.5  Labeling patterns of key metabolites under the conditions of 1.50%-NaCl+Asn and no-salt+Asn. 

Asterisks indicate significant difference with *p-value Ò 0.05, **p-value Ò 0.01, and ***p-value Ò 0.001, 

using Tukey's method with one-way ANOVA. Measurements were done in triplicate cultures. Error bars 

show standard deviations of triplicate cultures. 

3.5 Discussion 

Various ion species can contribute to environmental salinity. Most research on the 

response of microorganisms to high salinity have, however, been conducted with NaCl 

as stressor (Osudar et al., 2017; Czech et al., 2018; Richter et al., 2019). In addition to the 

osmotic pressure, dissolved Na+ and Clī ions can be toxic to bacterial cells by their 

interaction with the binding sites of the enzymes (Serrano, 1996). Alphaproteobacterial 

methanotrophs of the Methylocystis / Methylosinus group are known to have a low 

tolerance to salinity (Trotsenko and Murrell, 2008; Han et al., 2017). We confirmed that 

the addition of 1% and 1.25% NaCl to the medium leads to a partial inhibition of the 

growth of Methylocystis sp. strain SC2. The addition of 1.5% NaCl, to which we will 

refer as severe salinity, completely inhibited SC2 growth (Fig S3.1A). The low resilience 

of strain SC2 and other Methylocystis spp. to osmotic and salt stress prompted us to test 

a series of potential compatible solutes and osmoprotectants for their ability to have a 
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stress relief effect on the response of strain SC2 to partial inhibitory salinity (1% NaCl). 

When added in 1 mM concentration to the growth medium, asparagine and ornithine 

showed the greatest relief effect, while most other tested compounds had no or a negative 

effect (Fig S3.1B). The positive growth effect of asparagine showed to significantly 

increase with the amount added to the medium under severe salinity, with 10 mM 

asparagine having the greatest stress relief effect (Fig S3.1C). By contrast, the increase in 

the amount of ornithine added to the medium had even a decreasing relief effect on SC2 

growth (Fig S3.1). Thus, we chose to analyze the relief effect of 10 mM asparagine with 

SC2 growth under severe salinity (1.5% NaCl) in greater detail. Quantitative metabolite 

analysis confirmed that the medium added asparagine was completely taken up by the 

SC2 cells within 1 to 2 days of incubation, thereby resulting in an intracellular pool size 

of 263.3 mM asparagine. By contrast, intracellular asparagine was nearly undetectable in 

SC2 cells grown with no salt (0.05 mM) or incubated with 1.5% NaCl (0.08 mM). Thus, 

maintenance of this very high intracellular level of asparagine was likely to be crucial for 

the effective acclimatization of strain SC2 to severe salinity (1.5% NaCl). In the 

following, we will first discuss the proteome response to severe salinity and how the 

proteome rearrangements were affected by the uptake of asparagine. This will be 

followed by a discussion of the metabolite response to unlabeled and 13C-labeled 

asparagine, in part related to the observed proteome rearrangements. 

3.5.1 The proteome of strain SC2 

3.5.1.1 General aspects 

Three PPI networks were constructed using the DRPs of the different treatments. The 

high density of the PPI networks constructed for the comparison groups 1.50%-NaCl/no-

salt and 1.50%-NaCl+Asn/no-salt indicates that the protein-protein-interactions were 

primarily shaped by severe salinity. The high number of edges (926 respectively 907) 

clearly suggests that the functional roles of the DRPs were closely interrelated, which in 

turn governed the metabolic response to severe salinity. By contrast, the DRPs of the 

comparison group 1.50%-NaCl+Asn/1.50%-NaCl show a loose PPI network with a 

clearly less number of edges (157) than the other two PPI networks. Despite the major  

difference in network density, all three PPI networks were significantly enriched in DRPs 

affiliated with the same KEGG level 2 categories, namely energy metabolism, amino acid 
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metabolism, and cell growth and death. However, the proteins, whose differential 

regulation was specifically triggered by asparagine (1.5%-NaCl+Asn/1.5%NaCl), were 

not only less in number but also less closely interrelated than the proteins affected by 

severe salinity. 

