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Abstract  
 
Climate change is a major concern in the Arctic region, as large amounts of organic 

carbon (C) are stored in permafrost soils and sediments. Increasing average 

temperatures have the potential to release that C and making it available to biologic 

activity. Carbon-rich, anoxic soils such as peatlands are inhabited by methanogenic 

archaea that can metabolize by-products of microbial C decomposition and 

consequently release methane (CH4). Methane oxidizing bacteria (MOB) comprise a 

major biological filter for CH4 in terrestrial and aquatic ecosystems and thereby regulate 

CH4 emissions to the atmosphere. The genus Methylobacter has been detected in many 

CH4 rich ecosystems and several circumpolar locations. Climate change in the Arctic 

includes changes in both temperature and precipitation as well as ecosystem changes 

related to plant cover and herbivory. All of these changes have the potential to influence 

soil structure and soil biological processes. Thus, they are important factors controlling 

the soil C cycle and eventually the activity of MOB. The aim of this thesis was to 

investigate the ability of the Arctic biological CH4 filter to adapt to changes in 

vegetation, CH4 concentrations and temperature. Further, to gain insights in the 

resilience and resistance of the MOB community to environmental changes. 

We have shown that herbivory by geese changes the soil structure and thus the 

vertical distribution of CH4 and oxygen (O2) concentrations in a high Arctic peatland. 

These differences are accompanied by changes in the potential rates of CH4 oxidation. 

The highest activity was detected in shallower parts of the peatland in grazed sites 

compared to sites protected from grazing. Different MOB communities are responsible 

for the CH4 oxidation, depending on the above ground grazing and these communities 

are composed of closely related Methylobacter OTUs. Exposing peat soils from both 

grazed and protected sites to increased CH4 concentrations and temperature revealed 

that MOB respond strongly to changing CH4 concentrations, but apparently not to 

temperature. The response to changing CH4 concentrations involved different members 

of the Methylobacter community depending on the CH4 concentration and their 

previous exposure to herbivory. Temperature had minor effects on the CH4 oxidation 

activity and the MOB community pmoA transcription in the soils. However, 

temperature clearly influences growth, CH4 oxidation and CO2 production in the native 

peat soil isolate Methylobacter tundripaludum SV96. The temperature adaptation of 

M. tundripaludum SV96 is modulated by fine tuning transcription and translation to 



 8 

achieve the optimal balance between substrate availability, growth, and energy 

generation at different temperatures. These findings show that identical CH4 oxidation 

rates can be produced from very different physiological states. This also explains how 

the apparent lack of temperature responses in soil MOB communities is a result of 

physiological acclimation. 

Our results show that MOB in high Arctic peatlands and particular the genus 

Methylobacter is both physiologically and ecologically flexible in adapting to changes 

in plant cover, O2 distribution, CH4 concentrations and temperature. Thus, the MOB 

community comprises an efficient and resilient CH4 filter in high Arctic peat soils.  
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1 Introduction  
 
1.1 Climate change in the Arctic   
 

During the last centuries, our planets climate and biosphere has changed and is still 

changing related to anthropogenic activities. While the earth’s climate has changed 

before, it has never been shown to have changed as rapidly. One element of climate 

change is the warming of our atmosphere which is caused by radiative forcing and 

influenced by the presence and concentration of greenhouse gases (GHG). While water 

vapor is the most abundant GHG in our atmosphere, CO2 is the biggest driver of the 

observed temperature increase. However, while present at much lower concentrations, 

methane (CH4) is an even more powerful greenhouse gas as CH4 is up to 23 times more 

potent than CO2. [1]. Nitrous oxide (N2O) is another important GHG, and while its 

levels are lower than for both CH4 and CO2, it is the most potent compared to the other 

GHGs. 

Northern latitudes are especially threatened and have experienced an increase 

in temperature that is double compared to the global average [2]. Indeed models predict 

a 3.3 - 10 °C temperature increase in the Arctic at the end of the 21st century [3]. The 

northern hemisphere is at present still a major carbon (C) sink [4] and its overall CO2 

uptake capacity has increased in the course of recent centuries [5]. To what extent this 

increase can make up for the loss of C from melting permafrost is uncertain [6,7] as 

permafrost stores significant amounts of organic C. 
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Figure 1 Distribution of terrestrial permafrost in the Northern hemisphere. The figure was published in 2019 by 
Obu et al [8]. 
 

About 22% of the land in the northern hemisphere is covered by permafrost 

[9,10]. For ground (soil, sediment or rocks) to be defined as permafrost it has to remain 

frozen for at least two consecutive years [10]. Permafrost is divided into continuous 

permafrost (90-100 % of the area is frozen), discontinuous (90-50 %), sporadic (50-

10 %) and isolated patches (10-0 %) (Figure 1 [8]). The active layer is the part of 

permafrost soils that thaws temporarily, and its thickness varies depending on spatial 

and seasonal patterns as well as the type of permafrost soil. Permafrost is considered 

one of the major uncertainties and concerns in future climate change predictions as 

thawing of permafrost potentially releases much of that stored, and presently 

unavailable, C to microbial degradation. 

 

1.2 Peatlands and carbon cycling 
 

Around 19% of permafrost soils in the Northern hemisphere are peatlands 

which store most organic C of all permafrost soils [11]. A peatland is a type of wetland 

that accumulates peat which is the accumulation of partially degraded animal and plant 

biomass [12]. Peatlands can further be classified into bogs and fens. Bogs are 
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hydrologically isolated, acidic and oligotrophic whereas fens are connected with a 

water source, vary from acidic to neutral and from oligo- to eutrophic [12]. 

As long as Northern peatlands remain frozen, they release small amounts of C 

and are at present considered a C sink [13]. With increased annual thawing and the 

active layer remaining unfrozen for longer periods, microbial C degradation of can 

continue for longer time periods and with increasing temperatures also at higher rates 

[14]. Peatlands are therefore considered a potential future C source rather than a C sink. 

Research targeting physical and biological processes that influence the C balance of 

peatlands is therefore of the utmost importance [15]. 

The organic C is stored in the form of partially degraded organic matter (OM). 

The decomposition of OM fuels microbes which incorporate part of the organic C into 

their own biomass and release both CO2 and CH4 from their metabolism [16]. 

Microorganisms that produce CH4 belong to the archaea, and they comprise a large 

group of different microorganisms that are collectively referred to as methanogens. CH4 

is produced under anaerobic conditions and in environments that are poor in other 

electron acceptors such as nitrite (NO3-), iron (Fe3+) or sulfate (SO42-) [17]. 

Methanogens use intermediates and end products from the degradation of biopolymers 

and depend on the presence and activity of anaerobic microorganisms (bacteria, fungi 

and protozoa) and syntrophic as well as acetogenic bacteria [18]. These substrates for 

methanogens are H2/CO2, formate, acetate and different methyl-compounds [17]. 

Methanogens are commonly found in environments, such as peat – and wetland soils 

[19,20] that account for a large portion of biologically produced CH4. 

How much CH4 is eventually released into the atmosphere depends not only on 

the metabolic activity of the methanogens, but also on the consumption of CH4 by 

methane oxidizing bacteria (MOB) [21]. The MOB comprise a biological filter and 

their presence and activity is decisive for the final amount of CH4 that is released from 

a CH4 emitting environment. Their resilience to changing environmental conditions is 

therefore highly important for the C budget and future climate predictions. 
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1.3 Ecology and Biochemistry of Methane Oxidizing Bacteria 
 

1.3.1 Taxonomy and Environmental distribution of MOB 
While MOB are widely distributed and their habitats range from soils to aquatic 

environments [22,23], they all possess the unique ability to live on CH4 as their sole C 

and energy source [21]. Most MOB are found within the Gammaproteobacteria 

(previously referred to as Type-I and Type-X) and the Alphaproteobacteria (previously 

referred to as Type-II), with some exceptions found within the Verrucomicrobia 

[23,24]. Many MOB isolates and sequences were retrieved from environments that are 

rich in CH4, such as wetlands, methane seeps, landfill soils etc. There are also distinct 

groups of MOB that originate from environments that have small to no detectable CH4. 

These MOB survive on CH4 from the atmosphere alone and are found in habitats such 

as forest soils, deserts or grasslands. The MOB belonging to this group are referred to 

as the upland soil cluster (USC) and depending on if they belong to the Alpha- or 

Gammaprotebacteria they are further classified by the nominator USC-alpha or USC-

gamma [23,25]. There is also a completely different group of Archaea that oxidize CH4 

anaerobically in soils, waters and sediments and which rely on a completely different 

enzymatic mechanisms for oxidation [26]. As anaerobic oxidation of CH4 was not 

investigated in this thesis, they will not be discussed further. 

 

1.3.2 Biochemistry of methane oxidation 
The aerobic oxidation of CH4 is catalyzed by several enzymes and results in C 

assimilation or CO2 formation to generate energy for the cells. The first step is catalyzed 

by the enzyme methane monooxygenase (MMO), which oxidizes CH4 to methanol and 

is unique to MOB. There are two different types of the MMO – a membrane bound 

enzyme (particulate MMO, pMMO) and a cytoplasmatic, soluble enzyme (soluble 

MMO, sMMO) [21]. MOB can either have the pMMO, the sMMO or both enzymes. 

In those MOB that contain both types of the MMO the ratio of copper to biomass 

regulates which of the two enzymes is active as pMMO is depending on the presence 

of copper [27,28]. Methanol is further oxidized to formaldehyde by the enzyme 

methanol dehydrogenase. Formaldehyde is oxidized to formic acid and CO2 by a 

formaldehyde dehydrogenase and a formate dehydrogenase, respectively [21,29]. 

Formaldehyde can also be incorporated into biomass and MOB use different C 
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assimilation pathways. Gammaproteobacteria use the ribulose mono phosphate 

(RuMP) pathway and Alphaproteobacteria use the serine pathway whereas 

Verrucomicrobia seem to use CH4 as an energy source only and rely on CO2 fixation 

for C assimiliation [29]. 

 

 
Figure 2 CH4 oxidation pathway for Type I (Gammaproteobacteria) and Type II (Alphaproteobacteria) MOB, 
published by Hanson & Hanson et al in 1996 [21]. 
 

Both pMMO and sMMO consist of several subunits and are encoded by the 

gene cluster pmoCAB and mmoXYBZDC, respectively. The genes pmoA and mmoX are 

widely used to detect and taxonomically classify the different types of MOB [30,31]. 

1.3.3 Methylobacter – an important contributor to the high Arctic 
methane filter 
The genus Methylobacter is found within the Gammaproteobacteria, more precisely in 

the family of the Methyloccocales [23,32]. MOB belonging to the genus Methylobacter 

are cosmopolitans [33] and have been detected in many different ecosystems [23]. In 

lakes and other freshwater ecosystems such as wetlands Methylobacter is frequently 

found to be the most dominant CH4 oxidizer [33–35]. Methylobacter is also found in 

rice paddy soils [36] and landfill cover soils [37]. The genus Methylobacter seems to 

thrive when CH4 concentrations are high and copes well with low O2 concentrations 

compared to other MOB [38–41]. 
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In Arctic peatlands M. tundripaludum is found to be a key CH4 oxidizer [42–

44] . M. tundripaludum or closely related species have been detected in permafrost soils 

[45,46] and polar lake and river sediments [47–50]. M. tundripaludum has also been 

shown to be responsible for CH4 oxidation beneath both the Greenlandic and the 

Antarctic ice sheet and is thought to be crucial to reducing CH4 emissions from these 

subglacial ecosystems [51–53]. All these habitats experience changes in climatic 

conditions and the flexibility of M. tundripaludum could be important for future 

emissions from Arctic ecosystems. 

 

1.3.4 Ecological significance of closely related bacterial strains 
Genetic variation in populations is driven by endogenic processes (mutations and DNA 

rearrangements within the cells) and external processes (acquisition of DNA via 

horizontal gene transfer (HGT, also known as lateral gene transfer (LGT)) [54,55]. Of 

these processes, HGT is the most important driver of evolution in prokaryotes as it 

provides the exchange of genetic material between cells, in contrast to eukaryotes that 

can exchange genetic material by sexual reproduction (also known as vertical gene 

transfer) [55,56]. HGT can cause extensive evolutionary changes. It has been proposed 

that the ability of MOB to utilize CH4 was acquired by HGT of genes encoding several 

co-enzymes and co-factors from methanogenic archaea [57]. HGT also plays a role in 

the diversification of close relatives with several examples reviewed in [58]. Modelling 

species dynamics in a heterogenic environment has shown that a high diversity of 

species inhibits evolution when they are experiencing change [59]. The researchers 

showed in this study that there is a strong possibility that pre-adapted species are present 

and that these can potentially outcompete others. Thus there is no need for new species 

to specifically adapt to those changes [59]. The high diversity of Methylobacter in lakes 

[60] and wetlands [33] may explain the success of this MOB genus as it allows for 

successful niche adaptation across chemical gradients of, for example, O2 and CH4 

concentrations. This high Methylobacter diversity may also facilitate a faster adaptation 

to changes associated with climate change and provide higher ecosystem stability.  
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1.4 Environmental conditions controlling methane oxidation and MOB 
communities 
 

Soils can either act as a CH4 source or a CH4 sink which will often depend on the soil 

moisture regime and the presence and O2. Water content and O2 concentrations are 

therefore key environmental variables when investigating both CH4 producing and CH4 

oxidizing microorganisms. Temperature, CH4 concentration, pH and the availability of 

other nutrients can also influence MOB activity. In the following sections some of these 

variables are explored with emphasis on those variables that are most relevant for the 

studies in this thesis. 

 

1.4.1 Hydrology / Soil moisture 
Soil moisture can have varying effects on MOB and their CH4 oxidation activity 

depends on the type of soil. Forest upland soils, which are dry soils and hotspots for 

atmospheric CH4 oxidation, are sensitive to changes in soil moisture both when the soil 

moisture level is decreasing or increasing [61,62]. The optimal soil moisture for CH4 

oxidation in dry soils is relatively high based on their maximum water holding capacity 

[63]. Wet soils are much less sensitive to changes in soil moisture and high CH4 

oxidation is maintained under a wide range of soil moisture contents [61,63]. 

Interestingly, the optimal soil moisture for CH4 oxidation based on the maximum water 

holding capacity in wet soils is relatively low [63]. The dependency of CH4 oxidation 

on soil moisture is similar for net CH4 emissions in different soil types. In wet soils, 

soil moisture content was not found to be a controlling factor for high net CH4 

emissions whereas drier soils are more sensitive to changes in water table [64]. It has 

also been shown that changes in soil moisture act as an on/off switch for CH4 emissions 

[65] instead of a linear relationship between an increase in water content and CH4 

emissions. 

Rice paddy soils were shown to have a rather complex response to changes in 

soil moisture content: Drainage moved the zone of highest CH4 oxidation from the 

rhizosphere and surface soil to the bulk of the soil. These changes were associated with 

an increase in the activity of MOB belonging to the Gammaproteobacteria and a 

decrease of MOB belonging to the Alphaproteobacteria [66,67]. The bulk portion of 

the soil is usually deprived of O2 and drainage may have activated those MOB that 

normally survive better under O2 limited conditions, while the re-wetting of the soil led 
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to a faster recovery of the CH4 oxidation activity of MOB belonging to the 

Alphaproteobacteria [66]. Similar observations were also made in natural vs. drained 

peatlands, where the natural state was associated with Methylocystis-like MOB 

(belonging to the Alphaproteobacteria) and the drained peat was dominated by 

Methylobacter [68]. 

All these results from different soil ecosystems highlight the dependency of 

MOB and their CH4 oxidation activity on a certain soil moisture regime and changes in 

water content can lead to shifts in the MOB community. However, changes in 

hydrology and precipitation will affect ecosystems differently. 

 

1.4.2 Oxygen availability 
Aerobic MOB are dependent on the presence of O2 to oxidize CH4 to methanol. Some 

MOB survive under anaerobic conditions, but they are not able to grow and multiply 

under complete O2 depletion. In soils the availability of O2 is often linked to the soil’s 

moisture regime. The solubility of O2 in water is small and O2 diffusion from the 

atmosphere into water-logged soils is very slow. Thus, the availability of O2 normally 

decreases rapidly in peatlands and often determines the depth range at which MOB 

actively oxidize CH4. There are MOB that can oxidize CH4 efficiently at 

microaerophilic conditions, i.e., at O2 concentrations that are well below 21% and some 

species even seem to be facultative microaerophilic [69] .The survival under low O2 

conditions is crucial not only in wetlands but many aquatic environments [39,40] and 

rice paddy soils [36,70]. Low O2 concentrations even seem to sometimes increase MOB 

activity [39,40]. Methylobacter is often detected in freshwater lakes and their 

dominance may be linked to their ability to oxidize efficiently under micro-oxic 

conditions [40]. Experiments with Methylomonas have coupled nitrate reduction to the 

oxidation of CH4 when O2 is limited and this could be a strategy used by MOB in anoxic 

peatland soils [20,71]. Plant roots also play a role when it comes to the supply of O2 in 

soils. In both wetland and rice paddy soils high CH4 oxidation activity has been 

measured in the rhizosphere of the plants present [72–74] with some plant species being 

more suitable for MOB activity than others [75]. To summarize, MOB activity at 

different O2 concentrations will vary depending on the MOB community, i.e., if the 

community is adapted to micro-oxic conditions or how well they can survive periods 

of O2 depletion. In addition, as O2 concentrations are closely linked to the type of 
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vegetation and the soil moisture, these three variables will together influence MOB 

activity and community composition in a soil ecosystem. 

 

1.4.3 Methane and nitrogen concentrations 
While there are some MOB that can use other C sources than CH4, so called 

methylotrophs, the majority of MOB are strictly methanotrophs and are dependent on 

the availability of CH4. Methane oxidation follows Michaelis-Menten kinetics and the 

rate of CH4 oxidation can be calculated based on the consumption of CH4 over time 

[76]. Measuring CH4 oxidation rates in soils revealed that MOB display biphasic 

activity and that CH4 oxidation kinetics are influenced both by enzymatic activity and 

cell growth [77,78]. Steenbergh et al [77] showed that CH4 oxidation is highly 

influenced by MOB growth especially in the later phase of oxidation and 

Gammaproteobacteria responded with increased growth. 

MOB are often found to reside close to the CH4 rich part of their habitat.  While 

it has been shown that the interface between oxic and anoxic areas in rice paddies 

harbors highest MOB activity [36], in peat bogs there is surprising evidence that MOB 

are located more towards the anaerobic parts of the soil which contain the highest CH4 

concentrations [79]. The availability of higher amounts of CH4, even if only temporary, 

seems to stimulate MOB to survive periods of low CH4 concentrations, or even 

atmospheric concentrations [41,80]. Methylobacter with its ability to cope with micro-

oxic conditions may have certain advantages in surviving close to the zone that is 

richest in CH4 and to use CH4 directly at its biological source [81]. Thus, CH4 

concentrations can directly influence the MOB biodiversity and their activity. 

The presence of nitrogen has also been shown to affect MOB and CH4 oxidation 

and studies have shown both stimulation and inhibition of CH4 oxidation activity. In 

lake sediments and soils, ammonia was shown to positively stimulate 

Gammaproteobacteria, and Methylobacter in particular [82–84]. Contrarily, in the 

water column ammonia was shown to inhibit CH4 oxidation [85]. In rice paddy soils 

fertilization with nitrogen compounds was also shown to have a stimulating effect on 

the Gammaproteobacteria [86]. Ammonia and CH4 have very similar structures and 

competition between ammonia oxidizing bacteria and MOB for O2 could explain 

decreases in both CH4 and ammonia oxidation activity if O2 is a limiting factor. [87] 

Whether nitrogen has a negative or positive effect on the MOB is ultimately dependent 
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on the habitat and its underlying conditions [88]. Some MOB were also shown to fix 

their own nitrogen [89,90] which is an advantage when nitrogen is limited in an 

environment. A study in sphagnum dominated wetlands has shown that  nitrogen 

fixation by MOB is of lesser importance in that environment [91]. 

 

1.4.4 Temperature 
Different microorganisms are adapted to the temperature regime of their natural habitat 

and can be classified in cold-adapted (psychrophilic, up to 20 °C), temperate 

(mesophilic, 20 to 45 °C) and heat-adapted (thermophilic, higher than 45 °C). In 

addition, there are many microorganisms that are “in between” these classifications; for 

example, they can be psychrotolerant and able to grow at low temperatures but have an 

optimal growth temperature that is above 20 °C. Landfill soils are CH4 rich habitats in 

which temperatures can fluctuate a lot within one season and several studies have 

addressed CH4 oxidation activity in response to temperature in these soils. A study that 

monitored both CH4 oxidation activity and changes in the MOB community in landfill 

soils incubated between 6 to 70 °C showed that OTUs belonging to Methylobacter were 

clearly dominant at temperatures lower than 40 °C [37]. In addition, in the soils 

incubated at the lowest temperatures a clear dominance of M. tundripaludum OTUs 

was observed and those OTUs decreased significantly at higher temperatures [37]. 

Psychrotolerant MOB have been previously identified in landfill cover soils [92] and 

CH4 oxidation activity was measured also at low temperatures [93]. Reddy and 

colleagues also observed a clear shift at temperatures higher than 40 °C where 

thermotolerant Methylocaldum OTUs started to dominate the soil microcosms [37,94]. 

Studies in permafrost and landfill soils have also seen even more drastic shifts 

in MOB communities in response to temperature, where communities dominated by 

Gammaproteobacteria changed to communities dominated by Alphaproteobacteria 

([95–97]). Forest soils were shown to be less sensitive to increases in temperature [98]. 

In another study investigating CH4 oxidation activity in response to temperature in 

permafrost soils, the response varied depending on the type of soil [99]. As such the 

MOB community response to increases in temperature can vary and may depend on the 

habitat and natural temperature range.  In isolates, responses to increased temperature 

are more predictable and both growth and CH4 oxidation rates responded positively to 

temperature until optimum growth temperature was reached [98,100]. However, 
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physiological temperature responses and acclimation strategies in MOB is generally 

understudied, and a proper understanding of what physiological phenomena produce 

the CH4 oxidation rates observed in nature is still not available. 

 

1.4.5 pH 
pH is an important variable in determining microbial biodiversity and activity. Soil pH 

is influenced by the type of underlying bedrock, however it is also influenced by 

climate, vegetation, weathering and time [101]. Alkaline soils are more common in arid 

environments, whereas acidic soils are more common in humid environments (such as 

peatlands) and neutral soils are generally less common as they may be poorly buffered 

[102]. Bogs are poor in nutrients and strongly acidic as they are only supplied with 

precipitation from the atmosphere, whereas fens can be acidic to neutral as they are 

connected to the ground water or another source of water [12]. Vegetation cover is a 

good indicator of peatland types as well as an indicator of the pH range [12]. Both 

vegetation and soil pH influence the presence of microbes in general [103] and of MOB 

in particular. Acidic peatlands are often dominated by MOB belonging to the 

Alphaproteobacteria [104,105], whereas more neutral peatlands are dominated by 

MOB belonging to the Gammaproteobacteria [20,42,43]. Studies investigating neutral 

and acidic rice paddy soils have shown that Gammaproteobacteria dominate in neutral 

rice paddy soils [36,106] and Alphaproteobacteria in acidic rice paddy soils [107]. 

 

1.5 The adaptation to temperature change and cold temperatures in 
bacteria 
 

Prokaryotes have adapted to a wide range of temperatures and are found in habitats 

with temperatures ranging from well below zero to higher than plus seventy centigrade. 

All biochemical reactions are temperature dependent and adaptations in the enzymatic 

machinery are necessary to function efficiently at either low or high temperatures. High 

temperatures have a denaturing effect on proteins. Adaptations in the amino acid 

sequence resulting in a tightly packed hydrophobic core, more disulfides bonds and salt 

brides to make the protein more rigid and a higher surface charge can ensure the 

proteins are less likely to denature [108]. At low temperatures enzymatic reactions slow 

down because of the lower kinetic energy available in addition to a higher barrier in 
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enzyme activation energy. To counterbalance these energy deficits, cold-adapted 

proteins display higher structural flexibility and increased specific activity at the cost 

of a lower thermal stability – i.e., they unfold at much lower temperatures than 

mesophilic proteins [108]. Another strategy to overcome the energy deficits in the cell 

at low temperature is the increased production of ATP to keep the enzymatic machinery 

going [109,110]. To keep growth rates high the cells need higher substrate 

concentrations [111] as substrate affinity decreases at low temperatures [112,113]. For 

MOB this relationship would mean that more CH4 needs to be consumed per cell to 

achieve the same growth rate as at the optimum temperature. In addition, an energy 

increase would be necessary to satisfy the demands at lower temperature, manifesting 

itself in an increase in CO2 production. 

Besides having to deal with low energy availability at low temperatures, 

bacterial cells also need to regulate their membrane fluidity to be able to transport 

molecules in and out of the cell. The lipid composition of the cell wall changes when 

growing at different temperatures to maintain membrane fluidity and to ensure 

membrane permeability also at cold temperatures and the composition can differ in 

species that are adapted to different temperature ranges [114–116]. 

Fast adaptation of the cellular machinery is important when temperatures 

fluctuate, and bacteria use both heat shock proteins (HSPs) and cold shock proteins 

(CSPs) to cope with a sudden change in temperature. The main function of HSPs is to 

help other proteins to get properly folded and protect them from aggregation as well as 

to degrade misfolded or aggregated proteins [117]. Cold shock proteins regulate 

transcription and translation by preventing mRNA from forming secondary structures 

in combination with a ribonuclease (RNAse) that degrades defective mRNA molecules 

[118,119]. After the acclimation to the new temperature the bacterial cells resume 

growth, but at a slower rate [119]. The proteins upregulated for long-term growth at 

cold temperature are not the same as the CSPs upregulated directly after cold shock 

[119]. Adaptations to temperatures that are within the “normal” range for a bacterium 

is different from the response to a temperature shock. Psychrophilic microorganisms 

synthesize cold-adapted proteins (CAPs) which are similar to CSPs in their mesophilic 

counterparts, but CAPs are synthesized continuously to maintain growth at low 

temperature [120,121]. These CAPs are thought to both help regulating the membrane 

fluidity, but can also replace other proteins that were damaged by the colder 

temperature [120]. Growing at lower temperatures is also accompanied by a decrease 
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in the bacterial translation machinery which results in lower growth rates [122]. To 

handle this decrease coupled to the need for cold-specific proteins bacterial cells have 

to tightly control protein expression related to temperature and to allocate resources 

efficiently [123–125]. While most of the processes described in the section above were 

investigated in Escherichia coli, similar regulative mechanisms must be available in 

MOB especially in soil habitats that can experience frequent temperature fluctuations. 

M. tundripaludum SV96 has been shown to cope well over a relatively broad range of 

temperatures [44] and efficient use of CH4 is probably necessary to allow for growth at 

all of these temperatures. 

 

1.6 Vegetation changes and herbivory in the Arctic 
 

Warmer temperatures in summer and over a longer time will lead directly to changes 

in vegetation and a longer growing season, especially in the Arctic [1]. Plants affect the 

structure of the soil, which itself influences properties such as pore space, moisture 

regime, nutrient cycling, gas transport and other processes in the soil [126]. As 

discussed in the previous section, many of these properties affect MOB and their 

activity. Thus, Arctic peatlands and their C cycle will potentially be altered by 

vegetation-driven changes. Changes in the vegetation composition can act both on the 

strength of the CO2 sink as well as on CH4 emissions [127]. For example, an increase 

in shrubs and trees at higher latitudes increases the uptake of CO2 and higher C storage 

in plant biomass [128]. This can however, be outweighed by an increase in overall C 

loss when considering plant-soil interactions [129]. 

In peatlands, climate and land-use changes can lead to drying and it has been 

shown that drying has a negative effect on the net CO2 uptake [130]. Warming can also 

increase soil moisture due to more frequent and intense rain events or the thawing of 

permafrost in the northern hemisphere which can lead to the expansion of peat- and 

wetlands. While some plant species might thrive in wetter and warmer conditions which 

can result in increased CO2 fixation [131], it was also shown that warmer temperatures 

can lead to increasing CH4 emissions from anaerobic microorganisms [14]. Considering 

that CH4 has higher radiative forcing, the overall strength as a C sink decreases in a 

warmer, wetter peatland and these ecosystems can therefore contribute significantly to 

future GHG emissions [131]. 
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While these changes in vegetation are happening directly because of warming, 

other changes are more indirectly linked to the changing climate. Increased grazing by 

herbivores in high latitude ecosystems comprises an additional pressure and has the 

potential to change C dynamics. Again, grazing can have a positive or negative effect 

on C emissions. Grazing in shrub dominated ecosystems by large herbivores on 

Greenland favors the growth of lower plants such as grasses and mosses, thus leading 

to an increase in C uptake by respiration [132]. In a study from Greenland, it was shown 

that muskoxen grazing in mires that are dominated by vascular plants leads to higher 

CH4  emissions [133]. Different species of geese have had a tremendous impact on the 

vegetation in large parts of the Arctic and peatlands that were dominated by vascular 

plants are now outcompeted by mosses [134]. Mosses are generally quite temperature 

sensitive and drying [135] and the general prediction for northern peatlands is that with 

increasing temperature grasses will dominate over mosses [135,136]. Thus, in peatlands 

that are now dominated by mosses as a result of geese grazing, increases in temperature 

will potentially lead to the loss of  much of the moss cover and reduced ecosystem 

productivity [134,137]. 

Grazing does not only directly affect the plant cover by removing certain plant 

species, but also changes the structure and thus the physical properties of the soil. Large 

herbivores are known to compact the upper layers of the soil, particularly when the soil 

is wet and especially when the grazers are present in large numbers [138,139]. 

Compaction of the soil leads to changes in soil hydrology and the reduction of pore 

space makes it more difficult for roots to penetrate the soil, thus affecting the growth 

of the plants [138]. Interestingly, similar effects have been recorded by the presence of 

small herbivores that reduce the plant biomass by trophic interactions, i.e., grazing, but 

small herbivores can also compact and change the physical parameters of the soil [140]. 

Geese on the other hand remove not only the plant biomass above the soil, but are 

known to eat the roots of bryophytes and vascular plants – a process called grubbing 

which is especially common in wet tundra and grubbing in combination with soil 

erosion will probably lead to a significant loss of C from these ecosystems [137,141]. 

In addition, nutrient availability in soils is influenced by the type of plant cover 

and its abundance. Plant roots excrete high and low molecular weight molecules into 

the soil that vary with the age and physiological state of the plant, the type of soil type 

and the nutrient availability in that soil [142,143]. These excreted molecules can be 

used by the soil microbiota and by other plants in symbiosis or inhibit the growth of 
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competing plants or pests [142]. Thus, it is apparent that extensive grazing also 

influences the nutrient availability in the soil. Indeed, higher amounts of 

polysaccharides were found in the Solvatn peatland sites protected from grazing which 

are probably linked to the presence of vascular plants and were shown to directly 

influence the soil microbiota [144]. 

 
1.7 A warming Arctic 
 
As already described, herbivores influence both plant cover and soil structure, thus they 

have an impact on the overall ecosystem processes taking place in the soil. Hence, the 

presence and increasing abundance of herbivores is detrimental to the fate of the Arctic 

vegetation. Arctic plant species are generally slow growing and plant species that are 

least resistant to grazing will disappear quickly when herbivore activity increases [145]. 

