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Chapter 1. General Introduction

1.1 Methane as a climate driver
Global warming on decadal time scales is continuing without respite and the warming 
trend of  0.15 - 0.20°C per decade has now persisted for four decades (Hansen et al., 
2010). This trend is likely caused by anthropogenic influences. Insights into the effects 
of  climate forcing and internal feedbacks are important for understanding and mitigating 
anthropogenic global warming. Methane is the second most important anthropogenic 
greenhouse gas in the atmosphere next to CO2 (Forster et al., 2007). Presently, sources 
for atmospheric methane include fossil fuel mining, wetlands, rice paddies, biomass 
burning and ruminants, and are thus mainly biogenic (Forster et al., 2007). 
Although methane is a much more potent greenhouse gas compared to CO2, the 
average lifetime of  methane in the atmosphere is limited to ten years. The largest sink 
of  atmospheric methane is the oxidation by OH radicals in the troposphere (88%), but 
removal of  atmospheric methane also occurs through destruction in the stratosphere 
(7%) and bacterial methane oxidation in various ecosystems (5%) (Boucher et al., 2009). 
Consequently, the relative impact of  methane on global warming depends on the time 
window used for calculations. The global warming potential (GWP) of  methane is 
therefore 72, 25 and 7.6 times stronger compared to CO2 for 20, 100 and 500 years 
respectively (Forster et al., 2007). 
Since the industrial revolution, atmospheric methane concentrations have risen 
dramatically from 750 ppb during preindustrial times to 1800 ppb currently. After 
having remained stable for almost a decade, atmospheric methane concentrations are 
increasing again since 2007 (Fig. 1). Atmospheric methane is an important climate driver 
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Fig. 1. Global average concentrations of  methane in the atmosphere versus 
calendar years, from the NOAA global air sampling network (Butler, 2010).
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and variations in methane concentrations in the atmosphere in the geological past are 
strongly correlated to variations in temperature (Delmotte et al., 2004). 
The current atmospheric methane concentrations are unprecedented in the past 800 kyr 
years, during which concentrations varied between 350 and 800 ppb (Fig. 2; Loulergue 
et al., 2008). Long-term changes in atmospheric methane concentrations are dominated 
by the 100 kyr glacial-interglacial cycle over the past 800 kyr, which is related to changes 
in the eccentricity of  the Earth’s orbit (Fig. 2; Loulergue et al., 2008). As Northern ice 

Fig. 2. Methane concentration versus gas age (years BP) for the past 800 kyr from the EPICA Dome C Ice 
Core 800 kyr Methane Dataset (Loulergue et al., 2008). Insert: expanded view of  the top of  the ice core record, 
showing methane concentrations for the past 20 kyr.
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sheets retreat, wetlands expand and form a major source for atmospheric methane. 
Superimposed on this trend is the 23 kyr precession cycle, related to changes of  the 
Earth’s rotational axis, which mainly influences climate at low latitudes (Loulergue et 
al., 2008). As a consequence, atmospheric methane emissions from tropical wetlands 
are correlated to the 23 kyr precession cycle, thereby strongly influencing atmospheric 
methane concentrations. 

1.2 The methane cycle: biological sources and sinks
Most atmospheric methane is of  biogenic origin and produced by strictly anaerobic 
archaea. Archaea represent one of  three domains of  life (Woese et al., 1990; Madigan 
et al., 2000). Microbial methanogenesis is the terminal step of  organic matter 
decomposition and its occurrence is controlled by the amount of  easily degradable 
organic matter and the absence of  other electron acceptors. The marine environment 
is a relatively minor source of  atmospheric methane, since methanogenic archaea are 
generally outcompeted by sulfate reducing bacteria as a consequence of  the high sulfate 
levels in the ocean (Lovley et al., 1982). In freshwater environments, methanogenesis 
is a much more important pathway for organic matter decomposition because of  the 
low sulfate concentrations in these settings (Le Mer and Roger, 2001). Wetlands are 
therefore the largest natural source of  atmospheric methane. 
Methane can be produced via three main biogenic pathways: through the reduction of  
CO2 with H2 (autotrophic methanogenesis), the reduction of  acetate or the reduction 
of  simple organic compounds containing a methyl group (Brock et al., 2006). Within 
anoxic freshwater environments, the first two processes are the most important for 
methane formation. In acidic peat bogs, autotrophic methanogenesis seems to be 
mainly responsible for methane production (Hornibrook et al., 2000) and isolations of  
methanogenic archaea from acidic peat bogs only includes CO2-reducing methanogens 
(Bräuer et al., 2006; 2011) Both poor dissociation of  acetic acid at low pH and the absence 
of  acidophilic acetate-reducing methanogens have been proposed as an explanation for 
the observed predominance of  autotrophic methanotrophy in peat bogs. 
Methane can be oxidized both aerobically and anaerobically by different types of  
microbes. Anaerobic oxidation of  methane is performed by methanotrophic archaea 
in consortium with sulfate reducing bacteria (Boetius et al., 2000). These anaerobic 
methane oxidizers are closely related to methanogenic archaea, and basically perform 
reverse methanogenesis. In marine systems, more than 90% of  the methane produced is 
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anaerobically oxidized by these methane oxidizing archaea in association with sulphate-
reducing bacteria. Anaerobic methane oxidation coupled to nitrate reduction was recently 
discovered to occur in freshwater water ecosystems, where sulfate concentrations are 
low and seems to proceed via an new intra-aerobic mechanism (Raghoebarsing et al., 
2006; Ettwig et al 2008; 2010). 
In the absence of  sulfate or nitrate, methane escapes into the atmosphere unless it is 
consumed by aerobic methane oxidizing bacteria which use oxygen as their electron 
acceptor. Aerobic methanotrophs are the largest terrestrial methane-sink and are 
able to utilize methane as both their carbon and energy source (Hanson and Hanson, 
1996). They can be broadly divided into three phylogenetically distinct groups: Type I 
methanotrophs, Type II methanotrophs and verrucomicrobial methanotrophs (Fig. 3; 
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Fig. 3. 16S rRNA gene phylogenetic tree showing the relationship between different types of  methanotrophs. 
The tree was based on Neighbour-Joining analysis, using a bootstrap test of  500 replicates. Bootstrap values of  
>60 are indicated at the node of  the branch. Courtesy N. Kip. 
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Hanson and Hanson, 1996; Op den Camp et al., 2009). Type I methanotrophs belong 
to the γ-Proteobacteria and employ the ribulose monophosphate pathway (RuMP) for 
assimilation, only using methane as their carbon source (Fig. 4. Hanson and Hanson, 
1996). Type II methanotrophs, belonging to the α-Proteobacteria, perform the serine 
cycle for carbon fixation and thereby assimilate both methane and CO2 (Fig. 4). Within 
the type II methanotrophs, there are two different groups of  methanotrophs: the 
Methylocystaceae family, to which Methylosinus spp. and Methylocystus spp. belong, and the 
Beijerinckiaceae family, including Methylocella/Methylocapsa spp. The latter are facultative, 
acidophilic methanotrophs and are phylogenetically more closely related to several 
nitrogen-fixing bacteria than to the Methylocystaceae family (Lau et al., 2007; Dedysh, 
2009). Lastly, the third group of  methanotrophs is phylogenetically distinct from the 
Proteobacteria and belongs to the Verrucomicrobia (Op den Camp et al., 2009). These 
bacteria were discovered in a fumarole and found to be capable of  methane oxidation at 
pH 1 with an optimum growth temperature of  55 ºC (Pol et al., 2007). Verrucomicrobial 
methanotrophs use both methane and CO2 and CH4 as their carbon source, similar to 
type II α-proteobacterial methanotrophs (Khadem et al., 2011). Within in most terrestrial 
settings, aerobic methanotrophy by proteobacterial methanotrophs is considered the 
most important methane sink. 
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Fig. 4. Intermediate steps in the aerobic oxidation of  methane. For the assimilation of  formaldehyde 
type I and type II methanotrophs use a different metabolic pathway (Hanson and Hanson et al., 1996).
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1.3 Stable carbon isotopes: a tracer for biogenic methane
The biological process of  methanogenesis yields strongly 13C-depleted methane 
(Waldron et al., 1999; Steinmann et al., 2008; Hornibrook et al., 2000) and, therefore, 
stable carbon isotopes are often used to assess the fate of  methane in the environment. 
The heavier 13C isotope requires slightly more vibrational energy compared to  12C, 
resulting in discrimination against the heavier isotope during assimilation of  small carbon 
molecules, like CO2 and methane (Hayes, 2001). The isotope effect associated with CO2 
fixation by land plants and algae is estimated to be -27‰ at maximum (Farquhar et al., 
1989). Therefore, organic carbon is 13C-depleted in comparison to atmospheric CO2. 
The carbon isotopic composition of  natural organic compounds depends on carbon 
source and the isotopic fractionation associated with assimilation of  this carbon and 
with subsequent metabolic activity and biosynthesis (Hayes, 1993). Isotopic fractionation 
may, however, be reduced by substrate or mass transport limitations. The assimilation 
of  carbon by heterotrophic organisms is associated with only little carbon fractionation, 
hence, their carbon isotopic composition largely reflects the source carbon, i.e. “you are 
what you eat, plus 1‰” (DeNiro and Epstein, 1978). 
The kinetic isotope effect associated with methanogenesis is relatively large, and since 
the source carbon is usually derived from decayed organic matter (i.e. acetate or CO2 
derived from mineralisation of  organic matter) and thus already 13C depleted, methane 
has distinctive low δ13C values of  on average -60‰. Different methanogenic pathways 
may lead, however, to different δ13C values for methane. In general CO2 reduction yields 
a larger kinetic isotope effect compared to acetate fermentation. Limitation in substrate 
availability may, however, limit isotopic fractionation, obscuring the isotope effect of  
the methanogenic pathway. 
Methanotrophs, which assimilate strongly 13C depleted biogenic methane, are expected 
to carry this depleted isotope signal in their biomass and may even further discriminate 
against 13C. The extent of  isotopic fractionation by methanotrophs strongly depends 
on the type of  enzyme used for the first step in the oxidation of  methane, as was 
found in a cultivation study by Jahnke et al. (1999). The enzyme particulate methane 
mono-oxygenase (pMMO) yields significantly higher isotopic fractionation compared to 
soluble methane mono-oxygenase (sMMO), in both type I and type II methanotrophs 
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(Jahnke et al, 1999). Furthermore, type II methanotrophs and verrucomicrobia do not 
only use methane but also CO2 as a carbon source, leading to a dilution of  the depleted 
isotopic signal of  methane. The carbon isotope fractionation by type II methanotrophs 
is complex and strongly depends on the methane concentration (Jahnke et al, 1999). 
For instance, methane limitation may lead to the production of  biomass relatively 
enriched in 13C compared to both CO2 and methane. Hence, extreme carbon isotopic 
depletion in bacterial biomass can be indicative of  methanotrophy, yet the opposite 
is not necessarily true (Jahnke et al, 1999). To study bacterial methane oxidation in 
the natural environment, the carbon isotopic signal of  methanotrophs will have to be 
analysed on molecules specific for methanotrophs (i.e. biomarkers).

