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Abstract 

Arctic soil microbiomes may have to face drastic climate changes in the coming century. 

Currently, the arctic tundra act as a carbon sink due to slow decomposition rates of soil organic 

carbon, which partly owes to low temperatures and poor water drainage. However, with 

elevated temperatures, large, latent carbon pools stored in arctic permafrost are exposed to 

mineralization by the active layer microbiota. This could cause increased emissions of potent 

climate gases, such as CH4 and CO2 to the atmosphere. Potentially changing the status of the 

arctic tundra into a net carbon source and further result in a positive feedback-loop to the climate 

system. Along with the climatic changes, altered precipitation regimes are predicted to cause 

higher water contents in some areas, while others are predicted to become drier. In turn, these 

changes are likely to trigger a response in the diversity and functioning of the soil microbial 

communities, which again might have an impact on biogeochemical cycles. Methane oxidizing 

bacteria (MOB) are bacteria that works as a filter for CH4, mainly produced by anaerobic 

methanogenic archaea. Some MOB also possesses the ability to consume CH4 from the 

atmosphere (atmMOB). Studies have shown that high water saturation might impede O2 

availability, which is demonstrated to lower CH4 oxidation rates. Here we investigate how the 

bacterial biodiversity, and, in more depth, the MOB community changes along a moisture 

gradient in high-Arctic tundra, Svalbard. We have used next generation sequencing of the 16S 

rRNA gene, and the MOB functional gene, pmoA, to infer differences in community 

composition along the gradient. Statistical analyses were used to deduce the effect of 

environmental variables on the bacterial- and MOB community structure. Both moisture and 

pH were shown to have significant effects on the bacterial community composition. 

Proteobacteria, Actinobacteria and Acidobacteria were overall the most abundant phyla. 

Cyanobacteria had a high abundance in the top layer of wet soil, while Chloroflexi were 

abundant in the deep layers. Most interestingly, we found that the MOB community was 

dominated by members of the upland soil cluster  (USC), a group of atmMOB not previously 

found in Svalbard. Our results demonstrate that dry, neutral to slightly alkalic upland cryosols 

could be a potential significant previously unrecognized CH4 sink. An analysis of variance 

showed that in addition to pH, moisture had a significant effect on the MOB community, which 

also was shown by a lack pmoA product in the wet sites. This implies that the MOB 

communities in these soils are vulnerable to alterations in water saturation in future climate 

change scenarios.  
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1 Introduction 

1.1 Arctic environment 

Arctic tundra constitutes a variety of cryosols, which are soils affected by permafrost. Tundra 

is classified as a treeless terrain with a continuous vegetation, including lichens, mosses, sedges 

grasses, forbs and low shrubs, found at both high latitudes and high altitudes (Everdingen, 1998, 

revised in 2005). Permafrost is defined as ground that remains below 0°C for at least 2 

consecutive years (Everdingen, 1998, revised in 2005) and is overlain with a seasonally thawed 

active layer. Permafrost occurs either as continuous, discontinuous, sporadic or isolated patches 

of permafrost (Figure 1). Permafrost and cryoturbated soils are estimated to store 1034 ± 183 

or 1104 ± 133 Pg of global below ground organic carbon in the top 3 m, which constitutes one 

third of earths below ground organic carbon (Hugelius et al., 2014).  

 

Figure 1: Geographical distribution of permafrost in the northern hemisphere. Illustration:  International 

Permafrost Association. https://ipa.arcticportal.org/images/stories/permafrost%20map.jpg 
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1.2 Changing arctic environment 

Soil organic carbon (SOC) decomposition rates are reduced at high latitudes owing to low 

temperatures and poor soil drainage (Davidson & Janssens, 2006). Over millennial timescales, 

SOC have accumulated on top of mineral layers, or been buried below ground due to 

cryoturbation (Bockheim & Tarnocai, 1998), creating abovementioned large pools of SOC in 

perennially frozen soil. As a consequence of these processes, arctic terrestrial ecosystems are 

considered to be important carbon sinks (Schuur et al., 2015). However, due to global warming 

and the polar amplification phenomena, temperatures in the Arctic has increased with double 

the rate of the global average, with an increase of approximately 0.6 C° per decade over the last 

30 years (IPCC, 2013). Increases in temperature could expand the horizon that make up the 

active layer and make the vast pools of SOC available to mineralization into greenhouse gases 

such as carbon dioxide (CO2) and methane (CH4) by the decomposing soil microbiome (Liebner 

et al., 2015; Tveit et al., 2013). In turn, increased efflux of greenhouse gases might offset the 

balance of carbon uptake and release, shifting arctic into a carbon source. Conversely, a model 

prediction of permafrost made under the IPCC (Intergovernmental Panel on Climate Change) 

suggest that between 30 - 99 % of the permafrost in the top 3.5 m can be thawed within this 

century (Koven et al., 2013). The current state of CH4 release per year is close to follow this 

model prediction, indicating a more accelerated efflux of greenhouse gases than suggested in 

Schuur et al. (2015).  

 

Another effect of climate change in High-Arctic is an altered precipitation regime and/or 

increased evaporation during summer, altering the hydrology of biological systems, resulting 

in either a positive or negative soil moisture balance, depending on region and topography. 

Precipitation often comes as snow, and increased snowfall could lead to thicker snow cover, 

which could function as isolation and increase the temperature of underlying soil, and 

consequently also the activity of the microbiota. Then in turn this could result in a longer period 

of snow-covered soil and wetter spring and summer seasons. Further, elevated temperatures 

during spring could counteract the effect of longer periods with snow cover resulting in a more 

rapid melting of the snow cover, which prolongs the growing season. However, in some 

regions, climate models predict a less extensive snow cover and an prolonged growing season 

(Cooper, 2014), but as a consequence, colder soil temperatures could occur during winter. 

Shoulder seasons could have more profound effect than previously thought as climatic effects 
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may carry over to other seasons (Cooper, 2014). Higher temperatures could also lead to 

increased evaporation during summer and create drier soils which are less buffered to changes 

in temperature and could have profound impacts on the microbial community structure and 

activity. Notably, Fenner and Freeman (2011) showed that drying of peatlands induced carbon 

loss, as phenol oxidases were activated through higher levels of oxygen. 

 

Future predictions of climate change effects on arctic terrestrial ecosystems are complex but 

needs to be investigated due to the potential global repercussions increased greenhouse gas 

emissions could have by causing a positive feedback loop to the global climate system, rapidly 

accelerating global warming. 

 

1.3 Microbial communities 

The biodiversity in arctic cryosols is shown to be comparable to soil in lower latitues (Chu et 

al., 2010). Arctic bacterial communities are often dominated by the bacterial phyla 

Proteobacteria, Actinobacteria, Acidobacteria, Bacteriodetes, Chloroflexi and Cyanobacteria 

(Chauhan et al., 2014; Koyama et al., 2014; Makhalanyane et al., 2016; Tveit et al., 2013). 

Biomass from arctic soils are dominated by bacteria, which are suggested to be at a 10-fold than 

of archaea, however, the archaea to bacteria abundance ratio increases with depth. 

 

Nitrogen (N) availability is considered to be the main growth limiting factor in nutrient poor 

arctic tundra (Shaver & Chapin, 1980). Cyanobacteria are, in addition to being significant 

primary producers, considered to be the primary source of N input in arctic terrestrial 

ecosystems due to their capability to fix atmospheric N2 (Liengen, 1999; Solheim et al., 2006; 

Stewart et al., 2011). Cyanobacteria can be either free living, or in symbiotic associations with 

a variety of eukaryotic hosts including lichens, mosses, liverworts and hornworts (Rai et al., 

2000; Smith, 1984; Turetsky, 2003). N2 fixation rates, and Cyanobacteria abundance, have 

been demonstrated to correlate with water availability, temperature and light (Chapin et al., 

1991; Dickson, 2000; Solheim et al., 2006; Zielke et al., 2003). Studies have shown that the 

most abundant Cyanobacteria in arctic soils are members of the cyanobacterial order 

Synechococccales, Oscillatores and Nostocales (Kviderova et al., 2011; Liengen & Olsen, 

1997; Pushkareva et al., 2015). Especially the Nostoc commune is demonstrated to display a 
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wide distribution in arctic terresterial ecosystems. The alphaproteobacterial class Rhizobiales 

is in addition to Cyanobacteria known to comprise many N-fixing members. Furthermore, 

several Rhizobiales families, i.e. Rhizobiacea and Bradyrhizobiacea are similarly associated 

with forming symbiotic relationships with plants.  

 

Actinobacteria are considered to be prominent inhabitants of cold environments, as they are 

suggested to occupy several key functional processes both in SOC degradation and in the 

nitrogen cycle (Chan et al., 2013; Tveit et al., 2013). Moreover, Actinobacteria are suggested 

to possess DNA-maintenance abilities, which is considered to be a beneficial trait in freeze-

thaw environments where DNA desiccation is prevalent (Johnson et al., 2008). Actinobacteria 

are also demonstrated to inhabit cold shock genes, which might enable them to cope with rapid 

changes in temperature (Chan et al., 2013).  

 

Copiotrophic Alpha- and Betaproteobacteria are demonstrated to increase in abundance with 

increase in nutrient availability, while oligotrophic Acidobacteria decreases (Koyama et al., 

2014). Moreover, there has been found a negative relationship between abundance of 

Acidobacteria and carbon mineralization rates, and a proposed classification into  r- and K 

selected strategies based on oligotrophy and copiotrophy (Fierer et al., 2007). A study of soil 

microbial communities from Canadian, Alaskan and European arctic showed that the 

differences in communities composition highly correlated with pH and inversely correlated 

with the C:N ratio (Chu et al., 2010). The same study showed a strong positive correlation of 

Alphaproteobacteria with increasing pH, while Acidobacteria on phylum level demonstrated 

an equivalent negative correlation (Chu et al., 2010). In accordance to the findings in Chu et al. 

(2010), the microbial community composition in soil from the Kongsfjord (Ny-Ålesund, 

Svalbard) area are reported to be higher in abundances of Proteobacteria, and lower in 

abundances of Acidobacteria, than reported in the sites of Chu et al. (2010), due to higher pH 

levels (> pH 6) (McCann et al., 2016). Moreover, bacterial 16S rRNA gene copy numbers are 

reported to inversely correlate with pH (Gray et al., 2014). Chloroflexi comprises bacteria with 

a variety of different metabolic pathways, including phototrophs (green non-sulfur bacteria), 

lithotrophs, heterotrophs and are adapted to both oxic and anoxic environments (Woese, 1987). 
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Moreover, the fraction of Chloroflexi has been shown to be higher at increasing depths (Tveit 

et al., 2013).  

 

Arctic microbial communities are important carbon sinks as low temperature and poor soil 

drainage minimalizes breakdown of SOC (Davidson & Janssens, 2006). In soils where anoxic 

conditions are predominant, such as peatlands, bogs and mires, high concentrations of phenolic 

compounds are considered to be a limiting factor in SOC degradation (Fenner & Freeman, 

2011; Freeman et al., 2001). However, when subjected to drought, oxygen activates phenol 

oxidases which results in an increase in carbon loss (Fenner & Freeman, 2011). Degradation of 

SOC depend on the genetic repertoire of the soil microbial community. Initial step of carbon 

degradation includes the breakdown of major polymers such as cellulose and hemicellulose and 

requires expression of the extracellular enzyme cellulase (Kotsyurbenko, 2005). Bacteriodetes, 

Actinobacteria and Verrucomicrobia were found to be the most active taxa in conducting this 

step in an arctic peatland (Tveit et al., 2013). Further mineralization of SOC includes 

fermentation and methanogenesis, where the former step, in the same study (Tveit et al., 2013), 

was found to be conducted mainly by Actinobacteria and Firmicutes. 

 

1.4 Methanogenesis 

The origin of CH4 could be a result of either biogenic or abiogenic processes. Degradation of 

organic compounds to yield CH4 is termed biogenic while CH4 derived from processes 

involving inorganic compounds is termed abiogenic (Schoell, 1988). Biogenic production of 

CH4 mainly results from the activity of methanogens, archaea that produces CH4 through 

several metabolic pathways. However, biogenic production of CH4 also include degradation of 

relic organic compounds on geological timescales through elevated levels of heat and pressure, 

termed thermogenic CH4 production, and the incomplete combustion of biomass, i.e peat fire 

and biofuel burning, termed pyrogenic CH4 production (Saunois et al., 2016). Several 

anthropogenic entities are major sources of biogenic CH4, namely, livestock farming, rice 

agriculture, fossil fuel exploitation, waste management, biomass burning, landfills and coal 

mining. In addition, inorganic pathways of CH4 production, involving water-rock-gas reactions, 

or magmatic processes, are also significant sources of natural occurring CH4, i.e. from 

hydrothermal vents (Etiope & Lollar, 2013). Methane hydrates, clathrates, constitutes the 
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largest reservoir of CH4, of which the methane could origin from either methanogenic archaea 

or thermogenic processes (Wallmann et al., 2012). 

 

CH4 concentrations in the atmosphere have increased by a factor of 2.5 since pre-industrial 

times (Etheridge et al., 1998). In the period 2003-2012, CH4 emissions from anthropogenic 

sources comprised approximately 352 Tg CH4 yr-1 of global CH4 emission, while contributions 

from natural sources constituted 384 Tg CH4 yr-1 of CH4, considering bottom-up models 

(inventories and data-driven approaches), with estimated total global emission of 736 Tg CH4 

yr-1 (Kirschke et al., 2013; Saunois et al., 2016). CH4 has a short lifetime of approximately 9 

years, yet the radiative forcing contribution is significant and CH4 has a global warming 

potential 28-34 times higher, over a 100-year time period, than CO2 (Shindell et al., 2009). 

Removal of atmospheric CH4 (atmCH4) is mainly caused by reactions with hydroxyl (OH) 

radicals, in the tropos- and stratosphere, reaction with atomic chlorine in the marine 

atmospheric boundary layer and minor reactions with electronically exited oxygen atoms in the 

stratosphere (Dlugokencky et al., 2011). Additionally, a substantial amount is removed through 

oxidation by methane oxidising bacteria (MOB). From natural sources, wetlands constitute the 

largest contributor to global emissions, due to the anaerobic production of CH4 by methanogens. 