The exclusion of herbivores has a much smaller effect and will not necessarily lead to 

the return of the original plant cover as the least resistant species have already 

disappeared. The “new” vegetation is now dominated by plants that were more resistant 

to grazing from the beginning [145]. Warming will allow Arctic plants to grow longer 

and faster and it is predicted that more thermophilic plant species will invade Arctic 

ecosystems in addition to the shrub cover increasing [145–147]. Both shrubs and 

thermophilic plants are expected to be favored by herbivores, thus herbivores will have 

a regulating effect [148,149]. Stable populations of herbivores are important to balance 

those effects that warming has on the plant cover in Arctic ecosystems and their 

presence and absence will influence the magnitude of changes in vegetation. Animals 

are slow in adapting to the changes happening in the Arctic due to warming. Since the 

plant composition and the growing season is changing, processes like calving are not 

synchronized optimally with the growing season anymore and can lead to a reduction 

in numbers [150]. Rain in winter renders the snowpack impenetrable and makes it 

harder for wild reindeers as well as rodents to find food [151]. While one single winter 

with rain can cause a drastic population reduction in that particular year, perennial 

events seem to affect the population less [152]. 

While herbivores such as reindeer and rodents are only able to migrate on land, 

geese breeding in the Arctic are affected both by changes in their breeding grounds and 

in their overwintering grounds. Geese populations have doubled in the last century due 

to the protection from hunting and an increase in food sources [153]. The impact of this 
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increase on the vegetation has been extensive [154–156]. Warmer temperatures in their 

Arctic breeding grounds also leads to increased egg production and hatching, which 

further leads to an increase in the population [157]. Predators such as Arctic foxes and 

polar bears will likely respond positively to this and can potentially regulate population 

increases  [157]. 

The Arctic is a closely knit network of herbivores, predators, plants and 

microorganisms influenced by climate change and above and below ground 

interactions. Thus, the overall magnitude of changes will depend on responses of each 

of these groups and their interactions and eventually decide if the Arctic will become a 

major C source or remain an overall C sink. At the same time few studies have targeted 

the response of CH4 oxidizing bacteria to climate change related variables, both in the 

field and in laboratory studies. Therefore, we think that the results of this thesis are 

valuable for future climate predictions and the understanding of the Arctic CH4 filter. 

Also, microbial soil processes and activities are vital information for integrated Arctic 

climate models. 
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2 Objectives 
 

The overall objective of this thesis was to investigate the effect of climate change 

associated variables on the MOB community and their CH4 oxidation activity in Arctic 

peatlands. We wanted to better understand which factors shape the MOB community 

and how changes from the present state to a warmer Arctic might affect different MOB 

community members and their activity. Within this complex of numerous changes and 

interactions the emphasis of this work has been on the specific objectives addressed in 

the three different papers: 

 

1. How do herbivory induced vegetation changes affect the activity and 

community composition of Arctic MOB? 

2. What effects have increasing temperatures and CH4 concentrations on the 

response of Arctic MOB? 

3. Which temperature acclimation strategies are used by M. tundripaludum 

SV96? 
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3 Summary of the papers 
 
3.1 Paper I 
 
Increased herbivory has modified the vegetation of high Arctic peatlands and reduced 

the amount of vascular plants compared to mosses [134,154]. Master student Vaïk 

Küpfer measured CH4 oxidation in mosses collected from peatland sites exposed to 

herbivory (grazed peat soils). He could not measure CH4 oxidation in mosses from sites 

that are protected from grazing (exclosed peat soils) [158]. However, he did detect CH4 

in pore water samples from exclosed peat soils. The CH4 concentrations in exclosed 

peat soils were smaller than in grazed peat soils. Sjögersten et al 2011 did not measure 

any difference in CH4 net emissions from the same peatland when comparing exclosed 

peat soils to grazed peat soils [134]. These findings indicated that herbivory influences 

MOB and we hypothesized that the location, the activity, and the community 

composition of peatland MOB depend on their exposure to herbivory. 

We used microcosms to measure CH4 oxidation activity along a vertical soil 

gradient and measured environmental parameters that influence CH4 oxidation in both 

peat soils (O2, pore water CH4 and water content). In addition, we sequenced 16S rRNA 

and pmoA amplicons to identify the MOB communities responsible for the observed 

CH4 oxidation rates. 

We could show that herbivory changed the soil structure and chemistry of the 

soils with higher water contents, lower O2 concentrations and higher CH4 

concentrations in grazed peat soils. Along with these changes we could detect higher 

rates of CH4 oxidation in grazed peat soils and the depth with the highest CH4 activity 

was located just below the vegetation (0-2 cm peat soil depth). Exclosed peat soils were 

characterized by lower water contents, higher O2 concentrations and lower CH4 

concentrations. Highest CH4 oxidation was detected at an increased depth (4-8 cm peat 

soil depth) and CH4 oxidation rates were lower than in grazed peat soils. The MOB 

communities in both peat soils were dominated by the genus Methylobacter. There was 

a higher relative abundance of MOB OTUs in the grazed peat soils that was responsible 

for the higher CH4 oxidation rates measured in these soils. The MOB communities of 

grazed and exclosed peat soils were composed of different Methylobacter OTUs and 

both peat soils had unique OTUs that were identified as bioindicators for either grazed 

or exclosed peat soils. 
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3.2 Paper II 
 
High Arctic peatlands will be exposed to a larger temperature increase than peatlands 

further south due to Arctic amplification [1]. Increasing temperatures lead to higher 

rates of permafrost thaw and increases the availability of organic C. In addition, 

increases in temperature change important pathways in the peat microbial community 

and leads to an increase in CH4 production [14]. Peatland microbes are also influenced 

by the vegetation and increases in herbivory can affect the C balance in Arctic peatlands 

[144,159,160]. But how much C is emitted as CH4 from these peatlands depends 

eventually on the presence and the activity of MOB. We hypothesized that MOB will 

be affected both by increases in temperature and CH4 concentrations and that their 

response may be affected by herbivory. To test this, we used peat soil microcosms to 

investigate the combined effect of temperature and CH4 concentrations on soils that are 

exposed to herbivory (grazed peat soils) compared to soils protected from herbivory 

(exclosed peat soils). We targeted peat soils depths which were identified to 

accommodate the majority of MOB and thus contained the highest CH4 oxidation 

activity (Paper I). We quantified and sequenced pmoA transcripts to relate changes in 

the abundance and the composition of the MOB community to the responses in CH4 

oxidation activity. 

The microcosms experiments revealed that the MOB community of both peat 

soils responded positively to higher CH4 concentrations by increasing their CH4 

oxidation activity. This increase was especially pronounced in grazed peat soils which 

are naturally exposed to higher CH4 concentrations. The response to the different CH4 

concentrations was modulated by changes in the composition of OTUs belonging to the 

genus Methylobacter. On the transcriptional level this response was however depending 

on their exposure to herbivory: We observed a larger transcriptional response to low 

CH4 concentrations in grazed peat soils and a larger response to high CH4 

concentrations in exclosed peat soils. This suggests that the MOB community will 

change more drastically when exposed to conditions that are different from what the 

community experiences at the present state. 

We could only detect a minor effect of temperature both on the CH4 oxidation 

activity and the MOB community composition in both peat soils. Comparing the 

response of the soil MOB communities to M. tundripaludum SV96, a peat soil isolate 
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originating from the same peatland, revealed that an increase in temperature has a 

positive effect on CH4 oxidation in a pure culture. 

 

3.3 Paper III 
 
Methylobacter is an important CH4 oxidizer in soils, sediments and freshwater 

ecosystems [33–37] . MOB are often found close to the surface of their habitat and 

temperatures can therefore fluctuate considerably during one season, within days and 

even diurnally. The species M. tundripaludum was detected in several low temperature 

habitats and is a relevant representative of an important genus with close relatives being 

detected in Arctic, subarctic and temperate environments [33,45,46,48–53,161]. Few 

studies have investigated temperature responses of MOB isolates [100] and there is a 

large gap in our understanding how MOB regulate their metabolism at different 

temperatures to efficiently grow and oxidize CH4. To grow efficiently at different 

temperatures, an adjustment of the enzymatic machinery is necessary, but it is unknown 

which pathways need to be regulated to achieve optimal growth and CH4 oxidation in 

response to different temperatures. To investigate M. tundripaludum SV96’s 

acclimation to different temperatures we monitored growth, CH4 oxidation and gene 

transcription at 8, 15, 21 and 27 °C using pure cultures of the isolate. To map the 

transcriptional and translational responses, we extracted RNA from M. tundripaludum 

SV96 at all temperatures and sequenced the transcriptomes. We also compared the 

temperature acclimation profile of M. tundripaludum SV96 to another Arctic 

Methylobacter species and a mesophilic Methylobacter species. 

Our results show that M. tundripaludum SV96 grows fastest at 15 °C and 21 °C when 

CH4 is saturated, whereas with decreasing CH4 concentrations growth increased most 

at 8°C. Highest rates of CH4 oxidation were also measured at 15 °C. What was 

interesting however was that more CH4 was oxidized to achieve the same growth at the 

lower temperatures; 15°C compared to 21°C or at 8 °C compared to 27°C. Thus, these 

results indicated more inefficient growth at 8 and 15 °C when exposed to high CH4 

concentrations. Growth efficiency increased for all temperatures but especially at 8 and 

15 °C when CH4 concentrations were decreasing. These observations indicated a 

physiological response involving resource allocation due to temperature and CH4 

concentration. The increased use of CH4 at low temperatures was related to an increase 

in C assimilation towards glycogen storage at both 8 and 15 °C. At 15 °C we could also 



 31 

detect an upregulation of the entire protein biosynthesis machinery which corresponded 

with high concentrations of cellular RNA whereas protein concentrations remained 

stable. This was a demonstration of catalytic compensation through regulatory 

adjustments of protein biosynthesis. The experiments with the other two Methylobacter 

species also confirmed the large influence of physiological adjustments to temperature 

and substrate concentrations on growth and CH4 oxidation rates. 
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4 Methods   
 

4.1 Field site and in situ measurements 
 
The Solvatn peatland (N78°55.550, E11°56.611) is near the research settlement of Ny-

Ålesund, Svalbard (Figure 1). The peatland is situated on a marine terrace on top of 

continuous permafrost. The water table varies between seasons, but also within one 

single sampling season. The active layer depth layer is approximately 40 cm [20]. 

Methane emissions from the peatland range from 25 - 2800 µg CH4/m2.h2 depending 

on the sampling time point and the year and are below or within the average emissions 

of Northern peatlands [134,162,163]. The Solvatn peatland is heavily grazed by 

barnacle geese (Branta leucopsis) which have changed the vegetation significantly. 

Exclosures were set up in 1998 to protect parts of the peatland from grazing and the 

original vegetation was restored. The grazed peatland is dominated by mosses (mostly 

brown but also green mosses, Figure 3), whereas in exclosed plots grasses, vascular 

plants and herbs are found alongside the mosses [134,144]. 

For this thesis, two exclosures that are situated in wet parts of the peatland where CH4 

is produced in anoxic layers of the soil were studied (Figure 4). Samples from the 

grazed peat soils were taken in the vicinity of these two exclosures. As the Solvatn 

peatland is near the research station and the laboratory (Figure 4), time between 

sampling and controlled experimental work could be reduced to a minimum. Its 

proximity to the research station also allowed us to set up microcosm experiments on 

site for Paper I. The Solvatn peatland is representative of similar peatlands on the 

peninsula called Brøggerhalvøya with regards to its microbial community [20]. 
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Figure 3 Close-up of lake Solvatn and the surrounding peatland. The field sites SV1 and SV2 are located on the 
opposite shore of the lake. 
 

 
Figure 4 Aerial Picture of the Eastern part of Ny Ålesund, lake Solvatn and the surrounding peatland. SV1 and 
SV2 indicate the sampling sites used for Paper I and II. The isolate M. tundripaludum SV96 (Paper III) has its 
origin from this peatland. The laboratory building used for the microcosm experiments of Paper I and the 
preparation of samples is indicated in the picture. 
 

To measure dissolved O2 in the peat soil, we used the Fibox 4 (Presens, Germany), a 

portable O2 probe (PSt-3) and a Pt-100 temperature sensor to correct for dissolved O2 

LABORATORY 

SV1 
SV2 
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concentration at in situ temperature. To determine CH4 concentrations in the peat soils, 

porewater samples were extracted using brass rods with a syringe connector and holes 

that could be inserted at the desired depth. A detailed protocol for the extraction and 

the preparation of the porewater samples can be found in Liebner et al 2012 [164]. 

Headspace CH4 concentrations were measured using a gas chromatograph with a flame-

ionization detector (GC-FID, SRI Instruments, CA, USA) and the dissolved CH4 

concentrations were calculated from these measurements. Soil water content was 

determined gravimetrically by drying peat soil samples at 150 °C over-night. 

 

4.2 Microcosms to measure potential methane consumption 
 
Microcosms allow us to study bacterial community responses in environmental samples 

such as soils, sediments, or water samples and incubate them under defined laboratory 

conditions. While the experiment is considered as controlled, there are still variables 

that cannot be accounted for. These arise from within the sample ecosystem such as 

total nutrient-composition, minerals or by products from microbic metabolism. 

External conditions such as light, nutrients, temperature, pH etc. can be manipulated 

and monitored. Microcosms are therefore valuable tools to study the ecosystem effects 

caused by changing environmental conditions and can serve as a bridge between field 

studies and laboratory experiments with pure cultures. 

In this thesis, microcosms were core experiments both in Paper I and Paper II. 

Detailed description of the experimental microcosm setup and the calculation of the 

CH4 oxidation rates for each of the two studies are provided in the respective method 

sections of Paper I and Paper II. 
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For Paper I, we wanted to mimic the present conditions in the field as closley 

as possible to identify the depth with the highest CH4 oxidation in spring and summer. 

The microcosm experiments were conducted in the laboratory facilities in Ny-Ålesund 

(Figure 4), where we installed the portable GC-FID (SRI instruments, CA, USA). The 

microcosms were incubated outside the laboratory while shaded from direct sunlight. 

Temperature was monitored regularly. The temperature recorded during experiments 

was 7 - 8.5 °C (Summer 2015), 3.5 - 5.5 °C (Spring 2016) and 6.5 - 8.0 °C (Summer 

2018). 

For Paper II, the set-up was slightly more complex as we wanted to control for 

both temperature and CH4 concentrations. The argument to include temperature in this 

experiment was that increases in CH4 concentrations are tightly coupled to temperature 

and are of relevance for a warming Artic [14]. Soil samples were transported to the 

university laboratories in Tromsø to set-up the experiment. Soil samples could have 

been transported cold or frozen. We decided to freeze them at -20 °C to reduce bacterial 

activity within the soil until the start of the experiment. Storing them cold (around 4 

°C) could have led to changes in the soil microbial community as this is comparable to 

in situ soil temperatures. Freezing occurs in winter every year and temporarily during 

spring and autumn, thus, the soil microbial communities are used to the shift between 

freezing and thawing. MOB communities were immediately active after thawing as 

confirmed by measuring CH4 oxidation directly after microcosm preparation. 

Figure 5 Microcosm preparation for Paper I. To the left is the intact peat profile. The picture in the middle shows the 
seven sections cut for the CH4 oxidation potential along vertical peat soil gradients. To the right are the soils microcosms 
while being measured using a GC-FID. 



 36 

The rapid consumption of CH4 within the incubation period where CH4 

concentrations were held constant had to be considered. We needed to define a 

threshold concentration below which concentrations never dropped. The microcosms 

were then fed according to the CH4 consumed. As the activity was different for the 

different microcosms depending on the origin (grazed or closed) and the temperature 

(8 and 15 °C), all individual microcosms were monitored regularly using our GC-FID 

and supplied with CH4 accordingly. 

 
4.3 pmoA amplicon sequencing to elucidate the MOB community 
 

Amplicon sequencing allows targeting of specific regions in the genome and the 

identification of variations in these regions. 16S rRNA gene amplicon sequencing is 

the most used form of amplicon sequencing in microbial ecology as it allows us to study 

variations in the 16S rRNA gene of different bacteria and thus the classification of those 

bacteria. There is a limit in the resolution when sequencing the 16S rRNA gene in 

microbial ecology and there are uncertainties regarding the placement of certain species 

in the phylogenetic tree. The marker gene pmoA has been widely used to identify MOB 

and for taxonomic classification. More recently, it has been used for diversity studies 

based on amplicon sequencing [165,166]. The pipeline used in our study incorporated 

a frameshift correction step as proposed in other studies and the OTU assignation was 

based on the published database from Wen et al 2016 [165]. OTU clustering was not 

based on cut offs, but used the iterative approach employed by Swarm [167]. 

Considering the aim of our study and the number of samples sequenced, pmoA 

amplicons provided us with MOB community data which we could relate to the CH4 

oxidation activity and the field data. 

 

4.4 MOB enrichments 
 

To study the metabolism of microorganisms that have important ecosystem 

functions, enrichment and isolation are needed. The cultivation and isolation of MOB 

is also of interest for various biotechnological applications as pMMO, their key 

enzyme, has yet not been expressed recombinantly while fully functioning [168]. Thus, 

there is a need for new MOB isolates that potentially could be used in fermentation 

applications [169]. Several isolation techniques exist for MOB, using a CH4 atmosphere 
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as the sole C source. MOB can be cultivated on solid medium (i.e., agar plates), on 

surfaces (e.g., filter-cultivation) or directly in liquid cultures. 

Both from our field campaign in 2015 and the two campaigns in 2016 we 

collected soil samples for the enrichment of peat soil MOB. Some enrichments were 

set up directly from microcosm samples, while some were set up directly from in-situ 

samples (pore water samples). The enrichment preparation was the same for all types 

of samples: approximately 2-4 g soil or the pore water from the same amount of soil 

was transferred in to 125 ml glass bottles and 20 ml NMS medium [170]. The bottles 

were closed with butyl rubber stoppers (Wheaton, USA) and aluminum crimp caps 

[171]. A headspace concentration of 20 % CH4 was set by adding 25 ml of 100 % CH4. 

The bottles were incubated at 15 °C for summer samples (August) in 2015 and at 8 °C 

for spring/summer samples (June and August) in 2016. Enrichments from June 2016 

were maintained and analyzed by master student Caroline Hammer. After 

approximately four weeks the bottles were inspected for bacterial growth using light 

microscopy. Several rounds of sub-culturing started by inoculating 5 mL fresh NMS 

medium with 0.5 ml of enrichment culture and 10 ml 95% CH4/5% CO2. For the sub 

cultivation, 50 ml bottles with glass beads providing an increased surface to stimulate 

MOB growth, were used. When a sufficient density of one bacterial morphology was 

observed in the light microscope, cells were spun down in a microcentrifuge and 

identified using the pmoA primer pair A189F/mb661R combined with sequencing. 

The majority of the sequences were identified as either M. tundripaludum SV96 

or Methylobacter sp. CMS7, both isolates from Arctic habitats [44,49]. The results from 

the enrichments were used together with the bioindicator OTUs from Paper I and 

Paper II to construct a phylogenetic tree (Figure 8). The tree shows the need to obtain 

new Methylobacter isolates to resolve the phylogeny at a higher taxonomic level in 

combination with physiological insights. The enrichment data presented in this thesis 

has so far not been published. One of the enrichments resulted in a pure culture and its 

genome was sequenced. These data will be used for genome comparison studies of 

Methylobacter isolates from cold environments in collaboration with our Russian 

partners, Svetlana N. Dedysh and Igor Oshkin.  
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4.5 Methane oxidation, growth, and carbon dioxide production in pure 
MOB cultures 
 

An important asset for this thesis was the in-house collection of MOB isolates 

that allowed for detailed studies of temperature acclimation. We conducted experiments 

with two Arctic Methylobacter isolates. One was M. tundripaludum SV96, isolated 

from the same peatland we used for the field and microcosms studies of Paper I and 

II – thus being a relevant MOB that was identified to be active in situ [43]. The other 

was an unpublished Methylobacter isolate, retrieved from a biofilm in an Arctic coal 

mine and named Methylobacter sp. G7. In contrast to M. tundripaludum SV96 it is 

exposed to a constant in situ temperature of 10 °C. We also compared these two isolates 

to the temperate isolate Methylobacter luteus (MV-B-3098). Some physiological data 

(CH4 oxidation and growth) for M. tundripaludum SV96 were used in Paper II, but 

most of the data was used in combination with transcriptome analysis in Paper III. 

We cultivated MOB isolates under controlled conditions and monitored growth, 

CH4 oxidation activity and CO2 production at selected temperatures. These rates 

indicate changes in growth and CH4 oxidation efficiency, and metabolic adjustments as 

responses to the conditions applied. To study temperature acclimation, the isolates were 

preincubated for at least ten generations prior to the experiments at their respective 

experimental temperatures. Details for the experimental designs are presented in the 

methods section of Paper II and III. 

5 Results and Discussion  

 
5.1 Grazing changes the soil structure and the soil environment 
 

The different vegetation cover and the lack of vascular plants (Figure 6) influences the 

structure of the soil and creates different soil habitats in the grazed and the exclosed 

peat soils (Figure 7). Grazed peat soils were sponge-like and consisted of degraded 

mosses and thin, fragmented roots. When excising soil blocks from the grazed peatland 

sites, we had to be careful as the blocks could disintegrate relatively easily and would 

have fallen apart if treated without care. Peat soil from the exclosed sites was coarser 

and the peat soil blocks were held together by a web of roots. The network of roots 

spanned from the vegetation to a depth of approximately ten centimeters and kept the 
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peat block more tightly packed together. Sjögersten and colleagues (2012) documented 

that the root biomass in the exclosed peat soil is higher than in the grazed peat soil 

[134]. 

 

 
Figure 6 Vegetation from a grazed site (left) and vegetation that is protected from grazing by exclosures (right).  
 

 
Figure 7 Peat soil from grazed (left) and exclosed (right) peat soil sites. 
 

We measured similar O2 concentrations in the vegetation and the top five 

centimeters of the exclosed peat soils and a decrease in O2 concentrations from a depth 

of five centimeters. In grazed peat soils, O2 concentrations decreased instantly and the 

O2 decline was steeper than for exclosed peat soils. It has been shown previously that 

the presence of certain vascular plants can increase O2 concentrations and create aerobic 

conditions around the plant roots [75]. Thus, we could show that the presence or 

absence of vascular plants influenced O2 availability and that the anaerobic zone of the 

peat soil was larger in grazed peat than in exclosed peat. 
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We measured higher porewater CH4 concentrations at a shallower depth in 

grazed peat soils compared to exclosed peat soils. Porewater CH4 concentrations are an 

indicator at which depth most CH4 is produced by anaerobic microorganisms and 

indicates the highest substrate availability for MOB. Highest MOB activity is often 

found directly at the aerobic/anaerobic interface where CH4 is available and enough O2 

is present for the oxidation [36]. In addition to the difference in depth, the CH4 

concentrations measured in grazed peat soils were higher than in exclosed peat soils. 

This suggests that grazed peat soils favor CH4 production compared to exclosed peat 

soils. It was shown that grazing leads to increased CH4 emissions [133,159] and is 

linked to increased abundances of CH4 producing archaea [172]. This confirms that the 

higher CH4 concentrations measured in the grazed peat soils indicate increased CH4 

production because of herbivory. 

The soil water content was lower in the top centimeters of the exclosed peat 

soils, especially in summer. The differences were less pronounced in spring, probably 

due to the more recent snowmelt. The structure of the soil could be one explanation for 

the lower water content in the top part of the exclosed peat soils as water probably 

drains more easily in the coarser peat soil structure. While we did measure a lower 

water content, exclosed peat soils are still water-logged with an average water content 

above 90 %. CH4 emissions do not increase in a linear way as the water content of a 

peat soil increases and the water table rather acts as a on and off switch for CH4 

emissions [173]. The lower water table observed in the exclosed peat soils was not low 

enough to switch off CH4 production. However, the water table indicated at which 

depth CH4 production and oxidation was expected to be located. 

  

5.2 Methane oxidation activity and the MOB community are strongly 
influenced by herbivory and methane concentrations  
 

We found that the highest potential for CH4 oxidation was vertically shifted equally to 

the shift in soil properties described in the previous paragraph hence the highest MOB 

activity was detected at a shallower depth in the grazed peat soils compared to the 

exclosed peat soils. Also, the highest MOB activity was measured just above the highest 

CH4 pore water concentrations recorded in both peat soils. We measured higher CH4 

oxidation activity in grazed peat soils compared to exclosed peat soils. Increased CH4 

oxidation as a result of grazing has been shown before in Alpine meadows [174] and 
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higher rates of CH4 oxidation have the potential to compensate for the overall larger 

amounts of CH4 produced in grazed peat soils. Indeed, previous measurements from 

the Solvatn peatland did not show significant differences in the CH4 emissions from 

grazed and exclosed peat soils [134]. These results highlight the importance of MOB 

and how they can regulate CH4 emissions. 

In line with the increased CH4 oxidation activity, we found a larger active MOB 

community in grazed soils (higher transcription of MOB OTUs) which indicated a 

larger active community compared to exclosed soils. 

The Solvatn MOB community was different in both grazed and exclosed soils 

but consisted mostly of Methylobacter OTUs. While there were several environmental 

differences that could cause these differences, CH4 concentrations were probably one 

important driver in shaping the MOB community and their oxidation activity. High CH4 

concentrations are usually favored by MOB belonging to the Gammaproteobacteria, 

while Alphaproteobacteria are more resistant to environmental stress and changing 

conditions [175,176]. Methylocystis has been isolated from the Solvatn peatland [177] 

which suggest that alphaprotoebacterial MOB are present in the soil, but was not 

identified in the soil layers investigated in these studies. The predominance of 

Methylobacter OTUs is probably caused by an ample supply of CH4 in both soils but 

could also be caused by the Methylobacter’s to cope with low O2 concentrations. 

To investigate more closely how the Arctic peatland MOB community responds 

to different CH4 concentrations, we designed a microcosm experiment in which we 

simultaneously increased CH4 concentrations as well as temperatures in both soil 

ecosystems. CH4 concentrations had a significant impact on CH4 oxidation activity and 

higher CH4 concentrations lead to increased CH4 oxidation and different MOB OTUs 

responded to low and high CH4 concentrations. Most of the responding OTUs were 

assigned to Methylobacter. When comparing the MOB community in the microcosms 

incubated at low and high CH4, Methylobacter always increased at high CH4 at the 

expense of other genera (see Figure 6, Paper II). 

When comparing the in situ bioindicator OTUS for grazed or exclosed peat soils 

(Paper I) to the bioindicator OTUs responding to either high or low CH4 concentrations 

in the microcosm experiment (Paper II), no match was found. To explain this more in 

more detail, the bioindicator OTUs responding to 1% CH4 in the microcosm experiment 

were not found to be bioindicator OTUs for grazed peat soils in situ. Similarly, those 

bioindicators OTUs responding to 0.1% CH4 in the microcosms experiment were not 



 42 

found to be bioindicators for exclosed peat soils in situ. On the contrary, the 0.1% CH4 

bioindicator OTUs M3, M35 and A3 were found to be bioindicator OTUs for grazed 

sites in situ. An explanation could be that in the microcosm experiment from Paper II 

a response in the MOB community was measured which was caused by experimental 

disturbance over a relative short time and the bioindicator OTUs responding were most 

flexible in adapting to such a change. The grazing treatment that was chosen for the 

discrimination in Paper I selected for bioindicator OTUS in MOB communities that 

have established themselves over a longer time. This suggests that CH4 concentrations 

were only one of the parameters different in grazed and exclosed soils that selected for 

different MOB communities. This implies that the explanation for the presence of 

certain Methylobacter OTUs is probably more complex and influenced by several other 

parameters than CH4 concentrations alone. Both studies showed the ability of the 

Solvatn MOB communities to respond to different environmental conditions by the 

presence of a large consortium of different Methylobacter OTUs. 

 

5.3 The importance of M. tundripaludum and close relatives in high 
Arctic peat soils   
 

Most enrichments were identified as either M. tundripaludum SV96 or 

Methylobacter sp. CMS7 and cluster with the pmoA sequence of those two isolates in 

the phylogenetic tree (Figure 8). This was true for both enrichments from the most 

active zone of CH4 oxidation and from other depths with smaller rates of CH4 oxidation. 

Methylobacter was also enriched from depths that were considered anaerobic, 

highlighting Methylobacter’s ability to survive at low O2 concentrations. 

The 1% bioindicators from Paper II, M29 and M20, belong to the same 

clusters. OTU M29 was identified as M. tundripaludum SV96 whereas M20 was 

identified as Methylobacter sp. CMS7. This highlights the selection of some 

Methylobacter species at high CH4 concentrations. We could not find any herbivory 

induced difference in the peat soil enrichments, i.e., that one MOB species is more 

prevalent in grazed or exclosed peat soils. These findings contradicted the different in 

situ MOB communities in grazed and closed peat soils (Figure 5, Paper I). The lack of 

herbivory induced differences in the enrichments might be caused by the identical 

cultivation conditions (i.e., high CH4 headspace concentrations were used for both peat 

soils), selecting Methylobacter species that thrive under high CH4 concentrations. 
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We could not find any seasonal patterns in the enrichments or in the in situ MOB 

community (Paper I). Only one enrichment was specific to the Spring 2016 sampling 

campaign, which did not cluster with Methylobacter but with Methylovulum and OTU 

M7, an “unconditional bioindicator OTU” for 1% CH4. We did vary temperature and 

used lower temperatures for the 2016 enrichments. Considering the microcosms 

experiment from Paper II, the observation that temperature did not yield more diversity 

in the enrichments fits well with the observation that temperature plays a lesser role 

than CH4 concentrations in determining which MOB are active.  

Lower CH4 concentrations during enrichment and cultivation could result in 

novel MOB isolates from the Solvatn peatland. Other MOB species that are more 

adapted to low CH4 concentrations could then potentially outcompete Methylobacter 

tundripaludum SV96 and Methylobacter sp. CMS7. Considering the in situ conditions 

in the Solvatn peat soils (i.e., high CH4 concentrations available), the importance of the 

two Methylobacter species identified in most of the enrichments is however well 

represented. This makes them also good candidates for MOB physiology studies. 



 44 

 
Figure 8 Phylogenetic tree combining the MOB enrichments (light green) and the bioindicator OTUs from Paper I 
(petrol blue) and Paper II (violet). MOB enrichments that were chosen from layers with the highest CH4 oxidation 
activity in grazed (0-2 cm) and exclosed (4-8 cm) peat soil are marked with an *. The other MOB enrichments 
were from layers outside the most active CH4 oxidation zone. The tree is based on a 414 nt alignment using 
MUSCLE. The tree is constructed using the maximum likelihood method with the jukes-cantor model. Alignment 
and tree construction was executed in MEGA-X, whereas modifications were made in FigTree. Red indicates high, 
white indicates medium and blue indicates low bootstrap values. 
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5.4 Temperature responses in peat soil MOB communities compared to 
MOB isolates   
 
Temperature is critical in controlling biochemical processes in all microorganisms and 

our hypothesis for the microcosm experiments from Paper II was that an increase in 

temperature can potentially increase CH4 oxidation activity. Nonetheless, we could not 

show a significant effect on either the CH4 oxidation activity or on the MOB community 

composition in the soil microcosms after the incubations at 8 and 15 °C. These results 

suggest that the present MOB community from both exclosed and grazed peat soils are 

already adapted to cope with both experimental temperatures and that their acclimation 

does not involve higher CH4 oxidation rates at higher temperatures. This was 

interesting, as MOB isolates show an increase in growth with increasing temperature 

until an optimum was reached [44,100] and we assumed that CH4 oxidation would 

follow the same pattern. 