1.4 Biomarkers: molecular fossils of  microbes 
Changes in biogeochemical cycles in the past and present may be reflected by the 
molecular fossils that microbes, governing the global geochemical cycles, leave behind 
(Brocks and Pearson, 2005). Molecular fossils, or biomarkers, are organic molecules 
that may be appointed to a certain group of  organisms (Brocks and Pearson, 2005). 
The most informative and useful biomarkers reflect a specific metabolic pathway and 
are relatively resistant to degradation (Brocks and Pearson, 2005). Most biomarkers 
originate from lipids, which are often structural components of  the cell membrane, 
which are typically relatively stable.
Methanotrophs produce an array of  lipids with a varying biomarker potential. For 
instance, different types of  methanotrophs produce different combinations of  mono-
unsaturated phospholipid fatty acids (PLFAs) (Bodelier et al., 2009). Most studies using 
PLFAs investigate the active methanotrophic community by introduction of  13C-labelled 
methane, followed by the analysis of  the extent of  label incorporation in different 
PLFAs (Maxfield et al.., 2006; Chen et al., 2008a). Since methanotroph are not unique in 
the production of  PLFAs and because mono-unsaturated fatty acids are not preserved 
on long time scales, they are, however, not optimal for palaeo-environmental research. 
Some type I methanotrophs have been detected to produce highly specific unsaturated 
sterols (see Fig. 5a for an example), even though steroid production is largely confined 
to the domain of  the Eucarya. (Bird et al., 1971; Bouvier et al., 1976; Schouten et al., 
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2000). These methanotrophs appear to be, however, confined to the marine realm. 
Generally, methanotrophs do not produce steroids but hopanoids. Hopanoids are 
produced by approximately 30% of  all bacteria, among which cyanobacteria, nitrogen 
fixers and methanotrophs (Rohmer et al., 1984; Ourisson et al., 1987; Farrimond et al., 
1998). They are composed of  a pentacyclic carbon skeleton, containing five cyclohexane 
rings and one cyclopentane ring (Fig. 5b-e), which is highly resistant to degradation. 
Simple hopanoids, like diploptene and diplopterol (Fig. 5b,c), are produced by many 
different bacteria, yet in combination with their stable carbon isotopic composition, 
they can be highly specific for methanotrophs. Bacteriohopanepolyols (BHPs) are 
hopanoids containing a functionalized side chain, of  which the functional groups may 
vary in kind, number and position, which can be highly specific for certain organisms. 
Aminobacteriohopanepentol (aminopentol) (Fig. 5d) has so far only been observed in 
type I methanotrophs and serves as an excellent biomarker for these methanotrophs 
(Neunlist and Rohmer, 1985a; Cvejic et al., 2000; Talbot et al., 2001; Coolen et al., 2008). 
Aminobacteriohopanetetrol (aminotetrol) is typical for type II methanotrophs, but may 
also be produced by some sulphate-reducing bacteria and to a lower degree by type I 
methanotrophs (Fig. 5e; Rohmer et al., 1984; Neunlist and Rohmer, 1985a,b; Talbot et 

OH
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Fig. 5. Chemical structures of  lipids encountered in methanotrophs. a) a methanotroph-specific sterol 
(4,4-dimethylcholesta-8(14),24-dien-3β-ol), b) diploptene, c) diplopterol, d) aminotetrol and e) aminopentol. 
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al., 2001; Blumenberg et al., 2006). Methylation at C-3 in diplopterol, aminotetrol or 
aminopentol appears to be restricted to Methylococcus and Methylocaldum genera of  the 
type I methanotrophs, and is therefore highly specific for these species (Neunlist and 
Rohmer, 1985b; Cvejic et al., 2000). Upon burial, lipids may lose functional groups 
and, hence, source-specific information. Still, the diagenetic products of  hopanoids in 
combination with their compound-specific carbon isotopes can be highly valuable as 
markers for methanotrophs (Pancost and Sinninghe Damsté, 2003). 

1.5 Peat bogs and the methane cycle
Peat bogs play an important role in the global carbon cycle, since they sequester one third 
of  the Earth’s terrestrial carbon. Moreover, since they are responsible for approximately 
10% of  the total methane flux to the atmosphere (Smith et al., 2004; Gorham, 1991), peat 
bogs have a major impact on atmospheric methane concentrations. Northern peatlands 
are considered to be responsible for long term changes in atmospheric methane associated 
with glacial-interglacial cycles (Fig. 2; Loulerge et al., 2008). For example, the global rise in 
atmospheric methane at the onset of  the Holocene is thought to be caused by northern 
peatlands (Fig. 2; Smith et al., 2004). Peatlands rapidly established between 11.5 and 9 
thousand years ago in Russia’s West Siberian Lowlands, the largest peat bog area globally 
today, synchronous with a rapid increase in atmospheric methane concentrations (Smith 
et al., 2004). Moreover, it has been speculated that variations in methane emissions from 
northern peat bogs are responsible for the observed stabilization of  atmospheric CH4 
concentrations in the 90’s and the subsequent rise in methane levels since 2007 (Fig. 
1; Bloom et al., 2010). High latitudes are especially vulnerable to climatic changes, as 
temperature changes seem to be amplified here (Hansen et al., 2010; Sluijs et al., 2006). 
Therefore, global warming will probably strongly affect future methane emissions from 
peat bogs. It is therefore of  crucial importance to understand the effect of  changing 
environmental conditions on carbon and methane cycling in peat bogs. 
Peat bogs are acidic, rain-fed peatlands and are primarily situated at mid- to high latitudes 
on the Northern Hemisphere, where precipitation is high and evaporation is low. Raised 
bogs arise from a lake or flat marshy area, which typically develops into a fen. As the 
organic matter load exceeds degradation, the peatland eventually rises above the ground-
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water level and becomes entirely water-fed, developing into a bog and forming a dome 
(Rydin et al., 1999). In areas where rainfall is constantly high and the ground surface is 
water-logged, peat bogs may also develop as a blanket over hilltops and slopes, like for 
instance in the Upper Pennines in the UK. 
Peat bogs are typically dominated by peat moss (Sphagnum, Fig. 6), combined with 
cotton grass (Eriophorum) , accompanied by heather (Calluna) and birches in the dryer 
areas (Rydin et al., 1999). Sphagnum mosses have a high water-holding capacity as 
they can store water in their hyaline cells and, thereby taking up 20 times their dry 
mass as water. As they lack stomata, they are dependent on their capillary network to 
maintain their water balance. Between different types of  Sphagnum mosses, there are 
large differences in the effectiveness of  this capillary network, leading to ecological 
differentiation between hummock and hollows (Rydin et al. 1999). Therefore, peat 
bogs have a patterned microtopography, alternating between wet pools and hollows, 
relatively dry lawns and dry hummocks, with different Sphagnum species occupying 
different microhabitats (Rydin et al. 1999, Robroek et al. 2007). At high water levels, 
fast growing pool species, like S. cuspidatum, outcompete the less productive hummock 
species, as for instance S. capillifolium, while at low water levels the capillary network of  
pool-species is inadequate and hummock species dominate (Robroek et al., 2007, and 
references therein). Sphagnum species like S. magellanicum can cope with both wet and dry 
conditions and is the predominant species in lawns.
Since peat bogs are entirely dependent on precipitation for their nutrient supply, they 
are highly limited in their nutrient content. Sphagnum mosses are well equipped to thrive 
under these nutrient poor conditions, because they exhibit a high ion exchange capacity, 
efficiently transferring nutrients for protons (Rydin and Jeglum, 2006). Furthermore, 
decaying Sphagnum releases high amounts of  phenolic acids. Due to the low pH buffering 
capacity of  peat bogs, these processes lead to the acidification of  the bog water resulting 
in a pH ranging between 3.5 and 5 (Soudzilovskaia et al., 2010, and references therein). 
The low pH of  this environment, together with the low nutrient level and anaerobic 
conditions as a consequence of  the high organic matter load, limit biodegradation and 
therefore result in high organic matter accumulation. This explains why peat bogs, 
although limited in their areal extent, store one third of  the world’s terrestrial carbon. 
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Another consequence of  the low nutrient level and the anaerobic conditions in peat 
bogs is the relative importance of  methanogenesis as a degradation pathway (Le Mer 
and Roger, 2001). This is the reason why peat bogs are such an important source for 
atmospheric methane. Still, methane emissions from peat bogs are strongly reduced 
by aerobic methanotrophs. Molecular studies have recently revealed that these 
methanotrophs reside on the stems and inside the hyaline cells of  Sphagnum mosses 
(Raghoebarsing et al., 2005). These methanotrophs provide a significant carbon source 
for Sphagnum by supplying methane-derived carbon to Sphagnum, efficiently recycling 
methane within peat bogs (Fig. 7). The interaction between the microbial methane cycle 
and Sphagnum mosses is likely to be affected by changing climatic conditions. Hence, it 
essential to understand the feedback mechanisms between environment, climate and 
methane cycling in peat bogs.  

