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PREFACE 

 

This work was funded through a doctoral scholarship from the German Environmental 

Foundation (DBU) to Béatrice Frank-Fahle and by the óInternational Cooperation in 

Education and Researchô program of the International Bureau of the Germany Federal 

Ministry of Education and Research (BMBF).  

 

The present thesis describes the diversity, distribution and adaptation potential of methane-

cycling microorganisms from the active layer of polygonal tundra found on Herschel Island 

and the Yukon Coast in the Canadian Western Arctic. 

 

Field work and sampling for this study was conducted in collaboration with researchers from 

McGill University in Montréal, Canada during the summer expeditions Yukon Coast 2010 

and 2011 on Herschel Island and on the Yukon Coast, Northwestern Canadian Arctic.  

 

Laboratory work was mainly performed at the Alfred Wegener Institute for Polar and Marine 

Research, Research Unit Potsdam. Ion Torrent Sequencing analyses were performed at the 

National Research Council, Montréal in the research facilities of Professor Charles Greer.  

 

The following thesis is written in English and presented as a cumulative Ph.D. thesis to the 

University of Potsdam (Faculty of Mathematics and Natural Sciences). It consists of a general 

introductory review related to the particular research field including the scientific background, 

the description of the study area as well as the objectives of the study. The main body of the 

thesis is composed of three manuscripts with first authorship. It is followed by a final 

synthesis including a review of the most important findings, a general conclusion, 

methodological remarks and future prospects. 
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SUMMARY  

 

Permafrost-affected ecosystems including peat wetlands are among the most obvious 

regions in which current microbial controls on organic matter decomposition are likely to 

change as a result of global warming. Wet tundra ecosystems in particular are ideal sites for 

increased methane production because of the waterlogged, anoxic conditions that prevail in 

seasonally increasing thawed layers. 

The following doctoral research project focused on investigating the abundance and 

distribution of the methane-cycling microbial communities in four different polygons on 

Herschel Island and the Yukon Coast. Despite the relevance of the Canadian Western Arctic 

in the global methane budget, the permafrost microbial communities there have thus far 

remained insufficiently characterized. Through the study of methanogenic and 

methanotrophic microbial communities involved in the decomposition of permafrost organic 

matter and their potential reaction to rising environmental temperatures, the overarching goal 

of the ensuing thesis is to fill the current gap in understanding the fate of the organic carbon 

currently stored in Artic environments and its implications regarding the methane cycle in 

permafrost environments. 

To attain this goal, a multiproxy approach including community fingerprinting 

analysis, cloning, quantitative PCR and next generation sequencing was used to describe the 

bacterial and archaeal community present in the active layer of four polygons and to 

scrutinize the diversity and distribution of methane-cycling microorganisms at different 

depths. These methods were combined with soil properties analyses in order to identify the 

main physico-chemical variables shaping these communities. In addition a climate warming 

simulation experiment was carried-out on intact active layer cores retrieved from Herschel 

Island in order to investigate the changes in the methane-cycling communities associated with 

an increase in soil temperature and to help better predict future methane-fluxes from 

polygonal wet tundra environments in the context of climate change.  

Results showed that the microbial community found in the water-saturated and 

carbon-rich polygons on Herschel Island and the Yukon Coast was diverse and showed a 

similar distribution with depth in all four polygons sampled. Specifically, the methanogenic 

community identified resembled the communities found in other similar Arctic study sites and 

showed comparable potential methane production rates, whereas the methane oxidizing 

bacterial community differed from what has been found so far, being dominated by type-II 

rather than type-I methanotrophs. After being subjected to strong increases in soil 

temperature, the active-layer microbial community demonstrated the ability to quickly adapt 

and as a result shifts in community composition could be observed.   

These results contribute to the understanding of carbon dynamics in Arctic permafrost 

regions and allow an assessment of the potential impact of climate change on methane-cycling 

microbial communities. This thesis constitutes the first in-depth study of methane-cycling 

communities in the Canadian Western Arctic, striving to advance our understanding of these 

communities in degrading permafrost environments by establishing an important new 

observatory in the Circum-Arctic.  
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ZUSAMMENFASSUNG 

 

Permafrost beeinflusste Ökosysteme gehören zu den Regionen, in denen als Folge der 

globalen Erwärmung eine Veränderung des mikrobiell-kontrollierten Abbaus von 

organischem Material zu erwarten ist. Besonders in den Ökosystemen der feuchten 

Tundralandschaften kommt es zu einer verstärkten Methanpoduktion unter wassergesättigten 

und anoxischen Bedingungen, die durch immer tiefere saisonale Auftauschichten begünstigt 

werden.  

Die vorliegende Doktorarbeit kontenzentrierte sich auf die Untersuchung der Abundanz und 

Verteilung der am Methankreislauf beteiligten mikrobiellen Gemeinschaften in vier 

unterschiedlichen Polygonen auf der Insel Herschel und an der Yukon Küste in Kanada. Trotz 

des relevanten Beitrags der kanadischen West-Arktis am globalen Methanhaushalt, sind die 

dortigen mikrobiellen Gemeinschaften im Permafrost bisher nur unzureichend untersucht 

worden.  