To understand more in more detail why we could not detect any temperature 

effect on CH4 oxidation rates in the soil communities, we conducted experiments with 

two Arctic Methylobacter isolates in comparison to a temperate Methylobacter isolate 

for Paper III. The two Arctic isolates M. tundripaludum SV96 and Methylobacter sp. 

G7 showed that both species grow best at low temperatures and are most efficient at 

low CH4 concentrations. Under saturated CH4 concentrations, Methylobacter sp. G7 

and M. tundripaludum SV96 grew best at 8 °C and 15 °C, respectively. Methylobacter 

sp. G7 was isolated from an Arctic coal mine with a constant temperature of 10 °C, 

which is reflected by favoring temperatures of 8 °C and lower relative to M. 

tundripaludum SV96. M. tundripaludum SV96 has its origin from Arctic peat soils that 

experiences both warmer temperatures and larger temperature fluctuations. This is also 

reflected in a broader optimum for growth, with more similar growth rates measured at 

15 and 21 °C. This broader optimum for growth has also been shown previously in 

Wartiainen et al 2006 [44]. The temperature profiles for M. luteus (MV-B-3098) 

revealed that the isolate is adapted to warmer temperatures than the two Arctic isolates, 

with best growth and high CH4 oxidation at higher temperatures. Common for all the 

three strains were the relatively large shifts in CH4 uptake relative to their growth rate 

at different CH4 concentrations and temperature. This indicated that resources in the 

cell are allocated differently depending on the temperature and that this controls CH4 

uptake in Methylobacter and probably also in other MOB. 
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5.5 Temperature acclimation in M. tundripaludum SV96 
 

Considering that M. tundripaludum SV96 was isolated from a cold, CH4 rich 

environment, it was interesting that the isolate showed more inefficient growth at low 

temperatures under saturated CH4 conditions. This inefficient growth is indicated by 

the higher amounts of CH4 that are oxidized at 8 °C and at 15 °C to achieve the same 

growth rate as observed at 21 °C. To understand why growth is more inefficient at low 

temperatures, we extracted total RNA from M. tundripaludum SV96 cultures incubated 

under saturated CH4 conditions at the different temperatures and sequenced the 

transcriptomes. 

The highest amounts of RNA were extracted at 15 °C, closely followed by 

21 °C. Most of the cellular RNA is rRNA [178] which suggests that the highest 

concentration of ribosomes was found in cells growing at 15 and 21 °C. Bacteria can 

maximize growth by increasing their concentration of ribosomes and therefore growth 

rates and ribosome concentrations often have a linear relationship [124,125]. We could 

not find a good correlation between total RNA and growth rates in our experiments as 

the cells grew faster at 21 °C than at 15 °C with similar RNA concentrations. It has 

been shown previously that the correlation between ribosomes and growth rate 

disappears when the changes in the growth rate depend on changes in temperature 

[124]. However, this does not exclude a link between growth and CH4 oxidation rates 

and ribosome concentrations. 

The transcriptomes showed that several pathways were upregulated at 15 °C 

compared to 21 °C. These pathways included increased transcription of 

tetrahydromethanopterin and several genes of the RuMP pathway leading from CH4 

oxidation towards nucleotide biosynthesis. Overall, the upregulated pathways and gene 

expressions indicated an increased investment in transcription, translation, amino acid 

synthesis and protein folding as a result of temperature and matched previous studies 

in E.coli [179,180]. This upregulation of the protein biosynthesis machinery in M. 

tundripaludum SV96 at 15 °C compared to 21 °C comes at a cost for the cell and helps 

to explain how the cell acclimates. It is also possible that the high CH4 oxidation activity 

and the decrease in growth efficiency is due to this increased investment into protein 

biosynthesis. 
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We could not detect the same increased investment in the protein biosynthesis 

machinery at 8 °C. At 8 °C we detected that the desaturation of fatty acids was 

significantly upregulated but was also increased at 15 °C when compared to the higher 

temperatures. Desaturated fatty acids are commonly found in cold adapted 

microorganisms and bacteria exposed to low temperatures respond by upregulation 

their production [114,116]. Also, the observed upregulation of fatty acid desaturation 

at both 8 and 15 °C could not explain the seemingly inefficient use of C. To see if the 

missing C had been used mainly to generate energy, we measured CO2 production at 8, 

15 and 21 °C. CO2 is the last product of the CH4 oxidation cascade when the C is not 

assimilated and increases in CO2 indicate energy generation over biomass assimilation. 

Highest CO2 production was measured at 21 °C, followed by 8 °C and then 15 °C. 

Therefore, energy generation could not explain the lost C. Some bacteria use molecules 

like glycogen to store C. Pathways for glycogen synthesis were upregulated, indicating 

an increased investment in storage as a response to the lower temperature. The glycogen 

content of the cells was quantified and confirmed that the highest accumulation of 

glycogen was detected in the cultures at 27 °C, followed by 8 °C, 15 °C and 21 °C when 

the cells were harvested in early stationary phase and at 21 °C, followed by 27 °C, 15 

°C and 8 °C in mid-exponential-phase. Thus, it seems M. tundripaludum SV96 uses C 

to balance metabolism relative to growth, affecting how much CH4 is consumed relative 

to cell division at different temperatures and growth phases. An important question is 

why CH4 uptake is not downregulated when less substrates are needed for growth. We 

could hypothesize that the ecological conditions that these organisms are exposed to 

have through evolution acclimated them towards adjusting C and energy storage 

relative to growth to maximize survival. 

To conclude, our results suggest that M. tundripaludum SV96 is directly 

influenced by temperature and adopts different strategies depending on temperature. 

These temperature adaptation strategies allow the isolate to finetune its metabolism 

either by adjusting C storage or its protein biosynthesis machinery to different 

temperatures. This in turn strongly influences the CH4 oxidation rates which from our 

findings is confirmed not to be a simple product of temperature and CH4 concentrations, 

but rather precisely regulated thorough a complex physiological acclimation to allow 

the highest chance of survival for the organism. 
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6 Conclusions and future perspectives  
 

Arctic peatlands are exposed to higher temperatures and to increased herbivory, both 

having the potential to increase CH 4 emissions from these ecosystems. At the same 

time MOB display a high flexibility and resilience in their response to environmental 

changes. 

MOB colonize sections in the peat soil that contain sufficient O2 for CH4 

oxidation. The depths of these sections depend on the presence of herbivory and are 

vertically shifted when comparing grazed peat soil to peat soil that is protected from 

grazing. Grazed peat soils also contain higher amounts of CH4 compared to the 

protected peat, but we could show that the microbial CH4 filter can compensate for the 

higher concentrations by increasing CH4 oxidation. The extent of herbivory in the 

Arctic has the potential to increase if not other factors which regulate geese populations 

take over [157] and this may lead to higher losses of plant biomass and soil erosion. 

MOB in grazed peat soils are already confided to a very narrow part of the peat soil and 

an increase in herbivore activity might affect the efficiency of the biological CH4 filter 

activity negatively. 

MOB respond to increases in CH4 concentrations by increased CH4 oxidation 

activity, both when exposed to higher in situ CH4 concentrations and when incubated 

at increased CH4 concentrations. It seems plausible from our studies that peat soil MOB 

can compensate for increased CH4 production, at least to the extend tested in our 

studies. Future changes in climate and herbivory can however limit the MOB activity 

and result in higher CH4 emissions from the Solvatn peatland or similar Arctic 

peatlands. In addition, increased permafrost thaw and precipitation has the potential to 

raise the soil water table, confining peat MOB to even narrower zones for CH4 

oxidation. As such the moisture regime of peat soil could be included in experiments 

testing the limit of CH4 oxidation capacity.  Anaerobic CH4 oxidation – which has been 

reported to also occur in peatlands [181] while so far not detected in the Solvatn 

peatland [20]– may become a significant sink for CH4 and could help regulating CH4 

emissions. 

We observed that responses in the CH4 oxidation activity are modulated by a 

consortium of Methylobacter OTUs. The genus Methylobacter is known as an efficient 

CH4 sink in soils and aquatic ecosystems [20,33–37,42,43]. The co-existence of closely 

related MOB allows for efficient responses to changes within an ecosystem [59]. We 
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assume this is the case for the Methylobacter OTUs detected in the Solvatn peatland 

with different members adapted to slightly different conditions and activated depending 

on the present environmental condition. Also, this closely related network of 

Methylobacter OTUs provides the peat soil ecosystem with the necessary resilience 

when exposed to environmental changes. 

An important member of the peat soil community is M. tundripaludum SV96 

We could show that the strain regulates its metabolism to optimize growth and the use 

of substrate depending on temperature. This metabolic fine tuning allows the MOB 

isolate to control growth, energy generation and substrate storage depending on the 

conditions it is exposed to, which can be advantageous in a changing Arctic. These 

findings also highlight the need to better understand the response of environmental 

isolates which are important for the C balance in soils affected by climate change. 

To conclude this thesis, we could show that both the regulation on community 

level modulated by a network of closely related species and the fine tuning of the 

individual species’ metabolism are crucial for the response and the resilience of the 

CH4 filter in high Arctic peatlands when exposed to changing environmental 

conditions. 
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ABSTRACT

Methane oxidizing bacteria (methanotrophs) within the genus Methylobacter constitute the biological filter for methane
(CH4) in many Arctic soils. Multiple Methylobacter strains have been identified in these environments but we seldom know
the ecological significance of the different strains. High-Arctic peatlands in Svalbard are heavily influenced by herbivory,
leading to reduced vascular plant and root biomass. Here, we have measured potential CH4 oxidation rates and identified
the active methantrophs in grazed peat and peat protected from grazing by fencing (exclosures) for 18 years. Grazed peat
sustained a higher water table, higher CH4 concentrations and lower oxygen (O2) concentrations than exclosed peat.
Correspondingly, the highest CH4 oxidation potentials were closer to the O2 rich surface in the grazed than in the protected
peat. A comparison of 16S rRNA genes showed that the majority of methanotrophs in both sites belong to the genus
Methylobacter. Further analyses of pmoA transcripts revealed that several Methylobacter OTUs were active in the peat but that
different OTUs dominated the grazed peat than the exclosed peat. We conclude that grazing influences soil conditions, the
active CH4 filter and that different Methylobacter populations are responsible for CH4 oxidation depending on the
environmental conditions.

Keywords: methane oxidation; Methylobacter; high-Arctic peatland soils; grazing pressure; active MOB community

INTRODUCTION

High-Arctic peatlands store large amounts of organic carbon
that is a source for microbial production of the greenhouse
gas methane (CH4). As a result of climate change, these peat-
lands are exposed to increased temperatures, changes in pre-
cipitation, herbivory and vegetation composition that might
lead to increased CH4 production rates (Parish et al. 2008;
Sjögersten et al. 2011). Methane oxidizing bacteria (MOB), or
methanotrophs, act as the dominant biological CH4 filter in
peat soils, consuming CH4 produced in deeper anaerobic peat
before it is released to the atmosphere (Reay, Smith and Hewitt

2007). MOB are a diverse group of bacteria, found within the
classes Gammaproteobacteria, Alphaproteobacteria and Verrucomi-
crobia (Hanson and Hanson 1996; Knief 2015). The abundances
and distribution of most MOB can be assessed by quantification
and analysis of the pmoA gene which encodes the β-subunit of
the particulate CH4 monooxygenase (McDonald et al. 2008; Knief
2015). A broad diversity of MOB has been identified using pmoA,
making it possible to evaluate the habitat preferences of differ-
ent MOB (Knief 2015). Many cold ecosystems with a neutral pH
are found to be dominated by MOB within Gammaproteobacte-
ria (Wartiainen, Hestnes and Svenning 2003; Börjesson, Sundh
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and Svensson 2004; Wartiainen et al. 2006; Martineau, Whyte
and Greer 2010; Graef et al. 2011). Among these, MOB within the
genus Methylobacter are identified as the main CH4 oxidizers in
many freshwater wetlands (Yun et al. 2010; Tveit et al. 2013; Sin-
gleton et al. 2018; Smith et al. 2018; Zhang et al. 2019). Members
of this group and other gammaproteobacterial MOB were also
found in association with Sphagnum sp. mosses and vascular
plants in a temperate peatland with their composition and activ-
ities being directly related to the plant biodiversity (Stępniewska
et al. 2018). Methanotroph communities and their activities are
known to be influenced by CH4 concentration, pH, O2 concen-
tration, temperature, nitrogen concentration and copper avail-
ability (Amaral and Knowles 1995; Semrau, DiSpirito and Yoon
2010; Ho et al. 2013). It has been suggested that O2 distribution
plays a crucial role and may explain niche-adaptation in fresh-
water lakes (Biderre-Petit et al. 2011; Blees et al. 2014; Oshkin et al.
2015; Mayr et al. 2020) and flooded paddy soils (Reim et al. 2012).
However, the ecology of large OTU numbers within e.g. Methy-
lobacter and other gammaproteobacterial MOB (Tsutsumi et al.
2011; He et al. 2012; Beck et al. 2013; Oshkin et al. 2014; Knief 2015;
Oswald et al. 2015; Bornemann et al. 2016), is mostly unknown.
As a result, it is still difficult to explain the co-existence of many
closely related OTUs within a defined ecosystem.

Grazing by geese and reindeer reduces the biomass of grasses
and herbs. Warmer winters in temperate regions, increased food
availability due to changes in agriculture and protection from
hunting has led to an increase in the total geese population
(Hessen et al. 2017). In Solvatn (Ny Ålesund, Svalbard, Northern
Norway) experimental peat plots protected from geese herbivory
by fences doubled the vegetation over the course of nine years,
leading to increased peatland carbon uptake (Sjögersten et al.
2011). During peat formation, the plant cover and its roots influ-
ence the physical properties of the soil such as porosity and pore
direction (Kruse, Lennartz and Leinweber 2008). In addition, root
exudates stimulate microbial communities within the soil and
the exudates from different plant types (Bardgett et al. 2013),
potentially create niches for different microorganisms. Thus,
herbivory or its absence, may have a substantial effect on the
soil structure, biology and chemistry.

Solvatn and adjacent peatlands close to Ny-Ålesund have
been studied thoroughly during the last 15 years with empha-
sis on the CH4 cycle, showing that substantial potentials for
CH4 production and oxidation exist in these soils (Høj, Olsen
and Torsvik 2005; Graef et al. 2011; Tveit et al. 2013, 2015).
However, the effect of changes in herbivory on the CH4 cycles
were not studied. Here, in a comparison of 18-year old exclo-
sures (Sjögersten et al. 2011) and nearby grazed sites, we have
addressed how the microbial CH4 filter is affected by intensive
herbivore grazing over years. Specifically, we investigated the
relationship between altered soil properties, potential CH4 oxi-
dation rates and the active methanotroph communities by 16S
rRNA gene and pmoA transcript amplicon analyses.

MATERIALS AND METHODS

Field site and sampling

The Solvatn peatland (N78◦55.550, E11◦56.611) is located close
to Ny Ålesund, Svalbard. It is heavily grazed by Barnacle geese
(Branta leucopsis) and is dominated by brown mosses, primarily
Calliergon richardsonii (Solheim, Endal and Vigstad 1996). Exclo-
sures established in 1998 protect parts of the peatland vegeta-
tion from geese grazing (Sjögersten et al. 2011) allowing growth
of vascular plants that are otherwise suppressed by grazing
(Fig. 1). Two sampling sites from the Solvatn peatland were

selected (SV1 and SV2), both of which were used by Sjögersten
et al. (2011). Each site includes an exclosed plot and an adjacent
grazed plot. Two field campaigns were conducted in summer,
during the active growing season (August 2015 and 2016), while
one field campaign was conducted immediately after snowmelt
(June 2016). Below, we refer to these time points as summer 2015,
spring 2016 and summer 2016.

In each plot, two blocks (approx. 30 × 30 × 20 cm) were cut
from the peat soil and kept cool throughout transportation to the
on-site laboratory, approximately 600 m away from the field site.
Each block was separated in three vertical sections designated A,
B and C (approx. 30 × 10 × 20 cm).

Section A was frozen at −20 ◦C and transported to the labo-
ratory at UiT, The Arctic University of Norway, where it was used
for the determination of water content and soil organic matter
(SOM).

Section B and C were then divided in seven horizontal layers
(0.5–8 cm for the upper six layers, 8–12 cm for the lowest layer),
which served as material for the further analyses. The top layers
(soil surface) of all plots were composed only of plants, whereas
the layers two to seven were composed of partly decomposed
peat. In the exclosed plots, the top 2–3 cm below the vegetation
was a mixture of roots and peat soil. In the grazed plots, few or
no living roots were observed.

Section B layers were used to measure CH4 oxidation poten-
tials ex situ (see next section). At the end of these measure-
ments, peat samples from each microcosm were collected in
15 ml plastic tubes (VWR High-Performance polypropylene cen-
trifuge tubes), flash frozen in liquid nitrogen (N2) and stored at
−80 ◦C.

Section C layers were transferred to sterile 15 ml plastic tubes
(VWR High-Performance polypropylene centrifuge tubes), flash
frozen in liquid N2 immediately after arrival on the on-site lab-
oratory and stored at −80 ◦C.

All soil samples from section B and C were shipped to the
laboratory at UiT, the Arctic University of Norway, and stored
at −80 ◦C until further processing. An overview of the sampling
design and the respective analyses for each sampling is provided
in Table S1 (Supporting Information).

Environmental characterization

Prior to soil water content and SOM analysis, section A from each
sampling campaign was thawed in a cold room (8 ◦C) and sepa-
rated into horizontal layers as described for sections B and C. Soil
water content was determined gravimetrically by drying 10 g of
peat at 150 ◦C over night. The dried peat soil was then inciner-
ated at 450 ◦C and the amount of burnt peat matter was deter-
mined gravimetrically to deduce the amount of SOM.

O2 concentration and temperature were measured in situ,
using an optical O2 sensor and thermometer (Fibox 4 Optode,
Presens, Germany). Measurements were taken at the soil surface
and at 5 cm intervals down to 20 cm depth.

To measure in situ CH4 concentrations, pore water samples
were extracted at 5, 10, 15 and 20 cm depth below the vegeta-
tion as described in Liebner et al. (2012). Briefly, we extracted
5 ml pore water using perforated brass rods and injected the
pore water into 20 ml serum vials, which had been added 0.1 ml
1 M HCl and flushed with N2. Headspace CH4 concentrations in
these vials were measured using a GC-FID (SRI Instruments, CA,
USA). Gas samples were retrieved using a pressure tight syringe
(Vici Precision Sampling, LA, USA) and injected directly onto a
GC-FID with a HayeSep D packed column (SRI Instruments, CA,
USA). The instrument sensitivity was set to its maximum and
the elution time for CH4 was 1.8 min.
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Figure 1. Exclosure at site SV1, Solvatn peatland, Ny Ålesund, Svalbard. Exclosure size is 1 × 1 m. It has been protected from grazing by a wire fence for 18 years.

From the headspace concentrations we could estimate the
mass of headspace CH4 by the ideal gas law. Further, when
accounting for the dissolved CH4 at room temperature (21 ◦C)
and serum vial pressure using Henrys law constant for solubil-
ity of CH4 in water, the headspace CH4 content inside the serum
vials equals the pore water CH4 content.

Microcosm experiment for potential CH4 oxidation ex
situ along soil gradients

To measure potential CH4 oxidation, approximately 15 g of each
peat soil layer from section B were transferred to sterile 175 ml
serum bottles and closed using Butyl rubber stoppers (Wheaton,
Niemann et al. 2015) and aluminium crimp caps. CH4 was added
to obtain headspace concentrations of 0.5%–0.6% CH4 (injection
of 1 ml CH4, 100 v/v %). Such high concentrations were chosen
to ensure CH4 availability for the MOB during the incubation. We
acknowledge a potential selective pressure towards low affinity
MOB but we considered this bias as preferable to several pertur-
bations caused by a large number of CH4 injections or periods
of CH4 starvation. A volume of 34 ml air was added to obtain
overpressure in the microcosms to enable easier sampling. Gas
measurements were conducted from the headspace of the incu-
bation bottles immediately after CH4 injection followed by four
subsequent time-points at regular intervals during a maximum
of 45 h of incubation at 8 ◦C using a GC-FID (SRI Instruments,
CA, USA). Details for the headspace sampling and the GC pro-
gram are described in the section ‘Environmental characteriza-
tion’ above. From the headspace CH4 concentrations measured
at each time point we calculated the CH4 oxidation rate.

Nucleic acid extraction/16S rRNA gene and pmoA
amplicon sequencing

Nucleic acids were extracted from the in situ peat soil layers (sec-
tion C, spring and summer 2016). For extraction, we selected
the layers with maximum CH4 oxidation activity (0–2 cm depth
in grazed plots, 4–8 cm depth in exclosed plots). From these
extracts, we purified both DNA and RNA to identify the in situ

bacterial community and active MOB community by 16S rRNA
gene and pmoA transcript sequencing, respectively.

Additionally, nucleic acids were extracted from the samples
collected and frozen at the end of the 45-hours incubation period
(section B from summer 2015). In correspondence with the in situ
peat soil samples, we selected layers with maximal CH4 oxida-
tion activity. From these extracts, RNA was purified and used for
sequencing of pmoA transcripts. This was done to identify the
active MOB community responsible for CH4 oxidation during the
microcosm experiment.

All samples were ground with mortar and pestle in liquid N2.
Total nucleic acids were purified in duplicates from 0.2 g of each
ground peat soil sample using a phenol/chloroform extraction
protocol (Urich et al. 2008; Tveit et al. 2013). The duplicates of
nucleic acids were mixed and then split in two samples, one for
DNA purification and one for RNA purification.

DNA was purified by removing RNA with RNase A/T1
(Thermo Fisher Scientific, Waltham, MA/USA), followed by phe-
nol/chloroform extraction and ethanol precipitation. Quality of
DNA was assessed by Nanodrop and gel electrophoresis. DNA
amplification was confirmed for the 16S rRNA gene using the
27F/1492R primer pair (Lane 1991). For 16S rRNA gene sequenc-
ing the V3-V4 region was targeted (Klindworth et al. 2013) using
the Illumina MiSeq platform at IMGM Laboratories, Germany.
The 16S rRNA gene amplicons were generated by a 2-step target-
specific (TS)-PCR using 1 ng DNA as template for 25 cycles fol-
lowed by an 8-cycle index PCR using 1 μL TS PCR product as
template. The Q5 R© High Fidelity polymerase from NEB (Ipswich,
MA, USA) was used for both PCRs and a negative control as well
as a Mock community were amplified and sequenced in parallel
to ensure sufficient quality.

To purify RNA, DNA was removed (RQ1 DNase, Promega), fol-
lowed by RNA clean-up (MegaClear, Ambion) and ethanol pre-
cipitation. The RNA quality was assessed by Nanodrop and gel
electrophoresis. RNA was reverse-transcribed (Superscript IV,
Thermo Fisher) and the cDNA template was verified for the
pmoA gene using the A189F/mb661R primer pair (Costello and
Lidstrom 1999). The cDNA samples were sequenced using
Illumina MiSeq and the two pmoA targeting primer pairs,
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A189F/mb661R and A189F/A682R (Holmes et al. 1995; Costello
and Lidstrom 1999) at IMGM Laboratories, Germany. The pmoA
gene amplicons were generated by a 2-step TS-PCR using 10 ng
cDNA as template for 25 cycles followed by a 12-cycle index PCR
using 1 μL from the TS PCR products. The polymerase used was
the Q5 R© High-Fidelity polymerase from NEB (Ipswich, MA, USA).
Both a negative control and a Mock Community were amplified
and sequenced in parallel to the samples to ensure sufficient
quality.

Bioinformatics

Databases
Taxonomic assignment of OTUs for each of the three sequenced
communities was done with a de-replicated database with
sequences trimmed according to the primers used in this study.
The sequences used for the pmoA database were retrieved from
a published collection of pmoA sequences (Wen, Yang and Lieb-
ner 2016) and complemented with three Arctic Methylobacter
sequences originating from Svalbard (GenBank id = AJ414658.1,
KC878619.1, G7 Arctic mine isolate (genome not published)). The
V3-V4 16S rRNA gene database was built from fragments of
the SILVA 128 SSU database (Quast et al. 2013) (downloaded the
1st of October 2017). Both databases were trimmed according
to the corresponding primers and de-replicated with a custom
Perl script (https://github.com/cseppey/bin src my prog/tree/m
aster/perl/sel db.pl).

Sequence data analyses
For each of the environmental sequence datasets, reads were
merged using the program Flash (v. 1.2.8; (Magoč and Salzberg
2011)). Good quality sequences were filtered using a custom
script (https://github.com/cseppey/bin src my prog/tree/maste
r/cpp/qualCheck.cpp) by keeping only sequences without any
window of 50 nucleotides with an average phred score below 20
prior to trimming the primers (https://github.com/cseppey/bin
src my prog/tree/master/perl/trim primer.pl). Chimeras were

removed using the program Vsearch (v. 2.4.4; (Rognes et al.
2016)) comparing the environmental sequences between them
(de novo approach), as well as by comparing the sequences
against the corresponding database (for pmoA primers: (Wen,
Yang and Liebner 2016); for V3-V4 primer: SILVA 128). After
trimming the primers the pmoA sequences were expected to
start with the nucleotides 188–190 (TCG: serine) and finish with
the nucleotides 658–660 (TAT: tyrosine) for the reversed primer
mb661 or nucleotides 679–681 (TCG: serine) for the reversed
primer A682R (Semrau et al. 1995). To avoid sequences contain-
ing frameshift mutations, thus incorrect open reading frames,
sequences with a number of nucleotides not divisible by three
and sequences containing a stop codon were removed.

OTUs were clustered from the processed environmental
sequences using the program Swarm (v. 2.1.13; (Mahé et al.
2014)), and taxonomically assigned by using the best alignment
between the dominant sequence of each OTU and the database
using the program Ggsearch36 (v. 36.3.8f; (Pearson 2000)). The
OTUs were finally selected according to their length (mb661:
[465–474 basepairs (bp)], A682: [492–495 bp], V3-V4: [370–435 bp])
in order to remove obvious sequencing errors as well as to their
taxonomic affiliation by discarding OTUs assigned to Archaea,
chloroplast or mitochondria.

Statistical analyses
To reduce the noise caused by low relative abundances, we con-
sider an OTU as absent of a sample if its relative abundance

was < 0.001 in that sample. Prior to analyses, the three relative
abundance community matrices were log normalized as previ-
ously described in (Anderson, Ellingsen and McArdle 2006) (func-
tion decostand, package vegan v. 2.5–2; (Oksanen et al. 2018)).
The effect of factor (treatment i.e. grazing and sampling date),
interaction between the factors and CH4 rate, while removing
the effect of sites, were assessed through redundancy analysis
(RDA) (function capscale, package vegan v.2.5–2; (Oksanen et al
2018)). The significance of the factors, factors interaction and
CH4 rate, as well as the significance of the RDA axes were tested
by a permutation test (10 000 permutations, function anova.cca,
package vegan v. 2.5–2; (Oksanen et al. 2018)). To disentangle the
effect of the interaction between grazing and sampling date, two
other RDAs were calculated for each treatment. For each new
RDA, the effects of sampling date, CH4 oxidation rate as well as
the RDA axes were tested as for the RDA performed on the two
treatments together.

The most representative OTUs of each treatment (bioindica-
tors) were assessed using an indicator species analysis (indval;
function indval, package labdsv v. 1.8–0; (Roberts 2016)) on the
relative abundance community matrices. For each OTU in each
treatment, a score is calculated, which is maximized if (i) the
OTU is mostly found in the given treatment (high specificity) and
(ii) is found in all samples of the given treatment (high fidelity).
An OTU was selected as a bioindicator if the probability of a
higher indicator value was < 0.001 on 10 000 permutations. All
statistical analyses were performed in R (R Core Team 2018) and
an overview of the sequence/OTU number at each step of the
pipeline is found in the Table S2 (Supporting Information).

A phylogenetic tree was built from the bioindicator OTU
sequences as well as closely related sequences retrieved
from NCBI GenBank in order to better assess their taxon-
omy. The closely related sequences were retrieved by align-
ing (BLASTn) the bioindicator sequences against the NCBI
nucleotide database and choosing the two highest scoring
matches. In addition, a set of cultivated gammaproteobacte-
rial MOB sequences was retrieved in addition to a set of pmoA
sequences belonging to upland-soil cluster (USC)-gamma that
served as an outgroup. Sequences were aligned in MEGA7
(Kumar, Stecher and Tamura 2016) using MUSCLE, choosing the
UPGMB clustering (Edgar 2004). The length of the alignment was
inspected visually for an overlap for all sequences and a sec-
tion of 440 bp was chosen for phylogenetic analysis. A phyloge-
netic tree was constructed in MEGA7 using the neighbor-joining
method with the Jukes-Cantor correction and 500 bootstraps
(Kumar, Stecher and Tamura 2016). The tree was visualized using
FigTree v1.4.4 (Rambaut 2018).

RESULTS

Soil parameters

Soil temperatures decreased with depth in both grazed and
exclosed plots, and higher temperatures were measured in the
summer seasons than in the spring season (Table S3, Support-
ing Information). At the soil surface, temperatures up to 16 ◦C
were observed but temperatures varied substantially depending
on air temperature and cloud cover (Fig. S1, Supporting Infor-
mation). Below the surface, temperatures rarely exceeded 8 ◦C
throughout the peat profile. Slightly warmer temperatures were
recorded in grazed plots in the top 10 cm of the peat soil.

The decrease in O2 concentration with depth was similar in
grazed (-0.51 ± 0.18 mg/L per cm depth) and exclosed plots (-
0.35 ± 0.25 mg/L per cm depth). However, O2 concentrations in
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grazed plots dropped from 9.8–11.5 mg/L O2 at the surface to 1.7–
9.5 mg/L O2 at 5 cm depth. No drop was observed in exclosed
plots when comparing surface concentrations (10.4–11.6 mg/L
O2) to 5 cm depth (9.6–12.1 mg/L O2) and a more gradual decrease
in O2 concentration was observed (Fig. S2, Supporting Informa-
tion).

Comparing the vegetation and the top 2 cm of peat soil,
the water content was lower in exclosed plots (73.4–89.6 wt%
H2O) than in grazed plots (88.7–94.7 wt% H2O) (Fig. 2), whereas
between 2 and 10 cm below vegetation the water content was
more similar for both environments. Overall, the soil water
content measured in exclosed plots was 2%–15% lower than
in grazed plots. SOM was slightly higher in exclosed peat
(11.5 ± 3.2%) compared to grazed peat (8.3% ± 1.5%).

The in situ pore water CH4 concentrations were higher at
10 cm depth than 5 cm depth in the grazed plots. Similarly,
the CH4 concentrations were higher at 20 cm depth than 15 cm
depth in exclosed plots. Moreover, in situ CH4 pore water concen-
trations were consistently higher in grazed plots than exclosed
plots (Fig. S3, Supporting Information).

