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Summary

Microbial oxidation of methane (CH 4 ) plays a major role in mitigating
atmospheric emissions of this potent greenhouse gas from natural and
anthropogenic sources. In oxic environments, aerobic methane-oxidizing bacteria
(MOB) perform this crucial ecosystem service. Phylogenetic placement assigned
MOB to the Gammaproteobacteria (type I MOB), Alphaproteobacteria (type II
MOB), and Verrucomicrobia (type III). On a functional basis, MOB can be
divided in low- and high-affinity MOB. Current knowledge on MOB physiology,
morphology, and biochemistry is largely based on cultivated low-affinity MOB.
They utilize elevated CH 4 concentrations (>100 μL L -1 ) and substantially mitigate
CH 4 emissions from arctic wetlands, flood plains, lake sediments, rice paddies
and landfills. Cultivation-independent molecular methods allow identification of
high-affinity MOB, capable of utilizing atmospheric (~1.8 μL L -1 ) CH 4
concentrations. They inhabit well-aerated, unsaturated (upland) soils and regulate
the largest terrestrial sink for atmospheric CH 4 . While confirmed in mature
upland soils, little is known about this important function in developing Alpine
glacier-forefield soils, which are progressively formed as a result of glacier
recession. The field-based studies of this thesis were conceived as a contribution
to increase the current knowledge on MOB community structure and function in
landfill-cover soils, where well-described low-affinity MOB mitigate CH 4
emissions, and in poorly described developing Alpine upland soils, where
uncultivated high-affinity MOB are likely responsible for the establishment of
the soil CH 4 sink.
In landfill-cover soils, community structure and activity of MOB have
been extensively investigated, but field-based studies directly linking the
structure of the active MOB communities with their function are scarce. At first,
9
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we developed a methodology that enables in situ linking of MOB diversity and
function. Community structure and abundance of MOB was assessed by analysis
of their specific phospholipid ester-linked fatty acids (PLFA) signatures, and CH 4
oxidation activity was quantified by applying the gas push-pull test (GPPT)
method. We combined stable-carbon isotope probing (SIP) of PLFA with the
GPPT method (SIP-GPPT) at the field scale. Results demonstrated the
applicability of the SIP-GPPT approach for in situ quantification of CH 4
oxidation activity and simultaneous labelling of active MOB, suggesting a
dominance of type I MOB over type II MOB in the investigated landfill-cover
soil.
We then provided a more comprehensive picture of in situ active MOB
communities in a landfill-cover soil by complementing the newly established
SIP-GPPT approach with microarray analyses of pmoA genes and transcripts
(molecular biomarker for MOB) under different environmental conditions and
along a gradient of CH 4 oxidation activities. Results from PLFA-SIP and pmoA
transcripts were largely congruent and revealed distinct spatial and seasonal
clustering. Overall, the active MOB communities appeared to be highly diverse.
Glacier forefields are situated on diverse bedrock types, exhibit a
continuum of soil age (chronosequence), and are comprised of various
geomorphological landforms, which may differ in physicochemical properties.
Also, they are subject to seasonal variability in soil-physical parameters. These
characteristics may affect MOB activity and community structure. To date, there
is no conclusive information on magnitude and dynamics of atmospheric CH 4
oxidation in glacier forefields, and suitable sampling methodologies needed to be
developed. Furthermore, little is known about the influence of the abovementioned glacier forefields’ specific features on the overall CH 4 sink.
We established a methodology for repetitive and reproducible depthresolved soil-gas sampling, soil-water content and -temperature measurements,
for quantification of atmospheric CH 4 oxidation with minimal soil disturbance in
glacier forefields, called poly-use multi-level sampling system (PMLS). By
applying the newly developed PMLS, we rigorously investigated the development
of atmospheric CH 4 oxidation in Alpine glacier-forefield soils derived from
10
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contrasting bedrock types by assessing four attributes of the soil CH 4 sink, i.e.,
soil-atmosphere CH 4 flux, CH 4 oxidation activity, MOB abundance and variation
in community composition. Soil age was found to be the main factor affecting
atmospheric CH 4 uptake, In contrast, observed differences in MOB community
composition were mainly related to bedrock type rather than soil age, indicating
that distinct, low-diversity MOB communities provide a similar ecosystem
service in the two forefields. Regardless of the bedrock type, the soil CH 4 sink
established within a few years of soil development in glacier forefields.
We then extended the study of atmospheric CH 4 oxidation in glacier
forefields to a full snow-free season to investigate the effects of different
landform types (“sandhills”, “floodplains”, and “terraces”) and variation in soilwater content and -temperature on the overall strength of the sink for CH 4 . For
an in-depth investigation of MOB community structure in glacier-forefields,
high-throughput pmoA amplicon sequencing technology was applied. Sandhills
exhibited CH 4 uptake, whereas floodplain and terrace exhibited smaller uptake
and even intermittent CH 4 emissions. Soil age and landform appeared to be the
dominating factors shaping CH 4 fluxes, followed by recent rainfall. Similar MOB
community structures of floodplain and terrace significantly differed from highly
variable sandhill communities. We conclude that soil age and landforms modulate
the soil CH 4 sink strength in glacier forefields, and recent rainfall affects its
short-term variability.
Advantages and limitations of the different methods applied in this thesis
to assess the MOB community structure and activity in the two environments are
discussed. The two environments, exhibiting inherent differences in MOB
community structure and activity, can be seen as recently established; after an
initial colonization phase, microbial community developing processes initiated.
Interestingly, high-affinity MOB appeared to be among the first colonizers in
both ecosystems. We discuss the ecological role of the MOB in both
environments, and differences and similarities of the two contrasting ecosystems,
as well as perspectives for future research for a better understanding of the
ecology of MOB.
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L’ossidazione del gas metano (CH 4 ) da parte della communita microbica
svolge un ruolo importante nel mitigare le emissioni atmosferiche di questo
potente gas serra da fonti naturali e antropiche. In ecosistemi aerati, i batteri
aerobici che ossidano il metano (MOB) svolgono questo essenziale servizio per
l’ecosistema. La collocazione filogenetica ha assegnato gli MOB alle classi di
Gammaproteobacteria (MOB tipo I), Alphaproteobacteria (MOB tipo II), e
Verrucomicrobia (tipo III). Su base funzionale, gli MOB possono essere distinti
in MOB a bassa e ad alta affinità. Le attuali informazioni sulla fisiologia,
morfologia e biochimica degli MOB sono in gran parte basate su MOB a bassa
affinità, isolati in coltura. Essi utilizzano concentrazioni di CH 4 elevate (> 100
μL L -1 ) e mitigano sostanzialmente le emissioni di CH 4 da zone paludose artiche,
pianure alluvionali, sedimenti lacustri, risaie e discariche. Metodi molecolari
indipendenti da coltivazione hanno permesso l'identificazione degli MOB ad alta
affinità, in grado di utilizzare concentrazioni atmosferiche di CH 4 (~ 1,8 μL L -1 ).
Essi abitano terreni ben aerati e regolano il più grande bacino terrestre
d’assorbimento di CH 4 dall’atmosfera. Poco si conosce di questa importante
funzione, confermata in terreni montani maturi, in suoli montani in via di
sviluppo

come

i

terreni

di

fronte

ai

ghiacciai

alpini,

che

vengono

progressivamente scoperti a causa della recessione dei ghiacciai. Gli studi sul
campo effettuati nell’ambito di questa tesi di dottorato sono stati concepiti come
un contributo al miglioramento delle attuali conoscenze sulla struttura e la
funzione della comunità degli MOB in suoli che ricoprono le discariche, dove
ben studiati MOB a bassa affinità mitigano le emissioni di CH 4 , e in suoli alpini
in via di sviluppo ancora poco studiati, dove gli MOB ad alta affinità, non ancora
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coltivati in laboratorio, sono i probabili responsabili dell’istaurarsi del bacino di
assorbimento del CH 4 nel terreno.
Struttura e attività delle comunità di MOB dei suoli ricoprenti le discariche
sono state ampiamente studiate, ma studi che collegano direttamente sul campo
la struttura delle comunità attiva di MOB con la loro funzione sono scarsi.
Inizialmente abbiamo sviluppato una metodologia che consente il diretto
collegamento sul campo di diversità e funzione degli MOB. Struttura e
abbondanza degli MOB sono state ottenute attraverso l'analisi dei fosfolipidi
legati agli acidi grassi (PLFA), specifici degli MOB. L'attività di ossidazione del
CH 4 è stata quantificata applicando il metodo del gas push-pull (GPPT). Abbiamo
affiancato sul campo la marcatura dei PLFA per mezzo dell’isotopo stabile del
carbonio (SIP) ai metodi GPPT (SIP-GPPT). I risultati hanno dimostrato
l'applicabilità dell'approccio SIP-GPPT per la diretta quantificazione sul campo
dell'attività di ossidazione del CH 4 , contemporaneamente al riconoscimento della
popolazione attiva degli MOB, suggerendo una dominanza degli MOB di tipo I
sul tipo II.
Successivamente, abbiamo fornito un quadro più completo della comunità
di MOB attiva sul campo di un terreno ricoprente la discarica. Per fare questo,
abbiamo affiancato l’analisi di microarray di geni e trascritti pmoA (biomarcatore
molecolare degli MOB), in diverse condizioni ambientali e lungo un gradiente di
attività di ossidazione di CH 4 , all'approccio SIP-GPPT inizialmente sviluppato. I
dati provenienti dalle analisi di PLFA-SIP e dei trascritti sono risultati in gran
parte concordanti, rivelando un distinto raggruppamento spaziale e stagionale.
Nel complesso, le comunità attive degli MOB sembrano essere molto
diversificate.
I terreni periglaciali giacciono su vari materiali parentali, presentano un
continuum d’età del suolo (cronosequenza), e sono costituiti da diverse
geomorfologie, differenti in base alle proprie caratteristiche fisico-chimiche.
Inoltre, essi sono soggetti alla variabilità stagionale dei parametri fisici del suolo.
Queste caratteristiche possono influenzare l'attività degli MOB e la struttura delle
loro comunità. Ad oggi, non ci sono informazioni conclusive sulla portata e le
dinamiche di ossidazione del CH 4 atmosferico nei terreni periglaciali. Per far
14
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fronte

a

questa

mancanza

di

conoscenza,

adeguate

metodologie

di

campionamento devono essere sviluppate. Inoltre, poco si conosce dell'influenza
delle sopra citate caratteristiche, specifiche dei terreni periglaciali, sul generale
assorbimento di CH 4 da parte del suolo.
Abbiamo quindi stabilito una metodologia per il campionamento ricorrente
e riproducibile a varie profondità del contenuto di gas, del contenuto d’acqua, e
temperatura del suolo, permettendo la quantificazione dell’attività di ossidazione
del CH 4 atmosferico col minimo disturbo del terreno periglaciale, il poly-use
multi-level sampling system (PMLS). Per mezzo del PMLS, abbiamo
rigorosamente studiato lo sviluppo dell’attività di ossidazione del CH 4
atmosferico in terreni periglaciali alpini derivati da materiale parentale
contrastante. Abbiamo quindi studiato i quattro attributi del bacino di
assorbimento di CH 4 nel suolo, vale a dire il flusso di CH 4 tra il suolo e
l’atmosfera, l'attività di ossidazione del CH 4 , l’abbondanza e la variazione nella
composizione della comunità degli MOB. L’età del suolo è risultato essere il
fattore

principale

che

incide

sull’assorbimento

del

CH 4

atmosferico.

Contrariamente, le differenze nella composizione della comunità degli MOB sono
principalmente correlate al tipo di materiale parentale piuttosto che all'età del
suolo, indicando che distinte comunità di MOB a bassa diversità forniscono un
simile

servizio

per

l’ecosistema

nei

due

terreni

periglaciali

studiati.

Indipendentemente dal tipo di materiale parentale, nei terreni periglaciali
analizzati il processo di assorbimento di CH 4 si instaura nel giro di pochi anni di
sviluppo del suolo.
Abbiamo quindi esteso lo studio di ossidazione del CH 4 atmosferico da
parte di terreni periglaciali all’intera stagione di campionamento (ovvero quando
i suoli sono sgombri da neve), per studiare l'effetto di tre formazioni
geomorfologiche, (“sandhill”, “floodplain” e “terrace”) e della variazione in
contenuto d’acqua e temperatura del suolo sulla portata complessiva del bacino
del CH 4 nel suolo. Per ottenere un’accurata risoluzione della struttura della
comunità degli MOB in terreni periglaciali, abbiamo utilizzato il sequenziamento
high-throughput dell’amplificato del gene pmoA. I suoli “sandhill” hanno
mostrato un deciso assorbimento del CH 4 , mentre i suoli “floodplain” e “terrace”
hanno mostrato un leggero assorbimento di CH 4 ed emissioni di CH 4
15
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intermittenti. L’età del suolo e la formazione geomorfologica sembrano essere i
fattori dominanti che regolano i flussi di CH 4 , seguiti da piogge recenti. Le simili
strutture delle comunità degli MOB dei suoli “floodplain” e “terrace”
differiscono significativamente dalle comunità “sandhill”, altamente variabili. In
conclusione, l'età del suolo e la sua morfologia modulano la portata del bacino
del CH 4 nei terreni periglaciali, e le piogge recenti ne influenzano la variabilità
a breve termine.
Vantaggi e limitazioni delle varie metodologie applicate per lo studio della
struttura delle comunità MOB nel corso di questa tesi di dottorato sono
ampiamente discussi. Il ruolo ecologico degli MOB, le differenze e le similitudini
dei due ecosistemi contrastanti analizzati nel corso di questa tesi di dottorato
sono discussi, così come le prospettive di ricerca futura per una migliore
comprensione dell'ecologia degli MOB.
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1
1.1

General introduction

The greenhouse gas methane
Methane (CH 4 ) is the most abundant organic trace gas in the atmosphere.

Its absorption spectrum exhibits two narrow ranges in which CH 4 absorbs
strongly, namely ~3.5 and 8 μm, wavelengths of the infrared region (Fleagle and
Businger, 1981). Because of its absorption characteristics, CH 4 manifests a
positive radiative forcing, and it is therefore listed as a “greenhouse gas”,
contributing to the regulation of the temperature at the planet surface.
Specifically, CH 4 is the third most abundant greenhouse gas in the atmosphere,
after water vapor and carbon dioxide (CO 2 ) (Forster et al., 2007). It exhibits a
global warming potential (GWP) 28 times larger than CO 2 over a time horizon of
100 years. In the stratosphere, it indirectly magnifies (through its destruction and
subsequent H 2 O formation) the effect of water vapor, the major contributor to the
greenhouse effect (Myhre et al., 2013). Taking into account also its increasing
atmospheric concentration, it becomes clear that CH 4 is an important contributor
to global warming and climate change.
Atmospheric CH 4 concentration rose rapidly during the industrial period
with an increase of ~250%, only to stall in the first part of the last decade (Figure
1-1), for causes yet unclear to the scientific community (Bousquet et al., 2011;
Pison et al., 2013). Eventually, atmospheric CH 4 concentration resumed its rapid
increase (8 ppb y -1 ) starting in 2007 (Dlugokencky et al., 2009; Rigby et al.,
2008), reaching an average concentration of >1.8 μL L -1 , which is unprecedented
over at least the past 800 ky (Loulergue et al., 2008). Sources of greenhouse gases
17
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are widespread over the globe. As for CH 4 emissions, sources are manifold and
comprise diverse natural and anthropogenic systems (discussed below), making
emissions quantification/estimation difficult. For instance, CH 4 may be
extensively released from a thawing Arctic Tundra in largely unknown quantities
(Shakhova et al., 2015; Westbrook et al., 2009). Despite the considerable efforts
made by the scientific community, uncertainties in estimates of both sources and
sinks of CH 4 are yet large, and the related ecosystem dynamics is often poorly
understood. In the wake of climate change, it becomes imperative to better
understand and possibly predict the behavior of CH 4 as greenhouse gas, in
anticipation of a warmer and wetter world (Alexander et al., 2006; Donat et al.,
2013; Wentz et al., 2007).

Figure 1-1: Atmospheric CH4 concentrations from the beginning of this century until December
2015, measured at Manua Loa, Hawaii, USA, and determined from individual flask samples. Image
provided by NOAA ESRL Global Monitoring Division, Boulder, Colorado, USA
(http://esrl.noaa.gov/gmd/).
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1.2

Sources and sinks of atmospheric methane
Recent estimates for the global budget of atmospheric CH 4 are in the order

of 550 – 680 Tg y -1 (Dlugokencky et al., 2009; Kirschke et al., 2013). Rough
estimates (Conrad, 2009; Lelieveld et al., 1998) for the relative contribution of
sources and sinks of CH 4 to its atmospheric budget are shown in Figure 1-2.
According to their origin, natural and anthropogenic CH 4 sources can be broadly
grouped into three categories: thermogenic, pyrogenic and biogenic. Emissions
of CH 4 from the three source categories can be distinguished, among other
methods, by different isotopic δ 13 C signatures of CH 4 (Monteil et al., 2011; Neef
et al., 2010).
Thermogenic CH 4 is represented by fossil fuel, formed over millions of
years through geological processes (Etiope and Klusman, 2010; Schoell, 1988).
Thermogenic CH 4 is vented from the subsurface into the atmosphere through
natural features such as terrestrial and marine seeps, and mud volcanoes (Etiope
and Klusman, 2002; Etiope et al., 2009; Walter Anthony et al., 2012).
Alternatively, its release occurs by human activity through the exploitation of
coal, oil, and natural gas. Pyrogenic CH 4 is produced by the incomplete
combustion of biomass such as forests, savannas, agricultural wastes, and
biofuels, and it is mainly confined to the tropics (Hao and Ward, 1993; Lelieveld
et al., 1998). Finally, biogenic CH 4 sources comprise anaerobic environments
(e.g., natural wetlands and rice paddies), oxygen-poor freshwater reservoirs,
digestive tracts of ruminants and termites, and organic waste management
practices (e.g., sewage and landfills). In these manifold ecosystems, specialized
microorganisms are responsible for the production of CH 4 : anaerobic
methanogenic Archaea convert mainly hydrogen (and CO 2 ) or acetate – products
of the anaerobic breakdown of organic matter – to CH 4 , CO 2 , and H 2 O, in a
biochemical process called methanogenesis (Conrad, 2007, 1996). Overall,
methanogens are responsible for the majority of all CH 4 sources (Figure 1-2;
Conrad, 2009). However, there may be more CH 4 sources than have been
accounted for so far. For instance, aerobic CH 4 production has been shown to
occur in the ocean (Karl et al., 2008). Trees have been also linked to CH 4
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emissions (Keppler et al., 2006), but they seem to play only an insignificant role
in the global CH 4 budget (Dueck et al., 2007).

Figure 1-2: Overview of the various sources and sinks of CH4 to the atmosphere. Source: Aronson
et al. (2013).

The primary sink for atmospheric CH 4 is photochemical oxidation by
hydroxyl radicals, mostly in the troposphere, accounting for ~85% of the global
CH 4 sink. Additional sinks include CH 4 destruction in the stratosphere (R. J.
Cicerone; R. S. Oremland, 1988), and reactions with chlorine radicals derived
from sea salt in the marine boundary layer (Allan et al., 2007). The oxidation of
CH 4 in aerated soils by aerobic methanotrophic bacteria (mostly methaneoxidizing bacteria, hereafter referred to as MOB) is the only known biotic and
terrestrial sink for atmospheric CH 4 .

1.3

Biochemistry of aerobic microbial methane oxidation
The first reaction step of aerobic CH 4 oxidation is catalyzed by methane

monooxygenase (MMO), which introduces one oxygen atom into CH 4 to form
methanol (Figure 1-3). It exists in two forms featuring different mechanism and
origin: a Cu-containing membrane-bound (particulate) form (pMMO), and a
soluble Cu-free form (sMMO) with Fe in the catalytic center (Hakemian and
Rosenzweig, 2007; Lipscomb, 1994; Prior and Dalton, 1985; Semrau et al., 2010).
The pMMO is present in most MOB, with only few exceptions (Table 1-1),
whereas sMMO occurs in fewer MOB. Nonetheless, because of MMO’s ability
(particularly of the soluble form) to catalyze diverse non-specific oxidation
reactions, MOB are of biotechnological interest for their potential in
20

Biochemistry of aerobic microbial methane oxidation

environmental engineering applications (Hanson and Hanson, 1996; Jiang et al.,
2011).
The oxidation of CH 4 to methanol is followed by the formation of
formaldehyde, which may be assimilated via two metabolic pathways: the
Ribulose-Monophosphate pathway or the Serine pathway (Figure 1-3; Hanson
and Hanson, 1996; Trotsenko et al., 2008). Roughly half of the carbon atoms are
assimilated, and the remainder is oxidized to formate and ultimately to CO 2 to
generate reducing power for the initial oxidation of CH 4 and for energy
generation. Recently, a third pathway for carbon assimilation has been observed
in some methanotrophs, pointing to complete assimilation of carbon from CO 2
via the Calvin-Benson-Bassham pathway (Khadem et al., 2011).

Figure 1-3: Pathway of CH4 oxidation; a, b, and c indicate carbon assimilation pathways in
methanotrophs (modified from Nazaries et al., 2013).
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Table 1-1: Overview of known MOB features. The following MOB genera are not included, as they were discovered after source publication:
Methyloglobus, Methyloprofundus, Methylomagnum, Methyloparacoccus, and Methylomarinovum among the Gammaproteobaceria;
Methyloacidimicrobium among the Verrucomicrobia (source: Nazaries et al., 2013).
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1.4

Physiology and genetics of MOB
Aerobic methanotrophs can be considered ubiquitous bacteria, and both

cultivation and cultivation-independent molecular methods have been intensively
used to study their diversity, distribution, and abundance in many ecosystems
(Chen and Murrell, 2010). Early in the 1980s, MOB were classified into two
major groups, type I and type II, based on physiological and morphological
characteristics (Whittenbury and Dalton, 1981). Distinctive traits for this division
were arrangement of internal membranes, mechanism for carbon assimilation,
ability of nitrogen fixation, capability of encystment, and predominance of
specific phospholipid ester-linked fatty acids (PLFA). However, recent
characterization of several new genera has rendered this classification
questionable, since a good part of the above-mentioned traits are no longer
exclusive for a specific group of MOB.
Nowadays, MOB classification is exclusively based on phylogenetic
placement. Type I comprise MOB in the Gammaproteobacteria and type II MOB
in the Alphaproteobacteria. In addition to proteobacterial MOB, a third
phylogenetic group has been identified (referred to as type III MOB), belonging
to the phylum Verrucomicrobia. Cultivated MOB comprise five genera of
Alphaproteobacteria and 18 of Gammaproteobacteria (or 20 including
‘Candidatus Crenothrix polyspora’ and ‘Candidatus Clonothrix fusca’), and are
represented by ~60 different species (reviewed by Knief, 2015). The majority of
MOB uses CH 4 as sole source of energy and carbon, although some of them
exhibit the ability to also utilize multi-carbon compounds (Dedysh et al., 2005;
Rahman et al., 2011). Most MOB are neutrophiles (growing at pH 6 – 8) and
mesophiles (growing at 20 – 40°C) (e.g., Whittenbury et al., 1970). However, six
MOB species have been recently isolated from geothermal habitats (some of them
are growing at pH 2 and ~60°C) (Dunfield et al., 2007; Islam et al., 2008; Pol et
al., 2007; van Teeseling et al., 2014), and were assigned to two different genera
belonging to the Verrucomicrobia (Op den Camp et al., 2009; van Teeseling et
al., 2014). Several other MOB species have been isolated from ecosystems
featuring extreme temperatures, pH or salinity (reviewed by Nazaries et al.,
2013). Finally, a new division (NC10) has been proposed as a consequence of the
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recent identification of the nitrifying bacterium ‘Candidatus Methylomirabilis
oxyfera’, which is able to oxidize CH 4 by forming its own intracellular O 2 in an
otherwise anoxic environment (Ettwig et al., 2010), allowing the oxidation of
CH 4 itself to proceed via the known pathway found in aerobic methanotrophs (Wu
et al., 2011).
1.4.1 Use of the pmoA gene as molecular marker for MOB

Cultivation-independent approaches for the detection of MOB have been
extensively applied (Costello and Lidstrom, 1999; Kolb et al., 2003; McDonald
et al., 2008). Whereas targeting the 16S rRNA gene (the most commonly targeted
gene in environmental studies) with taxon-specific primers or probes leads to a
well-resolved phylogenetic affiliation of MOB, it does not allow identification
of MOB belonging to yet-undiscovered taxa. However, the use of functional
genes as molecular marker for the unique metabolic guild of MOB partially
overcomes this limitation. The pmoA gene encodes for the β-subunit of pMMO
and is the most-used marker for MOB. It is present in most aerobic methonotrophs
(and in ‘Candidatus Methylomirabilis oxyfera’) with few exceptions among the
Alphaproteobacteria. To obtain more complete information on MOB diversity,
some studies employed the mmoX gene (encoding for a subunit of sMMO) in
addition to the pmoA gene (e.g., Chen et al., 2008; Deng et al., 2013). However,
the mmoX gene is rarely used as molecular marker because of its occurrence in
fewer MOB and its varying distribution within the same genus of MOB.
An important characteristic of pmoA-based phylogenetic affiliation is that
it closely reflects phylogenies based on 16S rRNA genes (Holmes et al., 1995;
Lüke and Frenzel, 2011). However, pmoA-based taxonomic identification of
MOB has to be treated with care, as more and more exceptions have been found
in recent studies. For instance, multiple paralog (e.g., pmoA2) and homolog (e.g.,
pxmA) pmoA genes have been found in MOB. Their function and gene product
can largely differ from those of pmoA, as for pmoA2 (Baani and Liesack, 2008),
or even being yet unknown, as for pxmA (Tavormina et al., 2011). Nonetheless,
pmoA-based taxonomic identification reveals an impressively high diversity of
MOB in nature and allows identification of many sequence clusters, far beyond
cultured MOB (Figure 1-4). Highest MOB diversity was confirmed among the
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Gammaproteobacteria (type I). Fifty-three pmoA-based phylogenetic clusters
have been defined, comprising both cultivated and uncultivated MOB (Dumont
et al., 2014).
The most recent meta-analysis of 12,502 high-quality pmoA sequences has
shown that a high portion (~50%) of the sequences retrieved in cultivationindependent studies are closely related (but seldom identical) to cultivated MOB.
On the other hand, half of the cultivated methanotrophic species have rarely been
detected in environmental samples by sequencing (Knief, 2015). Thus, the
microbiology of uncultivated MOB and the ecological relevance of CH 4 oxidation
performed by the cultivated ones remain largely unknown to date.
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Figure 1-4: A pmoA-based (480 nucleotide positions) neighbor-joining tree displaying phylogenetic
affiliation of uncultivated MOB clusters in relation to type strains. Scale bar represent 0.1 changes
per nucleotide (source: Knief, 2015).
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1.4.2 Use of PLFA as diagnostic biomarker for MOB

As valuable indicators of living or active microbial biomass, PLFA have
been largely applied as diagnostic biomarker for Proteobacterial MOB in
cultivation-independent studies (Maxfield and Evershed, 2011). The PLFA of
MOB exhibit distinct patterns that allow differentiation of MOB into type I,
mainly containing C 14 and C 16 PLFA, and type II, mostly containing C 18 PLFA
(Table 1-1). In addition, MOB possess specific PLFA signatures not found in
other known microorganism (e.g., C 16:1ω8c and C 16:1ω5t in type I, C 18:1ω8c in type
II), allowing estimation of their abundance in the environment (Bodelier et al.,
2009). Recently discovered Verrucomicrobial MOB seem to possess distinct
dominant PLFA (iC 14:0 , aC 15:0 and C 18:0 ), although an insufficient number of
species have been analysed so far, and the perception of PLFA diversity in the
overall group is still limited (Op den Camp et al., 2009).
Because of these valuable and unique traits, many ecological studies
combined stable-(carbon)-isotope probing (SIP) techniques with PLFA analyses
to link MOB function to their phylogeny and community composition (Bodelier
et al., 2000; Boschker et al., 1998; Henckel et al., 2000). These methods involve
following the fate of stable isotope-labeled substrate –

13

C-CH 4 – fed to MOB

communities, by extracting the PLFA and determining which MOB group
incorporated the isotope (reviewed by Kreuzer-Martin, 2007). Soil extraction and
processing of PLFA are reliable and relatively simple applications. However,
PLFA patterns of individual microorganisms can change following a shift in
environmental conditions (Neufeld et al., 2007b). The analysis of PLFA isotopic
composition is extremely sensitive; thus, extensive incorporation of the heavy
isotope is not needed, and cross-feeding problems can be minimized.
Furthermore, biosynthesis of PLFA does not require cell replication. However,
the biggest limitation of the use of PLFA as biomarker for MOB is the shallow
taxonomic resolution, standing at the level of type I / II differentiation. A major
barrier to a more in-depth phylogenetic resolution can be found in the limited
number of cultivated MOB, although researchers are investing resources to
improve and expand the existing PLFA database (Bodelier et al., 2009).
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1.5

Low- and high-affinity MOB
At least two functionally distinct MOB groups can be discerned with

regard to MMO activity: low-affinity MOB, which are able to utilize elevated
CH 4 concentrations (>100 μL L -1 ), and high-affinity MOB, capable of utilizing
atmospheric (and below) CH 4 concentrations (Bender and Conrad, 1992).
Recently, Methylocystis sp. strain SC2 has been shown to possess two pMMO
isozymes with different methane oxidation kinetics. The pMMO1 is able to
oxidize CH 4 only at concentrations >600 μL L -1 , whereas pMMO2 enabled growth
at low CH 4 concentrations (10-100 µL L -1 ) in laboratory incubations (Baani and
Liesack, 2008). Although there is no proof yet that Methylocystis actually
oxidizes atmospheric CH 4 in situ, the common understanding of methanotrophs’
ecology may need to be revised.
Our knowledge on MOB physiology, morphology, and biochemistry is
largely based on cultivated low-affinity MOB. By “intercepting” and oxidizing
CH 4 in anoxic/oxic boundary layers, low-affinity MOB substantially mitigate
CH 4 emissions from various natural (arctic wetlands, flood plains, lake
sediments) and anthropogenic (landfills, rice paddies) environments (Cébron et
al., 2007; Frenzel et al., 1990; Graef et al., 2011). Total CH 4 emissions from
landfills and rice paddies are reduced by up to 90% by MOB activity (reviewed
by De Visscher et al., 2007).
Contrastingly, in generally well-aerated, unsaturated soils (frequently
termed ‘upland soils’), high-affinity MOB meet their carbon and energy needs
largely by utilizing atmospheric CH 4 (reviewed by Dunfield, 2007). Atmospheric
CH 4 uptake has been observed worldwide and intensively studied in most upland
soil ecosystems such as tundra, forests, grasslands, savannahs and deserts
(Adamsen and King, 1993; Born et al., 1990; Livesley et al., 2011; S. C. Whalen
and Reeburgh, 1990; Whalen and System, 1996). Cultivation attempts for highaffinity MOB failed so far, and Methylocystis sp. strain SC2 is the only isolate
potentially capable of oxidizing atmospheric CH 4 (Baani and Liesack, 2008).
Thus, our knowledge on high-affinity MOB is based on cultivation-independent
molecular techniques. Two main phylogenetic clusters comprising high-affinity
MOB have been identified: the Upland-Soil Cluster Alpha (USCα), initially
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detected in acidic forest and grassland soils (Bourne et al., 2001; Holmes et al.,
1999; Knief et al., 2003), and the Upland-Soil Cluster Gamma (USCγ) in soils
with neutral pH (Knief et al., 2003; Zheng et al., 2012). Moreover, species of the
genus Methylocystis have been often detected in upland soils (Knief and
Dunfield, 2005; Knief et al., 2003; Kolb et al., 2005; Shrestha et al., 2012).

1.6

Example

function

of

low-affinity

MOB:

methane

oxidation in landfill-cover soils
1.6.1 Diversity of MOB

Landfill-cover soils are intensively and thoroughly studied ecosystems as
they drastically reduce (up to 100%) CH 4 emissions from the waste body
(Reeburgh, 1996; Spokas et al., 2006). They might even temporarily act as sinks
for atmospheric CH 4 (Schroth et al., 2012). Landfill-cover soils accommodate
highly abundant and diverse low-affinity MOB communities (Cébron et al., 2007;
Gebert et al., 2009), although USCγ-affiliated MOB have been sporadically
detected (Henneberger et al., 2012; Kumaresan et al., 2009). Type I and II MOB
appear ubiquitous in these environments, and type II MOB appear to dominate
MOB diversity (Gebert et al., 2009; Stralis-Pavese et al., 2004; Su et al., 2014;
Uz et al., 2003).
1.6.2 Activity of MOB

Laboratory-based measurements of MOB activity provided informative
data on potential CH 4 oxidation rates. Estimated values range between 0.15 and
40.5 µmol CH 4 (g soil dry weight) -1 d -1 at 10 vol.% CH 4 (Boeckx et al., 1996;
Kallistova et al., 2005; Kightley et al., 1995; Whalen et al., 1990), exhibiting an
extremely high turnover compared to potential oxidation rates of atmospheric
CH 4 oxidation from upland soils (0.12 – 10  10 -3 µmol CH 4 (g soil dry weight) 1

d -1 ; Bender and Conrad, 1994). These measurements are usually conducted in

batch experiments using fresh, undisturbed soil cores or slurries of homogenized
soil, incubated with CH 4 concentration in the vol.% range. Incubations are often
carried out in jars fitted with butyl rubber stoppers to allow repetitive sampling
of the headspace gas by syringe. Headspace CH 4 concentration is measured by
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gas chromatography and potential CH 4 oxidation rates are calculated by linear
regression analysis of the change of CH 4 concentration over time.
However, incubation schemes may differ from field settings and therefore
do not necessarily reflect MOB activity in the natural environment (Madsen,
1998). To date, a limited number of field-based studies quantified CH 4 oxidation
activity. Measurements of CH 4 concentrations from depth-resolved soil-gas
samples were combined with soil surface flux data to calculate CH 4 oxidation
rates (Nozhevnikova et al., 2003). Moreover, δ 13 C values of emitted CH 4 , of CH 4
from the anoxic zone, and of CH 4 measured at different soil depths have been
combined to estimate the fraction of oxidized CH 4 in landfill-cover soils
(Chanton et al., 2008; Liptay et al., 1998). Recently, the gas push-pull test
(GPPT) was successfully applied to quantify CH 4 oxidation activity in landfill
cover soils (Gómez et al., 2009; Henneberger et al., 2012; Schroth et al., 2012).
Generally, high CH 4 turnover was reported and MOB showed the ability of
drastically reducing CH 4 emissions (up to 90%).
1.6.3 Linking MOB diversity and activity

Activity of both type I and type II MOB was confirmed in laboratory
studies

by

applying

techniques

that

combine

cultivation-independent

identification of microorganisms with metabolic analyses, employing stable
isotopes, specifically PLFA- and nucleic acid (SIP) techniques (Cébron et al.,
2007; Crossman et al., 2004; Héry et al., 2008).
However, to fully understand the ecological role of MOB in landfill-cover
soils, combined knowledge on their diversity and associated in-situ activity is
required. Although community structure and activity of MOB inhabiting these
environments have been extensively investigated because of their substantial
contribution in mitigating CH 4 emissions, a comprehensive picture of the MOB
communities mediating CH 4 oxidation in their natural setting is yet missing, and
field-based studies directly linking the structure of the active MOB communities
with their function have been rarely performed.
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1.7

Example function of high-affinity MOB: atmosphericmethane oxidation in developing upland soils

1.7.1 Glacier forefields

While the functioning of the soil CH 4 sink in mature upland soils is
relatively well established, surprisingly little is known about magnitude and
dynamics of atmospheric CH 4 oxidation and high-affinity MOB communities in
developing upland soils (e.g., andosols, lithosols; FAO soil classification).
Despite strong evidence that newly formed volcanic deposits (andosols) and both
Artic and Alpine proglacial sediments (lithosols) may provide a substantial sink
for atmospheric CH 4 (Bárcena et al., 2010; King and Nanba, 2008; Nauer et al.,
2014, 2012), these environments are yet excluded from CH 4 inventories because
of the lack of experimental data.

Figure 1-5: Illustration of a glacial ecosystem; depicted proglacial zone represents the glacier
forefield (modified from Schroth, 2013).

Glacier forefields (vast areas in front of receding glaciers) are good
examples of developing upland soils in Alpine ecosystems. They continue to
expand due to ongoing glacial retreat (Paul et al., 2011). While expanding, glacier
forefields usually form a well-defined soil chronosequence (Figure 1-5; Stevens
and Walker, 1970). As a result of glacial retreat, sediments are subject to a radical
shift from dark, potentially anoxic, and cold subglacial conditions, to a generally
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oxic proglacial environment with large fluctuations in temperature, UV radiation,
and water regime. Under these conditions, soil formation is initiated. Hence,
glacier forefields are interesting ecosystems for studies of microbial succession
(Bernasconi et al., 2011).
Yet, glacier forefields are challenging environments because of their
heterogeneous and dynamics nature. Besides exhibiting a soil chronosequence,
glacier forefields can be derived from diverse bedrocks. The prevailing bedrock
type determines soil mineralogy, soil pH, and nutrient availability (Lazzaro et
al., 2009a; Meola et al., 2014). Furthermore, glacier forefields exhibit a
topographically diverse landscape, as a result of the co-occurrence of different
geomorphological process that form numerous proglacial landforms (Mavris et
al., 2010). Finally, glacier forefields are subject to strong short-term and seasonal
variations in soil physicochemical parameters (e.g., Lipson and Schmidt, 2004).
1.7.2 Diversity and activity of MOB in glacier forefields

A first hint for MOB presence in glacier-forefield soils was reported in a
study investigating diversity of N 2 fixing bacteria, in which 16% of diazotroph
diversity was affiliated to MOB (Duc et al., 2009). A study on CH 4 turnover and
MOB diversity in a glacier forefield on Greenland led to the hypothesis of a
developing soil CH 4 sink as a function of soil age (Bárcena et al., 2010), but
subsequent laboratory incubation-based measurements of CH 4 oxidation failed to
corroborate this hypothesis. In this study, exclusively type II MOB were detected,
affiliated to the USCα (Bárcena et al., 2011, 2010). A recent field survey
qualitatively and quantitatively investigated atmospheric CH 4 oxidation and
MOB diversity (one-time sampling) in 13 glacier forefields in Switzerland (Nauer
et al., 2012). Low MOB diversity was detected, with USCγ and Methylocystislike MOB being the dominant phylogenetic groups. To determine soil-atmosphere
CH 4 fluxes – commonly the quantity of interest for the estimation of the global
CH 4 budget (Dutaur and Verchot, 2007) –the soil CH 4 profile method was applied
(e.g., Born et al., 1990). The method consists of the extraction of soil gas at
various depths and subsequent quantification of CH 4 . Quantitative interpretation
requires accurate description of diffusive properties of CH 4 in the soil system.
Analysis of soil profiles sampled during steady-state conditions exhibited low
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atmospheric CH 4 consumption, with soil-atmosphere CH 4 fluxes ranging from 0.14 to -1.1 mg CH 4 m −2 d −1 (Nauer 2012, 2014).
Overall, to date there is no conclusive information on magnitude and
dynamics of atmospheric CH 4 oxidation in glacier forefields, and repetitive and
reproducible soil-gas sampling and -physical properties measurements cannot be
conceived with the current sampling methodology. Furthermore, next to nothing
is reported on the influence of the landform type and the occurring variation in
physicochemical parameters on the overall CH 4 sink. Altogether, the abovementioned specific features, i.e. soil chronosequence, prevailing bedrock,
different landforms, and temporal variation in physicochemical parameters, may
shape the MOB community and therefore substantially affect the soil CH 4 sink in
glacier-forefield soils.

