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PREFACE

This work was funded through a doctoral scholarship from the German Environmental
Foundation (DBU) to Béatrice Fraitka h | e and by t he ol ntern
Education and Researchd program of t he I n
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 Canadiae3térn 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, Northwé&amadian Arctic.

Laboratory work was mainly performed at the Alfred Wegener Institute for Polar and Marine
Research, Research Unit Potsdam. lon Torrent Sequencing analyses were performed at the
National Research Council, Montréal in the research fia@silof Professor Charles Greer.

The following thesis is written in English and presented as a cumulative Ph.D. thésss t
University of Potsdam (Faculty of Mathematics and Natural Sciences). It consists of a general
introductory review related to thparticular research field including the scientific background,
the description of the study area as well as the abgscof the study. The main body the

thesis is composed of three manuscripts with first authorship. It is followed by a final
synthess including a review of the most important findings, a general conclusion,
methodological remarks and future prospects.
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SUMMARY

Permafrostaffected ecosystems including peat wetlands are among the most obvious
regions in which current microbial controls onganic 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 thawkyers.

The following doctoral research project focused on investigating the abundance and
distribution of the methareycling microbial communities in four different polygons on
Herschel Island and the Yukon Coast. Despite the relevance of the Canadian Wedtern Ar
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@rgani
matter and their potential reaction to rising environmental temperatures, the overarching goal
of the ensuing thesis is fdl the current gap in understanding the fate of the organic carbon
currently stored in Artic environments and its implicationgarding 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 communipyesent in the active layer of four polygons and to
scrutinize the diversity and distribution of methanyeling microorganisms at different
depths. These methods were combined with soil properties analyses in order to identify the
main physicechemical variables shaping these communities. In addition a climate warming
simulation experiment was carri@dit on intact active layer cores retrieved from Herschel
Island in order to investigate the changes in the metbgrleng communities associated with
an ircrease in soil temperature and to help better predict future mdthaes from
polygonal wet tundra environments in the context of climate change.

Results showed that the microbial community found in the vsaRemrated and
carbonrich polygons on Her$el 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 compalde potential methane production rates, whereas the methane oxidizing
bacterial community differed from what has been found so far, being dominated by type
rather than typé methanotrophs. After being subjected to strong increases in soll
temperaturethe activelayer 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 arsaessment of the potential impact of climate change on metialeg
microbial communitiesThis thesis constitutes the first-ohepth study of methargycling
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 CircuArctic.



ZUSAMMENFASSUNG

Permafrost beeinflusste Okosysteme gehoren zu den Regionen, in denen als Folge der
globalen Erwarmung eine Veranderung des mikrokuetitrollierten Abbaus von
organischem Material zu erwarten ist. Besonders in den Okosystemen der feuchten
Tundralandschaéih kommt es zu einer verstarkten Methanpoduktion unter wassergesattigten
und anoxischen Bedingungen, die durch immer tiefere saisonale Auftauschichten begunstigt
werden.

Die vorliegende Doktorarbeit kontenzentrierte sich auf die Untersuchung der Abuntthnz
Verteilung der am Methankreislauf beteiligten mikrobiellen Gemeinschaften in vier
unterschiedlichen Polygonen auf der Insel Herschel und an der Yukon Kiste in Kanada. Trotz
des relevanten Beitrags der kanadischen \Wddis am globalen Methanhaushadind die
dortigen mikrobiellen Gemeinschaften im Permafrost bisher nur unzureichend untersucht
worden.

Die zentrale Zielstellung der vorliegenden Arbeit besteht darin, die derzeitige Licke
im Verstandnis der Kohlenstoffdynamik in der Arktis im Zuge vdimiveranderungen und
deren Bedeutung fiir den Methankreislauf in Permafodstsystemen zu schlieBen. Dies
erfolgt durch Untersuchungen der am Abbau der organischen Substanz im Permafrost
beteiligten methonogenen und methanothrophen mikrobiellen Gemdteschand ihrer
maoglichen Reaktionen auf steigende Umgebungstemperaturen.

Um dieses Ziel zu erreichen, wurde ein Multiprokysatz gewahlt, der die Analyse
der Gemeinschaften mittels genetischen Fingerprintmethoden, Klonierung, quantitativer PCR
und moderer Hochdurchsatzsequenzierung (ANext
die in der Auftauschicht der vier untersuchten Polygone vorhandenen Baktaridn
ArchaeenGemeinschaften zu charakterisieren sowie die Diversitat und Verteilung der am
Methankreslauf beteiligten Mikroorganismen in unterschiedlicher Tiefe eingehend zu
analysieren. Diese Studien wurden mit physikaksicemischen Habitatuntersuchungen
kombiniert, da diese die mikrobiellen Lebensgemeinschaften maf3geblich beeinflussen.

Zusatzlich wude ein Laboexperiment zur Simulation der Klimaerwarmung an
intakten Bodenmonolithen von der Insel Herschel durchgefuhrt, um die Veranderungen der
am Methankreislauf beteiligten Gemeinschaften aufgrund steigender Bodentemperaturen zu
untersuchen, sowie s$ierere Voraussagen bezuglich der Methanfreisetzung in polygonalen
Permafrostgebieten im Zusammenhang mit dem Klimawandel treffen zu kénnen.

Die Ergebnisse zeigten, dass in den wassergesattigten und kohlenstoffreichen
Polygonen der Insel Herschel und derk¥rKiste eine diverse mikrobielle Gemeinschaft
existiert, wobei die Verteilung tber die Tiefe in allen vier untersuchten Polygonen &hnlich
war. Insbesondere die methanogene Gemeinschaft dhnelte den Gemeinschaften, welche in
ahnlichen arktischen Untersucigsgebieten gefunden wurden und zeigte vergleichbare
potenzielle Methanbildungsraten. Die Methan oxidierende bakterielle Gemeinschaft hingegen
unterschied sich von bisherigen Studien und war eher vorAlTygthanotrophen als von
Typ-l Methanotrophen domiert. Nachdem die mikrobiellen Gemeinschaften der
Auftauschicht einem starken Anstieg der Bodentemperaturen ausgesetzt waren, zeigten sie die
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Féahigkeit, sich schnell anzupassen und als Ergebnis dessen konnten Veranderungen in der
Zusammensetzung der Gensghaft beobachtet werden.

Diese Ergebnisse tragen zum besseren Verstandnis des Kohl&mstskufs in
arktischen Permafrostregionen bei und ermoglichen eine Einschatzung hinsichtlich des
potenziellen Einflusses des Klimawandels auf die am Methankreigteteiligten
mikrobiellen Gemeinschaften. Mit dieser Arbeit wurde eine erste, umfassende Studie der am
Methankreislauf beteiligten mikrobiellen Gemeinschaften der kanadischen-Afést
vorgelegt, womit ein wichtiger Beitrag zum Verstdndnis dieser Gestieaiten in
degradierenden PermafraSkosystemen geleistet wird.