Potential CH4 oxidation

Microcosm experiments were conducted ex situ to estimate the
potential soil CH4 oxidation rates at different depths in grazed
and exclosed plots, for different seasons (spring and summer)
and years. The highest CH4 oxidation rates were measured at
0.5–2.5 cm depth in the grazed plots (115.0–319.6μg CH4 oxidized
per g dry soil and day, Fig. 3). The exclosed plots had highest CH4

oxidation rates at 3–8 cm depth (21.8–105.7 μg CH4 oxidized per
g dry soil and day, Fig. 3). This shift in potential CH4 oxidation
rates between the grazed and exclosed plots coincided with the
shifts in O2 concentrations, water content and CH4 pore water
concentrations. Overall higher CH4 oxidation rates were mea-
sured in grazed plots, exceeding 50 μg CH4 oxidized per g dry soil
and day at most depths. In exclosed plots, CH4 oxidation rates
higher than 50 μg per g dry soil and day were almost exclusively
observed in the zones of maximal CH4 oxidation between 3 to
8 cm. The differences between grazed and exclosed plots, and
different depths were true for both summer seasons (2015 and
2016) and the spring season. However, the potential CH4 oxida-
tion rates in spring were overall lower than in summer for the
grazed plots, while for the exclosed plots spring and summer
CH4 oxidation rates were similar.

Bacterial and MOB community structure

We then wanted to identify the main MOB taxa within the bac-
terial communities to specifically target the MOB responsible for
the CH4 oxidation activity.

Larger amounts of DNA and RNA per gram dry soil were
extracted from grazed plots compared to exclosed plots, sug-
gesting a larger bacterial biomass in grazed soils (Fig. S4, Sup-
porting Information). Sequencing of 16S rRNA gene libraries
from these soils provided us with 10 816 sequences per library
on average after quality filtering, the smallest library containing
2383 and the largest 19 608 sequences.

The results of the RDA showed that the bacterial communi-
ties in grazed plots differed significantly from the communities
in the exclosed plots (P < 0.001, Fig. 4). The RDA showed that the
sampling date had an impact on the communities in the grazed
plots (P = 0.004), which was less pronounced for exclosed plots
(P = 0.124), similar as observed for the measured CH4 oxidation
potentials.

The separation between grazed and exclosed plots correlated
with ex situ CH4 oxidation rates and the communities in the
grazed plots were associated with high CH4 oxidation rates while
communities in the exclosed plots were associated with low
rates (Fig. 4). However, CH4 oxidation rates did not have a sig-
nificant impact on the community structure (P = 0.300 grazed
plots, P = 0.673 exclosed plots, P = 0.613 both treatments). All p-
values for the variables and variables’ interaction tested in the
RDA analyses are listed in Table S4 (Supporting Information).

The 16S rRNA gene sequences assigned to the order Methy-
lococcales were relatively more abundant (Kruskal-Wallis rank
sum test P < 0.001) in grazed plots than in the exclosed plots,
with a relative abundance of 7.0% in grazed plots compared to
below 1% in exclosed plots (Fig. S5, Supporting Information).
OTUs assigned to Crenothrix and Methylobacter had higher rela-
tive abundances than other genera within Methylococcales, rep-
resenting 22 out of 25 OTUs of that order and from 56% to 100%
of the sequences (Fig. S7, Supporting Information). Both genera
were relatively more abundant in grazed plots (Kruskal–Wallis
rank sum test: P < 0.05 for Crenothrix and for Methylobacter P
< 0.01). From the 8 bioindicator OTUs for the grazed plots, one
Methylobacter OTU (X49) was identified as bioindicator (Fig. 4,
Fig. S6, Supporting Information). Among 13 OTUs identified as
bioindicators for the exclosed plots, none of them belonged to
the MOB.

To obtain further insights into the active MOB community,
we sequenced pmoA transcript cDNA libraries from the summer
2015 microcosms and the spring and summer 2016 in situ soil
samples using the two different pmoA primer pairs (Table S1,
Supporting Information). The RDA analyses gave similar overall
trends for both datasets. Therefore, the results from the mb661R
pmoA dataset are used as the primary data basis for analyses,
while the A682R pmoA dataset is used as a reference point to dis-
cuss uncertainties arising due to primer pair selection. Sequenc-
ing of pmoA gene libraries using the mb661R primer provided us
with 29 149 sequences per library on average after quality filter-
ing, the smallest library containing 9007 and the largest 58 612
sequences, whereas for the A682R primer an average of 22 340
sequences per library was provided, the smallest library contain-
ing 2213 and the largest library containing 53 950 sequences.

MOB community pmoA transcription in the grazed plots dif-
fered significantly from the exclosed plots (P < 0.001) (Fig. 5, Fig.
S8, Table S4, Supporting Information), following the differences
in CH4 oxidation rates. Sampling date also had a clear impact on
the MOB pmoA expression in the grazed plots (P < 0.001), but not
in the exclosed plots (P = 0.467).

The majority of pmoA transcripts belonged to the genus
Methylobacter (Figs S9 and S10, Supporting Information). Fur-
thermore, nearly all bioindicator OTUs (for grazed or exclosed
plots) belonged to Methylobacter (Fig. 6). This indicates that a con-
sortium of closely related species and strains within the same
genus are primarily responsible for most of the CH4 oxidation
but are also very responsive to ecosystem change.

OTUs from only two other genera, Methylosarcina and Methy-
lomicrobium, were identified as bioindicators (OTU M54, Fig. 6 and
OTUs A65 and A66, Fig. S11, Supporting Information). The rela-
tive abundance of Methylosarcina was low (< 1% in both pmoA
datasets).

Methylomicrobium was the second most active genus based
on the mb661R pmoA dataset (10.7% of the sequences in grazed
plots, 27.6% in exclosed plots, Fig. S9, Supporting Information).
OTU Methylomicrobium-M1 was the OTU with the highest over-
all abundance. However, the transcriptional activity of this and
other Methylomicrobium OTUs were similar in all plots (Fig. 6)
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Figure 2. Soil water content in spring (left) and summer 2015 and 2016 (right), comparing grazed treatment (blue) and exclosed treatment (green). The water content was
measured for the vegetation (>0 cm soil depth), at the soil/vegetation interface (0 cm) and until a soil depth of 20 cm (y-axis). Each point represents one measurement.

Soil water content (x-axis) varied from 73 to 95 wt%. Soil depths were chosen in order to include visually distinguishable layers as well as many depths within the
layers suspected to account for the majority of CH4 oxidation (0–10 cm soil depth).

Figure 3. Potential CH4 oxidation (μg CH4 oxidized per g dry soil and per day)
along vertical soils gradients for the grazed (two top figures) and exclosed treat-

ments (two bottom figures). Filled symbols represent summer and open symbols
represent spring. Each point represents one measurement. Oxidation rates from
site SV1 and SV2 are shown on the left; and right- hand side respectively. The

shaded area highlights the zone of maximum CH4 oxidation activity. CH4 oxi-
dation measured above ground (i.e. vegetation) are > 0 on the y-axis, whereas
below ground activity are < 0 on the y-axis.

excluding those OTUs as bioindicator for grazed or exclosed
plots.

MOB transcriptional profile based on the A682R pmoA dataset
was slightly different from the mb661R pmoA dataset. The major
discrepancy was the large amount of unidentified MOB anno-
tated as MOB-like (Fig. S10, Supporting Information). OTU A6 had
the highest relative abundance within the MOB-like group with
no significant differences between the grazed and the exclosed
plots, ranking fourth in relative abundance behind Methylobacter
OTUs A1, A3 and A4.

Phylogenetic analysis of the pmoA sequences of the bioindi-
cator OTUs showed that most of them cluster within Methy-
lobacter, in most cases closer to uncultivated environmental
sequences than cultivated strains (Fig. 7). Interestingly, the
bioindicators were all members of distinct clusters showing that
these are phylogenetically different MOB strains.

DISCUSSION

Different ecosystem states change the potential for CH4

oxidation

In our study, we investigated how the presence or absence of her-
bivory affected the potential for CH4 oxidation and the methan-
otroph community in a high-Arctic peatland. Herbivore exclu-
sion had promoted a higher proportion of vascular plants (Fig. 1)
and less dense soil structure, reflected in higher O2 concentra-
tions, lower water content and higher soil temperatures (Fig. 2,
Table S3, Figs S1 and S2, Supporting Information). The higher
temperatures may be explained by better insulation being pro-
vided by the thicker vascular plant cover (Sjögersten, Van Der
Wal and Woodin 2008; Sjögersten et al. 2011; Falk et al. 2015).
In addition, visual observations of living roots in the exclosed
plots but not in the grazed plots confirmed previous observa-
tions of higher root and vascular plant biomass in the exclosed
plots (Sjögersten et al. 2011). Lower in situ CH4 concentrations in
the exclosed plots (Fig. S3, Supporting Information) contrast the
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Figure 4. Treatment and season-dependent differences of bacterial communities at Solvatn peatland sites. The figure is based on redundancy analysis of the bacterial
community (V3-V4 region of the 16S rRNA gene). Samples are labeled according to treatment: grazed (blue) and exclosed (green); sites: SV1 (dark grey) and SV2 (light

grey); and sampling season: spring 2016 (square), summer 2016 (circle). Black lines indicate CH4 oxidation potentials (μg CH4 oxidized per g soil and day). Black dots
show the distribution of non-bioindicator OTUs while green dots represent bioindicator OTUs for exclosed treatment and blue dots represent bioindicator OTUs for
grazed treatment. Bioindicator identities are represented by the letter X followed by a number. Taxonomic information about the bioindicator OTUs is found in the
V3-V4 heatmap (Fig. S6, Supporting Information).

Figure 5. Treatment, site and season-dependent differences of MOB communities at Solvatn peatland sites. The figure is based on redundancy analysis of the MOB
community (pmoA transcripts, primer pair A189F/mb661R). Samples are labeled according to treatment: grazed (blue) and exclosed (green); sites: SV1 (dark grey) and
SV2 (light grey); and sampling season: summer 2015 (tilted square), spring 2016 (square), summer 2016 (circle). Black lines indicate CH4 oxidation potential (μg CH4

oxidized per g soil and day). Black dots show the distribution of non-bioindicator OTUs while green dots represent bioindicator OTUs for exclosed treatment and blue
dots represent bioindicator OTUs for grazed treatment. Bioindicator identities are represented by the letter M followed by a number, marking them as OTUs from the
mb661R pmoA dataset. Taxonomic information about the bioindicator OTUs is found in the heatmap in Fig. 6.

higher temperatures measured, as one would expect increased
microbial activity at higher temperatures. However, the higher
O2 concentrations at 0–5 cm depth in the exclosed plots would
promote CH4 oxidation and inhibit CH4 production, in line with
our observations.

We did not observe any seasonally dependent differences in
water content in grazed plots. Exclosed plots had overall lower
water contents than the grazed plots and also slightly higher
water contents in spring compared to summer, possibly due to
recent snowmelt (Fig. 2).
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Figure 6. Relative abundances of MOB OTUs retrieved from pmoA transcripts in situ and ex situ (microcosm experiment). Bioindicator OTUs for the grazed treatment
are shown in the uppermost section while the bioindicator OTUs for the exclosed treatment are shown in the middle section. In the lowest section we show the MOB

OTUs with the highest relative abundance until representing 90% of the community. OTU names consist of the letter M plus a number, marking them as OTUs from
the mb661R pmoA dataset. The color represents the relative abundance of a given OTU in a given sample.

The higher water content, higher in situ CH4 concentrations
and lower O2 concentrations measured in the grazed plots were
indicative of higher rates of CH4 production in these soils (Table
S3, Fig. 2, Figs S2 and S3, Supporting Information). However, due
to the higher SOM content available for microbial degradation in
exclosed plots it cannot be excluded that the amount of CH4 pro-
duced in exclosed plots occasionally can surpass the CH4 pro-
duced in grazed plots.

The potential CH4 oxidation rates were highest in the grazed
plots (Fig. 3) Furthermore, in these plots the zones of CH4 oxida-
tion were closer to the peat surface in grazed plots. In contrast to
this, the lower in situ CH4 concentrations and higher O2 concen-
trations in the exclosed plots corresponded to a vertical shift of
the maximum CH4 oxidation zone from directly below the sur-
face to between three and eight centimeters depth (Fig. 3). This
matches the higher potential CH4 oxidation rates measured in
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Figure 7. Neighbour-joining tree showing the phylogeny of the mb661R pmoA bioindicator OTUs (exclosed treatment in green, grazed treatment in blue), cultivated
MOB strains (bold and italic) and related environmental sequences retrieved from Genbank (NCBI). Sequences belonging to the upland soil cluster gamma are used as

outgroup to root the tree (shaded in red). Calculation was based on a 440-nucleotide alignment, using Jukes Cantor correction and 500 bootstraps. Bootstrap support
is shown as node color ranging from blue (8%, lowest) to red (100%, highest). The length of the branches is based on the scale of 0.1 changes per nucleotide.
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grazed areas of alpine meadows (Abell et al. 2009) and smaller
CH4 net-emissions measured in ungrazed areas of the Zacken-
berg valley (Greenland) and Yukon-Kuskokwim Delta (Western
Alaska) (Falk et al. 2015; Kelsey et al. 2016). A possible explana-
tion for the higher potential CH4 oxidation in the grazed sites is
differences in nitrogen (N) availability. Ammonia (NH4) concen-
trations has been shown to correlate with higher CH4 oxidation
rates and type I MOB abundances in rice paddy soils (Bodelier
and Laanbroek 2004). Sjögersten et al. (2011) also showed higher
N in grazed plots than in exclosed plots which can explain the
higher CH4 oxidation observed in grazed plots in our study. Inter-
estingly, it has been proposed that N fertilization favors a lower
diversity (genus level) in rice paddy soils (Noll, Frenzel and Con-
rad 2008). As such, we would expect to observe higher methan-
otroph diversities in exclosed plots than grazed plots, but we did
not.

Different bacterial and methanotroph communities in
grazed and exclosed soils

Related to the higher potential CH4 oxidation rates, we observed
a considerably more transcriptionally active methanotroph
community in grazed than exclosed plots (Fig. S6, Supporting
Information). This difference was emphasized by the overall
higher DNA and RNA content per gram dry soil in the zone
of maximal CH4 oxidation in grazed peat soils compared to
exclosed peat soils (Fig. S4, Supporting Information). Further-
more, the higher relative abundances of methanotrophs in the
grazed plots corresponded with higher CH4 oxidation rates mea-
sured in the microcosm experiment ex situ (Fig. 3). Similarly,
a link between CH4 oxidation rates and transcript abundances
was previously demonstrated (Reim et al. 2012; Siljanen et al.
2012) but we did not apply RT-qPCR and cannot directly compare
this.

Methylobacter made up the majority of the methanotroph
communities at Solvatn. From the genomes of several Methy-
lobacter species, we know that these microorganisms oxidize CH4

using the particulate methane monooxygenase. Our sequenc-
ing efforts targeting pmoA transcripts confirmed this, as the
majority of pmoA transcripts were assigned to Methylobacter
(Fig. 6 and Fig. S11, Supporting Information). Furthermore, we
observed that a set of Methylobacter bioindicator OTUs were con-
sistently more active in the maximal CH4 oxidation zone of
the exclosed plots while other OTUs were more active in the
grazed plots, indicating that the different CH4 and O2 concen-
trations favor different Methylobacter OTUs. Similiarly, in strat-
ified lakes the MOB communities were structured according
to CH4 and O2 concentrations, providing for a niche-adapted
community responsible for CH4 oxidation dynamics (Mayr et al.
2020). An earlier microcosm study also supported the idea that
closely related Methylobacter populations are adapted to differ-
ent niches as they responded differently to O2 tension (Oshkin
et al. 2015).

CH4 concentrations in Solvatn peat soil are high (Fig. S3,
Supporting Information) while net net CH4 emissions are low
(Høj, Olsen and Torsvik 2005; Sjögersten et al. 2011). It has pre-
viously been suggested that such niche partitioning increases
the exploitation of resources (Finke and Snyder 2008; Mayr et al.
2020). Thus, niche partitioning of closely related Methylobacter
OTUs may explain the efficiency of CH4 consumption in both
grazed and exclosed peat soils at Solvatn.

Our study shows that phylogenetically distinct Methylobac-
ter OTUs might find their ecological niches within micro niches

of the same ecosystem as the most active fraction of the MOB
community consisted of several closely related transcriptionally
active Methylobacter populations (Figs. 6 and 7). Similar obser-
vations were reported from Lake Washington, Lake Pavin and
the Canadian high Arctic (Costello and Lidstrom 1999; Mar-
tineau, Whyte and Greer 2010; Biderre-Petit et al. 2011), suggest-
ing that our findings reflect a common occurrence. The bioindi-
cator approach allows us to identify OTUs that respond to spe-
cific environmental changes in different ecosystems. By corre-
lating past and future datasets this approach can help determin-
ing whether certain strains or species have the same roles and
responses in other ecosystems or under other conditions.

It remains difficult to a draw a line between species and
strains based on sequencing the pmoA genes or transcripts even
though similarity cut-offs have been suggested for pmoA OTUs
(Wen, Yang and Liebner 2016). A genome-based study revealed
that a large variety of Methylobacter genomes which were earlier
assigned as strains of M. tundripaludum SV96 are actually differ-
ent species (Orata et al. 2018). Thus, some of the pmoA OTUs we
have identified as bioindicators may be representative of differ-
ent Methylobacter species, and so the OTU dynamics described
here are in part reflecting the ecology of Methylobacter species.

CONCLUSION

Herbivory in Svalbard leads to reduced vascular plant and root
biomass in peatlands, resulting in increased soil water content,
higher in situ pore water CH4 concentrations and reduced O2

concentrations. These changes correspond with a shallower and
more potent zone of maximal CH4 oxidation in grazed peat com-
pared to peat protected from grazing. Furthermore, the shal-
lower CH4 oxidation zone in grazed peat has a relatively more
abundant and different MOB community than the exclosed peat,
the major difference being the dominance of different Methy-
lobacter OTUs. Nevertheless, Methylobacter comprise the major
CH4 filter in both peat soils, actively reducing the amount of
CH4 emitted to the atmosphere. This study emphasizes how her-
bivory leads to altered soil conditions that selects for different
active MOB communities able to respond to increased CH4 con-
centrations.

SUPPLEMENTARY DATA

Supplementary data are available at FEMSEC online.
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Supplementary Table 1: Sampling overview   
 

  

 
Summer 

2015 

Spring 

2016 

Summer 

2016 

In situ soil parameters (temperature, 
O2 and CH4 concentration) 

 
X X X 

Ex situ soil parameters (soil water 
content, soil organic matter content) 

 
X X X 

CH4 oxidation measurements ex 
situ (microcosms) 

X X X 

16S rRNA gene analysis of in situ 
bacterial community 

 X X 

pmoA transcript analysis of in situ 
MOB community 

 X X 

pmoA transcript analysis of ex situ 
MOB community (microcosms) X   



	 	

Supplementary Table 2: Pipeline overview for V3-V4 and pmoA (with both primer sets) amplicon sequence analysis. Steps 
1-5 describe the processing of raw sequences until Swarm clustering and are therefore not applicable (n/a) for OTU counts, which 
is described in step 7 and 8. Sequences from the V3-V4 dataset were not checked for frameshift mutations and step 5 is therefore 
not applicable (n/a).  
 

  V3V4 mb661 A682 
  Sequences OTUs Sequences OTUs Sequences OTUs 

1 raw sequences 1707324 (n/a) 2635949 (n/a) 2869266 (n/a) 
2 good quality 706371 (n/a) 1606840 (n/a) 1189725 (n/a) 
3 with good primers 647378 (n/a) 1567342 (n/a) 1162401 (n/a) 
4 not chimera 352308 (n/a) 1496771 (n/a) 1151186 (n/a) 
5 respecting frameshift (n/a) (n/a) 1399165 (n/a) 1073560 (n/a) 
6 clustering 352197 53468 1399164 15909 1073533 13942 
7 good sequence length and taxonomy 346132 52629 1399144 15897 1072313 13727 
8 high occurrence 155893 1310 1366774 220 1044851 223 

 

 

  



	 	

 
Supplementary Fig. 1A and 1B: Soil temperatures measured along 
vertical soil gradients comparing grazed treatment (two top figures) and 
exclosed treatment (two bottom figures) in spring (left hand side) and 
summer (right hand side). Whiskers indicate min and max temperature 
measured; boxes consist of 25% quartile, median and 75% quartile.  
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Supplementary Fig. 2: O2 profiles along vertical soil gradients (y-axis) 
comparing grazed treatment (left) and exclosed treatment (right). 
Measurements were taken in 5 cm intervals in summer 2015, spring 2016 and 
summer 2016 at both sites, SV1 and SV2. Whiskers indicate min and max O2 

concentration measured; boxes consist of 25% quartile, median and 75% 
quartile.  
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Supplementary Fig. 3: CH4 pore water concentration measurements 
[mg/L] along vertical soil gradients (y-axis) comparing grazed treatment 
(left) and exclosed treatment (right). The data used in this figure are from 
summer 2015, spring 2016 and summer 2016 and were taken at both sites, 
SV1 and SV2. Whiskers indicate max and min CH4 concentrations; Boxes 
consist of 25% quartile, median and 75% quartile.  
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Supplementary Fig. 4: RNA and DNA extracted per gram dry soil for 
grazed (white) and exclosed (grey) treatments as indicator for 
community size. Whiskers indicate min. and max. values; boxes consist of 
25% quartile, median and 75% quartile.  
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Supplementary Table 3: Soil parameter ranges for grazed treatment (left) and exclosed treatment (right).  Measurements at 

a depth of 0 cm are taken at the soil/vegetation interface.  

 Grazed Exclosed 

 Spring Summer Spring Summer 
Depth 
[cm] 

Temp. 
[°C] 

O2 

[mg/L] 
CH4 

[mg/L] 
Temp. 

[°C] 
O2 

[mg/L] 
CH4 

[mg/L] 
Temp. 

[°C] 
O2 

[mg/L] 
CH4 

[mg/L] 
Temp. 

[°C] 
O2 

[mg/L] 
CH4 

[mg/L] 
             

0 5.7-11.0 10.9-
11.5 

- 8.3-
16.1 

9.8-
11.3 

- 5.2-
12.0 

10.4-
11.5 

- 7.0-
16.0 

10.7-
11.6 

- 

5 4.2-7.8 1.7-4.5 1.0-2.0 5.4-
10.9 

7.1-9.5 0.2-3.8 1.4-5.7 9.6-12.1 - 4.4-9.8 11.0-
11.4 

<0.1 

10 3.0-5.1 1.5-2.3 3.3-8.1 4.5-8.4 0.2-2.4 1.7-
34.3 

0.4-3.9 4.0-12.3 < 0.1-
1.8 

3.8-7.3 8.1-9.9 < 0.1-
0.1 

15 1.7-3.5 0.6-2.2 4.6-7.5 3.4-6.4 1.0-1.9 2.1-
10.4 

1.0-2.5 7.4 < 0.1-
1.4 

3.3-6.3 4.4 <0.1-9.4 

20 0.4-2.2 0.1-1.2 5.5-6.6 3.0-5.4 0.7-1.3 1.8-
25.1 

0.4-2.1 3.6 - 2.4-5.3 0.5 1.1-3.2 

 



	 	

 Supplementary Table 4: p-value overview from RDA for each dataset 
(pmoA: mb661, A682; V3-V4). Community column is split in total (all 
samples), grazed (samples from grazed treatment only) and exclosed 
(samples from exclosed treatment only). Sampling date shows the effect 
significance of the sampling period, Grazing shows the effect significance of 
the treatment and CH4 Oxidation Rate shows the relation significance 
between the potential CH4 oxidation measured in the microcosms and the 
communities. The last column shows the interaction between Sampling Date 
and Grazing, Site and Grazing. Interactions between the effect of Sampling 
Date and Grazing are not applicable (n/a) for the grazed and exclosed sub-

datasets. Numbers lower then 0.05 show high interaction whereas numbers 
higher than 0.05 indicate low interaction.  
 

Sequence 
Dataset 

Community Sampling 
Date 

Grazing CH4 Ox. 
Rate 

Interaction - 
Sampling 

Date:Grazing 

V3V4 
Total 0.007 <0.001 0.613 0.130 

Grazed 0.004 (n/a) 0.300 (n/a) 
Exclosed 0.124 (n/a) 0.673 (n/a) 

mb661 
Total 0.033 <0.001 0.651 0.099 

Grazed <0.001 (n/a) 0.277 (n/a) 
Exclosed 0.467 (n/a) 0.149 (n/a) 

A682 
Total 0.019 <0.001 0.614 0.051 

Grazed <0.001 (n/a) 0.230 (n/a) 
Exclosed 0.453 (n/a) 0.270 (n/a) 



	 	

 
 
Supplementary Fig. 5: Distribution of bacterial taxa in grazed and 
exclosed treatments. Only taxa with a relative abundance > 1% are 
represented. Relative abundances are listed in the outermost ring of the chart 
and are given in %. The different rings represent different taxonomic levels, 
starting with phyla in the innermost ring followed by class and order moving 
outward. 
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Supplementary Fig. 6: Relative abundances of bacterial OTUs retrieved 
from 16S rRNA genes in situ. Bioindicator OTUs for the grazed treatment 
are shown in the uppermost section while the bioindicator OTUs for the 
exclosed treatment are shown in the middle section. In the lowest section we 
show the OTUs with the highest relative abundances until representing 50% 
of the community. OTU names consist of the letter X plus a number, marking 
them as OTUs from the V3-V4 dataset. The color represents the relative 
abundance of a given OTU in a given sample.
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 Supplementary Fig. 7: Heatmap showing the increase in OTU 
abundance in situ assigned to the order Methylococcales in grazed 
treatment, which is visible in Supplementary Figs 5 and 6. OTU names 
consist of the letter X plus a number, marking them as OTUs from the V3V4 
dataset. The color represents the relative abundance of a given OTU in a 
given sample.
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Supplementary Fig.8: Treatment and season-dependent differences in 
the MOB communities at Solvatn peatland sites. The figure is based on 
redundancy analysis of the MOB community (pmoA transcripts, primer pair 
A189F/A682R). Samples are labeled according to treatment: grazed (blue) 
and exclosed (green); sites: SV1 (dark grey) and SV2 (light grey); and 
sampling season: summer 2015 (tilted square), spring 2016 (square), summer 
2016 (circle). Black lines indicate CH4 oxidation potential (µg CH4 oxidized per 

g soil and day). Black dots show the distribution of non-bioindicator OTUs, 
while green dots represent bioindicator OTUs for exclosed treatment and blue 
dots represent bioindicator OTUs for grazed treatment. Bioindicator identities 
are represented by the letter A followed by a number, marking them as OTUs 
from the A682R pmoA dataset. Taxonomic information can be obtained from 
the heatmap in Supplementary Fig. 11.   
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Supplementary Fig. 9: Distribution of MOB taxa (A189F/mb661R primer) 
in grazed and exclosed treatments. Only taxa with a relative abundance 
>1% are represented. Relative abundances are listed in the outermost ring of 
the chart and are given in %. The different rings represent different taxonomic 
levels, with genus in the innermost ring followed by species in the outermost 
ring.  
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Supplementary Fig. 10: Distribution of MOB taxa (A189F/A682R primer) 
in grazed and exclosed treatments. Only taxa with a relative abundance 
>1% were included. Relative abundances are listed in the outermost ring of 
the chart and are given in %. The different rings represent different taxonomic 
levels, with genus in the innermost ring followed by species in the outermost 
ring. 
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Supplementary Fig. 11: Relative abundances of MOB OTUs retrieved 
from pmoA transcripts in situ and ex situ (microcosm experiment). 
Bioindicator OTUs for the grazed treatment are shown in the uppermost 
section while the bioindicator OTUs for the exclosed treatment are shown in 
the middle section. In the lowest section we show the MOB OTUs with the 
highest relative abundance until representing 90% of the community. OTU 
names consist of the letter A plus a number, indicating them as OTUs from 
the A682R pmoA dataset. The color represents the relative abundance of a 
given OTU in a given sample  
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Abstract: Rising temperatures in the Arctic affect soil microorganisms, herbivores, and peatland
vegetation, thus directly and indirectly influencing microbial CH4 production. It is not currently
known how methanotrophs in Arctic peat respond to combined changes in temperature, CH4 concen-
tration, and vegetation. We studied methanotroph responses to temperature and CH4 concentration
in peat exposed to herbivory and protected by exclosures. The methanotroph activity was assessed
by CH4 oxidation rate measurements using peat soil microcosms and a pure culture of Methylobacter
tundripaludum SV96, qPCR, and sequencing of pmoA transcripts. Elevated CH4 concentrations led
to higher CH4 oxidation rates both in grazed and exclosed peat soils, but the strongest response
was observed in grazed peat soils. Furthermore, the relative transcriptional activities of different
methanotroph community members were affected by the CH4 concentrations. While transcriptional
responses to low CH4 concentrations were more prevalent in grazed peat soils, responses to high CH4

concentrations were more prevalent in exclosed peat soils. We observed no significant methanotroph
responses to increasing temperatures. We conclude that methanotroph communities in these peat
soils respond to changes in the CH4 concentration depending on their previous exposure to grazing.
This “conditioning” influences which strains will thrive and, therefore, determines the function of
the methanotroph community.

Keywords: methanotroph; methane oxidation; pmoA amplicon sequencing; Methylobacter; grazing
pressure; peat soil microcosms; temperature; Arctic

1. Introduction

Vegetation in parts of the Arctic has changed severely due to increased grazing by
geese [1–3]. The higher geese numbers are closely linked to climate and land-use changes,
as food sources are increasing in their overwintering grounds [4,5]. Herbivory-induced
changes in vegetation lead to changes in below-ground biota and their productivity [6–8]
and affect the balance of greenhouse gases in wetlands, with higher methane (CH4) emis-
sions from areas subjected to grazing [8–11]. The exclusion of herbivores from patches of
Arctic peatlands led to the restoration of vascular plant growth [12], and it was shown that
higher abundances of vascular plants alter the polysaccharide composition in these soils,
further changing the soil microbial community [13].

At the same time, the Arctic is warming two to three times faster than the global
average, an effect known as Arctic amplification [14–16]. A result of this is the acceleration
of permafrost thaw and a thickening of the active layer, with longer periods of non-frozen
topsoil [17]. Thawing permafrost contains organic carbon, which can be metabolized
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by microbes that emit carbon dioxide (CO2) and CH4. It has been shown that even
small increases in temperatures can lead to substantial increases in CH4 production by
peat soil microorganisms under anoxic conditions [18–21]. Increased CH4 production
can potentially lead to increased CH4 emissions, further increasing global temperatures
through radiative forcing.

CH4 production is counterbalanced by methane-oxidizing bacteria (MOB; methan-
otrophs). MOB act as a biological filter for CH4 and play a key role in mitigating CH4
emissions from peat and other soils. Many MOB live at the oxic/anoxic interface in peat-
land soils [22,23], oxidizing CH4 for energy harvest and biomass synthesis. MOB are a
diverse group of bacteria belonging to the phyla Gamma- and Alphaproteobacteria and Verru-
comicrobia [24]. The diversity of MOB communities is affected by environmental variables
such as pH and oxygen (O2). Many cold and neutral pH soils are inhabited by low-diversity
communities of MOB, dominated by the genus Methylobacter, e.g., [25–27]. In contrast, cold
acidic soils are more likely to be dominated by members of the Alphaproteobacteria, such as
the genera Methylocystis and Methylocapsa [24,28–30].