1.8

Research gaps and objectives

1.8.1 General objectives

Understanding in situ function and dynamics of MOB is extremely
valuable for restraining uncertainties in estimates of CH 4 emissions and,
eventually, predicting CH 4 source and sink interactions and feedbacks with
ongoing global change. The current project was conceived as a contribution to
increase general knowledge of soil ecosystems usually described as sources and
sinks for CH 4 . Dynamics of MOB community structure and function were
investigated in field-based studies of (i) landfill-cover soils, where welldescribed low-affinity MOB mitigate CH 4 emissions, and (ii) poorly described
developing Alpine upland soils, where uncultivated high-affinity MOB are likely
responsible for the establishment of the soil CH 4 sink.
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1.8.2 Specific objectives
Chapter 2

The objective of chapter two was to develop a methodology that enables
in situ linking of MOB diversity and function by combining PLFA-SIP and GPPT
methods at the field scale in a landfill-cover soil.
Chapter 3

By applying the new SIP-GPPT methodology developed in chapter two,
the objective of chapter three was to provide a comprehensive picture of in situ
active MOB communities in a landfill-cover soil. To do that, we complemented
the SIP-GPPT with pmoA-based genes and transcripts analyses under different
environmental conditions and along a gradient of CH 4 oxidation activities.
Chapter 4

The objective of chapter four was to establish a methodology for repetitive
and reproducible depth-resolved soil-gas sampling, soil-water content and temperature measurements, for quantification of atmospheric CH 4 oxidation with
minimal soil disturbance. The new methodology was to be used in skeleton-rich
soils as can be found in glacier forefields.
Chapter 5

By applying the sampling methodology developed in chapter four, the
main objective of chapter five was to assess the establishment of atmospheric
CH 4 oxidation in Alpine glacier-forefield soils derived from contrasting bedrock
type. We hypothesized that atmospheric CH 4 oxidation and MOB abundance may
increase with increasing soil age in glacier forefields. Also, distinct MOB
communities might be present in each bedrock type. To address these hypotheses,
we assessed changes in MOB community composition and abundance, soilatmosphere CH 4 fluxes and CH 4 oxidation activity along the chronosequence of
two Swiss Alpine glacier forefields.
Chapter 6

In chapter six, we extended the study of atmospheric CH 4 oxidation in
glacier forefields to investigate the effect of landform type and variation in soilwater content and -temperature on the overall strength of the soil CH 4 sink. We
hypothesized that soil-atmosphere CH 4 fluxes and MOB community composition
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and abundance may show variability caused by changes in soil-water content and
-temperature during the snow-free sampling season. Soil-atmosphere CH 4 fluxes
and MOB community composition and abundance may also exhibit differences
related to the landform type. For in-depth resolution of MOB community
structure in glacier-forefields, high-throughput pmoA amplicon sequencing was
applied.
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2.1

Abstract
Aerobic methane-oxidizing bacteria (MOB) play an important role in soils,

mitigating emissions of the greenhouse gas methane (CH 4 ) to the atmosphere.
Here we combined stable isotope probing on MOB-specific phospholipid fatty
acids (PLFA-SIP) with field-based gas push-pull tests (GPPTs). This novel
approach (SIP-GPPT) was tested in a landfill-cover soil at four locations with
different MOB activity. Potential oxidation rates derived from regular- and SIPGPPTs agreed well and ranged from 0.2 - 52.8 mmol CH 4 (L soil air) -1 d -1 . PLFA
profiles of soil extracts mainly contained C 14 to C 18 fatty acids (FAs), with a
dominance of C 16 FAs. Uptake of

13

C into MOB biomass during SIP-GPPTs was

clearly indicated by increased δ 13 C values (up to ~1500 ‰) of MOBcharacteristic FAs. In addition,

13

C-incorporation increased with CH 4 oxidation

rates. In general, FAs C 14:0 , C 16:1ω8 , C 16:1ω7 and C 16:1ω6 (type I MOB) showed
highest

13

C-incorporation, while substantial

13

C-incorporation into FAs C 18:1ω8

and C 18:1ω7 (type II MOB) was only observed at high-activity locations. Our
findings demonstrate the applicability of the SIP-GPPT approach for in-situ
quantification of potential CH 4 oxidation rates and simultaneous labelling of
active MOB, suggesting a dominance of type I MOB over type II MOB in the
CH 4 -oxidizing community in this landfill-cover soil.
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2.2

Introduction
Methane (CH 4 ) is a potent greenhouse gas contributing strongly to global

warming (Denman et al., 2007). Aerobic methane-oxidizing bacteria (MOB) use
CH 4 as the sole source of carbon and energy, thereby reducing CH 4 flux from
various methanogenic environments to the atmosphere, e.g., from wetlands, rice
paddies and anoxic sediments. In addition, cover soils of CH 4 -producing,
municipal-waste landfills often harbour highly diverse and active MOB
communities (Chen et al., 2007; Gebert et al., 2009; Henneberger et al., 2012;
Kumaresan et al., 2009). Based on the current understanding, most MOB can be
placed either within the phylum Proteobacteria or the phylum Verrucomicrobia
(Murrell, 2010). The latter MOB are a recently discovered group of thermoacidophilic methane-oxidizing Verrucomicrobia (see review by Op den Camp et
al., 2009), but they are yet to be taxonomically validated. The methane-oxidizing
members of the Proteobacteria comprise two major groups: type I and type II
MOB, belonging to Gammaproteobacteria and Alphaproteobacteria, respectively.
The two groups differ not only in their phylogenetic affiliation, but also with
respect to their biochemical and physiological properties, such as carbon
assimilation pathway and cellular membrane structure (Hanson and Hanson,
1996; Murrell, 2010).
Since these microorganisms are significant modulators of global CH 4
emissions, MOB diversity, abundance and activity for various environments have
been studied to great extent under laboratory conditions and in natural settings.
Such studies generally focus on the pmoA gene, which encodes a subunit of the
particulate methane monooxygenase (pMMO), a key enzyme in the aerobic CH 4
oxidation pathway (Hanson and Hanson, 1996). Moreover, the phylogeny of the
pmoA gene correlates well with the 16S rRNA gene (Kolb et al., 2003). In
addition to pmoA-based phylogeny, the proteobacterial MOB can also be
differentiated to a certain degree based on the chemical composition of their
cellular membranes, for instance the distribution of phospholipid ester-linked
fatty acids (PLFA). Fatty acid (FA) profiles of type I MOB membranes are
generally dominated by C 14 - and C 16 -FAs, while type II MOB membranes contain
a larger portion of C 18 -FAs (Bowman et al., 1991; Hanson and Hanson, 1996;
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Niemann et al., 2006). In particular, the C 16 -FA C 16:1ω5t is considered to be
characteristic for type I MOB, while the C 18 -FAs C 18:1ω8c , C 18:2ω7c,12c and
C 18:2ω6c,12c are characteristic for type II MOBs (Bodelier et al., 2009; Bowman,
2006; Bowman et al., 1991; Hanson and Hanson, 1996). Distinctive PLFA
profiles of different groups can be exploited to link MOB function with
community structure by following the incorporation of isotopic tracers (e.g.,

13

C)

into the biomass (i.e., into FAs) of active MOB. In fact, the first reported
application of PLFA stable-isotope probing (SIP) was the use of 13 C-labelled CH 4
to identify active MOB (Boschker et al., 1998).
Since then, SIP methodologies have evolved and are now widely applied
to study active sub-populations of complex microbial communities (Neufeld et
al., 2007a). For example, PLFA-SIP using

13

CH 4 has been used to investigate

active MOB in samples derived from various soil and sediment environments
(Chen et al., 2008b; Knief et al., 2003; Shrestha et al., 2008). Such incubation
experiments have provided valuable insights into ecological aspects of MOB
communities, e.g., the influence of CH 4 availability (Knief et al., 2006), nitrogen
fertilization (Mohanty et al., 2006) or flooding regimes (Bodelier et al., 2012) on
the structure and activity of MOB populations. However, reports on the
application of this technique to landfill-cover soils are scarce (Crossman et al.,
2004). In addition, PLFA-SIP studies were generally performed under controlled
laboratory conditions that may vary significantly from natural habitats, thus
hindering direct extrapolation of the results back to the field.
Few studies have applied SIP directly in the field (Middelburg et al., 2000;
Padmanabhan et al., 2003). For example, Pombo et al. (2002 and 2005) used
aqueous push-pull tests in combination with PLFA-SIP in a petroleumcontaminated aquifer to identify dominant nitrate- and sulphate-reducing bacteria
while simultaneously determining their activity. Recently, the push-pull test
technique was modified for gaseous substrates (Urmann et al., 2005). During such
a gas push-pull test (GPPT), a mixture of reactive gases (e.g., CH 4 and O 2 ) and
non-reactive tracer gases (e.g., Ar, Ne or He) is injected into the soil at a location
of interest. After injection, the gas flow is reversed and the soil-air-diluted gas
mixture is extracted from the same location and sampled periodically. Reaction
rate constants can subsequently be derived from differences in the breakthrough
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curves of the reactant and a suitable tracer gas (Gómez et al., 2009; Urmann et
al., 2008). GPPTs have been applied successfully to quantify CH 4 oxidation in a
variety of pristine and anthropogenically influenced environments, such as peat
bog, the vadose zone above a contaminated methanogenic aquifer or a landfillcover soil (Gómez et al., 2009; Henneberger et al., 2012; Urmann et al., 2008;
Urmann et al., 2007). Nevertheless, the combination of the GPPT technique with
PLFA-SIP has not been attempted for a field-based study.
The aim of the present work was to develop an efficient methodology that
enables labelling of active MOB at the field-scale, while simultaneously
quantifying in-situ CH 4 oxidation rates. The novel approach presented here
combines

13

CH 4 PLFA-SIP with the GPPT technique. We applied this method to

the cover soil of a Swiss landfill, and tested its applicability at four locations
with differences in CH 4 oxidation activity.
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2.3

Materials and methods

2.3.1 Study site

All sampling and field-based studies were performed at the Lindenstock
landfill (Liestal, BL, Switzerland), which has been described in detail elsewhere
(Henneberger et al., 2012; Schroth et al., 2012). Experiments were carried out in
August and September 2011 at five locations that are in close proximity to
locations C1, EM and NM, previously described and characterised for their MOB
diversity and activity (Henneberger et al., 2012). During summer 2010, these
locations exhibited differences in CH 4 oxidation rates with the highest apparent
first-order rate constant (k; for details on calculations see below) measured at C1
(4.69 h -1 ), followed by EM (0.52 h -1 ) and NM (0.16 h -1 ). We termed the locations
for the present study C1-1, C1-2, C1-3, EM-1 and NM-1 according to their
proximity to the previously described locations (within ~ 100 - 250 cm).
2.3.2 Soil properties

Soil temperature was recorded throughout the study period at 50 cm depth
in three-hour intervals, using Thermochron iButton dataloggers (DS1921G#F50,
Maxim, Sunnyvale, USA) that were installed near locations C1 and NM.
Volumetric water content was determined by time-domain reflectometry
(TDR100, Campbell Scientific, Loughborough, U.K.), using brass-rod pairs (15
mm o.d., 70 cm long) previously installed close to locations C1, EM and NM.
2.3.3 Borehole installation and soil-sample collection

Soil cores were collected using a HUMAX hollow-stem auger system (80
mm i.d.; Martin Burch AG, Rothenburg, Switzerland). At each location, we
drilled to a depth of ~ 55 cm, and soil-core samples were collected in plastic
sleeves from 45-55 cm depth. For subsequent GPPTs (see below), Teflon tubes
(2 mm i.d.) were inserted into the borehole to reach down to 50 cm depth. The
tubes were protected from particulate clogging by covering the tips with steel
wool, and the lower end of the tube was embedded in ~ 10 cm of sand (45-55 cm
depth; 0.7-1.2 mm Quartz sand, Carlo Bernasconi AG, Zürich, Switzerland). The
borehole was subsequently backfilled with a 1:1 mixture of sand and
commercially available Bentonite (Fatto, Migros, Switzerland), followed by a
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final 5 cm of Bentonite to ground level. The exposed ends of the tubes were fitted
with three-way valves. Location C1-3, which served as reference, was backfilled
as described above, but without installation of a Teflon tube.
Approximately 24 h after performing GPPTs with 13 CH 4 (hereafter referred
to as SIP-GPPT), an area of ~ 50 x 50 cm was excavated to a depth of 45 cm. The
sand in the final 10 cm of the borehole was removed, and soil material for further
analyses was collected from 45-55 cm depth along the rim of the bore hole using
sterile tools.
All soil samples collected during initial drilling and excavation after SIPGPPTs were homogenized and sub-sampled immediately on site with sterile
spatulas and transferred to sterile aluminium foil. Samples were stored on ice for
several hours and frozen at -20°C upon return to the laboratory.
2.3.4 Gas Push-Pull Tests

The GPPTs performed at locations C1-1, C1-2, EM-1, and NM-1 were
slightly modified from recently described methods (Gómez et al., 2009;
Henneberger et al., 2012; Urmann et al., 2005): Regular GPPTs were performed
5-6 days after installation of the tubes, using ~ 20 L of gas mixture containing 2
vol. % CH 4, 18 vol. % O 2 and 26.7 vol. % each of helium (He), neon (Ne) and
argon (Ar). The gas mixture was injected into the soil at 50 cm depth over a
period of 30 min at a flow rate of ~ 0.63 L min -1 . Following injection, the gas
flow was reversed and the gas mixture diluted with soil air was extracted from
the same location for 30 min at ~ 0.58 L min -1 flow rate (corresponding to a total
volume of ~ 17 L). For gas-concentration analysis, two soil-air background
samples were collected prior to injection, three samples of the gas mixture were
collected during injection (at 10-min intervals), and during extraction samples
were taken every 2 min. All gas samples were collected in 20-mL glass vials
(sealed with butyl rubber septa and metal crimp caps) after flushing the vials with
at least 500 mL of the respective gas using an inflow and an outflow needle.
During extraction, gas exiting the outflow needle was vented into the atmosphere.
SIP-GPPTs were performed 2-3 weeks after tube installation at locations
C1-1, EM-1 and NM-1, using ~ 21-22 L of gas mixture containing 5 vol. % 13 CH 4,
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20 vol. % O 2 and 25 vol. % each of He, Ne and Ar. At location C1-2, the following
gas mixture was used: 2 vol. %

13

CH 4, 18 vol. % O 2 and 26.7 vol. % each of He,

Ne and Ar. Gas samples were collected during the injection and extraction phase
in similar fashion as before. However, gas exiting the vials’ outflow needle
during extraction was collected in the original gas-bag and, upon completion of
each SIP-GPPT, re-injected slowly into the soil over a period of ~ 100-105 min
to allow further oxidation of

13

CH 4 , and therefore additional

13

C-incorporation

after completion of the GPPT.
For regular and SIP-GPPTs, kinetic parameters of CH 4 oxidation (apparent
first-order rate constants k, potential CH 4 oxidation rates) were estimated from
extraction data using a simplified method as previously described (Gómez et al.,
2009; Schroth and Istok, 2006; Urmann et al., 2008). Briefly, for each extracted
sample

the

concentration

natural
divided

logarithm
by

of

injected

the

relative

concentration

concentration,

corrected

(extracted
for

natural

background) of CH 4 divided by the relative concentration of a tracer (here Ar) is
plotted against the gas mixture’s residence time in the soil. The negative slope of
the linear regression was taken as apparent first-order rate constant k,
characterising indigenous CH 4 oxidation for variable CH 4 -limited conditions.
Thus, these k values represent averages over the entire data set assuming firstorder kinetics. For direct comparison of activity, potential oxidation rates were
subsequently calculated for a CH 4 concentration of 0.5 vol. % (a concentration
observed in extracted samples of most GPPTs). Values of k used in these
calculations were determined from a subset of samples near 0.5 vol. % CH 4 to
more accurately describe the reaction kinetics at that concentration.
2.3.5 Fatty acid extraction and preparation of derivates

The extraction procedure and preparation of fatty acid methyl esters
(FAME) was carried out according to previously described methods (Elvert et al.,
2003; Niemann et al., 2005). Briefly, total lipid extracts were obtained from ~ 20
g of wet soil by subsequent ultra-sonication with organic solvents of decreasing
polarity (dichloromethane/methanol (1:2, v/v), dichloromethane/methanol (2:1
(v/v), dichloromethane). An internal standard (FA n-C 19:0 ) with known
concentration and δ 13 C-value was added to the soil sample prior to extraction.
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FA glycerol esters constituting glycol- and phospholipids were cleaved by
saponification with methanolic KOH-solution. FAs were methylated with
methanolic

BF 3

solution

yielding

FAMEs.

Double

bond

positions

of

monounsaturated FAs were determined by analysis of dimethyl disulphide
adducts (Moss and Lambert-Fair, 1989; Nichols et al., 1986).
2.3.6 Analysis of gas samples

Samples collected during GPPTs were analysed by gas chromatography
(GC) using a Thermo Scientific TRACE GC Ultra gas chromatograph. Gas
contents for Ar, Ne, He and O 2 were separated over a PLOT Molsieve 5A column
(Varian, Palo Alto, USA; 50 m x 0.53 mm i.d., 50 µm df; held isothermally at
30°C), using H 2 as carrier gas (22 mL min -1 ), and quantified with a thermal
conductivity detector. Methane was separated over a packed steel column (2 m
long, 1/16" o.d., 1 mm i.d.; packed with Porapak N 100/120 mesh) using N 2 as
carrier gas (3.2 mL min -1 ), and quantified by flame-ionisation detection (FID).
2.3.7 Analysis of fatty acids

FAs were identified, quantified and analysed for their stable carbonisotope composition using GC quadrupole mass spectrometry (GC-MS), GC-FID
and

GC-isotope-ratio

mass

spectrometry

(GC-IRMS),

respectively.

Gas

chromatography was performed using a Thermo Scientific TRACE GC Ultra gas
chromatograph equipped with a split/splitless injector and a 60 m apolar DB-5
ms fused silica column (0.25 mm i.d., 0.25 µm df). FAMEs were injected in
splitless mode at 300°C using He as a carrier gas at a constant flow rate of 1.2
ml min -1 . The initial oven temperature was set to 50°C for 2 min, increased to
150°C (10°C min -1 ), and finally raised to 300°C at a rate of 4°C min -1 with a final
hold time of 30 min. Mass spectra of single lipid compounds were acquired using
a Thermo Scientific DSQ II quadrupole mass spectrometer operated in electro
spray ionisation mode. The resulting mass spectra were compared to standard
compounds and published data for identification. Compound-specific stable
carbon isotope ratio measurements were performed using a Thermo Scientific
DELTA V IRMS. Isotope ratios are given in the δ-notation (against Vienna Pee
Dee Belemnite, VPDB). The FA δ 13 C-values were corrected for the introduction
of additional carbon atoms during derivatisation. The internal standard was used
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to monitor precision and reproducibility during measurements. Reported δ 13 Cvalues have an analytical precision of ±1‰.
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2.4

Results

2.4.1 MOB activity

MOB activity at locations C1-1, C1-2, EM-1 and NM-1 was assessed
through regular GPPTs, using 2 vol. % non-labelled CH 4 in the injected gas
mixture. Logarithmic rate plots were reasonably linear over the entire data sets,
indicating

apparent

first-order

kinetics

of

the

CH 4

oxidation

reaction

(representative rate plots of two locations shown in supplemental Figure 2-4).
Deduced k values ranged from 0.10 h -1 at location NM-1 to 8.43 h -1 at location
C1-1 (Table 2-1). Moreover, C1-1 and C1-2 showed the highest potential CH 4
oxidation rates (activity at 0.5 vol. % CH 4 ) with 46.0 and 55.7 mmol CH 4 (L soil
air) -1 d -1 , respectively, while considerably lower rates were observed at EM-1
(9.9 mmol CH 4 (L soil air) -1 d -1 ) and NM-1 (0.7 mmol CH 4 (L soil air) -1 d -1 ;Table
2-1).
SIP-GPPTs were performed with 5 vol. %

13

CH 4 within 2-3 weeks after

tube-installation. Breakthrough curves and logarithmic rate plots were similar to
those observed during regular GPPTs (representative breakthrough curves of two
locations shown in Figure 2-1; rate plots in supplemental Figure 2-4), and
resulting k values ranged from 0.03 h -1 at location NM-1 to 6.10 h -1 at location
C1-1 (Table 2-1). Based on the high CH 4 oxidation rate determined from regular
GPPT at location C1-2, only 2 vol. %

13

CH 4 was applied during SIP-GPPT at this

location, and the resulting k value was 8.97 h -1 . Potential CH 4 oxidation rates
were 31.9 and 52.8 mmol CH 4 (L soil air) -1 d -1 for C1-1 and C1-2, respectively.
For locations EM-1 and NM-1, MOB activity was too low to reach concentrations
of around 0.5 vol. % CH 4 during the extraction phase under the prevailing test
conditions (5 vol. %

13

CH 4 injection concentration). Potential oxidation rates

therefore were estimated by extrapolating the experimental data, and values were
similar to those observed during regular GPPTs (Table 2-1; Schroth et al., 2012).

47

Field‐scale labelling and activity quantification of MOB in a landfill‐cover soil

Table 2-1: Activity of MOB in the Lindenstock landfill-cover soil determined at four different
locations, using 2 vol. % CH4 (regular GPPT) or 5 vol. % 13 CH4 (SIP-GPPT). In addition, absolute
13
C -incorporation into C14 + C16 FAs (dominating type I MOB PLFA profiles) and C18 FAs
(dominating type II MOB PLFA profiles) is shown.
Location
ID

EM-1
NM-1

1.46 ± 0.12
0.10 ± 0.01

9.9 ± 1.0
0.7 ± 0.2

MOB activity, SIP-GPPT
First-order
rate const. k
± s.d.
(h-1)

13

Cincorporation
C14 +
C18
C16
(ng 13 C (μg
extr. FA)-1)

6.10 ± 0.19
8.97 ± 0.48 a

Potential CH4
oxid. rate ±
s.d. (mmol
CH4 (L soil
air)-1 d-1)
31.9 ± 2.8
52.8 ± 5.6 a

0.304
0.046

0.013
0.008

0.96 ± 0.10
0.03 ± 0.01

11.0 b
0.2 b

0.029
0.027

0.008
0.001

test

SIP - GPPT done with 2 vol. % CH 4 ; b values estimated by extrapolating experimental data.

Relative concentration, Cext / Cinj

a

C1-1
C1-2

MOB activity, regular
GPPT
First-order Potential CH4
rate const.
oxid. rate ±
k ± s.d.
s.d. (mmol
(h-1)
CH4 (L soil
air)-1 d-1)
8.43 ± 0.48
46.0 ± 6.0
8.40 ± 0.25
55.7 ± 6.6

Figure 2-1: Representative breakthrough curves of CH4/13 CH4 (dark grey symbols) and Ar (light
grey symbols) observed during GPPTs at locations C1-1 (A) and NM-1 (B): circles symbolizing
regular GPPTs with 2 vol. % CH4 injection concentration, triangles symbolizing SIP-GPPTs with
5 vol. % 13 CH4 injection concentration.
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Methane concentrations measured in the soil-air background samples were
low during the study period and comparable between the different locations,
ranging from 4 x 10 -4 vol. % (C1-2 and EM-2) to 9 x 10 -4 vol. % (C1-1) during
regular GPPTs and from 9 x 10 -4 vol. % (EM-1) to 44 x 10 -4 vol. % (NM-1) during
SIP-GPPTs. During the time period activity measurements were carried out, soil
temperatures at 50 cm depths were18.5-19°C (near location C1) and 17-17.5°C
(near location NM-1). The average volumetric water content of the 0-70-cm depth
interval close to C1 showed only slight variations (0.24-0.26), and this value was
constantly around 0.40 close to EM-1. Volumetric water content close to NM-1
varied from 0.35 at the date of tube installation to 0.19 at the date of final sample
collection. Therefore, conditions varied only slightly throughout the study period
and were similar to those observed during the 2010 campaign (Henneberger et
al., 2012).
2.4.2 Fatty-acid composition

All sample extracts analysed contained substantial amounts of FAs,
typically in the range of C 14 to C 18 (representative example of a partial GC-MS
chromatogram shown in supplemental Figure 2-5). The fractional abundance of
selected FAs (C 14 -C 18 ) at the reference location C1-3 (Figure 2-2) and highactivity locations C1-1 and C1-2 (Figure 2-3 A and B) showed some similarities.
Six dominant FAs (C 16:1ω7 , C 16:1ω5 , C 16:0 , C 18:1ω9 , C 18:1ω7 and C 18:0 ) were identified
in all samples from these locations, with C 16:1ω5 and C 16:0 being the most abundant
(13-23% of total C 14 -C 18 FAs). Relative abundance of the remaining 15 minor
FAs detected in these samples was also similar. However, the C1-3 samples
lacked any detectable contribution from FA C 18:1ω8 . FA composition of samples
collected at the intermediate- and low-activity locations (EM-1 and NM-1)
showed some differences to the high-activity locations. While a dominance of the
FAs C 16:1ω7 , C 16:1ω5 , C 16:0 , C 18:1ω9 and C 18:0 was also observed in these sample
extracts, their relative abundances differed from those detected at the highactivity locations (Figure 2-3 C and D). In addition, all other FAs in these samples
were either present at very low concentrations, were detectable but could not be
reliably quantified due to insufficient GC separation (in particular FAs C 16:1ω8
and C 16:1ω9 ), or were fully undetectable. Some differences in FA abundance were
observed between samples taken at the same location before regular GPPTs and
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after SIP-GPPTs. These differences can be explained by substantial soil
heterogeneity that was noticed at the different locations, in particular as sample
collection after SIP-GPPTs was performed several cm away from the initial
sampling point.

Figure 2-2: Fractional abundance
(left y-axis, bars) and δ13 C values
(right y-axis, circles and triangles)
of individual FAs extracted from
reference location C1-3 at the
beginning (light grey bars and
circles) and end (dark grey bars and
triangles) of the field study

2.4.3

13

C labelling of fatty acids

The introduction of
13

13

CH 4 during SIP-GPPTs led to the incorporation of

C into several FAs, as indicated by their increased δ 13 C values relative to

natural background values of -21 to -62 ‰ (as determined for FAs extracted from
the reference location and all other locations prior to GPPTs; Figure 2-2 and
Figure 2-3). Incorporation of

13

C into biomass thereby appeared to increase with

increasing MOB activity, as shown by higher δ 13 C values detected at highactivity locations compared to low activity locations (Figure 2-3), and by
increasing total

13

C-incorporation (Table 2-1). The lower level of

13

C-

incorporation despite higher CH 4 oxidation activity observed for location C1-2
compared to C1-1 was likely caused by the lower concentration of
during this SIP-GPPT (2 versus 5 vol. %

13

13

CH 4 applied

CH 4 ).

In addition to differences in the amount of

13

C-incorporation observed, the

varying levels of activity at the different locations seemed to be associated with
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differences in the FA labelling patterns. In general, at all locations the most
pronounced

13

C-incorporation (i.e., highest δ 13 C values) was found for the FAs

C 14:0 , C 15:0 , C 16:1ω8 , C 16:1ω7 and C 16:1ω6 . The high-activity locations (C1-1 and C12) and the intermediate-activity location (EM-1) also showed clear incorporation
of

13

C into the FAs C 18:1ω7 and C 18:1ω8 (not detected at EM-1). This stands in

contrast to observations made for the low-activity location NM-1, which
displayed only a slight increase in δ 13 C for FA C 18:1ω7 . In addition, at the two
high-activity locations

13

C-label was recovered in the FAs C 16:1ω5 , C 16:0 (C1-1and

C1-2) and C 16:1ω9 (C1-1 only), while these FAs were not labelled at the other two
locations. At the reference location C1-3, where no GPPTs were performed, no
enrichment in

13

C was detected, indicating absence of natural fluctuations in δ 13 C

values throughout the study period (Figure 2-2).
Injection of 5 vol. %

13

CH 4 during the SIP-GPPT at the high-activity

location C1-1 resulted in very high δ 13 C values (>1000 ‰) for the FAs C 16:1ω8 ,
C 16:1ω7 and C 16:1ω6 . The high

13

C-label content in these FAs had a biasing effect

on the overall GC-IRMS performance, particularly for FAs with lower or no

13

C-

label content due to baseline shifting. Thus, while the results obtained here
clearly provide evidence for high incorporation of CH 4 -derived carbon, absolute
δ 13 C values obtained for C1-1 should be regarded with caution.
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Figure 2-3: Fractional abundance (left y-axis, bars) and δ13 C values (right y-axis, circles and
triangles) of individual FAs extracted prior to regular GPPTs (light grey bars and circles) and after
SIP-GPPTs (dark grey bars and triangles). A: location C1-1, B: location C1-2, C: location EM-1,
D: location NM-1. For location C1-1 (panel A) δ13 C values are estimates due to GC-IRMS baseline
shifts caused by extremely high δ13 C values.
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2.5

Discussion
Stable-isotope probing of PLFA represents a widely used tool to identify

active members within complex microbial assemblages, and this technique has
been routinely used during laboratory experiments on MOB communities from
various environments ( e.g., Chen et al., 2008; Knief et al., 2003; Shrestha et al.,
2008). Here, we have successfully applied PLFA-SIP directly in the field using a
modified GPPT approach. This combination of PLFA-SIP with GPPTs allowed
calculation of in-situ CH 4 oxidation rates in parallel with isotope tracing of MOB
through PLFA profile analysis. The SIP-GPPT was successfully implemented at
several locations with differences in MOB activity, and was shown to be
applicable even at locations with relatively low CH 4 turnover rates. Methane
oxidation rates at the Lindenstock landfill appeared to be stable over time, and
rates observed here were comparable with those detected during previous studies
(Gómez et al., 2009; Henneberger et al., 2012). Moreover, introduction of the
13

C-label during SIP-GPPTs had no apparent effect on CH 4 oxidation rates.
SIP approaches are not limited to lipids, but also enable tracking of

13

C-

incorporation into DNA, RNA or proteins (Jehmlich et al., 2010; Radajewski et
al., 2003). However, PLFA-SIP appears particularly suitable for field-based
studies due to the low level of

13

C-incorporation into FAs required for detection,

the reliable extraction of FAs from soil samples, and relatively simple processing
of the extracted FAs (Neufeld et al., 2007a). It is important to mention that time
is critical when gases are applied in the field, as rapid gas diffusion typically
precludes long incubation times. Here we demonstrated that a ~ 3 hr-long

13

CH 4

incubation (GPPT and subsequent re-injection of gas mixture) was adequate for
sufficient

13

C-incorporation to be detectible by GC-IRMS within the FAs pool.

In contrast, RNA-SIP and, in particular, DNA-SIP may require much longer
incubation times up to days or weeks (Martineau et al., 2010; Noll et al., 2008;
Radajewski et al., 2000; Shrestha et al., 2011). This is because unlike FAs,
labelled nucleic acids need to be separated from their non-labelled counterparts
by density-gradient centrifugation, requiring a larger label-incorporation of at
least 20 at. % compared to only 0.1 at. %

13

C for FAs (Boschker and Middelburg,

2002; Radajewski et al., 2003).
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On the other hand, phylogenetic resolution based on PLFA is lower
compared to nucleic acids. To date, most PLFA-SIP studies on MOB communities
are limited to distinguishing between type I and type II MOB. In addition, FAs
currently considered to be characteristic for certain MOB might also be present
in other, newly or yet to be described organisms. For example, FA C 16:1ω8c was
long regarded as signature lipid for type I MOB, but was recently found to be
contained in substantial amount in the type II MOB Methylocystis heyeri (Dedysh
et al., 2007). Nevertheless, in-depth studies on PLFA profiles of individual MOB
strains, in particular novel isolates, may lead to the identification of novel
signature lipids, and may increase resolution in future PLFA-SIP studies on
complex MOB communities. For example, Bodelier and colleagues (2009)
detected novel and unusual C 18:2 FAs in PLFA profiles of several Methylocystis
strains. They also demonstrated that a clear separation of type II MOB at the
subgenus level is possible based on their characteristic PLFA profiles, and that
PLFA profiles of certain type I MOB cluster at the genus level.
In the landfill-cover soil analysed in this study, differences in PLFA
profiles and

13

C-incorporation into MOB signature FAs were observed between

locations with contrasting CH 4 oxidation activity. Even though

13

C-incorporation

was only semi-quantitatively related to CH 4 oxidation rates, with higher levels of
incorporation detected at locations with higher activity, it provided valuable
insights into the dominant, active MOB type at the different locations. In general,
the most dominant

13

C-incorporation was observed for FAs typically found in

PLFA profiles characteristic for type I MOB. Labelling of FAs typically found in
type II MOB was also clearly detected at most locations, but was far less
pronounced, particularly at the lower activity locations EM-1 and NM-1. In fact,
the type II MOB-specific FA C 18:1ω8 was not detected at these two locations, while
type I MOB characteristic FAs were dominant at all locations. These PLFA based
findings coincide with our previous analyses of the Lindenstock cover soil based
on the pmoA gene, which also showed differences in MOB diversity and
abundance

between

locations

with

different

CH 4

oxidation

activities

(Henneberger et al., 2012). Similar to the PLFA results, a general dominance of
type I MOB specific pmoA genes was detected in clone libraries and T-RFLP
profiles. Type II MOB specific pmoA genes comprised only a minor fraction of
54

Discussion

the T-RFLP profiles and were not detected in the clone library constructed from
the low activity location NM. These clear and consistent differences in type I and
type II MOB communities at both, the DNA and PLFA level, suggest that the
total (DNA-based study) and active (PLFA-SIP) MOB communities in the
Lindenstock landfill-cover are indeed similar. Our results further suggest that
CH 4 oxidation activity is mainly carried out by type I MOB and supported to a
minor degree by type II MOB at locations with elevated overall activity. These
findings agree with a previous PLFA-SIP study on another loamy landfill-cover
soil, where the dominance of type I MOB activity was also observed (Crossman
et al., 2004). Nevertheless, at all locations, high

13

C-incorporation was observed

for FAs with very low relative abundance, indicating that MOB comprise only a
minor portion of the microbial community present at this site, particularly at the
lower activity locations.
The novel SIP-GPPT technique described here represents a promising
advance for the labelling of active MOB directly in the field, hence minimizing
procedural bias introduced during laboratory-based incubations. Substantial

13

C-

incorporation into type I and type II MOB signature FAs was observed despite
short in-situ incubation times, making this gas-phase approach feasible for field
applications. Short incubation times most likely led to the lower levels of

13

C-

incorporation observed here in comparison to several laboratory-based studies on
MOB communities (e.g., δ 13 C of 6000 ‰ reported by Chen and colleagues
(2008a; Shrestha et al., 2008). In this study, we attempted to compensate
potentially low levels of
increasing

13

13

C-incorporation due to short incubation times by

CH 4 injection concentrations (5 vol. %

13

CH 4 during SIP-GPPTs

compared to 2 vol. % CH 4 during regular GPPTs). However, our results indicate
adequate

13

C-incorporation into FAs even at low-activity locations, while

suggesting that

13

CH 4 concentration may be reduced for highly active locations

to minimise overall bias during GC-IRMS analysis. In conclusion, the
combination of PLFA-SIP with in-situ CH 4 oxidation rate measurements
employing GPPTs established a link between the structure and function of active
MOB communities directly in a landfill-cover soil.
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Figure 2-4: Rate plots of CH4
oxidation at locations C1-1(dark
grey symbols) and NM-1 (light
grey symbols) during regular
GPPT (circles) and SIP-GPPT
(triangles). The natural logarithm
of the relative concentration
(extracted concentration divided
by
injected
concentration,
corrected for natural background)
of CH4 divided by the relative
concentration of Ar is plotted
against the gas mixture’s
residence time in the soil. The
negative slope of the linear
regression was taken as apparent
first-order rate constant k,
characterising
in-situ
CH4
oxidation for variable CH4limited conditions.

Figure 2-5: Representative example of partial GC-MS chromatogram of polar FAs in the range of
C13 to C19; extracted from location C1-1 after SIP-GPPT.