However, emission rates from wetlands have the highest level of uncertainty in global models 

(Kirschke et al., 2013), partly owing to difficulties in defining wetland CH4-producing area and 

parameterization of anaerobic sources and oxidation rates (Wania et al., 2013). Emissions from 

wetlands varies, depending primarily on water table position, substrate availability and 

temperature (Saunois et al., 2016; Wania et al., 2013). 

 

CH4 emission from high latitudes (60-90°N) contributes only ~4% to global CH4 emissions, 

however the potential in the large amounts of carbon sequestered in perennially frozen soil is 

substantial (Saunois et al., 2016). Moreover, an increasing number of studies has been 

conducted on CH4 oxidation in carbon-rich peatlands, however, CH4 oxidation from mineral 

(carbon-poor) cryosols, despite its spatial predominance, is not thoroughly described, but is 

starting to get more attention (Lau et al., 2015).  
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1.5 Methanogens 

Methanogenic archaea are the most substantial source of natural occurring CH4. They are on 

the bottom of the thermodynamic hierarchy and consequently close to the limits of life. 

Anaerobic methanogens conduct the last step in degradation of SOC by utilizing mainly 

H2/CO2, formate or acetate as substrates to produce CH4 (Tveit et al., 2013), however, they can 

also use C1 compounds, i.e. methanol, mono-, di- and tri methylamines (Whitman et al., 2006). 

Phylogenetically, the methanogens are members of the Euryarchaeota phylum, and constitute 

seven distinct orders (Adam et al., 2017; Hug et al., 2016), whereof five are considered obligate 

hydrogenotrophs namely, Methanobacteriales, Methanopyrales, Methanococcales, 

Methanomicrobiales and Methanocellales (Buan, 2018). The order of Methanomasiliiicoccales 

constitutes the as-of-now only group that are obligate methylotrophs, while the order of 

Methanosarcinales are the most versatile group, having members that are either obligate 

acetoclastic or obligate hydrogenotrophic or members capable of utilizing several substrates for 

metabolism (Buan, 2018). Production of methane depend on water saturation (water table), and 

temperature. However, methane production is also reduced at higher levels of ferric iron (Fe 

(III)), due to Fe (III) reducing organisms utilizing H2 and acetate for metabolism at a lower 

concentration then methanogens (Lovley & Phillips, 1987). Moreover, methane production is 

shown to increase in sulfate depleted sediments (Winfrey & Ward, 1983). Increases in 

temperature induced CH4 production and in addition, revealed a shift in abundance of active 

methanogens from formate and H2 consuming Methanobacteriales to Methanomicrobiales and 

from acetoclastic Methanosarcinaceae to Methanosaetaceae (Tveit et al., 2015).  

 

A conserved phylogenetic marker gene, mcrA, is frequently used in addition to the 16S rRNA 

gene to assess the presence and phylogeny of the methanogens. This gene encodes the -subunit 

of the methyl coenzyme-M reductase gene and is ubiquitous and found in all methanogens 

(Thauer, 1998). 

 

1.6 Methane oxidizers 

MOB oxidizes CH4 and converts it into CO2 or biomass, and function as methane catalysts. 

Generally, MOB have phylogenetic affiliations to the proteobacterial subclasses Alpha and 

Gammaproteobacteria (Type II and Type I respectively) mainly based on differences in 
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metabolic pathways (Semrau et al., 2010). In addition, there have been discovered acidophilic 

MOB with phylogenetic association to the Verrucomicrobia phylum (Op den Camp et al., 2009) 

and to the novel NC10 phylum (Ettwig et al., 2010). Aerobic oxidation of CH4 is carried out by 

MOB primarily via either the RuMP pathway (type I), or the Serine pathway (type II), both 

with CO2 as an end product (Hanson & Hanson, 1996). Anaerobic oxidation of CH4 however, 

is also known to play an important role in mitigating CH4 emissions. Methanotrophic archaea 

have been shown to oxidize CH4 by conducting reverse methanogenesis in the presence of iron, 

manganese, nitrate and sulfate (Beal et al., 2009; Boetius et al., 2000; Haroon et al., 2013). 

Also, more recently, there has been provided evidence contradicting the ‘strictly aerobic’ nature 

of MOB, suggesting that MOB also are capable of oxidizing CH4 anaerobically. The bacterium 

Methylomirablis oxyfera in the phylum NC10 is shown to have the ability to oxidize CH4 by 

producing its own oxygen via the reduction of nitrite (NO2
-) (Ettwig et al., 2010). Moreover, 

Martinez-Cruz et al. (2017) suggests that anaerobic oxidation of CH4 can be performed by MOB 

using several different electron acceptors such as nitrate (NO3
-), nitrite (NO2

-), ferric iron (Fe3+) 

or manganese (Mn4+) and/or involve reactions providing O2 for the aerobic MOB. 

 

Methanotrophs are ubiquitous in nature and are found at high and low latitudes and- altitudes, 

which includes, marine systems, the atmosphere, aquatic environments, and terrestrial habitats. 

Moreover, induced MOB abundances are found in anthropogenic sites, such as, landfills, 

wastewater treatment sites, coal mines, livestock farms and rice fields. 

 

All MOB harbours the particulate methane monooxidase (pMMO) enzyme gene for oxidation 

of CH4 (Semrau et al., 1995), except a few genus that only possesses the gene for soluble 

methane monooxidase (sMMO) (Dedysh et al., 2000; Dunfield & Dedysh, 2014; Vorobev et 

al., 2011). Hence, a gene that encode a subunit of the pMMO gene, namely pmoA, is used as a 

phylogenetic marker gene to assess the diversity of MOB in microbial communities (Liebner 

et al., 2009; McDonald & Murrell, 1997; Semrau et al., 1995). It has been shown that type I 

MOB rRNA gene abundance correlates with phosphorous (Gray et al., 2014).  

 



 

 

 

 

 

19 

1.6.1 Atmospheric CH4 oxidizers 

Consumption of atmospheric methane (atmCH4) in cold environments is not a novel 

phenomenon, and has previously been described (Flessa et al., 2008; Lau et al., 2015; Martineau 

et al., 2014; Nauer et al., 2012; Whalen et al., 1990). Initially, atmMOB was found in upland 

soils, and were termed upland soil cluster (USC)  and , and constitutes clades within the 

Alpha-, and Gammaproteobacteria respectively (Holmes et al., 1999; Knief et al., 2003). 

Responsible for the atmospheric CH4 consumption are methane oxidizing bacteria (MOB) that 

comprises a high affinity version of the particulate methane monooxygenase (pMMO) enzyme 

(Baani & Liesack, 2008). More recently, members of Methylocystis and Methylosinus, has been 

found to, in addition to the low affinity pMMO, have a high affinity version of the pMMO 

enzymes which enables them to uphold cell maintenance under periods with low CH4 

availability (Cai et al., 2016). 

 

USC 

Recently a cultivated member of the USC clade, Methylocapsa gorgona MG08 (Tveit et al., 

2019) has given more insight into the biology and phylogeny of the USC clade. 

Phylogenetically, USC is classified as type IIb (Beijerickiaceae) methanotrophs, and the 

recent discovery of M. gorgona suggest that by extension, all members of the USC are of the 

genus Methylocapsa (Tveit et al., 2019). Members of the USC has been identified as the 

dominant MOB in upland soils with acidic to neutral pH (Degelmann et al., 2010; Kolb et al., 

2005). A screening of the 16S rRNA sequence of M. gorgona through all publicly available 

16S rRNA datasets showed that the M. gorgona was globally widely distributed, ranging from 

the high latitudes of the Arctic, till Australia and New Zealand (Tveit et al., 2019). This includes 

hydromorphic soils (Knief et al., 2006; Shrestha et al., 2012), Arctic acidic upland soil (Lau et 

al., 2015; Martineau et al., 2014), and a glacier forefield (Chiri et al., 2017) 

 

USC 

USC, belongs to the class of Gammaproteobacteria and is classified as type Id MOB, a group 

comprised of the clade of Nitrosococcus and related uncultivated clusters (Knief, 2015). 

However, in some literature sited in this thesis, the USC is classified as type Ic (e.g. in Chiri 

et al. (2017)). MOB of the USC is mostly found in neutral to alkaline soil, hereby an alpine 



 

 

 

 

 

20 

meadow (Zheng et al., 2012), a former lake (Serrano-Silva et al., 2014), glacier forefields (Chiri 

et al., 2017; Nauer et al., 2012), a karst cave (Zhao et al., 2018), and an arid desert ecosystems 

(Angel & Conrad, 2009). The distribution of the two USC groups is thereby assumed to be 

highly determined by pH (Knief et al., 2003; Martineau et al., 2014). However, Nauer et al. 

(2012) reports USC to be the dominant MOB in the top soil of a 20 year old siliceous glacier 

forefield in the Swiss Alps with pH of 4.88, contradicting the perception of USC being solely 

constrained to neutral and alkaline environments. Further, the presence of the USC at sub 

atmospheric CH4 concentrations down to 0.65 ppm (Zhao et al., 2018), suggest an adaptation 

to highly oligotrophic environments, with minimal CH4 supply.  

 

Notably, a potential pit fall in determining USC abundance is that the primer pair 

A189f/mb661r is known to highly discriminate USC, and is in general less efficient in 

amplifying Alphaproteobacteria methanotrophs (Bourne et al., 2001). Therefore, the 

abundance of USC can be underestimated if only the above-mentioned primer pair is used. 

To get the best coverage of the MOB community, a combination of the forward primer A189f 

with each of the three reverse primers A682r, mb661r and A650r has been recommended 

(Bourne et al., 2001; Knief, 2015). 

 

Moreover, as for methanotrophs in general, the USC and  abundance is demonstrated to be 

reduced when the ecosystem is subjected to anthropogenic disturbance such as deforesting, 

nitrogen deposition, fertilization and acidification (Abell et al., 2009; Dorr et al., 2010). 

Reoccurs when nitrogen fertilization is reduced (Shrestha et al., 2012). 

 

1.7 Methods for studying microbial biodiversity 

Microbial ecology studies was revolutionized with Woese and Fox (1977) discovery of the 16S 

rRNA gene as a phylogenetic marker gene and a distinction of the three domains (Bacteria, 

Archaea and Eukarya) we refer to today. The characteristics of the 16S rRNA gene, being 

conserved through evolution, yet possess hypervariable regions, allows for species specific 

identification of bacterial and archaeal taxa (Kolbert & Persing, 1999; Pereira et al., 2010). In 

addition to the 16S rRNA gene, several conserved genes for functional traits show similar 
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characteristics as the 16S rRNA gene and are frequently used as functional marker genes for 

the respective functional guilds. Functional genes include the abovementioned pmoA and mcrA 

genes for MOB and methanotrophs respectively. In addition the whole nitrogen cycle could be 

targeted by the nifH gene for nitrification, amoA for ammonia oxidizing bacteria and archaea 

(AOB, AOA), narG gene targeting denitrifiers, nirS which encodes the gene for nitrite 

reductase and nosZ the gene for nitrous oxide reductase (Braker et al., 1998; Francis et al., 

2005; Henry et al., 2006; Holmes et al., 1995; López-Gutiérrez et al., 2004; Okano et al., 2004; 

Rösch & Bothe, 2005). 

 

Studying microbial communities is a study of soil microbial diversity, which includes, species-

, genetic and ecosystem diversity. Species diversity is based on species richness, species 

evenness, total number of species present and species distribution (Øvreås, 2000). Dependency 

on cultivation and/or their expression of phenotypic traits has been a limitation with traditional 

methods. However, there are several biochemical and molecular methods that overcome this 

limitation. 

 

1.7.1 Biochemical methods 

Mainly, biochemical analysis is mainly analysis of signature lipid biomarkers. A limited 

number of bacteria and archaea have proven to be cultivable and it is estimated that only 

between 0.1% to 1% of the bacterial diversity is cultivated (Torsvik et al., 1998). Efforts to 

cultivate bacteria is however important as it is key to revealing the metabolic, physiological and 

biochemical properties of an organism and related taxa. A biochemical method that avoids 

cultivation efforts is analysis of signature lipid biomarkers (SLB). Fatty acid methyl ester 

(FAME) relies on signature fatty acids in the relatively homogenous proportion of fatty acids 

in cell biomass (Kirk et al., 2004). Differences in microbial biomass would be represented by 

changes in the fatty acid profile. Analysis of phospholipid fatty acid (PLFA) fingerprints is 

often used to highlight adaptation strategies activated by microorganism to environmental 

changes (Zelles, 1999). 
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1.7.2 Molecular methods 

Fluorescent In-Situ Hybridization (FISH) relies on fluorescent probes to target a region of 

interest. The FISH technique is versatile and can target both archaea and bacteria, active cells 

can be identified by probes targeting mRNA. Probes for functional groups is also frequently 

used. A mixture of probes can be applied to identify specific combinations, i.e. active part of a 

certain fraction of the microbial community. FISH is a visual identification method and cells 

can be quantified by counting. It is a fast and easy way of detecting and quantifying certain 

groups in the environment, taxonomical classification by FISH, however, often depend solely 

on morphology and is highly challenging. 

 

Microbial diagnostic microarray (MDM) utilizes DNA hybridization technologies to analyse 

environmental samples by applying environmental DNA or RNA to a matrix of functional gene 

specific probes (i.e pmoA), and analysing hybridization signal strength to infer phylogenetic 

affiliations (Wu et al., 2001). Bodrossy et al. (2003) developed a MDM containing 59 probes 

for detecting MOB from environmental samples, later Stralis-Pavese et al. (2011) extended this 

to account for 199 probes targeting approximately 50 species-level clades. Efforts have been 

made to be able to simultaneously quantify the detected microorganisms, but this proved 

problematic when using oligonucleotide probes, since it requires a twocolored quantification 

approach, hybridizing the samples with one colour against a hybridized reference set of 

strains/clones with another colour and determine quantification data from the ratios between 

the two colours (Bodrossy et al., 2003). 