MOB found in Arctic soils have temperature growth patterns ranging from psy-
chrotrophic to mesophilic; these MOB communities can, therefore, respond to large tem-
perature changes [26,31–33]. However, physiological and ecological temperature responses
and how these affect community CH4 oxidation rates are not well understood. In line with
our limited understanding of this, studies have shown that temperature effects on CH4
oxidation rates are inconsistent, ranging from, for example, strong temperature responses
in landfill soils [34] to variable responses in permafrost soils [35] and a lack of responses in
forest soils [36]. On the contrary, the physiological responses of different MOB species to
temperature based only on growth are highly predictable [37]. The relationship between
temperature, growth rates, and soil CH4 oxidation rates depends on numerous variables,
such as soil CH4 and nutrient concentrations, enzyme kinetics, physiological acclimation,
and growth responses of individual strains and overall MOB population sizes. Additionally,
the types and numbers of different strains responsible for oxidation are also likely to affect
CH4 oxidation rates.

Due to the numerous controls on MOB communities and their activities, it may be
anticipated that the type of soil habitat strongly influences potential CH4 oxidation rates.
In adjacent but chemically and structurally different permafrost soil habitats, different
CH4 oxidation rates were observed, with higher rates in soils exposed to the highest CH4
concentrations [35]. Substrate availability, that is, CH4 concentrations, have been shown to
control CH4 oxidation rates in both lakes and forest soils [38,39]. Similarly, peat exposed
to herbivory displayed differently structured microbiota, including altered MOB habitats
and higher CH4 oxidation potentials than peat protected from herbivory by barnacle
geese [13,27].

However, it is still unclear how peat MOB communities respond to changes in temper-
ature and CH4 production. It is also unknown how herbivory influences this response. The
objective of this study was to investigate the effect of increasing CH4 concentrations and
temperatures on MOB community activities in samples representing two different Arctic
peat soil ecosystem states—(1) peat exposed to geese grazing for more than 20 years, and
(2) peat protected from grazing for the last 20 years.

2. Materials and Methods
2.1. Field Site and Sampling

Samples were collected in August 2016 at Solvatn. The Solvatn peatland (N78◦55.550,
E11◦56.611) is located close to the Ny Ålesund research station and settlement in Svalbard.
It is heavily grazed by Barnacle geese (Branta leucopsis) and dominated by brown mosses,
primarily Calliergon richardsonii [40]. Exclosures established in 1998 protect parts of the
peatland vegetation from grazing geese [12], allowing for the growth of vascular plants
that are otherwise suppressed by grazing. From one site, named SV1 in a recent study [27],
two blocks (approximately 30 × 15 × 30 cm) were cut from the peat soil protected from
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grazing (SV1 EX1 and SV1 EX2) as well as from the adjacent grazed peat soils (SV1 GR1
and SV1 GR2) and directly transferred to zip-lock plastic bags. All four blocks were kept
cool during transportation from the field sites to the on-site laboratory (approximately
5 min) and then frozen at −20 ◦C upon arrival. The blocks were further shipped, frozen, to
the laboratory in Tromsø, Norway, and stored at −20 ◦C until being used for the microcosm
experiments. The experiments were not carried out in the field laboratory due to lacking
infrastructure. Consequently, the samples were stored frozen to avoid extended storage
in a non-frozen condition that could lead to system changes. These soils are exposed to
freezing conditions for most of the year, including freeze and thaw occurrences during
spring and autumn. Nevertheless, to evaluate the effects of freezing, CH4 oxidation rates
were quantified both immediately after thawing and again after a three-week incubation.
We also added an additional pre-incubation period to one of our two experiments to test
whether prolonged incubation would lead to even higher oxidation rates. Details of this
step are presented in Section 2.2.

2.2. Soil Microcosms

This study was based on two peat soil microcosm experiments, referred to as
Exp I and Exp II. The microcosms were organized in a fully crossed factor design to
study the combined effect of two CH4 concentrations and two temperatures on the two
grazing treatments (grazed and exclosed peat).

The zone of maximal CH4 oxidation in the Arctic peat soil, as previously identified in
situ [27], was used for the experiments. In grazed soils, this zone was located at a depth of
0.5–2.0 cm, while in exclosed soils, it was located at a depth of 4–8 cm [27].

The experimental temperatures were 8 ◦C and 15 ◦C. The lower temperature of 8 ◦C
is a frequently encountered surface soil temperature at this high latitude during summer
(5.4–10.0 ◦C for grazed soils and 4.4–9.8 ◦C for exclosed soils at a depth of 5 cm, [27]), while
15 ◦C is at the high end of temperatures recorded in the vegetation layer of Arctic peat soil
in summer [27,41,42]. The experimental headspace CH4 concentrations were 0.1% (about
2 µM of dissolved CH4 at 8 ◦C and 1.7 µM of dissolved of CH4 at 15 ◦C) and 1% (about
20 µM of dissolved CH4 at 8 ◦C and about 17 µM of dissolved CH4 at 15 ◦C), imitating
commonly occurring CH4 concentrations in the upper layers of these soils. Soil CH4
concentrations previously observed ranged from 100.7–237.4 µM (avg 153.5 µM) in grazed
sites at a depth of 5 cm and from 0.4–3.7 µM (avg 1.5 µM) in exclosed sites at a depth of
10 cm [27].

For Exp I, peat blocks were thawed at 8 ◦C overnight. Layers 0–2 cm deep of the
grazed peat soil and layers 5–7 cm deep of the exclosed peat soil were cut from the peat
blocks. Then, 4 g of peat soil were weighed into 50 mL serum bottles (16 bottles with grazed
and 16 bottles with exclosed peat soil). Each vial was closed with butyl rubber stoppers
(Wheaton) and aluminum crimp caps [43].

We injected 0.07 mL CH4 (95% v/v) into 16 bottles (8 bottles per grazing treatment)
to obtain a headspace concentration of 0.1% CH4, while 16 bottles (8 bottles per grazing
treatment) were injected with 0.7 mL CH4 (95% v/v) for a headspace concentration of
1% CH4. For each grazing treatment, four bottles with 0.1% CH4 and four bottles with
1% CH4 were incubated at 8 ◦C and at 15 ◦C, respectively. In total, the experiment consisted
of 32 bottles.

At the start of the experiment, the initial CH4 oxidation rates were calculated from
four CH4 concentration measurements made within the first 20–40 h for each bottle. At
each time point, 0.5 mL gas samples were retrieved from the headspace with a pressure-
lock syringe (Vici Precision Sampling, LA, USA) and injected directly onto a Haysep-D
packed column of a GC-FID (SRI Instruments, CA, USA). The elution time was 1.8 min
for CH4, and the instrument was set to maximum sensitivity. The CH4 concentrations
were calculated by comparing them to the injected standard gases (Messer, Switzerland).
After the first four sampling time-points, an incubation period of three weeks started,
during which the CH4 headspace concentrations were maintained at 0.1% or 1%. The CH4
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was consumed rapidly in some of the microcosms and was, therefore, supplied at regular
intervals to ensure that the concentrations never dropped below 0.05% or 0.8% CH4 for the
0.1% or 1% conditions, respectively.

At the end of the incubation period, the CH4 oxidation rates were estimated with
the four measurements described above for the start of the experiment. After the CH4
oxidation rate measurements, the peat soil from each microcosm was transferred into sterile
15 mL tubes and flash frozen in liquid N2 to be used for RNA extraction.

After evaluating the results of the first experiment, we decided to perform a sec-
ond experiment (Exp II) with a slightly altered setup, designed to provide even more
certainty on three potentially crucial factors—soil depth, pre-incubation length, and
pre-incubation temperature.

Twice the number of microcosm replicates for all conditions (64 bottles in total) were
used in Exp II to better represent the variability in potential CH4 oxidation rates between the
two grazing treatments. We also included a pre-incubation week at 4 ◦C for all microcosms.
For the 15 ◦C microcosms, this was followed by another pre-incubation week at 8 ◦C
to avoid abrupt large temperature increases unlikely to occur in nature. Because of this
additional week, the microcosms incubated at 15 ◦C were incubated for one week longer
than the 8 ◦C microcosms, while the incubation at the final temperature (i.e., 8 or 15 ◦C)
was the same for both sets of microcosms. In Exp II, we targeted a soil layer 4 cm thick to
ensure that the entire zone of the highest CH4 oxidation potential [27] was included. The
considerable variation in the CH4 oxidation rates between some replicates in Exp I suggest
that the selection of a narrow 2 cm layer could have excluded the most active zone, in some
cases, due to local variations. Therefore, we sampled a layer at a depth of 0–4 cm for the
grazed treatment and at a depth of 4–8 cm for the exclosed treatment for Exp II. The bottles
were then prepared in the same way as for Exp I.

The soil water content was determined gravimetrically by drying 5 g of soil from each
layer at 150 ◦C in triplicate. The determined water content was used to calculate the soil
dry weight and the CH4 oxidation rate per gram of dry soil for each microcosm.

To consider the different solubility of CH4 in pore water at 8 ◦C and 15 ◦C, the CH4
oxidation rates for the same dissolved concentrations of CH4 were estimated. Assuming
first-order rate kinetics, as previously shown in [44], we log-transformed the decline in CH4
over time and fitted linear regression models to the transformed plots. The slopes of the
linear models correspond to the rate constants. By multiplying the respective rate constants
by a CH4 concentration that would result in the same dissolved CH4 concentrations at 8
and 15 ◦C, we obtained adjusted rates at these temperatures. The fit of the linear model
was evaluated and considered to have a satisfactory coefficient of determination, giving
the following values: R2—8 ◦C = 0.71 to 0.99, R2—15 ◦C = 0.71 to 0.99; 147 of the 192 linear
models had an R2 of > 0.9.

2.3. CH4 Oxidation of Methylobacter Tundripaludum SV96

M. tundripaludum SV96 was cultivated in NMS medium [45] for 10–14 days at 8 and
15 ◦C under a headspace CH4 concentration of approximately 13% (20 mL of a mixture
of 95% CH4 and 5% CO2). To reach exponential growth, the culture was transferred to
fresh medium three times during this period. Serum bottles were incubated on rotary
shakers at 150 rpm. Exponentially growing cells were harvested and diluted in sterile
0.5 mM phosphate buffer (pH = 6.8) to a density of about 5 × 107 cells per ml. Then,
21.6 mL of this diluted cell suspension was distributed into 125 mL serum bottles (3 bottles
per concentration and temperature; 24 in total), which were then closed with butyl rubber
stoppers (Wheaton) and aluminum crimp caps. Headspace atmospheres were prepared
by injecting different amounts of CH4 (0.2, 0.6, 1.5, and 3 mL of 95% CH4 and 5% CO2) to
create a series of CH4 headspace concentrations (about 1900, 5400, 13,000, and 25,000 ppm,
respectively) with three bottles per CH4 concentration. In addition, a negative control that
contained only phosphate buffer and no bacterial cells was measured.
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The CH4 concentrations were measured at four time points (including time point
zero, right after the headspace preparation) over the course of eight hours. To measure the
headspace CH4 concentration, 0.5 mL of gas was collected with a pressure-lock syringe
(VICI) and directly injected into a GC-FID, as was described for the soil microcosms.
Starting at time point one, 340 µL of cell suspension was collected from each of the bottles
after the CH4 measurements to estimate the cell density. The cell density was measured
by optical density (OD) at 410 nm. The densities were converted into cell numbers with a
standard of cell numbers and OD measurements specifically made for M. tundripaludum
SV96. The standard was established by cultivating M. tundripaludum SV96 to 14 different
optical densities ranging from 0.0085 OD410 to 0.7295 OD410 and counting, for each
OD, the number of cells at that optical density using a counting chamber under a light
microscope. The cell counts ranged from 6.1 to 726.6 × 105, corresponding to a linear
model R2 of 0.92. The estimation of cell numbers allowed us to adjust the CH4 oxidation
rates to the number of cells as this number increased throughout the experiment. Between
measurements, the flasks were incubated at the respective temperatures on a rotary shaker
at 150 rpm [46].

The headspace and dissolved CH4 concentrations were calculated from the measured
peak areas using a range of defined standards. Concentrations were converted into masses
of CH4 using the ideal gas law, while Henry’s law was used to estimate the corresponding
mass of dissolved CH4. All numbers were adjusted for the removal of gases and medium
during the sampling. The CH4 oxidation rates calculated between each time point were
then normalized to the time between measurements and the number of cells in the medium
to obtain a rate (µmol of CH4 oxidized per 108 cells per hour).

Assuming first-order rate kinetics, as previously shown in [44], we log-transformed
the cell-normalized decline in CH4 over time and fitted linear regression models to the
transformed plots. The slopes of the linear models correspond to the rate constants. By
multiplying the respective rate constant by the desired concentration of CH4, we obtained
the rates of oxidation at these concentrations [44]. The fit of the linear models was evaluated
and considered to have satisfactory coefficients of determination, giving the following
values: R2—8 ◦C = 0.83–0.99, R2—15 ◦C = 0.72–0.99; 24 of the 28 linear models had an
R2 of > 0.9.

2.4. RNA Extraction

Nucleic acids were extracted from the peat soil samples from Exp I. The samples were
homogenized using a mortar and pestle while suspended in liquid nitrogen. The nucleic
acids were extracted from 0.2 g of peat soil (two technical replicates per sample) using
a modified version of Griffiths’ protocol [42,47]. For RNA extraction, the two replicates
were pooled, and DNA was removed (RQ1 DNase, Promega, Madison, WI, USA), which
was followed by RNA clean-Up (MegaClearTM Transcription Clean-Up Kit, AmbionTM,
Thermo Fisher Scientific, Waltham, MA, USA) and ethanol precipitation. The RNA qual-
ity was controlled by gel electrophoresis and a Nanodrop (Thermo Fisher Scientific,
Waltham, MA, USA). The RNA was reverse transcribed using Superscript IV (Thermo
Fisher Scientific, Waltham, MA, USA) and the cDNA was used as a template for PCR with
the primer pair A189F/mb661R [48] to confirm the presence of the pmoA gene transcript.
The cDNA samples were sent for amplicon generation and sequencing with Illumina MiSeq
at the IMGM laboratories in Planegg, Germany. For the amplicon generation, both the
A189F/mb661 and A189F/A682R primers sets were applied, further referred to as the
mb661R and A682R datasets [48,49]. The pmoA transcript amplicons were generated in a
2-step target-specific (TS) PCR (using 10 ng of cDNA as a template) for 25 cycles, followed
by a 12-cycle index PCR using 1 µL from the TS PCR products. The polymerase used for
amplification was the Q5® High-Fidelity polymerase from NEB (Ipswich, MA, USA).
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2.5. PmoA Transcript Numbers

The cDNA samples were diluted to 2.5 ng/µL for quantification with qPCR. For
the standard curve, genomic DNA of M. tundripaludum SV96 was checked for integrity
using gel electrophoresis and quantified using Qubit Fluorometric Quantification (Thermo
Fischer Scientific, Waltham, MA, USA). Copy numbers of pmoA were calculated based on
genomic information and the measured concentration. The standard curve was generated
using dilutions of the DNA from M. tundripaludum SV96, yielding 7.15 × 106 to 7.15 pmoA
copies. The diluted cDNA samples and the diluted standards were analyzed in triplicate.
The negative controls (no template) were analyzed simultaneously in at least six replicates.
The master mix and primer for the qPCR were the SsoFast Evergreen Supermix (Biorad,
Hercules, CA, USA) and the A189/mb661R primer pair [48], respectively. The thermal
profile for qPCR amplification [50] was used with the following modifications: Fluorescence
data acquisition was performed at 78 ◦C for 30 s, and a total of 35 cycles were performed
after the initial 10 cycles of touchdown qPCR. Melting curve analysis was performed
from 65 ◦C to 95 ◦C. The calculations for each replicate were performed within the qPCR
software (CFX Manager, Biorad, Hercules, CA, USA) based on the standard curve. The
number of pmoA transcripts per gram of dry soil was calculated based on the average of
the three replicates.

2.6. Bioinformatics
2.6.1. Databases

For the taxonomical assignation, a de-replicated database was built with sequences
trimmed according to the corresponding pmoA primer sets. Sequences used for the two
pmoA databases [51] were complemented with three Methylobacter sequences (GenBank
id=AJ414658.1, KC878619.1, and the sequence from an Arctic coalmine isolate from Sval-
bard (not published)).

2.6.2. Pipeline

Reads were merged using the program Flash (v. 1.2.8; [52]) and low-quality sequences
were discarded if they had a 50 nucleotide fragment with an average Phred score below
20 prior to trimming the primers. Chimeras were removed using the program Vsearch
(v. 2.4.4; [53]), both against a database (for pmoA primers [51]) and de novo. To avoid
frameshift errors, only sequences without stop codon errors or framing errors (the nu-
cleotide number is not divisible by three) were kept. OTU clustering was performed using
Swarm (v. 2.1.13; [54]), and taxonomically assigned using the best alignment between
the dominant sequence of each OTU and the database, using Ggsearch36 (v. 36.3.8f; [55]).
Finally, the OTUs were selected according to their dominant sequence length (mb661:
(465,474)), A682: (492,495)) to remove obvious sequencing errors. An overview of all the
steps in the pipeline is given in Supplementary Table S1.

2.6.3. Community Analyses

To normalize for sequencing depth, we used the relative abundance of the two MOB
communities. To avoid noise caused by low-abundance OTUs in a given sample, every
OTU representing less than a thousandth of the community in this sample was considered
as absent from that sample. This denoising step removed less than 5% of the reads.

2.6.4. Redundancy Analysis (RDA)

Prior to analyses, the community matrices were log-normalized according to the
methods of [56] (function decostand, package vegan v. 2.4-2; [57]). For each primer
pair, the effects of elevated CH4 and elevated temperature were estimated for the mi-
crobial communities using a redundancy analysis (RDA, function capscale, package
vegan v. 2.4-2; [57]). To only consider the effect of the CH4 and temperature treatments,
the effects of the peat block replicates were considered random variables. The effect of the
factors, as well as the significance of the ordination axes were tested with a permutation test
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(10,000 permutations, function anova.cca, package vegan v. 2.4-2; [57]). To disentangle the
effects of interactions between the grazing treatments, an RDA was calculated for each
grazing treatment and tested in the same fashion as the analysis performed on all samples.

2.6.5. Bioindicators

For each primer pair and grazing treatment, the “responding bioindicator OTUs”
for both CH4 concentrations were identified using an indicator species analysis (indval;
function indval, package labdsv v. 1.8-0; [58]). An OTU was selected as a “responding
bioindicator OTU” if the probability of reaching a higher indicator value than that of the
bioindicator after 10,000 permutations was lower than 0.01. “Responding bioindicator
OTUs” were only reported in heatmaps.

We further selected the “unconditional bioindicator OTUs” by one of two
criteria—(1) OTUs that respond to either 0.1% or 1% CH4 in both the grazed and ex-
closed peat soil microcosms; (2) OTUs that respond to either 0.1% or 1% CH4 in the grazed
peat soil and are absent from exclosed peat soil microcosms, or the other way around.

2.6.6. Phylogenetic Analysis

For the phylogenetic analysis, only “unconditional bioindicator OTUs” were included.
Phylogenetic trees were then built from the “unconditional bioindicator OTU“ sequences
and closely related sequences were retrieved from the NCBI GenBank to better assess
their taxonomy. These closely related sequences were obtained by aligning the bioindi-
cator sequences (using BLASTn) against the NCBI nucleotide database and selecting the
two-highest scoring matches. A set of cultivated gammaproteobacterial MOB sequences
were retrieved in addition to a set of pmoA sequences belonging to upland-soil cluster
(USC)-gamma, the latter serving as an outgroup to root the tree. Sequences were aligned
in MEGA10 [59] using MUSCLE with UPGMB clustering [60]. The length of the align-
ment was inspected visually for an overlap in all sequences and a section of 452 bp (the
mb661R dataset) was chosen for phylogenetic analysis. A phylogenetic tree was constructed
in MEGA10 using the neighbor-joining method with the Jukes–Cantor correction and
500 bootstraps [59]. In addition, phylogenetic trees using the maximum likelihood and the
minimum evolution method (with the Jukes–Cantor correction and 500 bootstraps each)
were generated and compared to the first tree.

3. Results
3.1. CH4 Oxidation Rates Changing in Response to CH4 Concentrations

Incubation under microcosm headspace atmospheres with 1% CH4 resulted in higher
CH4 oxidation rates than with 0.1% CH4 for both grazed and exclosed peat soils. This
effect was observed both before and after the three-week incubation period (Figure 1 and
Supplementary Figure S1). Additionally, the CH4 oxidation rates were always higher
after the three-week incubation (Supplementary Figures S2 and S3), showing that the
MOB community responded positively to prolonged incubation at stable conditions after
thawing. However, the oxidation rates after the three-week incubation period were similar
in Exp I (Supplementary Figure S2) and Exp II (Supplementary Figure S3), confirming that
the additional pre-incubation at 4 ◦C and 8 ◦C in Exp II had negligible effects on the CH4
oxidation rate. This suggests that within the first three weeks, this MOB community had
reached its full potential under the present conditions. Overall, higher CH4 oxidation rates
were observed in the grazed peat soils.
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Figure 1. CH4 oxidation rates from Exp I, emphasizing the comparison between 0.1% and 1%
headspace CH4 concentrations. Results are shown for measurements collected before (top) and after
(bottom) the three-week incubation period, and at 8 (left) and 15 ◦C (right). Grazed microcosms are
shown in gray; exclosed microcosms in white. Comparison using linear mixed models with peat
blocks as random variables shows significant differences in the CH4 oxidation rates between CH4

concentrations (* p < 0.05; ** p < 0.01; *** p < 0.001).

3.2. CH4 Oxidation in Response to Temperature

We observed mostly minor and insignificant temperature effects on CH4 oxidation
rates in grazed and exclosed peat soils, both before and after the three-week incubation
(Figure 2 and Supplementary Figure S4). Exceptions to this were the significantly higher
CH4 oxidation rates at 15 ◦C compared to 8 ◦C in grazed peat soils at 0.1% CH4 before the
three-week incubation in both experiments. In exclosed peat soils from Exp II, significantly
higher CH4 oxidation rates at 15 ◦C were also measured at 1% CH4 before the incubation,
while significantly lower rates were measured in exclosed peat soil microcosms at 0.1%
CH4 after the incubation.
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Figure 2. CH4 oxidation rates from Exp I, emphasizing the comparison between 8 ◦C and 15 ◦C.
Results are shown for measurements collected before (top) and after (bottom) the three-week incuba-
tion period, and at 0.1% (left) and 1% CH4 (right). Grazed microcosms are shown in gray; exclosed
microcosms in white. Comparison using linear mixed models with peat blocks as random variables
shows significant differences in the CH4 oxidation rates between temperatures (* p = 0.05–0.01).

3.3. CH4 Oxidation in a Pure Culture of M. Tundripaludum SV96 in Response to Temperature

M. tundripaludum SV96 was isolated from the peat soil habitat sampled for the experi-
ments above [32]. To better understand the soil oxidation rates and temperature responses
described above, we designed a CH4 oxidation experiment with M. tundripaludum SV96
using the same two temperatures (8 ◦C and 15 ◦C) and CH4 concentrations (0.1% and 1%)
for comparison. We observed the highest CH4 oxidation rates per cell number at 1% CH4
concentration and we also observed a clear effect of temperature at this concentration, with
approximately twice as high CH4 oxidation rates at 15 ◦C compared to 8 ◦C (Figure 3).
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Figure 3. CH4 oxidation per cell for Methylobacter tundripaludum SV96 at 8 ◦C (blue) and 15 ◦C (red)
with CH4 headspace concentrations ranging from 0.1% to 2%.

However, the temperature effect on the CH4 oxidation rate at 0.1% headspace con-
centration was much smaller and not significant (p = 0.3). Adjusting the rate according
to the CH4 solubility, we observed a similarly small but significant difference (p = 0.006,
Supplementary Figure S7).

3.4. MOB Community
3.4.1. PmoA Transcript Numbers

A higher number of pmoA transcripts at 1% CH4 than at 0.1% CH4 was detected in
the grazed peat soils. This difference was significant at 15 ◦C (linear mixed model (lmm)
p = 0.04), but not at 8 ◦C (lmm p = 0.28) (Figure 4). In the exclosed peat soils, no significant
differences in pmoA transcript numbers related to the CH4 concentration were detected.
Overall, the pmoA transcript numbers were lower for the exclosed peat soils than for the
grazed peat soils (0.1% CH4 lmm p = 0.04 at 15 ◦C; 1% CH4 lmm p = 0.01 at 8 ◦C, and
p = 0.02 at 15 ◦C). An exception was found at 0.1% CH4 at 8 ◦C (lmm p = 0.07), suggesting a
transcriptionally less active MOB community was responsible for the lower CH4 oxidation
rates in the exclosed peat soils.

Figure 4. MOB pmoA transcript number after the three-week incubation at 0.1% and 1% CH4 in
grazed (gray) and exclosed sites (white). The left panel shows microcosms incubated at 8 ◦C and the
right panel shows microcosms incubated at 15 ◦C. The y-axis shows pmoA transcript numbers per
gram dry soil, log-transformed. Pairwise comparison using linear mixed models with peat blocks as
random variables shows significant differences in the pmoA transcripts (* p = 0.05–0.01).
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3.4.2. Transcriptionally Active MOB

The active MOB communities were identified by sequencing pmoA transcripts from
Exp I. The CH4 concentration had a significant effect on the composition of MOB com-
munity transcripts (p < 0.001 for both the mb661R and the A682R dataset) (Figure 5 and
Supplementary Figure S8). Temperature, on the other hand, had no significant effect
on the MOB community transcript composition (p = 0.264 for mb661R and p = 0.449 for
A682R datasets).

Figure 5. Redundancy analysis of the effect of CH4 concentration and temperature on the MOB communities after incubation
(pmoA transcripts using the A189F/mb661R primer pair). The effect of CH4 concentration and temperature was corrected
according to the peat block replicates (represented by gray shaded lines). Samples are labeled according to CH4 concentration
(light colors—0.1% CH4, dark colors—1% CH4) and temperature (blue—8 ◦C and red—15 ◦C). The black lines indicate a
projection of the measured CH4 oxidation rates (µg of CH4 oxidized per gram dry soil and day).

The majority of the detected MOB pmoA transcripts in both the mb661R and the A682R
dataset belonged to the family Methylococcacaea (Figure 6 and Supplementary Figure S9).
However, the samples incubated at 0.1% CH4 contained smaller fractions of Methylococca-
caea than the samples incubated at 1% CH4 (Figure 6 and Supplementary Figure S9).

Methylobacter OTUs dominated the 0.1% CH4 incubations with average relative abun-
dances of 48.9% (grazed soils) and 44.7% (exclosed soils) (Figure 6, mb661R). In the 1% CH4
incubations, Methylobacter OTUs made up even larger fractions, with abundances of 71.8%
(grazed soils) and 68.4% (exclosed soils) (Figure 6). Contrary to Methylobacter, OTUs within
Methylomicrobium and unclassified Type 1a MOB OTUs had higher relative abundances in
the 0.1% CH4 incubations than in the 1% CH4 incubations.

Similar observations were made in the A682R dataset (Supplementary Figure S9). The
lowest relative abundances of Methylobacter pmoA transcripts were observed at 0.1% CH4,
making up 60.9% (grazed soils) and 72.9% (exclosed soils). In the 1% CH4 incubations,
Methylobacter OTUs made up larger fractions of 75.9% (grazed soils) and 79.9% (exclosed
soils). Methylosarcina pmoA transcripts, which were not detected in the mb661R dataset,
had the highest relative abundances in the 0.1% CH4 incubations, with 37.6% (grazed soils)
and 12.3% (exclosed soils). At 1% CH4, these OTUs made up only 21.8% (grazed soils) and
7.7% (exclosed soils).
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Figure 6. Distribution of MOB taxa (A189F/mb661R primer set) in grazed and exclosed peat soils after incubation at
0.1% CH4 and at 1% CH4 (16 soil samples per concentration and 16 soil samples per grazing condition). As temperature had
no significant effect on the MOB community, these 16 samples include both the 8 and 15 ◦C incubations. OTU clustering
was performed using Swarm [54] and taxonomically assigned by using the best alignment between the dominant sequence
of each OTU and the database using Ggsearch36 [55]. Taxa with a relative abundance of > 1% are represented at the full
taxonomic resolution, whereas those taxa not reaching the 1% threshold were added to their broader taxonomic group, one
level lower in taxonomic resolution. The different rings represent different taxonomic levels from family to genus to species,
moving from the innermost ring outward. Relative abundances for the species level are given in %.

In the 0.1% CH4 incubations, the relative abundances of OTUs matching M. tun-
dripaludum SV96 were 1.0% (grazed soils) and <1.0% (exclosed soils) (Figure 6, mb661R
dataset). In the 1% CH4 incubations, the relative abundances were higher, at 1.9% (grazed
soils) and 6.4% (exclosed soils). The same patterns were observed in the A682R dataset
(Supplementary Figure S9), with <1.0% (grazed and exclosed soils) and >4.2% (grazed and
exclosed soils) at 1% CH4. This shows that M. tundripaludum SV96 is a small but active part
of the MOB community in these soils at high CH4 concentrations.

To identify the MOB OTUs that were preferentially activated by either 0.1% or
1% CH4, we screened our datasets for OTUs that were consistently more abundant at
one or the other CH4 concentration and called them “responsive bioindicator OTUs”.
From those OTUs, we selected the OTUs that behaved the same in the grazing treatments
(grazed and exclosed peat soil) or that were only present in one of the treatments and
called those “unconditional bioindicator OTUs” (see Section 2.6.5. for details about the
bioindicator selection).

In the grazed soils, we identified 12 “responsive bioindicator OTUs”. Seven (mb661R)
and three (A682R) OTUs had higher relative abundances at 0.1% CH4, and one OTU in
each of the datasets (mb661R and A682R) had a higher relative abundance at 1% CH4
(Figures 7 and 8 and Supplementary Figures S10 and S11). In the exclosed peat soil
microcosms, we identified 15 “responsive bioindicator OTUs”. Three (mb661R) and two
(A682R) OTUs had higher relative abundances at 0.1% CH4, whereas six (mb661R) and four
(A682R) OTUs had a higher relative abundance of transcripts at 1% CH4 (Figures 7 and 8
and Supplementary Figures S10 and S11).
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Figure 7. Relative abundances of pmoA transcripts representing MOB OTUs (A189F/mb661R primer pair) from grazed peat
soil microcosms after incubation at 0.1% and 1% CH4 concentrations. OTUs with higher relative abundance at 0.1% CH4

are shown in the first block (left), and those with higher relative abundance at 1% CH4 in the second block (right). The
non-responsive OTUs with the highest relative abundance are shown in the third block. The number of OTUs included in
the figure make up 90% of the total MOB community transcription. OTUs are identified by the letter M (indicating that
these are part of the mb661R dataset) and a number. The percentage of identity between the OTU and the best hit in the
database is given next to the OTU identification. The highest possible taxonomic rank identified was chosen for each OTU.
Relative abundances reach from low abundances (blue) to high (red).