57

3

Field-scale tracking of active methaneoxidizing communities in a landfill-cover
soil reveals spatial and seasonal variability

Ruth Henneberger, Eleonora Chiri, Paul E. L. Bodelier, Peter Frenzel, Claudia
Lüke, and Martin H. Schroth
Published in: Environmental Microbiolgy 17(5), 1721 – 1737, 2015

59

Field‐scale tracking of active MOB in a landfill‐cover soil reveals spatial and seasonal variability

3.1

Abstract
Aerobic methane-oxidizing bacteria (MOB) in soils mitigate methane

(CH 4 ) emissions. We assessed spatial and seasonal differences in active MOB
communities

in

a

landfill-cover

soil

characterized

by

highly

variable

environmental conditions. Field-based measurements of CH 4 oxidation activity
and stable-isotope probing of polar-lipid-derived fatty acids (PLFA-SIP) were
complemented by microarray analysis of pmoA genes and transcripts, linking
diversity and function at the field scale. In situ CH 4 oxidation rates varied
between sites and were generally one order of magnitude lower in winter
compared with summer. Results from PLFA-SIP and pmoA transcripts were
largely congruent, revealing distinct spatial and seasonal clustering. Overall,
active MOB communities were highly diverse. Type Ia MOB, specifically
Methylomonas and Methylobacter, were key drivers for CH 4 oxidation,
particularly at a high-activity site. Type II MOB were mainly active at a site
showing substantial fluctuations in CH 4 loading and soil-moisture content.
Notably, Upland-Soil-Cluster-gamma related pmoA transcripts were also
detected, indicating concurrent oxidation of atmospheric CH 4 . Spatial separation
was less distinct in winter, with Methylobacter and uncultured MOB mediating
CH 4 oxidation. We propose that high diversity of active MOB communities in
this soil is promoted by high variability in environmental conditions, facilitating
substantial removal of CH 4 generated in the waste body.
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3.2

Introduction
Microbial communities propel biogeochemical cycles and are of utmost

importance in maintaining natural and anthropogenic systems (Ducklow, 2008;
Falkowski et al., 2008). Due to their high diversity, abundance and adaptability,
microorganisms have long been considered functionally redundant, and are
therefore largely absent from discussions regarding consequences of biodiversity
loss caused by e.g., climate change and over-exploitation of natural resources
(Bodelier, 2011; Griffith, 2012). In addition, it is quite challenging to link
individual microbial species within a community to a specific process, and the
relationships between microbial diversity and function in natural settings remain
largely unexplored.
A crucial ecosystem service provided by microorganisms is the oxidation
of the highly potent greenhouse gas methane (CH 4 ). Indeed, CH 4 emissions from
various natural and anthropogenic environments would be far greater without the
activity of methane-oxidizing bacteria (MOB) and archaea (ANME). The MOB
and ANME catalyze the oxidation of CH 4 under oxic and anoxic conditions,
respectively (Chen and Murrell, 2010; Knittel and Boetius, 2009), mitigating an
estimated 50 - 80% of microbially produced CH 4 before it can reach the
atmosphere (Conrad, 2009; Frenzel, 2000). In particular, importance of MOB has
been demonstrated in various systems, e.g., rice paddies (Krüger et al., 2001; Qiu
et al., 2008), arctic wetlands (Graef et al., 2011), flood plains (Bodelier, 2011;
Bodelier et al., 2012), or lake sediments (Dumont et al., 2011; Frenzel et al.,
1990), and landfills (Cébron et al., 2007; Henneberger et al., 2012).
So far, aerobic MOB have been found within either the Proteobacteria or
Verrucomicrobia (Murrell, 2010). In addition, a member of the candidate division
NC10 has recently been discovered to thrive under anoxic condition, generating
its own oxygen for CH 4 oxidation during nitrite reduction (Ettwig et al., 2010).
Several MOB have been described to be facultative CH 4 oxidizers, i.e., being
capable of utilizing other substrates such as acetate or ethanol in the absence of
CH 4 (Belova et al., 2011; Dedysh et al., 2005; Semrau, 2011). As a result of these
recent discoveries, the traditional classification of MOB based on biochemical,
physiological, and phylogenetic properties appears to be outdated. Current
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classifications rely largely on phylogeny, with proteobacterial MOB being the
most

diverse

group

(Gammaproteobacteria;

of

aerobic

CH 4

subdivided

into

oxidizers,
Ia,

Ib

and

comprising
Ic)

and

type

I

type

II

(Alphaproteobacteria; subdivided into IIa and IIb) MOB (Dumont et al., 2014;
Lüke and Frenzel, 2011).
Proteobacterial MOB can be differentiated to a certain degree based on
profiles of their cellular polar lipid-derived fatty acids (PLFAs). Type I MOB
membranes are generally dominated by C 14 - and C 16 -PLFAs, while type II MOB
contain a larger fraction of C 18 -PLFAs (Bowman et al., 1991; Hanson and
Hanson, 1996). Moreover, several monounsaturated signature-PLFAs have been
identified, with C 16:1ω8c and C 16:1ω5t found in high abundance in type I MOBrelated PLFA profiles, and C 18:1ω8c typically found in type II MOB (Bowman et
al., 1993, 1991; Nichols et al., 1985). The unusual diunsaturated C 18:2ω7c,12c and
C 18:2ω6c,12c have to date only been detected in Methylocystis strains (Bodelier et
al., 2009). These differences in PLFA profiles can be exploited to identify
environmentally active MOB populations by following the incorporation of
(supplied as

13

CH 4 ) into lipids, and comparing

13

13

C

C-labeled PLFA profiles with

PLFA profiles of known MOB cultures. Such PLFA stable-isotope probing
(PLFA-SIP) approaches have been employed under laboratory conditions to
investigate active MOB in various soils and sediments, e.g., providing insights
into structural and functional changes in MOB populations caused by varying
CH 4 availability (Knief et al., 2006), nitrogen fertilization (Mohanty et al., 2006),
or flooding regimes (Bodelier et al., 2012, 2013).
Besides the particular PLFA profiles, the pmoA gene is a commonly used,
specific molecular marker for MOB. This gene encodes a subunit of the
particulate methane monooxygenase (pMMO), which can be found in most known
proteobacterial MOB (Murrell, 2010). It well correlates with the 16S rRNA
phylogeny (A J Holmes et al., 1995; Lüke and Frenzel, 2011), and therefore it
has traditionally been used to identify and characterize MOB communities. In
addition, active MOB have often been described by abundance and diversity of
pmoA transcripts (e.g., Angel and Conrad, 2009; Bodrossy et al., 2006; Chen et
al., 2007; Reim et al., 2012). Even though a combination of pmoA transcript based
analyses and PLFA-SIP can promote the characterization of active MOB
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communities, particularly in environmental studies, reports on simultaneous
applications of both approaches are scarce and limited to laboratory incubation
experiments (Bodelier et al., 2013; Chen et al., 2008b; Kumaresan et al., 2011).
Landfill-cover

soils

accommodate

diverse

and

abundant

MOB

communities capable of substantially mitigating CH 4 emissions from the waste
body (Cébron et al., 2007; Gebert et al., 2009; Héry et al., 2008; Kumaresan et
al., 2009). Many studies reported co-existence of type I and type II MOB, noting
a general dominance of type II MOB (e.g., Cebron et al., 2007; Stralis-Pavese et
al., 2004; Uz et al., 2003). Laboratory studies applying PLFA-, DNA- and RNASIP further showed that both types of MOB are active (Cébron et al., 2007;
Crossman et al., 2004; Héry et al., 2008), and high in situ capacities for CH 4
oxidation have been demonstrated in landfill-cover soils in comparison with other
environments (Chanton et al., 2011; Gómez et al., 2009; Streese-Kleeberg et al.,
2011). Rates of natural CH 4 oxidation thereby depend on a range of
environmental factors, in particular temperature and soil-water content, as
demonstrated in laboratory studies. For example, increases in CH 4 consumption
could be induced in soils originating from various landfill covers by increasing
incubation temperatures up to 30 - 35°C (Albanna and Fernandes, 2009; Boeckx
et al., 1996; Scheutz and Kjeldsen, 2004; Whalen et al., 1990). The same studies
also showed that increases in soil-water contents over 20 - 25% w/w generally
caused decreases in CH 4 consumption, mainly due to limited gas diffusion.
Börjesson et al., (2004) further demonstrated the influence of these parameters
on MOB community compositions. Nevertheless, results generated under
laboratory conditions may be difficult to extrapolate to the field (Madsen, 1998).
Conversely, studies directly linking MOB activity with diversity of active MOB
populations under varying environmental conditions at ecologically relevant
scales are scarce.
Recently, we developed a novel in situ SIP approach based on the gas pushpull test (GPPT) method (Urmann et al., 2005), which permits simultaneous
quantification of activity and labeling of active MOB at the field scale
(Henneberger et al., 2013). Applicability of this SIP-GPPT was demonstrated in
the cover soil of a Swiss municipal-waste landfill, providing first indication for
spatial differences in the in situ active MOB communities (Henneberger et al.,
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2013). In this cover soil, in situ CH 4 oxidation rates and pmoA-gene based
community structures have been shown to vary between sites (Henneberger et al.,
2012) and seasons (unpublished). However, potential patterns in the active MOB
communities are yet to be established.
The aim of this study was to assess spatial and seasonal differences
specifically in the active MOB communities, thus linking MOB diversity and
functioning at the field scale. This was accomplished by complementing SIPGPPT and PLFA-SIP with microarray-based analyses of pmoA genes and
transcripts in summer and winter at several sampling sites representing a gradient
of CH 4 oxidation rates. This combination provided a comprehensive picture of in
situ MOB communities mediating CH 4 oxidation within the same ecosystem at
different rates under different environmental conditions.
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3.3

Materials and methods

3.3.1 Study sites

All soil sampling and field-based experimentation was performed at the
Lindenstock landfill (Liestal, BL, Switzerland; for detailed description see
Henneberger et al., 2012; Schroth et al., 2012) in the summer of 2011 (AugustSeptember) and the winter of 2012 (January-February), and experiments are
referred

to

as

“summer”

and

“winter”,

respectively,

throughout

this

communication. Three study sites (C1, EM and NM) were selected that were
previously described for their MOB diversity and activity during the summer of
2010, with the highest potential CH 4 oxidation rate measured at C1 (58.2 mmol
CH 4 (L soil air) -1 d -1 ), followed by EM (14.4 mmol CH 4 (L soil air) -1 d -1 ) and NM
(4.4 mmol CH 4 (L soil air) -1 d -1 ) (Henneberger et al., 2012). For the present study,
five sampling locations each season were selected in close vicinity (within ~ 70
- 300 cm) to sites C1, EM and NM (Figure 3-1). Locations were termed according
to their proximity to these sites: Summer experiments and sampling were carried
out at locations C1s1, C1s2, C1s3, EMs1 and NMs1 (referred to as C1-1, C1-2,
C1-3, EM-1 and NM-1 in a previous study; (Henneberger et al., 2013)). The
locations sampled in winter were named accordingly C1w1, C1w2, C1w3, EMw1
and NMw1.
3.3.2 Borehole installation and soil-sample collection

Borehole installation for GPPTs and soil sample collection was carried out
as previously detailed (Henneberger et al., 2013). Briefly, soil cores from 45 - 55
cm depth were collected in plastic sleeves by drilling to a depth of ~ 55 cm with
a hollow-stem auger system. For subsequent GPPTs (see below), Teflon tubing
(2 mm i.d.) was inserted into the borehole to reach down to a depth of 50 cm, and
the lower end was embedded in 10 cm of sand (45-55 cm depth; 0.7 - 1.2 mm
Quartz sand, Carlo Bernasconi AG, Zürich, Switzerland). The boreholes were
subsequently backfilled with a 1:1 mixture of sand and commercially available
bentonite (Fatto, Migros, Switzerland), and a final 5 cm of bentonite to ground
level. At locations C1s3 and C1w3, which served as background references, soil
cores were collected and boreholes were backfilled as described, but without
installation of a Teflon tube. Approx. 24 hrs after performing SIP-GPPTs, soil
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samples were collected around the point of injection by manual excavation from
45 - 55 cm depth along the rim of the borehole. Soil samples collected prior to
GPPT were named according to the location (e.g., C1s1, C1w1) and samples
collected after SIP-GPPT were labeled accordingly (e.g., C1s1_SIP, C1w1_SIP).
At the reference location, samples were collected at the corresponding time points
without performing a SIP-GPPT, yet samples were labeled C1s3_SIP and
C1w3_SIP.
Soil samples were homogenized and sub-sampled immediately on site with
sterile tools (treated with 5% sodium hypochlorite for 30 min, sterilized at 300°C
for 4 hrs). Samples for PLFA analysis were transferred to sterile aluminum foil,
stored on ice during transport, and frozen at -20°C upon return to the laboratory.
Samples for extraction of nucleic acids were transferred to 2 vol. of LifeGuard TM
Soil Preservation Solution (MOBIO Laboratories Inc., Carlsbad, CA), mixed
thoroughly, transported on ice, and stored at 4°C in the laboratory until further
processing.
3.3.3 Soil temperature

Soil temperature was recorded near sites C1 and NM throughout the study
period in three-hour intervals at different depths, including 50 cm, using
Thermochron iButton data loggers (DS1921G#F50, Maxim, Sunnyvale, CA).
3.3.4 Gas Push-Pull Tests

The GPPTs performed during this study were slightly modified from
previously published methods (Gómez et al., 2009; Henneberger et al., 2012;
Urmann et al., 2005). Regular GPPTs were performed 5 - 6 days (summer) or 21
- 22 days (winter) after installation of the tubing, using ~ 19 - 20 L of gas mixture
containing 2 vol. % CH 4 , except location NMw1, where only 0.05 vol. % CH 4 was
used. SIP-GPPTs were performed 2 - 4 weeks after tubing installation. The
injected gas mixture (~ 21 - 22 L) contained 5 vol. %
C1w1, EMs1 and NMs1, 2 vol. %
vol. %

13

13

13

CH 4 at locations C1s1,

CH 4 at locations C1s2, C1w2, EMw1, and 1

CH 4 at location NMw1. Corresponding concentrations of O 2 and tracer

gases of the different gas mixtures are listed in Table 3-2. During injection, the
gas mixture was pumped into the soil at 50 cm depth over a period of 30 min at
a flow-rate of ~ 0.63 - 0.65 L min -1 . The gas flow was subsequently reversed and
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the soil-air diluted gas mixture was extracted from the same location for 30 - 34
min at a flow-rate of ~ 0.58 L min -1 (corresponding to a total volume of ~ 17 - 20
L). During winter experiments, exact flow-rate determination was hindered by
temperature limitations of the flow meter.
For each GPPT, the following gas samples were collected for gasconcentration analysis: Two soil-air background samples prior to injection, three
samples of the injected gas mixture during injection (at 10-min intervals), and 15
- 17 samples during extraction (every 2 min). All gas samples were collected in
20-mL glass vials (sealed with butyl rubber septa and aluminum crimp caps) after
flushing the vials with at least 500 mL of the respective gas using an inflow and
an outflow needle. During the extraction phase of regular GPPTs, gas exiting the
outflow needle was vented into the atmosphere. For SIP-GPPTs, gas exiting the
vials’ outflow-needle during the extraction phase was collected in the original
gas-bag and re-injected slowly into the soil over a period of ~ 100 - 105 min upon
completion of each SIP-GPPT, in order to facilitate further oxidation of
and therefore additionally allow for more

13

13

CH 4 ,

C-incorporation after completion of

the GPPT.
For all regular and SIP-GPPTs, kinetic parameters of CH 4 oxidation
(apparent first-order rate constants k, potential CH 4 oxidation rates) were
estimated from extraction data using a simplified method as described elsewhere
(Gómez et al., 2009; Schroth and Istok, 2006; Urmann et al., 2008). In brief, for
each sample collected during extraction, the natural logarithm of the relative
concentration of CH 4 (extracted concentration divided by injected concentration,
corrected for natural background) divided by the relative concentration of a tracer
gas (here Ar) is plotted against the residence time of the gas mixture in the soil.
The negative slope of the linear regression is taken as the apparent first-order
rate constant k, representing indigenous CH 4 oxidation for variable CH 4 -limited
conditions, averaged over the entire data set assuming first-order kinetics (Figure
3-5). Potential oxidation rates for comparison of the different locations were
subsequently calculated for a CH 4 concentration of 1 vol. % (a concentration
observed in extracted samples of most GPPTs). For these calculations, k-values
were determined from a subset of extracted gas samples near 1 vol. % CH 4 . For
GPPTs in which the CH 4 concentration was below 1% in the extracted samples
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(locations C1s1, C1s2, C1w2, NMw1), k-values determined for the early
extraction phase were used for the calculations. At locations where the CH 4
concentration in the extracted samples stayed above 1 vol. % (EMs1 and NMs1),
potential oxidation rates were estimated by extrapolating the experimental data
(Schroth et al., 2012).
3.3.5 Analysis of gas samples

Gas samples collected during GPPTs were analyzed for their contents by
gas chromatography (GC), using a TRACE GC Ultra (Thermo Electron
Corporation, Bremen, Germany). Tracer gases (Ar, Ne and He) and O 2 were
separated over a PLOT Molsieve 5A column (Varian, Palo Alto, CA; 50 m x 0.53
mm i.d., 50 µm df; held isothermally at 30°C), using H 2 as the carrier gas (22 mL
min -1 ), and quantified with a thermal conductivity detector. Methane was
quantified using a flame-ionization detector (FID), following separation over a
packed steel column (2 m long, 1/16" o.d., 1 mm i.d.; packed with Porapak N
100/120 mesh), using N 2 as the carrier gas (3.2 mL min -1 ).
3.3.6 Lipid extraction and PLFA analyses

Total lipids were extracted, and fatty acid methyl esters (FAME) were
prepared from the polar lipid-derived fatty acid (PLFA) fraction derived from
duplicate soil samples as described elsewhere (Elvert et al., 2003; Niemann et
al., 2005). Briefly, total lipid extracts were obtained from ~ 20 g of wet soil by
subsequent ultra-sonication with organic solvents of decreasing polarity
(dichloromethane/methanol (1:2, v/v), dichloromethane/methanol (2:1 (v/v),
dichloromethane). An internal standard (FA n-C 19:0 ) with known concentration
and δ 13 C-value was added to each soil sample prior to extraction. FA glycerol
esters constituting glycol- and phospholipids were cleaved by saponification with
methanolic KOH-solution. Methanolic BF 3 solution was used for methylation of
FAs, yielding FAMEs.
Identification of FAMEs was based on comparing retention indices data
generated by GC-FID/GC-mass spectrometry (GC-MS; Thermo Finnagan TRACE
GC-MS system) analysis with known standards and previously analyzed
reference

samples.

For

these

references,

double

bond

positions

of

monounsaturated FAMEs were determined by analysis of dimethyl disulfide
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adducts (Moss and Lambert-Fair, 1989; Peter D. Nichols et al., 1986). Soilderived FAMEs and reference samples (see below) were additionally identified
by GC-MS. For identification of MOB-specific PLFA, extracts of pure cultures
(Methylomonas methanica S1 NCIMB 11130; Methylomicrobium album NCIMB
11123; Methylobacter luteus NCIMB 11914; Methylocystis parvus NCIMB
11129; Methylosinus trichosporium NCIMB 11131; Methylosinus sporium
NCIMB 11126) were used as reference (Mohanty et al., 2006).
FAME concentrations were determined as the mass 44 of the total ion
signal from GC-isotope ratio mass spectrometry (IRMS). For both GC-MS as well
as GC-IRMS analyses, a polar capillary column was used (SGE, BPX-70; 60 m
× 0.25 mm × 0.25 µm) with the following GC-oven program: Initial temperature
of 50°C for 1 min, increased to 130°C at 40°C min -1 ; followed by an increase to
230°C at 3°C min -1 . Stable carbon isotope ratios for individual FAMEs were
determined using a TRACE GC Ultra (Thermo Electron Corporation, Bremen,
Germany) coupled to a Delta V Advantage IRMS (Thermo Electron Corporation)
via a Finnagan GC combustion III oxidation interface. The FAME δ 13 C-values
were corrected for the introduction of additional carbon atoms during
derivatisation (Boschker and Middelburg, 2002). The isotopic compositions were
expressed using δ-notation:
δ 13 C={[( 13 C/ 12 C)

sample /(

13

C/ 12 C ) standard ] – 1} × 1000

where ( 13 C/ 12 C) standard is the isotope ratio of Pee Dee Belemnite (PDB,
0.0113272). To identify active MOB species in the different soil samples,
labeling profiles were compared with those of a MOB-specific PLFA database
(Bodelier et al., 2009; Mohanty et al., 2006). Multivariate statistical analyses of
unlabeled and

13

C-labelled PLFA profiles were done as described previously

(Bodelier et al., 2013, 2009).
3.3.7 Extraction of nucleic acids

For DNA and RNA extraction, samples in LifeGuard TM Soil Preservation
Solution were centrifuged at 5000 g for 10 min, and the supernatant was
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discarded. DNA and RNA were subsequently extracted simultaneously from
approx. 2 g of wet soil, using the PowerSoil TM RNA Extraction Kit and DNA
Elution Accessory Kit following the manufacturer’s instructions (MOBIO
Laboratories Inc.). Nucleic acids were finally re-suspended in 100 μL of buffer
S7, and quantity was determined by NanoDrop ND-1000 spectrophotometer
(Nanodrop Technology, Wilmington, DE). DNA extracts were stored at -80°C
until further processing; RNA extracts were processed immediately as outlined
below. Duplicate samples were extracted from each location.
3.3.8 In vitro transcription

25 μL of RNA was treated with 10 U DNaseI (Fermentas, St. Leon-Roth,
Germany) for 60 min at 37°C, followed by purification with the RNeasy mini Kit
(QIAGEN, Venlo, The Netherlands) following the manufacturer’s suggestions.
In the final step, RNA was eluted in 30 μL of DEPC-treated H 2 O. Complete
removal of DNA was tested by bacterial 16S rDNA-specific PCR, using 1 μL of
undiluted and 1:10-diluted RNA as template, 0.2 μM of primers 344bF (5’CCAGACTCCTACGGGAGGCAGC-3’, Rudi et al., 1997) and 1512uR (5’ACGGHTACCTTGTTACGACTT-3’, modified from Lane, 1991) and 1 x
TaKaRa Ex Taq TM PCR Premix (TAKARA-BIO Europe, Saint Germain en Laye,
France) in a 25 µL reaction volume under the following cycling conditions: 95°C
for 5 min initial denaturation, 35 cycles of 95°C for 30 sec, an annealing step of
55°C for 30 sec and an extension step of 72°C for 90 sec.
The RNA extracts were also subjected to pmoA-specific PCR using 0.2 μM
of primers A189f (5’-GGNGACTGGGACTTCTGG-3’, Holmes et al., 1995) and
mb661(5’-CCGGMGCAACGTCYTTACC-3’, Costello and Lidstrom, 1999)
under the following cycling conditions: 94°C for 5 min initial denaturation, 11
cycles of touchdown reactions consisting of 94°C for 60 sec, an annealing step
of 62°C - 52°C for 60 sec (start at 62°C and decrease by 1°C per cycle) and 72°C
for 60 sec. This was followed by 24 cycles with annealing at 52°C for 60 sec and
a 10 min final extension at 72°C. If traces of DNA were still present, i.e. PCR
products were visible after gel-electrophoresis, DNase I digestion was repeated.
RNA extracts that were DNA-free (i.e., did not show any PCR
amplification) were subjected to in vitro transcription using the RevertAid First
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Strand cDNA Synthesis Kit (Fermentas), following the manufacturer’s
instruction, using random hexamer primers and 10 μL of RNA extract.
3.3.9 Amplification of pmoA genes

Presence of pmoA genes in the DNA extracts and potential PCR-inhibition
due to co-extracted substances was verified by subjecting 1 μL undiluted, 1:10-,
1:50- and 1:100-diluted DNA to pmoA-specific PCR using the primers and
cycling conditions mentioned above. The dilution resulting in the highest PCR
product yield was used for all subsequent analyses. Presence of pmoA transcripts
in the cDNA was confirmed by subjecting 1 μL undiluted and 1:10-diluted cDNA
to pmoA-specific PCR using 0.5 U Phusion® Hot Start II Polymerase with 1 x
detergent-free Phusion® GC Buffer (Fermentas), 0.2 μM each primer and 0.25
mM each dNTP in 25 μL reaction volume under the following cycling conditions:
98°C for 60 sec initial denaturation, 11 cycles of touchdown reaction with
consisted of 98°C for 5 sec, an annealing step of 62°C - 52°C for 30 sec (start at
62°C and decrease by 1°C per cycle) and 72°C for 15 sec. This was followed by
24 cycles with annealing at 52°C for 30 sec and a 5 min final extension at 72°C.
3.3.10 Quantitative real-time PCR

Copy numbers of the pmoA genes present in the cDNA preparations and
DNA extracts were determined by quantitative real-time PCR (qPCR) on an ABI
7300 (Applied Biosystems, Foster City, CA) using 1x Kapa Sybr® Fast Universal
qPCR Mix (Kapa Biosystems, Woburn, MA), 0.4 μM of primers A189f and
mb661 and 1 µl of template DNA (undiluted to dilution 1:50) or 1 µl of template
cDNA in a 20 µl reaction volume. The thermal profile consisted of an initial
denaturation (3 min at 95°C), 10 touchdown cycles of 95°C for 15 sec, 62°C 53°C (-1 °C per cycle) for 30 sec and 72°C for 30 sec, followed by 30 cycles of
95°C for 15 sec, 52°C for 30 sec, 72°C for 30 sec and an additional step at 85°C
for 30 sec for fluorescent data acquisition. Melting curve analysis was done
during a final 95°C cycle for 15 sec, 60°C for 60 sec, 95°C for 30 sec and 60°C
for 15 sec.
Purified DNA of Methylococcus capsulatus (strain Bath; courtesy of Prof.
Svenning, University of Tromsø, Norway) was quantified using a Qubit®
Fluorometer and the Qubit® dsDNA Broad Range assay (Invitrogen, NN
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Bleiswijk, The Netherlands). Serial dilutions of this DNA were included in
duplicates for every qPCR run to determine the calibration curve, which was
plotted as Ct values as a function of log transformed copy numbers. Samples were
analyzed in triplicates, and a total of five runs were performed to include all
samples. Efficiency calculated from the slope of the calibration curves ranged
from 84.9% (R 2 = 0.99) to 94.2% (R 2 = 0.99).
3.3.11 Microarray analysis

Extracts of DNA and cDNA were analyzed by pmoA-based diagnostic
microarray (Bodrossy et al., 2003; Stralis-Pavese et al., 2011), and spotted slides
of the most recent microarray (Ver. 7) were provided by A. Sessitsch, Austrian
Institute of Technology, Seibersdorf, Austria. Analysis was performed only for
the samples collected after SIP-GPPTs to facilitate comparison with results
obtained from PLFA-SIP. In addition, sample C1s2 collected prior to regular
GPPT and reference samples C1s3 and C1s3_SIP collected at the corresponding
time points were included in the analysis in order to detect potential effects of
GPPT and bore hole installation on the MOB communities.
Amplification of pmoA genes and transcripts for microarray analysis was
done as outlined above, using 1 μL of cDNA or 1 μL of appropriate DNA dilution,
0.2

μM

of

primers

A189f

and

T7-mb661(5’-

TAATACGACTCACTATAGCCGGMGCAACGTCYTTACC-3’), 1 U Phusion®
Hot Start II Polymerase with 1 x detergent-free Phusion® GC Buffer (Fermentas),
and 0.25 mM each dNTP in 50 μL reaction volume, according amplification and
cycling conditions. For each sample, 5-12 reactions were pooled and purified
using the GeneJET Gel Exctraction Kit (Fermentas) according to the
manufacturer’s instructions and eluted in 25-50 μL of DEPC-treated water. For
selected samples with very low product yield, a 2-step PCR was applied, using 1
μL of PCR product generated with primers A189f and mb661as template for the
PCR outlined above.
In vitro transcription, fragmentation and hybridization were performed as
described elsewhere (Stralis-Pavese et al., 2011, 2004), with the following
modifications: For in vitro transcription, 9.5 μL PCR product (35 ng μL -1 ), 2 μL
10x T7 Polymerase Buffer (Ambion, Austin, TX), 2 μL DTT (100 mM), 1 μL
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each of ATP, CTP, GTP (10 mM), 0.5 μL UTP (10 mM), 2 μL T7 RNA
polymerase (20 U μL -1 ; Ambion) and 1 μL Cy3-UTP (1 mM; GE Healthcare Life
Sciences, Chalfont St Giles, UK) were added into a 1.5 ml microcentrifuge tube
and incubated at 37°C for 4 h. Subsequently, RNA was purified using the RNeasy
Kit (QIAGEN) according to manufacturer’s instructions. Purified RNA was
eluted into 50 μL DEPC-treated H 2 O. RNA fragmentation and hybridization were
carried out as described, using a Hybaid incubator, shaking at 30-40 rpm.
Analysis of hybridized microarrays followed the original protocol
(Bodrossy et al., 2003) with some modifications described elsewhere (Ho et al.,
2011; Lüke et al., 2011). In brief, signals were standardized (i) against the mean
of overall array intensities and (ii) against an experimentally determined
reference value for positive detection (Bodrossy et al., 2003). Before further
analysis, individual microarrays were scaled to sum one.
3.3.12 Statistical analyses

Part of the strength of the microarray approach comes from the multipleprobe design targeting the pmoA at different hierarchical levels (Bodrossy et al.,
2003). Thus, different probes may cover the same organism, yet as part of
different subsets. Hence, including all probes in a statistical analysis may bias
the outcome. To compensate for this, we focused on a subset of probes that are
indicative for cohesive and well-separated pmoA cluster (Table 3-3; Dumont et
al., 2014; Lüke and Frenzel, 2011). Only probes contributing at least 5% to the
cumulated signal were considered. Statistical analyses and graphics were done in
R version 3.0.3 (R Development Core Team, 2011). Constrained canonical
analysis (CCA) and non-metric multidimensional scaling (NMDS) were done
with routine cca and routine metaMDS, respectively, from package vegan, version
2.0-10 (Oksanen et al., 2013).
To identify probes or probe assemblages characteristic for groups of
microarrays, as well as PLFAs characteristic for groups of PLFA-profiles, we
used the indicator species technique (Dufrêne and Legendre, 1997; Krause et al.,
2012). This index is the product of the relative frequency (detection of a signal)
and relative average abundance (signal strength) in given groups. Its statistical
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significance was calculated by randomization with n = 999 iterations. We used
the routine indval as implemented in package labdsv (ver. 1.6-1).
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3.4

Results

3.4.1 In situ MOB activity

In situ MOB activity at 50 cm soil depth was assessed by regular GPPT at
each sampling location (Figure 3-1), during summer (as part of the SIP-GPPT
method development, Henneberger et al., 2013) and winter. Spatial differences
in CH 4 oxidation rates observed previously (Henneberger et al., 2012) were
confirmed, and during both seasons the highest activity was detected at site C1,
followed by EM and NM (Table 3-1). Potential CH 4 oxidation rates (expressed
as activity at 1 vol. % CH 4 ) measured in summer at sites C1 and EM were approx.
one order of magnitude higher than rates measured at the corresponding winter
locations. Nevertheless, activity was clearly detectable in winter, with potential
CH 4 oxidation rates from 1.9 to 10.1 mmol CH 4 (L soil air) -1 d -1 . Site NM
generally displayed lowest activity, but direct comparison between seasons at
that location was hindered by use of different CH 4 injection concentrations (Table
3-2).

Figure 3-1: Contour plot of the Lindenstock landfill showing elevations (in m a.s.l.); modified from
Henneberger et al., 2012. Sampling locations were selected in close vicinity to experimental sites
C1, EM and NM (circles; Henneberger et al., 2012); locations were termed according to their
proximity to these sites: Summer experiments were carried out at locations C1s1, C1s2, C1s3, EMs1
and NMs1 (triangles), winter experiments were carried out at locations C1w1, C1w2, C1w3, EMw1
and NMw1 (crosses). Elevation data courtesy of Oester Messtechnik, Thun, Switzerland
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For SIP-GPPTs, concentrations of

13

CH 4 applied at the different locations

varied, based on CH 4 oxidation rates determined by regular GPPT (Table 3-2).
Breakthrough curves and logarithmic rate plots were comparable with regular
GPPTs (Figure 3-5; for breakthrough curves of representative summer
experiments see Henneberger et al., 2013), resulting in similar deduced k-values
and potential CH 4 oxidation rates (Table 3-1). In agreement with regular GPPTs,
highest activity was observed at site C1, followed by EM and NM, and
substantially lower potential CH 4 oxidation rates were measured during winter
compared with corresponding summer rates.
Methane background concentrations in the soil-air samples taken prior to
each GPPT were generally low and comparable among the different locations,
with an average background of 26.8 μL (L soil air) -1 in summer and 15.1 μL (L
soil air) -1 in winter. The exception was location EMw1, showing an elevated
background CH 4 concentration of 560.9 μL (L soil air) -1 prior to the SIP-GPPT
(not shown). Soil temperatures at 50 cm depths ranged from 17°C (near location
NMs1) to 19°C (near location C1s1) during summer experiments, and were
around 2°C at all locations during winter experiments.
A positive correlation was observed in winter between potential CH 4
oxidation rates and copy numbers of pmoA genes (DNA; r = 0.78; p < 0.05) and
transcripts (cDNA; r = 0.74; p = 0.055) detected in the individual samples
(Spearman Rank correlation, using log transformed qPCR data; Rieu and Powers,
2009; Table 3-1).
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Table 3-1: Activity of MOB as determined by regular GPPT and SIP-GPPT at the individual
sampling locations. In addition, total incorporation of 13 C into PLFA and copy numbers of pmoA
transcripts (average values obtained from duplicate samples) are listed for samples collected after
SIP-GPPT.
Regular GPPT
SIP-GPPT
MOB
MOB
MOB
activity
activity
abundance
13
Potential
FirstPotential
FirstpmoA
C -incorp.
CH4 oxid.
order
CH4 oxid.
order
transcript
± s.d.
rate
rate
rate ± s.d.
rate ± s.d.
copies ±
(pg 13 C
const. k
const. k (mmol CH4
(mmol CH4 (µg PLFA) - s.d. x 103
1
± s.d. (h- (L soil air)-1
± s.d.
(L soil air)-1
(g soil
(g soil
1
-1
-1
-1
(h )
w.w.)-1
d )
d )
)
d.w.)-1)
C1s1
8.43 ±
92.1 a
6.10 ±
31.9 ± 2.8
183.0 f
1.5 ± 0.7
0.48
0.19
52.8 ± 5.6 b 14.8 ± 3.0 b
C1s2
8.40 ±
111.5 a
8.97 ±
5.2 ± 2.2
b
0.25
0.48
EMs1
1.46 ±
14.0 ± 1.9
0.96 ±
11.0 a
31.6 ± 9.8
4.5 ± 1.4
0.12
0.10
NMs1
0.11 ±
1.3 ± 0.5
0.03 ±
0.2 a
9.0 ± 3.0
3.0 ± 2.90
0.01
0.01
C1w1
0.50 ±
6.3 ± 0.3
0.33 ±
6.4 ± 0.8
12.1 ± 4.1
0.4 ± 0.1
0.04
0.02
C1w2
0.77 ±
10.1 ± 1.3
1.24 ±
10.7 ± 0.9 b 10.9 ± 10.3
30.0 ±
b
b
0.07
0.14
11.0
EMw1 0.20 ±
1.9 ± 0.3
0.56 ±
9.5 ± 3.3 b
0.3 ± 0.2
5.6 ± 1.3 b
0.03
0.06 b
NMw1 0.20 ±
2.5 ± 0.6 e
0.5 ± 0.1
0.06 ± 0.02
0.02 ±
0.2 ± 0.3 e
c
c,d
e
0.02
0.03
a
values estimated by extrapolating experimental data; b SIP-GPPT done with 2 vol. % CH4; cGPPT
done with 0.05 vol. % CH4; dcalculated for 0.025 vol.% CH4; e SIP-GPPT done with 1 vol. % CH4;
f
only one replicate yielded sufficient amount of PLFA for quantification
Winter

Summer

Loc.
ID

3.4.2 PLFA-based analyses
3.4.2.1 PLFA profiles

A total of 28 individual PLFAs in the range of C 14 to C 19 were identified
in the profiles of the different sampling locations. PLFAs C 16:0 , C 16:1ω7c , C 16:1ω5c ,
C 18:0 , C 18:1ω9c , and C 18:1ω7c were generally dominant, with C 16:0 showing the
highest abundance in the majority of profiles (Figure 3-6 and Figure 3-7).
Nevertheless, PLFA profiles of the specific locations showed some variation, and
multivariate statistical analyses (ANOSIM) revealed a clear clustering, with
significant differences between sites (R = 0.458, p < 0.001) and seasons (R =
0.297, p < 0.001) (Figure 3-2A).
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Spatial differences between sites were observed in the number of PLFAs
and their relative abundance, with C1 profiles generally showing a higher number
of individual PLFAs compared with EM and NM profiles (Figure 3-6 and Figure
3-7). Application of the indicator species technique (Dufrene and Legendre,
1997) revealed that several PLFAs were indicative (p < 0.01) for site C1. For
example, C 16:1ω5t and C 16:1ω8c , which are type I MOB signature PLFAs,
particularly for Methylomonas, Methylomicrobium and Methylosarcina species,
were significantly (p < 0.01) more abundant in the C1 samples than at sites EM
and NM (Figure 3-2B and Figure 3-2C). In fact, NMs1 and NMw1 profiles were
lacking C 16:1ω8c , while both PLFAs were absent from the EMs1 profiles. The type
II MOB signature PLFAs C 18:1ω8c and C 18:2ω7c,12c , in combination indicating the
presence of Methylocystis, were also significantly (p < 0.05 and p < 0.01,
respectively) more abundant at site C1, but were mostly absent in NM and EM
samples (Figure 3-2D, displaying abundance of C 18:1ω8c ).
Seasonal differences were also manifested in several PLFAs: C 18:2ω6c,9c
was present in all summer samples and absent in the winter samples, while
10MeC 17:0 and C 17:1ω6c were only detected in winter samples, albeit in very low
abundances (Figure 3-6 and Figure 3-7). Further seasonal differences were
observed in fractional abundances of individual PLFAs, with iC 14:0 , C 14:0 , C 15:0 ,
C 18:0 , C 17:1ω6c and C 18:2ω7c,12c being significantly (p < 0.01) more abundant in
winter, in particular at sites EM and NM.
Duplicate extractions of the same sample were generally well-matched and
showed variation mainly in PLFAs with very low fractional abundance. Some
differences were observed between unlabeled and SIP-labeled samples from the
same location, with C 17:0 and C 18:0 being significantly (p < 0.01) more abundant
in the labeled samples. Yet, for MOB signature PLFAs, significant differences
between unlabeled and labeled samples were not detected.
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Figure 3-2: Multivariate statistical analyses of PLFA profiles from individual samples. The input
of the MDS (Multidimensional scaling) analysis was a Bray-Curtis similarity matrix of log(x + 1)transformed PLFA profiles based on fractional abundance of individual PLFAs (% of total PLFA).
Stress value of the MDS plot was 0.1. Panel A displays the MDS of the total PLFA composition
per sampling location, and the two-dimensional distances between samples show their relative
similarity. Panels B-D display the fractional abundance (indicated by size of individual rectangles)
of selected, MOB-specific PLFAs in the individual samples displayed in panel A (panel B = C16:1ω5t,
panel C = C16:1ω8c, panel D = C18:1ω8c). Samples collected at site C1 are displayed in green, at site
EM in blue and at site NM in red symbols.
3.4.2.2