Die zentrale Zielstellung der vorliegenden Arbeit besteht darin, die derzeitige Lücke 

im Verständnis der Kohlenstoffdynamik in der Arktis im Zuge von Klimaveränderungen und 

deren Bedeutung für den Methankreislauf in Permafrost-Ökosystemen zu schließen. Dies 

erfolgt durch Untersuchungen der am Abbau der organischen Substanz im Permafrost 

beteiligten methonogenen und methanothrophen mikrobiellen Gemeinschaften und ihrer 

möglichen Reaktionen auf steigende Umgebungstemperaturen.  

Um dieses Ziel zu erreichen, wurde ein Multiproxy-Ansatz gewählt, der die Analyse 

der Gemeinschaften mittels genetischen Fingerprintmethoden, Klonierung, quantitativer PCR 

und moderner Hochdurchsatzsequenzierung (ĂNext Generation Sequencingñ) beinhaltet, um 

die in der Auftauschicht der vier untersuchten Polygone vorhandenen Bakterien- und 

Archaeen-Gemeinschaften zu charakterisieren sowie die Diversität und Verteilung der am 

Methankreislauf beteiligten Mikroorganismen in unterschiedlicher Tiefe eingehend zu 

analysieren. Diese Studien wurden mit physikalisch-chemischen Habitatuntersuchungen 

kombiniert, da diese die mikrobiellen Lebensgemeinschaften maßgeblich beeinflussen. 

Zusätzlich wurde ein Laborexperiment zur Simulation der Klimaerwärmung an 

intakten Bodenmonolithen von der Insel Herschel durchgeführt, um die Veränderungen der 

am Methankreislauf beteiligten Gemeinschaften aufgrund steigender Bodentemperaturen zu 

untersuchen, sowie sicherere Voraussagen bezüglich der Methanfreisetzung in polygonalen 

Permafrostgebieten im Zusammenhang mit dem Klimawandel treffen zu können. 

Die Ergebnisse zeigten, dass in den wassergesättigten und kohlenstoffreichen 

Polygonen der Insel Herschel und der Yukon-Küste eine diverse mikrobielle Gemeinschaft 

existiert, wobei die Verteilung über die Tiefe in allen vier untersuchten Polygonen ähnlich 

war. Insbesondere die methanogene Gemeinschaft ähnelte den Gemeinschaften, welche in 

ähnlichen arktischen Untersuchungsgebieten gefunden wurden und zeigte vergleichbare 

potenzielle Methanbildungsraten. Die Methan oxidierende bakterielle Gemeinschaft hingegen 

unterschied sich von bisherigen Studien und war eher von Typ-II Methanotrophen als von 

Typ-I Methanotrophen dominiert. Nachdem die mikrobiellen Gemeinschaften der 

Auftauschicht einem starken Anstieg der Bodentemperaturen ausgesetzt waren, zeigten sie die 
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Fähigkeit, sich schnell anzupassen und als Ergebnis dessen konnten Veränderungen in der 

Zusammensetzung der Gemeinschaft beobachtet werden. 

Diese Ergebnisse tragen zum besseren Verständnis des Kohlenstoff-Kreislaufs in 

arktischen Permafrostregionen bei und ermöglichen eine Einschätzung hinsichtlich des 

potenziellen Einflusses des Klimawandels auf die am Methankreislauf beteiligten 

mikrobiellen Gemeinschaften. Mit dieser Arbeit wurde eine erste, umfassende Studie der am 

Methankreislauf beteiligten mikrobiellen Gemeinschaften der kanadischen West-Arktis 

vorgelegt, womit ein wichtiger Beitrag zum Verständnis dieser Gemeinschaften in 

degradierenden Permafrost-Ökosystemen geleistet wird.   
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I. INTRODUCTION  

1.1. Scientific background  

Arctic permafrost environments play a crucial role within the global carbon cycle, as 

northern permafrost regions contain 50% of the estimated global belowground organic carbon 

pool (Tarnocai et al., 2009). However, with globally increasing temperatures due to climate 

change, these regions are recognized to be of particular significance because the permafrost is 

warming and degrading, releasing previously conserved organic matter in the form of 

greenhouse gases such as methane (CH4) and carbon dioxide (CO2). Because global warming 

is predicted to be most pronounced at northern latitudes (Figure 1) (IPCC, 2007), an increased 

release of these gases, especially CH4, could have a dramatic impact on the Earthôs climate 

system. Estimates show that up to a quarter of the carbon currently stored in permafrost soils 

could potentially be lost by 2100 due to global warming (Gruber 2004). In the period 1956-

1990, the active layer in Russian permafrost already increased by 20 cm on average (IPCC 

2007). 

 

 
 

Figure 1. Difference in surface temperatures between the periods 1995 through 2004 and ñnormalò 

temperatures at the same locations, defined as the average over the interval 1940 to 1980 highlighting the 

immense warming of high north latitudes (modified after Robert A. Rohde, data source: Hansen et al., 

2001; Reynolds et al., 2002). 