Figure 8. Relative abundances of pmoA transcripts representing MOB OTUs (A189F/mb661R primer pair) from exclosed
peat soil microcosms after incubation at 0.1% and 1% CH4 concentrations. OTUs with higher relative abundance at
0.1% CH4 are shown in the first block (left) and those with higher relative abundance at 1% CH4 in the second block (right).
The non-responsive OTUs with the highest relative abundance are shown in the third block. The number of OTUs included
in the figure make up 90% of the total MOB community transcription. OTUs are identified by the letter M (indicating that
these are part of the mb661R dataset) and a number. The percentage of identity between the OTU and the best hit in the
database is given next to the OTU identification. The highest possible taxonomic rank identified was chosen for each OTU.
Relative abundances reach from low abundances (blue) to high (red).
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The pmoA sequences categorized as “unconditional bioindicator OTUs” were subse-
quently aligned with a set of reference sequences, including blast search hits and cultivated
strains, and used to infer the phylogenetic relationships of the “unconditional bioindicator
OTUs” from the mb661R and A682R datasets, respectively (Figure 9 and Supplementary
Figure S12). The Methylobacter OTUs identified as “unconditional bioindicator OTUs” for
0.1% CH4 clustered separately from those that were “unconditional bioindicator OTUs” for
1% CH4 (Figure 9 and Supplementary Figure S12). The two Arctic strains, M. tundripaludum
SV96 [32] and Methylobacter sp. CMS7 [31], clustered with two of the 1% CH4 bioindicator
OTUs, respectively (Figure 9), whereas the remaining bioindicator OTUs clustered with
environmental sequences (including lake sediments and landfill cover soils rather than
cultivated strains).

Figure 9. Phylogenetic representation of the “unconditional bioindicator OTUs” for 0.1% CH4 (blue)
and 1% CH4 (red) incubations (mb661R dataset), cultivated MOB (bold, italic), and closely related
environmental sequences retrieved from the NCBI GenBank. All OTUs included were identified as
bioindicators both in the grazed and the exclosed peat soil microcosms, or in only one of the soil types,
being absent from the other soil type. The first type is called “peat soil independent”. The other type
of OTUs, which were specifically assigned as bioindicators for one of the peat soil types, are labeled
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as either grazed or exclosed. The tree is based on a 456-nucleotide alignment, using the neighbor-
joining method with the Jukes–cantor correction and 500 bootstraps. The length of the branches is
based on a scale of 0.05 changes per nucleotide. Bootstrap values of >80 in 3 models that were used
to construct the tree (neighbor-joining, maximum likelihood, and minimum evolution) are marked
with * and written in bold.

4. Discussion
4.1. CH4 Response
4.1.1. Activity

Higher CH4 concentrations led to higher CH4 oxidation rates immediately after
addition, but the effect was stronger after a three-week incubation period at maintained
CH4 concentrations. Thus, while the initial rates reflected the oxidation potential of the
MOB community shortly after thawing, the latter rates were influenced by MOB growth,
physiological acclimation, or community response. Responses of the MOB communities to
increasing CH4 concentrations were shown in a study of lake overturn, where population
shifts over several months corresponded with the ability of the MOB community to mitigate
the majority of the CH4 [61]. In the same study, a growth response was also indicated in
the MOB community, which was responsible for the oxidation of the CH4. Such an effect
of CH4 concentrations on the MOB response and capacity was also shown in a study of
atmospheric CH4 oxidation by conventional MOB, where conditioning with high CH4
concentrations allowed for atmospheric CH4 uptake [62]. The highest CH4 oxidation rates
and strongest response after the three-week incubation in our experiment were observed
in grazed peat soil microcosms. These soils contained in situ CH4 concentrations of up
to 237.4 µM (100.7–237.4 µM of dissolved CH4 at SV1) in the pore water at 5 cm and
2139.0 µM (469.4–2139.0 µM dissolved CH4) at a depth of 10 cm [27]. In comparison,
exclosed peat soils contained only up to 3.7 µM of CH4 (0.4–3.7 µM CH4 at SV1) at a depth
of 10 cm and 578.0 µM (0.53–578 µM of CH4) at a depth of 15 cm. Thus, the 0.1% incubations
(with a concentration of about 1.7–2 µM of dissolved CH4) were lower than in situ CH4
concentrations in grazed peat at depths of 5 and 10 cm and about in situ CH4 concentrations
in exclosed soils at a depth of 10 cm. The 1% incubations (with a concentration of about
17–20 µM of dissolved CH4) were lower than the in situ CH4 concentrations in grazed soils
below 5 cm, whereas they were higher than in situ CH4 concentrations of exclosed soils at
a depth of 10 cm. It should be noted that the samples for our experiments were collected
from the surface (Exp I: 0–2 cm, Exp II: 0–4 cm) in grazed soils and above 10 cm (Exp I:
5–7 cm, Exp II: 4–8 cm). Thus, the microorganisms in these hotspots for CH4 oxidation
would have been exposed to lower CH4 concentrations than indicated by the available in
situ pore water CH4 measurements. Measurements at 0–5 and 0–10 cm in the grazed and
exclosed sites, respectively, were not possible due to the lack of pore water at these depths.

Nevertheless, these results show that the MOB responses were related to the dissolved
CH4 concentrations in the respective soil pore waters, with stronger MOB responses to
added CH4 in the soils with higher in situ CH4 concentrations.

4.1.2. MOB Transcript Numbers

We observed that a transcriptionally more active MOB community was responsible
for the higher CH4 oxidation rates in the grazed peat soils compared to the exclosed peat
soils. Positive correlations between pmoA transcript numbers and CH4 oxidation rates have
been shown before [23,63]. However, within each grazing treatment, we did not observe a
correlation between pmoA transcript numbers and CH4 oxidation rates. Reasons for this
may be changes in population sizes or changes in particulate methane monooxygenase
kinetics due to a shift in the MOB community.

4.1.3. MOB Transcript Composition

CH4 concentration had a significant impact on the relative abundance of pmoA tran-
scripts for different members of the MOB community in both grazed and exclosed peat
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soils (Figure 5). These results corroborate previous results, suggesting that in situ CH4
concentrations shape the MOB community in the Solvatn peatland [27]. The relative abun-
dances of Methylobacter OTUs were higher at a 1% CH4 concentration in both the grazed
and exclosed plots (Figure 6 and Supplementary Figure S9). In contrast to this, there was a
lower relative abundance of Methylomicrobium and Methylosarcina OTU transcripts at a 1%
CH4 concentration in both the grazed and exclosed plots. Methylobacter has been shown to
thrive in colder, CH4-rich, environments with a neutral pH, and our study confirms that
this genus thrives when CH4 concentrations are high.

Furthermore, we identified a strong treatment-dependent community transcriptional
response, with some OTUs responding positively to 1% CH4 (the majority of reacting
OTUs were Methylobacter), while others responded to 0.1% CH4 (Figures 7 and 8 and
Supplementary Figures S10 and S11). Interestingly, a larger number of OTUs responded
to 0.1% CH4 in the grazed peat soil microcosms, where in situ CH4 concentrations were
the highest, while more OTUs responded to 1% CH4 in the exclosed peat soil microcosms,
which had the lowest in situ CH4 concentrations [27]. This suggests that high and low in
situ CH4 concentrations select for different MOB strains, respectively, and that the largest
group of strains respond to the condition that is most different from the in situ condition.
We suspect that this is because the responding strains had low transcriptional activity in
the original soil and became more active during steady exposure to a 0.1% CH4 headspace
concentration. Furthermore, our findings show that such effects are observable within three
weeks and correlate with changes in the CH4 oxidation rates. This indicates the co-existence
of closely related strains that prefer either high or low CH4 concentrations, respectively, and
that these populations can replace each other within an Arctic summer. Similar observations
were made in lakes, where changes in apparent half-saturation constants and CH4 uptake
rates at the CH4 saturation correlated with changes in pmoA expression and for which
MOB strains (99% identity) were responsible [61]. It is tempting to draw a line between
which strains are active and use this as a basis for inferring whether the strains have high or
low apparent affinities for CH4. However, cell numbers and cellular enzyme contents also
influence uptake rates, and the relative contribution of enzyme kinetics, cell numbers, and
cellular protein content to the observed rates remains unknown in most studies, including
our own. Nevertheless, the different CH4 uptake rates seem to correspond with different
compositions of active MOB strains.

4.1.4. Phylogeny

Most of the bioindicators belonged to the genus Methylobacter. Some of the “uncon-
ditional bioindicator OTUs” for 1% CH4 clustered with high-Arctic Methylobacter isolates
retrieved from CH4-rich ecosystems [31,32], while the phylogenetic clusters containing
the “unconditional bioindicator OTUs” for 0.1% CH4 did not contain closely related iso-
lates. Atmospheric MOB are phylogenetically distinct but closely related to conventional
MOB [24,64] and are characterized by a more efficient energy metabolism [44]. Similarly,
phylogenetically different populations of ammonia-oxidizing Archaea are associated with
different ammonia oxidation uptake rates [65,66], and different ammonia oxidation kinetics
reflect different life strategies [65]. Thus, the phylogenetic separation of OTUs with a higher
abundance in the microcosms with high CH4 concentrations from those preferring low
CH4 concentrations might indicate the existence of closely related but phylogenetically
and functionally distinct Methylobacter strains that co-exist in the same environment. In
addition to indicating the phylogenetic separation of function, these results also suggest a
bias in enrichment and culturing approaches, as most isolates cluster with OTUs that are
active at high CH4 concentrations.

4.2. Temperature Response

Rising temperatures are often affiliated with increases in metabolic activity [67], as
shown by the temperature response in growth rates of pure cultures of methanotrophs [37].
In line with this, we did see significant effects of temperature on cellular CH4 oxidation
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rates in M. tundripaludum SV96, although the differences were minor at 0.1% CH4. In
comparison, temperature had small and inconsistent effects on soil CH4 oxidation rates
and pmoA transcript abundances at both 0.1% and 1% CH4. Inconsistent temperature effects
on CH4 oxidation might be caused by several factors, such as changes in cell growth, growth
efficiency, cell numbers, cellular protein contents, and types of active MOB strains, all of
which may be affected by substrate and nutrient concentrations. In a study of Arctic lakes,
CH4 oxidation rates were not increasing with increasing temperature when the substrate
was limiting [38]. Thus, there might be a physiological response to temperature that, due to
CH4 limitation, looks like a lack of temperature response. This could be the case in some of
our microcosms, particularly at the lowest (0.1%) CH4 concentration, possibly explaining
the small temperature effect seen at 0.1% CH4 in the experiment with M. tundripaludum
SV96. CH4 oxidation has frequently been observed as being less temperature-sensitive
than CH4 production, but this phenomenon has not yet been explained [35]. Future
studies should, therefore, address intracellular physiological responses in MOB at different
temperatures and not only quantify CH4 oxidation rates and growth. Temperatures from
8 ◦C to 15 ◦C do occur in the topsoil on warm summer days in Svalbard [27], and although
the community must be physiologically capable of responding to such temperature changes,
we are still not aware of how.

Shifts in the active members of the MOB community may also influence the tempera-
ture response of a microbial community, but we did not observe any consistent transcrip-
tional shifts among the active members with a change in temperature. Thus, within the
temperature range covered in this study, shifts in the transcriptionally active community
did not seem to be a significant response.

5. Conclusions

We found that MOB in Arctic peat soils from Svalbard respond to changes in CH4
concentrations, but the nature of the response depends on whether the peat has been
exposed to herbivory. Herbivory “conditioning” simultaneously influenced the presence
and activity of different MOB strains, community CH4 oxidation, and the effect of increased
CH4 concentration on CH4 oxidation rates. Temperature, on the other hand, had only
minor effects on the MOB community and its CH4 uptake. However, as CH4 production is
expected to increase with higher temperatures, we hypothesize that the resulting higher
peat soil CH4 concentrations will influence MOB activity and CH4 oxidation potential, but
this shift will be influenced by the extent of the herbivory.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/microorganisms9102080/s1, Figure S1: CH4 oxidation rates from Exp II emphasizing the
comparison between 0.1 % and 1 % headspace CH4 concentrations. Figure S2: CH4 oxidation
rates from Exp I before and and after the three-week incubation. Figure S3: CH4 oxidation rates
from Exp II before and and after the three-week incubation. Figure S4: CH4 oxidation rates from
Exp II emphasizing the comparison between 8 and 15 ◦C. Figure S5: CH4 oxidation rates from
Exp I emphasizing the comparison between 8 ◦C and 15 ◦C (corrected for dissolved CH4). Figure S6:
CH4 oxidation rates from Exp II emphasizing the comparison between 8 ◦C and 15 ◦C (corrected for
dissolved CH4). Figure S7: CH4 oxidation per cell for Methylobacter tundripaludum SV96. Table S1:
Number of sequences and OTUs at the different stages of the bioinformatic pipeline. Figure S8:
Redundancy analysis of the effect of CH4 concentration and temperature on the MOB communi-
ties after incubation (pmoA transcripts using the A189F/A682R primer pair). Figure S9: Distribu-
tion of MOB taxa (A189F/A682R primer set) in grazed and exclosed peat soils after incubation at
0.1% CH4 and at 1% CH4. Figure S10: Relative abundances of pmoA transcripts representing MOB
OTUs (A189F/A682R primer pair) from grazed peat soil microcosms after incubation at 0.1 % and
1% CH4 concentration. Figure S11: Relative abundances of pmoA transcripts representing MOB OTUs
(A189F/A682R primer pair) from exclosed peat soil microcosms after incubation at 0.1 % and 1% CH4
concentration. Figure S12: Phylogenetic representation of the “unconditional bioindicator OTUs”
for 0.1% CH4 (blue) and 1% CH4 (red) incubations, cultivated MOB (bold, italic) and closely related
environmental sequences retrieved from the NCBI GenBank
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Supplementary Figure S1. CH4 oxidation rates from Exp II emphasizing the comparison 
between 0.1% and 1% headspace CH4 concentrations. Results are shown for measurements 
collected before (top) and after (bottom) the three-week incubation, and at 8 (left) and 15 
°C (right). Grazed microcosms are shown in gray; exclosed microcosms in white. Comparison 
using linear mixed models with peat blocks as random variables shows significant 
differences in the CH4 oxidation rates between CH4 concentrations (*p < 0.05; ** p < 0.01; 
*** p < 0.001).  
 



 
 
Supplementary Figure S2. CH4 oxidation rates from Exp I before and and after the three-
week incubation, at 8 °C (left) and 15 °C (right) and 0.1% (top) and 1% CH4 headspace 
concentrations (bottom). Grazed peat soil microcosms are shown in gray; exclosed peat soil 
microcosms in white. Comparison using linear mixed models with peat blocks as random 
variables shows significant differences in the CH4 oxidation rates before and after the 
incubation (*p < 0.05; ** p < 0.01; *** p < 0.001).  
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Supplementary Figure S3. CH4 oxidation rates from Exp II before and and after the three-
week incubation at 8°C (left) and 15 °C (right) and 0.1% (top) and 1% CH4 headspace 
concentrations (bottom). Grazed peat soil microcosms are shown in gray; exclosed peat soil 
microcosms in white. Comparison using linear mixed models with peat blocks as random 
variables shows significant differences in the CH4 oxidation before and after the incubation 
(* p < 0.05; ** p < 0.01; *** p < 0.001).  
 
 
 
 
 
  



 
Supplementary Figure S4. CH4 oxidation rates from Exp II emphasizing the comparison 
between 8 °C and 15 °C. Results are shown for measurements collected before (top) and 
after (bottom) the three-week incubation, and at 0.1% (left) and 1% CH4 (right). Grazed 
microcosms are shown in gray; exclosed microcosms in white.Comparison using linear 
mixed models with peat blocks as random variables shows significant differences in the CH4 

oxidation rates between temperatures (* p < 0.05; ** p < 0.01).  
 
 
 
 
 
 
  



 
 
Supplementary Figure S5. CH4 oxidation rates from Exp I emphasizing the comparison 
between 8 °C and 15 °C. Results are shown for measurements collected before (top) and 
after (bottom) the three-week incubation, and at 0.1% (left) and 1% CH4 (right). The CH4 
oxidation rates presented here are corrected for the different amounts of CH4 dissolved at 8 
°C and 15 °C. Grazed microcosms are shown in gray; exclosed microcosms in white. 
Comparison using linear mixed models with peat blocks as random variables shows 
significant differences in the CH4 oxidation rates between temperatures (* p < 0.05).  
 
 
 
 
 
 



 
 
Supplementary Figure S6. CH4 oxidation rates from Exp II emphasizing the comparison 
between 8 °C and 15 °C. Results are shown for measurements collected before (top) and 
after (bottom) the three-week incubation, and at 0.1% (left) and 1% CH4 (right). The CH4 
oxidation rates presented here are corrected for the different amounts of CH4 dissolved at 8 
°C and 15 °C. Grazed microcosms are shown in gray; exclosed microcosms in white. 
Comparison using linear mixed models with peat blocks as random variables shows 
significant differences in the CH4 oxidation between temperatures (* p < 0.05; ** p < 0.01). 
 



 
 
Supplementary Figure S7. CH4 oxidation per cell for Methylobacter tundripaludum SV96 at 8 
°C (blue) and 15 °C (red), with CH4 headspace concentrations ranging from 0.1to 2%. The CH4 
oxidation rates have been corrected for the amount of CH4 dissolved at 8 °C and 15 °C. 
 
Supplementary Table S1. Number of sequences and OTUs at the different stages of the 
bioinformatic pipeline. 
 

Pipeline step Sequences OTUs 

primer set mb661 A682 mb661 A682 

merging 2068297 1033135 --- --- 

quality check 1270623 438874 --- --- 

trimming 1240464 426302 --- --- 

chimera removal 1162251 422389 --- --- 

frameshift 
removal 

1096123 394153 --- --- 

clustering 1096121 
 

394153 
 

11641 
 

5075 
 

length selection 1096106 393547 11631 4952 

 
 
 
 



 
Supplementary Figure S8. Redundancy analysis of the effect of CH4 concentration and 
temperature on the MOB communities after incubation (pmoA transcripts using the 
A189F/A682R primer pair). The effect of CH4 concentration and temperature was corrected 
according to the peat block replicates (represented by gray shaded lines). Samples are 
labeled according to CH4 concentration (light colors — 0.1% CH4, dark colors — 1%CH4) and 
temperature (blue — 8 °C and red — 15 °C). The black lines indicate a projection of the 
measured CH4 oxidation rates (µg of CH4 oxidized per gram dry soil and day).   



 

 
Supplementary Figure S9. Distribution of MOB taxa (A189F/A682R primer set) in grazed and 
exclosed peat soils after incubation at 0.1% CH4 and at 1% CH4 (16 soil samples per 
concentration and 16 soil samples per grazing condition). As temperature had no significant 
effect on the MOB community, these 16 samples include both the 8 °C and 15 °C 
incubations. Taxa with a relative abundance of > 1% are represented at the full taxonomic 
resolution, whereas those taxa not reaching the 1% threshold were added to their broader 
taxonomic group, one lvel lower in taxonomic resolution. The different rings represent 
different taxonomic levels from family to genus to species moving from the innermost ring 
outward. Relative abundances for the species level are given in %.  
 



 
 
Supplementary Figure S10. Relative abundances of pmoA transcripts representing MOB 
OTUs (A189F/A682R primer pair) from grazed peat soil microcosms after incubation at 0.1% 
and 1% CH4 concentrations. OTUs with higher relative abundance at 0.1% CH4 are shown in 
the first block (left) and those with higher relative abundance at 1% CH4 in the second block 
(right). The non-responsive OTUs with the highest relative abundance are shown in the third 
block. The number of OTUs included in the figure make up 90% of the total MOB community 
transcription. OTUs are identified as the letter A (indicating that these are part of the A682R 
dataset) and a number. The percentage of identity between the OTUs and the best hit in the 
database is given next to the OTU identification. Relative abundances reach from low 
abundances (blue) to high (red).  
 



 
 
Supplementary Figure S11. Relative abundances of pmoA transcripts representing MOB 
OTUs (A189F/A682R primer pair) from exclosed peat soil microcosms after incubation at 
0.1% and 1% CH4 concentration. OTUs with higher relative abundance at 0.1% CH4 are 
shown in the first block (left) and those with higher relative abundance at 1% CH4 in the 
second block (right). The non-responsive OTUs with the highest relative abundance are 
shown in the third block. The number of OTUs included in the figure make up 90% of the 
total MOB community transcription. OTUs are identified as the letter A (indicating that 
these are part of the A682R dataset) and a number. The percentage of identity between the 
OTU and the best hit in the database is given next to the OTU identification. Relative 
abundances reach from low abundances (blue) to high (red).  
 
 
 
 
 
 



Supplementary Figure S12. Phylogenetic representation of the “unconditional bioindicator 
OTUs” for 0.1% CH4  (blue) and 1% CH4 (red) incubations, cultivated MOB (bold, italic) and 
closely related environmental sequences retrieved from the NCBI GenBank. All OTUs 
included were identified as bioindicators both in the grazed and the exclosed peat soil 
microcosms, or in only one of the soil types, being absent from the other soil type. The first 
type is called “peat soil independent”. The other type of OTUs, which were specifically 
assigned as bioindicators for one of the peat soil types, are labeled as either grazed or 
exclosed. The tree is based on a 452 nucleotide alignment, using the neighbor-joining 
method with the Jukes-cantor correction and 500 bootstraps. The length of the branches is 
based on a scale of 0.05 changes per nucleotide.  
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Abstract 10 

Methanotrophs oxidize up to 90 % of the CH4 produced in natural and anthropogenic 11 

ecosystems. Often living close to the surface, these organisms must frequently acclimate to 12 

temperature change. We have studied temperature acclimation in Methylobacter 13 

tundripaludum SV96, a member of the widespread genus Methylobacter, by comparing its 14 

physiological states at 8, 15, 21 and 27 °C. At CH4 saturation, we observed that more CH4 was 15 

oxidized per cell division at 8 and 15 °C than at 21 and 27 °C. This higher substrate use at low 16 

temperature corresponded with an upregulation of carbon assimilation directed towards 17 

glycogen storage and large shifts in cellular glycogen concentrations depending on 18 

temperature. The entire protein biosynthesis machinery, including transcription for 19 

nucleotide and amino acid metabolism and rRNA proteins, was upregulated at 15°C; a catalytic 20 

compensation to increase rates of protein biosynthesis. We conclude that storage of excess 21 

carbon as glycogen and regulation of the protein biosynthesis machinery are vital temperature 22 

acclimation tools that control carbon and energy flows in M. tundripaludum SV96. 23 

Comparative experiments showed that while temperature responses differed between 24 

Methylobacter species, large temperature driven shifts in CH4 uptake and growth efficiency 25 

were common. Our findings suggest substantial influence of physiological temperature 26 

acclimation on global CH4 cycling. 27 

 28 

Key words: Methane, methanotrophs, temperature, cell physiology, cell metabolism, gene 29 

expression  30 



2 
 

1. Introduction 1 

Species within the genus Methylobacter have been identified as the most abundant and active 2 

methanotrophs in many ecosystems including peat soils, ponds, lakes, sediments, rice paddies 3 

and landfills [1-9]. These environments are among the biggest contributors to global methane 4 

(CH4) emissions [10]. High-emitting ecosystems often contain high CH4 concentrations (>100 5 

µM) [11-14], meaning that Methylobacter species are frequently exposed to, and presumably 6 

adapted to, CH4 uptake saturation.  7 

Soils experience a mix of stable temperatures and large temperature fluctuations 8 

driven by day/night cycles and weather changes, and these fluctuations depend on soil type, 9 

depth, latitude, altitude and season [15-18]. Highly variable temperature effects on soil CH4 10 

oxidation rates have been observed, ranging from, e.g., strong temperature responses in 11 

landfills [19] to variable responses in permafrost soils [20] and minor effects under 12 

atmospheric CH4 concentrations in forest soils [21] or high CH4 concentrations (0.1 – 1 %) in 13 

peat [22]. According to one study, temperature responses seem to depend on the soil type 14 

and CH4 concentration [23]. Also, CH4 oxidation has frequently been observed as being less 15 

temperature sensitive than CH4 production but this phenomenon has not yet been explained 16 

[20]. Despite the apparent importance of microbial temperature acclimation, we do not yet 17 

have a clear understanding of how methanotrophs and other microorganisms in the 18 

environment acclimate physiologically to temperature changes and how this relates to 19 

substrate turnover and growth. 20 

Temperature adaptations in bacteria occur at many levels, e.g. genetic changes that 21 

influence the amino acid composition of enzymes [24], horizontal gene transfer that 22 

influences cell structure or temperature kinetics [25], modifications of membrane fatty acid 23 

composition [26] and changes in gene expression patterns or regulatory networks [27]. For 24 

example, in response to short-term cold shock, some bacteria adapt the DNA curvature and 25 

initiate translation blocks to favour translation of cold-response transcripts [28]. Bacterial cells 26 

have also been shown to grow to larger sizes and sustain larger intracellular pools of ATP to 27 

compensate for kinetic limitations at low temperatures [29, 30]. Similarly, in plants, ribulose 28 

bisphosphate cycle intermediates accumulate and offset reductions in catalytic efficiency at 29 

lowered temperatures [31]. Some studies suggest that accumulation of carbon and energy 30 

storage polymers can have a role in temperature acclimation of microorganisms, including 31 

transcriptional upregulation of polyhydroxyalkanoate storage in anoxic peat at low 32 
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temperature (< 10 °C) [32], and glycogen storage as a survival mechanism at low temperature 1 

in E. coli [33]. 2 

Central to the cellular response of bacteria to altered conditions, including 3 

temperatures, is the genetic information processing machinery [34]. Ribosomal tuning was 4 

shown through, e.g., studies on E. coli to be a major cellular tool to optimize growth rates and 5 

physiological states in response to changes in their external conditions, including 6 

temperature, e.g., [35, 36]. Recently, studies of soil microbial responses to long term warming 7 

have revealed that the higher growth rates at higher temperatures are accompanied by a 8 

reduction in the number of ribosomes [37, 38], confirming that adjustments of the protein 9 

biosynthesis machinery is a major temperature acclimation mechanism in nature. So far, 10 

physiological evaluations of temperature acclimation mechanisms in pure cultures are mostly 11 

restricted to E. coli.  12 

Due to their central role as a CH4 sink and frequent exposure to temperature change, 13 

methanotroph temperature acclimation may have a considerable influence on global CH4 14 

cycling. The objective with this study was to understand how the methanotroph 15 

Methylobacter tundripaldum SV96, originally isolated from arctic peat soil [39] but frequently 16 

detected in sub-Arctic and temperate zones, acclimate to four different temperatures 17 

representative for summer conditions in areas where this species is active, e.g., [13, 40].  18 

To understand the physiological response of M. tundripaludum SV96 we combined 19 

growth and CH4 oxidation kinetics with transcriptomics and quantification of cellular RNA, 20 

protein and glycogen. The acclimation time prior to experiments allow focus on acclimation 21 

responses over stress responses. Furthermore, we performed comparative growth and CH4 22 

oxidation kinetics experiments with two other Methylobacter species to address variation in 23 

temperature acclimation. 24 

We show that regulation of glycogen storage and the protein biosynthesis machinery 25 

are central temperature acclimation mechanisms in M. tundripaludum SV96. While 26 

temperature responses differed between Methylobacter species, large shifts in CH4 uptake 27 

and growth efficiency were common to their respective temperature acclimation strategies.  28 
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2. Results and Discussion 1 

Growth kinetics of M. tundripaludum SV96 at 8, 15, 21 and 27 °C (assuming Michaelis-Menten 2 

kinetics) demonstrated large differences in specific growth rates between temperatures and 3 

CH4 concentrations (Fig. 1A; p.adjust < 0.05). At CH4-uptake saturation, cells divided fastest at 4 

15 °C, followed by 21 °C, 8 °C and 27 °C (Vmax(app), p.adjust < 0.05). With decreasing CH4 5 

concentrations below ~0.01 µM, the specific growth rate at 8°C increased substantially 6 

relative to the other temperatures (Fig. 1A, upper panel). Three growth control experiments 7 

with higher CH4 headspace concentrations (20 % in headspace and > 0.3 µM dissolved) showed 8 

similar patterns of growth at the different temperatures, but with slightly higher growth rates 9 

at 21°C relative to 15 °C, and at 27 °C relative to 8 °C (Fig. S2A, B, C). 10 

At CH4-uptake saturation, higher CH4 consumption rates (Vmax(app), p.adjust < 0.05) were 11 

detected at 15°C than at 21 °C (Fig. 1B). Likewise, much more CH4 was oxidized at 8 °C than at 12 

27 °C (Fig. S3). At lower CH4 concentrations, there were rather small differences in CH4 13 

consumption (Fig 1B). Consequently, the growth efficiency (number of cell divisions per CH4 14 

molecules oxidized) is much lower at 8 and 15 °C than at 21 and 27 °C (Fig. 1C). With a decrease 15 

in CH4 concentration, growth efficiency increased at all temperatures, with largest increase at 16 

8°C, followed by 15 °C, 27 °C and 21 °C. The observation that high temperature (21 and 27 °C) 17 

leads to more efficient growth at high CH4 concentrations and low temperature (8 and 15 °C) 18 

leads to more efficient growth at low CH4 concentrations, demonstrated radical shifts in 19 

cellular resource use at different temperatures and CH4 concentrations. It also indicated an 20 

unclear relation between growth rate and efficiency as both fast and slow growing cells grew 21 

efficiently and inefficiently, depending on temperature and CH4 concentration. These findings 22 

disagree with a proposed model in which fast and slow growth are suggested to be inefficient, 23 

while the highest efficiency is obtained during intermediate growth rates [41]. However, 24 

growth in that study refers to cellular biomass growth, while we consider microbial growth to 25 

equal cell division and cell biomass to vary independently of cell division due to changes in cell 26 

size and contents [42, 43].  27 

This inefficient growth at low temperatures and CH4 uptake saturation (Fig. S3) 28 

interested us as it means more CH4 is harvested prior to cell division at low temperature than 29 

at high temperature. Saturating CH4 concentrations are common in high-emitting ecosystems 30 

and many of these ecosystems are cold; as an example, 25 % of the Arctic landmass is covered 31 
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by wetlands [44]. Thus, our observation means that a considerable amount of global CH4 has 1 

an unknown physiological fate. Consequently, we focused on identifying potential 2 

explanations for the additional CH4 consumed at low temperature. From literature we learn 3 

that excess substrates may be consumed during cell division to cover costs for ROS (reactive 4 

oxygen species) protection, protein repair, compensations to prevent low metabolic turnover 5 

rates [45, 46], leakage from cells [47], larger or denser cells [30, 42] or storage polymers [48]. 6 

Recent studies also demonstrate how adjustments of the protein biosynthesis machinery can 7 

consume or liberate cellular resources during temperature acclimation [38, 46]. To identify 8 

which mechanisms are involved in acclimation of M. tundripaludum SV96, we extracted 9 

nucleic acids for transcriptomics from cells incubated at 8, 15, 21 and 27 °C and saturating CH4 10 

concentrations (> 0.1 mM dissolved CH4) during logarithmic growth. 11 

  12 

Cellular RNA and DNA content in M. tundriplaudum SV96. 13 

A fast growing E. coli cell, contains as a percentage of dry weight, approximately 55 % protein, 14 