Thus, the impact of severe salinity and asparagine on the proteome rearrangements 

of strain SC2 greatly differed between functional categories. DRPs involved in general 

and oxidative stress response, but also some DRPs involved in amino acid turnover (e.g., 

glutamate dehydrogenase, acetlyornithine aminotransferase), primarily responded to 

severe salinity, with their expression level was only partly modulated by asparagine (Fig 

3.6). However, the expression level of certain DRPs involved in methane oxidation, 

central carbon metabolism (e.g, glycine cleavage system, GCS), and synthesis of 

compatible solutes (i.e., ornithine cyclodeaminase), was majorly affected by asparagine 

(Fig 3.6). Most DRPs involved in the nitrogen metabolism were significantly 

downregulated in response to severe salinity (e.g., nitrogenase complex), with no 

significant effect of asparagine on their expression level (Fig 3.6). 

 

Fig 3.6  Heatmap showing proteins and functional categories differentially expressed under the conditions 

of no-salt, 1.50%-NaCl and 1.50%-NaCl+Asn. The protein expression values are indicated by Z-score 

normalized LFQ intensity values (lower panel). Log2-fold changes are shown for the comparison groups 

ñ1.50%-NaCl/no-saltò, ñ1.50%-NaCl+Asn/no-saltò, and ñ1.50%-NaCl+Asn/1.50%-NaClò (upper panel). 

The plus and minus symbols indicate proteins significantly up- or downregulated (log2-fold change Ó 1 or 

Ò -1, q-value Ò 0.01) in the respective comparison group. 
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3.5.1.2 General and oxidative stress  

The cellular adjustment processes to severe salinity (1.5% NaCl) induced a significantly 

increased synthesis of stress-responsive proteins and antioxidant systems (Fig 3.6, Table 

S3.12). However, their increased cellular level did not promote growth unless 10 mM 

asparagine had been added to the medium. The expression of both the stress-induced 

protein (J7QHI8) and the stress response DNA-binding protein (Dps) (J7QQ02) were 

significantly upregulated. The stress-induced protein is known to be induced by 

environmental stress, but its functional role remains elusive (Iguchi et al., 2013). Dps has 

three intrinsic properties: DNA binding, iron sequestration, and ferroxidase activity. 

Thus, Dps production is crucial for bacterial cells to be able to cope with various types of 

stressors, including heat shock, starvation, oxidative stress, and overexposure to iron 

(Calhoun and Kwon, 2011; Karas et al., 2015). One CsbD protein (J7QV15) showed not 

only a high intracellular level but also was one of the proteins whose expression was most 

strongly upregulated, with a log2-fold change of 4.99 to 5.62 (4.18E+07 to ~2.05E+09). 

This agrees well with the results of a previous transcriptome study that had been 

conducted to assess the transient inhibitory effects of 0.75% NaCl on strain SC2 (Han et 

al., 2017) (Fig 3.6). The upregulation of these stress-responsive proteins occurs in strain 

SC2 regardless of the osmotic stressor (Guo et al., 2022) and follows an expression 

pattern that is widely distributed among bacteria (e.g., Escherichia coli and Bacillus 

subtilis) (Petersohn et al., 2001; Karas et al., 2015; Antipov et al., 2017). 

The Hsp20 machinery prevents aggregation and misfolding of client proteins 

(Lindquist and Craig, 1988; Suss and Reichmann, 2015). This machinery is not only 

expressed upon exposure to heat shock but also in response to the toxic effects of osmotic 

stress (Liberek et al., 2008; Bepperling et al., 2012; Yer et al., 2018). One of two Hsp20 

proteins (J7QJH1) was significantly upregulated in response to both 1.5%-NaCl/no-salt 

and 1.5%-NaCl+Asn/no-salt, while the second Hsp20 protein (J7QF27) belonged to those 

85 DRPs that exhibited an expression reversal in response to asparagine. 

Concomitantly to the upregulation of stress-responsive proteins, a great number of 

proteins involved in redox metabolism were significantly upregulated, including two 

glutathione S-transferases (GSTs), one glutaredoxin, and the peptide methionine 

sulfoxide reductases MsrA and MsrB (Fig 3.6, Table S3.12). GSTs have protective 

functions against oxidative stress and thus are widely distributed in aerobic prokaryotes 
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(Allocati et al., 2009). The particular increase in the expression level of two GSTs under 