 

Metagenomics include amplicon sequencing and shotgun sequencing. Shotgun sequencing 

amplifies and sequences all environmental DNA or RNA (cDNA), and thereby accesses the 

whole genomic potential (DNA) and the activity (RNA) of microbial communities. Amplicons 

are PCR-amplified genes from environmental DNA or cDNA. Amplification of the 16S rRNA 

gene has been widely used in metagenomics to assess the prokaryotic diversity and abundance 

in all types of environments including soil (Bach et al., 2018; Borsetto et al., 2019). Conserved 

functional genes that have diverged sufficiently to possess hypervariable regions that can be 

utilized to elucidate phylogenetic relationship are also frequently used. Amplicons are subjected 

to hi-throughput sequencing by a next generation sequencing platform, for example the 
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sequence by synthesis platforms Illumina HiSeq and Illumina MiSeq or the pyrosequencing 

platform 454 Life Sciences by Roche. Sequencing of environmental DNA allows for species-

specific identification through bioinformatic analysis of the hypervariable regions of either the 

16S rRNA gene or a functional gene. Moreover, taxonomic identification and the possibility to 

deduce abundance data from amplicon sequencing, makes it a powerful tool to infer community 

structure in microbial ecology. 

 

Stable isotope probing  is often used in combination with sequencing techniques to highlight 

the link between microorganisms and its ecological function (Dumont & Murrell, 2005). DNA 

or RNA extractions from soil incubated with a stable isotope labelled (often C13) substrate are 

separated by centrifugation in a density gradient. Then, when separated, amplicon sequencing 

of isotope labelled DNA can be used to identify which microorganisms that has been active and 

assimilated the isotope substrate (Leake et al., 2006). 

 

Denaturing gradient gel electrophoresis (DGGE) and temperature gradient gel electrophoresis 

(TGGE) are two frequently used methods, often termed DNA fingerprinting. DNA fragments 

are subjected to a denaturing gradient gel electrophorese which denatures and separates DNA 

based on base composition and the GC content of the fragment. This produces a DNA profile 

(DNA fingerprint) of the sample and is a representation of the community composition (if using 

16S rRNA gene), band intensities can give an indication of abundance. Further, the DNA 

fragments can be excised and sequenced. The difference between TGGE and DGGE is that 

TGGE uses temperature to denature the DNA fragments. 

 

Aims 

We aim to study the biodiversity and structure of the terrestrial microbial community along 

environmental gradients in the Arctic. A comprehensive sequence dataset was used to analyse 

the bacterial community structure and more specific, the methane oxidising community. These 

results are the platform for further studies of the microbial community related to seasons and 

longer-term perspectives. Ultimately, we aim to obtain data that allows us to make predictions 

on how these communities will be affected by future climate change scenarios and the potential 

feedback mechanisms to the climate system. In addition, the purpose of this thesis was to learn 
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bioinformatical processing of sequence data and statistical methods used in microbial ecology. 

Here we use amplicon sequencing of the 16SrRNA gene and the MOB specific gene, pmoA to 

map both the bacterial community, and the methane oxidizing community. 

2. Materials and methods 

Data 

This thesis is written in agreement with a BiodivERsA project termed Climarctic. The rights to 

use data acquired in the project was given by the project leaders. All data on physical and 

chemical soil properties was obtained by project collaborates. The bioinformatic processing of 

sequence data was done by Postdoc Christophe Victor Seppey. Thus, mainly library preparation 

of the pmoA gene and statistical analysis of sequence data from both the 16S rRNA gene and 

pmoA gene, in addition to DNA extractions of some samples were done by this thesis author. 

However, the material and methods section describe all steps done to obtain the data presented 

in this thesis. 

 

2.1 Study sites 

This study was conducted at Kongsfjorden International Research Base in Ny-Ålesund 

(Svalbard, Norway, 78°55′26.33’’N, 11°55′23.84’’E). The research station is a model system 

for the High Arctic with many institutions and countries contributing to arctic science and 

surveillance of the arctic environment. Environmental characteristics in Ny-Ålesund includes a 

variety of different soil and glacier types, geological features, and hence habitats such as polar 

A B 

Figure 2: The two study sites, A; Knudsenheia (KH) and B; Ossian Sarsfjellet (OS) 



 

 

 

 

 

25 

semi-desert, wet moss tundra, and ornithogenic soils, due to its coastal terrestrial nature. Ny-

Ålesund demonstrate relatively mild climatic conditions compared to other regions at the same 

latitudes, caused by input of warm Atlantic water masses, transported by the West-Spitsbergen 

Current into the Arctic Ocean. This results in relatively mild mean summer and winter 

temperature of 5°C and -15°C, respectively (Statistisk Sentralbyrå, SSB). However, during 

winter, prolonged periods with low temperatures between -20°C and -35°C can occur, typically 

between December and April. The precipitation is quite low, averaging at 470 mm annually 

with 70% typically falling between October and May, when snow cover is usually complete 

(Norwegian Meteorological Institute). Two study sites with clear moisture gradients were 

chosen in the study area: (1) Knudsenheia (KH) a wetland located approximately three km 

north-east of Ny-Ålesund (Figure 2A) and (2) Ossian Sarsfjellet (OS) a Nature Reserve 

approximately 12 km north-west of Ny-Ålesund across the Kongsfjorden (Figure 2B). 

 

2.2 Experimental design and sampling 

The KH moisture gradient was established from the north, north-eastern littoral zone of a wide, 

shallow pond towards decreasing soil moisture in a south-southwestern orientation. In OS, the 

transect decreases in soil moisture from the shore of Sarsvatnet towards an elevated ridge in a 

north by western orientation (Figure 2). In both study areas the soil moisture gradient 

constituted three subsites: dry, intermediate and wet, each with three 1m2 replicate plots. Each 

Figure 3: Overview of materials and method section. Illustration of the gradient selected in OS with the soil 

moisture content in percentage per moisture level. In yellow is the work done in laboratory, while light blue 

illustrate the work done in silico. 
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plot was divided into 4 sub quadrats, whereof 3 were selected for sampling. Furthermore, soil 

was collected at two different depths: the top layer (0-1 cm) and the deeper layer (5-10 cm). In 

total, 54 soil samples (3 subsites x 3 plots (replicates) x 3 sub quadrats x 2 soil depths) were 

collected per site. Each sample was homogenized by hand in a plastic bag to obtain 

representative samples. Subsamples were taken from homogenised soil and dried at 60°C 

within 24h after collection designated for soil analysis. Samples for molecular analysis were 

kept in - 80 °C until nucleic acid extraction in home laboratory. The sample campaign took 

place in July 2017. All plot details concerning GPS, altitude, and physical-chemical soil 

parameters are summarized in (Kern et al., 2019). 

 

2.3 Physical and chemical soil analysis 

To determine soil moisture content (MC), about 20 g of fresh soil of each sample, were sieved 

(2 mm) and weighed while fresh and then re-weighted after soils were dried at 105°C. The 

weight difference between wet and dry soil was used to calculate the gravimetric soil water 

content, expressed as percentage of fresh weight (Eq.1). 

 

% 𝐻 𝑂2 =  
𝐹𝑟𝑒𝑠ℎ 𝑤𝑒𝑖𝑔ℎ𝑡−𝐷𝑟𝑦 𝑤𝑒𝑖𝑔ℎ𝑡

𝑊𝑒𝑡 𝑤𝑒𝑖𝑔ℎ𝑡
× 100     (Eq. 1) 

 

Thereafter a combustion step followed at 450°C for 5 h to assess the amount of organic matter. 

The organic matter content was expressed as percentage of total dry mass (Eq. 2). 

 

% 𝑂𝑟𝑔𝑎𝑛𝑖𝑐 𝑚𝑎𝑡𝑡𝑒𝑟 =  
𝐷𝑟𝑦 𝑤𝑒𝑖𝑔ℎ𝑡−𝐶𝑜𝑚𝑏𝑢𝑠𝑡𝑒𝑑 𝑤𝑒𝑖𝑔ℎ𝑡

𝐷𝑟𝑦 𝑤𝑒𝑖𝑔ℎ𝑡
× 100   (Eq. 2) 

 

The pH was measured for each soil sample with a glass electrode connected to a pH meter in 

aqueous soil-extract (soil:aqua regia ratio of 1:2) (FEP20-FiveEasy Plus, Mettler-Toledo 

GmbH, Switzerland). 

 

Dried soil subsamples (see above) were sieved (2 mm) and stored at room temperature prior to 
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nutrient analysis. Total carbon (TC) and total nitrogen (TN) were determined by dry 

combustion after grinding dried subsamples using a CNS VARIO EL analyser (Elementar 

Analysensysteme GmbH, Germany). 

 

2.4 Soil grinding and DNA extractions 

Subsamples from KH and OH were manually grinded in liquid nitrogen using a pestle and 

mortar. Finely grinded soil was transferred to 15 ml Falcon tubes and stored in -80°C, prior to 

DNA extractions. The DNA extraction and purification steps were performed using Qiagen 

RNeasy
 
PowerSoil

 
Total RNA Kit (Qiagen) coupled with the RNeasy

 
PowerSoil

 
DNA 

Elution Kit (Qiagen) with following modifications: the protocol suggested that 2.0 g of soil is 

adequate to provide a sufficient amount of DNA for analysis. However, based on personal 

communication with laboratory technician Alena Didriksen, a decision was made to use up to 

4.0 grams of soil from the deeper layers to get sufficient amount of DNA for PCR. In the 12th 

step of the protocol, an incubation at 45°C followed by vortexing was needed to resuspend the 

pellets. This was to be repeated until pellets were completely resuspended. However, if the 

pellets were hard to resuspend after repeating the incubation and vortexing process, the 

vortexing step was replaced with dragging the bottom of the tubes in a slight angle up and down 

along a tube-rack to detach the pellet from the collection tube surface and fully resuspend it in 

Solution SR5. Following the step of washing the JetStar Column with Solution SR5 to remove 

unbound contaminants (step 15), the protocol for the DNA Elution Kit was followed herein 

according to kit protocol. Final elution of DNA was done in H2O to a volume of 50l instead 

of 100l to increase DNA concentration. The kit required a phenol/chloroform/isoamylalcohol 

solution which was made by mixing the reagents in the ratio 1:1:24 (pH 6.5 – 8) to a final 

volume that covered the samples designated for DNA extraction. To ensure RNA free DNA 

isolation, the samples were treated with 10 g/ml RNase-A. The quality of the extracted DNA 

was measured by applying 1l of sample to a Nanodrop 1000 spectrophotometer (Thermo 

Fischer). 

 

2.5 Library preparation 16S and pmoA 

The library preparations followed the instructions given in Ilumina 16S Metagenomic 

Sequencing Library Preparations (Amplicon PCR, 2013) with modifications for the 
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A189f/mb661r primers (Table 1) and A189f/A682 (Table S2) for amplifying the pmoA gene 

and the primers for mcrA for methanogens (Table S2). The modifications were; specific PCR 

programs for the respective primers to maximize template for sequencing. During the clean-up, 

the concentration of AMPure Beads was specified to target the pmoA length fragments from 

the PCR. The general steps of the library preparation is: 1. an initial PCR, followed by a PCR 

clean-up to obtain pure amplicon DNA, which is run on a agarose gel to confirm PCR product, 

2. a quantification by Qubit and normalization, 3. a second PCR to attach indices, followed by 

4. a final quantification and normalization before sequencing. 

 

Table 1: Primers and adapters used for amplifying the pmoA and 16S rRNA genes in PCR reactions. 

Primers Primer sequence 

A189f (pmoA)(Holmes et al., 1995) 5’-GGNGACTGGGACTTCTGG-3’ 

mb661r(pmoA)(Costello & Lidstrom, 1999) 5’-CCGGMGCAACGTCYTTACC-3’ 

A682r (pmoA)(Holmes et al., 1995) 5’-GAASGCNGAGAAGAASGC-3’  

pA (16S rRNA gene)(U. Edwards et al., 1989) 5’-AGAGTTTGATCCTGGCTCAG-3’ 

BKL1 (16S rRNA gene)(Tytgat et al., 2014) 5’-GTATTACCGCGGCTGCTGGCA-3’ 

Adapters Adapter sequence 

Forward overhang 5’ TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG‐3’ 

Reverse overhang 5’ GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG‐3’ 

 

2.5.1 PCR Amplification of pmoA gene with A189f/mb661 and A189f/A682 primers 

Separate PCR reactions were conducted for the reverse primers mb661r and A682 in 

combination with forward primer A189f. A PCR reagent mix from FastStart High Fidelity PCR 

system by Roche was used. In a 25 l PCR reaction, the following reagents were combined, 2.5 

l reaction buffer (with MgCl2), 2.5 l dNTP (2mM to a concentration of 0.2 mM in the 

reaction), 0.25 l taq FastStart enzyme, 1 l primers (10M to a concentration of 0.4 M in 

reaction) 1 l soil DNA template (15ng l-1), and 16.75 l H2O. The reagents were added in 

decreasing order according to volume. The PCR reaction was initialized with a 4 min initial 

denaturation step at 94°C, followed by 35 cycles of 30 sec denaturation at 94°C, 1 min 
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annealing, 3 min elongation at 72°C, and a final elongation step of 20 min at 72°C. Duplicates 

of PCR were performed for each sample and pooled prior to the clean-up step. 

 

2.5.2 PCR Amplification of 16Sr RNA gene 

Primers pAf and BKL1 (Table 1) was used to amplify the 16S rRNA gene region V1-V3 (Tytgat 

et al., 2014). The amplicon library preparation process of the 16S rRNA gene was conducted 

by Climarctic project collaborators, at the University of Ghent (Belgium), Department of 

Biology by the Protistology and Aquatic Ecology research group. 