13

C labeling pattern

Incorporation of

13

C into PLFA biomass (introduced as

13

CH 4 during SIP-

GPPTs) was assessed by analyzing δ 13 C values of individual PLFAs.
Incorporation of 13 C was clearly detected at all locations by increased δ 13 C values
(up to ~ +1900‰) compared with values determined prior to regular GPPTs and
at reference locations C1s3 and C1w3 (Figure 3-6 and Figure 3-7). These
background values were generally more negative at the high-activity site C1
(between -29 and -80 ‰) than at sites EM and NM (-19 to -44 ‰), particularly
for the MOB-specific PLFAs C 16:1ω5t and C 16:1ω8c . Highly negative values were
likely due to microbial fractionation during recent uptake of landfill CH 4 . Total
13

C-incorporation per μg of PLFA extracted per gram dry soil was positively

correlated with potential oxidation rates and k values deduced from SIP-GPPTs
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(r = 0.90, p < 0.05 and r = 0.78, p < 0.05, respectively; Spearman Rank
correlation; Table 3-1), despite different concentrations of

13

CH 4 applied at the

different locations (Table 3-2).
Labeling patterns clearly differed between sites and seasons, with spatial
differences being more distinct in summer than in winter (Figure 3-6 and Figure
3-7). In all samples (except NMs1) the most pronounced

13

C-incorporation (i.e.

the highest δ 13 C values) was observed for C 16:1ω7c, which is together with C 16:0
the most widespread PLFA found in known MOB profiles. The other clearly
labeled PLFAs were C 14:0 , C 15:0 , C 16:1ω6c , and the type I MOB signature PLFA
C 16:1ω8c . Comparison of seasons revealed that generally fewer individual PLFAs
were labeled at the winter locations compared with the corresponding summer
locations. For example, PLFA C 18:1ω7c , which is highly abundant in all known
type II MOB profiles, was labeled in all summer samples, but not in the winter
samples. Further differences were observed for the type II MOB specific C 18:1ω8c ,
clearly labeled only at site C1 during summer, but not in the winter samples or at
the other sites.
Using multivariate statistical analyses of the PLFA profiles of known
cultured MOB and the

13

C-labelling patterns obtained from the landfill samples

facilitated the assignment of putative active MOB genera (Figure 3-3; Bodelier
et al., 2013). A clear separation of sites was observed for the summer samples:
Site

C1

harbored

active

MOB

related

to

type

Ia

MOB

(Methylomicrobium/Methylomonas/Methylobacter), while the labeling pattern of
the active MOB at sites EM and NM were most similar to Methylosinus
sporium/Methylocella/Methylocapsa and Methylobacter species, respectively. In
contrast, the active communities in winter appeared to be different from the
summer samples, but showed no clear distinction between sites. Most winter
samples displayed labeling profiles, which cannot clearly be assigned to a
particular genus but have most similarity to either type Ia (Methylobacter) or type
Ib MOB (Methylocaldum/Methylohalobius). The latter observation suggests that
a group of as yet uncultivated MOB might perform CH 4 oxidation in winter. In
addition, our findings indicate that type II MOB played only a minor role in CH 4
oxidation in this environment.
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Values of δ 13 C obtained from duplicate samples were largely well-matched
for the unlabeled samples, but showed some variation when label incorporation
was observed (error bars in Figure 3-6 and Figure 3-7), which might be explained
by inhomogeneous distribution of

13

CH 4 in the soil matrix and potential

imprecision of GC-IRMS measurements from highly labeled compounds. At the
reference locations C1s3 and C1w3, δ 13 C values from both time points generally
overlapped, indicating no natural fluctuations in δ 13 C values throughout the study
period (Figure 3-6).
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Figure 3-3: Multivariate statistical analyses of 13 C -labelled PLFA profiles of the in situ active MOB
community in in the individual samples. The input of the MDS (Multidimensional scaling) analyses
was PLFA profiles of MOB cultures (expressed as percentage of total PLFA content) and of PLFASIP profiles of soil samples (expressed as percentage of 13 C incorporated in separate PLFAs of the
total PLFA 13 C uptake). The two-dimensional distances between samples in the MDS graph show
the relative similarity between samples. Stress value of the MDS plot was 0.14; PLFA profiles were
transformed [log(x+ 1)] before the Bray-Curtis similarity matrix was established.
1: Methylovulum miyakonense H12; 2: Methylacidiphylum fumariolicum SolV; 3:
Methylacidiphylum infernorum isolate V4; 4: Methylosoma difficile; 5: Methylococcus capsulatus
Bath; 6: Methylothermus thermalis MYHT; 7: Methylocaldum sp. E15; 8: Methylocaldum sp. O-12;
9: Methylocaldum sp. H-11; 10: Methylosarcina fibrata AML-C1; 11: Methylosarcina
quisquiliarum AML-D4; 12: Methylosarcina lacus; 13: Methylohalobium crimeensis 1Ki; 14:
Methylohalobium crimeensis 4Kr; 15: Methylosphaera hansonii; 16: Methylomonas pelagic: 17:
Methylomonas methanica; 18: Methylomonas fodinarum; 19: Methylomonas aurantiaca; 20:
Methylomicrobium agile; 21: Methylomicrobium album; 22: Methylobacter luteus; 23:
Methylobacter whittenburyi; 24: Methylobacter tundripaludum; 25: Methylocella sylvestris BL2;
26: Methylocella palustris K1; 27: Methylocapsa acidiphila B2; 28: Methylosinus trichosporium
OBBP; 29: Methylocystis heyerii SAK; 30: Methylocystis heyerii B2; 31: Methylocystis rosea; 32:
Methylocystis JB17; 33: Methylocystissp. IMET 1484; 34: Methylocystis sp. Pi5; 35: Methylocystis
sp. 62/12; 36: Methylosinus sporium sp. KS17; 37: Methylocystis sp. SC2; 38: Methylosinus
trichosporium sp. SC2; 39: Methylosinus trichosporium sp. Ks24b; 40: Methylocytsis sp.KS31; 41:
Methylocystis sp. F1V2a; 42: Methylocystis sp. M31; 43: Methylocytis bryophila H2s; 44:
Methylocystis bryophila H2s acetate; 45: Methylosinus trichosporium sp. O19; 46: Methylosinus
trichosporium sp.SM6; 47: Methylosinus trichosporium sp.KS21; 48: Methylosinus sporium sp.8;
49: Methylocystis sp. IMET1491; 50: Methylocystis sp.LR1; 51: Methylocystis sp. KS8a; 52:
Methylocystis sp. KS 33; 53: Methylocystis sp. H4; 54: Methylosinus sporium sp. H7; 55:
Methylocystis sp H17; 56: Methylocystis sp. Rice86; 57: Sample C1w1a; 58: Sample C1w1b; 59:
samples C1w2a; 60: sample C1w2b; 61: sample EMwa; 62: sample EMwb; 63: sample NMwa; 64:
sample NMwb; 65: sample C1s1a; 66: sample C1s2a; 67: sample C1s2b; 68: sample EMsa; 69:
sample EMsb; 70: sample NMsa; 71: sample NMsb
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3.4.3 Microarray analysis

Amplification of pmoA genes and transcripts was possible for each sample.
However, a 2-step PCR was required to yield sufficient transcripts from EMw1
samples, and sufficient genes and transcripts from one NMw1 replicate sample
for microarray hybridization, and these samples were excluded from statistical
analyses. A high number of different MOB lineages was detected in both, pmoA
gene- and transcript-derived microarrays. Standardized signal intensities of
individual probes, hybridized with genes and transcripts originating from
corresponding samples, showed a highly significant correlation (r = 0.78, p <
0.001, n = 398). Overall, general probes targeting type II [II509] and type Ia
[Ia575] MOB gave the strongest signals on DNA- and cDNA-derived
microarrays. In addition, among the 20 probes showing highest average signal
intensities were probes covering environmental clusters and/or different
taxonomic levels, as well as probes specific for Methylobacter [LP10-424] and
[Mb380], Methylomicrobium album & Methylosarcina lacus [Mmb562], the
pmoA2 of type II MOB [NMsiT-271], and Methylocystis [Mcy413] (data not
shown).
By focusing on a subset of probes indicative for cohesive and wellseparated pmoA clusters (Table 3-3), some underlying structure could be
observed, and a separation between genes (DNA) and transcripts (cDNA), as well
as site- and season-related differences were apparent (Figure 3-8). Yet the
grouping was not very strict, likely because one-dimensional comparisons are
rather limited. We therefore used ordinations to further investigate the observed
patterns, and applied a constrained canonical analysis (CCA), using molecule
(i.e., DNA or cDNA), season (i.e., summer or winter) and site (i.e., C1, EM or
NM) as constraining parameters in the model. In sum, constrained axes explained
46.2% of inertia (Figure 3-4), strengthening the separation of pmoA genes and
transcripts, as well as spatial and seasonal differences in MOB communities. In
addition, the CCA well-reflected the ordination found by the general
unconstrained ordination technique, NMDS (not shown; correlation in a
symmetric Procrustes rotation was 0.83, root mean square error 0.083, p ≤ 0.001,
999 permutations).
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Separation of genes and transcripts was manifested in a range of different
probes, as shown by application of the indicator species technique: probes
covering environmental clusters JRC-3 [JHTY2-562], LP20 [LP20-644], and
FWs/RPCs [fw1-641] were significantly more hybridized (p < 0.01) to DNAderived microarrays. On the other hand, Methylomonas [Mm275], Methylocystis
[Mcy413], and pmoA2 of type II MOB [NMsiT-271] were characteristic for
cDNA derived microarrays (p < 0.01), with only transcripts from site C1
hybridizing with probe [Mm275].
Analysis of seasonal differences revealed that JRC-3, together with
RPCs/FWs [501-286], was also indicative for summer samples (p < 0.01), but
signals from both probes were detected only in C1 samples. On the other hand,
the Methylobacter-specific probes [Mb460] and [Mb380] characterized the
winter samples (p < 0.01), and particularly the latter hybridized to all DNA and
most cDNA-derived microarrays.
Comparison of the different sites showed that overall higher signal
intensity from transcripts, especially for Methylomonas specific probes, was in
agreement with higher in situ CH 4 oxidation activity. In particular, Methylomonas
[Mm275], Methylobacter [Mb380], and [LP10-424] were indicative (p < 0.01)
for the active community at the C1 high-activity site. For EM transcripts, higher
signal intensities (p < 0.05) were observed for Methylocystis [Mcy413], pmoA2
of type II MOB [NMsiT-271], and Methylogaea [JRC-432] probes (please note
that for this site transcripts could only be analyzed for the summer samples).
Interestingly, signals from the USC-gamma probe [USCG-225b] distinguished (p
< 0.05) NM transcripts from the remaining sites, and these transcripts were
detected at site NM in summer and winter.
Comparison of samples collected at location C1s2 before and after SIPGPPT and at the reference location C1s3 at the two corresponding time points
did not show any significant differences in hybridization patterns. This indicates
that experimental design and GPPTs did not have significant effects on the MOB
communities.
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Figure 3-4: CCA of microarrays based on a subset of probes indicative for cohesive and wellseparated pmoA clusters (Table 3-3). Of this subset, only those probes were considered that had a
relative intensity of ≥ 5% of total signal strength in at least one individual microarray. Constraints
are molecule (i.e., cDNA or DNA), season (i.e., summer or winter) and site (i.e., C1, EM or NM).
Constrained axes CCA 1-3 explain 24.6, 14.2, and 6.2 % of total inertia, respectively, and were
highly significant (p ≤ 0.005). Testing CCA results by permutation under reduced model found all
three constraints to be significant (p ≤ 0.01). For clarity, the probes are labeled (numbered) in the
upper left panel, and marked in the other panels by crosses.
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3.5

Discussion

3.5.1 Spatial and seasonal variability in active MOB communities

The present study was aimed to identify spatial and seasonal differences
in active MOB communities in a Swiss landfill-cover soil and to link their
diversity and functioning at the field scale. Overall, the Lindenstock cover soil
harbors a highly active and diverse MOB community. In particular, the cDNAderived microarrays showed a surprisingly high diversity (i.e., number of
different MOB lineages) when compared with laboratory incubation studies
investigating pmoA transcripts in peat or rice paddy microcosms (Chen et al.,
2008b; A Ho et al., 2013; Krause et al., 2012; Reim et al., 2012). Reports on
pmoA transcripts from other landfills are scarce, but one study using cDNA-based
clone libraries derived from pmoA and 16S rRNA also reported a lower diversity
of active MOB compared with the Lindenstock samples (Chen et al., 2007).
Several studies analyzing pmoA genes in landfill-cover soils by diagnostic
microarray showed a high abundance or even dominance of type II MOB (e.g.,
Gebert et al., 2009, 2008; Kumaresan et al., 2009; Stralis-Pavese et al., 2004).
Yet, our results suggest a general dominance of type Ia MOB in the total and
active communities, in particular at the high-activity site C1. Different ecological
niches and life strategies have been suggested for type I and type II MOB
(Bodelier et al., 2012; Adrian Ho et al., 2013). Type I MOB have been described
repeatedly as key drivers in habitats with high CH 4 source strength and nutrient
levels, despite often being less abundant than type II MOB (e.g., Dumont et al.,
2011; Graef et al., 2011; Krause et al., 2012; Liebner et al., 2009). In contrast,
type II MOB populations are often present in a dormant state or as resting stages
(e.g., detection of type II pmoA genes but not transcripts; Krause et al., 2012),
and appear to become active mainly under non-favorable or nutrient-limited
conditions (Bodelier et al., 2012; Shrestha et al., 2010) or after disturbance (Ho
and Frenzel, 2012; Ho et al., 2011).
The Lindenstock cover represents a rather heterogeneous system with
variations in soil physical properties and substantial spatial and temporal
variability in CH 4 fluxes at the soil surface and CH 4 loading (i.e., ingress from
the waste body) as determined through soil-gas concentration profiles
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(Henneberger et al., 2012; Schroth et al., 2012). In the present study, system
heterogeneity was reflected in spatial and seasonal variations in microbial
communities in general, as observed by PLFA profiling, and in total and active
MOB communities in particular (PLFA-SIP and pmoA-based microarray). For
example, site EM had been characterized previously by highly variable CH 4
concentrations at 50 cm soil depth over the course of two years (1 μL to 1.9 x 10 5
μL CH 4 (L soil air) -1 ) and repeated periods of high soil-water content
(Henneberger et al., 2012). These fluctuations represent rather non-favorable
conditions for MOB and may explain the activity of type II MOB at this particular
site. At sites C1 and NM, fluctuations of CH 4 loading and soil water content
during the same study period were clearly less pronounced, apparently favoring
type I MOB.
Seasonal variations in the total MOB communities in a landfill-cover soil
have been reported previously (Kumaresan et al., 2009). Here we demonstrated
a seasonal clustering also in the active MOB communities. In summer, no
significant correlation between pmoA transcript abundance and in situ CH 4
oxidation rates was observed, while the latter showed high spatial variability.
These observations indicate that the site-specific active MOB communities not
only differ in their composition (as determined by PLFA-SIP and microarray
analyses), but also in their efficiency. In winter, a clear correlation of activity
with transcript abundance was detected, yet the spatial clustering of the active
communities was less distinct. This suggests that in winter, spatial difference in
CH 4 oxidation are influenced by differences in abundance of active MOB rather
than differences in community composition. The winter MOB communities were
generally dominated by Methylobacter species and previously uncultured MOB
that are likely acclimated to the prevailing conditions in winter, showing
relatively high levels of activity at soil temperatures as low as 2°C.
3.5.2 MOB communities efficiently mitigate methane emissions

The cover soil of the Lindenstock landfill represents a remarkably
effective biofilter, mitigating up to 100% of CH 4 emissions under favorable
physical conditions (i.e., low soil-water content and high air pressure;
Henneberger et al., 2012; Schroth et al., 2012). Even uptake of atmospheric CH 4
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has been observed previously near the C1 site (Schroth et al., 2012). This
observation was complemented in the present study by the detection of USCgamma related transcripts at sites C1 and NM. In fact, the specific microarray
probe was even indicative for the latter site. Nevertheless, transcripts of lowaffinity MOB accustomed to elevated CH 4 concentrations were also detected at
this site, and despite a relatively low maximum CH 4 soil-gas concentration (93
μL (L soil air) -1 ), the MOB community was still capable of potentially oxidizing
up to 3 x 10 4 μL (L soil air) -1 d -1 .
It has been suggested that the presence of a microbial seed bank, i.e., a
pool

of

dormant

microorganisms

that

become

active

under

favorable

environmental conditions, is crucial for maintaining functions in ecosystems that
are subject to large variations in environmental conditions (Krause et al., 2012;
Lennon and Jones, 2011). A large portion of the MOB seed bank present at the
Lindenstock appeared to be active at the time points of our experiments. In fact,
the high diversity of pmoA transcripts might be promoted by the high variability
in environmental conditions at this site, and may facilitate CH 4 oxidation over a
wide range of temperatures and CH 4 loading.
3.5.3 Linking diversity and functioning of active MOB communities at the field
scale

Employing SIP methodologies directly in the field is challenging, and thus
such studies are scarce (Middelburg et al., 2000; Padmanabhan et al., 2003;
Pombo et al., 2005, 2002). Here we applied the novel SIP-GPPT approach
(Henneberger et al., 2013) to several locations that exhibited substantial variation
in CH 4 oxidation activity during a previous study (Henneberger et al., 2012). In
the present study, labeling (PLFA-SIP) of active MOB was possible at all
locations, even at a low soil temperature of 2°C and at a site generally exhibiting
low activity. Injection of higher concentrations of
have resulted in more pronounced

13

13

CH 4 at the latter site might

C-incorporation, but may have compromised

accurate quantification of low CH 4 oxidation rates (Nauer and Schroth, 2010).
For future studies, we therefore suggest to perform a regular GPPT with an
appropriate, low CH 4 concentration for activity quantification, followed
immediately by a SIP-GPPT with a higher
active MOB.
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Despite a clear separation of most MOB genera based on their PLFA
profiles and recent efforts to establish a large MOB-specific PLFA database
(Mohanty et al., 2006; Bodelier et al., 2009), taxonomic resolution below the
genus level is rather limited. Particularly the identification of uncultured MOB
by their PLFA profiles is challenging. In addition, MOB that utilize CO 2 as
additional or sole carbon source might show reduced or no label incorporation
after application of

13

CH 4 , despite potentially high CH 4 oxidation rates (Sharp et

al., 2012; Yang et al., 2013). On the other hand, only truly active MOB will
exhibit label incorporation into biomass during SIP studies.
The level of gene expression of individual species is largely unknown, and
transcript abundance does not necessarily reflect activity. For example,
transcriptome analyses of marine bacterioplankton recently showed that the most
abundant phylogenetic groups are not necessarily the most active (Gifford et al.,
2013). Moreover, considerable levels of pmoA transcripts have been detected in
anoxic zones of rice paddy microcosms, where no aerobic CH 4 oxidation activity
was observed (Reim et al., 2012). Yet, phylogenetic resolution of pmoA-based
approaches is generally high, and the microarray used in the present study is
capable of detecting a wide range of MOB genera (except few recently
discovered) and even species, including many environmental groups without
cultured representatives (Table 3-3; Lüke et al., 2011).
In the present study we combined PLFA profiling and in situ PLFA-SIP
with the analyses of pmoA genes and transcripts. Results obtained from both
approaches were largely congruent, showing apparent patterns in the active MOB
communities with spatial and seasonal differences and a dominance of type Ia
MOB, particularly Methylomonas and Methylobacter. In addition, in situ activity
was positively correlated with total

13

C-incorporation and abundance of pmoA

genes and transcripts. Nevertheless, some discrepancies were also observed,
highlighting the importance of combining complementary methodologies. For
instance, labeling profiles of several winter samples suggested activity of yet
uncultured MOB similar to type Ia, while pmoA transcript analysis specifically
identified Methylobacter species to be indicative for the winter MOB
communities. PLFA-SIP further proposed that type II MOB did not play a major
role in CH 4 oxidation at most locations. Yet, cDNA-derived microarrays showed
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a high abundance of type II-specific pmoA transcripts in some samples and an
overall higher level of hybridization of probes specific for Methylocystis and
pmoA2 of type II MOB compared with DNA-derived microarrays.
3.5.4 Conclusions

In this study we presented a unique set of experimental data, combining in
situ field measurements with SIP and molecular-based analyses of environmental
samples, thus reducing bias introduced by laboratory incubations. We
demonstrated that spatially and seasonally distinct MOB communities exhibit
different in situ performances of CH 4 oxidation activity, and that they differ in
their community composition. Type Ia MOB, in particular Methylomonas and
Methylobacter species seem to be key drivers, facilitating efficient CH 4 removal
under varying environmental conditions, such as soil-temperature differences of
almost 20°C and fluctuating CH 4 loading. The approaches applied here resulted
in congruent but also complementary findings, highlighting the importance of
combining different methodologies to link microbial diversity and functioning,
particularly at the field scale.
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Table 3-2: Composition of gas mixtures injected during regular GPPTs and SIP-GPPTs at the
different sampling locations.

Winter

Summer

Loc.
ID

C1s1
C1s2
EMs1
NMs1
C1w1
C1w2
EMw1
NMw1

Regular GPPT
CH4
(vol.
%)
2
2
2
2
2
2
2
0.05

O2
(vol.
%)
18
18
18
18
18
18
18
18

Ar
(vol.
%)
26.7
26.7
26.7
26.7
26.7
26.7
26.7
27.3

Ne
(vol.
%)
26.7
26.7
26.7
26.7
26.7
26.7
26.7
27.3

SIP-GPPT
He
(vol.
%)
26.7
26.7
26.7
26.7
26.7
26.7
26.7
27.3

13

CH4
(vol.
%)
5
2
5
5
5
2
2
1

O2
(vol.
%)
20
18
20
20
20
18
18
19

Ar
(vol.
%)
25
26.7
25
25
25
26.7
26.7
26.7

Ne
(vol.
%)
25
26.7
25
25
25
26.7
26.7
26.7

He
(vol.
%)
25
26.7
25
25
25
26.7
26.7
26.7
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Table 3-3: Overview of subset of microarray probes selected for statistical analyses. The probe
selection covers the entire pmoA phylogeny targeted by the microarray (Ver. 7) and is indicative
for cohesive and well-separated pmoA cluster. Modified and amended after Krause et al., (2012)

TARGET SPECIES/GENUS/CLUSTER

PROBE USED

Type Ia
Methylomonas
Methylobacter tundripaludum
Methylobacter
Methylobacter sp. BB5.1
Methylobacter sp. LW12 related
Methylobacter
Methylobacter/Methylosoma
Methylomicrobium japanense
Methylomicrobium pelagicum
Methylomicrobium album & Methylosarcina lacus
Deep Sea-1
PS-80 (Deep Sea-2)
Deep Sea-3
Deep Sea-3
Deep Sea-3
Deep Sea-3
Kuro Cluster
Lake Cluster-1
LP20
Methylomonas-related peat clones

Mm275
Mb380
Mb460
MbA557
Mb_SL#3-300
LP20-424
LF1a-456
Mb_SL-299
Mm_pel467
Mmb562
DS1_401
PS80/ds-2
Bsed516
Est514
JpN 2 84
MS1-440
Kuro18-205
S14m2-406
LP20-644
peat_1_3-287

Type Ib
Methylocaldum

Mcl404

Methylogaea

JHTY1-267

Methylogaea

JRC4-432

Methylothermus

DS3-446

Methylothermus

Mth413

Methylothermus

PmoC308

Methylothermus

PmoC640

OSC

OSC220

RPC-1

JRC2-447

RPCs/FWs

501-286

FWs/RPCs

fw--641

USC-3/RPCs

USC3-305

Japanese Rice Cluster-3a

JRC3-535

Japanese Rice Cluster-3b

RSM1-419

Japanese Rice Cluster-3c

JHTY2-562

LK Cluster

LK580

LW21

LW21-391

Methylococcus- and Methylocaldum-related marine and
freshwater sediment clones

M90-253
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Table 3-3 continued
Type Ic
Deep Sea-5a
Deep Sea-5b
Deep Sea-5c
Deep Sea-5d
JR-2
JR-3
Nitrosococcus oceani
RPC2
USC-gamma

AIMS1-442
DS2-287
DS2-220
DS2626
JR2-409
JR3-505
Nc_oce426
SWI1-375
USCG-225b

Type IIa
Methylocystis
Methylosinus
Methylosinus

Mcy413
Msi294
Msi232

Type IIb
Methylocapsa
Methylocapsa
MO3
pmoA2
pmoA2
pmoA2
USC-alpha & alike
USC-alpha & alike
USC-alpha & alike

B2-400
B2rel251
pmoAMO3-400
Alp8-468
LP21-190
NMsiT-271
RA14-299
Wsh1-566
Wsh2-491

Others
AOB related
Crenothrix
Gp23
MR1
pxmA
pxmA
pxmA
RA21 Cluster
M84P105

Nit_rel351
Nit_rel304
gp23-454
MR1-348
ESR-579
TUSC409
TUSC502
Gp2-581
M84P105-451
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Figure 3-5: Rate plots of CH4
oxidation at locations C1s1
(dark grey symbols) and C1w1
(light grey symbols) during
regular GPPT (circles) and SIPGPPT (triangles). The natural
logarithm of the relative
concentration
(extracted
concentration
divided
by
injected
concentration,
corrected
for
natural
background) of CH4 divided by
the relative concentration of Ar
is plotted against the gas
mixture’s residence time in the
soil. The negative slope of the
linear regression was taken as
apparent
first-order
rate
constant k, characterizing in situ
CH4 oxidation for variable CH4limited
conditions.
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Figure 3-6: Fractional abundance (left y-axis, bars) and δ13 C values (right y-axis, circles and
triangles) of individual PLFAs extracted from summer locations C1s1 (panel A; note different scale
of right y-axis), C1s2 (panel C), C1s3 (panel E) and corresponding winter locations C1w1 (panel
B), C1w2 (panel D) and C1w3 (panel F) prior to regular GPPTs (light grey bars and circles) and
after SIP-GPPTs (dark grey bars and triangles). PLFAs with a mass 44 below 50 were excluded
from the analysis. Panel A: For C1s1_SIP, only one replicate extraction yielded sufficient amounts
of PLFAs for reliable quantification. Panel E: †Very negative δ13 C values (well below average
values at other locations) at the first time point suggest high MOB activity and recent uptake of
landfill CH4 prior to the first sample collection rather than natural fluctuation of δ13 C during study
period. Panel F: ‡Incomplete peak separation during GC-IRMS hindered reliable quantification of
C18:1ω8c and C18:1ω9c in the C1w3 samples. Error bars denote standard deviation (n = 2).
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Figure 3-7: Fractional abundance (left y-axis, bars) and δ13 C values (right y-axis, circles and
triangles) of individual PLFAs extracted from locations EMs1 (panel A), EMw1 (panel B), NMs1
(panel C) and NMw1 (panel D) prior to regular GPPTs (light grey bars and circles) and after SIPGPPTs (dark grey bars and triangles). PLFAs with a mass 44 below 50 were excluded from the
analysis. Error bars denote standard deviation (n = 2).
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Figure 3-8: Microarray analysis of pmoA genes (DNA) and transcripts (cDNA) of corresponding samples based on a subset of probes
indicative for cohesive and well-separated pmoA clusters (Table S2). Of this subset, only those probes were considered that had a relative
intensity of ≥ 5% of total signal strength in at least one individual microarray. Relative signal strength is displayed as a color-coded
heatmap ordered column- and row-wise according to the respective dendrograms constructed with average linkage from Euclidean
distance. Labels _a and _b refer to duplicate extracts obtained from each sample.
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4.1

Abstract
Soil-gas turnover is important in the global cycling of greenhouse gases.

The analysis of soil-gas profiles provides quantitative information on belowground turnover and fluxes. For this we developed the poly-use multi-level
sampling system (PMLS) for soil-gas sampling, water-content and temperature
measurement with high depth resolution and minimal soil disturbance. It is based
on perforated access tubes (ATs) permanently installed in the soil. A multi-level
sampler allows the extraction of soil-gas samples from 20 locations within 1 m
depth, while a capacitance probe is used to measure volumetric water contents.
During idle times, the ATs are sealed and can be equipped with temperature
sensors. Proof-of-concept experiments in a field lysimeter showed good
agreement of soil-gas samples and water-content measurements compared to
conventional techniques, while a successfully performed gas-tracer test
demonstrated the feasibility of the PMLS to determine soil-gas diffusion
coefficients in situ. A field application of the PMLS to quantify oxidation of
atmospheric CH 4 in a field lysimeter and in the forefield of a receding glacier
yielded activity coefficients and soil-atmosphere fluxes well in agreement with
previous studies. With numerous options for customization, the presented tool
extends the methodological choices to investigate soil-gas transport in the vadose
zone.
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4.2

Introduction
Soils play a crucial role in the turnover of greenhouse gases such as CO 2 ,

CH 4 and N 2 O (Conrad, 1996; Raich and Schlesinger, 1992). For instance, the sole
terrestrial sink for atmospheric CH 4 is provided by aerobic methane-oxidizing
bacteria that consume CH 4 diffusing from the atmosphere into the soil vadose
zone (Dunfield, 2007). Among the methods to quantify soil-gas turnover, the soilgas profile method is one of the few techniques that can provide depth-resolved
qualitative and quantitative information on soil-gas fluxes, turnover rates, and
isotopic signatures (Born et al., 1990; Davidson and Trumbore, 1995; de Jong,
E., Schapperty, 1971; Hesterberg and Siegenthaler, 1991; Maxfield et al., 2008;
Nauer et al., 2012; Pihlatie et al., 2007; Schroth et al., 2012). The method
involves the sampling of soil gas at different depths in a soil profile. In most
cases the gas samples are collected with a syringe, transferred to an air-tight
container and measured ex situ. However, some techniques for continuous in-situ
measurements of gas concentrations have also been developed (Brummell and
Siciliano, 2011; Hirano, 2003; Turcu et al., 2005).
Independent of the measurement approach, equipment needs to be installed
in the soil to sample gas at different depths. A variety of techniques have been
described in the literature, ranging from relatively simple open capillaries or
tubes (Davidson and Trumbore, 1995; Henneberger et al., 2012; Tackett, 1968)
to wells or silicon coils that equilibrate with soil-gas due to molecular diffusion
(C. Kammann et al., 2001; Tackett, 1968). Multi-level samplers (MLS) featuring
ports at different depths have initially been developed for groundwater sampling
(Pickens et al., 1978), but were later adapted to sample soil gas in the vadose
zone (Burton and Beauchamp, 1994). Most of these methods involve excavation
and permanent burial of equipment, which is tedious stony soils and might create
significant disturbance to natural soil structure. Moreover, the deployment of
multiple sampling probes is a substantial investment in time and material, often
leading to compromises in depth-resolution and number of sampled locations.
For quantification of gas-turnover rates or momentary unit fluxes J z at a
certain depth z, Fick’s first law can be applied:
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(4-1)
Measurements of the concentration gradient dC/dz from the gas samples
need to be complemented by determination of the effective diffusion coefficient
in soil, D eff [cm 2 h -1 ]:
(4-2)
The diffusion coefficient in air, D a [cm 2 h -1 ], is an inherent property of the
gas in question, the air-filled porosity θ a (total porosity θ t [m 3 m -3 ] minus
volumetric water content θ w [m 3 m -3 ]) and the tortuosity factor τ are properties
of the investigated soil. Total porosity often shows little variation within a soil
profile, but θ w can vary from very low values to near saturation. Hence, to
quantitatively analyze soil-gas profiles it is necessary to accurately determine θ w
at the time and location of soil-gas sampling.
Many studies that employed the soil-gas profile method used time-domain
reflectometry (TDR) to determine θ w (Davidson and Trumbore, 1995; Turcu et
al., 2005; Schroth et al., 2012). TDR measures the travel time of an electric pulse
along the length of a conductor installed in the soil. The resulting apparent
dielectric constant primarily depends on θ w (Topp et al., 1980). However, the
placement of the conductor away from the location of gas sampling and potential
disturbance during installation might be a source of bias. Also, multiple sampling
depths and locations generally require multiple conductors. Recently, a new
generation of multi-level electrical-capacitance probes have been introduced that
measure θ w in multiple depths through previously installed access tubes (ATs;
Kizito et al., 2008; Whalley et al., 2004). To our knowledge such probes have not
been applied together with the soil-profile method.
The tortuosity factor τ accounts for higher diffusion resistance in porous
media compared to free air. Various predictive models exist to derive τ from θ t
and θ w (Millington and Quirk, 1959; Moldrup et al., 2000). The accuracy of such
models greatly depends on the quality of measured parameters (they generally
incorporate power laws), and the choice of the appropriate model for the
respective soil (Kristensen et al., 2010). In-situ determination of τ using radon
concentration profiles (Dörr and Münnich, 1990) or tracer-test methods (Werner
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et al., 2004) can be a valuable alternative. Moreover, in many cases equipment
needed for in-situ determination of τ is similar to that for soil-gas sampling.
Finally, almost all studies investigating soils require the measurement of
soil temperature as an important parameter in physical and biological models.
Often the necessary equipment is little more than a side note in soil-science
publications. Nonetheless, temperature sensors and appropriate data loggers can
contribute substantially to equipment costs. Likewise, burial of temperature
sensors can cause additional disturbance to soil structure.
Here we present a new approach, the poly-use multi-level sampling system
(PMLS), for multi-level soil-gas sampling and concomitant determination of θ w
and soil temperatures through ATs. Our major motivations for its design were i)
to improve depth-resolution of soil-gas sampling; ii) to allow determination of
θ w at the exact location of soil-gas sampling and at multiple depths; iii) to ease
the installation of gas-sampling probes and enable sampling in stony soils, e.g.
glacier forefields; and hence iv) to substantially reduce time and material needs
for extensive sampling campaigns with multiple sampling locations. For proof of
concept we compared the performance of the PMLS in a field lysimeter against
conventional techniques: capillary probes for soil-gas sampling (by analyzing
soil-CH 4 concentrations), and TDR for θ w measurements. In addition we used the
PMLS to perform a tracer test for the in-situ determination of D eff . Furthermore,
by applying the PMLS for sampling and estimation of D eff we calculated rate
coefficients and fluxes of atmospheric CH 4 oxidation in the field lysimeter and
in a young glacier-forefield soil.

103

Poly‐use multi‐level sampling system for soil‐gas transport analysis in the vadose zone

4.3

The poly-use multi-level sampling system

4.3.1 Access tubes and installation procedure

We employed commercially-available ATs (Delta-T Devices Ltd,
Cambridge, UK) that were compatible with the same manufacturer’s PR2
capacitance profile probe. The 1.115-m long ATs were made of epoxy fiberglass
(26 mm i.d.; 1mm wall thickness). We modified each AT by drilling a total of
160 1-mm dia. holes for soil-gas sampling into its walls (eight holes evenly
spaced around the tube’s circumference, in 20 depths at 5-cm increments).
Installation of the AT into the soil required a hole of 1.15 m depth and 25-28 mm
diameter (Figure 4-1a). To quickly probe whether the installation depth could be
reached we used a cordless drill with a 10-mm drill bit of 1.3 m length. In
aggregated, well-structured soils the installation hole should be created using an
auger according to the installation manual of the manufacturer (Augering Manual
2.0, www.delta-t.co.uk). This ensures a snug fit between AT and the soil,
minimizing preferential gas flow near the tube and facilitating accurate watercontent measurements. In sandy soils with negligible aggregation we used a drill
bit with a diameter slightly smaller than the AT (25-mm); the AT was then
inserted by hand and additional hammering using a shock-absorbing protection
cap (Figure 4-1a). In loose, stony soil devoid of aggregation (e.g. glacierforefield soil) installation was best accomplished by hammering an iron pin of 28
mm diameter and 1.3 m length into the probing hole. The pin displaced smaller
stones and pebbles that would otherwise have blocked any installation equipment,
and the slight compaction prevented the hole from collapsing upon removal of
the iron pin. The AT was then inserted by hand and light hammering. After
installation, the soil should be allowed to consolidate for some time prior to the
first sampling, ideally until the passing of several rain events.
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Figure 4-1: Illustration of the poly-use multi-level sampling system (PMLS) and involved
equipment. The system is based upon the permanent installation of perforated ATs in the soil (a).
Soil-gas samples are taken through the walls of the ATs with a MLS featuring an inflatable packer
system (b), while water content is measured with a capacitance profile probe (c). Between sampling
events, the ATs are sealed from the inside with inflatable rubber tubes that can be equipped with
data-logging temperature sensors (d). The seal prevents exchange of soil gas between different
depths and the atmosphere and is removed before a sampling event.
4.3.2 Multi-level sampler

In principle, our MLS prototype consisted of 20 stainless steel capillaries
of 1mm i.d. and different lengths (Figure 4-2A), each connected to a sampling
disk (Figure 4-2B) made of polyoxymethylen at a specific depth, and to a valve
(Figure 4-2C) attached to an aluminum sampling head (Figure 4-2D) on top of
the MLS. The capillaries were aligned in a circle around a central steel rod
(Figure 4-2E), guided by the sampling disks. While most of the capillaries passed
through the disks, the capillary to sample the specific depth ended and connected
with a horizontal hole leading to a circular cavity around the disks’ perimeter.
This cavity was aligned with the gas-sampling holes of the AT. On the upper and
lower part of the disks, tubular latex-rubber membranes (Michelin Aircomp Latex
22/23-622, Clermond-Ferrand, France) were tightly attached with several
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windings of nylon string (Figure 4-2F), enclosing all capillaries and the
interspace between two disks.
Once placed inside an AT, the rubber membranes of the MLS were inflated
through the central steel rod using a generic bicycle pump (Figure 4-1b). Via an
opening at the bottom of the central rod the air could propagate freely inside all
membranes through the open channels guiding the capillaries. The inflated
membranes pressed against the inner walls of the AT and therefore created a
packer system between the sampling disks. Individual soil-gas samples from each
of the 20 depths could then be collected from the valves at the sampling head
(Figure 4-1b), after discarding the dead volume of the capillary and cavity (<3
mL).
The appropriate soil-gas-sample volume always depends on the depth
resolution and θ a . In a uniform soil, the volume of soil from which the soil-gas
sample is withdrawn has the shape of the outer half of a torus around the AT. The
radius of this torus should not exceed 2.5 cm, otherwise the sampled soil volumes
of adjacent depths will overlap. This corresponds to a maximum volume of 151
mL for the half torus. Hence, the soil-gas-sample volume should not be larger
than θ a * 151 mL. If larger volumes are needed the depth resolution should be
reduced.
Before deployment, the MLS needs to be tested for leaks in its packer
system, as these would dilute the soil gas with air contained inside the packer
membranes. Leaks may be detected prior to installation by inflating the MLS in
a closed AT, where they would lead to pressure increase at the adjacent sampling
disk and in the capillary. This can be measured at the sampling valves using a
manometer or sensitive flow meter, respectively.
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Figure 4-2: Cross-section sketch of the MLS highlighting the capillaries’ connections to one
specific sampling disk. A: capillaries; B: sampling disk; C: three-way valve; D: sampling head; E:
central steel rod; F: packer membrane; G: bicycle valve.
4.3.3 Water-content profile probe PR2

The commercially-available profile probe PR2 (PR2/6; Delta-T Devices
Ltd, Cambridge, UK) is a multi-level capacitance probe in its 2nd generation,
with sensors at depths of 10, 20, 30, 40, 60 and 100 cm. The sensors consist of
two steel rings embedded into a sealed polycarbonate rod (Figure 4-1c). They act
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as a capacitor and measure the voltage of the soil-AT system, which can be
converted into permittivity (dielectric constant). The square-root of the
permittivity is related to θ w through empirical calibrations. We used the generic
factory calibration for mineral soil in all our experiments. The manufacturer
reports an accuracy of ±0.06 m 3 m -3 for the generic calibration, including
installation and sampling errors, which could be improved to ±0.04 m 3 m -3 with
a soil-specific calibration (PR2 User Manual v3.0; www.delta-t.co.uk). Vertical
and horizontal sensitivities are ~95% within ±50 mm of upper rings and within
200 mm diameter, respectively. The PR2 is suited for continuous measurements
in combination with a data logger. However, this would not be advisable with our
perforated AT, as some soils can get saturated and hence immerse the probe in
water. We used the PR2 exclusively with a handheld reading device for one-time
measurements (HH 2 moisture meter; Delta-T Devices Ltd, Cambridge, UK).
Measurements in between the sensor depths were taken by moving the PR2
upwards and measuring with the 100-cm sensor.