 

Additionally, thawing permafrost will lead to increased carbon degradation and 

utilization by permafrost microorganisms and further affect the global carbon balance by 

releasing more climate relevant gases to the atmosphere. Surface temperatures are positively 

correlated with thawing permafrost, implying that increased temperatures will cause more 

permafrost to thaw. Consequently, as more organic matter is thawed, more carbon is released 

into the atmosphere in the form of the greenhouse gases carbon dioxide (CO2) and methane 

(CH4). As the concentration of greenhouse gases in the atmosphere increases, temperatures 

increase even further and the cycle continues creating a positive feedback loop (Figure 2).  
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Figure 2. The positive feedback loop in degrading permafrost ecosystems (source: 

http://sitemaker.umich.edu/section2_group1/arctic_issues_permafrost) 

 

 

Methane is chemically very active and has a 23-fold global warming potential on a 

per-unit-mass basis over a century compared to carbon dioxide (Zhuang et al., 2009). 

Approximately 18% of the current global warming can be attributed to the greenhouse effect 

caused by methane (Forster 2007). Between 10 and 39 Tg a
-1 

(Teragram per year) of methane 

are released from permafrost environments, contributing to up to 20% of global emissions 

(McGuire et al., 2009) making them a potent source of methane. Wet tundra ecosystems in 

particular are ideal sites for increased methane production because of the waterlogged, anoxic 

condition that prevail in seasonally increasing thawed layers (Whalen & Reeburgh, 1992). An 

increase in temperatures at high latitudes could potentially expose large amounts of 

previously conserved carbon during the next few decades (Davidson & Janssens, 2006) and 

lead to dramatic increases in methane and carbon dioxide production by permafrost 

microorganisms (Wagner, 2007). Several studies have been conducted to explore this issue in 

Siberia (Kobabe et al., 2004; Ganzert et al., 2007; Wagner et al., 2007; Liebner et al., 2008; 

Dedysh, 2009), Svalbard (Wartiainen et al., 2003; Høj et al., 2008; Graef et al., 2011) and the 

Canadian High Arctic (Pacheco-Oliver et al., 2002; Martineau et al., 2010; Yergeau et al., 

2010) to study the characteristics and dynamics of methane-cycling communities, but despite 

their relevance the communities of the Canadian Western Arctic remain unexplored to date.  

To better understand the fate of stored organic carbon in warming permafrost, there is 

a need to evaluate the abundance, function and dynamics of the microbial communities 

involved in its cycling and their potential reaction to the changes occurring at high latitudes. 

Permafrost microorganisms are highly adapted to their surrounding conditions, including 

extreme temperatures, freeze-thaw cycles and varying soil geochemistry, especially in the 

upper active layer of permafrost. Two groups of microorganisms are of particular relevance to 

methane cycling; methanogenic archaea and methanotrophic bacteria (refer to paragraph 4 in 

this chapter). Methanogenic archaea produce methane as a metabolic end-product, while 



INTRODUCTION 

11 

 

methanotrophic bacteria break down methane and utilize it as their primary energy source. 

Elucidating the community structure and dynamics of these microorganisms is crucial, 

especially regarding their adaptive abilities when confronted to rising permafrost 

temperatures. It is estimated that methanotrophs can oxidize up to 90% of methane produced 

in the soil before it can reach the atmosphere (Le Mer and Roger, 2001) making it a major 

sink for the methane produced by methanogens. An important concern is whether this 

equilibrium can hold in the context of warming temperatures, seeing that methanogens could 

potentially better adapt to rapid temperature fluctuations than methanotrophs (Liebner et al., 

2009). If this balance does not subsist and community structures are affected, this will likely 

lead to increased methane emissions, further impacting the Earthôs climate system. The data 

acquired in this thesis strives to answer fundamental questions regarding the fate of the 

microbial methane cycle in warming permafrost environments. 

 

 

1.2. Relevance of permafrost environments in the carbon cycle 

Permafrost is permanently frozen ground that underlays about 25% of the exposed 

land area in Polar Regions (Zhang, 1999) and contains roughly one third of the worldôs 

organic carbon reserves (Tarnocai et al. 2009) (Figures 3 and 4). Permafrost soils can be 

divided into three zones based on temperature and depth: the ñactive layerò is the upper layer 

and is characterized by extreme temperature fluctuations between +15 and -35°C. The layer 

below, the upper permafrost sediments, is between 0.5 and 20m thick and has temperatures 

varying between 0 and -15°C. The third layer are the deeper permafrost sediments, with more 

stable temperatures between -5 and -10°C (French, 1996). Because of prolonged anoxic 

conditions and low temperatures in permafrost soils, organic matter tends to accumulate, for 

example through peat formation (Wagner & Liebner, 2009), and can become buried in the 

deeper, frozen layers through cryoturbation (Bockheim, 1998). Permafrost soils are among the 

most obvious environments in which current constraints on decomposition are likely to 

change as a result of climatic disruption, potentially exposing large amounts of previously 

conserved carbon during the next few decades (Davidson and Janssens, 2006). Indeed, 

recorded Arctic temperatures have increased to a greater extent than those of the rest of the 

earth (IPCC 2001). If this trend continues, it has been estimated that up to 25% of permafrost 

could degrade by 2100 (Anisimov, 1999) leading to a thickening of the seasonally thawed 

layer (active layer) releasing previously stored carbon (Nelson, 2001). In turn, intensified 

microbial turnover of this carbon means a dramatic increase of climatically relevant gases like 

methane and carbon dioxide, which represents a potential environmental hazard (Wagner et 

al., 2005).  
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Figure 3. Latitudinal zonation of permafrost. (Source: Philippe Rekacewicz (UNEP/GRID-Arendal). Data 

from the International Permafrost Association, 1998. Circumpolar Active-Layer Permafrost System 

(CAPS), version 1.0). 