Fig. 6. Sphagnum mosses: S. cuspidatum in a pool in Bodmin Moor (UK) (left) and a pool full of  
S. cuspidatum in Haaksbergen, The Netherlands (right). 

CH4

CO2

CO2 CH4

Fig. 7. A simplified cartoon of  methane recycling in peat bogs: methane 
is oxidized to carbon dioxide by methanotrophs living in association with 

Sphagnum, which is subsequently partially used by Sphagnum for photosynthesis.
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1.6 Methane cycling in peat bogs: objective and outline of  this thesis
The environmental relevance of  aerobic methanotrophs in Sphagnum-dominated 
peat bogs is the principal subject of  this thesis. To this end, organic chemical tools 
are combined with field studies and laboratory experiments, unravelling the microbial 
lipid chemistry of  methanotrophs and enhancing our understanding of  the impact 
of  changing environmental conditions on methane cycling within contemporary and 
ancient peats. 

Chapter 2 of  this thesis describes the worldwide prevalence of  the symbiosis between 
methanotrophs and Sphagnum, and studies the influence of  environmental factors and 
the methanotrophic community. This study shows that methane-derived carbon may 
account for 35% of  the carbon assimilated by Sphagnum.

Chapter 3 shows the prevalent methanotroph lipids in Sphagnum. Although no 
unambiguous biomarker for methanotrophs was found, this study revealed that the 
presence of  an active methanotrophic community is not necessarily reflected in strongly 
depleted bacterial isotopic carbon signatures.

In Chapter 4, intact bacteriohopanepolyols (BHPs) have been studied in both pure 
cultures of  methanotrophs and Sphagnum mosses. The equal distributions of  aminotetrol 
and -pentol in Sphagnum mosses revealed that both type I and type II methanotrophs 
are present.  

Chapter 5 describes a mesocosm experiment, where peat cores containing live Sphagnum 
were incubated at temperatures ranging from 5 ºC to 25 ºC. The consortium of  Sphagnum 
and methanotrophs acts as a very efficient filter for methane release. The efficiency of  
this filter, however, is strongly reduced with increasing temperatures, from 98% at 5 ºC 
to only 50% at 25 ºC. 

Chapter 6 shows the results of  organic geochemical analyses on Sphagnum mosses 
derived from the mesocosm experiment described in chapter 5. The δ13C values of  
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diploptene, a bacterial marker, showed a strong correlation with methane cycling and is 
therefore a potential proxy for past methanotrophic activity in peat bogs. 

Finally, methanotroph proxies were analysed in a peat core from the Hautes 
Fagnes, Belgium in Chapter 7. Diploptene δ13C values and aminopentol and -tetrol 
concentrations were used to reconstruct methane cycling in a peat bog. These markers 
showed an increase in methanotrophic activity with increased humidity. 

Conclusively, Chapter 8 provides a synthesis of  this thesis and describes the major 
conclusions of  this work. Furthermore, the consequences of  global change on methane 
cycling in peat bogs are projected. 

This thesis includes the investigation of  Sphagnum-associated methanotrophy on a global 
scale and down to a molecular level, aiming to further the understanding of  the short 
and long-term interactions and feedback mechanisms between the biotic and abiotic 
components of  the methane cycle within a changing Earth. This study shows that 
methanotrophs play an important role in the global carbon cycle by reducing methane 
emissions from peat bogs and this role may become even more important as climate 
changes in the near future. 
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Peat bogs store up to a third of  all terrestrial carbon on Earth (Smith et al., 2004), and 
are one of  the largest natural sources of  atmospheric methane (Gorham et al., 1991). 
Anaerobic degradation of  submerged Sphagnum species - mosses that are prevalent in 
peat bogs across the globe - produces significant quantities of  methane in these systems. 
However, a study on peat mosses in the Netherlands revealed that a large fraction of  this 
methane is consumed by aerobic methane-oxidizing bacteria, known as methanotrophs; 
in return, the methanotrophs provide Sphagnum mosses with carbon (Raghoebarsing 
et al., 2005). Here, we show that Sphagnum-associated methane oxidation occurs ubiq-
uitously across the globe. We collected Sphagnum mosses from pools, lawns and hum-
mocks in nine Sphagnum-dominated peatlands across the world, and measured their ca-
pacity to oxidize methane in a series of  laboratory incubations. All mosses were capable 
of  oxidizing methane. The rate of  methane oxidation increased with temperature, and 
was most pronounced in submerged mosses, collected from peatland pools. According 
to DNA microarray analyses, the methanotrophic community responsible for methane 
oxidation was highly diverse. 13C labelling revealed that methane-derived carbon  was 
incorporated into plant lipids when mosses were submerged, indicative of  a mutually 
beneficial symbiosis between mosses and methanotrophs. Our findings suggest that 
the interaction between methanotrophs and Sphagnum mosses may play a role in carbon 
recycling in waterlogged Sphagnum vegetation, potentially reducing methane emissions.

Chapter_2.indd   23 11-9-2011   13:50:10



24

Chapter 2. Global prevalence of  symbiotic methanotrophs

Wetlands are among the largest natural sources of  atmospheric methane (Conrad et al., 
2009). Atmospheric methane concentrations have doubled since pre-industrial times 
and mitigating emissions of  this important greenhouse gas has become a major global 
concern (Forster et al., 2007). Sphagnum-dominated wetlands contain a third of  the glo-
bal terrestrial carbon as peat deposits and consequently play an important role in the 
biogeochemical recycling of  carbon (Smith et al., 2004). The anaerobic decay of  peat 
mosses results in the production of  large amounts of  methane, which diffuses to the 
atmosphere unless consumed. Aerobic methanotrophs are the largest known terrestrial 
methane sink and are present in a large variety of  ecosystems (Hanson and Hanson 
1996). They belong to three different phylogenetic groups: Gammaproteobacteria, Al-
phaproteobacteria and Verrucomicrobia (Op den Camp et al., 2009). Except for Methy-
locella spp., all methanotrophs possess membrane-bound methane mono-oxygenase for 
which the phylogenetic marker pmoA, encoding a subunit of  this enzyme responsible 
for the first step in methane oxidation, can be used in combination with DNA microar-
rays (Bodrossy et al., 2003). Complementary to phylogenetic markers, different types 
of  methanotroph have specific hopanoids, which have been used to study methane 
cycling in various environments (Rohmer et al., 1984; Talbot et al. 2001). Hopanoids 
are relatively stable and thus provide the possibility to reconstruct past methane cy-
cling using peat cores (Pancost et al., 2002; Pancost and Sinninghe Damsté, 2003). Re-
cently it was shown that, in a restored peat ecosystem in The Netherlands, submerged 
Sphagnum mosses consume methane through cooperation with partly endophytic meth-
anotrophic bacteria, leading to effective in situ methane recycling, thereby reducing 
methane emissions from Sphagnum-dominated peat bogs (Raghoebarsing et al., 2005). 
To understand the impact of  these methanotrophs on methane recycling, information 
on a global scale is required. We initiated a worldwide survey of  Sphagnum ecosystems 
to assess the distribution, activity and diversity of  methanotrophic symbionts using 
both molecular and geochemical tools. Sphagnum mosses from pools, lawns and hum-
mocks were collected from nine different Sphagnum-dominated peatlands, representing 
the most extensive peatlands around the world (Supplementary Table S1). Methano-
trophic activity was detected in all living Sphagnum mosses tested (Fig. 1). The highest 
methane oxidation rates were found in Sphagnum mosses collected from pools, where 
Sphagnum grows at or below the water table, with potential methane oxidation rates as 
high as 80 μmol CH4 per day per gram dry weight. Potential methane oxidation rates 
in Sphagnum mosses collected from lawn and hummock vegetation were typically lower. 
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Variations in potential methane oxidation rates are probably related to in situ methane 
concentrations from the sites where the Sphagnum mosses were collected, which in turn 
are related to the water level (Basiliko et al., 2004). Moreover, methane oxidation rates 
were two times higher when incubated at 20ºC compared with 10ºC, and were below the 
detection limit at 4ºC, except for the Sphagnum collected from North Siberia. A detailed 
comparison was made for a pool, lawn and hummock, containing the same Sphagnum 
magellanicum species, from Tierra del Fuego, Argentina (Supplementary Fig. S1). The 
established temperature relationship suggests that the predicted increase in methane 
production and emissions as a result of  global warming (Williams and Crawford, 1984; 
Frenzel and Karofeld, 2000) may be counteracted by a simultaneous increase in the 
methane oxidation rate. To show the potential in situ importance of  methane oxidation 
we measured methane emissions from Sphagnum cuspidatum-dominated peat cores from 
ombrotrophic peat bogs before and after removal of  the Sphagnum layer. The removal 
resulted in a fivefold increase of  methane emission, indicating that methane-oxidizing 
bacteria in and on Sphagnum act as an in situ emission filter (Supplementary Fig. S2).
To document the microbial nature of  the methane oxidation, the specific methane 
mono-oxygenase inhibitor, acetylene, was added to the Sphagnum incubations, which re-
sulted in complete inhibition of  methane oxidation. In addition, no methane oxidation 