4.3.4 Sealing and temperature measurement

To prevent undesired gas exchange through the gas-sampling holes during
idle times, we sealed the ATs from the inside using conventional bicycle butylrubber tubes (Bike Equipment 18/25-622/630, Migros, Switzerland; Figure 4-1d).
They were cut to length and resealed with knots to form one tube of
approximately the inner length of the AT. Custom-made aluminum head pieces
were attached to the top of the ATs and held the rubber tubes in place when
inflated to approx. 3 bar. Before sealing, iButton® temperature loggers
(DS1921G#F50; Maxim Integrated, San Jose, CA, USA) were placed at desired
depths on the rubber tubes (Figure 4-1d). We positioned them with double-sided
tape and placed a stripe of aluminum tape on top to ensure full thermal contact
with the inner wall of the AT.
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4.4

Field testing
For proof-of-concept of the PMLS we chose to determine soil-CH 4

concentrations and θ w in a field lysimeter at a research station of ETH Zurich,
Hönggerberg. The site has been investigated previously for atmospheric-CH 4
oxidation activity (Nauer and Schroth, 2010), and regular monitoring of CH 4
concentrations during student field courses indicated a stable sink for
atmospheric CH 4 . The selected plot consisted of a 90-cm deep layer of
homogeneous sand above a coarse gravel layer, resulting in a 10-20-cm deep zone
of high θ w above the textural interface. Installation of the AT was accomplished
in spring 2012 using a 25-mm drill bit. Due to the gravel layer, the AT was
installed only to a depth of 94 cm. Soil-gas samples with the MLS were therefore
taken from 4-94 cm depth. In addition, three sets of capillary probes were driven
into the soil on the day of sampling at < 5 cm distance from the AT. Each set
consisted of 5 stainless-steel capillaries reaching to 10, 30, 50, 70 and 90 cm
depth. Three-way-valves were installed at their top, similar to the MLS. To
prevent clogging, the capillaries were inserted with a piece of steel wire inside,
which was removed after installation. Capillary-probe and MLS gas samples of
15 mL were extracted with a plastic syringe and immediately transferred into N 2 flushed, evacuated 10-mL vials. Pressure was measured with a manometer (LEO
1, Keller AG, Winterthur, Switzerland) to account for dilution. Air samples were
taken similarly 2 m above ground. Methane was measured in the laboratory on a
GC-FID, as described elsewhere (Nauer and Schroth, 2010).
Soil-gas sampling took place on two days in autumn 2012. On each day
the sampling sequence for the MLS and capillary probes was as follows: First,
we took a single soil-gas sample with the MLS from each depth, followed by one
sample from each of the probes. This took approximately 45 min. The procedure
was then repeated two more times after resting phases of at least 30 min each to
allow re-equilibration of soil-gas concentrations. The MLS was left inflated in
the AT throughout sampling.
After completion of soil-gas sampling, θ w was measured with the PR2
every 10 cm from 14-94 cm depth, followed by measurements with TDR (TDR100; Campbell Scientific Ltd, Shepshed, UK) using a dual-rod steel probe
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inserted vertically to 47 cm depth. With the PR2, triplicate measurements were
done by rotating the probe in angles of 120 deg. Triplicate measurements with
the TDR were performed at four locations within <30 cm distance from the AT.
Using the AT installed at the field lysimeter we performed two gas-tracer
tests T1 and T2 in January 2013, for the direct determination of D eff using a
volume-integration approach (Johnson et al., 1998). The protocol was slightly
modified to account for the larger diameter of the AT compared to the injection
probe employed in the original study. Briefly, we injected a volume V inj = 50 mL
of diluted SF 6 (~10 µL L -1 ) into the soil at 39 cm depth using the MLS and a
plastic syringe. Immediately afterwards, a sample volume V s = 5000 mL was
withdrawn from the same spot using a gas-flow controller (GFC; Urmann et al.,
2005), and stored in a gas-tight bag. The measured concentration of SF 6 in this
bag was referenced to as C max . After purging the system and soil with >30 L of
SF 6 -free air, we repeated the procedure with the same injection and sampling
volumes, but with a sampling time t s = 60 min in T1 and t s = 150 min in T2
between injection and sampling. From the fraction η of recovered SF 6 vs. SF 6 we
calculated D eff for each test, assuming an instantaneous point-source for the
corresponding diffusion equation (Johnson et al., 1998). Air-filled porosity at 40
cm depth was determined from four core samples. The resulting D eff was
compared against an empirical approach where τ was estimated from θ t and θ w
with the WLR-Marshall model (Moldrup et al., 2000):
/

(4-3)

The employed value for D a,SF6 was 318 cm 2 h -1 at 0.96 bar and 278 K
(Fuller et al., 1966). In addition, θ w with the PR2 was measured in 34 cm depth
(due to the depth deviation of the installed AT). Concentrations of SF 6 in the gas
bags were measured in the field on a portable GC-ECD system (8610c; SRI
Instruments, Torrance, CA USA), equipped with a 9’ Hayesep-D column operated
at 60 °C using N 2 as carrier gas.
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4.5

Field application
We used the data generated during testing of the MLS for quantitative

analysis of atmospheric CH 4 oxidation in the field lysimeter, representing an
environment with a fully-developed soil-CH 4 sink. In addition, atmospheric CH 4
oxidation was quantified in a developing soil of the Damma glacier forefield,
Switzerland (DA). The forefield, situated on siliceous bedrock, served as model
environment for initial soil development studies (Bernasconi et al., 2011). It was
also one of the sites in a field survey investigating CH 4 oxidation in Swiss glacier
forefields (Nauer et al., 2012). Five ATs were installed in young soil < 20 years
ice-free and largely devoid of vegetation. Soils were classified as sands with high
skeleton content; porosity in this section in 0-10 cm depth was 0.43 (Nauer et al.,
2012). Installation of the ATs 1-5 was accomplished using the iron-pin method.
Gas sampling and θ w measurements were accomplished twice for each AT during
snow-free season in summer 2012. Gas sampling with the MLS followed the
procedure described above, but no replicates were taken due to time constraints.
Methane in the gas samples was determined as described above; concentrations
were corrected for altitude-dependent pressure differences. Soil-temperatures
were logged throughout summer using iButtons installed at four depths. However,
in this context temperatures were simply used to calculate the average
temperature-corrected D a, CH 4 = 894 cm 2 h -1 at 0.8 bar and 288K (Fuller et al.,
1966).
We applied an analytical solution to a simple diffusion-reaction model to
interpolate measured CH 4 concentrations C [μL L -1 ] and calculate a first-order
rate coefficient k [h -1 ] of CH 4 oxidation within the soil column (Born et al., 1990;
Dörr and Münnich, 1990):

∗

The term

∗

;

(4-4)

is the relaxation depth, a scaling parameter combining diffusion

and reaction properties of the given soil profile. Note that D is related to D eff by
D = D eff / θ a . Fitting eq. 4-4 to measured C yielded estimates for the CH 4
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concentration at the soil-atmosphere boundary, C atm , a threshold concentration
C ∞ , and z * . Using the derivative of eq. 4-4 at z = 0,

∗

(4-5)

we calculated the gradient at the soil-atmosphere boundary. Hence, fitted z * and
are independent of soil-physical properties. With estimates of the
appropriate diffusion coefficients we then calculated k, and CH 4 flux J z=0 = J atm
at the soil-atmosphere boundary using eq. 4-1 and k = D / z * 2. For accurate flux
estimates at the soil surface, D eff in eq. 4-1 should be estimated close to the
surface. In contrast, best estimates of k are gained by determining D throughout
the soil column. Tortuosities for D and D eff were estimated with the WLRMarshall model (eq. 4-3). For D we calculated θ a with θ w averaged over all
measured depths, while for D eff we used θ w measured within the top 15 cm. All
calculations were performed using R 2.15.2 (www.r-project.org); for inverse
modeling the funciton nls() was used.
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Results and discussion

4.6.1 Field testing of soil-gas sampling and water content measurement

In the field lysimeter, gas samples were successfully collected with the
MLS from all available depths through the installed AT (Figure 4-3a). We
experienced no clogging of the AT’s gas-sampling holes in this soil. In contrast,
one of the capillary probes installed at 90 cm depth clogged during installation
and could not be sampled, while two other probes at this depth clogged with
particles and water after the second and third round of sampling, respectively. A
more careful design of the capillary probes, e.g. embedding their tips into steel
wool (Henneberger et al., 2012), may have prevented clogging, but then
excavation to install the probes would have been inevitable. With the MLS,
sampling in the wet zone at 80-100 cm depth (Figure 4-3a) posed no difficulties.
Visual inspection of the MLS after sampling showed that some pore water with
particles entered through the gas-sampling holes, but the cavity along the MLS
sampling disks’ perimeter prevented clogging of the horizontal hole and the
attached capillary. It remains to be tested if sampling works equally well in wet
clay or loam soils.
Gas samples taken with the MLS showed similar variability than air
sampled 2 m above ground surface (Figure 4-3a). Most of the MLS sample
variability can therefore be attributed to the transfer of the sample into the vial,
the pressure measurements accounting for dilution, and the CH 4 measurement
itself. Some additional variability likely resulted from spatial heterogeneity (i.e.
slight variations in the sampled soil volume), or temporal heterogeneity. Notably,
samples from the three sets of capillaries showed much higher variability (Figure
4-3a). This can almost exclusively be attributed to small-scale spatial
heterogeneity resulting from the arrangement of the three capillary sets around
the AT. However, the average soil-CH 4 concentration profiles of both systems
differed only marginally. Applied correctly, the MLS enabled accurate and
repeatable sampling of soil gas at 20 well-defined locations along the soil profile.
Among the initial problems encountered during development of the PMLS
were some leaks in the MLS’ packer system. Usually, these could be detected and
located using the leak test described earlier, and eliminated by re-tightening or
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replacing the packer membrane. However, leaks can also occur when the MLS is
accidentally over-pressurized during inflation. Fortunately, these leaks are
clearly visible in the measured soil-gas profile. An example is shown in Figure
4-3b (red curve): a leak at 70 cm diluted the surrounding soil gas with air from
inside the MLS. The profile measured after closure of the leak showed again good
agreement with the capillary samples (Figure 4-3b, green curve). We are
currently improving the design and sealing of the packer system to further reduce
the risk of leaks.
Good agreement was observed between θ w measured with the PR2 and by
TDR (Figure 4-3a). The TDR yielded an average θ w = 0.18 m 3 m -3 between 0 and
47 cm depth, while harmonic averaging of PR2 data from 0-49 cm depth resulted
in θ w = 0.17 m 3 m -3 . On the day of the gas-tracer experiments, water content
measured with the PR2 in 34 cm depth was 0.17 m 3 m -3 , similar to 0.15 m 3 m -3
as determined by core samples from 40 cm depth. In the investigated
homogeneous sandy soil, the PR2 with the employed factory calibration seemed
to perform well within the specified accuracy of 0.04-0.06 m 3 m -3 . With 0.03 m 3
m -3 , the accuracy of an uncalibrated TDR system is only moderately higher (Evett
et al., 2005). However, from this simple comparison we cannot draw conclusions
about the general performance of the PR2 (which was not in the scope of this
study). In the literature, there are contrasting opinions about the accuracy of
capacitance-based methods and the PR2 in particular. Many authors reported
good performance of the PR2 in the laboratory and field, but generally
recommended a soil- and depth-specific calibration (Huang et al., 2004; Qi and
Helmers, 2010; Whalley et al., 2004). In contrast, studies that compared different
AT-based methods to measure θ w found a poor performance of capacitance probes
in general, suggesting the neutron probe as the more reliable method (Evett et al.,
2006; Mazahrih et al., 2008). While being accurate, neutron probes face
disadvantages associated with their radioactive source. In principle however, it
would also be possible to adapt the PMLS for the neutron probe and
corresponding ATs.
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Figure 4-3: a) Comparison of CH4 concentration samples from the MLS against a set of steel
capillaries installed around the AT; and water content measured by the PR2 probe against the TDR
average from 0-47 cm depth. Error bars denote the sample standard deviation. b) Example of a CH4
concentration profile sampled with the MLS leaking at 70cm depth; the green profile was sampled
3h later after the MLS leak was sealed. The latter profile agreed well with samples from the capillary
probes.
4.6.2 Gas-tracer tests

The first tracer test T1 was performed with a sampling time t s of 60 min.
The relative mass SF 6 recovered thereafter was η = 0.21, still above the
recommended threshold of 0.1 to minimize artifacts related to the violation of the
point-source assumption (Johnson et al., 1998). In test T2 we sampled 150 min
after injection and obtained η = 0.09, slightly below the threshold. Therefore, T2
most likely resulted in a more reliable measure of D eff,SF6 of 28 cm 2 h -1 , compared
to 35 cm 2 h -1 obtained in T1. The value from T2 was close to the WLR-Marshallmodel estimate of D eff,SF6 of 30 cm 2 h -1 (we used θ w = 0.15 m 3 m -3 as determined
by core samples for all calculations of D eff,SF6 ). Despite this promising agreement
the model is sensitive to measurement errors in θ a and hence, θ t and θ w , given its
power law. The employed tracer test has the advantage that the error contribution
of θ a is reduced due to its exponent of 1/3 in the corresponding equation (Johnson
et al., 1998; Werner et al., 2004). In combination with the PMLS the applied test
seems to result in reliable estimates of D eff at the location of interest, especially
considering the advantage of θ w determination at the injection point. Our
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employed protocol needed some additional equipment, including a GFC for
controlled pumping of gas volumes. Other tracer tests do not require such
equipment (Tick et al., 2007; Werner et al., 2004) and might also be adaptable
for use together with the PMLS.
4.6.3 Field application to quantify atmospheric methane oxidation

The applied diffusion-reaction model resulted in a good fit of the soil-CH 4
profile in the field lysimeter (Figure 4-4a). The threshold concentration C ∞ of
0.33 µL L -1 was reached at around 50 cm depth, while z * was located at 12 cm
depth (Table 4-1). Model parameters C atm , C ∞ and z * were highly significant, as
a large number of samples were available yielding good depth resolution, and C ∞
and z * were reached within the sampled profile. The parameter estimates also
represented typical values for soils exhibiting a soil-CH 4 sink (Born et al., 1990;
Dörr et al., 1993). The estimate for k was well within the range of previously
reported values from this site measured with a near-surface gas push-pull test
(Nauer and Schroth, 2010), while estimated D eff , k and J atm were comparable to
the range of values from studies investigating atmospheric CH 4 oxidation in
various temperate soils (Born et al., 1990; Dörr et al., 1993; Von Fischer et al.,
2009). Thus, the chosen approach appeared well-suited to investigate
atmospheric CH 4 oxidation in developed soils with a stable soil-CH 4 sink.
The individual soil-CH 4 profiles from the DA glacier forefield generally
showed a continuous gradient, but exhibited large variability among each other
(Figure 4-4b). While some profiles indicated zero activity (DA1), others
resembled profiles from fully developed soil (DA5). Remarkably, the distance
between installed ATs was < 100 m, which provides an indication of the general
heterogeneity of a glacier forefield environment (Bernasconi et al., 2011). This
would go undetected when compromising number of sampling locations and
depth resolution.
Estimates for model parameters C ∞ and z * were poor when they came to
lie outside the sampling region of z and C – hence, whenever measured data
needed to be extrapolated. This was the case for profiles indicating low or even
zero activity, e.g. DA1 where estimates of C ∞ and z * resulted in nonsensical
values (Table 4-1). The model is therefore not accurate for determination of k
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and J atm at sites with near-zero activity. However, such profiles could still be
analyzed by linear interpolation of concentrations and approximation of
gradients. In contrast, for profile DA5 lowest measured C were close to C ∞ ,
resulting in a z * well within the sampled depth, significant estimates for C ∞ and
z * , and therefore reasonable values for k and J atm (Table 4-1).
In addition to individual profile analysis, we combined data points from
all ATs and averaged measured water contents to generate a hypothetical,
“average” profile for the sampled soil environment (Figure 4-4b). Estimated
values of k and J atm were within the magnitude reported previously for this site
(Nauer et al., 2012), although uncertainties were high in both cases. While the
combined k and J atm might not reflect actual field situations, such “bulk
parameters” can be useful for the quantitative comparison of different soil types
or development stages. The PMLS might help generate the large data set required
for such a study in a cost-effective way.

Figure 4-4: Fitted diffusion-reaction model to CH4 concentration data from a) the MLS testing at
the field lysimeter, and b) young soil in the Damma (DA) glacier forefield. Corresponding k and
Jatm are given in Table 3-1. The horizontal lines denote relaxation depth z* for the fits of the MLS
testing and DA5 data sets. The other fits resulted in z* well below our maximum sampling depth.

The question of whether the soil-gas profile method results in reliable soilatmosphere flux estimates has been discussed elsewhere (Dörr et al., 1993; Kim
et al., 2007; Koehler et al., 2010; Menyailo et al., 2010; Pihlatie et al., 2007;
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Wolf et al., 2011). Major discrepancies compared to chamber-based flux
measurements were related to low depth-resolution of gas samples, resulting in a
poor (linear) approximation of the gradient at the soil-atmosphere boundary, and
uncertainties in the determination of D eff (Pihlatie et al., 2007; Wolf et al., 2011).
For both concerns the PMLS offers substantial improvements. Estimates of D eff
can be based on depth-specific measurement of θ w at the location of gas sampling,
or direct in-situ determination. In addition, a high depth-resolution not only
improves the linear approximation of the concentration gradient, but particularly
allows the use of non-linear or process-based models to interpolate gas
concentrations. The concentration gradient derived from such a model is less
prone to errors of individual concentration measurements (Pihlatie et al., 2007),
and thus leads to more reliable flux estimates.

Table 4-1: Results from the diffusion-reaction model applied to various soil-CH4 profiles.
For parameters Catm, C∞ and z* the standard deviation of the fit is reported.
Site

Catm

C∞

z*

µL L-1

µL L-1

cm

Da

k

µL L-1 cm-1 cm2 h-1 h-1

Deff b

Jatm

cm2 h-1

(mg CH4)
m-2 d-1

54.5

1.3

MLS test 2.18 ±0.07 0.33 ±0.03 12.1 ±1.0 -0.153

114

0.78

DA all c

1.79 ±0.05 0.0 +1.3

153 ±150 -0.0117

387

0.016 176

0.26

DA1 c

1.55 ±0.02 > Catm

>1000

-0.0017

410

<0.001 199

0.04

DA5

2.17 ±0.03 0.54 ±0.06 40.9 ±3.7 -0.0399

379

0.24

0.71

a

140

Estimated with θw averaged over all depths; used to calculate k
Estimated with θw averaged in top 15cm; used to calculate Jatm
c
Fitted C∞ and z* were outside our sampled depths and therefore not significant
b
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4.6.4 Potential PMLS applications and improvements

In its current form the PMLS enabled rapid and high-resolution soil-gas
sampling, determination of concomitant soil-physical parameters for quantitative
soil-gas profile analysis, and gas-tracer tests for direct determination of D eff .
While we demonstrated its usefulness for estimating atmospheric CH 4 oxidation
with a simple diffusion-reaction model, the soil-gas samples can be analyzed for
any gas in question, and the high resolution of samples and measured soilphysical parameters allows more complex modeling of depth-resolved reaction
rates (e.g. using the PROFILE (Berg et al., 1998) or REC (Lettmann et al., 2012)
models developed for aquatic sediments). Depth-resolution of soil-gas samples
could even be increased in a next-generation MLS. Furthermore, the principle of
perforated ATs and inserts with packer systems to separately investigate different
depths can be adapted to various other parameters and environments. For
instance, recent development of small and inexpensive gas sensors offer the
potential for continuous in-situ measurement of gas concentrations (Fine et al.,
2010). By embedding CO gas sensors in the sampling disks the MLS could be
used for specifically designed tracer tests (Huwald et al., 2012). Furthermore, the
MLS capillaries could be substituted with fiber-optic cables to employ fiber-optic
chemical sensors for the measurement of a wide variety of gases, volatiles and
ions without disturbance (Wang and Wolfbeis, 2013), including O 2 and CO 2 , or
pH and metal ions in saturated soils (Rickelt et al., 2013). One could also envision
an insert for distributed temperature sensing (DTS) using fiber-optic cables for
high-resolution temperature measurements (Selker et al., 2006). In general, any
sensor is conceivable that fits the dimensions of the AT. Worth mentioning in
this context is the recent progress of rapid prototyping techniques (Rangel et al.,
2013), which provides opportunities for relatively easy reproduction and
customization of the MLS, or the PMLS in general. Ongoing improvements on
tightness of the MLS’ packer system employing 3-D-printed sampling disks
yielded promising results. Corresponding STL-files suitable for 3-D-printing can
be made available upon request.
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a)

b)

c)
Figure 4-5: a) and b) Detailed pictures of the inflated rubber tube used for sealing of the ATs,
including iButton® temperature sensors in place. c) Temperature sensors were installed with an
aluminum stripe ensuring good thermal contact with the AT.
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Figure 4-6: Pictures of the MLS in its current form. a). Full-length picture. b) Top-down picture of
the MLS showing the 20 sampling valves. c) Close-up picture of the MLS with deflated and d)
inflated packer membranes in a transparent tube.

121

5

Soil-methane sink increases with soil age
in forefields of Alpine glaciers

Eleonora Chiri, Philipp A. Nauer, Ruth Henneberger, Josef Zeyer and Martin H.
Schroth
Published in: Soil Biology and Biochemistry, 84, 83 – 95, 2015

123

Soil‐methane sink increases with soil age in forefields of Alpine glaciers

5.1

Abstract
In upland soils aerobic methane-oxidizing bacteria (MOB) catalyze

methane (CH 4 ) oxidation, and thus regulate the sole terrestrial sink for
atmospheric CH 4 . While confirmed in mature upland soils, little is known about
this important function in young mountainous soils in glacier forefields, which
are progressively formed as a result of glacier recession. We assessed four
attributes of the soil CH 4 sink, i.e., soil-atmosphere CH 4 flux (J atm ), CH 4
oxidation activity (k), MOB abundance and variation in community composition
along the 6 – 120-yr soil chronosequence in two Alpine glacier forefields on
siliceous and calcareous bedrock. At most sampling locations soil CH 4 profiles
showed stable uptake of atmospheric CH 4 , with J atm in the range of -0.082 to -2.2
mg CH 4 m -2 d -1 . Multiple-linear-regression analyses indicated that J atm
significantly increased with soil age, whereas k did not. Instead, water content
and CH 4 profiles in the youngest soils often indicated dry, inactive top layers
with k < 0.1 h -1 , and active deeper layers (0.2 h -1 ≤ k ≤ 11 h -1 ) with more favorable
water content. With increasing soil age the zone of highest CH 4 oxidation activity
gradually moved upwards and eventually focused in the 10 – 40-cm layer (0.2 h 1

≤ k ≤ 16 h -1 ). Copy numbers of pmoA genes significantly increased with soil age

at both sites, ranging from 2.4 10 3 to 5.5 10 5 copies (g soil w.w.) -1 , but also
correlated with mineral nitrogen content. Terminal restriction-fragment-lengthpolymorphism and cluster analyses showed differences in MOB community
composition apparently related to bedrock type rather than soil age. Yet,
regardless of bedrock type, the soil CH 4 sink established within a few years of
soil development, and J atm increased to values comparable to mature soils within
decades. Thus, young mountainous soils have the potential to consume
substantial amounts of atmospheric CH 4 , and should be incorporated into future
estimates of global soil CH 4 uptake.
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5.2

Introduction
Upland soils are considered the sole terrestrial sink for atmospheric CH 4 ,

and they account for an estimated 5 - 15% of total loss of this potent greenhouse
gas from the atmosphere (Bridgham et al., 2013; Dunfield, 2007; Dutaur and
Verchot, 2007). Methane uptake in soils is generally mediated by aerobic
methane-oxidizing bacteria (MOB), which largely cover their carbon (C) and
energy needs through the oxidation of CH 4 (Hanson and Hanson, 1996). In upland
soils,

so-called

high-affinity

MOB,

capable

of

utilizing

ambient

CH 4

concentrations (≤ 1.8 µL L -1 ; Bender and Conrad, 1992), are responsible for CH 4
oxidation and thus regulate soil CH 4 sink strength (Dunfield, 2007). Atmospheric
CH 4 oxidation has been observed worldwide in most mature upland-soil
ecosystems such as tundra, forests, grasslands, savannahs, and deserts (e.g.,
Whalen and Reeburgh, 1990; Adamsen and King, 1993; Born et al., 1990;
Livesley et al., 2011; Striegl et al., 1992). However, little is known about this
important microbial function in young, azonal soils of mountainous regions with
a development history of only decades to centuries. Classified as leptosols or
lithosols (IUSS Working Group, 2006) and henceforth referred to as “developing”
soils, these soils so far have been assigned zero CH 4 uptake in global inventories
(e.g., Dutaur and Verchot, 2007), mainly due to the lack of experimental data.
At present, progressive deglaciation in Arctic and Alpine environments
worldwide creates vast areas of developing soil in front of receding glaciers, socalled glacier forefields. For example, in the European Alps glacier coverage
declined from ~2910 km 2 in the mid 1970s to ~2050 km 2 in 2003 (Paul et al.,
2011), increasing the extent of glacier forefields by > 800 km 2 . In this process,
glacial sediments are subjected to a radical shift from the subglacial to the
proglacial environment; i.e., from presumably anoxic, constantly dark and cold,
to largely oxic conditions with large temperature fluctuations and UV-light
exposure at the soil surface. The resulting soil chronosequence is considered an
ideal model ecosystem for investigations on soil development and development
of microbial structures and functions (microbial primary succession; (Fierer et
al., 2010; Nemergut et al., 2007; Sigler et al., 2002; Stevens and Walker, 1970).
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Glacier-forefield soils are characterized by harsh nutritional conditions.
Low amounts of C and nitrogen (N) in these systems commonly derive from wind
and precipitation (Hodkinson et al., 2002); they are largely available to
microorganisms in spring time during ice and snow melt (Brooks et al., 1998;
Schmidt and Lipson, 2004; Williams and Melack, 1991). However, along a soil
chronosequence the total amount of C and N generally increases with soil age
together with the development of soil flora, soil faunal and microbial
communities (Bernasconi et al., 2011; Chapin et al., 1994; Crocker and Major,
1955; Matthews, 1992; Sigler et al., 2002; Smittenberg et al., 2012). Next to soil
age, a second key factor determining nutrient availability is the prevailing
bedrock type, which can lead to differences in mineralogy, soil pH, and general
weathering mechanisms between glacier forefields, and thus shape the microbial
community (Lazzaro et al., 2009a; Meola et al., 2014).
Among microorganisms mediating primary succession in nutrient-limited
glacier-forefield soils, high-affinity MOB may play an important role at early
development stages, as they are capable of overcoming C limitations. In addition,
they may possess the ability to use dinitrogen (N 2 ) as N source, similar to
cultivated (low-affinity) MOB (Auman et al., 2001; Dedysh et al., 2004).
Interestingly, the presence of (presumably high-affinity) MOB in glacierforefield soils was first reported in a study investigating diversity of N 2 fixing
bacteria, in which 16% of the diazotroph community was found to be affiliated
with MOB (Duc et al., 2009). A study on CH 4 flux and MOB diversity in a glacier
forefield on Greenland led to the hypothesis of a developing atmospheric CH 4
sink with soil age (Bárcena et al., 2010). However, subsequent investigation of
potential CH 4 oxidation in laboratory incubations failed to support this
hypothesis, despite a tendency of increasing MOB diversity with soil age
(Bárcena et al., 2011). We recently described CH 4 flux and oxidation activity in
Swiss glacier-forefield soils, and found evidence for CH 4 oxidation in soils
derived from siliceous and calcareous bedrock, the two main bedrock types of the
Swiss Alps (Nauer et al., 2013, 2012). Moreover, our data provided a first
indication of a developing atmospheric CH 4 sink as a function of soil age in
Alpine glacier-forefield soils (Nauer et al., 2014). However, there is no
conclusive information to date on the magnitude and timescale of changes in
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atmospheric CH 4 uptake, CH 4 oxidation activity, and MOB community structure
in glacier-forefield soils. Yet, as deglaciation in Alpine environments is predicted
to continue even under moderate global-warming scenarios, it is important to
further investigate the soil CH 4 sink in this ecosystem.
We hypothesized that soil CH 4 flux (uptake) and oxidation activity
together with MOB abundance increase with age in glacier-forefield soils,
whereas MOB community composition may additionally vary between different
bedrock types. To address these hypotheses, we assessed CH 4 flux and oxidation
activity combined with MOB abundance and variation in community composition
along the soil chronosequence in a siliceous and a calcareous Alpine glacier
forefield. These four attributes were then tested for their dependence on soil age,
bedrock type, and selected soil-physical and -chemical parameters. Based on our
findings we suggest a pattern for the establishment of the soil CH 4 sink in
developing soils.
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5.3

Materials and methods

5.3.1 Field sites

Sampling and field measurements were performed in the forefields of two
Alpine glaciers, Damma (D; siliceous bedrock) and Griessfirn (G; calcareous
bedrock), in the Canton of Uri, Switzerland. Both glaciers are dead-ice bodies,
i.e., contact to the collecting basin has been lost. The field sites have been
described in detail in previous publications (Bernasconi et al., 2011; Nauer et al.,
2014, 2012). They were selected for their similar exposition, elevation and
climate, but contrasting bedrock type. Annual precipitation at both sites typically
ranges between 1200 and 2400 mm yr -1 (Federal Office of Meteorology and
Climatology METEOSWISS). In each forefield, 12 - 15 sampling locations were
selected with increasing distance from the glacier terminus to form a well-defined
soil chronosequence (Figure 5-1). Different geomorphological landforms within
a glacier forefield can exhibit substantial differences in microclimatic conditions
and physical parameters (Egli et al., 2006; Zumsteg et al., 2013, 2011). To
minimize such variability, sampling locations were chosen along SW-NEoriented transects that roughly followed a single landform, a band of lateral
debris deposits. Recently formed talus deposits originating from lateral moraines
were omitted. The transects were divided into three soil-age classes, A (~0 – 20
yr), B (~20 – 50 yr) and C (~50 – 120 yr), according to historical glacier termini
reconstructed from ice recession data of the Swiss glacier monitoring network
(http://glaciology.ethz.ch/swiss-glaciers/),

including

field

protocols

from

selected years (courtesy of A. Bauder, ETH Zürich). In addition, this dataset was
later used to determine the approximate soil age for individual sampling
locations. For the G forefield soil ages > 80 yr required extrapolation of glacier
recession rates beyond the start of the glacier monitoring (in 1929).
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Figure 5-1: Field sites and sampling location overview. Coordinates are noted in Swiss square
projection (CH1903; “Swiss Grid”). Historical glacier lines were derived from glacier recession
data and historical field protocols. Note that the aerial background photographs date back to 2005.