 

 

 
 

Figure 4. Distribution of soil organic carbon contents in the northern circumpolar permafrost region based 

on the NCSCD (Tarnocai et al. 2009). 
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1.3. Microbial processes involved in the methane cycle in permafrost 

There are two main relevant microbial processes in permafrost involved in carbon 

cycling and methane emissions: methanogenesis, a carbon source, and methane oxidation, a 

carbon sink (Figure 5). Methanogenesis occurs under anoxic conditions within the 

predominantly wet permafrost environments, where methane is produced in the final process 

of hydrolysis and fermentation (Schink and Stams, 2006). The two main energy-metabolism 

pathways that result in methane production in low temperature environments are: the 

reduction of CO2 to CH4 and the fermentation of acetate to CH4 and CO2 (Conrad, 2005). 

Methanogenesis is driven solely by methanogenic archaea, a small group of strict anaerobes 

from the kingdom Euryarchaeota (Garcia, 2000) and can be responsible for up to 90% of total 

methane emissions (Ehhalt, 1978). A large part of the methane produced in permafrost 

environments is subsequently oxidized aerobically by methanotrophic bacteria (Hanson and 

Hanson, 1996). It is estimated that only 10% of the methane produced in the soil actually gets 

released to the atmosphere (Le Mer et Roger, 2001) making methanotrophs a major sink for 

the methane produced by methanogens, maintaining a relative balance (Wagner & Liebner, 

2009). Moss-associated methane oxidation (MAMO) can also be an effective buffer for CH4 

emissions from permafrost-affected tundra (Liebner et al., 2011) as submerged mosses are 

widely abundant in the polar regions. Furthermore, there are a few pathways that result in the 

direct release of CH4 to the atmosphere by bypassing aerobic methane oxidation. Ebullition, 

for example, allows CH4 emitted in a wetland to bypass zones of aerobic methanotrophy. 

Methane fluxes through plant aerenchyma can also play an important role in net CH4 

emissions from wetlands (Bridgham et al., 2012). The contribution of plant-mediated CH4 is 

estimated to range from ~30-100% of total CH4 flux (Cheng et al., 2006; Dorodnikov et al., 

2011).   

 

 

 
 

Figure 5. The carbon cycle in permafrost soils: Permafrost soils can be both a source and a sink for CO2 

and CH4. (Wagner and Liebner, 2009) 
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Wagner and colleagues (2005) made the important observation that the availability of 

organic carbon in permafrost decreases with depth, meaning that this organic matter is less 

accessible to microorganisms for degradation. Liebner and colleagues (2009) posed the 

crucial question of whether this equilibrium will hold with the current chemical and physical 

changes in permafrost associated with rising temperatures. Their preliminary results indicated 

that while methanogens seem adapted to wider temperature fluctuations and show increased 

metabolic activity at higher temperatures, methanotrophs are more sensitive and show 

reduced activity at higher temperatures. As permafrost degrades and more organic matter 

becomes available, this could lead to increased methanogenesis while methanotrophy is 

negatively affected, clearly breaking the equilibrium. 

 

 

1.4. Characterization of methane-cycling microorganisms 

1.4.1. Methanogenic Archaea 

Methanogenic archaea belong to the phylum Euryarchaeota and are ubiquitous in nature and 

also in extreme environments. Thanks to their unique physiology, they are able to tolerate 

extreme temperatures, high salinity and extreme pH-values (Wagner and Liebner, 2009). 

They are characteristic members of microbial communities in anoxic habitats where they are 

responsible for biogenic methane formation. In wet tundra soils, methanogenesis is the 

terminal step in the anaerobic decomposition of organic matter and is solely driven by 

members of Euryarchaeota, a small group of microorganisms which has been identified in 

numerous permafrost environments (Ganzert et al., 2007; Steven et al., 2007; Yergeau et al., 

2010). Active methanogenic communities make these environments a significant carbon 

source. Most methanogens use carbon dioxide as their electron acceptor and reduce it with 

hydrogen to methane. The substrates used for the methanogenic catabolic pathway can be 

assigned to three major groups: methylotrophic, acetoclastic and hydrogenotrophic 

methanogenesis. Acetoclastic methanogens include the genus Methanosaeta which is only 

able to grow on acetate. Hydrogenotrophic methanogens produce methane from hydrogen and 

carbon dioxide. Existing studies on methanogenesis in cold environments have discovered 

that methane production is limited by water availability (Høj et al., 2006; Christensen et al., 

2003) and the quality of organic matter available rather than on temperature (Wagner et al., 

2005, Ganzert et al., 2007). Only a handful of studies exist on methanogenic populations in 

Arctic permafrost, (Bergman et al., 2000; Ganzert et al., 2007; Høj et al., 2008; Koch et al., 

2009; Yergeau et al 2010). So far, only a few strains of methanogens have been isolated from 

Arctic environments, e.g. Methanosarcina species (Simankova et al., 2003), 

Methanobacterium veterum (Krivushin et al., 2010), Methanobacterium arcticum 

(Shcherbakova et al., 2011) and most recently Methanosarcina soligelidi (Wagner et al., 

2013). Nonetheless, still too little is known about the ecology and diversity of methanogens in 

degrading permafrost environments and their reaction to climate change.  