Fig. 1. Initial methane oxidation rates of  Sphagnum mosses. The mosses tested originated from different sites 
and the methane oxidation rates shown here were measured at 20 ºC. NL = the Netherlands (HV = Hat-
ertse Vennen; MP = Mariapeel), UK = United Kingdom, DE = Germany. P = pool (grey bars), L = lawn 
(black bars), H = hummock. P1–4 of  Sweden represent four different Sphagnum species from four differ-
ent pools. P1–2 of  Germany are two different Sphagnum species from two different pools. P1–2 of  Argen-
tina represent two different Sphagnum species from the same pool. The values are means of  at least three 
incubations + s.d. Methane oxidation is expressed in micromoles of  CH4 per day per gram dry weight.
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Fig. 2. Methane-derived 13C incorporation into bacterial and Sphagnum lipids. Incorporation into bacterial 
lipids: hopanol (17β,21β(H)-bishomohopanol) and plant lipids: phytosterol (24-ethylcholest-5,22-dien-3-beta-
ol) in S. cuspidatum from the UK (a,b), S. magellanicum from Argentina (c,d) and S. magellanicum from Canada 
(e,f). The x axis crosses at 1.07, the natural 13C isotope abundance. Note differences in scale. All samples were 
incubated submerged in medium. Control incubations in air did not show methane-derived label incorporation 
into plant lipids. n.a. = not analysed.
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was observed in peat water samples, indicating the absence of  significant amounts of  
free-living methanotrophs. Evidently, especially under wet conditions, methanotrophs 
thrive when living together with Sphagnum, probably because they profit from a favour-
able and stable position along the methane gradient in the water column and from 
oxygen supply by the mosses.
The flow of  carbon from methane to symbiotic methanotrophs and ultimately to plant 
material was investigated by stable carbon (13C) isotopic labelling experiments: Sphagnum 
mosses were analysed for 13C incorporation into bacterial and plant (Sphagnum) lipids 
after incubation with 99% 13C methane. A strong enrichment of  methane-derived 13C in 
bacterial hopanol (detected as 17β,21β(H)-bishomohopanol released from tetra-func-
tionalized hopanoids using the Rohmer method, Rohmer et al., 1984) was observed in 
these Sphagnum mosses (Fig. 2a,c,e). Hopanoids are exclusively produced by bacteria and 
have been found in relatively high amounts in pure cultures of  methanotrophs (Cvejic 
et al., 2000; Talbot et al., 2001). These results illustrate that bacteria are responsible for 
the observed methane oxidation, in good agreement with the acetylene inhibition test.
The fact that the 13C label is also incorporated into the phytosterol 24-ethylcholest-
5,22-dien-3-beta-ol, which is produced by Sphagnum and not by bacteria, shows that 
methane-derived carbon is also incorporated into Sphagnum itself  (Fig. 2b,d,f). In ad-
dition, the uptake of  methane-derived 13C by Sphagnum was also demonstrated by ma-
trix-assisted laser desorption/ionization time-of-flight mass spectrometry analysis of  
chlorophyll a (Supplementary Fig. S3). Altogether this implies that Sphagnum mosses in-
corporate methane-derived carbon into their plant tissue irrespective of  their geograph-
ic origin, as this was demonstrated for Sphagnum from the United Kingdom, Argentina, 
Canada and the Netherlands. The Sphagnum mosses were incubated while submerged 
in medium. Air-incubated control experiments did not show methane-derived label 
incorporation into plant lipids. Whereas the air-incubated Sphagnum uses atmospheric 
CO2, submerged Sphagnum is dependent on carbon fluxes from the organic sediment. 
Although CO2 concentrations in pools tend to be higher than in the atmosphere, dif-
fusion of  CO2 in water is very slow, resulting in carbon-limited conditions (Smolders 
et al., 2001). Consequently, Sphagnum growing under submerged conditions benefits 
from additional methane-derived CO2 as a carbon source. To understand the relative 
importance of  methane-derived CO2, the incorporation of  13CO2 was analysed in a 
parallel experiment with S. magellanicum from a peat bog pool in Canada. An average of  
24% 13C of  the CO2 resulted in 1.7% 13C in phytosterol, compared with 2.6% 13C after 
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incubation with on average 51% 13C-labelled CH4. Comparing these 13C enrichments 
in phytosterol between the parallel experiments, we calculated that methane-derived 
carbon accounted for approximately 35% of  the CO2 assimilated by Sphagnum in these 
experiments, after correction for label build-up in the headspace and duration of  the 
experiments. In the case of  lawn or hummock mosses, the nature of  the coopera-
tion seems to be commensal, as the Sphagnum does not benefit from supplementary 
methane-derived CO2. In pool-derived Sphagnum, however, the symbiosis is mutualistic, 
as submerged Sphagnum mosses, deprived of  CO2, benefit from the methane-derived 
CO2 provided by the methanotrophs. Our results thus indicate that methane recycling 
is most profound in submerged Sphagnum mosses, where the methane oxidation activity 
is highest and the consumption of  methane-derived carbon by Sphagnum is most pro-
nounced. In fact, these results indicate that methane recycling is most intense in areas 
with high water levels (Basiliko et al., 2004; Frenzel and Karofeld, 2000). Although it 
was suggested that δ13C values of  Sphagnum spp. could be used to create records of  
palaeo-atmospheric CO2 (White et al., 1994), our results indicate that the use of  bulk 
mosses’ δ13C as a proxy has to be re-evaluated because a substantial fraction of  their 
carbon is derived from isotopically light methane.
Both activity and labelling experiments showed the ubiquitous occurrence of  methane 
oxidation in Sphagnum mosses. Isolation of  methanotrophs, however, has proven dif-
ficult, and only a limited number of  methanotrophic species inhabiting peat ecosys-
tems are known (Dedysh, 2009). To determine the composition of  the methanotrophic 
community, we used a specific methane mono-oxygenase gene (pmoA)-based PCR in 
combination with a microarray (Bodrossy et al., 2003). DNA extracted from Sphagnum 
mosses from geographically and environmentally contrasting locations was analysed 
(Fig. 3). The methanotrophic diversity within the Sphagnum mosses was high compared 
with other studies carried out on peat soils (Chen et al., 2008a,b), upland soils (Cebron 
et al., 2007) and rice fields (Vishwakarma et al., 2009). The alphaproteobacterial probes 
showed that both Methylocystis sp. and Methylosinus sp. were present in all mosses tested. 
This is in agreement with previous studies (Chen et al., 2008a,b) showing Methylocystis 
sp. to be abundantly present in peat ecosystems. In addition, probe Peat264, targeting 
a group of  uncultivated peat-related alphaproteobacterial methanotrophs, hybridized 
with PCR products from all mosses. Surprisingly, the microarray also showed a strong 
signal with probes targeting the gammaproteobacterial genera Methylomonas, Methylobacter 
and Methylomicrobium, except for the Russian peatlands. Within these genera a broad 
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diversity was detected for Methylomonas and Methylobacter species. Such a high biodiver-
sity of  both alphaproteobacterial and gammaproteobacterial methanotrophs has never 
been observed in other wetland ecosystems (Chen et al., 2008a,b; Cebron et al., 2007; 
Vishwakarma et al., 2009). No gammaproteobacterial isolates from peatlands have been 
reported so far. Still, our microarray results indicate that gamma-proteobacterial meth-
anotrophs are ubiquitously present and might contribute substantially to Sphagnum-asso-
ciated methane oxidation. Previously, Methylocella sp. were also shown to be abundantly 
present in Sphagnum (Dedysh, 2009; Dedysh et al., 2000, 2002, 2003). Methylocella spp. 
do not possess a membrane-bound methane mono-oxygenase (Dedysh et al., 2002), 
and could therefore not be studied using a pmoA-based PCR. Instead, Methyllocella sp. 
do posses a soluble methane mono-oxygenase gene, which can be detected with PCR 
primers targeting one of  the subunits, mmoX. We carried out a PCR using five different 
mmoX primer combinations (McDonald et al., 1995; Miguez et al., 1997; Auman et al., 
2000) with DNA from the different peat ecosystems and the reference strain Methylocella 
palustris as a template. In only 4 out of  96 PCRs carried out on DNA from the Sphagnum 
mosses we observed a very small amount of  PCR product, indicating that Methylocella-
like methanotrophs were not abundant in the ecosystems studied or that no suitable 
primers are available to resolve this issue. Although some indications for the presence 
of  verrucomicrobial methanotrophs were obtained from the microarray, further re-
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search will be needed.
Apart from the natural extent of  variability, in general, the same types of  methanotroph, 
based on genus- and family-specific probes, seem to be present in all of  the Sphagnum 
mosses, except for Sphagnum from North Siberia. Although methane oxidation activ-
ity varied between pools, lawn and hummocks, the methanotrophic communities are 
comparable.
Using genetic and lipid biomarkers, we were able to show both the presence and activ-
ity of  methanotrophs in Sphagnum mosses from peatlands around the world. Methane 
oxidation rates increased with increasing temperature and were most pronounced in 
submerged mosses, indicating that they could potentially counteract the expected meth-
ane production increase in northern peatlands owing to global warming. Labelling ex-
periments illustrated the flow of  methane-derived carbon into bacterial lipids and finally 
also into Sphagnum lipids and chlorophyll. Furthermore, genetic markers showed a high 
bacterial diversity in the methanotrophic community in Sphagnum. Our results provide 
compelling evidence for the worldwide occurrence of  methanotrophs in living Sphag-
num mosses. The interaction between methanotrophs and Sphagnum may play a role in 
carbon recycling in waterlogged Sphagnum vegetation, reducing methane emissions. 