20 % RNA (primarily rRNA), 9 % lipids and 3 % DNA [49]. The RNA to DNA ratio in 15 

M. tundripaludum SV96 was lower than reported for fast growing E. coli, and varied between 16 

temperatures with averages of 2.3, 3.7, 3.6 and 2.8, at 8, 15, 21 and 27 °C, respectively (Fig. 2). 17 

All differences, except between 15 and 21 °C, and 8 and 27 °C were significant (p.adjust 18 

< 0.05), demonstrating temperature related differences in cellular RNA content. The DNA 19 

quantities extracted per 108 M. tundripaludum SV96 cells were not significantly different 20 

between temperatures (p.adjust > 0.077) (Fig. 2). The RNA quantities were significantly 21 

different between all temperatures (p.adjust < 0.05) except 21 and 15 °C (p.adjust = 0.0612) 22 

(Fig. 2), in line with the RNA/DNA ratios. The majority of cellular RNA is ribosomal RNA 23 

(82 – 90 %) and total RNA is therefore proportional to the cellular amount of ribosomal RNA 24 

(rRNA) [50]. Ribosomes make up a large fraction of bacterial cell biomass [51], with rRNA 25 

constituting up to 20 % of cell DW (dry weight) [52] and ribosomal proteins making up 2 – 40 % 26 

of total proteins [35], and therefore potentially more than 20 % of cell DW. Thus, tuning of the 27 

cellular ribosome concentration is a major mechanism involved in optimizing growth rates in 28 

E. coli [35]. Furthermore, ribosomes are estimated to account for ~50 % of the energy 29 

consumption of rapidly growing E. coli [53]. Correspondingly, one of the most powerful 30 

bacterial growth laws states that the relationship between bacterial growth and cellular 31 

ribosome content is linear [35, 46]. However, the poor correlation between cellular RNA 32 
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concentration and growth rate (R2 = 0.57) for M. tundripaludum SV96 is not consistent with 1 

this assumption. A recent study suggested that due to the effect of temperature itself on 2 

enzymatic rates, growth and ribosome concentrations do not correlate well [46], matching 3 

our observations.  4 

 5 

Transcriptomics.  6 

The inefficient growth at 15 °C and CH4 saturation (Fig. S3) may be partly explained by the high 7 

cellular RNA (Fig. 2), as more CH4 is needed to build more ribosomes. However, the RNA 8 

content was similar at 21 and 15 °C, despite much more efficient growth at 21 °C. This raised 9 

the question whether other mechanisms could explain the large differences in growth 10 

efficiency between temperatures.  11 

Three mRNA enriched transcriptome libraries from each of the temperatures 12 

(Fig. S1 A) were sequenced, resulting in a total of 12 mRNA libraries. The mRNA fraction 13 

ranged from 30 % to 99 % mRNA after rRNA depletion, leaving between 2.2 million and 15.3 14 

million mRNA reads aligned to the M. tundripaludum SV96 genome (Supplementary 15 

dataset 1, S6).  16 

 17 

Central carbon and energy metabolisms.  18 

We observed significantly higher expression of particulate methane monooxygenase (pMMO) 19 

and methanol dehydrogenase (MDH) at 15, 21 and 27 °C than at 8 °C (Fig. 3). Thus, the high 20 

oxidation rates at 8 and 15 °C relative to 21 and 27 °C (Fig. S3), despite lower or similar 21 

expression of pMMO at low temperatures, suggest that M. tundripaludum SV96 carries a low 22 

temperature-adapted pMMO. Furthermore, the small changes in Km(app) with temperature 23 

(Fig. 1B) indicates that this adaptation is not related to substrate affinity, but rather the ability 24 

of the enzyme to convert substrate to product more quickly at low temperature (higher Kcat).   25 

We also observed increased transcription for NADH generating 26 

tetrahydromethanopterin (TH4MPT) pathway C1 transfer to CO2 at 15 °C (Fig. 3), suggesting an 27 

overall upregulation of energy conservation. However, there were no distinctive upregulation 28 

of oxidative phosphorylation at 15 °C (Fig. 3). Rather, we observed increased transcription of 29 

genes for different enzyme systems with the same functional role (e.g., complexes I, IV and V) 30 

at 15 and 21 °C, respectively. Isozymes; enzymes with different amino acid sequences that 31 

catalyse the same reaction; have previously been suggested as an important part of microbial 32 



7 
 

temperature acclimation [54, 55]. However, the discrete functional roles of different 1 

functionally analogous but non-homologous enzyme systems with roles in oxidative 2 

phosphorylation are generally not well understood [56].  3 

We observed significant upregulation at 15 °C for a large proportion of the genes leading from 4 

CH4 oxidation through the Ribulose monophosphate pathway (RuMP) fructose bisphosphate 5 

branch 1 (FBP 1) towards nucleotide biosynthesis (Fig. 3). This was in line with the high cellular 6 

RNA content at 15 °C (Fig. 2) and also in accordance with transcriptional upregulation of 7 

translation, amino acid biosynthesis, nucleotide metabolism and protein metabolism in E. coli 8 

exposed to higher temperatures [57, 58].  9 

 10 

Nucleotide biosynthesis, transcription, and translation. 11 

Nucleotide biosynthesis pathways receive the precursors 2-Oxo-glutarate and D-ribulose-5P 12 

from the TCA cycle and RuMP, respectively; molecules which are needed to serve the purine 13 

and pyrimidine pathways (Fig. 4). We observed significant upregulation at 15 °C for 30 out of 14 

46 pathway steps needed for nucleotide biosynthesis from these two precursors, matching 15 

the upregulation of RuMP towards nucleotide biosynthesis.  16 

Among the genes encoding the DNA-directed RNA polymerase, only the β subunit, 17 

rpoB (α; rpoA, β’; rpoC, β; rpoB) was significantly upregulated at 15 °C (Fig. S4). The genes for 18 

three out of four enzymes that compose the RNA degradosome; RNase E, Enolase, and 19 

polynucleotide phosphorylase; were also upregulated at 15 °C, while the gene encoding ATP 20 

dependent RNA helicase (rhlE) was not (Fig. S4). Genes encoding enzymes for protein folding; 21 

groE, groL and gnaK were upregulated at 15 °C (Fig. S4). This increased investment into 22 

transcription, RNA degradation and protein folding at 15 °C was matched by the overall 23 

upregulation of the small subunit (SSU) and large subunit (LSU) ribosomal proteins, with 15 24 

out of 29 LSU and 14 out of 19 SSU proteins being significantly higher expressed at 15 °C 25 

(Fig. 5). These observations were further supported by the overall upregulation of amino acid 26 

biosynthesis at 15 °C, with many individual pathway steps (43 out of 79) being significantly 27 

upregulated at 15 °C relative to the other temperatures (Fig. S5). It is important to note that 28 

this overall upregulation of the protein biosynthesis machinery does not imply that we also 29 

find higher protein synthesis rates at 15 °C than at 21 °C. The reason is that all synthesis rates, 30 

including the synthesis of ribosomes and proteins, are directly influenced by temperature [46]. 31 

However, the upregulation does increase protein biosynthesis rates relative to the rates that 32 
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would have been obtained without upregulation and can therefore be considered as 1 

upregulation of protein biosynthesis itself. Such catalytic compensation comes at a cost, in 2 

line with the higher CH4 consumption per cell division at 15 °C than at 21 °C (Fig. S3 C). Similar 3 

catalytic compensation at low temperature was previously seen in the upregulation of ATP 4 

and RuBisCO in bacteria and plants, respectively [29, 31], and also suggested as part of the 5 

bacterial response to soil warming [38].  6 

We wanted to test the hypothesis that the regulatory adjustments of the protein 7 

biosynthesis machinery acted as a catalytic compensation mechanism, resulting in stable 8 

cellular RNA and protein concentrations, except at 8 °C where we expected fewer ribosomes 9 

(see Fig. 2) and proteins. Therefore, we extracted total RNA and protein from cells cultivated 10 

at 8, 15, 21 and 27 °C in a new growth experiment (Fig. S1C, Fig. S2C). The RNA:DNA ratio 11 

followed a similar pattern as observed previously, with lower but not significantly different 12 

(p.adjust ≥ 0.089) RNA:DNA ratios at 8 °C relative to the higher temperatures (Fig. 6A). 13 

Correspondingly, Protein:DNA ratios were also lower at 8 °C, and not significantly different 14 

(p.adjust ≥ 0.22) from the other temperatures (Fig. 6B). Summarized, our observations 15 

demonstrate consistently lower cellular RNA at 8 °C, although not always significant, and 16 

indicates lower cellular protein content at this temperature. However, the lack of differences 17 

between 15, 21 and 27 °C means that the observed transcriptional adjustments often resulted 18 

in similar cellular concentrations of ribosomes and proteins at different temperatures. Stable 19 

ribosome concentrations across a broad temperature range and declines at extremes, were 20 

also seen in E. coli between ~25 and 37 °C  [46].  21 

 22 

Can glycogen storage explain high CH4 consumption per cell division at 8°C?  23 

The lack of upregulated protein biosynthesis at 8 °C implies that the high CH4 consumption 24 

per cell division at this temperature remained unexplained. Higher rates of energy 25 

conservation and CO2 production through the H4MPT pathway (Fig. 3) at 8 °C could have 26 

accounted for the low growth efficiency. However, the CO2 production per CH4 molecule 27 

consumed was highest at 21 °C, followed by 8 and 15 °C (Fig. S6), offering no explanation.  28 

Some bacteria are known to store superfluous carbon and energy as, e.g., Glycogen or 29 

poly-β-hydroxybutyrate [59]. In searching the genome of M. tundripaludum SV96 for carbon 30 

storage pathway genes we identified all steps from CH4 oxidation, via the initial steps of RuMP-31 

FBP (Fig. 3), to glycogen synthesis. Starting from formaldehyde, the genes for 6 out of the 8 32 
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steps needed to produce glycogen were upregulated at 8 °C and 15 °C (Fig. 7A). However, for 1 

the final step from amylose to glycogen, catalyzed by a 1,4-alpha-glucan branching enzyme 2 

(EC: 2.4.1.18), there were two gene copies. These copies were transcriptionally tuned opposite 3 

to each other in relation to temperature, suggesting this as an important regulatory step for 4 

glycogen synthesis. As glycogen accumulation could potentially account for the high CH4 5 

consumption at low temperature, we tested whether cells of M. tundripaludum SV96 had 6 

accumulated different quantities of glycogen at different temperatures. When cells were 7 

harvested in early stationary phase, more glycogen had accumulated at 8 °C, than 15 and 21, 8 

in line with the overall transcriptional patterns, but accumulation was much higher at 27 °C 9 

(Fig. 7B). This suggests that fast CH4 uptake rates relative to the specific growth rates at 8 and 10 

15 °C creates an incentive for the cells to store the surplus as glycogen, in comparison to the 11 

situation at 21 °C, and that cells at 27 °C are not at all able to spend all the resources consumed 12 

and rather directs them to storage. However, when the cells were harvested in the logarithmic 13 

phase, we observed that cells accumulated highest concentrations of glycogen at 21 °C, 14 

indicating that during fast growth glycogen acts as an intermediate carbon and energy storage. 15 

Thus, glycogen accumulation failed to directly account for the high substrate consumption at 16 

low temperature. However, we propose that glycogen acts as a key buffer compound for 17 

balancing the distribution of carbon and energy resources between growth and storage during 18 

temperature acclimation. Furthermore, this cellular tool also seems to have a key role in cell 19 

adjustments between growth states for M. tundripaludum SV96 as previously described for 20 

yeast and E. coli [60].  21 

 22 

Growth, membranes, cell walls and exopolysaccharides. FtsZ is a key enzyme in bacterial cell 23 

division, being involved in Z-ring formation, a constricting structure at the division site [61, 24 

62]. The gene expression pattern for FtsZ and related proteins reflected the growth rates of 25 

the culture at different temperatures with similar expression levels at 15 and 21 °C and lower 26 

expression at 8 and 27 °C (Fig. S7). This further corresponds to the upregulation of genes for 27 

cell wall synthesis at both 15 and 21 °C. At 27 °C we observed a strong upregulation of genes 28 

for exopolysaccharides (Fig. S8A). As M. tundripaludum SV96 does not grow above 30 °C [39], 29 

these responses might reflect the adjustments needed for survival at high temperatures. 30 

Correspondingly, increased expression of polysaccharides is often associated with sub-optimal 31 

conditions, including temperatures outside the growth optimum range [63, 64]. 32 
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Exopolysaccharides are thought to protect cells from high temperatures by strengthening 1 

their structural integrity. On the other hand, desaturation of fatty acids is a common response 2 

in bacteria exposed to low temperature in an attempt to increase membrane fluidity, e.g., [26, 3 

65]. We observed significant upregulation of fatty acid desaturase at 8 °C and 15 °C, relative 4 

to 21 and 27 °C (Fig. S7B). 5 

Temperature effects on growth and CH4 oxidation kinetics in different methanotrophic 6 

species. To further improve our understanding of the ecological relevance of temperature 7 

acclimation for CH4 oxidation in different environments we performed the same CH4 oxidation 8 

and growth experiments reported in Fig. 1 for two additional species from the genus 9 

Methylobacter. This genus is widespread and abundant in soils and aquatic environments 10 

(Fig. 8A) and can therefore be considered an important contributor to global CH4 cycling.  11 

Methylobacter sp. G7 is closely related to M. tundripaludum SV96, while 12 

Methylobacter luteus IMV-B-3098 is more distantly related (Fig. S9). Methylobacter sp. G7 13 

originates from a biofilm inside the coalmine G7 close to Longyearbyen, Svalbard (78°13ʹ00ʺN 14 

15°38ʹ00ʺE). The coalmine has a stable temperature of 10 °C. Methylobacter sp. G7 has not 15 

been published as a novel species to date, but its gene identities to M. tundripaludum SV96 16 

(94.35 % for pmoA and 98.88 % for the 16S rRNA gene), different fatty acid profile 17 

(Supplementary dataset 1, S26) and adaptation to temperature suggests that it might 18 

represent a novel Methylobacter species. Methylobacter sp. G7 did not grow at 27 °C, and 19 

therefore the experiments with this strain were carried out at 4, 8, 15 and 21 °C. The highest 20 

growth rate for Methylobacter sp. G7 under CH4 saturation was at 8°C, followed by 4, 15 and 21 

21 °C. The highest CH4 oxidation rates were at 21 and 8 °C, followed by 15 and 4 °C (Fig. S10). 22 

This gives the highest growth efficiency, under CH4 saturation, at 4 °C, followed by 8, 15 and 23 

21 °C. This temperature response pattern is very different from M. tundripaludum SV96 24 

(Fig. 1), but the two strains share a large increase in growth efficiency at lower CH4 25 

concentrations and low temperature. M. luteus is a mesophilic species and typically found in 26 

freshwater or marine sediments or sewage [66]. M. luteus IMV-B-3098, the strain used in this 27 

study, had the highest cell division and CH4 oxidation rates at 27 °C, followed by 21 °C 28 

(Fig. S11). Its highest growth efficiency was at 15 °C, but its changes in growth efficiency with 29 

CH4 concentration and temperature were considerably smaller than for the two other strains. 30 

Common to all three Methylobacter strains were large influences of temperature and CH4 31 

concentrations on their physiology, affecting CH4 consumption and growth efficiency.  32 
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Important cellular mechanisms controlling temperature acclimation and carbon cycling.  1 

Adjustments of ribosomes and storage compounds allow cells to manage their resources 2 

effectively [48, 53], while the utilization of storage compounds have been suggested as a 3 

major buffer mechanism to balance cell stoichiometry, with potentially large implications for 4 

soil microbial ecology [67]. 5 

We conclude that regulation of the protein biosynthesis machinery and glycogen 6 

storage are key temperature acclimation mechanisms in M. tundripaludum SV96, a type strain 7 

and widespread member of the genus Methylobacter (Fig. 8B). Furthermore, the large 8 

changes in CH4 consumption and growth efficiency with temperature for the three 9 

Methylobacter strains demonstrate a substantial influence of temperature acclimation on 10 

methanotroph function. Considering the importance of temperature changes in surface 11 

environments, and the widespread distribution of Methylobacter in CH4-emitting ecosystems, 12 

temperature acclimation is therefore likely to exert considerable influence on global CH4 13 

cycling. However, the extent of this influence depends on methanotroph ecology as different 14 

species and strains dominate different environments and respond distinctively to changes in 15 

temperature and CH4 concentrations. 16 

 17 

3. Materials and Methods 18 

 19 

Cultures (all experiments, see Fig. S1 and Supplementary dataset 1). During stock culture 20 

maintenance, pre-incubations and experiments, M. tundripaludum SV96 [39], (DSMZ 17260), 21 

Methylobacter sp. G7 (unpublished) and Methylobacter luteus IMV-B-3098 (ATCC 49878T) 22 

[68] were cultivated on nitrate mineral salt (NMS) medium [69], see [70] for trace element 23 

solution, with a headspace of ambient air with CH4 added to a concentration of 20 %. Liquid 24 

cultures were initially prepared from a frozen stock (Fig. S1). Prior to distribution of inoculum 25 

to the respective acclimation temperatures, the cultures were maintained at room 26 

temperature (~20°C) or 15 °C (Methylobacter sp. G7) for a period of at least six weeks. Then, 27 

the cultures were divided in four parts, one part for each experimental temperature for 28 

acclimation.  29 

Acclimation (all experiments, see Fig. S1 and Supplementary dataset 1). During acclimation, 30 

cells were incubated in 80 mL NMS medium under ~80 % air and ~20 % CH4 (12 mL of 100 % 31 
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CH4 was injected into a 40 mL headspace containing air) at 8, 15, 21 and 27 °C 1 

(M. tundripaludum SV96 and M. luteus IMV-B-3098), or 4, 8, 15 and 21°C (Methylobacter sp. 2 

G7) (Fig. S1). The volumes required to obtain these concentrations, resulted in ~1.3 atm 3 

headspace pressure at room temperature inside the incubation bottles. The bottles were 4 

sealed with butyl rubber plugs (3 mm thick, Chromacol, Munich, Germany) and aluminium 5 

crimp caps (Chromacol, Munich, Germany). During acclimation, the cultures were transferred 6 

to new NMS medium three times to maintain the cells in logarithmic growth and finally obtain 7 

cultures in early logarithmic phase at a density of 1-5 x 108 cells mL-1. These cultures were 8 

diluted to approximately 5 x 107 cells mL-1 in new NMS medium for growth, growth kinetics, 9 

CH4 oxidation kinetics, CO2 production, transcriptomics, glycogen measurements, nucleic 10 

acids extractions and protein extractions (Fig S1). During acclimation and subsequent 11 

experiments, cultures were shaken horizontally at 50 rpm. The cultures were always allowed 12 

acclimation for the time needed to surpass 10 generations (7 – 12 days). 13 

Shaking speed and mass transfer limitations. Strains that consume gases can experience mass 14 

transfer limitations due to low substrate solubility if, e.g., high cell densities result in CH4 15 

uptake rates that are higher than the CH4 dissolution rates. Gas solubility decreases with 16 

increasing temperature. Therefore, estimates of activity must be related to the estimated 17 

dissolved concentration and mass transfer limitation must be prevented. Faster shaking or 18 

higher headspace gas concentrations increase the rate of gas dissolution, but the former is 19 

more often used to prevent mass transfer limitation. We applied 50 rpm shaking (KS501, Ika 20 

Labortechnik, Staufen, Germany) in the main experiment and all support experiments except 21 

those carried out at 150 rpm for comparison of shaking speed effects (Fig. S1 and 22 

Supplementary dataset 1). At 50 rpm, the CH4 uptake per 108 M. tundripaludum SV96 cells was 23 

linear at all temperatures and CH4 concentrations. For the different temperatures, 8, 15, 21 24 

and 27 °C, averages of R2 (21 linear regressions per temperature in triplicates for each of seven 25 

concentrations) were 0.91, 0.91, 0.88 and 0.79, respectively (Supplementary dataset 1, S3). At 26 

the two lowest concentrations, where mass transfer limitations are most probable, R2 values 27 

were above 0.9 for all temperatures. This confirms zero order kinetics at all temperatures and 28 

CH4 concentrations, despite increasing cell density with time (Supplementary dataset 1, S2), 29 

meaning that cells growing at 50 rpm are not exposed to mass transfer limitations of gaseous 30 

substrates. However, because higher shaking speeds are often used to prevent mass transfer 31 
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limitations, we tested the effect of higher shaking speed on M. tundripaludum SV96 at 15 and 1 

21 °C. When shaking at 150 rpm growth rates were ~0.035 – 0.073 cell divisions per cell per 2 

hour at 15 and 21 °C and CH4 saturation (Fig. S1F, G, H and Supplementary dataset 1, S10 – 3 

S12). In comparison, when shaking at 50 rpm at the same temperatures, growth rates were 4 

0.061 – 0.11 cell divisions per cell per hour at CH4 saturation (Fig. S1A, B, C and Supplementary 5 

dataset 1, S1, S2, S7, S8). This demonstrates slower average growth at 150 rpm than at 50 rpm.  6 

Cell growth experiments (Fig. S1A, B, C, D, E, F). Subsamples of acclimated logarithmic-phase 7 

cultures (75ml) at the different temperatures were diluted to approximately 5 × 107 cells mL-8 
1 with NMS. Then, 22-mL aliquots (in triplicate) of each diluted culture were transferred to 9 

125-mL glass bottles with 80 % air and 20 % CH4 in a headspace atmosphere with 1.3 atm 10 

pressure. This resulted in 0.36 – 0.51 mM dissolved CH4 and 20 % headspace CH4 11 

concentration, depending on the temperature, well within the threshold of CH4 saturation for 12 

M. tundripaludum SV96. Approximately 0.1 mM CH4 is needed for saturation, see Fig. 1B. 13 

Bottles were sealed with butyl rubber plugs (3 mm thick, Chromacol, Munich, Germany) and 14 

aluminium crimp caps (Chromacol, Munich, Germany). The bottles were incubated at 8, 15, 15 

21 and 27 °C and 50 rpm (Fig. S1A – E) or 150 rpm (Fig. S1F) for up to 36 hours. See 16 

supplementary dataset 1 (S1, S7, S8, S9, S10) for incubation time and sampling time points for 17 

each experiment. At time zero and at the regular intervals, 300 µL of cell suspension (in 18 

duplicate) was transferred to a Nunclon Delta Surface plate (Thermo Scientific, Waltham, MA, 19 

USA) and the cell density was measured (Spectra Max 250 microplate reader, Molecular 20 

Devices, San José, CA, USA) at 600 nm (NMS medium as blank). For OD measurements, blanks 21 

were subtracted from measurements. 22 

Glycogen experiment (Fig. S1E). The cells were acclimated and cultivated under 20 % CH4 in 23 

air as described above in the acclimation and growth experiment sections. Five replicate 24 

bottles with 20 mL culture and 20 % CH4 in air were incubated per temperature in darkness 25 

with 50 rpm shaking for 48 hours to reach high cell density in logarithmic growth phase, or 26 

transition zone between logarithmic and early stationary phase at 15 and 21 °C. At 27 °C and 27 

8 °C it took 60 and 90 hours, respectively, to reach those same cell densities Supplementary 28 

dataset 1, S24). In addition to a standardization of the cell densities of the different growth 29 

phases, the initial inoculum volume was larger in those incubations that were harvested in the 30 

transition phase to reach this phase within the same amount of time. At two time-points 31 
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during incubation, 2 – 10 mL of culture was sampled for glycogen measurements, depending 1 

on the culture density. The culture was centrifuged in 2ml Safe Lock tubes at 25 000 x g and 2 

4 °C for 10 minutes to collect cell pellets. The pellets were washed in 1ml 1x PBS and stored 3 

at -80 °C. After thawing on ice, the pellets were resuspended in 400µl ice cold milliQ water, 4 

transferred to lysis matrix E tubes (MP biomedicals, Irvine, CA, USA) for bead beating at 5 

4.0 m s-1 for 15 seconds before heat treatment at 99 °C for 10 minutes and centrifugation at 6 

10 000 x g at 4 °C for 10 minutes. The recovered lysate was kept on ice while preparing the kit 7 

reagents and standard dilutions according to the manufacturer’s recommendations (Glycogen 8 

assay kit, ab65620, Abcam, Cambridge, UK) for fluorometric analysis. In brief, each sample was 9 

pipetted in four wells mixing 25 µl lysate with 25 µl hydrolysis buffer to get duplicate readings 10 

of sample + sample background control. The samples and standards were added 1 µl 11 

hydrolysis enzyme each, followed by incubation at room temperature for 30 min. All wells 12 

were then added 50 µl reaction mix, incubated another 30 min at room temperature, followed 13 

by glycogen quantification using a plate reader (GloMax® Explorer, Promega, Madison, WI, 14 

USA), by measurement of oxidized glucose from hydrolyzed glycogen that is labeled with an 15 

OxiRed probe emitting fluorescence at 587 nm. 16 

CH4 oxidation kinetics, growth kinetics and CO2 production rate (Fig. S1A, D, F, G, H, I, J). 17 

Subsamples of acclimated exponential-phase cultures (75 mL) were diluted to approximately 18 

5 × 107 cells mL-1 with NMS medium, giving a total volume of 150 – 200 mL. Then, 21.6 mL 19 

aliquots of these diluted cultures were transferred to 125 mL glass bottles. We used triplicate 20 

aliquots for each of seven CH4 concentrations, for a total of 21 bottles per temperature and 21 

84 bottles per strain (Fig. S1A, G, H, I and J). For each temperature, two negative controls of 22 

21.6 mL phosphate buffer in 125 mL glass flasks were prepared per CH4 concentration to reveal 23 

technical issues (56 negative controls in total per strain). Seven volumes (200 µl; 600 µl; 1,5 24 

mL; 3 mL; 6 mL; 12 mL; 15 mL) of a gas mix containing 95 % CH4 and 5 % N2 were injected into 25 

three flasks per volume with a plastic syringe (BD Plastipak, Franklin Lakes, NJ, USA) with a 26 

sterile 0.5 × 16 mm needle (BD Microlance, Franklin Lakes, NJ, USA) from a multi-layer 27 

polypropylene gas bag (RESTEK, Bad Homburd vor der Höhe, Germany) to create the seven 28 

different CH4 concentrations. Final headspace concentrations of CH4 ranged between 1000 29 

and 130 000 p.p.m.v. while dissolved concentrations of CH4, ranged between 1.5 and 260 µM, 30 

depending also on temperature. The gas pressures in the bottles were then adjusted to a total 31 
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headspace pressure of ~1.3 atm at 20 °C by injecting additional volumes of air and N2. When 1 

adding CH4 and N2 gas, the bottle pressure increases, resulting in lower than atmospheric 2 

concentrations of other atmospheric gases. However, partial pressures stay approximately the 3 

same, and so does the availability for the cells. The experiments lasted up to 9 hours, during 4 

which time gas samples were collected at 4 – 5 time points, including the experiment start 5 

(t0). See supplementary dataset 1 for the length of respective experiments, exact time points 6 

and number of samples collected for each individual experiment. For CH4 and CO2 7 

measurements, 1 mL of headspace gas was sampled with a pressure-lock 1 mL gas syringe 8 

(VICI Precision Sampling, Baton Rouge, LA, USA) with a side-port needle (0.020” × 0.012” × 2”; 9 

VICI Precision Sampling, Baton Rouge, LA, USA). The pressure in the syringe was adjusted to 10 

ambient pressure, before injection on a gas chromatograph (SRI 8610C, fitted with an 8600-11 

PKDC 3 cm 9’Haysep D Column and a flame ionization detector, SRI Instruments, Torrence, CA, 12 

USA). The pressure in the bottles and the ambient pressures were monitored using a 13 

manometer (LEO 1, Keller AG, Winterthur, Switzerland). Calibration gases were injected at the 14 

same temperature and pressure (ambient) as the samples, allowing calculation of gas species 15 

concentrations and, using the bottles pressures, the mass of the gas of interest in the injected 16 

sample. Calibration was performed using certified standards (Messer AG, Bad Soden am 17 

Taunus, Germany). From the second measurement and onward, 340 µL of the liquid culture 18 

was sampled in parallel to the headspace gas. The optical densities of these liquid samples 19 

were determined as described in the growth section above. These estimates of cell growth 20 

together with the above mentioned OD600 to cell count standard (Supplementary dataset 1, 21 

S15) were used for the final calculations of CH4 oxidation and CO2 production per cell division 22 

in Fig. 1, Fig. S3, Fig. S10 and Fig. S11. For the CO2 production rates, we only used headspace 23 

concentration of 130 000 p.p.m.v. CH4 (15 mL 100 % CH4 injected). Five bottles and two 24 

negative controls per temperature were injected with CH4 to reach this concentration, which 25 

corresponds to the highest concentration used in the CH4 oxidation kinetics experiments 26 

(between 130 and 260 µM dissolved CH4 depending on the temperature). All concentrations 27 

are well within the saturating range of CH4 concentrations at all temperatures used in this 28 

study. Gas samples were injected on a gas chromatograph (SRI 8610C, fitted with an 8600-29 

PKDC 3 cm 9’Haysep D Column and a flame ionization detector fitted with a methanizer to 30 

allow conversion of CO2 to CH4 , SRI Instruments, Torrence, CA, USA). Otherwise, the 31 

methodological approach was the same as for the CH4 uptake experiments. The CO2 32 
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experiment was only performed at 8, 15 and 21 °C as this was sufficient to answer our 1 

questions. We did not observe changes in headspace gas concentrations of the negative 2 

controls in any of the above-mentioned experiments. 3 

OD600 to cell number conversion. In order to normalize CH4 oxidation rates and other rates 4 

to cell numbers, standard curves correlating optical density (OD600) to cell numbers were 5 

created for the three cultures, M. tundripaludum SV96, M. luteus IMV-B-3098 and 6 

Methylobacter sp. G7. This was done using a Helber cell counting chamber, with defined 7 

volumes of cell culture from a dilution series counted using light microscopy. For each cell 8 

density, 24 x 1/25 mm2 in two 1 mm grids of known volume were screened. The average of 9 

these counts was used to calculate the number of cells per volume liquid with known optical 10 

density (Supplementary dataset 1, S15). 11 

Calculations. Specific growth rates were calculated as the slope of the natural logarithm of 12 

optical densities against time, during logarithmic growth. Mixing ratios of CH4 and CO2 were 13 

calculated by comparison to certified standards. Masses of headspace and dissolved CH4 and 14 

total CO2 (sum of all CO2 species) at different temperatures were calculated from the mixing 15 

ratios of CH4 and CO2 using Henry’s Law, assuming an ideal state, knowing the ambient 16 

pressure, temperature, headspace volume of the bottle, headspace pressure, liquid volume, 17 

respective temperature-dependent solubility constants of the gases. Some deviations from a 18 

real-life situation can be expected to arise from calculations assuming an ideal state. However, 19 

errors from gas solubility effects of non-ideal pH and salinity are identical across the 20 

experimental temperature gradient and is therefore considered not to affect the data-basis 21 

for the conclusions. All calculations accounted for removal of gas and liquid for 22 

measurements. We calculated the CH4 oxidation and CO2 production rates from slopes of 23 

linear models fitted to the concentrations measured during experiments and adjusted to the 24 

number of cells in the culture. Briefly, the oxidation between any two time points was 25 

normalized to the number of cells in the culture at that time (per 108 cells), and as such the 26 