In order to investigate the diversity of the methanogenic populations in this study, we 

selected a proxy for methanogenesis: the gene coding for subunit A of the methyl coenzyme-

M reductase enzyme (mcrA). Methyl coenzyme-M is the terminal enzyme complex in the 

methane generation pathway, methyl coenzyme-M reductase (MCR), which catalyses the 
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reduction of a methyl group bound to coenzyme-M, with the accompanying release of 

methane (Luton et al., 2002). This enzyme complex is unique and ubiquitous in methanogens 

(Thauer, 1998) and various studies have used it as a reliable tool for the specific detection of 

this group (Horz et al., 2005, Lin et al., 2005, Steinberg and Regan, 2008, Luke and Frenzel, 

2011). The mcrA gene is characterized by sufficient sequence divergence to serve as a reliable 

diagnostic gene for the study of the methanogenic population (Luton et al., 2002).  

 

 

1.4.2. Methanotrophic Bacteria 

Methane oxidizing bacteria (MOB) belong to the phylum Proteobacteria: 

Gammaproteobacteria, Type I and Alphaproteobarcteria, Type II (Hanson & Hanson, 1996) 

and to the phylogenetically distinct group Verrucomicrobia (Dunfield et al., 2007). MOB are 

present in the aerobic surface layers of the soil and in association with brown mosses such as 

Sphagnum where they play an important role in the biological oxidation of the methane 

produced in-situ. They are able to oxidize up to 90% of the methane emitted in the deeper 

layers before it reaches the atmosphere (Le Mer and Roger, 2001, Wagner and Liebner, 

2009). The balance between methane production and oxidation is sensitive and non-linear as 

methanogens and methanotrophs have been observed to responds differently to temperature 

variations in Siberia (Ganzert et al., 2007, Knoblauch et al., 2008, Liebner et al., 2009) and 

Svalbard (Høj et al., 2008). Yet despite their high relevance in the global climate equation, 

certain polygonal tundra ecosystems in northern regions such as the Canadian Western Arctic 

remain poorly characterized in terms of microbial diversity and biogeochemical cycles 

resulting in the net release of greenhouse gases to the atmosphere. Methanotrophs can be 

isolated from a wide variety of environments including air, the tissues of higher organisms, 

soils, sediments, and freshwater and marine systems and are all obligately aerobic, gram-

negative bacteria (McDonald et al., 2008). Psychrophilic and psychrotrophic MOB have been 

isolated from Arctic wetland soils and Siberian tundra (Wartiainen et al., 2006, Omelchenko 

et al., 1996). 

 To study the diversity of methane oxidizing bacteria in polygonal tundra on Herschel 

Island and the Yukon coast, we selected a proxy for methane oxidation: the gene coding for 

subunit A of the particulate methane monooxygenase enyzyme (pmoA). Methane 

monooxygenase (MMO), found in either soluble or membrane-bound form, is responsible for 

the conversion of methane into methanol, which is either assimilated into biomass or oxidized 

to carbon dioxide (Semrau et al., 1995). This gene is also characterized by sufficient sequence 

divergence to be used for the study of MOB (McDonald and Murrell, 1997).  
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1.5. Molecular ecology methods used to study methane-cycling communities 

1.5.1. Culture-dependent vs. -independent methods 

There are two established research approaches to investigate the microbial diversity of a given 

environment, culture-dependent and -independent methods (Leuko et al., 2007). Culture-

dependent approaches to investigate the diversity of microorganisms in environmental 

samples are constrained by the difficulty in mimicking actual environmental growth 

conditions with a culture medium, resulting in the selection and enrichment of certain 

community representatives only. Culture-dependent techniques are generally acknowledged 

as being heavily biased, and the cultures obtained are unrepresentative of the distribution of 

microbial communities in the environment. Because cultivating microorganisms selects for 

some organisms while others are not culturable, these methods grossly underestimate the 

population diversity present in natural environments (Amann et al., 1995; Torsvik et al., 

1990). Colwell and Grimes (2000) demonstrated that only small proportions of soil microbial 

communities can be cultivated. Amann and colleagues (1995) estimating this number to 

represent less than 1% of the microorganisms actually living in the environment. Laboratory 

trends have therefore shifted in the past decades from culture-based methods to culture-

independent methods (Øvreås and Torsvik, 1998). Culture-dependent methods are nonetheless 

crucial, because culturing, isolating and enriching new strains is the only way possible to 

describe new species based on their phenotype, providing essential information on their 

morphology, development, biochemical or physiological properties, metabolic products etc. 

Recent advances in molecular biology, however, have allowed microbial ecologists to directly 

access previously unexplored genetic diversity without the time consuming step of culturing. 