Methods

Sample collection
Intact Sphagnum mosses were collected from nine different peatlands around the world 
(Supplementary Table S1). Whole and alive chlorophyll-containing mosses were used. 
When possible, mosses from pool, lawn and hummock were sampled.

Methane oxidizing activity tests
Intact Sphagnum mosses were thoroughly washed, and incubated in 120 ml sealed serum 
bottles. To each bottle, 1 ml of  pure methane was added and methane concentrations 
were monitored daily. Incubations were carried out at 4, 10, 15 and 20ºC in the dark. 
When available, peat bog water was tested for methane oxidation.

Methane emission measurements
Nine peat cores (diameter 15 cm, length 40 cm) were taken from Sphagnum cuspidatum-
dominated hollows from two different peatlands: Tuspeel (51º19’92” N; 5º88’29” E) 
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and en Haaksbergerveen (52º13’ 01” N; 6º77’ 27” E), the Netherlands. The peat cores 
were filled with water to the top and methane emissions were measured every 2 h over 
a period of  12 h at 18ºC, after a pre-incubation of  one month. Afterwards, the upper 
6 cm of  the living parts of  the Sphagnum mosses were carefully removed and two days 
later methane emissions were measured again.

13CH4 and 13CO2 incorporation into lipids
Submerged labelling experiments were carried out on S. cuspidatum from the United 
Kingdom, S. magellanicum from Argentina and S. magellanicum from Canada. Washed 
mosses were submerged in medium N with 99% 13C-labelled methane, final concentra-
tion of  200 μM. 
In parallel, 13CO2 experiments were carried out with the Canadian mosses, with non-
labelled methane and the addition of  4.2 mg of  labelled sodium bicarbonate. As a 
control, Sphagnum was incubated in air with 99% 13C-labelled methane. Measurements 
of  CO2 and CH4 were carried out on a gas chromatograph-mass spectrometer (5975C, 
Agilent Technologies).
Total lipid extracts of  freeze-dried Sphagnum species were obtained with an acceler-
ated solvent extractor (Dionex). An aliquot of  the total extract was methylated with 
borontrifluoridemethanol and separated into three increasingly polar fractions using an 
activated Al2O3 column. An aliquot of  the total extract was treated with H5IO6 and 
NaBH4, as described previously (Rohmer et al., 1984), and subsequently silylated.
Fractions were analysed on a gas chromatograph (HP 6890) equipped with a flame 
ionization detector and a fused-silica column coated with CP Sil-5CB. Helium was used 
as a carrier gas. Extracts were injected on-column at 70 ºC. The temperature increased 
with 20 ºC min to 130 ºC and 4 ºC min to 320 ºC, followed by an isothermal hold for 
20 min. Components were identified using a gas chromatograph-mass spectrometer 
(Thermo Trace GC Ultra).
Compound-specific δ13C values were determined by isotope-ratio-monitoring gas chro-
matography-mass spectrometry (ThermoFinnigan Delta-Plus XP). Carbon isotopic val-
ues are reported in the delta notation relative to the Vienna PeeDee Belemnite standard. 
The δ13C values of  the alcohols were corrected for the attached trimethylsilyl groups 
derived from N,O-bis(trimethylsilyl)trifluoroacetamide.
The extent of  methane-derived CO2 incorporation was estimated by comparing label 
uptake in phytosterol (measured value minus the natural isotope abundance) with the 
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enrichment of  the 13CO2-treated sample, through time. The isotope ratios of  the gases 
were monitored through time. The experiment in which Sphagnum was incubated with 
13CH4 showed gradual build-up of  13CO2, up to 16%, in the headspace. This was cor-
rected for using the effect calculated based on the parallel 13CO2 labelling experiment. 
Differences in label in CO2 and CH4, changes therein over time, and differences in 
duration of  experiments (seven days for the 13CO2-experiment, nine days for the 13CH4-
experiment), were accounted for.

13CH4 incorporation into chlorophyll
Analyses of  methane-derived 13C incorporation into chlorophyll a were carried out with 
S. cuspidatum collected from the Mariapeel, the Netherlands. Washed Sphagnum mosses 
were incubated with 130 μM of  99% 13C-labelled methane in the light. In the control 
treatment 12C-labelled methane was added. After two weeks, chlorophyll a was extracted 
and purified. Isotope fractions of  chlorophyll a molecules were analysed with a matrix-
assisted laser desorption/ionization-time-of-flight mass spectrometer (Bruker, Biflex 
III).

Genomic DNA isolation
The genomic DNA was isolated using the phenol extraction and ethanol precipitation 
method. It was then purified by RNAse treatment and humic acids were removed using 
Sephaglass beads (FlexiPrep Kit Pharmacia P-L Biochemicals), and it was stored at 4 
ºC. 

Microarray
The pmoA-based microarray was carried out as described previously (Bodrossy et al., 
2003), except the pmoA-based PCR. Genomic DNA extracted from Sphagnum mosses 
was used as a template in a touchdown PCR, from 62ºC to 52ºC in 11 cycles and 25 
cycles at 52ºC, with the pmoA primer set a189/T7-A682. This PCR product was diluted 
100 times and used for a nested pmoA touchdown PCR, from 62ºC to 52ºC in 11 cycles 
and 15 cycles at 52ºC. 

mmoX PCR
The mmoX-based PCRs were carried out using the primer sets mmoX1-mmoX2 (touch-
down PCR 70-60ºC; Miguez et al., 1997), f882-r1403 (McDondald et al., 1995) and A-B 
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(Auman et al., 2000), also called f166-r1401 and the combinations f882-B and A-r1403 
(all touchdown PCR 63-53ºC). The same PCR programme as described for the first 
PCR for the microarray has been used.
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Aerobic symbiotic methane-oxidizing bacteria (methanotrophs) in peat moss (Sphagnum 
spp.) play a vital role in the carbon cycle in peat bogs. They reduce methane emis-
sions and provide CO2 to Sphagnum moss, resulting in effective in situ carbon recycling. 
To establish biomarkers for these methanotrophs, Sphagnum moss spp. were incubated 
with 13CH4 and analysed for the degree of  label incorporation in individual lipids. We 
determined that mono-unsaturated fatty acids (FAs; C16:1ω7 and C18:1ω7), hopenes 
(hop-17(21)-ene and 2-methylhop-17(21)-ene) and tetrafunctionalized hopanoids (de-
tected as 17β,21β(H)-bishomohopanol after H5IO6 and NaBH4 treatment) are prob-
ably the prevailing methanotroph lipids in Sphagnum moss spp.. However, they are not 
unique for methanotrophs, as they have been detected in other bacteria. Natural δ13C 
values of  these lipids in Sphagnum range from -31‰ to -38‰. Their limited isotop-
ic depletion is probably the result of  a mixed origin. On the other hand, an origin 
from serine cycle methanotrophs (type II) that fix both CO2 and CH4 and are, there-
fore, isotopically less depleted, would also be consistent with the observed isotopic 
values. We have not been able to identify an unambiguous biomarker for methano-
trophs in peat moss. Nevertheless, our results show that a limited depletion in 13C for 
hopanoids does not exclude the presence of  an active methanotrophic community.
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3.1 Introduction
Peat bogs dominated by Sphagnum moss play an important role in the global carbon cy-
cle, as they store up to 30% of  the global terrestrial carbon (Smith et al., 2004) and are 
a major source of  natural CH4 (Gorham, 1991). Peat bogs typically show a pattern of  
microtopographical habitats, ranging from wet depressions (pools or hollows), where 
Sphagnum is submerged, to intermediate lawns to dry hummocks, where Sphagnum grows 
tens of  cm above the water table. Each microhabitat is occupied by different Sphagnum 
species (Rydin et al., 1999; Robroek et al., 2007). 
Raghoebarsing et al. (2005) demonstrated that methanotrophs live as endosymbionts 
and epibionts in and on the cells of  Sphagnum and provide CO2 for photosynthesis, 
resulting in effective carbon recycling in peat bogs. Methanotrophs can be broadly di-
vided into three phylogenetically distinct groups. Type I methanotrophs belong to the 
γ-Proteobacteria and solely use CH4 as their carbon source and type II methanotrophs 
belong to the α-Proteobacteria and use both CH4 and CO2 as carbon source (Hanson 
and Hanson, 1996). The third group is phylogenetically very distinct from the Proteo-
bacteria and belongs to the Verrucomicrobia (Pol et al., 2007; Dunfield et al., 2007). 
Methanotrophic activity in peat is strongly related to the water level and consequently 
varies considerably between pools, lawns and hummocks, with the highest CH4 oxida-
tion rates observed for pools (Sundh et al., 1995; Basiliko et al., 2004; Raghoebarsing 
et al., 2005). 
To reconstruct the influence of  changing environmental factors on methanotrophs in 
past peat settings, we need to be able to trace these symbiotic bacteria. However, no 
specific biomarkers for methanotrophs occurring in Sphagnum moss have been identi-
fied. To detect methanotroph lipids, we incubated Sphagnum moss spp. with 13C labelled 
CH4 and determined the degree of  labelling in individual lipids. Sphagnum spp. from 
various peatlands were analysed for methanotroph lipids and compound-specific car-
bon isotopes.