INTRODUCTION

|. 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 (Tarnocaiet al, 2009) However, with globally increasing temperatudes 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)(@htl carbon dioxide (C{) Because global warming
is predicted to be most pronounced at northern latitudes (Figure 1) (IPCC, 2007), an increased
release of these gases, especially,CHcoul d have a dramatic | mg
system Estimates show that up to a quakéthe 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).

Versus
1940-1980 Norms

-2 -1.5 -1 -0.5 0 0.5 1 1.5 2

Figure 1. Di f f erence in surface temperatures between
temperatures at the same locations, defined as the average over the interval 1940 to 1980nigighéghti
immense warming of highorth latitudes (modified after Robe#t Rohde, da 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 cliate 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 dioxileaf@®nethane
(CHy). As the concentration of greenhouse gases in the atmosphere increases, temperatures
increase even further and the cycle continues creating a positive feedhadkitpoe 2).
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Rise in global
temperatures

+ Permafrost thaws:
previously stored organic
carbon becomes available

Increased microbial
degradation leads to
increased CO2 and CH4
emissions

Figure 2. The positive feedback loop in degradpgrmafrost ecosystems (source:
http://sitemaker.umich.edu/section2_groupl/arctic_issues_permafrost)

Methane is chemically very active and has afd@8 global warming potential on a
perunit-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 (Tgragram per year)f asnethane
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 bedahsenaterlogged, anoxic
condition that prevail in seasonally increasing thawed lay®@halen & Reeburgh, 1992An
increase in temperatures at high latitudes could potentially expose large amounts of
previously conserved carbon during the next few des@davidson & Janssens, 200&hd
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 @072 Wagner et al., 2007; Liebner et al., 2008;
Dedysh, 2009), Svalbard (Wartiainen et al., 2003; Hgj et al., 2008; Graef et al., 2011) and the
Canadian High Arctic (Pache@liver et al., 2002; Martineau et al., 2010; Yergeau et al.,
2010) to study the @macteristics and dynamics of methanyeling 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 occurringhatatiides.
Permafrost microorganisms are highly adapted to their surrounding conditions, including
extreme temperatures, freettmw cycles and varying soil geochemistry, especially in the
upper active layer of permafrost. Two groups of microorganismsfgparticular relevance to
methane cycling; methanogenic archaea and methanotrophic bacteria (refer to paragraph 4 in
this chapter). Methanogenic archaea produce methane as a metabghiodut, while
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INTRODUCTION

methanotrophic bacteria break down methane adideuit 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 methanotrajimsoxidize up to 90% of methane produced

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

sink for the methane produced by methanogens. An important concern is whether this
equilibrium can hold in the context ofanming temperatures, seeing that methanogens could
potentially better adapt to rapid temperature fluctuations than methanotrophs (laelher
2009). If this balance does not subsist and community structures are affected, this will likely
leadtoincreaed met hane emissions, furtheThedatsnpac:t
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 permafret environments in the carbon cycle

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

|l and area in Polar Regions (Zhang, 1999)
organic carbon reserves (Tarnocai et al. 2009) (Egy@and 4). Permafrost soils can be
di vided into three zones based on temperatt

and is characterized by extreme temperature fluctuations between +13588d The layer

below, the upper permafrost sediments, is betw@.5 and 20m thick and has temperatures
varying between 0 and5°C. The third layer are the deeper permafrost sediments, with more
stable temperatures betweéeh and-10°C (French, 1996). Because of prolonged anoxic
conditions and low temperatures inrpafrost 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 environemts 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 (DavidsmhJanssens, 2006). Indeed,
recorded Arctidemperatures 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 seasdrailgdt

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 potentiabemental hazard (Wagnet

al., 2005).
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ion, 1998.
Circumpolar Active-Layer Permafrost System (CAPS), version 1.0.

Figure 3. Latitudinal zonation of permafrostSource Philippe RekacewicftUNEP/GRID-Arendal).Data
from the International Permafrost Association, 1998. Circumpolar Attiyer Permafrost System
(CAPS),version 1.0).

10.01-50 kg/m® @ Tree line
> 50 kg/m”

Figure 4. Distribution of soil organic carbon contsrin the northern circumpol@ermafrost region based
on the NCSCD (Tarnocat al.2009).
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INTRODUCTION

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
predaminantly wet permafrost environments, where methane is produced in the final process
of hydrolysis and fermentation (Schiakd Stams, 2006). The two main enengyetabolism
pathways that result in methane production in low temperature environments are: the
reduction of CQ to CH, and the fermentation of acetate to £ithd CQ (Conrad, 2005).
Methanogenesis is driven solely by methanogenic archaea, a small group of strict anaerobes
from the kingdonEuryarchaeotgdGarcia, 2000) and can be responsible fotau@0% 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 mddiiche 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). Mossassociated methane oxidation (MAMO) cso be an effective buffer for GH
emissions from permafrosiffected tundra (Liebnegt 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 CHo the atmosipere by bypassing aerobic methane oxidation. Ebullition,
for example, allows ClHemitted in a wetland to bypass zones of aerobic methanotrophy.
Methane fluxes through plant aerenchyma can also play an important role in pet CH
emissions from wetlands (Bgtiamet al, 2012). The contribution of plamediated Chlis
estimated to range from ~3M0% of total CH flux (Chenget al, 2006; Dorodnikowet al,

2011).

co, CH,

photo- methane
synthesis oxidation

ocm

water 20cm

table

40cm

permafrost
table

60cm

80cm

Figure 5. The carbon cycle in permafrost soils: Permafrost soils can be both a source and a sink for CO
and CH. (Wagner andLiebner, 2009)
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INTRODUCTION

Wagner and colleagues (2005) made the important observation that the availability of
organic carbon in permafrost decreasath 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 permafrosssociated 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 divity 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 ofmethanecycling microorganisms
1.4.1. Methanogenic Archaea

Methanogenic archaea belong to the phykunyarchaeotaand are ubiquitous in nature and
also in extreme environments. Thanks to their unique physiology, they are able to tolerate
extreme temperatures, high salinity and extremevaldes (Wagnemnd Liebner, 2009).
They are characteristic members of microloi@nmunities 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 ofEuryarchaeotaa small goup of microorganisms which has been identified in
numerous permafrost environments (Ganegedl.,2007; Steveret al.,2007; Yergeawet al.,
2010). Active methanogenic communities make these environments a significant carbon
source. Most methanogens us&bon 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. Acetod@smethanogens include the gendgthanosaetavhich 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 prodtion is limited by water availability (Hagt al, 2006; Christenseet al.,
2003) and the quality of organic matter available rather than on temperature (\&Wagher
2005, Ganzeret al.,2007).Only a handful of studies exist on methanogenic populatio
Arctic permafrost, (Bergmaat al, 2000; Ganzergt al, 2007; Hgijet 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 (Simankovaet al., 2003),
Methanobacterium veterum(Krivushin et al, 2010), Methanobacterium arcticum
(Shcherbakoveaet al, 2011) and most recentlylethanosarcina soligelid{(Wagneret al.,
2013). Nonetheless, still too little is known about the ecology and divefsitgthanogens 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 tind costnzyme
M reductase enzymemrA). Methyl coenzymeM is the terminal enzyme complex in the
methane generation pathway, methyl coenzjneeductase (MCR), which catalyses the
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INTRODUCTION

reduction of a methyl group bound to coenzywhewith the accompanying releasof
methangLuton et al, 2002) This enzyme complex is unique and ubiquitous in methanogens
(Thauer, 1998and various studies have used it as a reliable tool for the specific detection of
this group(Horz et al, 2005, Linet al, 2005, SteinbergndRegan, 2008, LukandFrenzel,