Along the transects soils were probed with a cordless drill to identify 3–5
locations within each soil-age class suitable for instrument installation and
sampling, i.e., exceeding the required soil depth of 1 m. Sampling locations were
named according to site (D or G), age group (A, B, or C) and location number (1
– 5), e.g., GA1. For comparison we additionally selected 1 – 3 reference (R)
locations in the surroundings of each forefield (DR at CH1903 coordinates
678935/167000; GR at 705867/190094, not shown), where soils have remained
ice free during the Little Ice Age (~1560 – 1850 AD).
5.3.2 Soil-gas sampling, water-content and temperature measurements

To determine depth-resolved CH 4 flux and oxidation activity we used the
soil CH 4 profile method (Born et al., 1990; Kim et al., 2007). This method
consists of the extraction of soil gas at different depths followed by CH 4
quantification. As quantitative interpretation of soil CH 4 profiles requires a
careful description of CH 4 diffusion properties, accurate determination of soilwater content at the location of soil-gas sampling is a prerequisite.
Here we employed the recently developed poly-use multi-level sampling
system (PMLS) for depth-resolved soil-gas sampling, water-content and
temperature measurements with minimal soil disturbance (Nauer et al., 2013). It
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is based on perforated access tubes (ATs) of 1.15 m length featuring sampling
holes at 20 depths in 5 cm increments. At the G locations, ATs were installed on
12 Jul 2012, while at D locations ATs were installed between 27 Jun and 13 Jul
2012. Installation was accomplished by hammering an iron pin of the same
diameter as the ATs into the soil, and insertion of the AT in the so-created hole
after careful removal of the pin (Nauer et al., 2013). At few locations ATs could
not be installed to their full length; sampling and measurement depths were
therefore corrected for the respective shift. Installation was followed by a resting
phase of at least 2 weeks, including several rain events that allowed the soil to
consolidate around the ATs. During such idle times the ATs were sealed from the
inside by an inflatable rubber tube to prevent undesired gas exchange between
individual soil depths and with the atmosphere.
Soil-gas sampling was performed under dry conditions on one early- and
one late-season time-point in the snow-free season 2012: At G forefield on the
25/26 Jul and 17/18 Sep; at D forefield on 31 Jul/1 Aug and 24/25 Sep. A
removable multi-level sampler (MLS) was lowered into the ATs to sample soil
gas at 20 different depths in 5-cm intervals through individual capillaries. During
sampling the interspaces between the sampling depths were sealed by an
inflatable packer. Soil-gas samples of 15 mL were extracted with a syringe and
injected into previously evacuated 10 mL glass vials. Pressure was measured with
a manometer (LEO 1, Keller, Switzerland) to correct for dilution and altituderelated pressure differences. Methane from all soil-gas samples was measured on
a gas chromatograph with flame-ionization detector (GC-FID) as described
earlier (Nauer and Schroth, 2010).
Shortly after soil-gas sampling, volumetric soil-water content θ w (m 3 m -3 )
at each sampling location was determined with a capacitance profile probe (PR2,
Delta-T Devices Ltd, Cambride, UK) as part of the PMLS (Nauer et al., 2013).
Water contents were measured in 10-cm increments, and averaged for the two
sampling time-points. The topmost measurement (in 0-15 cm depth) is reported
as topsoil θ w,ts , and the mean value of all depths as bulk soil θ w,b .
Soil and air temperatures, T soil and T air , were measured in 1-h intervals
throughout the sampling season at two to three locations per age group using
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iButton temperature loggers (DS1921G#F50; Maxim Integrated, San Jose, CA)
installed inside the ATs during idle times, as described in Nauer et al. (Nauer et
al., 2013). The iButtons were installed 2-3 cm above ground and at depths of 7.5
cm, 27.5 cm, 57.5 cm, and 97.5 cm. Temperatures measured shortly before soilair sampling were used together with ambient pressures to calculate respective
diffusion coefficients of CH 4 in air, D a (cm 2 h -1 ; Fuller et al., 1966). Mean
seasonal temperatures for each soil profile were used for the statistical regression
model described below. For locations without iButtons, we used mean
temperatures of the respective age group and site.
5.3.3 Soil-methane profile analysis

For each sampling location the early- and late-season CH 4 concentrations,
θ w and T soil were averaged at the respective depth to reduce potential seasonal
variation. For an initial overview the resulting soil CH 4 profiles were analyzed
as pooled data set for each soil-age group and site to estimate “bulk” soilatmosphere flux J atm (mg CH 4 m -2 d -1 ) and CH 4 oxidation activity, expressed as a
first-order rate coefficient k (h -1 ) of CH 4 oxidation. In a second stage the earlyand late-season profiles were averaged to calculate respective J atm and k for
individual sampling locations. Measured CH 4 concentrations C (µL L -1 ) at each
depth z (cm) were interpolated using an analytical solution to a differential
diffusion-reaction model in steady-state (hereafter referred to as “one-layer
model”, oneL; (Born et al., 1990; Dörr and Münnich, 1990):

∗

(5-1)

The parameters CH 4 concentration in the atmosphere, C atm , and the
threshold concentration C ∞ (indicating a physiological lower limit for microbial
CH 4 oxidation) represent the boundary conditions for z = 0 and z = ∞ (dC/dz =
0), respectively, whereas the relaxation depth z* is a combined reaction-diffusion
term: z* = ((D eff /θ a ) / k) 1/2 . Best fits of these parameters allowed calculation of k,
whereas J atm was calculated with Fick’s first law using the CH 4 -concentration
gradient at the soil-atmosphere boundary, i.e., the derivative of eq. 5-1 at z = 0
(Nauer et al., 2013). The appropriate diffusion coefficient of CH 4 in soil, D eff
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(cm 2 h -1 ), was estimated through the WLR-Marshall model (Moldrup et al.,
2000):
/

(5-2)

Air-filled porosity θ a represents the difference between total porosity θ t
and θ w . For the former we estimated a mean value of 0.41 ± 0.02 m 3 m -3 for both
glacier forefields from original data of Nauer et al. (Nauer et al., 2012), whereas
for θ w actual measurements were used, topsoil θ w,ts to calculate J atm , and bulk soil
θ w,b to calculate k.
For situations where soil CH 4 concentrations and θ w indicated two distinct
layers in individual soil CH 4 profiles, an extension of the oneL model was
employed (“two-layer model”; twoL) to account for sudden changes in soilphysical parameters (θ t and θ w ) and CH 4 oxidation activity at a specific depth z L :

∗

;

∗

;

(3)

This extended model represents a top-layer and bottom-layer solution for
the underlying model of eq. 5-1. Both layers share their lower boundary at z = ∞,
while at z = z L , C (zL) of the top layer defines the upper boundary of the bottom
layer. The sudden change in soil parameters is represented by layer-specific
parameters z * top and z * bot , respectively. The former was used to calculate J atm and
top-layer k top , the latter to calculate J zL = J (z=zL) and bottom-layer k bot . The
required bottom-layer D eff was calculated assuming equal fluxes at z=z L in both
layers, which requires that the ratio of the top-and bottom-layer concentration
gradients equals the ratio in top- and bottom-layer D eff . Equation 5-2 then allows
estimating bottom layer θ t by using averaged θ w measured at z > z L .
5.3.4 Soil sampling and soil-chemical analyses

At the early-season time point, soil samples for molecular and chemical
analyses were collected at every location within a distance of 0.5 - 1 m from the
ATs, thereby avoiding soil disturbance in close vicinity of the ATs. To reduce
132

Materials and methods

effects of soil heterogeneity, soils were collected from three spots using sterile
spoons (treated with sodium hypochlorite, 2.5% w/v, and autoclaved). The three
samples were pooled, mixed and sieved on site through a 2-mm-diameter sieve.
The fraction < 2 mm was sub-sampled into 2-mL autoclaved tubes for molecular
analyses and into a sterile plastic bag for chemical analyses. Due to the proximity
(< 2 m) of DA1 and DA2, and GA4 and GA5, respectively, corresponding soil
samples were pooled (DA1+2; GA4+5) prior to sieving. Sampling depth was 5 15 cm, presumably the soil layer where high-affinity MOBs are most active
(Priemé and Christensen, 1997). All samples were kept on ice until arrival in the
laboratory, and thereafter stored at -20 °C.
Soil pH was determined with a Mettler Toledo 827 pH meter (Mettler
Toledo, Greifensee, Switzerland) in extracts of deionized water with a soil-water
ratio of 1:2.5. Mineral N species (N min ), namely NO 3 - and NH 4 + , were extracted
in 0.01M CaCl and 1 M KCl, respectively, with a soil-liquid ratio of 1:3. Nitrate
was measured by ion chromatography (IC-320, Dionex, Sunnyvale, CA, USA),
while NH 4 + was determined according to a micro-colorimetric assay (Sims et al.,
1995). To determine total organic carbon (TOC) soil samples were milled and
pre-treated with hydrochloric acid to remove all carbonates. Total organic carbon
was then measured in desiccated samples by dry combustion at 900 °C on a
Shimadzu TOC-L equipped with solid-sample module SSM-5000A (Shimadzu
Europa GmbH, Duisburg, Germany).
5.3.5 Isolation of total DNA and amplification of target genes

Total DNA was isolated from 25 samples. Three individual sub-samples
from each location were independently processed with the MP FastDNA®Spin
Kit for Soil (MP Biomedicals, Solon, OH, USA). Extraction of nucleic acids was
performed according to the manufacturer’s instructions with minor modifications
applied to increase DNA yield: Up to ~800 mg of soil material was processed;
sample homogenization was carried out in two steps with the addition of half of
the recommended amount of sodium phosphate and MT buffers during the second
step; final elution of DNA was performed in water. For each location, aliquots of
DNA extracts from the three sub-samples were pooled and stored at –20 °C for
further analysis.
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Recovery and purity of DNA extracts were tested by PCR amplification of
16S rRNA genes using 0.2 mM each of forward primer 344bf and reverse primer
UA1406r (universal primers for bacteria), 0.25 mM of dNTPs, 1X Dream Taq
polymerase buffer, 0.02 U/µl of Dream Taq polymerase (Fermentas, St. LeonRoth, Germany) and 1 µl of template DNA in a final reaction volume of 25 µl
(Table 5-3). Undiluted, 1:10, 1:100, and 1:1000 template DNA dilutions were
tested for possible co-extraction of PCR inhibitors. Presence of amplification
product was confirmed by gel electrophoresis on a 1% agarose gel. The MOB
were detected and identified based on the pmoA gene, which encodes a subunit
of the particulate methane monooxygenase (pMMO), a key enzyme of the
microbial oxidation of CH 4 (Semrau et al., 1995), and is present in most MOB
(Hanson and Hanson, 1996; McDonald et al., 2008; Semrau et al., 2010). PmoA
genes were amplified using 0.2 mM each of forward primer A189f and reverse
primer A650r, 0.25 mM of dNTPs, 1X Takara Taq polymerase buffer, 0.025 U/µl
of Takara Taq polymerase (Takara Biotechnology, Dalian co., LTD., Japan) and
1 µl of template DNA in a final reaction volume of 25 µl. Undiluted, 1: 10, and
1:100 template DNA dilutions were tested and the ones showing the best
amplification yield were selected for further analysis. Since a considerable
number of the samples did not show amplicons after a first-round PCR, a secondround PCR was carried out using 1µl of PCR product from the first-round PCR
as template. Primer sequences and amplification conditions for the different PCR
reactions are given in Table 5-3. The reverse primer A650r was chosen for this
study because it allows the detection of pmoA sequences linked to uncultured
microorganisms likely performing atmospheric CH 4 oxidation (Bourne et al.,
2001). To confirm amplification of pmoA genes affiliated to high-affinity MOB,
amplicons of selected samples were purified using a gel extraction kit
(Fermentas, St. Leon-Roth, Germany), pooled and cloned using the CloneJET
PCR Cloning Kit (Fermentas). Forty-eight recombinant clones, identified by
blue-white screening, were randomly selected for sequencing of the insert
(performed by LGC Genomics, Berlin, Germany). Identity of pmoA gene
sequences was confirmed by online database searches using “NCBI BLAST”
(http://www.ncbi.nml.nih.gov/BLAST/).

Sequences

were

grouped

into

phylotypes based on 93% amino acid sequence similarity (Degelmann et al.,
2010). Representative sequences for the different phylotypes were deposited at
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the EMBL nucleotide sequence database and are accessible under accession
numbers KP238368 - KP238375.
5.3.6 Quantitative PCR

To determine copy numbers of pmoA genes present in DNA extracts,
quantitative PCR (qPCR) assays were performed on an ABI 7300 (Applied
Biosystems) by using 1X Kapa Sybr® Fast Universal qPCR Mix (Kapa
Biosystems, Woburn), 0.4 µM of primers A189f and A650r and 1 µL of template
DNA in a final reaction volume of 20 µL (Table 5-3). Quantification of pmoA
gene copies was performed according to Henneberger et al. (Henneberger et al.,
2012). Samples were analyzed in triplicate, a total of three assays were performed
to include all samples, and run efficiencies ranged between 82.6% and 92.3% (R 2
= 0.9947–0.9999).
5.3.7 Terminal restriction-fragment-length-polymorphism analysis

We applied the terminal restriction-fragment-length-polymorphism (TRFLP) analysis, a fingerprinting technique for rapid profiling and comparison of
heterogeneous microbial communities (e.g., Liesack and Dunfield, 2004), which
is commonly applied to the pmoA gene to study MOB communities (Angel and
Conrad, 2009; Nauer et al., 2012). The T-RFLP analyses of pmoA amplicons were
performed according to Henneberger et al. (Henneberger et al., 2012), with the
following modifications: Expected-size amplicons (~500 bp) were purified using
a gel extraction kit (Fermentas, St. Leon-Roth, Germany) prior to digestion. The
purified products (0.5 - 3 µL) were mixed with 9 µL of HIDI Formamide
(Invitrogen) and 0.1 µL of fluorescent-internal standard MapMarker 1000_ROX
(Bioventures, Murfreesboro, TN). Obtained electropherograms were individually
inspected for quality; size assignment and abundance of peaks (corresponding to
terminal-restriction fragments, T-RFs) was determined using the GENEMAPPER
software package (v.3.7; Applied Biosystems) and validated by T-RFLP analysis
of selected pmoA clones. Peak standardization procedure generally followed the
guidelines provided by Liesack and Dunfield (Liesack and Dunfield, 2004).
Briefly, peaks selected for downstream analysis were between 30 and 505 bp in
size and peak heights were above a baseline noise level of 50 fluorescence units
(fu). For each sample, peaks with relative areas of < 1% of total area were
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discarded. Samples with peak total area less than 15000 fu were excluded from
further analysis. Alignment and binning of T-RFs followed the protocol
suggested by Abdo et al. (Abdo et al., 2006). Finally, identified T-RFs were
treated as separate operational taxonomic units in subsequent analyses.
5.3.8 Quantitative PCR

All calculations were performed using the R statistical software
environment (version 3.0.0; R Core Team, 2012). Best fits for oneL and twoL
soil CH 4 profile model parameters were obtained by non-linear-least-square
regression using R’s nls function. For the age-group analysis we employed only
the oneL model. In individual profile analyses we estimated J atm and k with the
model showing the lower Akaike information criterion (AIC), if both oneL and
twoL models reached conversion. If no convergence was reached, the CH 4
concentration gradient, and hence J atm , was approximated by simple linear
regression (linM), while no estimate for k could be obtained. Uncertainty
propagation for J atm and k was estimated by 1 st -order Taylor expansion using the
function propagate in the R package ‘propagate’.
Soil-physical and -chemical parameters θ w,b , θ w,ts , T soil , pH, N min and TOC
were tested for their dependence on soil age and site (glacier forefield) using
multiple linear regression with interactions. Furthermore, we tested each of the
response variables J atm , k and pmoA gene copy number with an extended multiple
linear regression model for correlations with the predictor variables soil age, site,
θ w,b , T soil , pH, N min and TOC. Where residual diagnostics indicated non-normality
and non-linearity, variables were either log-transformed (k, soil age, N min , TOC),
square-root-transformed (pmoA gene copy number), or arcsine-transformed (θ w,ts ,
θ w,b ). A stepwise reduction of predictor variables with the AIC as selection
criterion using R’s step function was employed to find the optimal model for each
response variable. Correlations were considered significant for P < 0.05.
Community fingerprints of MOB were analyzed in R using the package
‘vegan’ 2.0–7 (Oksanen et al., 2013) and ‘BiodiversityR’ (Kindt and Coe, 2005).
To measure variation in MOB community structure among all samples, a pairwise
comparison of the β-diversity based on the Bray–Curtis dissimilarity matrix was
computed, and community clustering was visualized as a heatmap using the
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package ‘pheatmap’ (Raivo, 2013). β-diversity is defined as the variation in
community structure among a set of samples across soil-age groups and sites
(Anderson et al., 2006).
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5.4

Results

5.4.1 Soil-physical and -chemical parameters

The approximate soil age of the sampling locations ranged from 6 – 67 yr
in the D forefield, and from 7 – 120 yr in the G forefield (Table 5-1). Soil
temperature increased significantly with soil age in both forefields (Figure 5-7),
although the absolute increase was smaller than 3 °C. Soils were relatively dry
throughout all soil ages, with θ w,b ranging from 0.040 – 0.16 m 3 m -3 (median =
0.083 m 3 m -3 ), which translates into a water saturation of ~10 – 40 % (Table 5-1).
Bulk θ w,b showed no significant correlation with soil age. Topsoil θ w,ts (0 – 15
cm) values were in a similar range (0.036 – 0.19 m 3 m -3 ), but significantly
increased with soil age. Furthermore, TOC and N min significantly increased with
soil age, while pH values decreased.
With regards to the bedrock type, values of θ w,b , θ w,ts and N min showed
little difference between D and G forefields (Figure 5-7). Noteworthy individual
outliers were location DB1 and DC2, which showed exceptionally high N min
concentrations. In particular, NO 3 - values were an order of magnitude higher than
at adjacent locations; no such extreme values were observed in the G forefield.
Soil temperature was significantly lower in the G forefield compared to the D
forefield; however, absolute differences were small (~2 – 3 °C). Differences in
pH reflected the two bedrock types, with a range of 5.3 – 7.6 in siliceous D, and
8.3 – 8.8 in calcareous G forefield. Total organic carbon was significantly
different between sites, and both TOC and pH changed significantly faster in the
D forefield, compared with the G forefield.
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Table 5-1: Soil-physical and -chemical parameters in siliceous (Damma, D) and calcareous
(Griessfirn, G) glacier forefields. Volumetric soil-water content at 0 - 15 cm depth is reported as
topsoil θw,ts, and the mean value of all depths as bulk soil θw,b.

soil age
yr

Tsoil
°C

b

c

c

Nmin
NO3
NH4+
-1
μg N (g d.w.)
μg N (g d.w.)-1
-

θw,ts
θw,b
pH
TOC
m3 m-3 m3 m-3
mg C (g d.w.)-1
DA1 a
0.052
0.10
6
12
6.9
0.37
0.034
DA2 a
0.060
0.082
DA3
7
12
0.089
0.16
6.5
0.24
0.012
DA4
11
12
0.086
0.099
6.7
0.23
0.040
DA5
13
11
0.11
0.11
7.6
0.28
0.024
DB1
50
13
0.19
0.13
7.1
2.6
4.4
DB2
49
13
0.11
0.092
6.8
1.7
0.035
DB3
51
14
0.15
0.096
5.6
6.4
0.11
DC1
66
13
0.17
0.083
5.5
14
0.095
DC2
64
13
0.088
0.14
6.2
6.3
1.8
DC3
66
13
0.11
0.10
5.3
4.0
0.092
DC4
67
13
0.10
0.096
5.4
3.6
0.19
GA1
7
8.5
0.050
0.053
8.8
1.5
0.13
GA2
8
8.3
0.045
0.048
8.6
2.2
0.17
GA3
14
7.5
0.036
0.081
8.6
3.0
0.26
GA4 a
0.040
0.075
18
9.0
8.8
1.9
0.17
0.045
0.11
GA5 a
GB1
27
9.5
0.066
0.065
8.7
1.4
0.17
GB2
27
9.6
0.065
0.064
8.7
1.2
0.13
GB3
30
9.3
0.084
0.078
8.6
1.5
0.18
GB4
31
9.5
0.074
0.064
8.7
1.4
0.17
GB5
41
9.5
0.059
0.044
8.3
3.7
0.47
GC1
83
10
0.047
0.052
8.6
3.0
0.32
GC2
85
9.8
0.080
0.082
8.6
3.5
0.29
GC3
93
9.5
0.12
0.10
8.5
4.6
0.17
GC4
100
9.8
0.038
0.040
8.6
2.5
0.26
GC5
120
9.8
0.077
0.13
8.6
2.6
0.16
a
Samples for chemical and molecular analyses of these adjacent locations were pooled.
b
Seasonal mean of all depths.
c
Mean of the early- and late-season sampling time-points.

Location

0.36
0.064
0.49
0.22
1.8
0.71
2.3
0.80
1.2
0.75
0.54
0.34
0.29
0.34
0.093
0.29
0.25
0.28
0.14
0.45
0.39
0.54
0.49
0.33
0.37
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5.4.2 Soil-atmosphere methane flux and methane oxidation activity

To evaluate the overall development of the soil CH 4 sink with increasing
soil age, we pooled all measured soil CH 4 concentrations and θ w according to site
and age groups and estimated “bulk” J atm and k for each pool with the oneL model
(Figure 5-2). For both glacier forefields, nearly all measured CH 4 concentrations
were sub-atmospheric, with some slightly increased values in the youngest soils.
The concentrations within age group A showed higher variation than in groups B
and C, with the exception of DC. Means of pooled θ w,b (0 – 100 cm) were in the
same range (~ 0.07 – 0.12 m 3 m -3 ) for all groups (Figure 5-2). Pooled topsoil θ w,ts
were considerably lower than θ w,b in age-group A, but in the same range in the
other groups, or slightly higher in DB. Fitted oneL model curves changed from a
straight line with a low gradient in the youngest soils (A) to a curve with steep
topsoil gradients in soils of B and C age classes. The resulting “bulk” J atm and k
increased substantially with soil age, but showed only marginal differences
between sites (Figure 5-2).
In a more detailed investigation we analyzed soil CH 4 profiles separately
for each sampling location and estimated location-specific J atm and k using either
the oneL, the twoL or the linM (example profiles and fits shown in Figure 5-3;
models and values listed in Table 5-2). The linM was employed only at three
locations in the youngest soils, for which the other models did not converge
(Figure 5-3a). For 15 of 27 profiles the oneL model was best suited to interpolate
soil CH 4 concentrations (Figure 5-3b). At nine locations we observed a sudden
decrease in CH 4 concentrations at a certain depth z L , coupled with an increase in
θ w . Here the twoL model provided the better fit (Figure 5-3c and d). Six of these
nine locations were situated in soils of age group A. Most twoL model fits led to
reasonable flux estimates in both layers (i.e., J atm > J zL ), while k bot was up to three
orders of magnitude larger than k top (Table 5-2, Figure 5-3c). Nevertheless, at
three locations in the G forefield the top-layer gradient was extremely small,
resulting in J atm < J zL and extremely low values for k top (Figure 5-3d). For these
locations we report bottom-layer J zL as a “best estimate” for J atm (Table 5-2).
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Figure 5-2: Combined soil CH4 profile analysis for each site (Damma, D; Griessfirn, G) and age
group (A-C). For improved visual comparison, measured and fitted soil CH4 concentrations are
plotted relative to the respective CH4 concentration in air. However, the fitting procedure was
performed with the original data. Resulting k and Jatm are reported with ±1σ.
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Figure 5-3: Soil CH4 concentration profiles, measured θw and fitted models for four selected
locations representing typical situations encountered. Corresponding Jatm and k are listed in Table
2.

Two out of three linM estimates yielded positive J atm values (Table 5-2);
however, regression parameters (i.e., gradients) and resulting J atm were barely
(GA2) or not significant (DA1 and DA2). At all other locations model fits
resulted in significant parameter estimates and negative J atm (i.e., uptake of
atmospheric CH 4 ) in the range of -0.082 to -2.2 mg CH 4 m -2 d -1 (Table 5-2).
Methane oxidation activities were different between applied models and layers,
with similar values for oneL k (0.24 – 16 h -1 ) and k bot (0.22 – 11 h -1 ), but much
lower k top (<0.001 – 0.62 h -1 ; Table 2). Note that soils < 10 yr ice-free reached

142

Results

J atm and k comparable to non-glaciated reference locations, where J atm was in the
range of -0.21 to -0.64 mg CH 4 m -2 d -1 and k in the range of 0.13 to 2.2 h -1 (not
shown).
When testing for correlations of soil age and site with J atm , we observed a
significant dependence of J atm on soil age, but not on site (Figure 5-4a). In
contrast, k showed no significant dependence on soil age and site (Figure 5-4b).
When including additional variables θ w,b , T soil , pH, N min , and TOC in the multiple
linear regression model and performing stepwise variable reduction, soil age
remained as the sole predictor for J atm (P = 7  10 -6 ), explaining 58 % of total
variance. For k, the optimal model explained only 31% of variance, with pH (P =
0.023) and soil age (not significant) remaining as predictor variables.
5.4.3 Abundance and community composition of MOB

Quantification of pmoA genes was possible for all samples with the
exception of DA3. In general, pmoA gene copy numbers significantly increased
with soil age in both glacier forefields, ranging from 2.4  10 3 copies (g soil w.w.) 1

at the youngest location (DA 1+2) to 5.5  10 5 at the oldest location (GC5) (Table

5-2). Values determined for the reference locations were one order of magnitude
higher than for the forefield locations, and ranged from 2.8  10 6 to 5.7  10 6 copies
(g soil w.w.) -1 . At DB1, pmoA gene copy numbers were exceptionally high
compared with values obtained from other samples of the same soil-age group,
and represented the highest pmoA gene copy numbers of the entire D forefield.
Multiple linear regression analysis used for testing the influence of site
and soil age on pmoA gene copy numbers showed that only soil age had a
significant influence (P = 2  10 -4 ; Figure 5-4c). Inclusion of additional variables
and performing stepwise reduction of variables resulted in an optimal model with
soil age (P = 1  10 -4 ) and N min (P = 2  10 -3 ) as significant predictors; site, pH, and
θ w,ts remained in the model but were not significant.
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Table 5-2: Soil-atmosphere CH4 flux Jatm and CH4 oxidation activity, expressed as first-order rate
coefficient k of CH4 oxidation, estimated for individual locations from fitted interpolation models
of soil CH4 profiles. The pmoA gene copy numbers are also shown. Values are reported with ±1σ.

Location

Model

a

Jatm

k
oneL k

mg CH4 m-2 d-1

h-1

twoL ktop

twoL kbot

pmoA gene
copy no.
103 (g
w.w.)-1

DA1
linM
0.011 ±0.01
2.4 ±0.1 b
DA2
linM
-0.035 ±0.03
DA3
twoL
0.041 ±0.01 1.5 ±0.9
n.q.
-0.16 ±0.05
DA4
oneL
1.3
±0.4
6.7
±1
-0.56 ±0.1
DA5
twoL
0.10
±0.02
0.33
±0.1
3.8
±1
-0.34 ±0.06
DB1
oneL
0.43 ±0.1
470 ±30
-0.35 ±0.09
DB2
oneL
2.0 ±0.4
200 ±40
-1.3 ±0.2
DB3
oneL
1.3 ±0.7
140 ±10
-0.53 ±0.2
DC1
oneL
16 ±1
130 ±2
-1.2 ±0.5
DC2
twoL
0.62 ±0.08 11 ±7
350 ±200
-0.97 ±0.1
DC3
oneL
0.65 ±0.3
130 ±20
-1.1 ±0.3
DC4
oneL
0.79
±0.2
110 ±20
-0.47 ±0.1
c
GA1
twoL
0.007 ±0.02 0.42 ±0.2 11 ±2
-0.36 ±0.2
GA2
linM
12 ±4
0.024 ±0.01
twoL
< 0.001
2.6 ±1
8.0 ±2
GA3 c
-0.30 ±0.2
GA4
twoL
0.008 ±0.02 0.22 ±0.08
-0.13 ±0.1
5.5 ±1 b
GA5
twoL
0.004 ±0.002 0.43 ±0.3
-0.082 ±0.02
GB1
oneL
0.26 ±0.04
24 ±0.5
-0.66 ±0.08
GB2
oneL
0.24
±0.05
17
±3
-0.82 ±0.1
GB3
twoL
0.16
±0.02
1.7
±1
8.6
±1
-0.51 ±0.07
GB4
oneL
0.51 ±0.1
17 ±3
-0.98 ±0.2
twoL
< 0.001
0.31 ±0.1 200 ±40
GB5 c
-0.39 ±0.1
GC1
oneL
0.78 ±0.2
92 ±9
-1.3 ±0.2
GC2
oneL
0.26 ±0.1
108 ±100
-0.76 ±0.2
GC3
oneL
0.94 ±0.2
50 ±10
-0.75 ±0.1
GC4
oneL
1.5 ±0.4
200 ±50
-2.2 ±0.4
GC5
oneL
0.68 ±0.3
550 ±80
-1.0 ±0.3
a
most suitable model applied for calculating Jatm; linM = linear model; oneL = one-layer model; twoL =
two-layer model.
b
Samples for molecular analyses of these adjacent location were pooled.
c
Near-horizontal gradient in the top layer; as a consequence, estimated bottom-layer θt fell below a
physically acceptable minimum of 0.2 (Zhang et al., 2011). Hence, we used a mean value of 0.27±0.04
for bottom-layer θt to calculate bottom-layer Deff and kbot, and approximate Jatm with bottom-layer flux
JzL.
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Figure 5-4: Correlations of response variables a) Jatm, b) k, and c) pmoA gene copy number with soil
age and site for siliceous Damma (D) and calcareous Griessfirn (G) glacier forefields. P-values of
the full regression model are reported in the respective figure. Outliers excluded from analysis are
indicated with their location name.
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The pmoA sequences obtained from the pooled DNA extracts clustered into
five different phylotypes, which were all affiliated with uncultured MOB (e.g.,
Upland Soil Cluster (USC) gamma; Knief et al., 2003) that have mainly been
detected in various upland soils (Zheng et al., 2012; Degelmann et al., 2010;
Martineau et al., 2014). To assess variation in MOB community composition, TRFLP profiles were generated for each location with the exception of GB3, GC4
and DB3, for which it was not possible to obtain sufficient amplification products
using the FAM-labeled primer. A total of eleven distinct T-RFs was identified
(Figure 5-8). The T-RFLP profiles did not appear to be influenced by soil age.
Conversely, some site-specific differences in the profiles were observed with
regard to presence and relative abundance of some T-RFs. Pairwise comparison
of the individual T-RFLP profiles confirmed these differences. The MOB
communities fell into two major clusters (1 and 2), showing some grouping
according to site, but not according to soil age (Figure 5-5). Cluster 1 was
composed of all but one G locations (GB5) and four D locations, while cluster 2
included all remaining D locations. Within cluster 2, the community present at
DB1, the location showing exceptionally high N min , appeared to differ from the
other communities and formed a distinct sub-cluster. Yet, exclusion of DB1 from
the pairwise comparison did not alter the clustering of the remaining MOB
communities (data not shown).
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Figure 5-5: Heatmap of pmoA-based T-RFLP profiles showing pairwise comparison of β-diversity
of all samples. Clustering was computed according to the Bray–Curtis dissimilarity index, which
ranges between 0 (no dissimilarity between samples) and 1 (total dissimilarity). The two major
clusters are indicated as “1” and “2”.

147

Soil‐methane sink increases with soil age in forefields of Alpine glaciers

5.5

Discussion

5.5.1 Soil-physical and chemical parameters

Overall, variations of physical parameters θ w and T soil between sampling
locations were restricted to a narrow range, much smaller than potential
variations within an entire glacier forefield (e.g. Zumsteg et al., 2013). This
indicates that the sampling locations were indeed confined to a single
geomorphological landform. Thus, the investigated soil chronosequence likely
fulfilled the crucial assumption of a space-for-time substitution (Stevens and
Walker, 1970), allowing more reliable conclusions on soil CH 4 sink development
with soil age. On the other hand, this important feature also prevents
extrapolation of results to other geomorphological landforms that comprise a
glacier forefield.
The generally low θ w in both forefields were likely the result of fast
drainage and not drought, as there was substantial rainfall within max. four days
prior to each sampling event. Fast drainage was facilitated by the coarse texture
of our glacier forefield soils (sand and skeleton; Nauer et al., 2012), as reported
for leptosols in general (Egli et al., 2006; IUSS Working Group, 2006). The
small, but significant difference in T soil between the two glacier forefields can be
explained by their different altitude (G: ~2220 m.a.s.l.; D: ~2050 m.a.s.l.).
The observed significant change in chemical parameters pH, TOC and N min
with age is typical for soil development in glacier forefields (Bernasconi et al.,
2011; Crocker and Major, 1955; Egli et al., 2006; Smittenberg et al., 2012).
Among these, pH and TOC changed significantly faster in D than in G forefield
(e.g., interaction terms with P< 0.03 and P< 2.1  10 -5 for pH and TOC,
respectively; Figure 5-7). For pH, this may have been the result of a rapid loss of
buffer capacity in the siliceous bedrock. Changes in TOC are more difficult to
interpret, but it is possible that the more stable values in the calcareous G
forefield were dominated by the fraction of organic carbon entrapped in the
calcareous rock. Hence, our data suggest that bedrock type was indeed the main
factor distinguishing the two sites.
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5.5.2 Effect of soil age on the soil-methane sink
5.5.2.1 Effects on soil-atmosphere CH 4 flux and CH 4 oxidation activity

Alpine glacier-forefield soils investigated in this study acted as a sink for
atmospheric CH 4 , already within < 10 yr after glacial retreat, and J atm was
significantly increasing with increasing soil age in both forefields (Figure 5-2
and Figure 5-4; Table 5-2). Only one location appeared to be a small CH 4 source,
yet the emission was negligible in magnitude. An increase in CH 4 uptake with
soil age was previously observed by Bárcena et al. (Bárcena et al., 2010) in a
glacier forefield in Greenland, yet only in soils > 80 yr ice-free. In addition, CH 4
uptake in that study was much lower in magnitude compared with our results.
Remarkably, our J atm values were in general similar or even higher than at the
reference locations and in mature Alpine grasslands and forests (Hartmann et al.,
2011; Hiltbrunner et al., 2012). In these mature soils, topsoil θ w was the most
important factor controlling J atm . In contrast, the investigated debris deposits in
our glacier forefields drained quickly. Hence, D eff and thus CH 4 availability was
generally high, which resulted in large J atm across all soil-ages. This implies that
despite their poor fertility and low water retention, developing and even barren
mountainous soils (i.e., leptosols; IUSS Working Group, 2006) have the potential
to consume substantial amounts of atmospheric CH 4 . Thus, they should be further
characterized and incorporated into future estimates of global soil CH 4 uptake.
Methane oxidation activity was independent of soil age in the regression
model (Figure 5-4), whereas the increase of bulk k from age groups A to C was
even more pronounced than of bulk J atm (Figure 5-2). Bulk k was estimated with
the oneL model, encompassing the full 1-m depth profile. Conversely, k estimates
for individual soil CH 4 profiles were often derived with the twoL model (twoL
locations), where k top was always negligible in magnitude compared to k bot .
Hence, the low bulk CH 4 oxidation activity in age group A seemed to be a
combination of several inactive and some highly active soil layers with strong
changes in the CH 4 gradient. In these active layers, k bot was comparable to mature
upland soils (Nauer and Schroth, 2010; Von Fischer et al., 2009). Thus, CH 4
oxidation activity was generally high in all soils irrespective of soil age, but in
youngest soils it was restricted to narrow zones often located in deeper layers.
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At twoL locations, the active zone coincided with an increase in θ w (e.g.,
Figure 5-3c and d). Mean θ w above this zone was around 0.04-0.1 m 3 m -3 (10-25
% water saturation), which was close to values observed in arid soils (Angel and
Conrad, 2009; S. C. Whalen and Reeburgh, 1990). At low θ w (below ~20 % water
saturation) water stress seemed to limit CH 4 oxidation activity (Borken et al.,
2006; Dunfield, 2007; Gulledge and Schimel, 1998; Von Fischer et al., 2009),
while J atm measured at the soil surface seemed to be less affected by dry
conditions (Borken et al., 2000; Blankship et al., 2010). It appears that at twoL
locations CH 4 oxidation activity focused on deeper soil layers, where θ w was more
favorable. Thus, the deeper but active layers were responsible for the gross J atm .
Such a pattern was suggested for desert soils (S. C. Whalen and Reeburgh, 1990),
and for Alpine meadow soils during an induced drought (Hartmann et al., 2010);
for the latter the downward-shift in activity was experimentally confirmed by
Stiehl-Braun et al. (2011).
Few locations with twoL profiles showed almost no gradient in the top
layer, despite obvious consumption of CH 4 in deeper soil layers. This indicated
that besides diffusion from the atmosphere there was input of CH 4 by an
additional (e.g., wind-induced) mixing process in the top layer (Maier et al.,
2012; Takle et al., 2004), and/or that top-layer θ t was severely underestimated at
these locations.
5.5.2.2 Effects on MOB abundance and community composition

Similar to J atm we observed a significant increase in pmoA gene copy numbers
along the chronosequence in both glacier forefields. However, MOB needed >100
yr to reach an abundance in the range of the reference locations. When compared
with other mature upland soil ecosystems (up to 10 6 copies (g soil d.w.) -1 ; Kolb
et al., 2005; (Abell et al., 2009), pmoA gene abundance detected in B and C soilage classes was at least one order of magnitude smaller, suggesting that the
establishment of MOB communities in the investigated soils is still an ongoing
process. Due to the low concentration of CH 4 in the atmosphere, high-affinity
MOB have been suggested to be relatively slow-growing organisms, primarily
limited by CH 4 availability (Bender and Conrad, 1992; Dunfield, 2007; Priemé
et al., 1996). Nevertheless, J atm in youngest soils (age <10 yr) was already
comparable to mature soils. This suggests that in the youngest soils our soil150
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sampling depth of 5-15 cm may not have covered the most active layers. Soil
samples collected at few selected locations from various depths (10, 30 and 50
cm) indicated that pmoA genes in youngest soils were similar in abundance
throughout the soil layers (e.g., GA5: 1.0 – 2.3  10 4 copies (g soil w.w.) -1 ,
whereas in soils of B and C age classes we observed clear maxima at 10 or 30 cm
depth (e.g., GC3: 1.7    9.4  10 5 , and 1.7  10 5 copies (g soil w.w.) -1 at 10, 30,
and 50 cm depth, respectively). Thus, with decreasing CH 4 supply to deeper soil
layers, MOB abundance appeared to decrease accordingly. Eventually, MOB
abundance may establish a maximum at shallow depth, as observed in several
mature upland soils (Kolb et al., 2005).
Alternatively, soil age can be seen as an aggregate of all undetermined
factors that change with soil development; i.e., MOB might be limited by a yet
undetermined factor that also increases with soil age. For example, as a result of
inherent difficulties in their cultivation (Kolb, 2009), it remains unclear whether
high-affinity MOB are true oligotrophs. Recent studies suggested that MOB in
upland soils might need other forms of organic C for survival (Pratscher et al.,
2011; Sullivan et al., 2013), or occasionally “flush-feed” on higher CH 4 inputs
resulting from microsite methanogenesis (Dunfield, 2007). We could not find a
significant correlation of J atm and pmoA gene copy numbers with TOC content.
However, we cannot exclude that MOB present at our sites are facultative and
might profit from short-term C inputs, e.g., during snowmelt. In contrast, N min
positively correlated with pmoA gene copy number. It has been shown that
fertilization with N min can enhance uptake of atmospheric CH 4 in various
ecosystems (Aronson and Helliker, 2010; Bodelier and Laanbroek, 2004).
Therefore, low contents of N min might be partially responsible for low MOB
abundance and slow growth in glacier forefield soils. This assumption was
supported by the detection of exceptionally high pmoA gene abundance and
highest N min at location DB1. After our sampling, this location was observed to
be a preferential resting place for sheep grazing in the surroundings, thus
fertilizing the area around this location.
Contrary to our initial hypothesis, MOB community composition appeared
to be independent of soil age. This seemingly contrasts the reported tendency of
increasing MOB diversity with soil age in glacier forefield soils in Greenland
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(Bàrcena et al,. (Bárcena et al., 2011, 2010). However, samples collected in these
studies appeared to originate from different geomorphological landforms. When
accounting for geomorphological differences, recent studies investigating total
microbial communities in the D forefield failed to display any dependence of
community composition on soil age (Zumsteg et al., 2012); rather, clear
variations between differently exposed locations within the forefield were
observed (Zumsteg et al., 2013, 2011). It appears that once a community is
adapted to the prevalent site conditions, soil age affects largely its size, while its
composition remains fairly stable. Collectively, these findings also suggest that
careful control of geomorphological factors is required to adequately interpret
results from chronosequence studies.
5.5.3 Effect of bedrock type on the soil-methane sink

The MOB community composition appeared to be the only attribute of the
soil CH 4 sink influenced by site. While J atm , k and pmoA gene copy numbers were
remarkably similar between the two forefields, MOB communities inhabiting
calcareous soils (G) clearly differed from the ones inhabiting siliceous soils (D).
It has been shown previously that bedrock is among the key factors shaping total
microbial community composition of glacier-forefield soils (Lazzaro et al.,
2009a; Meola et al., 2014). Mineralogy may affect diversity and structure of
particulate-associated microbial communities (Boyd et al., 2007; Mitchell et al.,
2013), while the homeostasis of pH is a crucial physiological yet energetically
costly process, thus pH has a strong potential of influencing the competitive
success among bacteria (Booth, 1985; Padan et al., 2005). Yet, these factors
appear to have no effect on the function of MOB and its development with soil
age; different but well-adapted communities provide a similar ecosystem service.
However, they may react differently to environmental changes (e.g., temperature,
precipitation), which may affect their ecosystem function in different ways.
Some pmoA sequences obtained in our study from both D and G forefields
showed highest similarity to MOB sequences closely related to USC gamma
retrieved from permafrost soils (Zheng et al., 2012). The USC gamma clade, a
group of putative high-affinity MOB (Nazaries et al., 2013), has been initially
detected in neutral pH soils (Knief et al., 2003; Zheng et al., 2012), and was
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recently found in both acidic and alkaline glacier-forefield soils (Nauer et al.,
2012). However, our goal was not to specifically identify MOB present at the two
sites, but to assess changes in MOB community composition.
5.5.4 Establishment of the soil-methane sink

We consider true oligotrophic MOB to be responsible for atmospheric CH 4
consumption

in

the

investigated

glacier-forefield

soils.