3.2 Methods

3.2.1 Sphagnum selection
Pool-derived Sphagnum spp. from the UK (S. cuspidatum) and Argentina (S. magellanicum) 
were used for labelling experiments. Fresh Sphagnum was stored at 4 ºC prior to incuba-
tion. Besides these species, Sphagnum from peatlands in The Netherlands (S. cuspidatum, 
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pool), Russia (West Siberia: S. majus, pool; S. magellanicum, lawn; S. fuscum, hummock; 
Northeast Siberia: Sphagnum sp., pool; Sphagnum sp., hummock) and Canada (S. majus, 
pool; S.magellanicum, lawn; S. capillifolium, hummock) were analysed for natural 13C abun-
dances. 

3.2.2 Labelling experiments
Aliquots (5 g wet wt) of  the Sphagnum spp. from the UK and Argentina were thoroughly 
washed with water and incubated in air in 120 ml serum bottles at room temperature. 
Subsequently, 1 ml of  99% 13C methane (Isotec) was added to the head space of  each 
flask. No additional substrates were added. The samples were harvested after 14–15 
days incubation. The CH4 oxidation rate was monitored (Kip et al., 2010).

3.2.3 Extraction and derivatization
Total extracts of  freeze-dried Sphagnum spp. were obtained with an accelerated sol-
vent extractor (Dionex) using a mixture of  dichloromethane (DCM):MeOH (9:1 v/v). 
An aliquot was methylated with BF3/MeOH at 60 ºC for 10 min and separated into 
three fractions on an activated Al2O3 column using hexane:DCM (9:1 v/v), DCM and 
DCM:MeOH (1:1 v/v), respectively. The DCM:MeOH (1:1 v/v) fraction was silylat-
ed with a 1:1 mixture of  bis(trimethylsilyl)trifluoroacetamide (BSTFA; 1% TMS) and 
pyridine at 60 ºC for 20 min. An aliquot of  the hexane:DCM (9:1 v/v) fraction was 
used for urea adduction, to separate hopenes from n-alkanes. An aliquot of  the DCM 
fraction, containing methylated FAs, was used for dimethyldisulfide (DMDS) adduc-
tion, as described by Nichols et al. (1986), to determine double bond positions of  the 
mono-unsaturated FAs. An aliquot of  the extract was treated with H5IO6 and NaBH4, 
as described by Rohmer et al. (1984), to cleave the C-C bonds of  vicinal polyols, and 
silylated.

3.2.4 Gas chromatography (GC) and GC/mass spectrometry (GC/MS)
Fractions were analysed with a gas chromatograph (HP 6890) equipped with a flame 
ionization detector (FID) set at constant pressure (100 kPa). A fused silica column (30 
m x 0.32 mm i.d., film thickness 0.1 μm) coated with CP Sil-5CB was used with He as 
carrier gas. Samples were injected on-column at 70 ºC. The temperature programme 
was 20 ºC/min to 130 ºC and 4 ºC/min to 320 ºC (held 20 min). Components were 
identified using GC/MS (Thermo Trace GC Ultra).
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3.2.5. GC-isotope ratio monitoring mass spectrometry (IRMS)
Compound specific δ13C values were determined using a ThermoFinnigan Delta-Plus X 
instrument. Values are reported relative to the Vienna Peedee Belemnite (VPDB) stand-
ard. The values for FAs and alcohols were corrected for attached methyl or TMS groups 
derived from BF3/MeOH and BSTFA respectively, which were determined offline.

3.3 Results and Discussion

3.3.1 13CH4 labelling of  symbiotic methanotrophs in Sphagnum
The degree of  13C incorporation in individual lipids in Sphagnum spp. from the UK and 
Argentina after incubation with 99% 13CH4 is shown in Fig. 1. A high degree of  label-
ling was observed in monounsaturated FAs, hopenes and tetrafunctionalized hopanoids 
(detected as 17β,21β-bishomohopanol after H5IO6 and NaBH4 treatment). Neophyta-
diene, n-alkanes, saturated FAs, alcohols and sterols showed little to no label incorpora-
tion, so are probably primarily plant-derived. 
The free FAs C16:1ω7 and C18:1ω7 were relatively strongly labelled, while C16:1ω8 and 
C18:1ω8, often reported in methanotrophs (Bodelier et al., 2009), were absent. This 
agrees with high abundances of  phospholipid FAs (PLFAs), 16:1ω7 and 18:1ω7, and the 
absence of  16:1ω8 and 18:1ω8 from most methanotrophs thriving in peat bogs (Dedysh 
et al., 2004; Chen et al., 2008a). The different degree of  label incorporation into the 
C18:1ω7 FA for the two Sphagnum moss species (Fig. 1) is probably related to differences 
in active methanotrophic communities during incubation. 
Hopanoids are pentacyclic triterpenoids and are membrane components of  many bac-
teria (Rohmer et al., 1984; Ourisson et al., 1987). We detected a high degree of  labelling 
in hop-17(21)-ene and 2β-methylhop-17(21)-ene (identified from its mass spectrum and 
relative retention time; cf. Summons and Jahnke,1992), which partly co-elute. We also 
observed a high degree of  incorporation in hop-21-ene and hop-22(29)-ene; however, 
the extent of  labelling was not quantifiable because of  the low abundances. Non-meth-
ylated hopenes are abundantly present in a variety of  bacteria (Rohmer et al., 1984). 
Generally, 3-methylhopanoids are considered indicative of  methanotrophic bacteria, 
but are confined to type I methanotrophs related to Methylococcus/Methylocaldum species 
(Zundel and Rohmer, 1985; Neunlist and Rohmer, 1985b; Cvejic et al., 2000). We did 
not detect 3-methylhopanoids in any of  the samples, but we did observe labelling of  
2-methylhopanoids, which are generally regarded as indicators for cyanobacteria (Sum-
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mons et al., 1999). Nevertheless, they have also been observed in other bacteria, for 
instance in a methylotrophic bacterium (Bisseret et al., 1985).
Tetrafunctionalized hopanoids like bacteriohopanetetrol and aminobacteriohopanetriol 
have been found in pure cultures of  methanotrophic bacteria, but are also common in 
other bacteria (Rohmer et al., 1984; Neunlist and Rohmer, 1985a; Talbot et al., 2001). 
Indeed, 17β,21β(H)-bishomohopanol, released from tetrafunctionalized hopanoids us-
ing the Rohmer method (Rohmer et al., 1984), showed significant label incorporation 
(Fig. 1). Also, traces of  17β,21β(H)-homohopanol, 2-methyl-17β,21β(H)-homohopanol 
and 2-methyl-17β,21β(H)-hopanol, released from penta- and hexafunctionalized ho-
panoids, were identified as Rohmer transformation products from Sphagnum mosses. 
Unfortunately, we could not determine whether these compounds incorporated any 
methane-derived label because of  their low abundance.
The high degree of  labelling in mono-unsaturated FAs (C16:1ω7 and C18:1ω7), hopenes 
(hop-17(21)-ene and 2-methylhop-17(21)-ene) and tetrafunctionalized hopanoids (de-
tected as 17β,21β-bishomohopanol), indicates that these compounds are the prevailing 
methanotroph lipids in Sphagnum. They are, however, not specific for methanotrophs, 
as they have been detected in other bacteria (Rohmer et al., 1984; Nichols et al., 1986; 
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Fig. 1. 13CH4 label incorporation in individual in S. magellanicum from Argentina and S. cuspidatum from the UK, 
expressed as atomic % 13C. Both Sphagnum mosses were pool-derived and CH4 oxidation. Error bars indicate 
the standard deviation based on duplicate analyses.
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Summons et al., 1999; Talbot and Farrimond, 2007). Nevertheless, the high label incor-
poration in hop-17(21)-ene and 2β-methylhop-17(21)-ene, suggests that methanotrophs 
are the major source for these lipids in Sphagnum under the conditions investigated. It 
is possible that specific methanotrophs especially thrived under the conditions used for 
the incubation, and that lipids produced by other methanotrophs were not labelled to a 
large extent. It is also possible that other bacteria consumed CH4-derived CO2, or that 
methylotrophs feeding on intermediate products, like MeOH or CH2O, incorporated 
CH4-derived label. The intensity of  the labelling does, however, suggest that the lipids 
in question must be at least partly of  methanotrophic origin. Second order label incor-
poration is expected to show a strongly diluted signal.