1.5%-NaCL+Asn conditions suggests that the asparagine-induced changes in the SC2 

metabolism led to an increased presence of both reactive oxygen and nitrogen species 

(RONS) that needed to be transferred to reductive glutathione (GSH) and detoxified by 

GST activity (Allocati et al., 2009). The glutathione acts as a cofactor by glutaredoxins 

in cellular regulation (Vlamis-Gardikas et al., 2002). Similarly, the peptide methionine 

sulfoxide reductase catalyzes the reduction of methionine sulfoxide back to methionine 

which is particularly susceptible to oxidative species (John et al., 2001; Weissbach et al., 

2002; Madeira et al., 2017). 

3.5.1.3 Methane metabolism 

Growth of strain SC2 under replete CH4 conditions is due to the activity of the low-

affinity pMMO1 (Baani and Liesack, 2008) and the methanol dehydrogenase (MDH). 

These two enzymes oxidize CH4 first to methanol (pMMO1) and then to formaldehyde 

(MDH). The expression of its subunits (PmoCAB1) was not affected by severe salinity, 

regardless of whether asparagine had been added to the medium (Fig 3.6, Table S3.12). 

Presumably, the pMMO1 is one of the ñhousekeepingò enzymes whose expression level 

is generally maintained under osmotic and salt stress as it also was not differentially 

regulated in response to increasing NH4Cl stress (Guo et al., 2022). This in contrast to 

subunits (PmoA2, PmoB2) of the high-affinity pMMO2 and the chromosome-encoded 

monocistronic PmoC2Gs whose expression responded to NaCl stress (Fig 3.6, Table 

S3.12). While the expression of the calcium-dependent MDH is not differentially 

regulated in response to increasing NaCl stress (Han et al., 2017; this study), increasing 

NH4Cl stress induced an upregulation of the MDH complex; with the latter likely to 

overcome the toxic effect of hydroxylamine (Guo et al., 2022). The resulting 

formaldehyde can be either assimilated into cell carbon or further oxidized to gain energy 

for growth (Marx et al., 2005; Vorobev et al., 2014). While tetrahydromethanopterin 

(H4MPT) is a crucial cofactor for direct oxidation of formaldehyde to formate, 

tetrahydrofolate (H4F) (THF) acts a formaldehyde acceptor required for carbon 

assimilation via the serine cycle (Vorholt, 2002; Karthikeyan et al., 2015). The 

formaldehyde-activating enzyme (Fae) catalyzes the condensation of formaldehyde with 

methylene-H4MPT, while formate dehydrogenase (FDH) catalyzes the terminal step of 

methane oxidation, thereby yielding redox equivalents (NADH/H+) and CO2 (Vorholt et 
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al., 2000). Both enzymes, Fae and FDH, were strongly downregulated in response to 

severe salt stress, but belonged to the 85 DRPs that showed an expression reversal after 

the addition of asparagine; thereby leading to a significant upregulation in the comparison 

group 1.5% NaCl+Asn/1.5%-NaCl (Fig 3.6, Table S3.12). Thus, while the expression of 

the C1 assimilation pathway was not differentially regulated, asparagine addition had a 

significant relief effect on the downregulation of the energy-yielding reactions involved 

in the oxidation of fomaldehyde to carbon dioxide via formate. 

3.5.1.4 Nitrogen metabolism  

Strain SC2 has been shown to be able to efficiently fix dinitrogen, in particular with a 

concentration of 8% to 10% oxygen in the culture headspace (Dam et al., 2014). The 

expression level of the nitrogenase complex, however, was relatively low already under 

no-salt condition due to the supply of 10 mM NO3
- in the growth medium. Nonetheless, 

the expression of various proteins of the nitrogenase complex (e.g., NifD, NifK) was more 

than tenfold downregulated in response to severe salinity with no effect by asparagine 