New techniques available are unaffected by the intrinsic bias introduced in culture based 

experiments (Babalola et al., 2008), but are in turn subject to biases introduced by polymerase 

chain reaction (PCR), the first step in nearly all molecular biology studies (Polz and 

Cavanaugh, 1998; von Wintzingerode et al., 1997). Advances in culture-independent 

molecular techniques have been applied to soil ecosystems to study microbial diversity at the 

molecular level.  

 

 

1.5.2. Community fingerprinting methods 

The application of molecular biology and genomics to environmental microbiology has 

enabled the proliferation of in-depth studies of the huge complexity present in natural 

microbial communities. The surveying of environmental biodiversity and the development of 

community fingerprinting methods to analyze PCR amplicons from complex environments 

have become routine practice in environmental microbiology studies, enabled by a range of 

molecular and bioinformatic techniques (Garcia-Pichel, 2008). Fingerprinting techniques 

generally rely on the separation and analysis of PCR products amplified from whole- 

community nucleic acids directly extracted from the environment (Oros-Sichler et al., 2007). 

Different existing techniques exploit sequence variation of amplified gene fragments, such as 

denaturing gradient gel electrophoresis (DGGE; Muyzer et al., 1993), terminal restriction 

fragment length polymorphism (T-RFLP; Liu et al., 1997; Marsh, 1999) and automated 

ribosomal intergenic spacer analysis (ARISA; Fischer and Triplet, 1999).  
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Until recently, DGGE was one of the best molecular community fingerprinting 

techniques in terms of predicting the species richness and distribution (Hui et al., 2008). 

Terminal restriction fragment length polymorphism (T-RFLP) exploit the differences in 

restriction enzymes digestion sites along the investigated gene (Liu et al., 1997). It is a 

culture-independent method that was developed by Liu and colleagues (1997). In comparison 

to the standard 16S rRNA gene cloning approach to investigate microbial diversity, 

fingerprinting methods like T-RFLP hold great potential for use for rapid, high-throughput 

screening for differences or changes in microbial communities (Hartmann et al., 2005).  

 

 

1.5.3. Next generation sequencing  

Until recently, the most comprehensive way to analyze the biodiversity present in a sample 

was to build a 16S rRNA clone library and sequence as many of the resulting, unique clones 

as possible. However, the time cost of constructing clone libraries followed by performing 

capillary-based DNA sequencing is high and often limits the number of sequences 

investigated. Recently, there have been advances in technology that have enabled high-

throughput genome sequencing to be established in research laboratories using bench-top 

instrumentation. These new technologies are being used to explore the vast microbial 

diversity in the natural environment and the untapped genetic variation that can occur in 

bacterial species (Hall, 2007). One of these new technologies is Ion Torrent Sequencing. This 

technology offers a means to more extensively sample molecular diversity in microbial 

populations. Hundreds of thousands of short DNA sequence reads can be generated in just 

under two hours. The method of Ion Torrent Sequencing was first published by Rothberg and 

colleagues in 2011 and is based on the detection of hydrogen ions that are released during the 

polymerization of DNA. A microchip on which the sample is loaded detects the release of a 

hydrogen ion when a nucleotide complementary to the investigated sequence is incorporated. 

This technology differs from other sequencing methods in that it is non-optical.  

The following diagram (Figure 6) provides an overview of the combination of 

methods used to investigate microbial diversity and function in the polygonal tundra of 

Herschel Island and the Yukon Coast. 
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Figure 6. Overview of the methods used during this doctoral research project 

 

1.6. Study area: Herschel Island and the Yukon Coastal Plain, Canada 

Herschel Island lies in the Beaufort Sea in the northwest Canadian Arctic, 60 km from the 

border to Alaska within the Iwavik National Park and UNESCO World Heritage Site (Figure 

7). It is situated 5 km from the mainland, its area is 112 km
2
 with its highest elevation point at 

182 m above sea level. The island is located in the zone of continuous permafrost and is 

characterized by an Artic continental climate. The Yukon Coast runs along the Beaufort Sea 

in the area of the Yukon Territory, which extends from the border of the U.S. state of Alaska 

to the border of Canada's Northwest Territory. The vegetation of the Yukon Coast and 

Herschel Island is described as arctic tundra, featuring the absence of trees and a dominance 

of dwarf shrubs, sedges and grasses, mosses, and lichens. The soils at all four sampling sites 

were characterized as Hemic Glacistel classified according to the U.S. Soil Taxonomy (Soil 

Survey Staff, 1998) with poor drainage and a loamy soil texture. The climate is characterized 

by long, cold winters and short, warm summers. The annual average temperature of the 

Yukon Coastal Plain is -10.2°C on the mainland and -11.3°C on Herschel Island (Burn and 

Zhang, 2009). A large portion of permafrost environments in the Western Canadian Arctic are 

characterized by patterned ground features, in particular low-centered ice-wedge polygons 

(Figure 8) created by cryogenic processes associated with strong seasonal freeze-thaw cycles. 