2011) ThemcrAgene is characterized by sufficient sequence divergence to serve as a reliable
diagnostic gene for the study of the methanogenic population (keti@n 2002).

1.4.2. Methanotrophic Bacteria

Methane oxidizing bacteria (MOB) belong to the phylunProteobacteria:
Gammaproteobacterjal'ype | andAlphaproteobarcteriaType Il (Hanson & Hanson, 1996)
and to the phylogenetically distinct groMerrucomicrobia(Dunfield et al, 2007). MOB are
presenin the aerobic surface layers of the soil and in association with brown mosses such as
Sphagnunmwhere they play an important role in the biological oxidation of the methane
producedin-situ. They are able to oxidize up to 90% of the methane emitted idebper
layers before it reaches the atmosphere (Le &fet Roger, 2001, Wagneand Liebner,
2009). The balance between methane production and oxidation is sensitive dimgaroas
methanogens and methanotrophs have been observed to responds ditiereEmigerature
variations in Siberia (Ganzeet al, 2007, Knoblauclet al, 2008, Liebneeet al, 2009) and
Svalbard (Hgjet al, 2008). Yet despite their high relevance in the global climate equation,
certain polygonal tundra ecosystems in northerroregsuch 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 environmts 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 wetind soils and Siberian tundra (Wartiairetral., 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 @oding f
subunit A of the particulate methane monooxygenase enyzypmeoA. Methane
monooxygenase (MMO), found in either soluble or membiamend form, is responsible for
the conversion of methane into methanol, which is either assimilated into biomass zedxidi
to carbon dioxid¢Semrauet al, 1995) This gene is also characterized by sufficient sequence
divergence to be used for the study of M@B:DonaldandMurrell, 1997)
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INTRODUCTION

1.5. Molecular ecology methods used to study methawgcling communities
1.5.1.Culture-dependent vs-independent methods

There are two established research approaches to investigate the microbial diversity of a given
environment, culturelependent andindependent methods (Leuket al, 2007). Culture
dependent approaches tovestigate 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 representativemnly. Culturedependent 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 orgaisms while others are not culturable, these methods grossly underestimate the
population diversity present in natural environments (Amanml, 1995; Torsviket al.,

1990). Colwell and Grimes (2000) demonstrated that only small proportions of soibiaicro
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 cbhsesl methis to culture
independent methods (@vredsd Torsvik, 1998). Culturelependent methods are nonetheless
crucial, because culturing, isolating and enriching new strains is the only way possible to
describe new species based on their phenotype, providimgtiessinformation on their
morphology, development, biochemical or physiological pritg®e metabolic products etc.
Recent advances in molecular biology, however, have allowed microbial ecologists to directly
access previously unexplored genetic divgrgiithout the time cosuming step of culturing.

New techniques available are unaffected by the intrinsic bias introduced in culture based
experiments (Babalolet al.,2008), but are in turn subject to biases introduced by polymerase
chain reaction (PCR)the first step in nearly all molecular biology studies (Paid
Cavanaugh, 1998; von Wintzingerodt al., 1997). Advances in cultwi@dependent
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 4ddepth studies of the huge complexity present in natural
microbial communities. The surveying efivironmental 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 thoiques (Garci®ichel, 2008). Fingerprinting techniques
generally rely on the separation and analysis of PCR products amplified from-whole
community nucleic acids directly extracted from the environment (Sidseret al.,2007).
Different existing tebniques exploit sequence variation of amplified gene fragments, such as
denaturing gradient gel electrophoresis (DGGE; Muyaeal., 1993), terminal restriction
fragment length polymorphism {RFLP; Liu et al., 1997; Marsh, 1999) and automated
ribosomal ntergenic spacer analysis (ARISA; FischadTriplet, 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 distributioret ki, 2008).
Terminal restriction fragment length polymorphism-KFLP) exploit the differences in
restriction enzymes digestion sites along the investigated genee(lal, 1997). It is a
cultureindependent method that was developed by Liu and colleagd@8)(1n comparison
to the standard 16S rRNA gene cloning approach to investigate microbial diversity,
fingerprinting methods like -RFLP hold great potential for use for rapid, highoughput
screening for differences or changes in microbial commur{liegmannet al, 2005).

1.5.3. Next generation sequencing

Until recently, the most comprehensive wayattalyzethe biodiversity present in a sample
was to build a 16S rRNA clone library and sequence as many of the resulting, unique clones
as possibleHowever, 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
throughputgenome sequencing to be established in research laboratories usingadpench
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
baderial species (Hall, 2007). One of these new technologies is lon 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 gengtetied
under two hours. The method of lon 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 le@dletects 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 ioptical.

The following diagram (Figure 6) provides an overview tbe 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: Herschelsland 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 lwavik National Park and UNESCO World Heritage Site (Figure
7). It is situated 5 km from thmainland, its area is 112 Rmwith 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 ar@a ofthe Yukon Territory, which extends from the border of the U.S. state of Alaska
to the border ofCanada's Northwest Territory. The vegetation of the Yukon Coast and
Herschel Island is described as arctic tundra, featuring the absence of treesoandanck

of dwarf shrubs, sedges and grasses, mosses, and lichens. The soils at all four sampling sites
were characterized &temic Glacisteklassified according to the U.S. Soil Taxonomy (Soil
Survey Staff, 1998) with poor drainage and a loamy soil texfthe climate is characterized

by long, cold winters and short, warm summers. The annual average temperature of the
Yukon Coastal Plain is10.2°C on the mainland and1.3°C on Herschel Island (Burn and
Zhang, 2009). A large portion of permafrost enmireents in the Western Canadian Arctic are
characterized by patterned ground features, in particulaicémtered icavedge polygons
(Figure 8) created by cryogenic processes associated with strong seasondhfwezgles.

These lowcentered polygons pycally 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 (Shetvat.,2006).