(Fig 3.6, Table S3.12). Noteworthy, the nitrate transporter (UniProt ID J7Q4T7) showed, 

despite the presence of 10 mM nitrate in the culture medium, a specific downregulation 

in the comparison group 1.5%-NaCl+Asn/1.5%-NaCl (Fig 3.6, Table S3.12). This 

transporter is known to be transcriptionally and post-translationally regulated by 

intracellular ammonium (Rice and Tiedje, 1989). This led us speculate that its 

downregulation may be due an asparagine-derived nitrogen supply. Indeed, the results of 

our metabolites analysis evidenced sufficient nitrogen supply for growth of strain SC2 

under severe salinity by the enzymatic hydrolysis of asparagine to aspartate (Meister, 

1974) (see section 4.3, Fig 3.6, Table S3.12). Another noteworthy aspect is that the 

chromosome-encoded hydroxylamine reductase (Hcp, UniProt ID J7Q787) exhibited a 

specific upregulation in the comparison group 1.5%-NaCl+Asn/1.5% NaCl (Fig 3.6, 

Table S3.12). Most recent research, however, suggests that among other possible 

functions, the most likely physiological role of Hcp is the conversion of NO to N2O (NO 

reductase activity) (Hagen et al., 2022). 

3.5.1.5 Cell divisions 

Severe salinity (1.5% NaCl) led to a significant downregulation of nearly all identified 

cell division proteins (Table S3.12), in good agreement with the knowledge that signaling 
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cascades induced by abiotic stress halt cell cycle progression through inhibiting the 

transcription process (Nepal and Kumar, 2020). In consequence, the growth of strain SC2 

was completely inhibited under severe salinity (Fig 3.2). However, the addition of 

asparagine (1.5%-NaCl+Asn) specifically affected the differential regulation of various 

proteins involved in cell division, including the two-component transcriptional regulator 

(CtrA), the HPTransfase domain-containing protein (ChpT), the multi-sensor signal 

transduction histidine kinase (PleC), the ATP-dependent zinc metalloprotease (FtsH), and 

the cell division protein (FtsA). In consequence, these proteins showed a significant 

upregulation in the comparison group 1.5%-NaCl+Asn/1.5%-NaCl (Table S3.12). 

The two-component transcriptional regulator (CtrA) is the key cell cycle regulator. 

Under optimal growth conditions, the membrane-bound multi-sensor hybrid histidine 

kinase (CckA) activates CtrA via the HPTransfase domain-containing protein (ChpT), 

with the latter responding to spatiotemporal cues that trigger the expression of genes 

required for cell division (Biondi et al., 2006; Iniesta et al., 2006). In addition, PleC, a 

phosphatase, plays a pivotal role in the developmental program by keeping cell cycle 

response regulator DivK and PleD phosphorylation levels low during G1 phase of the cell 

cycle, thereby preventing premature CtrA inactivation (Coppine et al., 2020). 

The FtsH protease is highly sensitive to elevated salt concentrations (Deuerling et 

al., 1997). FtsH is unique owing to its anchoring to the inner membrane. It is a structural 

homologue of tubulin and known to polymerize into protofilaments at the division site. It 

participates, for example, in the cell division initiation in Escherichia coli and 

Caulobacter crescentus (Tomoyasu et al., 1995; Fischer et al., 2002; Langklotz et al., 

2012). The absence of FtsH protease led to a severe cell division phenotype and 

sporulation defect in C. crescentus, emphasizing the sensitive response of the FtsH 

protease to salt stress (Fischer et al., 2002). The FtsA protein is the most highly conserved 

actin-related protein of the divisome and recruits the FtsZ protein to the membrane (Ma 

and Margolin, 1999; Loose and Mitchison, 2014; Mahone and Goley, 2020). 

Thus, the addition of asparagine under severe salinity partly restored the intricate 

coordination between ChpT, CtrA, and Plec and in consequence the cell division process 

by increased relative expression of the FtsA and FtsH proteins, all of which corresponds 

well to the partial recovery of cell growth and biomass production. In good agreement, 

the enzyme alanine racemase was significantly upregulated in response to asparagine 
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addition. This enzyme converts L-alanine into D-alanine that is used for peptidoglycan 

synthesis. 