 

2.5.3 PCR Amplification of mcrA gene 

To optimize PCR product for the mcrA gene, several PCR protocols were tested on samples 

from wet soil (T31, T37, T39, T43, T44, T45, T47). A initial PCR was performed using 

FastStart High Fidelity PCR system (Roche) with 2.5 l reaction buffer (with MgCl2), 0.2 mM 

dNTP’s, 0.4 M primers (mlasf, mcrArev, see Table S2) (Steinberg & Regan, 2008), 2.5 U taq 

FastStart enzyme, 1 l soil DNA template (15ng l-1) and filled with dH2O to obtain a 25 l 

reaction. The PCR program was as described in Steinberg and Regan (2008) using an Biometra 

TProfessional Standard Thermocycler. A second PCR was performed on the same samples as 

above using the same amount of PCR reagents as described above, except with primers from 

Luton et al. (2002) (MLf and MLr, see Table S2). The PCR cycle was performed according to 

the program given in Frey et al. (2011) with a 60 sec denaturation step in the cycles. A third 25 

l test PCR reaction was set up for the abovementioned samples using 30 ng template DNA, 1 

x PCR buffer (without MgCl2), 2 U taq enzyme blend, 2 mM MgCl2, 20 pmol of each primer, 

and 0.4 mM dNTP’s (Frey et al., 2011). The PCR program was the same as described in Frey 

et al. (2011). Of the PCR product, 15l was run on a 0.8 % agarose gel to check for product. 

 

2.5.4 PCR cleanup 

Clean-up of PCR product was done using Solid Phase Reversible Immobilization (SPRI) beads, 

AMPure XP beads (Agencourt), magnetic beads coated with negative carboxyl groups, which 

binds aggregated DNA in a NaCl, PEG buffer. It binds a certain length of DNA fragment based 
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on the concentration of AMPure beads used in the clean-up and releases it during a rinsing step 

with Tris ph 8.7 (10mM) or molecular biology grade H2O.  

 

Beads that had obtained room temperature was vortexed to evenly disperse the beads in the 

solution. Using a pipette, 35l of AMPure XP beads were distributed to the PCR tubes 

containing PCR-product to obtain a concentration of 0.7X AMPure XP beads. After aliquoting 

the AMPure XP beads, the entire sample solutions were pipetted up and down 10 x times, then 

the tubes were incubated for 5 min at room temperature. The tubes were thereafter put on a 

magnetic stand and let adhere for two minutes or until the supernatant had cleared, then the 

supernatant was discarded. Thereafter, two washing steps with 80% ethanol (EtOH) followed; 

while on the magnetic stand, 200l 80% EtOH was added to the tubes, and incubated at room 

temperature for 30 sec, and carefully discarded. This was repeated a second time with an extra 

removal of excess EtOH with a fine pipet tip. The beads were let air dry for approximately 10 

min at room temperature. The tubes were then removed from the magnetic stand and added 

26.25l of RNase free water and pipetted up and down until the AMPure XP beads were fully 

resuspended. Then the plate was put on a magnetic stand and let stay until supernatant cleared. 

A pipette was used to transfer 25l of the DNA-supernatant to new PCR tubes.  

 

2.5.5 Gel-electrophoresis 

Following the clean-up process, 0.8 % agarose gels were made by measuring 32 mg agarose 

(Sigma-Aldrich) in a plastic measuring ship and allocating to a clean Erlenmeyer flask. 

Thereafter, 40 ml of TAE buffer was poured into the flask and put in a Microwave oven on 

700W until the agarose was fully dissolved. The hot agarose liquid was cooled down to 60°C 

in room temperature and added 4 l of GelRed with a pipette and mixed carefully before it was 

poured into a gel-mould with 20 wells and let set for approximately 20 min. Of the cleaned 

PCR product, 10l was mixed with 2l loading dye by pipetting carefully up and down until 

fully suspended and loaded to the wells. A 1kb DNA ladder (GeneRuler, Thermo Scientific) 

was used in 2 l to get fragment length. Gels were run for 20 min at 100V. After running the 

gels, the gels were placed on a GelDoc (Bio-Rad, ChemiDoc™ MP) imaging system and the 

program was manually set to nucleic acid, with automated exposure time. Gel pictures of pmoA 
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amplicons generated by the reverse primers mb661r and A682r are shown in Appendix (Figure 

S2-S8). 

 

2.5.6 Quantification of amplicon DNA by Qubit™. 

A fluorometric quantification of amplicon DNA was estimated with a Qubit™ ds DNA High 

Sensitivity Assay executed according to manufacturer’s description on a Qubit™ 3.0 

fluorometer (Qubit™ Invitrogen, www.invitrogen.com/qubit). The Qubit working solution was 

made by mixing 1l Qubit™ Reagent per sample plus two standards with 199 l Qubit™ buffer 

per sample and standard. Two Assay Tubes for the standards were set up by allocating 190l 

of buffer per standard into the AssayTubes and adding 10l of standard solution I and II to the 

respective tube to a final volume of 200l. For the samples, 1l of sample was mixed with 

199l of buffer to a final volume of 200l. Standards and samples were then vortexed for 2-3 

seconds and incubated at room temperature for 2 minutes prior to analysing. The Qubit™ 3.0 

fluorometer was set to the ds DNA Hi-Sensitivity setting. On the fluorometer the standards 

were read in order I and II, before the samples were analysed. 

 

2.5.5 Illumina sequencing 

The final steps of library preparations, including, index PCR and normalization, was performed 

at the University of Ghent (Belgium), Department of Biology by the Protistology and Aquatic 

Ecology research group prior to sequencing with Illumina MiSeq. 

 

2.6 Bioinformatics pipeline 

Raw sequences were received demultiplexed from the sequencing facility. The bioinformatics 

pipeline was performed in three steps: a pre-processing step, a clustering step and an assignation 

step. The pre-processing step was initialized by merging of paired end reads with the program 

PEAR (PEAR - Pair End reAds mergeR, https://cme.h-its.org/exelixis/web/software/pear/). 

This was followed by a filtering step were the reads were filter by size, 400 – 650 bp for 16S 

DNA (V1-V3 region), 500-510 bp for pmoA (A189f/mb661r) and 530-535 bp for pmoA 

(A189f/A682r). Further, a truncation by quality, were the reads were truncated if 2 nucleotides 

in a row had a phred-score below 30, and a max expected error = 1. Chimeras were removed 
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with the UCHIME algorithm in the open source tool suite vsearch (Rognes et al., 2016). Reads 

including a stop codon or not having a nucleotide number divisible by three were discarded in 

order to avoid frameshift errors. The clustering was done in vsearch with an OTU cut-off for 

16S at 97% and 86% for pmoA (Wen et al., 2016). The classification was done based on the 

Silva database for 16S rRNA gene data and Wen et al. (2016) for the pmoA OTUs using a RDP 

classifier, a Näive Bayesian classifier to assign OTUs from domain to genus (Wang et al., 

2007).  

 

2.7 Statistics and phylogenetics 

A standard Pearson correlation test was used to test for linear relationships among the measures 

soil variables (Pearson, 1931). Species richness (Shannon indices) was calculated from a 

relative abundance OTU-table using the diversity function in the vegan package (Oksanen et 

al., 2007).  

 

2.7.1 Redundancy analysis 

Investigations into the response of the bacterial communities to different factors and 

environmental variables was conducted using a multivariate analysis termed distance based-

redundancy analysis (db-RDA)(Legendre & Legendre, 2012). A Hellinger transformed OTU 

table (Eq. 1) was made with the decostand function in the package vegan (Oksanen et al., 2007). 

All statistical analysis were performed in R (R Core, 2019). 

 

𝑦′𝑖𝑗 = √
𝑦𝑖𝑗

𝑦𝑖+
      (Eq.3) 

 

In Eq. 1, the Hellinger transformed number (y´ij) is the square root of the number of reads from 

an OTU in a sample (yij) divided by the row sum of the respective sample yi+. Thereafter, the 

db-RDA was computed, using the capscale function in the R package vegan, on a Bray-Curtis 

dissimilarity matrix (Eq. 2) (Bray & Curtis, 1957) calculated from the Hellinger transformed 

OTU-matrix by selecting the option distance = ‘bray’. 
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𝐵𝐶𝑖𝑗 = 1 −
2𝐶𝑖𝑗

𝑆𝑖+𝑆𝑗
     (Eq. 4) 

 

In Eq. 2, BCij is the Bray-Curtis distance, Cij is the sum of lesser values only for species shared 

by the two compared communities and Si and Sj are the total number of reads per OTU at each 

site. An ANOVA like permutation test in the vegan package, anova.cca, was executed with 

1000 permutations on the db-RDA to assess the significance of the effect of factors and 

variables implemented in the db-RDA on both the whole bacterial community (16S rRNA gene) 

and the MOB-community (pmoA gene). 

 

2.7.2 Phylogenetics 

Tree-building 

Evolutionary relationship of the MOB-OTU’s, was inferred by constructing phylogenetic trees 

in MEGAX (Kumar et al., 2018). Fasta files of pmoA amino acid sequences were retrieved from 

NCBI (Sayers et al., 2019)( https://www.ncbi.nlm.nih.gov). Separate trees were built for the 

alphaproteobacterial and gammaproteobacterial MOB. Multiple sequences were aligned using 

ClustalW. For the pairwise sequence alignment the gap opening penalty and gap extension 

penalty had the default settings of 10.00 and 0.10 respectively. However, for the multiple 

alignment of amino acid sequences, the gap opening penalty was set to 3.0 and the gap extension 

penalty set to 1.8 as suggested by Hall (2013). Sequences were manually truncated after 

alignment to obtain equal length sequences for further analysis. An assessment of the best 

combination of amino acid substitution model and distribution of rate differences among sites 

were performed in MEGAX. It compares the combination of 16 substitution models and 4 

distribution models to compute the best combined model for the given data. The combination 

of amino acid substitution model and suggested distribution of rate differences among sites with 

the lowest Aikaike criterion (AIC) score was chosen. The maximum likelihood (ML) tree was 

calculated based on initial trees constructed automatically by using Neighbor-Join and BioNJ 

algorithms to a pairwise distance matrix estimated from a Jones Taylor Thornton amino acid 

substitution model (Jones et al., 1992), selecting the topology with a superior log likelihood 

value. Further, the Le and Gascuel (2008) model was applied to infer the evolutionary history 

assuming a discrete Gamma distribution with 4 categories of the evolutionary substitution rate 

differences between sites. To ensure a sufficient robustness of the trees, a bootstrapping with 

https://www.ncbi.nlm.nih.gov/
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1000 re-samplings was performed. For the gammaproteobacterial MOB tree, the sequences of 

the alphaproteobacterial Methylocystis sp. SC2, Methylosinus trichosporium OB3b and 

Methylosinus sporium M242 were used to root the tree. For the alphaproteobacterial MOB tree, 

sequences of the gammproteobacterial Methylococcus capsulatus Bath, Methyloparacoccus 

murellii R-49797 and Methylogaea oryzae JCM were used to root the tree. 

 

3. Results 

Soils were characterized based on chemical and physical soil properties. Gravimetric water 

content (MC), pH, organic matter (OM), total carbon (TC) and total nitrogen (TN) constitutes 

the chemical soil parameter. Grain coarseness, divided into sand, silt and clay, constitutes the 

physical soil properties. Data from the top layers are presented in (Kern et al., 2019). A table 

of data for all samples are shown in Table S1. 

 

3.1. Soil characteristics  

3.1.1 Gravimetric water content 

Moisture content (MC), ranges from 15.1 ± 3.7 % to 70.0 ± 10.0 %, where the former represents 

the deep layer of the KH intermediate site, and the latter represent the top layer at the wet site 

at KH (Table 2). A natural moisture gradient was observed at each site within the top layers 

and within the combined mean values for top and deep layers. However, when considering only 

the deep layers, the moisture content at the intermediate site at KH is slightly lower than the 

dry site. In contrast, the intermediate site at OS is considerably higher in water content than the 

wet site. Overall, the combined mean value for MC at each site, show that KH has a higher 

mean water content than OS, with 36.2 ± 23.3 % at KH, compared to 29.9 ± 11.0 % at OS, 

albeit with higher variation at KH. Further, the top layers were consistently more humid than 

the deep layers at both sites and all sites. The largest difference in mean water content between 

layers within a moisture level was measured at the KH, wet site, ranging from 21.5 ± 2.3 % in 

the deep layer to 70.0 ± 10.0 % in the top layer. Largest variation in water content was observed 

at the top layers at KH, while the least variation was overall observed in the deep layers. 

Differences in water content between the top and deep layers were not as profound in OS as in 

KH. Generally, OS showed less variation in measured water content in the top layers than in 

KH. 
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3.1.2 pH 

Mean values for pH along the gradient ranges from 5.5 ± 0.2 in the top layer of the dry site at 

KH to 7.4 ± 0.2 in the deep layer of the intermediate site at KH (Table 2). However, the pH in 

the top layer of the dry site at KH (5.5 ± 0.2) is substantially lower than measured for remaining 

samples, which more constant (6.4 ± 0.1 to 7.4 ± 0.2).  Consistently, the top layers within the 

moisture levels exhibit slightly lower mean pH values than their respective deep layers, with 

the largest difference measured at the KH dry site. There is a slight negative trend of pH in 

relation to moisture content (MC), however the correlation does not meet the requirements of 

being statistically significant (correlation coefficient = -0.2, p-value = 0.056). 

 

3.1.3 Organic matter, total carbon, total nitrogen and carbon nitrogen ratio 

There is a considerable difference in the OM content of the top layers and down layers. Overall 

the OM content in the top layers vary from 12.9 ± 5.1 to 43.8 ± 23.3, while it varies from 2.3 ± 

0.4 to 13.9 ± 7.9. Except for the deep layers at the intermediate and wet sites, OS show overall 

lower levels of OM (Table 2). Moreover, for both KH and OS, the top layer at the intermediate 

site contains most OM. In the deep layers in all sites, the mean OM content is < 5 % except for 

the deep layer in the intermediate site (13.9 ± 7.9 %).  