These low-centered polygons typically have a depressed center and elevated rim, this 

microrelief affecting the hydrology and organic carbon content of the soils. The polygon 

centres are characterized by a water level near the soil surface, which combined with the cold 

climatic conditions lead to an accumulation of organic matter (Shaver et al., 2006).  
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Figure 7. Map showing the geographical location of Herschel Island and the four polygon sampling sites: 

ñDrained Lake Polygonò (DP) and ñLake Herschel Polygonò (LP) located on Herschel Island, and 

ñMainland Polygonò (MP) and ñKing Point Polygonò (KP) located on the Yukon Coast.  (modified from 

Burn and Zhang, 2009) 

 

 

 
 

Figure 8. Aerial photography of a field of polygons on Herschel Island, Canada (B. Frank-Fahle) 

 



INTRODUCTION 

20 

 

The mainly anaerobic decomposition of soil organic matter in combination with the 

water regime and the vegetation generates high CH4 production and emission rates from these 

sites (Wille et al., 2008.) Today, estimates of the methane released from artic and subarctic 

wetlands range from 2.2% to 20% of the global methane emissions (Cao, 1998). This area of 

the western Canadian Arctic is being extensively studied in terms of degrading permafrost 

(Burn et al, 2009; Kokelj and Lantz, 2008). Burn and Zhang (2009) have shown that the 

annual average air temperatures of Herschel Island have risen by 2.5° C between the periods 

1899 to 1905 and 1995 to 2007. In the same study, they have recorded an increase in 

permafrost thaw of 15 to 25 cm in the past twenty years. For these reasons, Herschel Island 

and the Yukon Coastal Plain is an ideal model system to study the fate of organic carbon 

stored in permafrost in response to intensified microbial degradation and the release of 

greenhouse gases caused by climate change.  
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1.7. Aims and Objectives 

 

The main goal of this research project is to elucidate the fate of the organic carbon stored in 

permafrost-affected soils on Herschel Island and the Yukon Coast in the Canadian Western 

Arctic in the current context of climate change. This is accomplished by analyzing the 

abundance, dynamics and function of microbial communities involved in consuming this 

organic carbon, especially with respect to methane cycling. In order to attain this general goal, 

it is necessary to answer the following questions: 

 

1) Will the structure of microbial communities, particularly methanogenic and 

methanotrophic populations, be affected by rising permafrost temperatures?  

 

From existing studies and model predictions, it appears that the thawing of permafrost due to 

increasing temperatures in the Arctic will affect certain microbial sub-populations more than 

others. This study aims to use an array of culture-independent methods to clarify the diversity, 

abundance and dynamics of microbial communities in response to physico-chemical changes 

in their ecosystem caused by increasing temperatures and thawing permafrost.  

 

2) Are these communities flexible enough to compensate the changes occurring in their 

environment with regard to carbon mineralization and their function in polar ecosystems?  

 

Through the investigation of carbon utilization and cycling, this project aims to elucidate the 

role of particular microorganisms in their environment. Methane emissions are of particular 

interest due to their relevance in the context of global warming, and the adaptability of 

methanogens and methanotrophs in response to a warmer environment is crucial to maintain 

an equilibrium. However, preliminary evidence points towards the greater flexibility of 

methanogens, a major carbon source, to increasing temperatures compared to methanotrophs, 

a major carbon sink. The data obtained in this thesis aims to help consolidate our 

understanding of the carbon dynamics in melting permafrost. 
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1.8. Overview of manuscripts 

 

1
st
 Manuscript  (published in 2012 in FEMS Microbiology Ecology 82: 287-302) 

 

ñMethane-cycling communities in a permafrost-affected soil on Herschel Island, 

Western Canadian Arctic: active layer profiling of mcrA and pmoA genes.ò  

Authors:  Béatrice A. Barbier
1
*, Isabel Dziduch

1
, Susanne Liebner

2#
, Lars Ganzert

2§
, Hugues 

Lantuit
1
, Wayne Pollard

3
 & Dirk Wagner

1#
 

Aims: The aim of this study was to better understand the in situ dynamics between microbial-

driven methanogenesis and methane oxidation in increasingly thawing permafrost in a low-

centered, water-saturated polygon on Herschel Island, Canada. 

Summary: To attain this objective, we calculated the potential methane production and 

oxidation rates along a vertical active layer profile. To understand abiotic factors driving 

methane activity, we described the physicochemical properties of the soil profile. We 

looked at community composition and distribution of mcrA and pmoA genes throughout 

the soil profile using T-RFLP analysis. We complemented the fingerprinting results by 

constructing clone libraries of our two genes of interest. We identified a methanotrophic 

community different from what was reported so far for Arctic tundra soils both in terms of 

community structure and potential activity. The community of methanogens was similar in 

composition to what we know from Arctic wet tundra and this community seems to be 

more stable in the circum-Arctic. We observed a clear shift from a hydrogenotrophic 

towards an acetoclastic community approaching the permafrost table. Such as shift though 

assumed to exist in tundra soils could never be shown so far. 

Contribution of author and coȤauthors: Béatrice Frank-Fahle developed the structure and 

objectives of this study, planned and carried out field sampling and laboratory experiments, 

performed the data analysis and wrote the manuscript. Isabel Dziduch provided help with 

cloning and methane activity measurement. Susanne Liebner and Lars Ganzert carried out 

the taxonomical analysis of pmoA and mcrA sequences and contributed to the interpretation 

of the results and valuable discussion. Hugues Lantuit and Wayne Pollard enabled 

sampling and provided logistical support during the field campaign. Dirk Wagner 

contributed to structure of the manuscript, interpretation of the results and valuable 

discussion. 