18



INTRODUCTION

s G 1390 138° 137°
% ., Komakuk Beach Herschel o
1' LP Island
///} ’ etis 69°30°
s\ MP ‘ !
Roland
Bay
/‘ Stokes Point
9\'\\'@( Kay Point
i Beaufort Sea
0
Q\( . g
o s ing Point
2:2
; : 2 wer Y i
L5 { Shingle Point
o,
N
N
<
0 80 km

Figure 7. Map showing the geographical location of Hadclsland and the four polyg@ampling sites:
fiDrained Lake Polygosahde¢IDPPolayg o niddeasghelPigldre] and at e d
fiMainland Polygono (MP) and fAKing Point Polygono
BurnandZhang, 2009)

Figure 8. Aerial photography oé field ofpolygons on Herschel Island, Canada (B. FrEakle)

19



INTRODUCTION

The mainly aaerobic decomposition of soil organic matter in combination with the
water regime and the vegetation generates highp@étiuction and emission rates from these
sites (Willeet 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 iircrease
permafrost thaw of 15 t85 cm in the past twenty yealor 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 degradatidnttee release of
greenhouse gases caused by climate change.
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1.7. Aims and Objectives

The main goal of this research projesto elucidate the fate of the organic carbon stored in
permafrostaffected soilson Herschel Islanénd the Yukon Coast in theéanadian Western
Arctic in the current ontext of climate change. This mccomplished by analyzing the
abundance, dynamics and function of microbial communities involvecbmsumingthis
organic carbon, especially with respeximethane cycling. In order #itainthis generagoal

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 tanpes?

From existing studies and model predictions, it appears thatdlaeng of permafrost due to
increasing temperatures in the Arctic will affect certain microbialmfulations more than
others. This study aims to uae array otultureindependenmethods to clarify thdiversity,
abundance and dynamics of microbial communities in response to glhsimical changes
in their ecosystem caused by increasing temperaturethawdchgpermafrost.

2) Are these communities flexibEnough 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 particula 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 thesmss to help consolidate w
understanding of the carbon dynamics in melting permafrost.
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1.8. Overview of manuscripts

1°*' Manuscript (published in 2012 iiFEMS Microbiology Ecolog82: 287-302)

i Me t hcgcling communities in a permafrostaffected soil on Herschel Island,
Western Canadian Arctic: active layer profiling of mcrAandpmoAgenes . 0

Authors: Béatrice A. Barbiér, Isabel Dziduch, Susanne Liebn&t Lars Ganzeft, Hugues
Lantuit', Wayne Pollard& Dirk Wagner*

Aims: The aim of this study was to better understand the in situ dynamics between microbial
driven methanogenesis and methane oxidation in increasingly thawing permafrostin a low
centered, watesaturated polygon on Herschslland, 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 propediethe soil profile. We
looked at community composition and distributionnoérA and pmoAgenes throughout
the soil profile using IRFLP analysis. We complemented the fingerprinting results by
constructing clone libraries of our two genes of interest.id®atified 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 tuadand this community seems to be
more stable in the circufrrctic. 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 nevertosve so far.

Contribution of author and coZauthors: Béatrice FrankFahle developed the structure and
objectives of this study, planned and carried out field sampling and laboratory experiments,
performed the data analysis and wrote the manustsgdiel ziduchprovided help with
cloning and methane activity measurem&usanne LiebneandLars Ganzertarried out
the taxonomical analysis pinoAandmcrAsequences and contributed to the interpretation
of the results and valuable discussidtugues Lantdi and Wayne Pollardenabled
sampling and provided logistical support during the field campaiyrk Wagner
contributed to structure of the manuscript, interpretation of the results and valuable
discussion.

A

* This manuscript was published under BéatfcenkF a h|l e 6s mai den name (
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2" Manuscript (submitted for publication to tH&ME Journa)

AMi crobi al di versity, function and communi
Western Canadian Arctic using lon Torrent

Authors: Béatrice A. FraniEahlé, Etienne YergeduCharles W. GreérHugues Lantult&
Dirk Wagnel”

Aims : The objective of this study was to evaluate and compare the diversity and abundance
of microbial communities in the active layer of four leentered polygons on Herschel
Island and the Yukon Coast, in the Canadian Western Arctig ismTorrent sequencing
of bacterial and archaeal 16S rRNA genes and quantitative PCR of carzbnitrogen
cycling functional genes.

Summary: lon Torrent sequencing of bacterial and archaeal 16S rRNA revealed the presence
of all major microbial soil grups 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. Divsity was found to be highest in the surface layers, decreasing towards
the permafrost tabld2roteobacterisand Bacteroidetesvere the dominant members of the
bacterial community at all sitesEuryarchaeota largely dominated the Archaeal
communities, witha majority of methanogendgthanobacteriaand 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 atidied are not nitrogelimited, 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 FrankFahle developed the structure and
objectives of this study, carried out the laboratory experiments, performed the downstream
data analysis and wrote the manuscijtenne Yergeabhelped with setting ufon 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 Greerprovided the expertise, equipment and comables for lon
Torrent Sequencingdugues Lantuienabled sampling and provided critical comments on
the manuscriptDirk Wagnercontributed to the interpretation of the results and valuable
discussion.
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3 Manuscript (in preparation for submission Applied and Environmental Microbiolopy

ADynamics and ada p t-cgding communify inta jpegmaimostaffected e
soil under simulated gl obal warming. o

Authors: Béatrice A. FrankEahlé*, Nadine Manké, Hugues Lantutt& Dirk Wagner”

Aims: The objective of this study was to investigate the reaction and adaptation of active
layer methan&ycling microorganisms from polygonal tundra on Herschel Island, Canada
under simulated global warming.

Summary: This study presents the results of an 8 therlong 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 methanecycling microbial communities irhe active layer was studied using gPCR 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 drasliy 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 divgrsiind distribution of this community remained
relatively stable over time. Overall, these results give a positive prognostic on the fate of
methanecycling microbial communities under increasing temperatures and permafrost
degradation.

Contribution of auth or and caZuthors: Béatrice FrankFahle developed the structure and
objectives of this study, carried out field sampling and laboratory experiments, performed
data analysis and wrote the manuscrigadine Mankecontributed in settingip and
monitoring thesimulation experiment, as well dagboratory anddownstream analyses.
Hugues Lantuitenabled samplingDirk Wagner developed the experimental setup and
contributed to the interpretation of the results and valuable discussion.

Li st of affliations:or s 6

! Alfred Wegener Institute for Polar and Marine Research, Research Unit Potsdam, Potsdam,
Germany.

?Department of Arctic and Marine Biologyniversity of Tromsg, Tromsg, Norway.

*Department of GeographylcGill University, Montréal Canada.

4National Research Council Canada, Montréal, Quebec, Canada.