 

Except for in the deep layer of the intermediate site at KH (1.4) and in the deep layer of the wet 

site at OS (1.5) TC is approximately a factor of 2 less than OM. Consequently, the same trend 

as for OM is observed in the TC content. The lowest content TC is observed at the wet site and 

in the deep layer at KH, while the highest content of TC is found at the top layer in the 

intermediate site in KH. As for OM, there are generally higher proportions of TC at the KH 

site, than in OS. TC content is similarly to OM higher, at both KH and OS, in the top layer at 

the intermediate site at OS, resembling that of mineral soils. The same trend for the total 

nitrogen content as for the OM and TC contents was demonstrated. Highest content of TN for 

both sites was observed at the intermediate site and in the top layer (1.2 ± 0.4 % and 1.0 ± 0.2 

% for KH and OS respectively). For all moisture levels at both KH and OS, the deeper layers 

exhibited lower contents of TN compared to the top layers. Notably, OM, TC and TN 

demonstrated strong positive correlations to MC (correlation coefficient = 0.81 – 0.84, p-value 

< 0.001). 
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3.1.4 Physical soil properties 

Sand represents the highest granulometric fraction, for each combination of site, moisture and 

depth (Figure 4). Except for in the deep layer at the wet site at KH (3.8 %), proportions of clay 

were more or less 

consistent between both 

sites and layers, ranging 

from 6.3 to 12.1 % at 

KH, and from 9.1 to 

14.8 % at OS (Table 

S1). Still, there was a 

positive correlation 

between proportion of 

clay and WC (Pearson 

correlation coefficient = 

0.46, p-value < 0.001). 

Differences in soil grain 

coarseness between 

sites became more 

apparent considering 

proportions of sand and silt. Overall, there was a higher proportion of sand at the KH site (65.5 

% to 88.1 %) compared to OS (54.4 % to 71.7 %). In contrast, there was a lower proportion of 

silt at KH (6.5 % to 25.6 %) compared to OS (19.4 % to 35.5 %). Moreover, a Pearson 

correlation test showed that there was a moderate negative correlation between proportion of 

silt and moisture content (WC) (correlation coefficient = - 0.28, p-value = 0.0034). 

 

3.2 Bacterial community structure (16S rRNA gene) 

PCR amplification of the 16S rRNA gene gave product for a total of 94 samples out of totally 

108. These samples representing both sites (KH and OS), all moistures (dry, intermediate and 

wet), and both depths (top and deep). There were 14 samples that did not give any PCR product, 

whereby the majority (6 samples) represented the wet site at KH (3 top layer, 3 deep layer), 2 

samples (1 top layer, 1 deep layer) represented the KH intermediate site. For OS, 6 samples 

Figure 4: Figure shows the mixture of sand silt and clay at KH and OS along 

the moisture gradient and at the top and deep layer 
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gave no product, which 3 were from the dry site (1 top layer, 2 deep layer), 2 from the top layer 

of the wet site and 1 representing the top layer at the intermediate site (Table S1). 

 

3.2.1 Species richness and evenness 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

The nonparametric Shannon-Wiener indices show that there is no apparent relationship between 

the moisture gradient and the bacterial biodiversity. Plotted in Figure 5 are the calculated 

species diversity indices from a total of 94 samples (46 KH, 48 OS). The result show that there 

is great variation in species richness between samples from the same site and layer. However, 

samples representing the dry site and the deep layer show the highest degree of diversity at KH. 

Similar trend is observed at OS, where the greatest species diversity seems to be demonstrated 

in the top layer at the dry site. There are no apparent differences in species richness and 

evenness between moisture levels, however there is a large variation between samples 

A 

B 

Figure 5: The figure show the Shannon-Wiener indices (richness and evenness) based on relative abundance of  

OTU’s in 94 samples from A; Knudsenheia, and B; Ossian Sarsfjellet. Top layers are shown by the open 

triangles, and the deep layers are shown by the filled circles. Colours represent different moisture levels; orange 

= dry site, green = intermediate, blue = wet. 
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3.2.2 Pie charts 

When reporting differences in community structure based on the 16S rRNA gene, only the 

observed differences between the dry and the wet sites (Figure 7 and Figure 8) will be presented. 

Bacterial community data based on the 16S rRNA gene for the intermediate sites is not included 

in this thesis. For the MOB community based on the pmoA gene, all sites are.  

Figure 6: A list of colour codes representing the taxa showed in pie chart 

(Figure 7 and 8) 
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The most dominant phylum is the Proteobacteria (47 – 72% of sequences), with 

Alphaproteobacteria (84 – 95 % of Proteobacteria) being the most dominant class. The highest 

relative abundance of Alphaproteobacteria is found in the KH dry top layer (Figure 7). The 

phyla Actinobacteria (3 – 15 %), Chloroflexi (2 – 14 %), Acidobacteria (2 – 7 %) and 

Cyanobacteria (up to 17 %) are present at all sites in various relative abundances. Among the 

Alphaproteobacteria, the order Rhizhobiales (34 – 92 %), is the most abundant order in all 

communities and is mainly represented by the families Hyphomicrobiaceae (16 – 32 %), 

Xanthobacteriaceae (8 – 23 %), Bradyrhizobiaceae (1 – 23 %) and MNG7 (8 – 22 %). The 

Figure 7: The pie charts show the microbial communities in the top and deep layer of the dry and wet sites for KH. The circles 

from inner to outer represents the taxonomic levels in the following order: Domain, Phylum, Class and Order, while the text 

outside diagram represents the Family level. Colours indicating respective taxa are given in the legend. Figure show taxa that 

make up >1% of the community. Taxa representing <1% of the community is grouped into higher level taxa. 
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proportion of Hyphomicrobiacea is relatively similar at KH and OS in both moisture levels and 

depths. However, the highest relative abundance is found in the top layer of the wet site in KH 

(14.8% of total community). Bradyrhizobiaceae are only found above the 1% threshold in the 

top layers at the dry sites of both KH and OS, where they constitute a considerable proportion 

of the community at KH (9% of total community), and slightly less at OS (2.2% of total 

community). Members of the Xanthobacteraceae are found to exhibit higher relative abundance 

in the deeper layers than in the top layers at both KH and OS (Figure 7 and Figure 8). In contrast, 

members of the order Sphingomonadales and Rhodospirillales, mainly represented by the 

Figure 8: The pie charts show the microbial communities in the top and deep layer of the dry and wet sites for OS. The circles 

from inner to outer represents the taxonomic levels in the following order: Domain, Phylum, Class and Order, while the text 

outside diagram represents the Family level. Colours indicating respective taxa are given in the legend. Figure show taxa that 

make up >1% of the community. Taxa representing <1% of the community is grouped into higher level taxa. 
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families Sphingomonadaceae and Acetobacteraceae respectively, exhibits higher proportions 

in the top layer communities at both moistures and both sites (KH and OS). 

 

There is a strong positive correlation between the cyanobacterial 16S rRNA gene read counts 

with MC (correlation coefficient = 0.56, p-value < 0.001). This reflects observed differences in 

Figure 7 and Figure 8, showing that the relative abundance of Cyanobacteria is higher in the 

top wet site, than in the top dry site. In these sites, the genus Leptolyngbya of the order 

Oscillatoriales comprises between 14-22 % of the assigned cyanobacteria reads (not shown). 

Notably, a small proportion of cyanobacteria sequences are assigned to chloroplast. Further, a 

shift to Chloroflexi with depth is also evident (Figure 7 and Figure 8). Moreover, the 

Gemmatimonadetes are more abundant in deeper soils, and slightly more numerous in drier 

soil. There was also a significant log linear correlation between the 

Alfaproteobacteria:Acidobacteria ratio and the C:N ratio (correlation coefficient = 0.35, p-

value = 0.04)(Figure S1). The proportion of unassigned Bacteria make up approximately 8-15 

% of the communities, with the highest proportion of unassigned Bacteria in the deep layer of 

the dry site at KH (15%) and the lowest proportion of unassigned Bacteria in the top layer at 

the dry site in KH.  

 

No MOB related families represented at least 1% of the community in any combination of site 

moisture and depth. Further investigations into the 16S rRNA gene sequence data revealed that 

MOB related sequences make up 0.06% of the total read count. All sequences assigned to MOB 

taxa are members of the Rhizobiales family. Consequently, all MOB identified by 16S rRNA 

gene sequence data are members of the Alphaproteobacteria (type II) MOB. The most abundant 

of MOB identified were assigned to the Methylocystaceae and Beijerinkiaceae families. The 

only recognized OTU’s on genus level were members of the Methylocella, Methylovirgula and 

Methylorosula genera. 

 

 

 



 

 

 

 

 

43 

3.2.3 Redundancy Analysis (RDA) 16S rRNA gene 

 

 

Redundancy analysis of the bacterial community highlighted that depth is the factor that has 

the strongest influence on the community structure (F=35.71, p-value<0.001)(Table 3 and 

Figure 9). In addition, moisture (MC), pH, carbon-nitrogen ratio (C:N) and sites are significant 

factors and variables in explaining the variation in community composition (Table 3). Site also 

explained some of the variation community composition (Table 3). The top layer samples from 

KH display the largest variation along the y-axis of the ordination space with regards to 

moisture, which is consistent with the reported variation in water content for the top layers at 

KH (Table 2). Further, both sites show a clear separation according to moisture (Figure 9). KH 

top intermediate and top wet sites clusters closely in the ordination space with high correlation 

to water content, which is confirmed by the similar water content shown in Table 2.  

Figure 9: Plot of a distance based redundancy analysis (dbRDA) performed on the bacterial communities. A 

Hellinger transformed OTU-matrix was used to calculate a Bray-Curtis dissimilarity matrix which was used as a 
response variable, with site, depth, moisture, pH and C-N as explanatory variables. In A; the sites KH and OS, 

B; moisture gradient, C; shows the depth. Arrows display the variables implemented in the model. The red 

arrow shows the moisture content (MC). C_N shows the carbon nitrogen ratio. 
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Table 3 Table showing the results 

from an Analysis of Variance 

(ANOVA), performed on a 

Hellinger transformed 16S rRNA 

gene OTU matrix as response 

variable, and site, depth, moisture 

(MC), pH and C-N as explanatory 

variables. The Pr(>F) column 

shows the p value, the test 

statistics are shown in column F. 

To calculate the test scores, 1000 

permutations were performed. 

 

 

 

 

3.3 Methane biocenosis 

3.3.1 Methanogens 

PCR of the mcrA gene was used to analyse for methanogens in the soil samples. Few samples 

gave product and therefore amplicon sequencing of the methanogen community was not done. 

However, an effort was made to optimize the PCR protocol prior to deciding that the sample 

foundation was not sufficient to go forward with sequencing of amplicons. The main 

conclusions from this effort will be included in the thesis.  

 

 

ANOVA community 

 Df Sum Of Sqs F Pr(>F) 

site 1 0.67 4.71 <0.01 

depth 1 5.1 35.71 <0.01 

MC 1 1.02 7.12 <0.01 

pH 1 0.93 6.54 <0.01 

C-N 1 0.50 3.53 <0.01 

Residual 83 11.85   

A B 

Figure 10: Comparison of two PCR protocols performed on the mcrA gene. A; Primers from Luton et al. (2002) 

and the PCR program described in Frey et al. (2011), B; PCR performed with primers and program from 

Steinberg and Regan (2008). Lanes are labelled with sample number. Lad = Ladder, PC= Positive control 
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Samples from the same plots that previous had yielded a PCR product (T045, T039) and those 

samples that had given a product (T031, T037, T043, T044) were selected in addition to one 

sample from the deeper layers (T047). In Figure 10, bands in A has a darker colour and is 

clearer than in B. Therefore, combination of primers and program used to generate the results 

in A is to be preferred. Importantly, PCR product shows a presence of methanogens at the KH 

site. 

 

3.3.1 Methane oxidizing bacteria 

MOB data are obtained from use of the primer pair A189f/mb661r for the pmoA gene in the 

CAB operon for methane monooxygenase. PCR amplification and sequencing was also done 

with the A682r primer, but these results were considered to be of poor quality and will therefore 

not be presented in this thesis. Taxonomical assignations of all OTU’s from the bioinformatic 

pipeline and respective read counts for each combination of site, site and layer are shown in 

Table 5. PCR products of the pmoA gene (A189f/mb661r) were obtained for 64 of 108 samples. 

The KH wet site (16 samples, including all representatives for the deep layer) and OS (15 

samples) constituted the largest proportion of no-PCR-product samples. Lack of PCR product 

was also observed for the intermediate site (10 samples, 7 top layer, 3 deep layer) and dry (1 

sample from deep layer) sites at KH. Consequently, these sample were not sequenced 

 

Except for the X_11, X_14 and X_6, all OTU’s clusters within the USC/USC-like clade. The 

X_1 OTU, which is both assigned to USC via the RDP classifier and clusters in the tree to 

USC, is highly dominating at both sites (KH and OS), in all sites and both layers (Table 4, 

Figure 11). Moreover, the closest evolutionary relatives to X_1 in is an environmental sequence 

representing a USC from the Tibetan Plateau, and an alpine grassland at high altitude (Zheng 

et al., 2012). Further, OTU X_5, OTU X_13, X_19 and X_2 are evolutionary close to the USC 

yet constitutes separate branches. Similarly, sequences representing OTU X_4, X_3 and X_7 

clusters with USC like sequences (Figure 11). OTU X_11 is closely related to the 

Methylobacter tundripaludum SV96T (Wartiainen et al., 2006) type strain with high bootstrap 

value. M.tundripaludum is previously identified as an active MOB and a key player in the 

biochemistry of arctic peatland Svalbard (Graef et al., 2011; Tveit et al., 2013). OTU X_14 

clusters to Methylovulum psychrotolerans Sph1 an isolate from cold methane seeps in a 
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floodplain of a West-Siberian river (Oshkin et al., 2016). The X_6 OTU clusters inside the 

Methylobacter genus and is closely related to both M.psycrophilus and M.tundripaludum.  