3.5.2 The metabolome of strain SC2 

The import of compounds that are compatible with cell physiology at high internal 

concentrations is a well-known capability of soil bacteria (e.g., Bacillus spp.) (Bremer 

and Kramer, 2019). This raised the question of whether non-saline methanotrophs, such 

as our model organism Methylocystis sp. strain SC2, are able to take up compatible solutes 

from the environment to enhance stress resilience under otherwise osmotically 

unfavorable NaCl conditions (Han et al., 2017; Leon et al., 2018; Sun et al., 2022). The 

addition of asparagine to the medium under severe salt stress (1.5% NaCl) significantly 

altered both exo-metabolome and the intracellular concentrations of various central 

carbon metabolites and free amino acids. Indeed, asparagine (264.43 ± 56.71 mM) was 

taken up quantitatively by strain SC2 under severe salt stress (1.5% NaCl), while the 

uptake of asparagine was significantly less under no-salt+Asn condition (202.29 ± 31.63 

mM). The hydrolysis of asparagine to aspartate resulted in a high pool size of free 

intracellular aspartate (4.20 ± 1.41 mM). The released amino groups may have favored 

the conversion of Ŭ-ketoglutarate into glutamate by increased GDH activity, thereby 

explaining, in part, the strong accumulation of free glutamate (Meister, 1974). 

The extracellular and intracellular concentrations of pyruvate were similar under all 

three treatment conditions (1.50%-NaCl, 1.50%-NaCl+Asn, no-salt+Asn), but 

significantly lower than in the no-salt control (Table S3.9, Table S3.10). Noteworthily, 

while undectable (1.50%-NaCl+Asn) or nearly undetectable (no-salt+Asn), intracellular 

pyruvate showed a high labeling degree (>70%) with 13C-carbon, thereby suggesting a 

very low pool size but rapid turnover of pyruvate. The latter is corroborated by 

significantly increased expression of the pyruvate dehydrogenase complex under 1.5%-

NaCl+Asn condition. This includes the acetyl-transferring E1 component (alpha and beta 

subunit) and the dihydrolipoyllysine-residue acetyltransferase [E2 component]) (Table 

S.3.12). This enzyme complex catalyses the irreversible carboxylation of pyruvate to 

acetyl-CoA plus CO2 and thus feeds the citric acid cycle. 

Oxaloacetate, an intermediate that replenishes both the TCA cycle and the serine 

cycle, is converted into malate which is subsequently used for the formation of malyl-
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CoA by the activities of malate dehydrogenase and malate kinase (Vorobev et al., 2014; 

Chistoserdova, 2017). Then, malyl-CoA is cleaved into acetyl-CoA and glyoxylate by 

malyl-CoA lyase in the ethylmalonyl-CoA (EMC) pathway (Schneider et al., 2012). The 

high 13C-carbon labeling degree of malate and glyoxylate indicates that a major portion 

of the asparagine was assimilated via TCA cycle and EMC pathway (Fig 3.5, Tables 

S3.11). This conclusion is further supported by the high excretion of malate into the 

medium under no-salt+Asn (42.16 ɛM) condition, but not under 1.50%-NaCl+Asn (1.69 

ɛM) condition. 

The composition of both exo- and intra-metabolome indicates that in addition to 

aspartate, high cytosolic pool sizes of glutamate, glycine, serine, and alanine were crucial 

for the stress relief effect of asparagine (Figs 3.4, 3.5; Tables S3.7, S3.8). This is 

particularly evidenced by the high excretion level of these amino acids under no-salt+Asn 

condition, while they were undetectable (glutamate, glycine, serine, alanine) or nearly not 

detectable (asparagine, 17.13 ± 0.69 µM) in the exo-bolome under 1.5%-NaCl+Asn 

condition (Table S3.8). 

Under no-salt condition, the growth yield of strain SC2 was 7.35 (mg CDW/mmol 

CH4), which agrees well with the maximum value that can be theoretically obtained with 

methane as sole source of carbon and energy (Bordel et al., 2019; Hakobyan et al., 2020). 