Initially,

CH 4

concentrations close to atmospheric levels prevailed in all soil layers, and CH 4
oxidation activity seemed to appear preferentially in deeper soil layers. However,
additional organic C inputs concentrate at the soil surface and may rarely reach
deeper layers. Hence, while high-affinity MOB present in these soils may be
facultative and occasionally profit from additional C substrates, a complete
dependence on such substrates appears less plausible. In addition, it is unlikely
to find “flush-feeding” MOB responsible for the majority of the observed CH 4
uptake. Microsite methanogenesis can be considered inactive in these fastdraining, C-limited, and fully oxic glacier-forefield soils (Nauer et al., 2014),
even though long-term anoxic incubations (>30 d) indicated the presence of
viable methanogens in a similar ecosystem in the Himalayas (Aschenbach et al.,
2013). Furthermore, we exclude entrapped CH 4 recently discovered in calcareous
glacier-forefield soils as a generic CH 4 source, as it is absent in siliceous
forefields (Nauer et al., 2014).
Collectively, our data suggest a pattern for the establishment of the soil
CH 4 sink with increasing soil age in the investigated glacier-forefield soils, and
we propose the following four development phases: 1) Initiation phase: In barren
soil MOB initiate CH 4 consumption preferentially in deeper soil layers, as they
do not depend on C and energy inputs at the soil surface, and CH 4 availability is
not yet limited (Figure 5-6a); 2) Establishment phase: Initial CH 4 oxidation
activity and growth concentrates in layers with favorable θ w , thus avoiding water
stress and other unfavorable conditions, e.g., temperature fluctuations, UV
radiation close to the soil surface (Figure 5-6b); 3) Expansion phase: With
increasing MOB abundance, consumption of CH 4 in deeper soil layers becomes
limited by the supply of atmospheric CH 4 via diffusion; hence, CH 4 oxidation
activity “moves” gradually upwards (Figure 5-6c); 4) Steady-state phase:

153

Soil‐methane sink increases with soil age in forefields of Alpine glaciers

Eventually CH 4 oxidation activity is focused in an optimal layer with respect to
CH 4 availability and θ w , generally at soil depths between ~10 – 40 cm (Figure
5-6d). We note that this suggested pattern of establishment is applicable to soils
of the investigated geomorphological landform, i.e., debris deposits, but may also
apply to other developing soil ecosystems with similar physicochemical
properties.

Figure 5-6: Conceptualization of soil CH4 sink establishment showing a) initiation, b)
establishment, c) expansion, and d) steady-state phases. Gray-shading indicates depth intervals in
which favorable conditions prevail and CH4 oxidation activity occurs, increasing darkness of
shading reflects increasing levels of CH4 oxidation activity. Brackets indicate unfavorable
conditions limiting CH4 oxidation activity (UV radiation: [UV], temperature fluctuations: [Tsoil↕],
water stress: [θw↓], and low CH4 availability: [CH4↓]. Dashed lines indicate soil surface.
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5.7

Supplementary information

Table 5-3: Primer pairs, sequences and thermal profiles of PCR amplifications
No.
of
Amplification Primer
PCR
Molecular
target-gene
pair
round Thermal profile
analysis
control
344bf a
1
95°C for 5 min.
16S rRNA
PCR
95°C for 30s, 55°C for 30s, 72°C for 60s
AU1406r
b
(30 cycles)
72°C for 5 min.
c,d
f
A189f
2
95°C for 4 min.
control
pmoA
A650r e
95°C for 60s, 56°C for 60s, 72°C for 60s
PCR,
(35 cycles)
T-RFLP
72°C for 5 min.
Q-PCR
A189f c
1
95°C for 3 min.
pmoA
A650r e
95°C for 60s, 62–52°C for 60s, 72°C for 60s
(10 cycles) g
95°C for 15s, 52°C for 30s, 72°C for 30s,
85°C for 30 s for data acquisition
(35 cycles)
95°C for 15s, 60°C for 60s, 95°C for 30s,
60°C for 15s (melting curve analysis)
a
Primer sequence: 5’-CCAGACTCCTACGGGAGGCAGC-3’(Rudi et al., 1997).
b
Primer sequence: 5’-ACGGGCGGTGWGTRCAA-3’ (Baker et al., 2003, modified from
Lane, 1991).
c
Primer sequence: 5’-GGNGACTGGGACTTCTGG-3’ (Holmes et al., 1995).
d
Primer labeled with 5-carboxyfluorescein in second-round PCR for T-RFLP analysis.
e
Primer sequence: 5’-ACCTTCGGTAAGGACGT-3’ (Bourne et al., 2001).
f
Two PCR rounds were performed at most locations to obtain an optimal product yield.
g
Touch-down PCR from 62 to 52°C. Annealing temperature was decreased by 1°C after each
cycle until it reached a “touch-down” temperature of 52°C.
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Figure 5-7: Correlations of physical and chemical parameters (Tsoil, θw,ts, θw,b, pH, TOC, and Nmin)
with soil age and site for siliceous Damma (D) and calcareous Griessfirn (G) glacier forefields. Pvalues of the full regression model are reported in the respective figure.
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Figure 5-8: Relative abundance of individual T-RFs presented as fraction of the total abundance.
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6.1

Abstract
Glacier-forefield soils may provide a substantial sink for atmospheric CH 4 ,

catalyzed by aerobic methane-oxidizing bacteria (MOB). Glacier forefields
typically feature a soil chronosequence, multiple landforms, and soils therein are
subject to strong fluctuations in physical parameters, which together may shape
MOB community structure and activity. We assessed spatial and temporal
variability of atmospheric CH 4 oxidation in an Alpine glacier forefield during the
snow-free season 2013. To quantify CH 4 flux (J atm ) we used the soil-gas-profile
method and static flux chambers in soils of increasing age and different landforms
(sandhill, floodplain, terrace). To determine MOB abundance and community
structure we employed pmoA-gene-based quantitative PCR and high-throughput
sequencing. Throughout the season, sandhills exhibited CH 4 uptake (-0.03 ≤ J atm
≤ -3.7 mg CH 4 m -2 d -1 ), which increased in magnitude and decreased in overall
variability with increasing soil age. Floodplain and terrace exhibited smaller
uptake and even intermittent CH 4 emissions. Linear mixed-effect models
indicated that soil age and landform were dominating factors shaping J atm ,
followed by recent (≤ 4 d prior to sampling) rainfall. Out of 31 MOB operational
taxonomic units retrieved, ~30% were potentially novel sequences, and ~50%
were affiliated with Upland Soil Clusters gamma and alpha. The MOB community
structures in floodplain and terrace were nearly identical, but significantly
differed from highly variable sandhill communities. We conclude that soil age
and landforms modulate the soil CH 4 sink strength in glacier forefields, and
recent rainfall affects its short-term variability. This should be taken into account
when including this environment in future CH 4 inventories.
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6.2

Introduction
Aerobic oxidation of the potent greenhouse gas methane (CH 4 ) is one of

many important ecosystem services provided by soils (Dominati et al., 2010;
Myhre et al., 2013). It is mediated by methane-oxidizing bacteria (MOB), which
can utilize CH 4 as sole source of carbon and energy (Hanson and Hanson, 1996).
Activity of MOB in soils can substantially attenuate CH 4 emissions to the
atmosphere from natural and anthropogenic sources such as wetlands, rice
paddies, and landfills (Graef et al., 2011; Henneberger et al., 2015; Qiu et al.,
2008). Moreover, so-called high-affinity MOB inhabiting well-drained (upland)
soils are capable of utilizing atmospheric CH 4 at ambient concentrations (≤ 1.8
μL L -1 ; Bender and Conrad, 1992). As a result, upland soils are usually a sink for
atmospheric CH 4 , contributing ~5 – 15% to the total loss of CH 4 from the
atmosphere (Bridgham et al., 2013; Dunfield, 2007; Dutaur and Verchot, 2007).
As cultivation attempts for high-affinity MOB have been mostly
unsuccessful to date (Methylocystis sp. strain SC2 is the only potential highaffinity MOB isolate; (Baani and Liesack, 2008), molecular and biochemical
methods are employed for their identification in upland soils. Identification is
typically based on the amplification of the pmoA gene, a widely used MOB
biomarker, whose phylogenetic affiliation closely reflects phylogenies based on
16S rRNA sequences ( e.g., Knief, 2015). The pmoA gene encodes for a subunit
of the particulate form of the enzyme methane monooxygenase (pMMO), which
catalyzes the first step in the oxidation of CH 4 (Hanson and Hanson, 1996;
Semrau et al., 1995). Based on pmoA, high-affinity MOB have been mainly
assigned to the clades Upland Soil Cluster (USC) alpha and gamma, and it was
noted that they are distantly related to two groups of cultivable MOB, type II and
type I, respectively (Henckel et al., 2000; Holmes et al., 1999; Knief et al., 2003).
The pmoA gene encodes for a subunit of the particulate form of the enzyme
methane monooxygenase (pMMO), which catalyzes the first step in the oxidation
of CH 4 (Hanson and Hanson, 1996; Semrau et al., 1995). Based on pmoA, highaffinity MOB have been mainly assigned to the clades Upland Soil Cluster (USC)
alpha and gamma, and it was noted that they are distantly related to two groups
of cultivable MOB, type II and type I, respectively (Henckel et al., 2000; Holmes
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et al., 1999; Knief et al., 2003). High-affinity MOB have been intensively studied
in mature upland soils of tundra, forests, grasslands, savannahs, and deserts
(e.g.,(Adamsen and King, 1993; Born et al., 1990; Livesley et al., 2011; S C
Whalen and Reeburgh, 1990; S. C. Whalen and Reeburgh, 1990). However, only
limited information is currently available on the performance of high-affinity
MOB in young, developing upland soils (e.g., recent volcanic deposits or
proglacial sediments).
Whereas developing upland soils are yet excluded from national and global
CH 4 inventories (e.g., (Dutaur and Verchot, 2007; Hiller et al., 2014), recent
studies indicate that they may provide a substantial sink for atmospheric CH 4 .
For example, Hawaiian volcanic deposits (andosols; FAO soil classification)
were found to be a sink for atmospheric CH 4 already 40 years after deposition,
and they exhibit CH 4 uptake (-0.7 – -1.8 mg CH 4 m -2 d -1 ) similar to mature forest
and grassland soils (King and Nanba, 2008). Atmospheric CH 4 oxidation was also
detected in proglacial sediments, both in Arctic (Bárcena et al., 2010) and Alpine
environments (Hofmann et al., 2013; Nauer et al., 2012). Specifically, young
Alpine proglacial sediments, hereafter referred to as glacier-forefield soils
(lithosols; FAO soil classification), can act as a sink for atmospheric CH 4 already
at an early stage of soil development (<15 years). At this stage, they can display
substantial CH 4 uptake (up to -0.7 mg CH 4 m -2 d -1 ; Nauer et al., 2012). As the
extent of glacier forefields is expected to further increase with ongoing glacial
retreat (Haeberli et al., 2013; Paul et al., 2011), it is important to better
understand factors modulating community composition and activity of highaffinity MOB in this developing soil environment.
Glacier forefields are heterogeneous and dynamic environments, which
exhibit features that render their soils interesting but challenging systems for the
study of microbial structures and functions. First, glacier forefields often feature
a well-defined sequence of soil ages (soil chronosequence; e.g., (Nemergut et al.,
2007; Stevens and Walker, 1970)). This is a consequence of glacial retreat, when
sediments are successively subjected to a radical shift from a subglacial to a
proglacial environment, whereby soil formation is initiated. Thus, the soil
chronosequence is an ideal model ecosystem for studies of microbial primary
succession (e.g., (Sigler et al., 2002)). Second, glacier-forefield soils can be
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derived from diverse bedrock types. As bedrock type is a key factor determining
nutrient availability, it may shape microbial communities in glacier-forefield
soils (Lazzaro et al., 2009b; Meola et al., 2014). Third, glacier forefields exhibit
topographically

diverse

landscapes.

The

co-occurrence

of

different

geomorphological processes (e.g., glacial erosion and deposition, debris
movement, physical and chemical weathering) can lead to the formation of
numerous proglacial landforms (Gregory and Goudie, 2011; Mavris et al., 2010).
Individual landforms often exhibit specific physicochemical properties, which
may affect microbial community composition and activity. Finally, glacierforefield soils are also subject to dramatic short-term and seasonal variability in,
e.g., soil-physical parameters such as temperature and water content, which are
known to affect the performance of microbial communities. Whereas such
variations are usually small during the snow-covered season (Bartlett, 2004;
Sokratov, 2002), with snowmelt glacier-forefield soils undergo sudden changes
in soil-water content, and they can be subject to large fluctuations in temperature
and water regimes throughout the snow-free season (e.g., (Lazzaro et al., 2015a;
Lipson et al., 2002)).
In a recent field study, we investigated atmospheric CH 4 oxidation and
MOB community composition along soil chronosequences (soil age 6 – 120 yr)
in two Swiss glacier forefields situated on contrasting bedrock types, i.e., on
siliceous and calcareous bedrock (Chiri et al., 2015). Soil age was found to be
the main factor affecting atmospheric CH 4 uptake, which increased with
increasing soil age and ranged from -0.082 to -2.2 mg CH 4 m -2 d -1 . In contrast,
observed differences in MOB community composition were mainly related to
bedrock type rather than soil age, indicating that distinct, low-diversity MOB
communities provide a similar ecosystem service in the two forefields (Chiri et
al., 2015). However, as field sampling in that study was restricted to a single
proglacial landform (bands of lateral debris deposits) and two time points during
the snow-free season, effects of different landforms on and temporal variability
of atmospheric CH 4 oxidation and MOB community composition remain
unknown to date.
Here we hypothesize that atmospheric CH 4 oxidation and MOB community
composition in glacier-forefield soils may be subject to substantial temporal
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variability during the snow-free season, and may also exhibit differences between
proglacial landforms differing in physicochemical properties. Thus, our
objectives for this study were to investigate (I) temporal variability in
atmospheric CH 4 oxidation and MOB community composition in a Swiss glacier
forefield along an established soil chronosequence, and (II) to assess landformspecific contributions and their temporal variability to the soil CH 4 sink within a
specific soil-age class. Finally, we wanted to improve the resolution in microbial
community analysis by applying a high-throughput sequencing technique to
assess MOB diversity and community composition in glacier-forefield soils.

6.3

Materials and methods

6.3.1 Field site

We performed sampling and field measurements in the forefield of
Griessfirn glacier (Canton Uri, Switzerland), which has been extensively
described in earlier publications (Nauer et al., 2014). Sampling locations were
positioned along or perpendicular to two different transects. For the first transect,
eight locations were selected with increasing distance from the glacier terminus
in SW-NE direction on a band of lateral debris deposits (a landform hereafter
referred to as “sandhill”), along a well-defined soil chronosequence (Figure
6-1a). These locations will hereafter be referred to as “chronosequence” (cs)
locations. They represent a subset of sampling locations installed and categorized
into three soil-age classes (A: ~0 – 20 yr, B: ~20 – 50 yr, C: ~50 – 120 yr) during
a previous study (Chiri et al., 2015). In the present study, each soil-age class
comprised 2 – 3 sampling locations.
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Figure 6-1: Sampling locations at Griessfirn glacier forefield. Sampling locations for (a)
chronosequence and (b) landform transects are noted in Swiss square projection (CH1903; “Swiss
Grid”) coordinates. Background aerial photographs obtained from the Federal Office of
Topography SWISSTOPO (http://www.map.swisstopo.admin.ch) date back to 2005.

The second transect was established to investigate atmospheric CH 4
oxidation in different geomorphological landforms while minimizing the effect
of soil age. This transect was positioned in soil-age class B across three different
landforms (floodplain (F), terrace (T), sandhill (S)), which were identified based
on topographical features (Figure 6-1b). A floodplain may be described as a
streamlined bed form parallel to the glacial river, which features a shallow ground
water table. In contrast, terraces are slightly elevated ancient floodplains that
present dryer conditions with a deeper ground water table, but exhibit a similar
structure as floodplains. Finally, sandhills are depicted as un-oriented hummocky
landforms exhibiting a disorganized deposition pattern and the deepest ground
water table among the three landform types (Gregory and Goudie, 2011). Five
sampling locations per landform were loosely aligned perpendicular to this
transect (hereafter referred to as “landform” (lf) locations). Samples were named
according to category (cs or lf), soil-age class (A, B, or C) or landform (S, F, or
T), location number (1 – 5), and sampling time point (t0 – t8), e.g., csA1-t1, lfF1t3.
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6.3.2 Field-sampling and -measurement procedures

At cs locations we employed the soil CH 4 profile method to quantify soilatmosphere CH 4 flux J atm (mg CH 4 m -2 d -1 ) (e.g., (Born et al., 1990)). To this end,
depth-resolved soil-gas samples, as well as volumetric soil-water content (θ w )
and temperature (T soil ) measurements were obtained using the poly-use multilevel sampling system (PMLS; (Nauer et al., 2013)). Details of the PMLS
installation and sampling procedures are presented in Chiri et al. (2015, (Chiri et
al., 2015)). Soil-gas sampling and θ w measurements were performed under dry
weather conditions during nine sampling campaigns in 2013 (Jun – Oct).
Sampling started on 18 Jun, when most of the glacier forefield was still snow
covered, followed by frequent sampling shortly after snowmelt (2, 9, and 17 Jul),
when substantial changes in soil-physical and -chemical parameters were
expected to occur. Towards the end of the snow-free season, sampling frequency
was reduced (31 Jul, 12 and 29 Aug, 19 Sep, and 8 Oct). Air temperature and
depth-resolved T soil were measured in 1-h intervals throughout the sampling
season at one location per soil-age group. We report topsoil temperature (T ts )
using the uppermost measurement point (7.5 cm depth), and bulk-soil temperature
(T bs ) using the mean value of all depths (7.5 – 97.5 cm depth).
For lf locations we used the static-flux-chamber method to quantify J atm
(e.g. Livingston and Hutchinson, 1995). Polyvinyl-chloride chamber (31 cm dia.
x 27 cm height) deployment took place shortly after snowmelt (9-10 Jul).
Chambers comprised a base collar inserted ~15 cm into the ground. To allow soil
consolidation around the collars, an idle phase of eight days (which included
several rainfall events) followed chamber installation. Flux measurements were
performed during six sampling campaigns (17, 25, and 31 Jul, 12 and 29 Aug, 19
Sep). During flux measurements, collars were fitted with gaskets and detachable
lids, resulting in chamber head-space volumes ranging from 9.2 to 11.4 L. Each
lid featured an aluminum-foil cap to minimize temperature increases in the headspace volume from solar irradiation, and a port connected to a three-way valve,
which allowed extraction of 20-mL gas samples from the head-space volume with
a plastic syringe, similar to PMLS gas sampling. Measurement periods lasted 90
min, with four gas samples collected at regular time intervals for subsequent
analysis of CH 4 concentration.
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On the same days, we measured θ w by time-domain reflectometry
(TDR100, Campbell Scientific, Lougborough, UK) at 2 – 3 locations per
landform in close vicinity of the flux chambers using pairs of 30-cm-long brass
rods permanently installed into the ground. Nearby, T soil at 1 and 11 cm depths
were measured in 1-h intervals throughout the sampling season using iButton
temperature loggers (DS1921G#F50, Maxim Integrated, San Jose, CA; United
States) mounted on wooden rods permanently installed into the ground.
A total of 56 soil samples were collected for molecular analyses on 3 – 4
sampling days per location at the beginning and towards the end of the sampling
season between Jun 18 and Sep 19, 2013. Soil was collected from all eight cs
locations and from nine lf locations (lfF1, lfF3, lfF5, lfT1, lfT3, lfT5, lfS1, lfS3,
lfS5). Details of the sampling procedure are in Chiri et al. (2015).
6.3.3 Estimation of soil-atmosphere methane flux

Methane concentrations in all soil-gas samples were quantified on a gas
chromatograph with a flame ionization detector as described in Nauer and
Schroth (2010). To estimate J atm for each cs location and sampling date, depthresolved CH 4 concentrations were fitted using an analytical solution to a
differential diffusion-reaction model in steady-state (Dörr and Münnich, 1990).
This analytical solution assumes CH 4 oxidation to be governed by a single firstorder reaction over the entire depth profile, and is hereafter referred to as onelayer (oneL) model. We recently adapted the oneL model to account for the
occurrence of two distinct top and bottom layers in the soil profile (Chiri et al.,
2015). This model will be referred to as two-layer (twoL) model. Estimates of
J atm were calculated using Fick’s first law from the CH 4 concentration gradient
at the soil-atmosphere boundary using best-fit model parameters. In cases when
model convergence failed, the CH 4 concentration gradient, and hence J atm , were
approximated by linear regression. For lf locations, J atm values were obtained by
calculating the slope of CH 4 concentrations in the flux chambers plotted against
measurement time using linear regression (e.g., Schroth et al., 2012).
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6.3.4 Molecular analyses
6.3.4.1 Total DNA isolation and pmoA gene amplification

Genomic DNA was isolated using the MP FastDNA ® Spin Kit for Soil (MP
Biomedicals, Solon, OH, United States) according to the manufacturer’s
instructions, with minor modifications. Recovery and purity of the DNA extracts
was tested prior to further molecular analyses. Applied protocols for DNA
extraction and quality control are described in Chiri et al. (2015). Amplification
of the pmoA gene was the first step for all subsequent molecular techniques
applied in this study. Primer sequences and amplification procedures are shown
in Table 6-2.
6.3.4.2 Quantitative PCR

Copies of pmoA genes in DNA extracts were measured by quantitative PCR
on an ABI 7500 (Applied Biosystems, now Thermo Fischer Scientific, Waltham,
MS, United States). Amplification was performed as described in Table A1.
Quantification of pmoA copy numbers followed the procedure described in
Henneberger et al. (2012). Samples were analyzed in triplicate. Efficiency of the
three assays performed was always ~100% and R 2 above 0.99.
6.3.4.3 High-throughput amplicon sequencing

For each sample, we prepared amplicon libraries of the pmoA gene from
genomic DNA extracts. Amplification was performed using tailed customdesigned primer pairs to allow subsequent annealing of indexed sequencing
adapters. Primer sequences, amplification reagents, and thermal profiles are
given in Table 6-2. To reduce propagation of amplification bias, we prepared two
separate pmoA libraries per sample. Amplification products of the duplicates
were pooled and purified with the Agencourt AMPure XP PCR Purification Kit
(Beckman Coulter, Nyon, Switzerland) according to the manufacturer’s
instructions. Quality was checked on an Agilent 2100 Bioanalyzer station
(Agilent Technologies, Waldbronn, Germany). A limited-cycle amplification
reaction was subsequently performed to provide each library with sequencing
adapters and sample-specific dual indexing, using the Nextera XT DNA v2 Index
Kit set A (Illumina, San Diego, CA; United States; see Table 6-2). The indexed
libraries were again quality checked as described above. Each library was
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quantified on a Qubit TM Fluorometer (Life Technologies Invitrogen, now Thermo
Fischer Scientific, Waltham, MS, United States), as well as through qPCR
(reagents provided by the Illumina kit). Eventually, amplicon libraries were
normalized to a final concentration of 4 nM and pooled. Paired-end sequencing
was performed on a MiSeq DNA-sequencing platform (Illumina, San Diego, CA,
United States) using the 600-cycle MiSeq Reagent Kit v3.
Sequencing data processing was conducted as follows. Initial quality
control and validation of the raw reads were performed using the software FastQC
v0.11.2 (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). In a first
step the reads were 3’-trimmed to remove ambiguous or low-quality endings
(using the software ‘PRINSEQ-lite’ v0.20.4; (Schmieder and Edwards, 2011)) to
improve the subsequent merging. In a next step, overlapping reads were merged
using the software FLASH V1.2.9 (min overlap 15, maximum overlap 300,
mismatch density 0.25; (Magoč and Salzberg, 2011)). The successfully merged
reads were primer-site trimmed using ‘cutadap’t v1.5 (Martin, 2011). Amplicons
without full-length primer overlap or mismatches were ignored in this step. The
software PRINSEQ-lite v0.20.4 was used for quality filtering and size selection
of the amplicons (465 nt). The filtering process also included the removal of
amplicons containing stop codons (e.g., TAA, TAG, TGA). The flowchart
presented in Figure 6-8 summarizes all steps performed for sequence data
processing.
Assignment of operational taxonomic units (OTUs) was performed using
the centroid clustering method (Edgar, 2010) by applying a distance-cutoff value
of 7% at the derived-protein level (Degelmann et al., 2010). Taxonomic
classification of the assigned OTUs was investigated by nucleotide sequence
alignment with the pmoA sequence database published by Dumont et al. (2014,
(Dumont

et

al.,

2014))

using

‘Nucleotide

BLAST’

(http://www.ncbi.

nml.nih.gov/BLAST/).
6.3.5 Statistical analyses

Most statistical analyses were performed using the R v3.2.1 statistical
software environment (R Development Core Team, 2011). Correlations were
considered significant for p < 0.05. For cs samples, best fits for the oneL and
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twoL model parameters and model selection for the estimation of J atm were
obtained as described for the analysis of the individual soil profiles in Chiri et
al., 2015 (Chiri et al., 2015). All sample time series were analyzed by fitting
linear mixed-effect (LME) models, with random effects included for the
individual sampling locations, using the R package ‘lme4’ v1.1-10 (Bates et al.,
2015). The function ‘drop1’ was used to find the optimal model for each response
variable, based on the Akaike information criterion (AIC). We tested the
dependency of the response variables J atm and MOB abundance (“pmoA”) on the
model predictors soil age, landform, sampling time point (“time”), cumulative
rainfall (“cum. rain”), T soil , and θ w, . Initial checks indicated a correlation between
T soil and time, thus an additional interaction term between these variables was
included. Cumulative rainfall was calculated as the sum of the rain events within
four days before sampling, each event dampened by an exponential decay
function with an exponent of 1 d -1 (i.e., the influence of each rain event was
halved every 17h). Rainfall data (mm d -1 ) were obtained from the nearest
automatic meteo station of the Federal Office of Meteorology and Climatology
METEOSWISS. Where residual diagnostics indicated non-linearity and/or nonnormality, variables were log-transformed (soil age, pmoA, cum. rain, time) or
arcsine-transformed (all θ w measurements). Missing values were replaced with
the mean of the respective age group or landform.
Phylogenetic distance of the assigned OTUs was assessed through
nucleotide sequence alignment and phylogenetic-tree building on the proteinderived level, using the software ‘Seaview’ v4.5.4 (Gouy et al., 2010). To
identify the best evolution model we tested 96 amino acid substitution models
using the software ‘ModelGenerator’ v0.851 (Keane et al., 2006), and selected
the one showing the lowest AIC. A phylogenetic tree was built according to the
maximum likelihood method with 100 bootstraps support using the phylogeny
software ‘PhyLM’ v3.1 (Guindon et al., 2010).
To identify factors explaining differences in community structure, we
analyzed the beta diversity of MOB communities (defined as the variation in
composition between a set of communities) coupled with standard multivariate
statistics (Anderson et al., 2006; Lozupone et al., 2011). Read counts
normalization and beta diversity calculation were performed with the package
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‘phyloseq’ v1.12.2 (McMurdie and Holmes, 2013) from the open-source software
‘Bioconductor’. We applied a read-count threshold of ≥ 35,000 per sample. To
account for differences in number of reads between samples, we used rarefied
OTU counts to an even sampling depth. The resulting data set was used for all
subsequent analyses. Phylogenetic beta diversity was calculated using the treebased unique fraction metric (UniFrac), weighted by the abundance of individual
OTUs (Lozupone and Knight, 2005). Principal coordinates analysis ordination
(PCoA) of the distance metric was used to identify community grouping
(Legendre and Legendre, 1998). To determine whether the observed betweengroups distances were statistically significant we performed permutational
multivariate

analyses

of

variance

of

the

distance

metric

using

the

‘PERMANOVA+’ package of the software ‘PRIMER-E’ v7 (PRIMER-E Ltd,
Plymouth, UK, http://www.primer-e.com/).
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6.4

Results

6.4.1 Soil-physical parameters

Low θ w values were measured at all sampling locations and time points,
indicating that glacier-forefield soils remained relatively dry throughout the
snow-free season. At cs locations, topsoil layers appeared to be drier than deeper
soil layers, with median θ w,ts values for each soil-age class (A: 0.056; B: 0.080;
C: 0.086 m 3 m -3 ) being lower than median θ w,b values (A: 0.098; B: 0.111; C:
0.118 m 3 m -3 ). Furthermore, θ w,ts significantly increased with increasing soil age
(Table 6-1). Median θ w values measured in soil-age class A exhibited the highest
temporal variability (0.038 ≤ θ w,ts ≤ 0.089 m 3 m -3 ; 0.063 ≤ θ w,b ≤ 0.189 m 3 m -3 ).
At lf locations, highest θ w values for 0 – 30-cm depth intervals were measured in
F soils (median F: 0.081; T: 0.052; S: 0.069 m 3 m -3 ). In the LME model, θ w was
significantly influenced by predictors time and landform (Table 6-1).
After a brief initial increase following snow melt, values of T soil exhibited
a significant trend to decrease over the snow-free season, as indicated by the
LME model (Table 6-1). For instance, at cs locations the mean of T soil,ts for each
soil-age class decreased by ~11°C from the first to the last sampling time point
(e.g., mean T soil,ts of soil-age class B decreased from 12.1°C in Jul 2 to 1.5°C in
Oct 8). Both T soil,b and T soil,ts moderately (yet significantly) increased with
increasing soil age and distance to the glacier terminus (Table 6-1).
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0.032

+
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+
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a
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b
direction of correlation not applicable

n.s
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2.8 × 10-5
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+
5.7 × 10-3

Jatm

landformb
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n.a.

1.86 × 10-5

n.s.

n.a.
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Table 6-1: P-values of the applied linear mixed-effect (LME) models, with sampling locations included as the random effect. At cs and lf locations, we
tested the dependence of soil-atmosphere CH4 flux (Jatm) and MOB abundance (pmoA copy number) on predictors soil age, landform, sampling time
point (time), cumulative rainfall (cum. rain), soil temperature Tsoil (“topsoil” Tsoil,ts or “bulk-soil” Tsoil,b), and volumetric soil-water content θw, (“topsoil”
θw,ts, or “bulk-soil” θw,b). Predictors Tsoil and θw are not listed since individual p-values were not significant. Dependence of Tsoil and θw on soil age,
landform, time, and cum. rain was also tested.
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6.4.2 Soil-atmosphere methane flux
6.4.2.1 Chronosequence locations

Nearly all CH 4 concentrations measured in soil-gas profiles were subatmospheric (example profiles shown in Figure 6-2), with a few concentrations
slightly above the atmospheric value in the youngest soils. For J atm estimation,
best fits for either the oneL or twoL model were obtained for each individual
location at every sampling time point, with some exceptions: for sample csA1-t7
and all time points of location csA2 J atm values were estimated by linear
regression; at location csA5 best model fits for the different sampling time points
were obtained with different models, therefore this location was excluded from
subsequent statistical analyses on J atm estimates.
Throughout the sampling season, soils exhibited net CH 4 uptake, i.e.,
negative J atm values, ranging from -0.03 to -3.7 mg CH 4 m -2 d -1 , with exception
of csA2-t1 (J atm = 0.024 mg CH 4 m -2 d -1 ). Generally, J atm values substantially and
significantly increased with increasing soil age (Table 6-1). Spatial variability of
both soil CH 4 concentrations and J atm values was highest in soil-age class A.
Moreover, temporal variability of soil CH 4 concentrations and J atm was highest
in soil age-class A and decreased with increasing soil age (Figure 6-2). The LME
model revealed that other than soil age, the only environmental factor
significantly influencing J atm was cumulative rainfall, whereas the remaining
factors (T soil and θ w ) tested as predictors were not significant (Table 6-1).
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Figure 6-2: Soil-gas CH4 profiles (left) and volumetric soil-water-content profiles (right; positive
error bars represent 1σ) for three representative locations (csA1, csB1 and csC5). Soil-gas CH4
concentrations are normalized to atmospheric CH4 concentration. Estimates of mean soilatmosphere CH4 flux (Jatm) during the snow-free sampling season are shown with ± 1σ.
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6.4.2.2 Landform locations

The three landforms exhibited substantial differences in J atm values. All
locations from S landform showed substantial CH 4 uptake throughout the snowfree season (-0.031 ≤ J atm ≤ -0.688 mg CH 4 m -2 d -1 ). Conversely, CH 4 uptake
measured at locations from F and particularly T landforms was smaller than CH 4
uptake at locations from S landform. Furthermore, J atm values at locations from
F and T landforms indicated intermittent net CH 4 emissions, particularly early in
the sampling season (Figure 6-3). Spatial variability of J atm was observed in all
landforms, but it appeared to be more pronounced in F and T (see error bars in
Figure 6-3). The apparent trend of decreasing J atm with the ongoing snow-free
season at locations from S landform S locations could not be confirmed by the
LME model; landform and cumulative rainfall were the only significant
predictors, whereas time, T soil and θ w were not significant (Table 6-1).

Figure 6-3: Mean soil-atmosphere CH4 flux (Jatm) over the snow-free sampling season computed
from individual flux-chamber measurements installed in floodplain, terrace, and sandhill landform.
Negative fluxes indicate CH4 uptake, positive fluxes CH4 emission; error bars represent ± 1σ.
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6.4.3 Abundance of MOB

High-quality genomic DNA was isolated from all but sample lfS1-t1,
which was consequently excluded from all further molecular analyses. Copies of
pmoA genes per gram of dry soil ((g soil d.w.) -1 ) were quantified in all other
samples. Values of pmoA copy number spanned four orders of magnitude, ranging
from 8  10 2 to 5.19  10 5 copies (g soil d.w.) -1 (Figure 6-4). Locations from F
landform exhibited the lowest pmoA copy numbers, and showed nearly no
variability in MOB abundance. Values of pmoA copy numbers at locations from
T landform were higher than those from F landform, but remained in the same
order of magnitude (10 3 ). Copy numbers of pmoA and their overall variability
were highest at locations from S landform (Figure 6-4). While locations from T
landform showed little variability during the snow-free season, locations from S
landform exhibited both spatial and temporal variability in pmoA copy numbers
(not shown). At cs locations, pmoA copy numbers exhibited significant
dependency on soil age and cumulative rainfall (Table 6-1). Similar to J atm , there
was no significant temporal trend in pmoA copy number at the lf locations;
landform was the sole significant predictor in the LME model (Table 6-1). At
both cs and lf locations T soil and θ w did not significantly influence pmoA copy
numbers.
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Figure 6-4: Box-and-whisker plot showing the overall (spatial and temporal) variability of MOB
abundance in glacier-forefield soils from floodplain (F), terrace (T), and sandhill (S) landforms of
age class A (~0 – 20 yr), B (~20 – 50 yr), and C (~50 – 120 yr); soil samples were collected during
the snow-free season Jun – Sep 2013. The abundance of MOB is calculated as pmoA gene copy
number per gram of dry soil (g soil d.w.)-1. Bottom and top of the box indicate first and third
quartiles; the band inside the box shows the second quartile (median). Whiskers’ ends indicate
maximum (top) and minimum (bottom) values. Circles show outliers.
6.4.4 Diversity of MOB communities

High-throughput sequencing of pmoA genes allowed identification of 31
OTUs. Analysis of the phylogenetic distance of the protein-derived pmoA partial
sequences showed that all retrieved OTUs grouped with MOB-like sequences,
with the exception of OTU ‘08’ which grouped with ammonia-oxidizing bacteria
(AOB)-like sequences (Figure 6-5). Half of the MOB-like OTUs grouped with
either type Ic (mostly USC-gamma) or type IIb (mostly USC-alpha). Twenty
percent of the MOB-like OTUs clustered with type Ib, 13% with type IIa, and 7%
with type Ia. The remaining 10% of OTUs clustered with pXMO, a group
designated for sequences clustering between the pmoA gene and the homologous
amoA gene of AOB. The applied taxonomic system of pmoA genes follows the
one reported in Dumont et al., 2014. Thirty percent of the MOB-like OTUs were
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potential novel pmoA sequences. Specifically, OTUs ‘07’, ‘18’ and ‘28’ branched
together with the USC-gamma, yet showed low nucleotide sequence identity with
known pmoA sequences (86% to 79%). Similarly, OTUs ‘09’ and ‘23’ branched
together with type IIb and showed a sequence identity of 75% and 84%,
respectively, with publicly available pmoA sequences. The OTUs grouping with
pXMO sequences and OTU ‘31’ (type IIa) also showed low sequence identity
with known pmoA sequences.
Presence and relative abundance of OTUs showed highest diversity and
variability at S locations. Among the few exceptions were the ubiquitous and
most abundant OTUs ‘01’ (type Ic) and ‘02’ (type IIb), (Figure 6-6). Thirty-five
percent of the retrieved OTUs appear to be specific to the S landform, with some
OTUs being further specific to the soil-age class C.
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Figure 6-5: Maximum likelihood tree with 100 bootstraps support showing the phylogenetic
affiliation of pmoA gene based on the derived aminoacidic sequence (partial sequence; 150 aa).
Bootstrap numbers are shown for branches with bootstrap support ≥ 50. The applied taxonomic
system for pmoA group designation follows the one reported by Dumont et al., (2014). Operational
taxonomic units (OTUs) retrieved in this study are depicted in bold. Genebank accession numbers
of representative sequences deposited in the database are given in brackets. Clusters that do not
include OTUs from this study are collapsed. The scale bar represents 0.2 changes per amino acid
position.
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Figure 6-6: Relative abundance (heatmap) of operational taxonomic units (OTUs) retrieved through
pmoA gene amplicons sequencing. Individual samples are displayed on the x-axis; OTUs shown on
the y-axis are grouped according to their phylogenetic affiliation (Dumont et al., 2014).