Figure 11: A Maximum Likelihood (ML) tree of the gammaproteobacterial MOB based on the Le and 

Gascuel Le and Gascuel (2008) model of amino acid substitution. A discrete Gamma distribution was 

applied to model evolutionary rate differences among sites The Neighbor-Join and BioNJ algorithms was 

applied to a matrix of pairwise distances estimated using a Jones-Taylor-Thornton (JTT) (Jones et al., 1992) 
model and selecting the topology with greater log likelihood. Involved in the analysis were 39 amino acid 

sequences with a total of 157 positions included in the final dataset. The three was rooted with an 

alphaproteobacterial outgroup. Environmental sequences are marked with an asterix, while others are type 

strain MOB. Highlighted in bold are environmental sequences acquired in this study. Scale bar indicate 

number of substitutions per site. In parentheses are the NCBI accession numbers. The program MEGAX was 

used for analysis (Kumar et al., 2018) 
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Highest number of reads for the USC affiliated X_1 OTU was observed in the deep layer of 

the dry site at OS (63921 reads, Table 5). However, the highest relative abundance was observed 

in the deep layer in the wet site at OS (99.65%), albeit based on few reads (704/735). The deep 

layer in the intermediate site at KH differs somewhat from the other sites, with a X_1 relative 

abundance of 79.22 %, owing to a substantial proportion of the M. tundripaludum related 

Figure 12: A Maximum Likelihood (ML) tree of the alphaproteobacterial MOB based on the Le and 

Gascuel (2008) model of amino acid substitution. A discrete Gamma distribution was applied to model 

evolutionary rate differences among sites. The Neighbor-Join and BioNJ algorithms was applied to a 

matrix of pairwise distances estimated using a Jones-Taylor-Thornton (JTT) (Jones et al., 1992) model 

and selecting the topology with greater log likelihood. Involved in the analysis were 33 amino acid 

sequences with a total of 155 positions included in the final dataset. The program MEGAX was used for 

analysis (Kumar et al., 2018). Environmental sequences are marked with an asterix, while others are type 

strain MOB. Highlighted in bold are environmental sequences acquired in this study. Scale bar indicate 

number of substitutions per site. In parentheses are the NCBI accession numbers. 
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sequence of X_11 (10.56%). This also impacts the redundancy analysis (RDA) performed 

(Figure 13). Alphaproteobacterial MOB are dominated by OTU’s clustering to the USC clade. 

However, the overall abundance is quite low compared to the abundance of the 

gammaproteobacterial MOB (Table 5). The USC clade branches out from the Methylocapsa 

acidophila B2 T, emphasising their evolutionary relationship. The closest related OTU’s comes 

from a variety of different environments, ranging from beech forest acrylic soils (Roslev & 

Iversen, 1999) to acidic arctic cryosols (Lau et al., 2015). Only one OTU, X_12, clusters to a 

non-USC sequence, the Methylocystis sp. SC2, an isolate from an aquifer in Germany. 

Conversely, Methylocystis sp SC2 have the ability to express two isozymes (pmoA1, pmoA2) 

(Dam et al., 2012), the sequence included in the tree is pmoA1. Interestingly, the Methylocapsa 

gorgona MG08 does not cluster inside USC clade (Figure 12) as previously shown in (Tveit 

et al., 2019), but the closest related sequences are similar. Bootstrap values for both the -tree 

and the -tree are at some branch point relatively low, despite a number of bootstraps (1000 re-

samplings). The tree was rooted with sequences Methylococcus capsulatus Bath, 

Methyloparacoccus murellii R-49797 and Methylogaea oryzae JCM.  

 

Table 4: Table showing the results from an Analysis of Variance (ANOVA), performed on a Hellinger 

transformed pmoA gene community matrix as response variable, and site, depth, moisture (MC), pH and C-N as 
explanatory variables. The Pr(>F) column shows the p value, the test statistics are shown in column F. To 

calculate the test statistics, 1000 permutations was performed. 

ANOVA 

MOB community Without high C_N samples 

 Df Sum of sqs F Pr(>F) Df Sum of sqs F Pr(>F) 

Site 1 0.28 8.89 <0.01 1 0.28 16.18 <0.01 

Depth 1 0.10 3.24 <0.01 1 0.10 5.78 <0.01 

MC 1 0.05 1.76 0.10 1 0.55 2.45 0.04 

pH 1 0.10 3.06 0.01 1 0.10 3.51 <0.01 

C-N 1 0.19 6.25 0.02 1 0.19 2.93 0.02 

MC:pH      0.057 3.42 <0.01 

Residual 55 1.74   55 1.69   



 

 

 

 

 

49 

 

  

T
a
b

le 5
: T

ab
le sh

o
w

in
g
 th

e p
h

ylo
g
en

etic assig
n

atio
n

s o
f th

e M
O

B
 O

T
U

´s fro
m

 th
e b

io
in

fo
rm

atic p
ip

elin
e b

ased
 on

 th
e p

m
o
A

 g
en

e, an
d
 th

e resp
ectiv

e read
             

co
u
n

ts alo
n

g
 th

e g
rad

ien
t at K

n
u
d
sen

h
eia an

d
 O

ssian
 S

arsfjellet 

 
 

 
N

u
m

b
e
r
 o

f r
ea

d
s 

O
T

U
 

G
e
n

u
s 

S
p

e
c
ie

s 

K
n

u
d

se
n

h
e
ia

 
O

ssia
n

 S
a
r
sfjelle

t 

D
r
y
 

In
t. 

W
e
t 

D
r
y
 

In
t. 

W
e
t 

T
o
p

 
D

e
e
p

 
T

o
p

 
D

e
e
p

 
T

o
p

 
T

o
p

 
D

e
e
p

 
T

o
p

 
D

e
e
p

 
T

o
p

 
D

e
e
p

 

X
_
1

 
typ

eId
 

U
S

C
 

2
9
2
9
5
 

1
8
2
0
7
 

4
6

4
7
 

1
1

1
1

8
 

3
9

6
2
 

3
0

8
8

4
 

6
3

9
2
1
 

3
6

0
5
0
 

4
3

4
0
1
 

3
7

0
2
 

7
0
4
 

X
_
2

 
N

A
 

N
A

 
1
3
3
3
 

2
4
2
4
 

1
8

9
 

3
3

8
 

6
4
 

5
4
 

3
5

1
 

9
0

 
3
1

5
 

8
 

9
 

X
_
3

 
N

A
 

N
A

 
5
 

1
4

 
0

 
0
 

1
3
 

1
2

5
 

1
3

8
4
 

3
3

 
9
5

6
 

0
 

0
 

X
_
4

 
N

A
 

N
A

 
1
 

4
2
2
 

1
 

0
 

6
8
 

4
6
 

2
3

0
 

3
 

1
8

 
0
 

0
 

X
_
5

 
typ

eId
 

U
S

C
 

9
3

 
4
7
8
 

0
 

2
8

0
 

2
6
 

6
1

2
 

1
2

6
3
 

1
9

6
 

3
3

4
 

0
 

0
 

X
_
6

 
M

eth
ylo

b
a
cter 

M
. sp

 
0
 

0
 

0
 

5
3

4
 

0
 

4
7
 

0
 

1
8

 
0
 

0
 

0
 

X
_
7

 
typ

eId
 

U
S

C
 related

 
6
 

4
0

 
0

 
0
 

0
 

4
1

9
 

1
8

9
7
 

0
 

7
 

0
 

0
 

X
_
8

 
typ

eIIb
 

U
S

C


 
2
3

 
8

 
6

 
4

9
 

3
 

0
 

0
 

0
 

1
 

0
 

7
 

X
_
9

 
typ

eIIb
 

U
S

C


 
4
5
0
 

5
5

 
1

4
4
 

1
4

5
 

3
 

0
 

2
 

1
3

 
1
2

 
4
 

6
 

X
_
1
0

 
typ

eIIb
 

U
S

C


 
6
 

1
 

3
1

 
5
 

0
 

2
 

6
 

0
 

7
 

0
 

5
 

X
_
1
1

 
M

eth
ylo

b
a
cter 

M
. tu

n
d
rip

a
lu

d
u
m

 
0
 

0
 

0
 

1
4

8
2
 

1
 

2
7

2
 

1
7

 
9

7
 

1
4

 
0
 

4
 

X
_
1
2

 
M

eth
ylo

cystis 
M

. sp
._

5
1
 

0
 

0
 

0
 

1
0
 

0
 

1
 

0
 

0
 

0
 

0
 

0
 

X
_

1
3
 

typ
eId

 
U

S
C
 

1
 

2
 

0
 

1
 

0
 

1
 

4
 

4
 

2
 

1
 

0
 

X
_
1
4

 
M

m
ic 

M
.ja

p
a
n
en

se
-related

 
0
 

0
 

0
 

0
 

0
 

1
7
 

0
 

1
5

 
0
 

0
 

0
 

X
_
1
5

 
N

A
 

N
A

 
0
 

0
 

0
 

0
 

0
 

0
 

1
 

0
 

0
 

0
 

0
 

X
_
1
6

 
N

A
 

N
A

 
0
 

0
 

0
 

0
 

0
 

0
 

0
 

0
 

1
 

0
 

0
 

X
_

1
7
 

"typ
eIIb

" 
U

S
C


 
0
 

0
 

0
 

0
 

0
 

2
 

0
 

1
 

0
 

0
 

0
 

X
_
1
8

 
"typ

eIIb
" 

U
S

C


 
0
 

0
 

0
 

0
 

0
 

1
 

0
 

0
 

0
 

0
 

0
 

X
_
1
9

 
N

A
 

N
A

 
7
 

1
1
4
 

1
 

7
2
 

6
 

3
9
 

2
9

6
 

3
9

 
9
8

 
0
 

0
 

X
_
2
0

 
N

A
 

N
A

 
0
 

0
 

0
 

1
 

0
 

0
 

0
 

0
 

0
 

0
 

0
 

 
T

o
ta

l n
u

m
b

e
r
 o

f re
a
d

s 
3
1
2
2
0
 

2
1
7
6
5
 

5
0

1
9
 

1
4

0
3

5
 

4
1

4
6
 

3
2

5
2

2
 

6
9

3
7
2
 

3
6

5
5
9
 

4
5

1
6
6
 

3
7

1
5
 

7
3
2
 

A
ll O

T
U

 w
ere assig

n
ed

 to
 th

e P
ro

teo
b
a
cteria

 p
h

ylu
m

 an
d
 eith

er th
e A

lp
h

a
p

ro
teo

b
a

cteria
 o

r th
e G

a
m

m
a

p
ro

teo
b

a
cteria

. M
m

ic =
 M

eth
ylo

m
icro

b
iu

m
 an

d
 N

A
 

=
 N

o
t A

ssig
n

ed
 b

y th
e R

D
P

 C
lassifier. 

 



 

 

 

 

 

50 

3.3.2 Redundancy Analysis (RDA) pmoA 

 

The RDA from the MOB community including the high C:N ratio samples show that the site and 

carbon nitrogen ratio is the most influential factors in explaining the MOB community 

composition (Figure 13). Moisture (MC) does not have a significant effect on the MOB 

composition according to this model shown in (Figure 13). The X_2 and X_9 OTU’s show a 

negative correlation with pH or a positive correlation with moisture (MC), while the X_11 

demonstrate a positive trend with the carbon nitrogen ratio. The KH intermediate top sample plot 

1, is a substantial outlier which could owe to a significantly higher abundance of the X_11 OTU, 

Figure 13: Plot of a distance based redundancy analysis (dbRDA) performed on the MOB communities. A 

Hellinger transformed OTU-matrix was used to calculate a Bray-Curtis dissimilarity matrix which was used as 

response variable, with site, depth, moisture, pH and C-N ratio as explanatory variables. In A; the sites KH and 

OS, B; moisture gradient, C; the depth. Arrows display the variables implemented in the model. The red arrow 

shows the moisture content (MC). C_N shows the carbon nitrogen ratio. The 6 most abundant MOB OTU’s are 

plotted and shown in red 
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which clusters to M. tundripaludum (Figure 11), and/or the high carbon nitrogen ratio of the 

samples (Table 2). 

 

Therefore, a second plot was made without this outlier (Figure 14). As for the initial RDA this 

showed that the MOB community mostly was determined by site. Depth was considered second 

most influential in the second model, differing from the initial RDA (Table 4). In contrast to the 

initial model, moisture had a significant effect on the community and there was a significant 

effect of the interaction between moisture and pH (Table 4). 

  

 

 

Figure 14: Plot of a distance based redundancy analysis (dbRDA) performed on the MOB communities without 

samples containing high C_N values and OTU X_11. A Hellinger transformed OTU-matrix was used to 

calculate a Bray-Curtis dissimilarity matrix which was used as response variable, with site, depth, moisture, pH 

and C-N ratio as explanatory variables. In A; the sites KH and OS, B; moisture gradient, C; show the depth. 
Arrows display the variables implemented in the model. The red arrow shows the moisture content. C_N shows 

the carbon nitrogen ratio. The 5 most abundant MOB OTU’s are plotted and shown in red. 
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4 Discussion 

 

4.1 Soil properties – moisture gradient 

The two sites (KH and OS) are exposed to different climactic conditions, mainly due to their 

topology. In OS, the mesic slope and the wet snow-bed area are sheltered to winds by surrounding 

mountains and ridges, which could result in a warmer environment (Kern et al., 2019). KH is an 

open plain which is suggested to be more exposed to katabatic winds from adjacent glaciers 

having a cooling effect on this site (Kern et al., 2019). This is supported also by the differences 

in vegetation cover between OS and KH (Kern et al., 2019). The variation in water content is in 

Kern et al. (2019) suggested to be a result of variations in proportion of clay (Figure 4). Yet, the 

mean differences in clay content between sites (8.3 ± 4.1 for KH and 10.8 ± 2.6 at OS) is quite 

similar. However, there was a major difference in mean silt content between sites (13.5 ± 9 for 

KH and 29 ± 6.4 for OS), which also showed a slight negative correlation to water content. Silt 

could have a role in water drainage and is considered the main soil component determining water 

content in these soils. Moreover, local depressions could cause accumulation of either snow or 

rain, resulting in both between- plot- and even in-plot variations in water content. The organic 

matter content at both OS and KH is lower than in peat soil (Tveit et al., 2013), especially in the 

deeper layers where the organic matter content is more similar to that of mineral cryosols (Lau et 

al., 2015). Weathering of carbonates and mica schists are suggested to be causing the high 

observed pH levels in these soils (Gray et al., 2014; Mann et al., 1986). In addition to silt, high 

sand content at both sites could allow for good water drainage and could make the soil more 

permeable to air which in turn, could result in a deeper aerobic layer. 