3.3.2 Natural δ13C signatures of  methanotroph and Sphagnum lipids
Since methanotrophs consume strongly 13C-depleted biogenic CH4 (Waldron et al., 
1999; Steinmann et al., 2008; Hornibrook et al., 2000), methanotroph lipids are expected 
to have a highly depleted δ13C signature. Hopanoids could, therefore, serve as biomar-
kers for methanotrophs if  they show a correspondingly depleted isotopic signature 
(Spooner et al., 1994; Schouten et al., 2001; Pancost and Sinninghe Damsté, 2003). 
Compound specific δ13C values of  hop-17(21)-ene and 2-methylhop-17(21)-ene com-
bined varied between -31‰ and -38‰ (measured for Sphagnum from Northeast Sibe-
ria, Canada, the UK and the Netherlands; Table 1). The δ13C values of  17β,21β(H)-
bishomohopanol ranged from -34‰ to -37‰ (measured for Sphagnum from the UK, 
The Netherlands, and Canada; Table 1). These lipids are significantly less depleted in 13C 

Table 1. Compound-specific δ13C values of  bacterial lipids: hopenes [hop-17(21)-ene + 2-methylhop-17(21)-
ene combined] and 17β,21β(H)-bishomohopanol, and plant-derived lipids: C23 n-alkane and C  29-sterol (24-
ethylcholest-5,22-dien-3-beta-ol), of  various Sphagnum mosses.

origin
Sphagnum

Micro-
habitat

δ¹³C [‰]
hopenes

Canada pool -35.4 -35.9

Canada lawn -33.6 -34.3 -38.0

Canada hummock -31.4 -35.2 -39.8

UK pool -34.8 -34.5 -37.6 -35.1

Netherlands pool -35.2 -36.1 -33.9

Russia, NE Siberia pool -37.8

Russia, NE Siberia hummock -32.4

δ¹³C [‰]
C23 n-alkane

δ¹³C [‰]
C29-sterol

δ¹³C [‰]
17β,21β(H)-
bishomohopanol
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compared to methanotroph lipids found in lakes, for which δ13C values around -55‰ 
were reported (e.g. Spooner et al., 1994; Schouten et al., 2001). This limited depletion is 
not sufficient to serve as strong indicator for methanotrophic activity, especially since 
the bacterial lipids were not more depleted than plant-derived lipids (Table 1). Hope-
nes and hopanoids are not only produced by methanotrophs, and the carbon isotopic 
signature could well be the result of  a mixture of  methanotrophs and other bacteria. 
Methanotrophs probably only make up a fraction of  the total hopanoid-producing bac-
terial community. On the other hand, the limited isotopic depletion of  methanotroph 
lipids could also be caused by serine cycle methanotrophs (type II) that fix both CO2 
and CH4. Previous work of  Dedysh et al. (2003), Raghoebarsing et al. (2005) and Chen 
et al. (2008a) indicates that type II methanotrophs are the dominant methanotrophs 
in Sphagnum peat bogs. If  methanotrophs assimilate CO2 and CH4 in a 1:1 ratio, with 
δ13C values between +1‰ and -10‰ for CO2 and -45‰ and -65‰ for CH4 in peat 
bogs (Hornibrook et al., 2000), the δ13C value of  the carbon source for methanotrophs 
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Fig. 2. Compound-specific δ13CH values of  methanotroph-derived hopenes [hop-17(21)-ene and 2-methyl-
hop-17(21)-ene combined] and Sphagnum-derived C23 n-alkane, in different Sphagnum moss species from Canada 
and Russia, West Siberia. Error bars indicate analytical variation.  
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would vary between -20‰ and -40‰. These values actually cover the range of  δ13C val-
ues found for bacterial lipids. Methanotrophs can also fractionate against 13C internally, 
but Jahnke et al. (1999) showed that the carbon fractionation of  methanotroph cell cul-
tures strongly depends on the availability of  CH4 and CO2 and and the type of  enzyme 
used for CH4 oxidation. This can even result in a 13C enrichment in lipids.
The observed δ13C signatures are probably the result of  both mixed sources for hopa-
noids and occurrence of  serine cycle methanotrophs. Hence, our data indicate that the 
presence of  an active methanotrophic community is not necessarily reflected in highly 
13C depleted lipids.
The δ13C values of  hopenes showed a strong correlation with the environmental set-
tings, while δ13C values of  17β,21β(H)-bishomohopanol did not show a clear relation-
ship (Table 1, Fig. 2). This is probably a further indication that both lipids are derived 
from a number of  sources but in a different way. Since the lowest δ13C values for hope-
nes were found for the pool-derived Sphagnum, the 13C depletion of  hopenes in Sphag-
num could be associated with in situ methanotrophic activity. The CH4 oxidation rate is 
strongly related to the in situ CH4 concentration, as pool-derived Sphagnum exhibits a 
significantly higher CH4 oxidation activity than lawn or hummock species (Sundh et al., 
1995; Basiliko et al., 2004; Raghoebarsing et al., 2005). Potentially, the δ13C values reflect 
the proportion of  methanotroph-derived hopenes, where in pools a larger fraction of  
hopenes is methanotroph-derived vs. hummocks.
High abundances of  short chain n-alkanes, primarily C23, are typical for Sphagnum (Baas 
et al., 2000; Nott et al., 2000). Compound-specific carbon isotopes of  Sphagnum-derived 
n-alkanes ranged from -35‰ to -40‰ (Fig. 2, Table 1). The low values for Sphagnum-de-
rived lipids might indicate the incorporation of  CH4-derived CO2. However, the most 
depleted values were found in hummock species (Fig. 2), in contrast with their potential 
methanotrophic activity. Environmental conditions possibly have a more dominant ef-
fect on δ13C values. With increasing water content, Sphagnum is increasingly limited in 
the uptake of  atmospheric CO2, resulting in less fractionation in 13C (Williams and 
Flanagan, 1996). This probably results in decreasing δ13C depletion in hummock, lawn 
and pool-derived Sphagnum, respectively.

3.4 Conclusions
We determined that mono-unsaturated FAs (C16:1ω7 and C18:1ω7), hopenes (hop-
17(21)-ene and 2-methylhop-17(21)-ene) and tetrafunctionalized hopanoids (detected 
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as 17β,21β(H)-bishomohopanol) are most likely the prevailing methanotroph lipids in 
Sphagnum moss. However, these lipids are not unique for methanotrophs. Their natural 
δ13C values in Sphagnum ranged from -31‰ to -38‰, showing insufficient depletion to 
be used as an indicator for methanotrophs. The limited isotopic depletion is probably 
the result of  a mixed origin of  these lipids, although this is possibly also because type 
II methanotrophs are especially active in peat. Thus far, we have not been able to iden-
tity an unambiguous biomarker for methanotrophs. This hampers palaeoenvironmental 
research on CH4 cycling in peat. Our data indicate that the presence of  an active meth-
anotrophic community is not necessarily reflected in strongly 13C depleted lipids.
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Bacteriohopanepolyols (BHPs) are bacterial biomarkers with a likely potential to identify 
(past) methanotrophic communities. To unravel the methanotrophic community in peat 
bogs, we here report the BHP signatures of  type I and type II methanotrophs isolated 
from Sphagnum mosses and of  an extreme acidophilic verrucomicrobial methanotroph. 
A type I Methylovulum-like strain (M200) contains a remarkable combination of  BHPs, 
including a complete suite of  mono-unsaturated aminobacteriohopanepentol, -tetrol 
and -triol. The Methylomonas-like strain (M5) mainly produces aminobacteriohopanepen-
tol, characteristic for type I methanotrophs, and the Methylosinus-like strain (29) contains 
both aminobacteriohopanetetrol and aminobacteriohopanetriol, typical for a type II 
methanotroph. The type II methanotroph Methylocella palustris and the verrucomicrobial 
Methyloacidiphilum fumariolicum strain SolV primarily produce aminotriol, which is also 
produced by many other bacteria. In Sphagnum mosses and the underlying peat the only 
detectable BHPs indicative of  methanotrophs are aminobacteriohopanepentol (ami-
nopentol) and aminobacteriohopanetetrol (aminotetrol), although both are relatively 
low in abundance compared to other BHPs. Aminopentol serves as a marker for type I 
methanotrophs, while aminotetrol may reflect the presence of  both type I and type II 
methanotrophs. The similar quantities of  aminotetrol and aminopentol indicate that the 
methanotrophic community in Sphagnum peat probably consist of  a combination of  both 
type I and type II methanotrophs, which is in line with pmoA-based micro-array results.
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4.1 Introduction
Peat bogs sequester a third of  the world’s terrestrial carbon and are responsible for 
10% of  the total methane flux to the atmosphere (Smith et al., 2004; Gorham, 1991), 
thus playing an important role within the global carbon cycle. In peat bogs, methano-
trophs live in symbiosis with peat moss (Sphagnum), reducing methane emissions and 
providing carbon dioxide to Sphagnum under submerged conditions (Raghoebarsing et 
al., 2005; Larmola et al., 2010; Kip et al., 2010). Aerobic methanotrophs are divided 
into three phylogenetic groups: γ-Proteobacteria (type I), α-Proteobacteria (type II) and 
Verrucomicrobia (e.g. Hanson and Hanson, 1996, and references therein; Op den Camp 
et al., 2009). Recently, we observed that the microbial biodiversity of  methanotrophs 
in Sphagnum-dominated ecosystems is surprisingly high (Kip et al., 2010). In contrast to 
earlier work, micro-array assessments of  the microbial community suggested that not 
only type II methanotrophs are present, but also type I methanotrophs occur ubiqui-
tously. Still, since this approach is not quantitative, it was not possible to assess the rela-
tive contribution of  the various phylogenetic groups. 
Bacteriohopanepolyols (BHPs, see Appendix 1 for structures) are pentacyclic triterpe-
noids and membrane components of  many bacteria, including methanotrophs, methy-
lotrophs, cyanobacteria and aerobic heterotrophs (Rohmer et al., 1984; Ourisson et al., 
1987; Farrimond et al., 1998). Welander et al. (2009) showed that BHPs perform an im-
portant role in regulating the membrane integrity at extreme pH-conditions. Although 
traditionally regarded as markers for aerobic bacteria, BHPs have also been found in a 
range of  facultative and obligate anaerobic bacteria, including strictly anaerobic mem-
bers of  the order Brocadiales capable of  anaerobic ammonium oxidation (Sinninghe 
Damsté et al., 2004; Talbot and Farrimond, 2007, and references therein). BHPs are 
relatively resistant to degradation because of  the stable pentacyclic carbon skeleton. 
Hence, hopanoids are ubiquitous in geological records, and may hold important pal-
aeo-environmental information (Ourisson and Albrecht, 1992; Talbot and Farrimond, 
2007). Potentially, BHPs provide methanotroph-specific information (Talbot et al., 
2001; Coolen et al., 2008). 
BHPs vary in the number, position and nature of  the functional groups on the side 
chain. The most common BHP is bacteriohopanetetrol (BHT), which is present in 
a wide range of  bacteria (Talbot and Farrimond, 2007, and references therein). With 
increasing complexity, source diagnostic information increases. Type II methanotrophs 
generally produce a combination of  aminobacteriohopanetriol (aminotriol from here-
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in) and aminobacteriohopanetetrol (aminotetrol from herein), along with an occasional 
trace of  BHT (Rohmer et al., 1984; Neunlist and Rohmer, 1985b; Talbot el al., 2001). 
Aminotriol and BHT are among the most common BHPs and little source-diagnostic 
information can be acquired from these compounds. Aminotetrol is, besides in type 
II methanotrophs, also present as a minor component in type I methanotrophs and 
in some sulfate reducing bacteria (Rohmer et al., 1984; Neunlist and Rohmer, 1985a,b; 
Talbot et al., 2001; Blumenberg et al., 2006). Methylation at C-3 in aminotetrol and ami-
nopentol appears to be confined to type I Methylococcus and Methylocaldum genera (Neun-
list and Rohmer, 1985b; Cvejic et al., 2000). Most type I methanotrophs also produce 
aminobacteriohopanepentol (aminopentol from herein) and are the only known source 
of  this compound, (Neunlist and Rohmer, 1985a; Cvejic et al., 2000; Talbot et al., 2001). 
For instance, Coolen et al. (2008) showed that type I methanotrophs were the main pre-
cursors of  amino-BHPs preserved in the Holocene sediments of  Ace Lake, Antarctica, 
by comparison of  the δ13C signatures of  these BHPs, which were substantially depleted 
in 13C, and by quantification of  fossil DNA.
Here we report the BHP composition of  the first two type I methanotrophs isolated 
from Sphagnum mosses: Methylovulum-like strain M200 and Methylomonas-like strain M5 
(Kip et al., 2011a), Methylocella palustris (Dedysh et al., 2000) isolated from Sphagnum peat 
soil, Methylosinus-like strain 29 isolated from Sphagnum cuspidatum (Raghoebarsing, 2006), 
and the extreme acidophilic verrucomicrobial methanotroph Methylacidiphilum fumarioli-
cum strain SolV, isolated from a fumarole (Pol et al., 2007). Type I methanotrophs closely 
related to Methylovulum sp., had never been previously examined and the BHPs of  fac-
ultative type II methanotrophs belonging to the cluster of  Methylocella/Methylocapsa spp. 
were, thus far, unknown. Moreover, it was unknown whether acidophilic verrucomicro-
bial methanotrophs actually produce BHPs. Finally, we compared these results with the 
BHP distributions in Sphagnum mosses and peat, to unravel the relative importance of  
the various types of  methanotrophs. 