* This manuscript was published under Béatrice Frank-Fahleôs maiden name (Barbier) 
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2
nd

 Manuscript  (submitted for publication to the ISME Journal) 

 

ñMicrobial diversity, function and community structure in polygonal tundra from the 

Western Canadian Arctic using Ion Torrent sequencing and quantitative PCR.ò  

Authors: Béatrice A. Frank-Fahle
1
, Etienne Yergeau

4
, Charles W. Greer

4
, Hugues Lantuit

1
 & 

Dirk Wagner
1# 

Aims : The objective of this study was to evaluate and compare the diversity and abundance 

of microbial communities in the active layer of four low-centered polygons on Herschel 

Island and the Yukon Coast, in the Canadian Western Arctic using Ion Torrent sequencing 

of bacterial and archaeal 16S rRNA genes and quantitative PCR of carbon- and nitrogen-

cycling functional genes. 

Summary: Ion Torrent sequencing of bacterial and archaeal 16S rRNA revealed the presence 

of all major microbial soil groups and indicated a local, vertical heterogeneity of the 

polygonal tundra soils with increasing depth. The overall diversity was high with Shannon 

indices of 5.8 for Bacteria and 4.7 for Archaea, varying only slightly between the four 

sampling sites. Diversity was found to be highest in the surface layers, decreasing towards 

the permafrost table. Proteobacteria and Bacteroidetes were the dominant members of the 

bacterial community at all sites. Euryarchaeota largely dominated the Archaeal 

communities, with a majority of methanogens (Methanobacteria and Methanomicrobia) 

found in the polygonal tundra soils. Quantitative PCR analysis of carbon and nitrogen-

cycling functional genes revealed a high abundance of all genes studied, indicating that the 

locations studied are not nitrogen-limited, contrarily to what has been reported so far from 

tundra environments. This has significant implications for future carbon emissions from 

waterlogged tundra environments under the pronounced warming occurring in the Arctic 

Contribution of author and co-authors: Béatrice Frank-Fahle developed the structure and 

objectives of this study, carried out the laboratory experiments, performed the downstream 

data analysis and wrote the manuscript. Etienne Yergeau helped with setting up Ion Torrent 

Sequencing analysis and provided valuable support in the downstream analysis of the 

sequence data and multivariate statistics, interpretation of results and discussion of the 

manuscript. Charles Greer provided the expertise, equipment and consumables for Ion 

Torrent Sequencing. Hugues Lantuit enabled sampling and provided critical comments on 

the manuscript. Dirk Wagner contributed to the interpretation of the results and valuable 

discussion. 
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3
rd

 Manuscript  (in preparation for submission to Applied and Environmental Microbiology) 

 

ñDynamics and adaptation of the methane-cycling community in a permafrost-affected 

soil under simulated global warming.ò  

Authors:  Béatrice A. Frank-Fahle
1,
*, Nadine Manke

1
, Hugues Lantuit

1
 & Dirk Wagner

1#
 

Aims: The objective of this study was to investigate the reaction and adaptation of active-

layer methane-cycling microorganisms from polygonal tundra on Herschel Island, Canada 

under simulated global warming.  

Summary: This study presents the results of an 8 months long simulated climate warming 

experiment in which three intact active layer cores taken from wet polygonal tundra on 

Hershel Island, Canada were incubated at regularly increasing temperatures. The response 

of methane-cycling microbial communities in the active layer was studied using qPCR and 

T-RFLP. Results showed that both the methanogenic and methanotrophic communities 

were able to adapt rapidly to increasing temperatures and even seemed stimulated by this 

increase. Overall diversity did not drastically decrease over time, but a clear shift in 

community composition and abundance could be observed, particularly in the bacterial 

community towards the bottom of the active layer. Archaea appeared less affected by the 

temperature increase and the diversity and distribution of this community remained 

relatively stable over time. Overall, these results give a positive prognostic on the fate of 

methane-cycling microbial communities under increasing temperatures and permafrost 

degradation. 

Contribution of auth or and coȤauthors: Béatrice Frank-Fahle developed the structure and 

objectives of this study, carried out field sampling and laboratory experiments, performed 

data analysis and wrote the manuscript. Nadine Manke contributed in setting-up and 

monitoring the simulation experiment, as well as laboratory and downstream analyses. 

Hugues Lantuit enabled sampling. Dirk Wagner developed the experimental setup and 

contributed to the interpretation of the results and valuable discussion. 

 

List of Authorsô affiliations:  
1 Alfred Wegener Institute for Polar and Marine Research, Research Unit Potsdam, Potsdam, 

Germany. 
2 Department of Arctic and Marine Biology, University of Tromsø, Tromsø, Norway. 
3 Department of Geography, McGill University, Montréal, Canada. 
4 National Research Council Canada, Montréal, Quebec, Canada. 
# Current affiliation: Helmholtz Centre Potsdam GFZ German Research Centre for Geosciences, 

Section 4.5, Geomicrobiology, Potsdam, Germany 
§ Current affiliation: Finnish Forest Research Institute (METLA), Rovaniemi, Finland 
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MANUSCRIPT I  ï (Published in 2012 in FEMS Microbiology Ecology 82: 287-302)
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