# Current affiliation: Helmholtz Centre Potsdam GFZ German Research Centre for Geosciences,
Section 4.5, Geomicrobiology, Potsdam, Germany

8 Current affiliation: Finnish Forest Reseaitaoititute (METLA), Rovaniemi, Finland
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Introduction

Arctic permafrost environments play a crucial role in the
global carbon cycle. Between 10 and 39 Tg a~

Abstract

In Arctic wet tundra, microbial controls on organic matter decomposition are
likely to be altered as a result of climatic disruption. Here, we present a study
on the activity, diversity and vertical distribution of methane-cycling microbial
communities in the active layer of wet polygonal tundra on Herschel Island.
We recorded potential methane production rates from 5 to 40 nmol h™' g™*
wet soil at 10 °C and significantly higher methane oxidation rates reaching
values of 6-10 pmol h™" g™' wet soil. Terminal restriction fragment length
polymorphism (T-RFLP) and cloning analyses of mecrA and pmoA genes dem-
onstrated that both communities were stratified along the active layer vertical
profile. Similar to other wet Arctic tundra, the methanogenic community
hosted hydrogenotrophic (Methanobacterium) as well as acetoclastic (Methano-
sarcina and Methanosaeta) members. A pronounced shift toward a dominance
of acetoclastic methanogens was observed in deeper soil layers. In contrast to
related circum-Arctic studies, the methane-oxidizing (methanotrophic) com-
munity on Herschel Island was dominated by members of the type II group
(Methylocystis, Methylosinus, and a cluster related to Methylocapsa). The present
study represents the first on methane-cycling communities in the Canadian
Western Arctic, thus advancing our understanding of these communities in a
changing Arctic.

logged, anoxic conditions that prevail in seasonally deep-
ening thawed layers (Whalen & Reeburgh, 1992),
Methane release is in fact the net result between metha-

a nogenic and methanotrophic activity. Methane can be

of meth-

ane is released from permafrost environments, contribut-
ing up to 20% of global emissions (Cao ef al, 1998;
McGuire ef al., 2009) and making them the largest single
natural source of methane (Christensen et al.,, 1996). Per-
mafrost soils are also believed to contain 50% of the glo-
bal belowground organic carbon pool (Tarnocai et al.,
2009), a considerable reservoir for potential future release
of methane.

These environments are predicted to warm more
rapidly than the rest of the globe (Anisimov et al., 2007)
and with them, the wet tundra ecosystems which host
much of the methanogenic activity because of the water-

FEMS Microbiol Ecol 82 (2012) 287-302

generated in situ by methanogenic archaea (a group
belonging to the Euryarchaeota) under anaerobic condi-
tions, but it can also be oxidized by methanotrophs such
as methane-oxidizing bacteria (MOB), making tundra
environments act as a methane sink (Whalen et al., 1990;
Callaghan et al., 2005 Wagner & Liebner, 2009). MOB
belong to the phylum Proteobacteria and can oxidize up
to 90% of the methane emitted in the deeper layers
before it reaches the atmosphere (Oremland & Culbert-
son, 1992; Le Mer & Roger, 2001; Wagner & Liebner,
2009). The balance between methane production and
oxidation is thereby fragile and nonlinear as methanogens

2012 Federation of European Microbiological Societies
Published by Blackwell Publishing Ltd. All rights reserved
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and methanotrophs show a different response to tempera-
ture fluctuations (Ganzert et al., 2007; Hoj et al, 2008;
Knoblauch et al, 2008; Liebner et al., 2009).

Changing climate conditions could dramatically alter
this balance and mobilize the large carbon pools found in
permafrost, potentially creating a positive feedback loop
with important global implications. Several studies have
been conducted to explore this issue in Siberia (Kobabe
et al., 2004; Ganzert et al., 2007; Wagner ef al, 2007;
Liebner et al., 2008; Dedysh, 2009), Svalbard (Wartiainen
et al., 2003; Hoj et al., 2008; Graef et al., 2011) and the
Canadian High Arctic (Pacheco-Oliver et al., 2002; Marti-
neau et al., 2010; Yergeau et al., 2010) to study the char-
acteristics and dynamics of methane-cycling communities,
but the communities of the Canadian Western Arctic
remain unexplored to date.

In the following paper, the vertical distribution and
diversity of two functional marker genes coding for
enzymes involved in the methane cycle were investigated.
To look at the diversity in the methanogenic population,
we selected the gene coding for subunit A of the methyl
coenzyme-M reductase enzyme (mcrA). Methyl coen-
zyme-M is the terminal enzyme complex in the methane
generation pathway, methyl coenzyme-M reductase
(MCR), which catalyzes the 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 known methanogens (Thauer,
1998), and various studies have used it as a reliable tool
for the specific detection of this group (Juottonen et al,
2005; Steinberg & Regan, 2008; Biderre-Petit et al,
2011).

To study the diversity of MOB, we selected the gene
coding for subunit A of the particulate methane monoox-
ygenase enzyme (pmoA). Methane monooxygenase
(MMO) is found in either soluble or membrane-bound
form, except in Methylocella species where only the mem-
brane-bound form is present (Theisen & Murrell, 2005).
MMO is responsible for the conversion of methane into
methanol, which is either assimilated into biomass or oxi-
dized to carbon dioxide (Semrau et al, 1995).

Both functional genes are characterized by sufficient
sequence divergence to serve as a reliable diagnostic gene
for the study of the two populations of interest (McDon-
ald & Murrell, 1997; Luton et al, 2002).

In this study, we aimed to better understand the
in situ dynamics between microbial-driven methanogene-
sis and methane oxidation in increasingly thawing per-
mafrost. We calculated methane production and
potential oxidation rates in an active layer soil profile
from polygonal tundra on Herschel Island in the Cana-
dian Western Arctic. To understand abiotic factors driv-
ing methane activity, we described the physico-chemical

© 2012 Federation of European Microbiological Societies
Published by Blackwell Publishing Ltd. All rights reserved
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properties of the soil profile. We evaluated the assort-
ment and distribution of mcrA and pmoeA signatures
throughout the soil profile using T-RFLP analysis. We
complemented the fingerprinting results by constructing
clone libraries of our two genes of interest. The results
presented give new insights into the distribution and
activity of methanogenic and methanotrophic microor-
ganisms in the active layer of a rapidly degrading per-
mafrost environment.

Materials and methods

Site description and sample collection

Active layer samples were collected from the ‘Drained
Lake’ low-center polygon (N 69°34'43, W 13895725,
elevation 30 m above sea level) on Herschel Island,
Western Canadian Arctic (Fig. 1) during the expedition
YUKON COAST in July-August 2010. A low-center
polygon is an ice-wedge polygon in which thawing of
ice-rich permafrost has left the central area in a rela-
tively depressed position (van Everdingen, 2005). The
soil at this site was characterized as a hemic glacistel
classified according to the U.S. Soil Taxonomy (Soil
Survey Staff, 1998) with poor drainage and a loamy soil
texture. Vegetation cover included roughly 35% plant
litter, 40% Carex sp. (sedges), 15% Salix sp. (dwarf wil-
low), 10% mosses with traces of Pedicularis sp. (wooly
lousewort), and Ledum groenlandicum (Labrador tea).
The vegetation period spans yearly from mid-June to
end of September. Average air temperatures vary annu-
ally between —26.3 °C in February to 8.7 °C in July
(Burn & Zhang, 2009).