Although a scattering effect (Figure 6-7a) was observed among MOB
communities from S landform (S-MOB) (Permdisp, p = 0.05), the analysis of the
beta diversity of MOB communities in glacier forefields revealed significant
differences in community composition related to the landform type (Permanova,
p = 0.04). When testing for differences in community composition between the
landforms (pair-wise test), S-MOB communities appeared to differ significantly
from communities from both F (p = 4  10 -3 ) and T (p = 6  10 -3 ) landform (FMOB, T-MOB). Conversely, F- and T-MOB community compositions were
almost identical, and showed no seasonal variability (F and T data points plotting
in the same region in space, Figure 6-7a). The S-MOB communities showed high
spatial variability, most pronounced in samples of soil-age class B (Figure 6-7a),
as well as a clear temporal variability in composition during the snow-free
season, most notable in sampling locations from soil age classes A and B (Figure
6-7b).
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Figure 6-7: Two-dimensions ordination plots of principal coordinates analysis of MOB communities’ beta diversity. Axes PCoA 1and
PCoA 2 explain 94.3% of total variance. Beta diversity of MOB communities was calculated with the weighted UniFrac matric. The
ordination plot on the left (panel a) includes all samples and displays average dissimilarities of beta diversity of MOB communities from
different landforms (floodplain (F), terrace (T), and sandhill (S)). Significant dissimilarities (p ≥ 0.05) are depicted with a star (*). The
ordination plots for individual sampling locations (panel b) are limited to the S landform.
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Discussion

6.5.1 Temporal variability of the soil-methane sink along the soil
chronosequence

Soil-atmosphere CH 4 flux in the studied glacier forefield exhibited
substantial temporal variability during the snow-free season in the S landform
along the established soil chronosequence. Furthermore, this variability was
clearly attenuated with increasing soil age. Thus, soil age is not only the main
factor affecting the strength of the soil CH 4 sink (Chiri et al., 2015), but
increasing soil age also contributes to the stability of atmospheric CH 4 uptake in
these developing soils. The importance of soil age in modulating the soil CH 4
sink in glacier forefields was corroborated by our LME model, in which soil age
was the main environmental factor (p = 5.7 × 10 -3 ) explaining J atm .
Temporal variability in physical parameters T soil and θ w appeared to have
little effect on J atm in glacier-forefield soils. The weak dependence on T soil was
previously explained by gas diffusion being the main limiting factor of
atmospheric CH 4 uptake, as gas diffusion exhibits only a weak temperature
dependence (Adamsen and King, 1993; Dunfield, 2007). Failure to observe a
significant dependence of J atm on θ w may be explained in part by the low θ w
(particularly in top-soil layers) and thus generally high CH 4 availability
encountered in these fast-draining glacier-forefield soils (Chiri et al., 2015). In
addition, measurement uncertainty of the instrument (0.04 m 3 m -3 ) was often
large compared with measured values, in particular in top-soil layers (0.038 ≤
θ w,ts ≤ 0.12 m 3 m -3 ). This uncertainty may have masked small but important
variations in θ w .
Conversely, J atm in glacier-forefield soils showed significant dependence
on cumulative rainfall (p = 0.015). At first glance, this result appears to be at
odds with our findings for θ w . However, it may also indicate that atmospheric
CH 4 uptake in these soils is at least occasionally limited by soil-water
availability. At low θ w , soil water is largely present in the form of water films
coating solid (mineral) particles (Bachmann and van der Ploeg, 2002; Or and
Tuller, 2000). With ongoing evaporation, water films may become thinner to the
point where they essentially disappear and soil water is present only in the form
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of small pendular rings between soil particles (Lebeau and Konrad, 2010;
Tokunaga, 2009). Under these conditions, microorganisms inhabiting particle
surfaces will be faced with highly unfavorable conditions, which can lead to
inhibition of their primary metabolism. In this context, cumulative rainfall may
be seen as an integrative parameter accounting for recent rainfall events (here up
to four days prior to sampling), which replenish water films (Bear and Cheng,
2010) and thus contribute to re-establish microbial activity. As measured values
of θ w were mostly distributed around the lower limit of favorable soil-hydration
conditions for atmospheric CH 4 oxidation (~20% water saturation; Khare and
Arora, 2014; von Fischer et al., 2009), cumulative rainfall may explain the
observed variability in atmospheric CH 4 uptake. Therefore, MOB survival and
activity may strongly depend on cell distribution among microhabitats and
changes in moisture content (e.g.; Ebrahimi and Or, 2015).
The S-MOB community structure clearly exhibited temporal variability
during the snow-free season (Figure 6-4; Figure 6-7), in agreement with temporal
variability in total microbial community structure previously found in other
glacier forefields (e.g., (Lazzaro et al., 2012)). The MOB communities at
locations csB1 and csB2 sampled during the first campaign (csB1-t0, CsB2-t0)
markedly differed from the communities at later sampling time points at
respective locations. This shift in community composition might be a
consequence of the substantial changes in environmental factors occurring during
and immediately after snowmelt (Lazzaro et al., 2015b). Although high-affinity
MOB are thought to be slow-growing microorganisms (Priemé et al., 1996), the
overall temporal variability in community composition showed that they are
capable to promptly adapt in response to changes in environmental factors. This
might be facilitated, for instance, by the ubiquitous presence of Methylocystislike MOB (Figure 6-5; Figure 6-6), which may switch to a dormant stage (cysts)
during unfavorable conditions and rapidly initiate excystation once conditions
become favorable, thus bypassing the growing phase (e.g., Dunfield et al., 2002).
At selected locations and time points we also measured soil mineralnitrogen content and water-soluble organic-carbon content (data not shown), and
observed a general decrease in nutrients during the snow-free season, typical of
unvegetated glacier forefields (Lazzaro et al., 2015a; Schmidt and Lipson, 2004).
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Although not suitable for rigorous statistical analyses, our data did not correlate
well with the variable pattern of J atm . Thus, we tend to exclude a direct influence
of the measured nutrients and rather support the hypothesis that MOB in glacier
forefields may be “true” oligotrophs (Chiri et al., 2015).
6.5.2 Effect of landform type on the soil-methane sink

Measured J atm values across three landforms revealed differences in the
landforms’ contribution to the overall soil CH 4 sink in glacier forefields. Uptake
of atmospheric CH 4 in F and T landforms was significantly smaller than in the S
landform. Measured J atm values represent net fluxes, i.e. the sum of simultaneous
CH 4 transport, production and consumption (Bouwman, 1999). Thus, differences
in either process may explain differences of J atm between the landforms. While
we were not able to distinguish between the processes, occasionally observed
CH 4 emissions in F and T landforms support the presence of a CH 4 source of yetunknown origin in this calcareous glacier-forefield soil (Nauer et al., 2014). We
found no evidence for biogenic CH 4 production when screening the top 15 cm of
S, F and T soils for presence of the mcrA gene, a biomarker for methanogenic
Archaea (data not shown). Although highly unlikely in this C-poor environment,
we cannot fully exclude the possibility of microbial methanogenesis in deep
(water-logged) F and T soils. Alternatively, the CH 4 source may be related to
slow dissolution of carbonate rock or particle aggregates in water-logged soils,
thereby releasing entrapped CH 4 (Nauer et al., 2014). In both cases, CH 4
production would be related to saturated (and anoxic) conditions and thus be
restricted to deep soil layers in F and T landforms.
Conversely, lower CH 4 consumption may be responsible for lower uptake
in F and T landforms, which may result from low CH 4 availability due to gasdiffusion limitations, particularly in the F landform (Dunfield, 2007).
Furthermore, the lower pmoA copy numbers in soils from F and T landforms (F
soils, T soils) compared with soils from S landform (S soils) could be related to
differences in soil texture and structure between the landforms. The analysis of
the particle-size distribution of the <2 mm fraction of S, F and T soils showed
that the clay and silt content was significantly higher in S soils (Rainer master
thesis). Soil bacterial biomass associated with mineral particle has been shown
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to be substantially higher in clay-silt minerals than in sand soil particles
(Brussaard and Kooistra, 1991; Kanazawa and Filip, 1986), likely because
microhabitats in fine-mineral soil aggregates exhibit more favorable conditions
for bacterial function (e.g. Wang and Or, 2012) In addition, during summer
thunderstorms F and T landforms may be affected by flash floods, and the fineparticle fraction that harbor a good part of the MOB biomass may be washed
away. The differences in MOB community composition between the landforms
(high-diversity and different S-MOB communities vs the low-diversity and more
similar F- and T-MOB communities) may equally be related to soil structure, and
possibly more stable conditions in the S landform. Overall, the inherent
differences between landforms appeared to be the driving factors of the observed
variability in J atm and MOB abundance at lf locations.
6.5.3 Diversity of glacier-forefield MOB communities

To our knowledge, this is the first study employing a high-throughput
sequencing technique, i.e., amplicon sequencing on a MiSeq platform (Illumina),
to investigate pmoA-gene-based MOB diversity in young, developing soils. Using
this technique, the number of identified OTUs was ~ six-fold larger compared
with MOB diversity studies based on pmoA gene sequencing from clone libraries
(Bárcena et al., 2011; Nauer et al., 2012).
Functional-gene diversity in extreme environments such as glacier
forefields can be low (Bakermans, 2015); nevertheless, we retrieved 31 OTUs, of
which 30% are potential novel pmoA sequences. Our analysis of the MOB
community embraces all phylogenetic affiliations identified in previous studies.
The USC-gamma clade was the most represented in all samples in terms of
presence and relative abundance, indicating that high-affinity MOB are
widespread in glacier-forefield soils. High-affinity MOB belonging to the USCalpha were also well represented. They were detected for the first time in an
Alpine glacier forefield, likely as a result of the use of a high-throughput
sequencing technique. Three of the retrieved OTUs grouped with the
Methylocystis-like cluster, including the ubiquitous and second most abundant
OTU ‘02’. This agrees with our previous study, in which a well-represented
Methylocystis-like OTU was exclusively retrieved in glacier-forefield soils
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derived from calcareous bedrock (Nauer et al., 2012). Recently it has been shown
that under disturbance of their soil structure, glacier-forefields derived from
calcareous bedrock may release CH 4 (up to 1.8 μg CH 4 (g d.w.) −1 ), pointing to
the existence of entrapped CH 4 in the rock or soil aggregates (Nauer et al., 2014).
In laboratory cultures Methylocystis strains showed the potential to express
different pMMO isozymes for low (2 – 600 μL L −1 ) and high (>600 μL L −1 ) CH 4
concentrations (Baani and Liesack, 2008). Thus, Methylocystis-like MOB, everpresent in our calcareous glacier-forefield soils, may profit from potential
transient release of elevated CH 4 concentrations from soil aggregates, and thus
possess an ecological advantage compared with “true” high-affinity MOB.

6.6

Conclusions
This study contributes to our knowledge on dynamics of atmospheric CH 4

oxidation and MOB communities in developing soils and represents a further step
towards the inclusion of mountainous lithosols in global CH 4 inventories. We
confirmed that the soil CH 4 sink and the MOB community driving the latter are
subject to temporal and spatial variability during the snow-free season, although
further work is needed to elucidate the underlying cause of this variability. The
different landforms and their relative extend clearly modulate the overall CH 4
sink strength in a glacier forefield. Hence, to fully characterize atmospheric CH 4
oxidation in this heterogeneous environment an integrative approach will be
required by combining, e.g., areal imagery and landscape-classification maps
with eddy covariance measurements of CH 4 flux. Finally, field studies of CH 4
oxidation during the snow-cover season, as well as investigation of inter-annual
changes in CH 4 oxidation are yet needed to gain more comprehensive knowledge
of atmospheric CH 4 oxidation dynamics in Alpine environments.
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Table 6-2: Primer sequences and amplification conditions of PCR, quantitative PCR (Q-PCR), and
high-throughput amplicon sequencing (NGS) analyses.

Analysis

Primers
pair

Reaction reagents

Thermal profile

PCR

A189f a
A650r b

0.2 mM of each primer
0.25 mM of dNTPs c
1X Takara Taq polymerase
buffer d
0.025 U/μl of Takara Taq
polymerase d
1 μl template
25 μl final volume

95°C for 4 min.
95°C for 60s, 56°C for 60s, 72°C for
60s
(35 cycles)
72°C for 5 min.

Q-PCR

A189f a
A650r b

0.4 mM of each primer
1X Kapa Sybr® Fast Universal
qPCR Mix e
1 μl template
20 μl final volume

95°C for 3 min.
95°C for 15s, 56°C for 30s, 72°C for
30s,
85°C for 30 s for data acquisition
(35 cycles)
95°C for 15s,
60°C for 60s, 95°C for 30s, 60°C for
15s (melting curve analysis)

NGS

NGSf f
NGSr g

0.3 mM of each primer
1X NEBNext® High-Fidelity
PCR Master Mix h
3 μl template
25 μl final volume

98°C for 30s
98°C for 10s, 62°C for 60s, 72°C for
30s
(35 cycles)
72°C for 5 min.

NGS

Kit
0.4 mM of each index
provided 1X NEBNext® High-Fidelity
i
PCR Master Mix h
5 μl template
50 μl final volume

98°C for 30s
98°C for 10s, 62°C for 60s, 72°C for
30s
(8 cycles)
72°C for 5 min.

a

sequence: 5’-GGNGACTGGGACTTCTGG-3’ (Andrew J. Holmes et al., 1995)
sequence: 5’-ACCTTCGGTAAGGACGT-3’ (Bourne et al., 2001)
c
from Fermentas, St Leon-Roth, Germany
d
from Takara Biotechnology, Dalian co., LTD., Japan
e
from Kapa Biosystems, Woburn, USA
f
sequence: 5’TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGAGGNGACTGGGACTTCTGG-3’
(modified from (Andrew J. Holmes et al., 1995))
g
sequence: 5’GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGCAACCTTCGGTAAGGACGT-3’
(modified from (Bourne et al., 2001)
h
from New England Biolabs, USA
i
index primers combination provided by Nextera XT DNA Sample Preparation Kit, Illumina
b
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Figure 6-8: Flowchart summarizing the steps performed for pmoA gene sequences data processing.
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7.1

General discussion

Methods to assess MOB community structure in the
studied environments

7.1.1 Amplification of pmoA genes and transcripts

Where pmoA amplification was a required step (standard and quantitative
PCR on DNA and cDNA) in the assessment of the MOB community structure, the
employed primer pairs were different between the two ecosystems investigated
in this thesis (chapters three, five, six). A study compared the ability of a new
primer set (A189f – A650r) with the two most commonly used primer sets for
pmoA amplification, A189f – A682r (Holmes et al., 1995), and A189f – mb661r,
to assess MOB diversity in soils capable of oxidizing atmospheric CH 4
concentrations (Bourne et al., 2001). The primer pair A189f and A682r, designed
for pmoA and amoA genes amplification (Henckel et al., 2000), failed to assess
the MOB diversity in the investigated soil samples as most of the analyzed
sequence appeared to be amoA sequences. The A189f – mb661r combination
recovered the largest amount of distinct pmoA sequences, although it retrieved
fewer sequences linked with high-affinity MOB when compared to the
performance of the primer set A189f – A650r. The latter retrieved pmoA
sequences linked to novel uncultured microorganisms which may be involved in
atmospheric CH 4 oxidation. However, it did not entirely cover the MOB diversity
observed with the primer pair A189f – mb661r.
To investigate the MOB community structure in the landfill-cover soils,
A189f – mb661 was the primer pair of choice. It successfully contributed to the
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assessment of highly diverse MOB communities in landfill-cover soils, although
the contribution of high affinity MOB to the overall diversity may have been
underestimated. In contrast, to investigate the MOB community structure in
glacier-forefield soils, pmoA amplification was performed with the primer pair
A189f – A650r, recommended for the detection of high-affinity MOB (Bourne et
al., 2001). While the overall MOB diversity might have been underestimated to
some extent, high-affinity MOB, supposedly the functional group capable of
oxidizing atmospheric CH 4 , should have been adequately represented. Ideally,
both primer sets should be employed in environmental studies of MOB
communities to obtain a high coverage of MOB.
Amplification of pmoA at the cDNA level, and therefore the assessment of
diversity and structure of active MOB communities, were possible in the landfill
cover soils (chapter three). However, attempts to investigate the active MOB
community structure in glacier forefields (initially intended for studies described
in chapters five and six) were largely unsuccessful. Likely, total cell number of
active MOB in glacier-forefields soils, and therefore the amount of pmoA
messenger RNA that can be extracted, might be small and too close to the
detection limit of the employed molecular techniques. Although total RNA was
successfully extracted from all glacier-forefield-soil matrices, in vitrotranscription attempts to systematically synthesize pmoA cDNA (performed as
described in chapter three) failed. However, pmoA cDNA was occasionally
detected in some samples, further confirming that MOB are active in glacier
forefields. Processing elevated amounts of soil (up to ~10 g soil d.w. per single
RNA extraction) did not enhance pmoA cDNA detection. Co-extraction of PCR
and in vitro transcription inhibitors in these sandy and organic-matter-deprived
soils (Egli et al., 2006) could be excluded, supporting the hypothesis that the
small amount of MOB biomass might be the limiting factor in the detection of
pmoA cDNA. Therefore, the gained knowledge on MOB communities in glacier
forefields was exclusively focused on the total community structure. While total
communities do not necessarily mirror the pool of the active communities, they
reflect the genetic potential of the investigated site, and their relative differences
in structure and abundance may represent ecosystem dynamics.
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7.1.2 Assessment of MOB community structure
7.1.2.1 T-RFLP analysis and clone library

The T-RFLP analysis is a widespread fingerprinting technique (Schütte et
al., 2010), commonly applied to the pmoA gene in studies of MOB communities
(Liesack and Dunfield, 2004), and was previously used in glacier-forefield soils
and landfill-cover soils (Nauer et al., 2012; Henneberger et al., 2012). Its strength
relies on the rapid and cost-effective profiling and comparison of microbial
communities. However, for validation purposes of and to obtain phylogenetic
information on the retrieved T-RFs, T-RFLP analysis has to be run also on
representative cloned pmoA sequences. Yet, another limitation of this technique
is the low phylogenetic resolution. Several different MOB species and even
genera may exhibit the same T-RFs. Nonetheless, the T-RFLP technique and
clone library preparation has shown to be sufficiently sensitive to assess changes
in MOB community structure related to age and deriving bedrock of Damma and
Griessfirn glacier-forefield soils (chapter five). Furthermore, the application of
T-RFLP / clone library provided initial information on MOB diversity, leading
to the identification of five OTUs (phylotypes). The only other study that
investigated MOB diversity and community structure by T-RFLP combined with
clone libraries in similar soil ecosystems, detected a remarkably low diversity
(five OTUs; Nauer et al., 2012).
7.1.2.2 Diagnostic microarray analysis

In this thesis, pmoA-based diagnostic microarrays were used to investigate
diversity and structure of the active component of MOB communities in landfillcover soils (chapter three). Microarrays (nucleic acid hybridization-based
methods) allow simultaneous, high-throughput detection and quantification of
many genes, and thus are powerful tools for routine studies of selected target
sequences (Roh et al., 2010; Schena et al., 1995). In microbial ecology,
diagnostic microarrays have been developed for the discrimination of microbial
functional groups, as in the case of nitrifying (Abell et al., 2012) and
methanotrophic bacteria (Bodrossy et al., 2003). The pmoA-based diagnostic
microarray allows the assessment of a large portion of MOB diversity of an
environment. However, as microarrays are constructed from known sequences,
probe hybridization with, and thus, retrieval of novel sequences are not feasible,
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therefore diagnostic microarrays are not suited for applications in largely
unknown environments, as glacier forefields.
7.1.2.3 High-throughput amplicon sequencing technique

High-throughput amplicon sequencing techniques generate millions of
parallel DNA sequence reads from amplified PCR products, and are therefore
applied in studies targeting in-depth gene diversity, including discovery of novel
sequences. Compared with diagnostic microarrays, amplicon sequencing
techniques are the recommended applications for in-depth studies of unknown
microbial community diversity, as they do not require a priori sequence
information (reviewd by Roh et al., 2010).
High throughout 454 pyrosequencing of pmoA amplicons for studies MOB
community structure has been established and applied in diverse environments
(Dumont et al., 2014; Lima et al., 2014; Lüke and Frenzel, 2011), with landfillcover soils among them (Henneberger, unpublished). The use of a highthroughput pmoA amplicon sequencing technique on Illumina-MiSeq platform,
applied for the first time in a study on MOB communities in developing soils,
provided novel insights in MOB diversity in glacier forefields (chapter six). The
sequencing technology allowed the identification of 31 OTUs, 30% of which are
putative novel pmoA sequences, as well as the unprecedented retrieval of USCα
from Alpine glacier-forefield soils.
In environmental studies of gene diversity, a combination of highthroughput sequencing and diagnostic microarrays would be ideal. Initial
application of amplicon sequencing techniques enables detailed understanding of
gene diversity. This permits the design of hybridization probes, and thus,
diagnostic microarrays can be applied for routine analyses of spatio-temporal
mapping of diversity.
7.1.2.4 PLFA-SIP technique

While the use of PLFA-SIP to identify the active MOB community in
glacier forefields cannot yet be listed among the applicable methods (knowledge
of PLFA profiles of high-affinity MOB is lacking), the PLFA-SIP technique has
been successfully applied in the landfill-cover soils. Other used SIP techniques
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involve nucleic acids, proteins as MOB. Compared with the analysis of PLFA
profiles, nucleic acid – SIP (Radajewski et al., 2000) provides the highest
phylogenetic resolution of the microbial community since it enables the
application of usual molecular techniques for the analysis of community
structure. The price to pay for the in-depth phylogenetic information includes
bias of the method applied to separate heavy and light nucleic-acid fraction
(isopycnic centrifugation), the need of cell replication (for DNA), which involves
long incubations with the labeled substrate, and potential cross feeding problems
(DNA, RNA; Gallagher et al., 2005; Manefield et al., 2002). The recently
developed protein – SIP reflects the actual state and activity of cells, and
phylogenetic information can be inferred from the primary sequence of the
proteins (Jehmlich et al., 2010), but its application is yet limited in environmental
studies.

7.2

Methods

to

quantify

MOB

activity

in

the

studied

environments
7.2.1 Soil-methane profile method by PMLS application

Contrary to several established methods applied in landfill-cover soils for
the estimation of CH 4 oxidation in situ, quantification of atmospheric CH 4
oxidation

in

Alpine

glacier-forefield

soils

required

additional

method

development. The development of the PMLS (chapter four) was essential for
rigorous and systematic quantification of atmospheric CH 4 oxidation based on
the soil CH 4 profile method in glacier-forefield soils (chapters five, six).
Among the many advantages of the PMLS application, of utmost relevance
are reproducibility and reliability of the measurement procedures. Both
characteristics are achieved by the employment of access tubes (ATs)
permanently installed into the soil, with AT installation and sampling being
decoupled in time. The latter appeared to be an extremely important condition in
light of the CH 4 entrapment recently discovered in glacier-forefield soils (Nauer
et al., 2014).This discovery took place while testing the PMLS performance by
comparison with the equipment previously designed for one-time soil-gas
extraction in a field survey investigating atmospheric CH 4 oxidation in 13 Alpine
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glacier forefields (Nauer et al., 2012). Once the “old” soil-gas sampling tool, a
sturdy steel rod (SR) with an inner capillary, was hammered into the soil for
immediate soil-gas sampling, a disturbance in the soil structure was caused,
leading to the release of CH 4 , entrapped in soil aggregates. The amount of CH 4
released from calcareous soil aggregates appeared to be massively larger than the
amount released from siliceous soils. Contrary to the soil-gas sampling with the
SR, gas profiles sampled with the PMLS likely represent steady-state conditions,
a critical assumption for quantitative interpretation of the soil-gas profiles.
7.2.2 Static-flux chamber method

As the state of the art of the PMLS does not allow soil-gas sampling in
water-logged soils,

this system could not be employed for CH 4 turnover

measurements in floodplain and terrace landforms (Chapter six) featuring a
relatively shallow ground water table. Therefore, CH 4 flux measurements at the
soil-atmosphere interface where performed by the employment of static flux
chambers. Chamber methods have been broadly applied in studies investigating
the soil CH 4 sink of various environments (Chan and Parkin, 2000; C Kammann
et al., 2001; Wang et al., 2013). Advantages of the flux chambers are their
relatively low-cost, simplicity in operation, and that they are highly sensitive in
detection of small fluxes. However, the conventional chamber approach provides
bulk measurements of CH 4 oxidation and CH 4 production, although the latter is
assumed to be negligible in most upland soils. Findings of chapter five
encouraged the hypothesis that the oxidation of CH 4 might be the major
contributor to CH 4 turnover in glacier-forefield soils, hypothesis supported also
by the findings of chapter six.
7.2.3 GPPT method

The GPPT method was used throughout this thesis to quantify CH 4
oxidation in the cover soils of the Lindenstock landfill. Estimating CH 4 oxidation
kinetics by GPPT presents some advantages over other quantification methods
applied in similar soil ecosystems exhibiting high CH 4 turnover. For instance, the
GPPT is entirely conducted in situ, avoiding potential laboratory-based bias in
the determination of CH 4 oxidation activity. While quantitative interpretation of
soil-gas profiles in landfill cover-soil is complicated by the occurrence of
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advective gas transport, and requires additional knowledge of soil-physical
parameters (e.g., D eff ), these limitations may be bypassed with the employment
of non-reactive tracer gas(es) during GPPTs. In fact, if the physical transport of
the non-reactive tracer gas and CH 4 are similar during the test, simplified
methods can be applied to quantify CH 4 oxidation, which do not require
information on the soil physical properties (e.g., Schroth and Istok, 2006).
Compared to other methods, GPPTs may also probe a relatively large soil volume,
therefore reducing the variability in CH 4 turnover estimates due to soil
heterogeneity.
Furthermore, the GPPT appeared to be a most suitable method to be
combined with SIP techniques (SIP-GPPT) to estimate in situ CH 4 oxidation rates
while simultaneously tracing the active MOB community through PLFA profiles
analysis. During the SIP-GPPTs performed in this thesis, use of the heavy stable
isotope ( 13 CH 4 ) in the gas mixture injected into the soils had little apparent
influence on the estimated CH 4 oxidation rates, and the novel methodology was
successfully implemented at several locations exhibiting a gradient of CH 4
turnover rates. The establishment of this new methodology allowed in situ linking
of diversity and activity of MOB communities at the investigated sites. However,
its applicability should not be limited to landfill cover soils but may be extended,
with minor adaptations, to other soil ecosystems exhibiting moderate-to-high CH 4
turnover.

7.3

Ecological role of MOB in the studied environments

7.3.1 Differences between the two environments

The landfill-cover and Alpine-glacier-forefield soils investigated in this
thesis exhibited highly contrasting characteristics, particularly with regard to the
ambient CH 4 concentrations, CH 4 turnover and dominant MOB communities. A
summary and comparison of the role of MOB in the two types of environments
are presented in Table 7-1.
Under undisturbed, natural conditions, e.g., when no CH 4 is released from
the soil aggregates, glacier-forefield soils exhibit CH 4 concentration close to
atmospheric and below. Abundance and activity of MOB remarkably increase
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with soil age (Table 7-1). Considering the CH 4 oxidation activity in soil-age class
A, these youngest soils MOB appear to be extremely efficient in oxidizing
atmospheric CH 4 . Differences in MOB activity and abundance between the entire
forefield (soil-age classes A. B. and C) and the reference (R) sampling locations
reflect the different degrees of development of the two environments (developing
soils vs mature grasslands). Compared to the glacier forefield, R locations exhibit
remarkably higher water contents that limits CH 4 availability. In addition, plant
coverage (mostly absent in the glacier forefield), and therefore nutrient
availability, might exercise an evolutional pressure on the overall microbial
communities, resulting in the presence of distinct MOB communities compared
with the glacier forefield
In landfill-cover soils, CH 4 concentration may reach values far beyond the
atmospheric one and is often in the vol. % range (Schroth et al., 2012). Previous
studies performed at the Lindenstock landfill monitored soil CH 4 concentrations
at locations in close proximity of those investigated in this thesis. Reported
concentrations reached values up to 20 vol. % CH 4 (e.g., Henneberger et al.,
2012). For the landfill-cover soils, Table 7-1 reports a representative CH 4
concentration of 1 vol. %, based on which potential oxidation rates are calculated.
The landfill-cover soils exhibited high CH 4 turnover, with CH 4 oxidation activity
and rates being orders of magnitude higher than those measured in glacier
forefield soils. However, despite the high MOB abundance at the NM location,
community efficiency in oxidizing CH 4 is two order of magnitude lower
compared to location C1 and EM1. Interestingly, MOB community structure at
the NM location (dominated by USCγ) appeared to be more similar to MOB
communities in glacier forefields than to the neighboring landfill locations.
Likely, high affinity MOB present at location NM may be unable to efficiently
utilize elevated CH 4 concentrations which can reach the percentage range.
Nonetheless, USCγ occupy an ecological niche in the landfill-cover soil, as they
are not only present but also active.

198

A

B
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1.8

1.8

1.8

1  10 4
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1  10 4
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Methylocystis-like
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USCα,
Methylocystis-like
USCγ,
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n.a.

Methylomonas,
Methylobacter,
LP20
Methylocystis,
pmoA2 type II,
Methylogea
USCγ

Dominant
MOB

1.85  10 -8
5.71  10 -9
6.98  10 -9
5.26  10 -10

8.45  10 -5
1.52  10 -4
6.98  10 -4
1.32  10 -3

9
53
200
5000
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7.24  10 -5
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CH 4 oxidation
rate b
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0.02

0.40

oxidation
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[µmol CH 4
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3.73

CH 4
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737

44

[pmoA copies
 10 3
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103

Total
MOB
abundance

b

For the landfill cover soil used data from the SIP-GPPTs
Two pmoA copies per cell assumed (Kolb et al., 2003)
c R locations are placed in the surroundings of the glacier-forefield. They remained ice-free during the last glaciation event.
“L”= Lindenstock landfill-cover soil; “GF”= Griessfirn glacier forefield; “n.a.”= not applicable.

a

c

NM1

L
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EM1

L

c

C1
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Sampling
location/
group
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Table 7-1: Comparison of MOB activity, abundance and community structure of MOB in landfill-cover and glacier-forefield soils
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7.3.2 Similarities between the two environments

Landfill-cover and Alpine-glacier-forefield soils may also exhibit shared
features. Glacier-forefield soils are young natural habitats. The MOB might
already be present (although likely inactive) in the potentially anoxic subglacial
environment, as evidence of their presence have been found in subglacial ice,
subglacial water runoff (Barnett, 2010), and in sediments collected under the ice
at of Alpine glaciers (this thesis, not shown). These “subglacial” MOB, together
with air-borne MOB (Šantl-Temkiv et al., 2013) might be among the first
colonizers of deglaciated soils. As deposits of debris from avalanches are
common in high and steep mountain environments (Freppaz et al., 2010), the
debris found on top of the ice body and component of the proglacial zone upon
glacier retreat, may also contribute to the colonization process of glacier
forefields.
On the other hand, landfill-cover soils might also be seen as young, but
anthropogenic habitats. Soil is transplanted from the natural environment of
origin and placed to cap the waste body. Closure of the Lindenstock landfill took
place only 22 years ago, therefore, together with the cover soil, the Lindenstock
landfill represents a recently formed “human-made” habitat. There, colonization
occurs via MOB that evolved in the original habitats. As the soil ecosystem of
origin provides, in a way, the biotic inoculum of the new habitat, the presence of
USCγ in the Lindenstock landfill-cover soils might be explained if upland soils
were the original environment. Developing processes leading to MOB community
specialization might be markedly faster in landfill-cover soils. In fact, lowaffinity MOB, likely little represented in the original upland soils, would find
highly favorable living conditions in term of substrate availability (elevated
concentration and low initial competition). Therefore, the population of lowaffinity MOB could rapidly increase in size.
In both soil ecosystems, the presence of type II and particularly
Methylocystis-like MOB was generally indicative of occurring fluctuations in
environmental factors, and thus, rather unfavorable living conditions for MOB.
The ability of Methylocystis to enter a dormant stage by cyst formation might be
a successful trait allowing survival at extremely high (e.g., EM1 location in the
landfill) and low (glacier-forefield soils) soil water contents. Also, potential in
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situ expression of the high-affinity pMMO2 (present in various type II MOB)
may represent another selective advantage, enabling these microorganisms to
utilize CH 4 concentrations (< 600 μL L −1 ) at which most type I MOB do not
thrive.
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Outlook

Stability of MOB communities in landfill-cover soils
This thesis contributed to a more comprehensive understanding of MOB

function in the investigated landfill-cover soils by studying the response of the
MOB community to inherent disturbances such as changes in CH 4 concentration
and availability, and seasonal fluctuations in temperature. These findings add on
the growing awareness that, although ubiquitous (Hanson and Hanson 1996),
MOB clearly exhibit habitat preferences (reviewed by Knief, 2005) and respond
to changes in environmental conditions. In the wake of global change, it becomes
urgent to understand the effect of climate feedbacks on MOB community
function, as the latter provide the crucial ecosystem service of mitigating CH 4
emissions to the atmosphere. Thus, studies aiming at the assessment of MOB
community vulnerability are much needed. The focus of these studies should be
a quantitative assessment of MOB structural and functional stability, preferably
by performing manipulative experiments. In this context, stability is defined as
the degree to which a community withstands a disturbance (resistance), and the
degree to which it recovers from the change caused by the disturbance
(resilience).
Resistance and resilience of MOB communities could be investigated in
laboratory-based manipulative experiments. Initially, soil samples collected from
the Lindenstock cover-soils could be serially diluted to reduce system
complexity. This is particularly important when considering that drastic changes
in surrounding conditions (from the field to the laboratory) alter the equilibrium
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state at which MOB communities were operating in the natural environment. This
alteration might trigger short- and long-term shifts in community structure, which
may be wrongfully attributed to the effect of the applied disturbance during
manipulative experiments. Highly diluted soil suspensions would then be used to
inoculate gamma-ray sterilized soils. These soils would be incubated at CH 4
concentration and water content typical of the original field location, but under
fluctuating temperatures, for instance, as disturbance. Changes in MOB
community structure, abundance and activity would be used as indicator of the
effect of the disturbance. First manipulative experiments were conducted in 2013
to assess functional resilience of MOB communities from the Lindenstock
landfill cover soils, with freezing as disturbance (Streit, Henneberger, and
Schroth; unpublished). Reduced CH 4 oxidation activity was noted shortly after
thawing of frozen samples Nonetheless, MOB communities showed a high
resilience and a rapid recovery in activity (within few days after thawing).
However, results from laboratory-based studies are difficult to extrapolate
to field conditions. When considering the system’s substantial heterogeneity and
the available methodologies to investigate in situ MOB function, the Lindenstock
landfill may be an ideal site to perform manipulative experiments at the field
scale. In the field, cylinders similar to those used by Nauer and Schroth (2010)
could be installed in the soil (Henneberger, unpublished) to allow, in this case, a
controlled manipulation of temperature (for instance), and changes in MOB
community structure, abundance and activity would be assessed through the
newly developed SIP-GPPT, presented in chapter two. By combining results of
both laboratory-based and field-based manipulative experiments, structural and
functional stability of the MOB community could be broadly assessed.

8.2

Understanding the ecological niche of MOB in glacierforefield soils
Several results in this thesis suggest that MOB in glacier forefields may

be “true” oligothrophs. Compared with other carbon and energy sources in C- and
N-deprived glacier forefields, atmospheric CH 4 is ubiquitous in upper soil layers,
thus rendering high-affinity MOB highly competitive among the indigenous
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microorganisms. Furthermore, results from earlier studies suggest that MOB in
glacier forefields might fix atmospheric N 2 , being ideal colonizers of glacier
forefields. A remarkable portion (~20%) of the diazothrophic bacteria in soils of
the Damma glacier forefields was affiliated to MOB (Duc et al., 2009). Recently,
it has been shown that Methylocystis sp. strain SC2, sole cultivated potential
high-affinity MOB, possesses the nifH gene, molecular marker for diazothrophic
bacteria, and exhibits growth with atmospheric N 2 as sole N source in laboratory
experiments (Dam et al., 2013). In this thesis, Methylocystis-like MOB were
ubiquitous in the investigated glacier forefields, and the nifH gene was
successfully amplified from many glacier-forefield-soil DNA extracts (data not
shown). Based on these findings, we may hypothesize that high-affinity MOB
may oxidize atmospheric CH 4 and fix atmospheric N 2 in N-poor environments.
Interesting research questions to answer would then be: Is atmospheric CH 4
oxidation influenced by the presence/absence of atmospheric N 2 ? Are
atmospheric CH 4 oxidation and atmospheric N 2 fixation concurrent processes? Is
there a microorganism which can carry out both processes?
A convenient way to study the relationship between the two processes may
focus on changes in CH 4 oxidation caused by the concomitant occurrence of N 2
fixation. For instance, soil samples could be incubated under natural conditions
and with an atmosphere deprived in N 2 . By monitoring and comparing CH 4
oxidation rates, and community structure of active MOB and diazothrophs of the
two types of incubations, the potential influence of the process of N 2 fixation on
CH 4 oxidation could be investigated. Preliminary tests were performed during the
course of this doctoral project. Laboratory incubations of mature upland soils
performed under quasi-natural and N 2 -deprived conditions showed lower CH 4
oxidation rates in soils incubated without N 2 . Similar laboratory incubations with
glacier-forefield soils generally exhibited lower CH 4 oxidation rates compared to
the mature upland soil incubations, but results were inconsistent due to lack of
sensitivity in the measurement apparatus and other technical issues. It would be
interesting to reproduce and further carry on these experiments with fresh soil
samples and an improved experimental design.
Recently,

laboratory-based

manipulative

column

experiments

on

atmospheric CH 4 oxidation in mature upland soils were successfully performed
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in our laboratories (Mignola, Schroth, unpublished). Thus, it may be possible to
establish and maintain active atmospheric CH 4 oxidizing soil columns even with
soil from glacier forefields. Treatment columns may be continuously flushed with
N 2 -deprived atmosphere in a long-term experiment, during which the response in
activity and community structure of MOB and diazotrophs could be investigated
along the entire profile of treated and untreated soil columns. Unfortunately,
quantification of N 2 fixation in such a system cannot be performed via the
sensitive and inexpensive acetylene-reduction assay (Dilworth, 1966), as CH 4
oxidation would be affected by the presence of acetylene. Ideally, columns could
be periodically incubated with

15

N 2 and its concentration monitored via mass

spectrometry to estimate and compare rates of N 2 fixation. If long-term column
incubations with

15

N 2 or

13

CH 4 in a flow-through system would be applicable

(e.g. by recycling and periodically replenishing the outlet gas), simultaneous
occurrence of CH 4 oxidation and N 2 fixation processes within single-cells may
be achievable with a combined FISH-nano SIMS approach (Dekas and Orphan,
2010).
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