 

4.3 Bacterial community structure 

4.3.1 Primers 

The hypervariable regions of the 16S rRNA gene are evolving at different rates (Woese, 1987) 

and which region(s) that is most favourable to use in studies of microbial biodiversity is highly 

debated. More conserved regions are considered to be better in determining higher ranking taxa 

while more variable regions are better in identifying genus and species (Bukin et al., 2019; Kim 

et al., 2011). In this thesis, primers used to cover the bacterial community amplified the 

hypervariable V1-V3 region of the 16S rRNA gene (Table 1). This primer pair have recently 
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proven to be successful in assessing the bacterial diversity in both terrestrial and aquatic 

environments in Antarctica (Obbels et al., 2016; Tytgat et al., 2016). The V1-V3 fragment 

delineated from the primer pair used in this thesis, result in ~550 bp paired end reads, which is 

longer than the ~400 bp fragment produced by the V4 region. In addition, the V1-V3 region is 

considered to be among the most variable regions of the 16S rRNA gene (Yu & Morrison, 2004), 

and is therefore considered to be a suitable fragment to obtain higher phylogenetic resolution and 

highlight finer taxonomic differences between communities (Kim et al., 2011). Secondarily, a 

recent study demonstrated that fragments including the V2 and V3 regions supports a ‘more 

precise distance-based clustering of reads into species-level OTUs’ (Bukin et al., 2019). 

However, for Illumina, increasing read length makes it more prone to sequencing errors (Allen 

et al., 2016). Considering Ilumina MiSeq platforms, Allen et al. (2016) reports a 1.4 % error rate 

for the V1-V3 region after removal of singletons (3.6 % before removal), which is considerably 

higher than the 0.1 % reported for the V4 region (Kozich et al., 2013). Therefore, a trade-off 

between taxonomic resolution and sequencing errors must be considered in primer selection. Here 

we opted for higher taxonomic resolution. Furthermore, Kim et al. (2011) suggest using a 

phylogenetic distance of 0.04 instead of 0.03 to cluster reads into species-level OTUs’ when using 

the V1-V3 region, as it will result in a more precise number of OTUs’. However, a higher number 

of OTUs’ does not decrease analysis quality, but rather allows a finer separation of OTUs’ and 

their respective functional niches (Bukin et al., 2019). It might, however, inflate estimations of 

species richness, and must be taken into account when calculating species richness and evenness. 

 

4.3.1 Species richness 

Richness estimates take into account the relative abundance of singletons and doubletons and 

therefore put weight to rare OTU´s. Removal of singletons would therefore lower the estimates, 

it could be said that it is inflated as is. There are no apparent differences in species richness 

between sites. However, here we used differences in proportions of OTU’s to infer diversity 

values, which does not take into account the heteroscedasticity, i.e. the differences in variance of 

the values caused by uneven number of reads per sample. Yet, strictly as a comparison between 

sites and moisture levels, it is deemed sufficient. 
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4.3.2 Bacterial communities 

Overall, the presence of aerobic- and semiaerobic bacteria in all sites and depths indicate that the 

aerobic and the aerob/anaerob interface of the active layer are sampled. As reported in several 

studies from arctic soil environments, the most abundant phyla are Proteobacteria, 

Actinobacteria, and Acidobacteria (Chu et al., 2010; McCann et al., 2016; Tveit et al., 2013). In 

addition, Chloroflexi, Gemmatimonadetes, Bacteriodetes and Plantcomycetes have been found 

in various abundances (Hultman et al., 2015; Schostag et al., 2015; Tveit et al., 2013). Moreover, 

Cyanobacteria are found to vary with the season, being most abundant during their growth season 

in June and July (Schostag et al., 2015), which concur with the period samples used in this study 

were collected. The overall observed relative abundances of the most abundant phyla that were 

found in this study (Figure 7 and Figure 8), coincide with these previous findings. However, the 

observed dominance of Proteobacteria and in particular the class Alphaproteobacteria (Figure 7 

and Figure 8) are higher compared to what was observed in the abovementioned studies. Yet, a 

study by Chu et al. (2010) showed that pH had a strong effect on the bacterial community 

structure in arctic cryosols and that Alphaproteobacteria demonstrated a strong positive 

correlation to pH. Soil pH in Chu et al. (2010) varied from 4-6, which is considerably lower than 

measured at KH and OS (except for KH top dry site, pH 5.4), which might partly explain the 

higher abundances of Alphaproteobacteria. Supportive of this, McCann et al. (2016) reported 

high abundances of Alphaproteobacteria in seven different soil microbiomes around the Ny-

Ålesund area. Contrastingly, Acidobacteria are shown to negatively correlate with pH (Chu et 

al., 2010; Lauber et al., 2009), which might explain their relatively low abundance in the 

communities along the high pH soils. Acidobacteria are also considered to be slow growing 

oligotrophs and found to be more abundant in nutrient poor soil, compared to more nutritious soil 

(Nemergut et al., 2007; Tarlera et al., 2008), suggesting that they in addition to high pH levels, 

might be outcompeted by copiotrophic bacteria such as Alphaproteobacteria. We found that there 

was a slight log linear correlation between the Alphaproteobacteria:Acidobacteria ratio and the 

C:N ratio (Figure S1). More weight is added to this by Nemergut et al. (2010) which showed a 

similar relationship in a lowland tropical rainforest. In further support, Fierer et al. (2007) found 

that there was a negative correlation between abundance of Acidobacteria and C mineralization 

rates, and proposed a classification into  r- and K selected species, attributes known from plant 

and animal ecology. 
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Cyanobacteria were found in high abundances in the top layer of the wet sites in both KH and 

OS. Cyanobacteria are known to be oxygenic phototrophs and many species have the ability to 

fix atmospheric N2. In addition to being light dependent, Cyanobacteria use water as an electron 

donor in the electron transport chain, thus the distribution of Cyanobacteria is also influenced by 

water availability. This could explain the higher abundances of Cyanobacteria in the wet top 

sites. Comparison of the vegetation cover along the moisture gradient at both sites by Kern et al. 

(2019), showed that overall, cryptogamic soil crusts were the most abundant vegetation type. In 

accordance with this, Cyanobacteria are important colonizers of biological soil crusts mainly due 

to their role as primary producers and nitrogen fixers but also as producers of extracellular 

polysaccharides (EPS) which works as a protective sheath against desiccation and fluctuations in 

water availability (Belnap & Lange, 2013). Interestingly, the highest abundance of biocrusts was 

observed in the wet sites, comprising up to 40 % of the vegetation type (Kern et al., 2019), which 

is in support of the high abundance of Cyanobacteria at these sites. Moreover, the non-heterocyst 

forming filamentous cyanobacteria Leptolyngbya was found to be the most abundant 

cyanobacterial genus (Figure 7 and Figure 8), which previously is shown to be essential 

inhabitants of arctic soil crusts (Pushkareva et al., 2015).  

 

Depth was considered to have the largest effect on the bacterial community structure (Figure 9, 

Table 3) and the visually most evident change with depth was the shift from Cyanobacteria to 

Chloroflexi (Figure 7 and Figure 8). Chloroflexi is a metabolically versatile phylum, harbouring 

phototrophs, heterotrophs and litotrophs (Woese, 1987) and it is tempting to assume that 

semiaerobic photoheterotrophic Chloroflexi occupy the role of Cyanobacteria with depth.  

 

Gemmatimonadetes, constitutes on average 2 % of soil communities on a global scale (Janssen, 

2006). The phylum is known to harbour both aerobic and anaerobic heterotrophs but were 

recently discovered also to possess a functional proteobacterial type 2 photosynthetic reaction 

center (Zeng et al., 2014). A study of soil microaggregates, found that Gemmatimonadetes were 

much more abundant in the inner aggregates rather than in the whole aggregates, suggesting they 

prefer environments with low oxygen availability (Mummey et al., 2006). And, a study by 

DeBruyn et al. (2011) showed that Gemmatimonadetes negatively correlated with moisture, and 
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argued that Gemmatimondetes either are adapted to drier soils or are outcompeted in more moist 

soils. This observation is congruent what we observed in this thesis. 

 

Actinobacteria are ubiquitous in soil ecosystems, and are shown to occupy several key steps in 

degradation of organic matter in arctic ecosystems (Tveit et al., 2013). Except for in the upper 

layers of the wet sites in both KH and OS, the relative abundances of Actinobacteria are close to 

the reported global average of 13 % (Janssen, 2006). Low relative abundance of Actinobacteria 

in the upper layer of the wet sites could owe to competitive bacteria, as it seemingly corresponds 

to high abundances of Cyanobacteria (Figure 7 and Figure 8), alternatively, soil parameters in 

these soils inhibits growth of Actinobacteria.  

 

High abundance of Rhizobiales implies a key role of this taxa in biogeochemical cycles of this 

system. Several members of Rhizobiales possess, like Cyanobacteria, the ability to fix N2. The 

relative abundance of Rhizobiales is lowest in the upper layers of the wet sites (Figure 7 and 

Figure 8) where Cyanobacteria are highly abundant. Therefore, it is intriguing to assume that for 

the dry sites, diazotrophic Rhizobiales occupy the role as main nitrogen fixers in the absence of 

Cyanobacteria. Nevertheless, the overall high abundance of diazotrophic taxa in all sites and 

layers highlights the importance of nitrogen fixation to this system.  

 

The family of Hyphomicrobiacea harbour some genera known as purple nonsulfur bacteria 

(Rhodomicrobium, Rhodoplanes), which is a nutritionally versatile group. They can utilize amino 

acids, fatty acids, organic acids, sugars, alcohols and aromatic compounds as carbon sources. In 

addition, several species can utilize CO2 and either H2 or H2S as electron donors to grow 

photoautotrophically (Madigan et al., 2012). However, this group is most known for its capability 

for photoheterotrophy, which is suggested to be part of the reason for the competitive success of 

this group (Madigan et al., 2012). Conversely, the nutritionally versatile nature of these bacteria 

could explain why they are abundant at all levels of moisture and at both depths (Figure 7 and 

Figure 8). 
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Acetobacteraceae, are obligate aerobic bacteria that are commonly known to perform incomplete 

oxidation of certain higher alcohols and sugars into organic acids such as acetic acid (Kersters et 

al., 2006; Madigan et al., 2012). Notably, some genera, such as the type genus Acetobacter have 

the ability to further oxidize acetic acid into CO2. Interestingly, several genera have the capacity 

to synthesise cellulose causing cells to become embedded in a network of cellulose microfibrils 

(Madigan et al., 2012). This mechanism is proposed to function as a floatation device to make 

cells remain at the surface level in aquatic environments, but could also imply a role in soil crust 

formation (Madigan et al., 2012). 

 

4.3.3 Redundancy analysis 

The dbRDA show that depth is a major factor in determining the bacterial community 

composition (Figure 9). Although, the community composition implies aerobic conditions both 

in the top and deep layers, the deeper layer might well be semiaerobic, and consequently inhabit 

taxa that are either facultative anaerobic or aerotolerant anaerobs. There are also great changes in 

soil parameters with depth, in terms of both MC, and C:N (Table 2), which in turn are shown to 

have substantial influence on the diversity and abundance of taxa and ultimately the bacterial 

community composition (Figure 7 and Figure 8). This change in community composition with 

depth is also in accordance with previous findings in the arctic (Lipson et al., 2015). The 

measured soil variable that has the highest impact on community structure was moisture (Table 

2). We show that there are distinct changes in community composition with moisture. Largely 

explained by Cyanobacteria which are known to experience a growth peak during summer, have 

a large impact on the community structure with moisture. Previously, moisture have 

demonstrated to have an effect on the activity of the microbial community (Huxman et al., 2004), 

but the effect on composition is not as clear. However, soil moisture may have an indirect effect 

on other variables, such as the redox status of an ecosystem, which have shown to be a significant 

predictor of community composition (Lipson et al., 2015). In addition to moisture, pH and the 

C:N ratio were also significant predictors of the microbial community. Especially pH have in 

previous studies shown have a major effect on bacterial community composition (Chu et al., 

2010; Männistö et al., 2007), but also the C:N ratio (Wan et al., 2015). 
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4.4 Methane community 

A small proportion of MOB sequences was detected in the 16S rRNA gene amplicon. Notably, 

these were only assigned to the alphaproteobacterial MOB families Beijerickiaceae and 

Methylocystaceae. On genus level, the only recognized were members of the Methylocella, 

Methylovirgula and Methylorosula genera. Interestingly, all of these have eluded efforts to 

amplify the pmoA gene, indicating that they do not possess the pMMO and would therefore not 

be detected in amplicon sequencing of the pmoA gene (Berestovskaya et al., 2012; Dedysh et al., 

2000; Dunfield & Dedysh, 2014; Vorobev et al., 2009). Moreover, there is only one partial 

sequence of the 16S rRNA gene from a draft genome related to USC in the SILVA database (C. 

R. Edwards et al., 2017). This fragment is 488 nucleotides long and share a 94 % similarity to the 

16S rRNA gene sequence of Thioalkalivibrio of the Chromatiales order (C. R. Edwards et al., 

2017). This means that it would not be recognized as a MOB in the 16S rRNA gene sequence 

data. Yet, the pmoA sequence retrieved from this draft genome is closely related to the X_5 

phylotype identified in this thesis (Figure 11). 

 

4.4.1 Primers and PCR 

Most frequently, the combination of the forward primer A189f and either the reverse primers 

mb661r (Costello & Lidstrom, 1999) or A682r (Holmes et al., 1995) have been used to amplify 

the gene encoding the beta subunit of the particulate methane monooxygenase enzyme (pmoA) 

(Esson et al., 2016; Knief, 2015; Martineau et al., 2014; Oshkin et al., 2014; Serrano-Silva et al., 

2014). Often, the reverse primers mb661r and A682r are also used in combination to get a 

sufficient coverage of the MOB community (Esson et al., 2016; Oshkin et al., 2014). Bourne et 

al. (2001) suggested additional use of the A650r primer to get the broadest possible representation 

of the MOB community, as done in Serrano-Silva et al. (2014). In this thesis, solely sequence 

data generated by the reverse primer mb661r are presented, even though amplification and 

sequencing were done of amplicons generated by the A682r primer. The mb661r primer does not 

amplify the amoA gene from ammonia oxidizing bacteria but neither detect phylotypes that has 

a phylogenetic position between pmoA and amoA (Costello & Lidstrom, 1999). Moreover, the 

mb661r primer, is generally less proficient in amplifying type IIb (Beijerinckiaceae) MOB and 

is interestingly, reported to largely discriminate USC sequences (Bourne et al., 2001; Deng et 

al., 2013; Knief, 2015). We used a species level cut-off value of 86 % for the pmoA gene sequence 

as suggested (Wen et al., 2016). Notably, there are also designed PCR primers targeting MOB 
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subgroups such as the MethT2R- and MethT1bR primers targeting the 16S rRNA gene of type 

II and type I MOB respectively (Gray et al., 2014; He et al., 2012; Martineau et al., 2010).  