The sampling site was characterized by an active layer
(the layer of ground that is subject to annual thawing
and freezing) consisting of a large peat horizon, with a
depth of 36 cm as measured using a permafrost probe.
A hole was dug to the permafrost table, one side of the
hole was cleaned, and blocks of soil were taken every
5 cm with a sharp sterile knife and placed into sterile
125 mL Nalgene® screw-cap containers (Thermo Fischer
Scientific Inc., Waltham, MA). The knife was wiped down
and sterilized with ethanol between different samples. Soil
samples were frozen immediately after sampling and
stored at —20 °C upon arrival in the laboratory. All subse-
quent subsampling was performed under sterile and anaer-
obic conditions in an atmosphere-controlled glove box.

Soil physico-chemical analyses
Gravimetric moisture content of soils was determined by

weighing subsamples before and after freeze-drying for
72 h.

FEMS Microbiol Ecol 82 (2012) 287-302
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Fig. 1. Geographical location of study site (a) in Canada, (b} on the Yukon Coast and (c) Location of the Drained Lake Polygon on Herschel

Island.

pH was measured using a CyberScan PC 510 Bench
Meter (Butech Instruments Pte Ltd, Singapore) following
the slurry technique by mixing 1 : 2.5 mass ratio of sam-
ples and de-ionized water (Edmeades et al., 1985).

Grain size was analyzed by first treating the samples
with 30% H,0, to digest all organic matter. After wash-
ing, the samples were freeze-dried and weighed. One per
cent NHj solution was added to the samples and shaken
for at least 24 h. Grain size was then measured at least
twice for each sample with a Coulter LS 200 laser particle
size analyser (Beckman Coulter, Brea, CA).

The percentage of total organic carbon (TOC) of the
soils was measured in duplicate using a TOC analyzer
(Elementar Vario max C, Germany). Samples prepared
for analysis by freeze-drying and homogenized in an orbit
mill ball-grinder (Pulverisette 5; Fritsch Ltd, Germany).
The TOC content was calibrated using external standards
of known elemental composition.

Water content, pH, and TOC could not be measured
for the uppermost layer of the profile, as this mostly con-
sisted of roots and plant material which were not suffi-
cient to measure these parameters.

Methane measurements

Methanogenic activity of each soil layer was measured
under simulated i situ conditions without substrate
addition by placing 5 g of fresh soil material in 20 mL
glass bottles and covered with 1 mL of sterile water

FEMS Microbiol Ecol 82 (2012) 287-302

under sterile, anaerobic conditions. The bottles were
sealed with butyl rubber stoppers and flushed with
N,CO, (80 : 20% v/v). Triplicate samples were incubated
in the dark at 10 °C. As a control, triplicate heat-steril-
ized samples were used. Samples were measured every
24 h for 1 week using an Agilent 6890 gas chromato-
graph (Agilent Technologies, Santa Clara, CA). Gases
were separated on a Plot Q capillary column (0.53 mm
diameter, 15 m length) using a gas flow of 30 mL min™*
with helium as carrier gas, and methane (CH,) was mea-
sured through a flame-ionizing detector (FID). The oven
and injector temperature were set at 80 °C and the detec-
tor temperature at 250 °C. All gas sample analyses were
performed after calibration of the gas chromatograph
with standard gases. CH4 production rates were calcu-
lated from the linear increase in the CH, concentration
in the headspace with time.

To study potential methane oxidation rates, fresh soil
material (4 g) was placed in flat-walled culture bottles
(50 mL) and distributed over the sidewall as a thin layer
as described by Knoblauch et al. (2008). The bottles were
sealed with butyl rubber stoppers and incubated horizon-
tally. The headspace contained 2.5% v/v methane in syn-
thetic air. Triplicate samples were incubated in the dark
at 10 °C. Methane was measured repeatedly and the
oxidation rates were calculated from the initial linear
reduction in methane using multiple data points. Gas
samples were measured in the same manner as described
above. Heat-sterilized samples were used as the control.

© 2012 Federation of European Microbiological Societies
Published by Blackwell Publishing Ltd. All rights reserved

28



MANUSCRIPTI

290

Extraction of genomic DNA and PCR
amplification

Total genomic DNA was extracted in duplicate from
0.6 g of soil using the PowerSoilTM DNA Isolation Kit
(Mo Bio Laboratories, Carlsbad, CA) according to the
manufacturer’s protocol. Duplicates were then pooled for
downstream analyses. Nucleic acids were eluted in 50 pL
of elution buffer (MoBio). The concentration of the
obtained genomic DNA was checked by spectrophotome-
try wusing a TrayCell (Hellma Analytics, Miillheim,
Germany). DNA was then stored at —20 °C for further
use in polymerase chain reaction (PCR) analyses.

PCR reactions were performed in triplicate 50 pL vol-
umes containing between 10 and 50 ng of DNA, 0.5 pL
of each 20 mM primer (forward primer labeled with the
fluorescent dye carboxyfluorescein), 5 pL Q-Solution
(Qiagen), 1.5 pL 10 mM dNTP mix, 5 uL 10x PCR buf-
fer (Qiagen), 1 U of HotStar Taq DNA polymerase (Qia-
gen, Hilden, Germany), and PCR-grade water to 50 pL.

Primers used in the different PCR reactions are listed
in Table 1. For the amplification of the archaeal mecrA
gene, the primer pair MLf/MLr was used (Luton ef al,
2002). Reaction conditions were as follows: initial dena-
turation at 94 °C for 3 min, 35 cycles with denaturation
at 94 °C for 25 s, annealing at 50 °C for 45 s, extension
at 72 °C for 60 s, and a final extension at 72 °C for
5 min.

For the amplification of the methanotrophic pmoA
gene, the primer pairs A189f/A682r and A189f/mbé61r
were used (Costello & Lidstrom, 1999; Holmes ef al,
1999) in a semi-nested PCR approach. The first PCR con-
ditions were as follows: initial denaturation and polymer-
ase activation at 95 °C for 5 min, 30 cycles with constant
denaturation temperature at 94 °C for 45 s, decreasing
annealing temperature from 62 to 52 °C for 60 s, elonga-
tion at 72 °C for 90 s, and final elongation at 72 °C for
90 s. The second PCR reaction conditions were initial
denaturation and polymerase activation at 95 °C for
5 min, 22 cycles of denaturation at 94 °C for 45s,
annealing at 56 °C for 60 s, elongation at 72 °C for 90 s,
and a final extension at 72 °C for 10 min.