CH4 or CO2 estimated for any given time point represented what would have been measured 27 

had a population of 108 cells been active throughout the experiment. Growth efficiencies (Fig. 28 

1, Fig. S10, Fig. S11) were calculated as the specific growth rate (cell divisions cell-1 hour-1) 29 

divided by CH4 oxidation rates (µmol CH4 oxidized 108 cells-1 hour-1) and multiplied by 108 to 30 

give cell divisions per µmol CH4 oxidized. The data used to estimate growth efficiency were 31 
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the values predicted for each measurement time-point by the non-linear Michaelis-Menten 1 

regression models. For estimates of specific growth rates, CH4 oxidation and growth efficiency 2 

at CH4 saturation (Fig. S3), Vmax(app) values predicted from the Michaelis-Menten kinetics 3 

models were used (see below for Vmax(app) estimation). For µmol of CO2 produced per µmol 4 

CH4 oxidized (Fig. S6), the CO2 production per 108 cells was divided by the CH4 oxidation per 5 

108 cells at the same condition from Fig. 1. 6 

Statistics for physiological data. Tests of significant differences in RNA, DNA and protein 7 

content, CO2 production rates, growth rates and glycogen content between cells at different 8 

temperatures were done using the built-in function for the t-test in R (“pairwise.t.test”). 9 

P values were corrected for multiple testing using the method of Benjamini and Hochberg [71] 10 

within the R function “p.adjust” [72]. The Michaelis-Menten CH4 oxidation and growth kinetics 11 

of M. tundripaludum SV96, M. luteus IMV-B-3098 and Methylobacter sp. G7 were modelled 12 

using the “nls” function of the nlstools R package, specifying the “michaelis” model and 13 

providing start values for Km(app) and Vmax(app) (Km=0.002, Vmax=0.02). Kinetics coefficients and 14 

corresponding p values were extracted from these models using the “summary” function. 15 

Modelled growth and CH4 oxidation rates were predicted using the “predict” function and 16 

used to estimate cell divisions per µmol CH4 oxidized at different dissolved CH4 concentrations. 17 

Four-parameter logistics curves to model the growth efficiency (cell divisions per µmol CH4 18 

oxidized) at different dissolved CH4 concentrations were fitted using the “drm” function of the 19 

“drc” package. Functions of the “R.utils” and “plyr” packages were used in addition to built-in 20 

functions to handle the data in R, while “ggplot2”, in addition to built-in functions, was used 21 

to plot the data.  22 

RNA and DNA extraction and sequencing (Fig. 2 and Fig. 6). Six cultures of M. tundripaludum 23 

SV96 were acclimated at each of the temperatures, 8, 15, 21 or 27 °C. After acclimation, the 24 

cultures were cultivated to a sufficient cell density for extraction in logarithmic phase growth 25 

as described above. Cultures at 8 and 27 °C were incubated for 36 hours and cultures at 15 26 

and 21 °C for 16 hours prior to harvest. This allowed the cells to reach sufficient density for 27 

the downstream approaches. The cultures were pelleted by centrifugation and re-suspended 28 

in 740 µL TE buffer (pH 8). Further, 40 µL lysozyme (50 mg/mL) was added, and the 29 

suspensions were incubated for 5 min at room temperature. Then, 40 µL of 10% SDS and 8 µL 30 

of proteinase K (10 mg/mL) were added, and the samples were incubated at 37 °C for 1 h. 31 
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Next, 100 µL of 5 M NaCl and 100 µL Cetyl trimethylammonium bromide (50g/L) /NaCl (20g/L) 1 

were added, and the samples were incubated at 65 °C for 10 min. Nucleic acids were then 2 

extracted with one volume phenol/chloroform/isoamyl alcohol and then with 3 

chloroform/isoamyl alcohol and precipitated with 0.6 volumes of isopropanol. DNA was 4 

removed using the TURBO DNA-free kit (Ambion, Thermo Fisher Scientific, Waltham, MA, 5 

USA). For the second RNA and DNA extraction (Fig. 6), the cell pellets (in 2 ml Eppendorf) were 6 

kept on dry ice to prevent thawing and 375 µl of phosphate buffer (PBS, pH 8.0), 125 µl of 7 

TRIZMA-NaCl-CTAB (TNC) and 400 µl of phenol/chloroform/isoamylalcohol 25:24:1 were 8 

added to each tube (lysis matrix E, MP biomedicals, Irvine, CA, USA) and exposed to bead 9 

beating (MP biomedicals, Irvine, CA, USA) for 30 s at 4.0 m s−1. After bead beating, extractions 10 

were performed as previously described for soil [38, 73].  11 

DNA and RNA were quantified using Qubit (Thermo Fisher scientific, Waltham, MA, USA). RNA 12 

quality was assessed using automated gel electrophoresis with ExperionTM (Bio-Rad, Hercules, 13 

CA, USA), demonstrating high quality RNA with 23S to 16S rRNA ratios of 1.6 – 2.4. The 14 

quantity of RNA and DNA per 108 cells was calculated by dividing the mass of extracted RNA 15 

by the number of cells used for the extraction. Three extracts per temperature were processed 16 

further. Ribosomal RNA was removed from the total RNA of these 12 samples using the Ribo-17 

Zero rRNA Removal Kit (Bacteria, Epicentre, Illumina, San Diego, CA, USA), and the remaining 18 

RNA was sequenced. Transcriptomic libraries were prepared from the rRNA depleted samples 19 

using the Illumina Truseq RNA-seq library preparation kit v1 and sequenced using 2 × 100 bp 20 

paired-end technology on the Illumina High-Seq 2000 platform. This procedure allowed the 21 

generation of high-coverage transcriptomes for the quantitative analysis of gene 22 

transcription. 23 

Protein extractions. Proteins were extracted as previously described with some modifications 24 

[74]. Briefly, A volume of 1 ml TRIzol was added to each cell pellet in a lysis matrix E tube (MP 25 

biomedicals, Irvine, CA, USA) and the tubes were immediately placed in a bead beater (MP 26 

biomedicals, Irvine, CA, USA) and processed for 30 s at 4.0 m s−1, followed by 27 

phenol:chloroform extraction, and  addition of 100 % ethanol. The phenol-ethanol 28 

supernatant was transferred into a new tube for protein isolation with isopropanol. The 29 

resultant protein pellets were washed with 0.3 M guanidine hydrochloride in 95% ethanol and 30 
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re-suspended in 200 µl of 1% SDS prior to quantification with Qubit (Thermofisher scientific, 1 

Waltham, MA, USA). 2 

Computational analyses. Sequences were trimmed with Trimmomatic, using default settings 3 

(Bolger et al., 2014), to remove Illumina adapters (ILLUMINACLIP:ADAPTERS:2:30:10), 4 

removing bases from the start and end of the sequence if below a quality threshold of three 5 

(LEADING:3, TRAILING:3), and remove four-base-pair sequence sections that fell below a 6 

quality threshold of 15 (SLIDINGWINDOW:4:15), as well as any sequences shorter than 36 bp 7 

(MINLEN:36). The rRNA sequences were sorted out with SortMeRNA [75], using default 8 

settings and the 5S, 16S and 23S rRNA gene copies from the M. tundripaludum SV96 genome 9 

as reference sequences. Non-ribosomal RNA was mapped to the M. tundripaludum SV96 10 

genome using BWA sampe (to generate alignments in the SAM format given paired-end reads 11 

aligner) [76] with default settings. The number of different genome features present in the 12 

transcriptomes were counted using FeatureCounts [77]. Features were counted if both read 13 

pairs were assigned to the same feature, and these were then counted as one fragment. Gene 14 

expression data was analysed using R [72]. To compare expression between samples, matrices 15 

holding the counts of genome features in each of the 12 transcriptomes were normalized 16 

using the median of ratios method available in the R package DEseq2 [78]. This method uses 17 

the median of ratios of transcript counts for different genes in a sample to their respective 18 

geometric means (the mean of transcript counts for a particular gene across all samples). To 19 

test whether differential expression between different temperatures were significant, we 20 

applied the Wald test with multiple testing correction using the false discovery rate (FDR) 21 

controlling method of Benjamini and Hochberg [71], the default statistical test for differential 22 

expression in DEseq2. This method is highly robust with three or more replicates, with very 23 

few false positives (< 5% ) regardless of fold change thresholds [79], but it is prone to false 24 

negatives at low replication numbers (≤ 6). This means that the risk that significant biological 25 

patterns across multiple genes are false positives, is negligible, even with three replicates. 26 

However, there is significant risk of failing to identify many of the changes that really occur.  27 

Gene expression data were visualized using the R package Heatmap3. Based on the 28 

genome of M. tundripaludum SV96 [80], we reconstructed central carbon and energy 29 

metabolisms, pathways of protein biosynthesis and functions relevant to cell division and 30 

other cell structures by manually curating the annotations for the genome of 31 
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M. tundripaludum SV96 available in Genoscope 1 

(https://mage.genoscope.cns.fr/microscope/mage/viewer.php?O_id=818). The M. 2 

tundripaludum SV96 genome is also available from NCBI with accession number 3 

NZ_AEGW00000000.2.  4 

16S rRNA gene maps. The maps showing global distribution of Methylobacter was generated 5 

as recently described [81]. This section is under progress and will be finished prior to journal 6 

submission. 7 

Data deposition and scripts for computational analyses. The RNA-seq data from this study 8 

have been deposited under the accession project number PRJNA390985 in the NCBI short 9 

read archive (SRA). The individual experiment identification numbers for each of the 12 10 

datasets are found in supplementary dataset 1, S7. Scripts for RNA-seq pre-processing, gene 11 

expression analysis, statistical tests, modelling and visualization in R, are provided online 12 

(online archive will be determined prior to journal submission). Physiological data are provided 13 

in supplementary dataset 1 and online (online archive will be determined prior to journal 14 

submission). The processed and normalized transcript counts and statistics for the differential 15 

gene expression analyses are provided in supplementary dataset 2. 16 
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Figure 1. Growth kinetics, CH4 oxidation kinetics and cell divisions per CH4 oxidation at 1 

different temperatures for M. tundripaludum SV96. Specific growth rates (cell divisions per 2 

cell per hour) are shown for different dissolved CH4 concentrations at different temperatures 3 

in (A). The first panel of (A) shows a combination of growth kinetics for the four different 4 

temperatures, 8, 15, 21 and 27 °C. The X-axis is on a log10 scale to better resolve the 5 

differences between temperatures in the low and high end of concentrations. Panel two to 6 

five are the individual growth kinetics at the temperatures 8, 15, 21 and 27 °C, respectively. 7 

CH4 oxidation rates per cell for different dissolved CH4 concentrations at different 8 

temperatures are shown in (B). The first panel of (B) is a combination of the CH4 oxidation 9 

kinetics at the four different temperatures, 8, 15, 21 and 27 °C. X-axis is on log10 scale to 10 

better resolve the differences between temperatures in the lower end or higher end of 11 

concentrations. Second to fifth panel are the individual CH4 oxidation kinetics at the 12 

temperatures 8, 15, 21 and 27 °C, respectively. Km(app), Vmax(app), standard errors and p values 13 

for the coefficient’s estimates, and residual standard errors of the models were estimated 14 

using non-linear regression, applying a Michaelis-Menten function (see the materials and 15 

methods section “statistics for physiological measurements”). Cell divisions per µmol CH4 16 

oxidized at different dissolved CH4 concentrations and temperatures are shown in (C). The first 17 

panel of (C) shows these growth efficiency curves for all temperatures combined. Panel two 18 

to five show the models for each temperature. These growth efficiency estimates were 19 

calculated from the predicted rates in (A) and (B) by dividing specific growth rate predictions 20 

by CH4 oxidation rate predictions to obtain cell divisions per µmol CH4 oxidized. Four-21 

parameter logistics curves (dose-response model) were fitted to the resulting quotients. 22 

P values for the four parameters (min, max, infle of the dose-response models for different 23 

temperatures are shown in panel two to five in (C), respectively. In all panels, the x-axis is 24 

displayed on a log10 scale. The corresponding data can be found in supplementary dataset 1, 25 

S2, S3 and S4. 26 

  27 
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 1 

Figure 2. Cellular RNA (blue) and DNA (purple) in M. tundripaludum SV96 at 8, 15, 21 and 27 2 

°C. In (A) boxplots show the concentrations of RNA and DNA in M. tundripaludum SV96 cells. 3 

In (B), boxplots show the RNA:DNA ratios. Differences between means were evaluated using 4 

unpaired one-tailed t-tests. Significant differences (p.adjust < 0.05, multiple testing correction 5 

using Benjamini-Hochberg correction) to 8 °C (1), 15 °C (2), 21 °C (3) and 27 °C (4) are indicated 6 

with numbers above the individual boxes. The corresponding data can be found in 7 

supplementary dataset 1, S5.  8 
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 1 

Figure 3. Gene transcription for central carbon and energy metabolisms in M. tundripaludum 2 

SV96. Heatmaps indicate changes in the relative abundance of transcripts in the 3 

transcriptomes at 8, 15, 21 and 27 °C. The colour scale reflects z-score normalized relative 4 

abundances, with black being lowest relative abundance, followed by grey, yellow, orange and 5 

red, corresponding to increasing relative abundances. Significant differences (p.adjust < 0.05) 6 

in transcript relative abundances are displayed in square plots to the right of each heatmap, 7 

purple indicating significant difference between 15 °C and 8, 21 and 27 °C, respectively, when 8 

moving from left to right. Orange indicates significant differences between 8 °C and 21 and 9 

27 °C. Dark blue indicates significant differences between 21 and 27 °C. P values are estimated 10 

with a Wald test, implemented in DESeq2 and corrected for multiple testing using Benjamini-11 

Hochberg correction which adjusts for the false discovery rate. Purple arrows indicate 12 
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upregulation, meaning that at least one of the genes encoding the enzyme responsible for 1 

catalysing the reaction represented by this pathway step is significantly higher expressed at 2 

15 °C than at two or three of the other temperatures. All adjusted p. values, normalized 3 

counts, genome IDs, full protein names and E.C. numbers for the genes are provided in 4 

Supplementary dataset 2, S1.  5 
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 1 

Figure 4. Gene transcription for nucleotide metabolism in M. tundripaludum SV96. 2 

Heatmaps indicate changes in the relative abundance of transcripts in the transcriptomes at 3 

8, 15, 21 and 27 °C. The colour scale reflects z-score normalized relative abundances, with 4 

black being lowest relative abundance, followed by grey, yellow, orange and red, 5 

corresponding to increasing relative abundances. Significant differences (p.adjust < 0.05) in 6 

transcript relative abundances are displayed in square plots to the right of each heatmap, 7 

purple indicating significant difference between 15 °C and 8, 21 and 27 °C, respectively, when 8 

moving from left to right. Orange indicates significant differences between 8 °C and 21 and 9 

27 °C. Dark blue indicates significant differences between 21 and 27 °C. P values are estimated 10 

with a Wald test, implemented in DESeq2 and corrected for multiple testing using Benjamini-11 
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Hochberg correction which adjusts for the false discovery rate. Purple arrows indicate that at 1 

least one of the genes encoding the enzyme responsible for catalysing the reaction 2 

represented by this pathway step is significantly higher expressed at 15 °C than at two or three 3 

of the other temperatures. All adjusted p. values, normalized counts, genome IDs, full protein 4 

names and gene names are given in Supplementary dataset 2, S2.  5 
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 1 

 2 

Figure 5. Gene transcription for ribosomal proteins in M. tundripaludum SV96. Heatmaps 3 

indicate changes in the relative abundance of transcripts in the transcriptomes at 8, 15, 21 4 

and 27 °C. The colour scale reflects z-score normalized relative abundances, with black being 5 

lowest relative abundance, followed by grey, yellow, orange and red, corresponding to 6 

increasing relative abundances. Significant differences (p.adjust < 0.05) in transcript relative 7 

abundances are displayed in square plots to the right of each heatmap, purple indicating 8 

significant difference between 15 °C and 8, 21 and 27 °C, respectively, when moving from left 9 

to right. Orange indicates significant differences between 8 °C and 21 and 27 °C. Dark blue 10 

indicates significant differences between 21 and 27 °C. P values are estimated with a Wald 11 

test, implemented in DESeq2 and corrected for multiple testing using Benjamini-Hochberg 12 
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correction which adjusts for the false discovery rate. Purple ribosomal proteins in the 1 

visualization of the ribosomal protein structure on the left of the heatmaps indicate that at 2 

least one of the genes encoding the enzyme responsible for catalysing the reaction 3 

represented by this pathway step is significantly higher expressed at 15 °C than at two or three 4 

of the other temperatures. All adjusted p. values, normalized counts, genome id’s and full 5 

protein names are given in Supplementary dataset 2, S3. Rpl and rpm: large ribosomal subunit 6 

proteins; rps: small ribosomal subunit proteins.  7 
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 1 

Figure 6. RNA (A) and protein (B) per cell at 8, 15, 21 and 27 °C. In (A) boxplots show the 2 

RNA:DNA ratio in M. tundripaludum SV96 cells. In (B), boxplots show the protein:DNA ratios. 3 

Differences between means were evaluated using unpaired one-tailed t-tests. Significant 4 

differences were considered after multiple testing correction using Benjamini-Hochberg 5 

correction. No significant differences were detected (p.adjust > 0.05). The corresponding data 6 

can be found in supplementary dataset 1, S23.  7 
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 1 

Figure 7. Gene expression for glycogen synthesis (A), and glycogen accumulation per cell (B) 2 

in M. tundripaludum SV96. Heatmaps (A) indicate changes in the relative abundance of 3 

transcripts in the transcriptomes at 8, 15, 21 and 27 °C. The colour scale reflects z-score 4 

normalized relative abundances, with black being lowest relative abundance, followed by 5 

grey, yellow, orange and red, corresponding to increasing relative abundances. Significant 6 

differences (p.adjust < 0.05) in transcript relative abundances are displayed in square plots to 7 

the right of each heatmap, purple indicating significant difference between 15 °C and 8, 21 8 

and 27 °C, respectively, when moving from left to right. Orange indicates significant 9 

differences between 8 °C and 21 and 27 °C. Dark blue indicates significant differences between 10 

21 and 27 °C. P values are estimated with a Wald test, implemented in DESeq2 and corrected 11 

for multiple testing using Benjamini-Hochberg correction which adjusts for the false discovery 12 

rate. Orange arrows indicate that at least one of the genes encoding the enzyme responsible 13 

for catalysing the reaction represented by this pathway step is significantly higher expressed 14 

at 8 °C than at two or three of the other temperatures. All adjusted p. values, normalized 15 

counts, genome IDs and full protein names are given in Supplementary dataset 2, S4. 16 

Bargraphs (B) show the µg glycogen per cell, estimated from a cell lysate with a known cell 17 

number. Considering the possibility of incomplete lysis, the numbers are likely conservative 18 

estimates. Error bars indicate standard deviation. Numbers above bars indicate to which of 19 

the other bars there are significant differences (p.adjust < 0.05).  20 
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 1 

 2 

Figure 8. Geographical distribution of Methylobacter (A) and M. tundripaludum SV96 (B). 3 

Figure shows a preliminary version of (A) where each dot on the map indicates the occurrence 4 

of a member of Methylobacter in that location by detection of a sufficiently similar 16S rRNA 5 

gene sequence to confirmed members of the genus.  6 
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Supplementary Figures1 

 2 

Figure S1. Experimental setup. Each box indicates an independent experiment. “Cell stock” represent a frozen cell culture as starting point for 3 

cultivation. Temperature acclimation times varied due to the different growth rates at different temperatures, thus being standardized to 10 4 

generations of acclimation. Numbers in front of bottles indicate the number of replicates. The corresponding dataset to each experiment is 5 

indicated above the respective experiments, the numbers S1 – S24 referring to the individual tabs in supplementary dataset 6 



41 
 

 1 

Figure S2. Specific growth rate control experiments. Bar graphs show the specific growth 2 

rates of M. tundripaludum SV96 at different temperatures, under a headspace of partial 3 

pressures of air components plus 20% CH4. The corresponding dataset to each experiment is 4 

indicated next to the title of each bar graph, the numbers S1 – S12 referring to the individual 5 

tabs in supplementary dataset 1. Significant differences (p.adjust < 0.05, multiple testing 6 

correction using Benjamini-Hochberg correction) to 8 °C (1), 15 °C (2), 21 °C (3) and 27 °C (4) 7 

are indicated with numbers above the individual bars. Error bars represent standard deviation.  8 
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 1 

Figure S3. Specific growth rate (A), CH4 oxidation (B) and cell division efficiency (C) based 2 

on Vmax estimates from kinetics in Fig. 1. Error bars represent the standard error of model 3 

estimates. Significances for individual estimates are shown in Fig. 1.4 
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 1 

Figure S4. Gene transcription for RNA polymerase, RNA degradation and protein folding. 2 

Heatmaps indicate changes in the relative abundance of transcripts in the transcriptomes at 3 

8, 15, 21 and 27 °C. The colour scale reflects z-score normalized relative abundances, with 4 

black being lowest relative abundance, followed by grey, yellow, orange and red, 5 

corresponding to increasing relative abundances. Significant differences (p.adjust < 0.05) in 6 

transcript relative abundances are displayed in square plots to the right of each heatmap, 7 

purple indicating significant difference between 15 °C and 8, 21 and 27 °C, respectively, when 8 

moving from left to right. Orange indicates significant differences between 8 °C and 21 and 27 9 

°C. Dark blue indicates significant differences between 21 and 27 °C. P values are estimated 10 

with a Wald test, implemented in DESeq2 and corrected for multiple testing using Benjamini-11 

Hochberg correction, which adjusts for the false discovery rate. All adjusted p. values, 12 

normalized counts, genome IDs and full protein names are given in Supplementary dataset 2,13 
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Figure S5. Gene transcription for amino acid metabolism in M. tundripaludum SV96. 1 

Heatmaps indicate changes in the relative abundance of transcripts in the transcriptomes at 2 

8, 15, 21 and 27 °C. The colour scale reflects z-score normalized relative abundances, with 3 

black being lowest relative abundance, followed by grey, yellow, orange and red, 4 

corresponding to increasing relative abundances. Significant differences (p.adjust < 0.05) in 5 

transcript relative abundances are displayed in square plots to the right of each heatmap, 6 

purple indicating significant difference between 15 °C and 8, 21 and 27 °C, respectively, when 7 

moving from left to right. Orange indicates significant differences between 8 °C and 21 and 27 8 

°C. Dark blue indicates significant differences between 21 and 27 °C. P values are estimated 9 

with a Wald test, implemented in DESeq2 and corrected for multiple testing using Benjamini-10 

Hochberg correction which adjusts for the false discovery rate. Purple arrows indicate that at 11 

least one of the genes encoding the enzyme responsible for catalysing the reaction 12 

represented by this pathway step is significantly higher expressed at 15 °C than at two or three 13 

of the other temperatures. All adjusted p. values, normalized counts, genome IDs, gene names 14 

and full protein names are given in Supplementary dataset 2, S6.  15 
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 1 

Figure S6. CO2 production at CH4 uptake saturation by M. tundripaludum SV96. Bar graphs 2 

show the CO2 production rate per 108 cells (A) per specific growth rates and (B) per CH4 3 

oxidation of M. tundripaludum SV96 at different temperatures, under a headspace of air and 4 

20% CH4. The corresponding dataset to each experiment is indicated next to the title of each 5 

experiment, the number S5 referring to the individual tab in supplementary dataset 1 that 6 

holds the data. Significant differences (p.adjust < 0.05, multiple testing correction using 7 

Benjamini-Hochberg correction) to 8 °C (1), 15 °C (2) and 21 °C (3) are indicated with numbers 8 

above the individual bars. Error bars represent standard deviation. The lack of error bars in (B) 9 

is due to the data used in the calculation being from different experiments and thus only based 10 

on averages. The corresponding data can be found in supplementary dataset 1, S9.  11 
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 1 

Figure S7. Gene transcription for cell division in M. tundripaludum SV96. Heatmaps indicate 2 

changes in the relative abundance of transcripts in the transcriptomes at 8, 15, 21 and 27 °C. 3 

The colour scale reflects z-score normalized relative abundances, with black being lowest 4 

relative abundance, followed by grey, yellow, orange and red, corresponding to increasing 5 

relative abundances. Significant differences (p.adjust < 0.05) in transcript relative abundances 6 

are displayed in square plots to the right of each heatmap, purple indicating significant 7 

difference between 15 °C and 8, 21 and 27 °C, respectively, when moving from left to right. 8 

Orange indicates significant differences between 8 °C and 21 and 27 °C. Dark blue indicates 9 

significant differences between 21 and 27 °C. P values are estimated with a Wald test, 10 

implemented in DESeq2 and corrected for multiple testing using Benjamini-Hochberg 11 

correction which adjusts for the false discovery rate. All adjusted p. values, normalized counts, 12 

genome IDs, gene names and full protein names are given in Supplementary dataset 2, S7.  13 
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 1 

Figure S8. Gene transcription for cell wall synthesis, exopolysaccharides and fatty acid 2 

desaturation in M. tundripaludum SV96. (A) shows transcriptional patterns and significance 3 

tests for cell wall and exopolysaccharide synthesis. (B) shows fatty acid desaturase 4 

transcription and corresponding significance tests. Heatmaps indicate changes in the relative 5 

abundance of transcripts in the transcriptomes at 8, 15, 21 and 27 °C. The colour scale reflects 6 

z-score normalized relative abundances, with black being lowest relative abundance, followed 7 

by grey, yellow, orange and red, corresponding to increasing relative abundances. Significant 8 

differences (p.adjust < 0.05) in transcript relative abundances are displayed in square plots to 9 

the right of each heatmap, purple indicating significant difference between 15 °C and 8, 21 10 

and 27 °C, respectively, when moving from left to right. Orange indicates significant 11 

differences between 8 °C and 21 and 27 °C. Dark blue indicates significant differences between 12 

21 and 27 °C. P values are estimated with a Wald test, implemented in DESeq2 and corrected 13 

for multiple testing using Benjamini-Hochberg correction which adjusts for the false discovery 14 

rate. The orange arrow in (B) indicates significantly higher relative abundance of transcripts at 15 

8 °C than at two or three of the other temperatures. All adjusted p. values, normalized counts, 16 

genome IDs, E.C. numbers, gene names and full protein names are given in Supplementary 17 

dataset 2, S8.  18 
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 1 

Figure S9. Phylogenetic tree of pmoA sequences belonging within the genus Methylobacter. 2 

Sequence names include gene identifier, ecosystem type of origin, and country of origin. The 3 

evolutionary history was inferred by using the Maximum Likelihood method and Kimura 2-4 

parameter model [82]. The tree with the highest log likelihood (-2368.76) is shown. The 5 

percentage of trees in which the associated taxa clustered together is shown next to the 6 

branches. Initial tree(s) for the heuristic search were obtained automatically by applying 7 

Neighbor-Join and BioNJ algorithms to a matrix of pairwise distances estimated using the 8 

Maximum Composite Likelihood (MCL) approach, and then selecting the topology with 9 

superior log likelihood value. The tree is drawn to scale, with branch lengths measured in the 10 

number of substitutions per site. This analysis involved 24 nucleotide sequences. Codon 11 

positions included were 1st+2nd+3rd+Noncoding. There was a total of 471 positions in the 12 

final dataset. Evolutionary analyses were conducted in MEGA X [83].  13 
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Figure S10. Growth kinetics, CH4 oxidation kinetics and cell divisions per CH4 oxidation at 1 

different temperatures for Methylobacter sp. G7. Specific growth rates (cell divisions per cell 2 

per hour) are shown for different dissolved CH4 concentrations in (A). The first panel is a 3 

combination of the growth kinetics at the four different temperatures, 4, 8, 15 and 21°C. X-4 

axis is on log10 scale to better resolve the differences between temperatures in the lower end 5 

or higher end of concentrations. Second to fifth panel are the individual growth kinetics at the 6 

temperatures 4, 8, 15 and 21°C, respectively. CH4 oxidation rates per cell for different 7 

dissolved CH4 concentrations are shown in (B). The first panel is a combination of the CH4 8 

oxidation kinetics at the four different temperatures, 4, 8, 15 and 21°C. X-axis is on log10 scale 9 

to better resolve the differences between temperatures in the lower end or higher end of 10 

concentrations. Second to fifth panel are the individual CH4 oxidation kinetics at the 11 

temperatures 4, 8, 15 and 21°C, respectively. Km(app), Vmax(app), standard errors and p values for 12 

these estimates, respectively, and residual standard errors of the models were estimated 13 

using non-linear regression, applying a Michaelis-Menten function (see materials and 14 

methods section “statistics for physiological measurements”). Cell divisions per µmol CH4 15 

oxidized for different dissolved CH4 concentrations are shown in (C). The first panel of (C) 16 

shows these growth efficiency curves for all temperatures combined. Panel two to five show 17 

the models for each temperature. Estimates of specific growth rates and CH4 oxidation rates 18 

at different dissolved CH4 concentrations were predicted from models in (A) and (B). Dividing 19 

specific growth rate estimates by CH4 oxidation rates, we obtained Cell divisions per µmol CH4 20 

oxidized. Four-parameter logistics curves (dose-response model) were fitted to the quotients. 21 

P values for the four parameters are shown for the individual models in panel two to five. In 22 

all panels, x-axis is displayed on a log10 scale.  23 
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Figure S11. Growth kinetics, CH4 oxidation kinetics and cell divisions per CH4 oxidation at 1 

different temperatures for M. luteus IMV-B-3098. Specific growth rates (cell divisions per cell 2 

per hour) are shown for different dissolved CH4 concentrations in (A). The first panel is a 3 

combination of the growth kinetics at the four different temperatures, 8, 15, 21 and 27 °C. X-4 

axis is on log10 scale to better resolve the differences between temperatures in the lower end 5 

or higher end of concentrations. Second to fifth panel are the individual growth kinetics at the 6 

temperatures 8, 15, 21 and 27 °C, respectively. CH4 oxidation rates per cell for different 7 

dissolved CH4 concentrations are shown in (B). The first panel is a combination of the CH4 8 

oxidation kinetics at the four different temperatures, 8, 15, 21 and 27 °C. X-axis is on log10 9 

scale to better resolve the differences between temperatures in the lower end or higher end 10 

of concentrations. Second to fifth panel are the individual CH4 oxidation kinetics at the 11 

temperatures 8, 15, 21 and 27 °C, respectively. Km(app), Vmax(app), standard errors and p values 12 

for these estimates, respectively, and residual standard errors of the models were estimated 13 

using non-linear regression, applying a Michaelis-Menten function (see materials and 14 

methods section “statistics for physiological measurements”). Cell divisions per µmol CH4 15 

oxidized for different dissolved CH4 concentrations are shown in (C). The first panel of (C) 16 

shows these growth efficiency curves for all temperatures combined. Panel two to five show 17 

the models for each temperature. Estimates of specific growth rates and CH4 oxidation rates 18 

at different dissolved CH4 concentrations were predicted from models in (A) and (B). Dividing 19 

specific growth rate estimates by CH4 oxidation rates, we obtained Cell divisions per µmol CH4 20 

oxidized. Four-parameter logistics curves (dose-response model) were fitted to the quotients. 21 

P values for the four parameters are shown for the individual models in panel two to five. In 22 

all panels, x-axis is displayed on a log10 scale. 23 
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