 

The PCR program used to amplify the pmoA gene were optimized to obtain the highest possible 

yield. In the initial PCR amplification, PCR duplicates were pooled before the clean-up step. 

This was done not only to obtain sufficient template for sequencing, but also to prevent PCR 

bias. PCR products were run on an agarose-gel to confirm amplicon size and quality (see 

appendix). An agar concentration of 0.8 % instead of the ordinary 1 % was chosen to let  the 

fragment run easier through the gel which was suggested as a way to identify low yield samples. 

Only samples that gave a visual band were consider for sequencing.  

 

4.4.2 Methanogens – PCR protocol 

The preferred PCR protocol was the combination of primers from Luton et al. (2002) (Table S2) 

and the PCR program used in Frey et al. (2011). The standard FastStart High Fidelity PCR system 

(Roche) reaction mix was used according to the manufacturer’s recommendation, except using a 

slightly higher primer concentration. Our results imply that the primer selection and PCR 

program is vital for amplification of the mcrA gene, and hence the detection of methanogens. 

Moreover, the result show that there is in fact methanogens present in the wet sites. Even though 

the community composition imply that the samples mostly were collected in the brackets of the 

oxic, anoxic interface, some samples from the wet sites might have leaned towards anoxic 

conditions. Studies from the anoxic horizons of the active layer in nearby locations indicate a 

substantial presence of methanogens (Tveit et al., 2013). It is likely that investigations into the 

anoxic layers would have resulted in detection of methanogens. 

 

4.4.3 Methanotrophic community 

High abundance of the recognized MOB at both depths at the dry and intermediate sites further 

support the notion that the samples are collected in the oxic portion of the active layer (Table 5). 

Surprisingly, at both sites, the dominating phylotype X_1 (79.2 – 99.7 %) was related to 

environmental sequences from the USC clade (Figure 11). Closest relative to X_1 was an USC 

phylotype found in an alpine meadow in the Tibetan Plateau (Zheng et al., 2012). These sites are 

located at an high altitude (3200 m.a.s.l) with an annual mean temperature of -2C and soils 
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affected by spatially occurring permafrost, with pH measured around 7.5, which is comparable 

to the conditions at KH and OS (Zheng et al., 2012). In addition to the OTU X_1, OTU’s X_2, 

3, 4, 5, 7, 13 and 19 clusters within the USC/USC like clade, which means that there is a 

substantial diversity of these atmMOB in the system. Further, OTU’s X_13, X_19 and X_2 

constitutes separate branches, suggesting that either the dataset did not contain sufficient 

coverage of the USC related sequences, or they represent undescribed USC species. The X_5 

OTU clusters closely to the pmoA sequence of the recently assembled USC draft genome from 

Antarctica (C. R. Edwards et al., 2017), suggesting that they are well adapted to extreme 

environments. Although USC previously have been identified and found in slightly alkaline soils 

in the Canadian arctic (Martineau et al., 2014), they have to our knowledge previously not been 

identified in the Svalbard tundra. However, based on real-time PCR of Type I specific primers 

(Martineau et al., 2010), Gray et al. (2014) reported high abundance of Type I MOB in soils in 

the Kongsfjorden region. Further, Gray et al. (2014) assumed an affiliation of these Type I MOB 

to Methylobacter, based on the findings of Tveit et al. (2013), but our results suggest that they 

could in fact be USC related. Supportive of this, Gray et al. (2014) found no correlation with 

CH4 flux measurements and the observed abundances of Type I MOB, which could owe to the 

presence of USC as they would not necessarily oxidise CH4 in a rate detectable in gas flux 

measurements. 

 

Phylotypes clustering to the USC clade was also found (Figure 12), albeit in lower abundances 

(Table 5). These have been found to be globally widely distributed in soils (Tveit et al., 2019), 

including arctic (Lau et al., 2015; Martineau et al., 2014) and subarctic (Mateos-Rivera et al., 

2018) soils. The highest abundance of USC was found in the top layer at the KH dry site, which 

coincide with where the lowest pH was measured (Table 2). Compatibly, the distribution of 

USC and USC is considered to be largely determined by soil pH, where the USC prefers 

more acidic soils while USC contrastingly prefers alkaline soils (Knief, 2015; Martineau et al., 

2014). None of the USC phylotypes clusters with the recently described M.gorgona MG08, 

which is expected, as Methylocapsa gorgona MG08 was isolated from a retired subarctic landfill 

site and clusters closely to phylotypes from more temperate soils (Serrano-Silva et al., 2014; 

Shrestha et al., 2012; Tveit et al., 2019). Notably, M.gorgona MG08 clusters closely to the same 
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environmental sequences as in Tveit et al. (2019), giving support to the phylogenetic result in this 

thesis (Figure 12). 

 

The increase in detection of atmMOB in arctic environments could mean that arctic upland tundra 

soil represents a significant sink of atmCH4 that not previously have been considered in model 

predictions of future climate change. Our result suggests a considerable diversity of USC and 

USC-like bacteria in the system, with several OTU’s forming separate branches, indicative of 

unique and uncharacterized species. This highlights the need to further investigate atmMOB 

occurrences in the arctic and make efforts to isolate representatives to obtain information of the 

biology of these microbes. 

 

Previous studies have reported gammaproteobacterial Methylococcaceae and phylotypes closely 

related to Methylobacter and in particular M. tundripaludum to be key players in these systems 

(Graef et al., 2011; Tveit et al., 2013; Wartiainen et al., 2006). Only two phylotypes retrieved in 

this thesis, X_11 and X_8, are related to Methylobacter, whereof X_11 is closely related to the 

M. tundripaludum SV96 type strain (Figure 11). These OTU’s are found to be abundant in the 

KH intermediate deep layer (Table 5), where they comprise ~14 % of the reads. Interestingly the 

abundance of these OTU’s coincide with the high C:N ratio reported for the plot 1 of the 

intermediate deep site (Table 2). This peak in both abundance of Methylobacter related sequences 

and the C:N ratio could mean that there is an association between the abundance of Methylobacter 

and the C:N ratio but this observation needs further investigations. A high C:N stoichiometry 

indicates a N-limitation (Cleveland & Liptzin, 2007). Globally the C:N ratio for microbial 

biomass is ~ 8.5 (Cleveland & Liptzin, 2007), which means that the C:N ratio of the KH 

intermediate deep layer of 26.9 ± 18.5 indicates a particular limitation in N. The high abundance 

of the X_11 OTU and/or the high C:N ratio made the sample a considerable outlier in the RDA 

plot (Figure 13) and consequently supressed the information gained from the analysis. Therefore, 

a second RDA was made without the high C:N ratio samples from the KH intermediate deep plot 

1 and the X_11 OTU (Figure 14).  
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Considering the effect of the different layers on the whole bacterial community (Figure 9), the 

effect of depth is surprisingly not so strong on the MOB-community composition (Figure 14). 

However, there seems to be a more clear separation by site, especially for the dry samples, where 

the majority of KH samples are found on the negative side of the x-axis in the ordination plot 

while the OS samples are found on the positive side of the x-axis (Figure 14). This might be 

caused by the low pH of the upper layer at the KH dry site (Table 2). A study by Gray et al. 

(2014) showed that the abundance of gammaproteobacterial MOB positively correlated with soil 

phosphorous (P), which in turn negatively correlated with local pH values. Further, Gray et al. 

(2014) identified increased CH4 oxidation rates in soils provided with P supplements in a 

microcosm with excess CH4, suggesting that pH indirectly influences their abundances. 

Correspondingly, the RDA (Figure 14) show that pH has a significant effect on MOB community 

composition (Table 4). Interestingly, both moisture and the C:N ratio is also demonstrated to have 

a significant effect on MOB community composition (Table 4). Supporting, a limited number of 

successful PCR’s from the wet sites (Table S1) indicate that MOB are not present due to lack of 

oxygen, or that PCR inhibitors, such as phenolic compounds, combined with low presence of 

MOB in the wet sites makes it difficult to obtain PCR product.  

 

Differences in the MOB community composition in nearby locations suggest that there is a spatial 

variation in MOB composition. This distribution could be determined by local variations in soil 

parameters, such as the MC and pH. The absence of methanogens could mean that there is a lack 

of substrate availability for MOB that oxidises CH4 at high concentrations, and that this allows 

colonization of atmMOB. Furthermore, USC could be widely distributed in arctic tundra soils, 

and based on our findings, hydrological patterns could be a predictor of the abundance of 

atmMOB, with a preference to slightly alkaline drier soils. 

 

4.5 Future implications 

The bacterial community structure is composed of the same phyla and show similar trends as 

previously shown in Arctic tundra and in bacterial communities in general. Several taxa are 

abundant in all moisture levels and at both depths, emphasizing their adaptation to cold 

environments and suggests an intrinsic genetic repertoire capable of adjusting to different 

environments. The high abundance of diazotrophic taxa highlights the N limitation in the system. 
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However, high abundance of Cyanobacteria with moisture, could suggest that with more 

precipitation, the area with high cyanobacterial abundance increases and both N and C will be 

fixed in higher levels. Thus, providing the system with more nutrients enables increased growth 

of vascular plants which will further contribute to the greening of Arctic. Adding the effect of 

increased temperatures in the Arctic, the potential for more rapid nutrient turnover could 

accelerate this process. The shift from oligotrophic Acidobacteria to more copiotrophic 

Alphaproteobacteria supports this notion of a more nutritious soil.  

 

In contrast to previous findings in Svalbard, the MOB community was dominated by USC and 

. However, they have formerly been found in similar environments and is suggested to be widely 

distributed. The area of soil similar to that sampled in this thesis, is considered to comprise the 

majority of the Svalbard tundra. Therefore, the potential importance of USC and - as biological 

catalysts of atmCH4 is immense. They appear to prefer drier soils and the distribution of the two 

groups seems to be highly determined by pH. Lau et al. (2015) found that USC members 

oxidized CH4 a fourfold faster in drier soils (33% saturation) compared to more moist soils (66% 

and 100%) and that in drier soils, atmMOB were more responsive to temperature changes. In 

addition, they found that USC atmMOB oxidized CH4 a twofold faster at 10°C, than 4°C (Lau 

et al., 2015). Consequently, although somewhat compensated by higher temperatures, 

precipitation and moisture in future scenarios could decrease the CH4 sink capacity of arctic 

tundra soils as a consequence of reduced activity of atmMOB. 

5 Conclusions 

We found that the bacterial community changes along the moisture gradient, and that depth is the 

most influential factor in determining the bacterial community composition. High 

Alphaproteobacteria:Acidobacteria ratio with C:N is suggestive of a copiotrophic, oligotrophic 

competitive relationship. High abundance of diazotrophs emphasizes importance of N2 fixation 

in this system. High abundance of Cyanobacteria in wet site during summer, a potential player 

in greening of arctic with increased moisture.  
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MOB community dominated by USC, revealing that drier arctic tundra could constitute a highly 

significant CH4 sink in the Arctic. However, future increases in moisture could decrease the sink 

capacity of these soils, allowing potent CH4 to trap heat in the atmosphere. 
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Appendix 

In the appendix we show the PCR (Figure S2-S8) from even number samples (Table S1) and the 

PCR primers not used to obtain data presented in the thesis (Table S2). And the log linear 

relationship between the Alphaproteobacteria:Acidobacteria ratio (Figure S1) 
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Figure S1: Figure showing the log linear relationship between the plot C:N ratio and the 

Alphaproteobacteria:Acidobacteria ratio. Plotted are mean values for the combination of site, 

site, plot and depth. 
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PCR 

Table S2: Primers used to amplify mcrA gene for methanogens 

Primers Primer sequence Reference 

MLf 5′-GGTGGTGTMGGATTCACACARTAYGCWACAGC-3′ (Luton et al., 

2002) MLr 5′-TTCATTGCRTAGTTWGGRTAGTT-3′ 

Mlasf  5′-GGTGGTGTMGGDTTCACMCARTA-3′ (Steinberg & 

Regan, 2008) mcrArev 5′-CGTTCATBGCGTAGTTVGGRTAGT-3′ 

A682r 5´-GAASGCNGAGAAGAASGC-3´ (Holmes et al., 

1995) 
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Figure S2: Confirmation of product and quality check for even samples 2 - 38. GeneRuler 1 kb DNA ladder 

(Thermo Scientific) is used as the ladder 
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Figure S4: Confirmation of product and quality check for even samples 52-86. GeneRuler 1 kb DNA ladder 

(Thermo Scientific) is used as the ladder 
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Figure S3: Confirmation of product and 

quality check for even samples 40-50. 

GeneRuler 1 kb DNA ladder (Thermo 

Scientific) is used as the ladder 
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Figure S5: Confirmation of product and quality 
check for even samples 88-104. GeneRuler 1 kb 

DNA ladder (Thermo Scientific) is used as the 

ladder 

Figure S6: Confirmation of product and quality check for even samples 2-34. GeneRuler 1 kb DNA ladder 

(Thermo Scientific) is used as the ladder 
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Figure S8: Confirmation of product and quality check for even samples 72-106. GeneRuler 1 kb DNA ladder 

(Thermo Scientific) is used as the ladder 
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Figure S7: Confirmation of product and quality check for even samples 36-70. GeneRuler 1 kb DNA ladder 

(Thermo Scientific) is used as the ladder 
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