Triplicate PCR reactions were visualized on a 1% aga-
rose gel containing GelRed stain (Hayward, CA) and then

Table 1. Summary of properties of PCR primers used in this study

B.A. Barbier et af.

purified using a QIAquick PCR Purification Kit (Qiagen).
Purified PCR products were quantified by spectropho-
tometry using a TrayCell (Hellma Analytics).

Terminal restriction fragment length
polymorphism (T-RFLP)

The digestion of fluorescently labeled PCR fragments
using restriction enzymes was conducted in duplicate as
follows. 10 U of enzyme Mspl (Roche, Penzberg, Ger-
many), 2 pL of 10x Buffer, and 500-600 ng of purified
PCR product were mixed. PCR-grade water was added to
20 pL. The samples were then incubated for 3 h at 37 °C.
The digestion was stopped by incubation at 80 °C for
20 min. Duplicate digests were pooled and purified using
the QIAquick Purification Kit (Qiagen).

T-RFLP products (2 pL) were mixed with 0.25 pL of
GeneScanTM 500 LIZ® internal size standard (Applied
Biosystems, Darmstadt, Germany) and run on an ABI
3730x] DNA Analyzer (Applied Biosystems) at GATC
Biotech (Konstanz, Germany). Afterward, the lengths of
the fluorescently labeled terminal fragments (T-RFs) were
visualized with Prak Scanner software (v1.0; Applied Bio-
systems).

T-RFLP results were analyzed statistically according to
Dunbar et al. (2001) to yield relative abundance (%) of
T-RFs. Briefly, T-RFs were aligned and clustered manually
using Excer (Microsoft, Redmond, WA). DNA quantity
between triplicate samples as well as between depth pro-
files was standardized in an iterative standardization pro-
cedure. For each sample, a derivative profile containing
only the most conservative and reliable T-RF information
was created by identifying the subset of T-RFs that
appeared in all replicate profiles of a sample. Standard-
ized, derivative profiles were then aligned. The average
size of TRFs in each alignment cluster was calculated to
produce a single, composite list of the T-RF sizes found
among all samples. Relative signal intensity of each T-RF
(%) was calculated based on the signal intensity of each
individual T-RF with respect to the total signal intensity
of all T-RFs in that sample. Peaks representing less that
1% of total fluorescence were eliminated from the profile
to concentrate on the most representative microorganisms
in each community. T-RFLP profiles were converted into

Primer Target gene Sequence (5’ 37) Annealing T [°C] References

A189f PMOA GGNGACTGGGACTTCTGG 52 Holmes et af (1999)
AB82r PMOA GAASGCNGAGAAGAASGC 52 Holmes et al. (1999)
mh661r PMOA CCGGMGCAACGTCYTTACC 56 Costello & Lidstrom (1999)
ML mcrA GGTGGTGTMGGATTCACACARTAYGCWACAGC 50 Luton et al. (2002)

MLr mcrA TTCATTGCRTAGTTWGGRTAGTT 50 Luton et al (2002)
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presence—absence data and analyzed statistically by cluster
analysis based on Bray—Curtis pairwise similarities using
the software privER 6 (Primer-E Ltd, Lutton, UK).

Cloning and sequence analyses

Based on the obtained T-RFLP results, various profile
depths with the highest representative T-RF diversity
(5-10 cm and 20-25 cm for merA; 05 cm and 15-20 cm
for pmoA) were chosen to establish clone libraries.
Libraries for the functional genes mcrA and pmoA were
created by ligating PCR products into the pGEM-T Easy
vector and transformed into competent cells Escherichia
coli TM109 using the ‘pGEM-T Easy Vector Systems II’
Kit (Promega, Mannheim, Germany). White colonies
containing inserts were picked, suspended in 1.2 mL of
nutrient broth containing ampicillin (50 pug mL™"), and
grown overnight at 37 °C. Colonies were screened by
PCR with vector primers MI13 for correct size of the
insert and the amplicons were directly sequenced by
GATC Biotech AG. Ninety-six clones per gene were
sequenced. The sequences were edited and contigs assem-
bled using the SeqQueNcHER software (v4.7; Gene Codes,
Ann Arbor, MI). Nucleotide sequences were then
screened and translated into correct amino acid
sequences for further phylogenetic analyses using crc
sequence viewer software (version 6.5.1). Altogether, 81
McrA and 48 PmoA deduced amino acid (aa) sequences
were used.

For McrA, sequences including nearest neighbors and
cultured isolates were pre-aligned using the Muscle align-
ment tool integrated in mMeGa 5 (Tamura et al., 2011). The
alignment was then imported in ARB (www.arb-home.de,
Ludwig ef al, 2004) and manually checked. A neighbor-
joining tree (Saitou & Nei, 1987) was constructed in ARB
with a subset of 205 McrA amino acid sequences includ-
ing nearest neighbors and representative isolate sequences
(163 aa).

For PmoA, the deduced amino acid sequences were
imported into an ARB database containing 3708 high
quality PmoA sequences and were manually aligned.
A neighbor-joining tree constructed in ARB with a subset
of 127 PmoA sequences including nearest neighbors and
representative isolate sequences (135 aa) using a 30% base
frequency filter. The distance matrix was calculated using
the neighbor-joining algorithm with a Kimura correction
for McrA and a PAM correction for PmoA amino acid
sequences. Rarefaction analysis was performed with poTur
(Schloss & Handelsman, 2005) based on the furthest
neighbor algorithm. Operational taxonomic units (OTUs)
were defined using a 14.3% cutoff value for McrA accord-
ing to Hunger et al. (2011) and a 7% cutoff for PmoA
according to Degelmann et al. (2010).
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Nucleotide sequence accession numbers

The environmental mcrA and pmoA clone sequences
recovered in this study from the active layer of a polygon
on Herschel Island were have been submitted to the Gen-
Bank nudleotide sequence databases and can be found
under accession numbers JQ048956-JQ049081.

Results

Characteristics of the soil

The average in situ day temperature at the surface of the
profile was 12 °C, decreasing gradually to —0.5 °C at the
permafrost table (Fig. 2a). The pH of the entire profile
was slightly acidic, ranging between 5.2 and 5.6 through-
out (Fig. 2b). The mineral fraction of the soil represented
only roughly 30%, as calculated after concentrated acid
digestion of organic matter. The mineral fraction con-
sisted on average of 27% sand, 20% silt, and 15% clay.
The soil was visibly water saturated, with gravimetric
moisture contents in the profile ranging from 77% near
the surface and increasing to 83% close to the permafrost
table (Fig. 2¢). The organic carbon content was overall
very high for all profile layers, ranging from 28% in the
middle layers to 23% toward the permafrost table
(Fig. 2d).