Intriguingly, we observed under 1.5%-NaCl+Asn condition an even greater methane-

based growth yield than for standard growth condition without salt and asparagine (Fig 

S3.5). Thus, it is reasonable to conclude that in addition to methane, asparagine 

contributed as a supplemental carbon source to the partial growth recovery of strain SC2 

under severe salinity. This conclusion is further corroborated by the incorporation of 

asparagine-derived 13C-carbon into nearly all canonical amino acids (Fig 3.5; Table 

S3.11). 

3.6 Final Remarks 

In this work, we provide new insights into the metabolic potential of Methylocystis sp. 

strain SC2 to cope with severe salt stress. The relief effect of asparagine under otherwise 

completely inhibitory NaCl stress is a novel and unexpected finding. The uptake of 

asparagine led to a partial growth recovery with half of the biomass produced under 

standard growth condition. The tracing experiment with 13C-labeled asparagine allowed 
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us to identify those organic acids (e.g., pyruvate, malate, glyoxylate) and amino acids 

(e.g., aspartate, glutamate, glycine, serine, alanine) whose intracellular pools were most 

affected by the uptake of asparagine. In particular, the high 13C-labeling degree of 

glutamate suggests that it acted as a major hub between central carbon and amino acid 

pathways. However, our current research data may be insufficient to draw definite 

conclusions about how the asparagine uptake changed the flux of metabolites through 

these pathways. This would require additional research, such as metabolite flux 

measurements coupled to 13C-labeling experiments with both methane and asparagine. 

Finally, we found that not only asparagine but also the amino acids ornithine, lysine, and 

alanine had a stress relief effect on strain SC2 under osmotically unfavorable conditions 

(1.0% NaCl). Thus, a comparative analysis of their stress relief effects on the proteomic 

and metabolomic level would be of interest. This should also address the question of 

whether these amino acids can act under severe salinity as the only external nitrogen 

source, in addition to their stress relief effect. 
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3.8 Supplemental information  

3.8.1  Supplemental figures 

 

Fig S3.1  Effect of increasing NaCl stress (A), potential osmoprotectants (B), and increasing asparagine 

concentrations (C) on the growth of Methylocystis sp. strain SC2. (A) The growth dynamics of strain SC2 

were repeatedly monitored at OD600 during the whole incubation period. The starting OD600 was 0.25. (B) 

The effect of potential osmoprotectants (1 mM) was tested using 1.0% NaCl in the medium. The starting 

OD600 was 0.21. The osmoprotective effect of each compound was assessed using OD600 measurements 

after an incubation period of 88 h. (C) The concentration triggering the greatest osmoprotective effect of 

asparagine was tested using 1.50%-NaCl in the medium. Incubations with no salt and 1.50% NaCl in the 

medium were used as controls. The starting OD600 was 0.40. Measurements were done in triplicate cultures. 

Error bars show standard deviations of triplicate cultures. 



C h a p t e r  3                                                  P a g e | 135 

 
 

 
 

 

Fig S3.2  Differential protein expression in response to high-salinity condition with and without the addition 

of 10 mM asparagine (no-salt vs. 1.5%-NaCl vs. 1.50%-NaCl+Asn). (A) Volcano plots of total proteome, 

showing the differential expression of proteins under the conditions of no-salt, 1.50%-NaCl, and 1.50%-

NaCl+Asn. (B) Pearson correlation coefficient (PCC) matrix of the three treatment conditions. The 

correlation coefficient is indicated by colors and numbers.  (C) Hierarchical cluster analysis summarizing 

the differential expression modes of identified DRPs.  
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Fig S3.3  Growth of strain SC2 under the conditions of no-salt, 1.50%-NaCl, 1.50%-NaCl+Asn, and no-

salt+Asn. 

 

Fig S3.4  Absolute quantification of extracellular amino acids and organic acids of Methylocystis sp. strain 

SC2 under the conditions of (i) 1.50%-NaCl+Asn and (ii) no-salt+Asn. See full list at Table S4 and S6. 

SC2 biomass was collected at mid-phase phase. Asterisks indicate significant difference with ***p-value 

Ò 0.001, using Tukey's method with one-way ANOVA. Measurements were done in triplicate cultures. 

Error bars show standard deviations of triplicate cultures.  


