Methane production and oxidation

At an incubation temperature of 10 °C and with no
added substrate, no significant methane production was
found in the soil surface sample (0-5 cm depth) and only
a low 1.4 nmol of CH, per hour and per gram of wet soil
(nmol h™" g™) was observed in the subsequent layer
(Fig. 2e). The methanogenic activity in the deeper soil
layers varied from 10.3 to 38.5 nmol h™ g™* with the
exception of one sample (20-25 c¢cm depth) where a lower
value of 4.5 nmol h™' g~! was observed. The maximum
potential methane production rates of 38.5 nmol h™* g™*
occurred in the middle of the soil profile at 10-15 cm
depth along with 35.8 nmol h™' g™! above the perma-
frost table at 30-35 cm depth.

The potential methane oxidation rate in the same pro-
file varied between 43.5 and 9508.1 nmol h™* g7 !
(Fig. 2f). The maximum rate of 9.51 x 10° nmol h™' g™*
was reached at 10-15 cm depth, at the same depth where
the maximum methane production rate was also
observed. High rates of 6.02 x 10°, 6.66 x 10°, and
3368 x 10° nmol h™' g™ were observed in layers
between 20 c¢m depth and the permafrost table.

Methane concentrations in the heat-sterilized controls
did not increase during the incubation.
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Fig. 2. Depth profile of abiotic and biotic parameters illustrating (a) active layer temperature as measured in situ, (b) soil pH, (¢} percentage of
water content, (d) percentage of total organic carbon in the soil (TOC), (e) potential methane production rate expressed in nanomol of methane
per hour and gram of wet soil at 10 °C with no substrate addition, and (f} potential oxidation rate expressed in micromol of methane per hour
and gram of wet soil at 10 °C in an atmosphere of 2.5% v/v methane in synthetic air. Error bars in (e) and (f) represent standard deviations.

Methanogenic and methanotrophic community
structure

The community structure of methanogens and methano-
trophs in the active layer profile was investigated through
T-RFLP analysis of mcrA and pmoA functional genes
(Fig. 3a,b). We obtained overall diverse communities,
with a total of 17 T-RFs for the methanogenic archaea
and 14 T-RFs for the methanotrophic bacteria.

Generally, we found that the methanogenic community
became increasingly diverse with soil depth. No mcrA sig-
nal could be detected in the surface sample (Fig. 3a).
Bray—Curtis similarity analysis of the mcrA T-RFLP data
showed that community composition of methanogens
was 80% similar between 15 and 36 cm depth. All sam-
ples taken together, excluding the surface layer, showed
60% similarity in community composition. The 5-10 c¢m
depth sample displayed a different T-RF pattern com-
pared with the subsequent depths, especially with respect
to T-RF abundance. In this sample, the 463 bp T-RF
represented 68% of total fluorescence, disappearing at the
next sample depth and then reappearing in deeper layers,
at a stable 10% of total T-RF abundance. A clear vertical
shift in the community could be observed with predomi-
nating T-RFs in the surface layers (269, 272, 306 bp)
decreasing in abundance in the deeper layers. The 269 bp
T-RF could first be detected at 10-15 ¢cm depth and rep-
resented between 35% and 55% of the community com-
position down to 35 cm depth. The 306 bp T-RF could
first be detected at 5-10 cm depth and then gradually
became more predominant in the community with
increasing depth, making up 76% of the community close
to the permafrost table.
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The methanotrophic community based on pmoA
showed the overall highest diversity in a depth between
10 and 30 cm of the active layer. Based on Bray—Curtis
similarity analysis, the MOB community composition was
heterogeneous throughout the different soil layers and
samples clustered in a pairwise manner (Fig. 3b). Peaks
of 245 and 246 bp clearly dominated the surface layers of
the profile, representing 35% and 65%, respectively, of
the total methanotrophic community between 0 and
10 cm depth. The T-RF of 117 bp first appeared at
10 cm depth and became progressively dominant in the
profile with increasing depth. One T-RF of 100 bp was
the only detectable peak close to the permafrost table.
Overall, a shifting MOB community composition could
be observed with increasing depth with T-RFs of 104,
117, 415, and 509 bp increasing in abundance while
T-RFs of 245, 246 and 249 bp decreasing in abundance in
the community profile.

Diversity and dominant species of mcrA

The clone library analysis of mecrA yielded a total of 85
cloned merA sequences. Four sequences resulting in < 100
amino acids were removed from further phylogenetic
analyses. The diversity at the species level was low, result-
ing in six distinct OTU when using a cutoff value of
85.7% sequences similarity based on Hunger et al., 2011
(Supporting Information, Fig. S1). Phylogenetic analyses
of the clones indicated that the methanogenic community
in the active layer profile was dominated by members of
the genus Methanobacterium (1 OTU, 27 of 81
sequences), Methanosarcina (1 OTU, 19 sequences),
Methanosaeta (1 OTU, 17 sequences), and Methanocella
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Fig. 3. Composition of methanogenic (a) and methantrophic (b) communities in an active layer profile on Herschel Island, Canada. Bars indicate
the relative abundance of T-RFs of mcra (a) and pmoA (b) functional gene amplicons. mcrA- and pmoA-based T-RFs obtained by enzymatic
restriction using Mspl. Numbers in the legend indicate the size of the T-RFs in base pairs (bp); an asterisk next to a T-RF size (e.g. 190%) indicates
T-RFs for which a corresponding clene T-RF was found. Dendograms to the right of the histogram show similarity of T-RFLP profiles by Bray

Curtis hierarchical cluster analysis.

(1 OTU, 11 sequences). To a smaller extent, sequences
related to the genus Methanosphaerula (1 OTU, six
sequences) and only one sequence could be assigned to a
novel, deep-branching group with relatives found in peat
(Yrjild et al., 2011), a humic bog lake (Milferstedt et al.,
2010), Lake Pavin (Biderre-Petit et al, 2011) and wetland
soil (Narihiro et al, 2011) (Fig. 4).

In an attempt to identify the most dominating methano-
genic species in all depths of the active layer, T-RF sizes of
50 clones for merA were determined by digesting single
clones with Mspl, the same enzyme used for the whole-
profile T-RFLP analysis. Clones from the sample library
corresponded overall to nine T-RFs obtained in the whole
community profile (Table 2, Fig 3a). Out of these eight
T-RFs, two dominant fragments (269 and 306 bp) found in

FEMS Microbiol Ecol 82 (2012) 287-302

the overall profile corresponded to Methanosarcina. Two
fragments (462, 463 bp) corresponded to Methanobacterivm.
The same fragment (463 bp) was also found to correspond
to Methanocella. The remaining groups were represented
by single T-RFs: Methanosarcina/Methanosaeta (253 bp),
Methanocella (262 bp), and Methanoregula (289 and
464 bp). The numbers of clones found representing each
T-RF along with their phylogenetic affiliation as obtained
after comparison with the GenBank database using the
BlastN algorithm are listed in Table 2.

Diversity and dominant species of pmoA
The cone library analysis of pmoA yielded a total of 65

cloned pmoA sequences. Based on a 7% cutoff for the
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