4.2 Experimental

4.2.1 Samples
Methylovulum-like strain M200 and Methylomonas-like strain M5 were isolated from Sphag-
num mosses by Kip et al. (2011a). Detailed characterization of  these novel isolates will 
be described elsewhere. Methylosinus-like strain 29 was isolated from Sphagnum cuspidatum 
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(Raghoebarsing, 2006), Methylocella palustris from Sphagnum peat (Dedysh et al., 2000), 
while the verrucomicrobial Methylacidiphilum fumariolicum strain SolV was isolated from a 
fumarole (Pol et al., 2007). The bacteria analyzed in this study are shown in the phylo-
genetic tree based on their 16S rRNA gene sequence (Fig. 1).
All type I and type II methanotrophs were grown in 500 ml bottles with 250 ml me-
dium M2 (Dedysh et al., 1998) sealed with a grey butyl rubber stoppers and a screw cap. 
Strain SolV was grown as described before (Pol et al. 2007). Methane was added up to 
5% in the headspace and the methane concentration in the flask was monitored daily. 
Methane was added when necessary. Cultures were incubated at room temperature or 
55°C (strain SolV) on a horizontally shaking incubator at 150 rpm for a maximum of  10 
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Fig. 1. 16S rRNA gene phylogenetic tree based on DNA showing the relationship of  the isolates to selected 
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Bootstrap values of  >60 are indicated at the node of  the branch. 
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days. Cultures were centrifuged for 10 min at 10,000 rpm, using stainless steel buckets 
of  250 ml and glass tubes of  30 ml. The pellet produced upon centrifuging was frozen, 
freeze dried and stored at -80 ºC. 
Intact, pool-derived Sphagnum mosses were obtained from de Hatertse Vennen in the 
Netherlands (S. cuspidatum), the Siberian tundra around Kytalyk in Russia (Sphagnum 
sp.), La Mer Bleue in Canada (S. majus) and Moat in Tierra del Fuego, Argentina (S. 
facatulum). 
A depth profile of  a Sphagnum peat was derived from a pool in Moorhouse Nature 
Reserve, UK. The field location was dominated by submerged S. cuspidatum and Erio-
phorum. First, the floating Sphagnum was sampled and sectioned into top, middle and 
lower parts, approximately 3 cm each. To obtain peat from deeper layers, a tube, with 
a diameter of  7 cm, was inserted into the peat, extracted and sliced into 5 cm sections 
(0-5 cm and 5-10 cm). The top of  the sediment was approximately 15 cm below the 
water level.

4.2.2 Extraction and derivatization
The full extraction and derivatization procedure has been described elsewhere (Cooke 
et al., 2008a). Briefly, freeze-dried material (5-100 mg for bacterial cell material and 0.5-
1.5 g for Sphagnum moss and peat samples), was extracted in a Teflon centrifuge tube 
using a mixture of  water, methanol and chloroform (4:10:5, respectively). The mixture 
was sonicated for 1 h at 40° C and shaken at room temperature for several hours. The 
mixture was subsequently centrifuged at 12,000 rpm for 15 min, and the supernatant 
was transferred into a second centrifuge tube. Chloroform was separated by liquid-liq-
uid extraction, after addition of  water until MeOH and water reached a 1:1 (v/v) ratio. 
This procedure was repeated twice for the bacterial cell material and three times for 
the Sphagnum mosses and peats. The chloroform fractions were combined and dried by 
rotary evaporation. After addition of  the internal standard pregnanediol, an aliquot of  
the total extract was acetylated using acetic anhydride and pyridine (1:1) at 50°C for 1 h 
and left at room temperature overnight. The acetylated extract was dried at 50°C under 
a continuous nitrogen flow, and dissolved in MeOH/propane-2-ol (60:40 v/v), prior to 
liquid chromatography/mass spectrometry (LC/MS) analysis.
A second aliquot of  the total extract was treated with periodic acid and sodium borohy-
dride as described by Rohmer et al. (1984), to cleave the C-C bonds of  vicinal polyols. 
Periodic acid (30 mg H5IO6 in 1 ml tetrahydrofuran:bidistilled water (8:1 v/v)) was 
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added to the extract and the mixture was stirred for 1 h at room temperature. The ex-
tract was washed three times with DCM, dried over a NaSO4 column and evaporated 
under a continuous nitrogen flow. Subsequently, sodium borohydride (20 mg NaBH4 in 
1 ml methanol) was added to the resulting extract and the mixture was stirred for 1 h at 
room temperature. 1 ml 200 μM KH2PO4 was added to the mixture and it was washed 
three times with DCM, dried over a NaSO4 column and evaporated under a continuous 
nitrogen flow. 
Adduction with dimethyldisulfide (DMDS) was performed, as described by Nichols 
et al. (1986), on an aliquot of  periodic acid treated fraction of  Methylobacter, to deter-
mine the position of  the double bond on the side chain of  the unsaturated aminotriol. 
The sample was then methylated using BF3MeOH, and separated into apolar and polar 
fractions over an activated Al2O3 column using DCM and DCM:methanol (1:1 v/v) 
respectively. 
All polar fractions were subsequently silylated with a 1:1 mixture of  bis(trimethylsilyl)
trifluoroacetamide (BSTFA) (1% TMS) and pyridine at 60ºC for 20 min preceding gas 
chromatography (GC) and GC/MS analysis. 

4.2.3 Liquid chromatography/mass spectrometry
The analytical procedure has been described previously (Cooke et al., 2008a). In short, 
reversed-phase high-performance liquid chromatography (HPLC) analysis was carried 
out using a Surveyor HPLC system (ThermoFinnigan, Hemel Hempstead, UK) fitted 
with a Gemini (Phenomenex, (Macclesfield, UK) C18 5 μm HPLC column (150 mm, 3.0 
mm ID) and a security guard column of  the same material. Separation was achieved at 
a flow rate of  0.5 ml/min at ambient temperature with the following gradient profile: 
90% A and 10% B (0 min); 59% A, 1% B and 40% C (at 25 min), then isocratic (to 40 
min) and returning to the starting conditions over 5 min and finally stabilizing for 15 
min before the next injection, where A = MeOH, B = water and C = propan-2-ol (all 
Fisher Scientific HPLC grade). LC/MS was performed using a ThermoFinnigan LCQ 
ion trap mass spectrometer equipped with an APCI source operated in positive ion 
mode. LC/MS analysis was carried out in data-dependent mode with three scan events: 
SCAN 1 – full mass spectrum, range m/z 300–1300; SCAN 2 – data-dependent MS2 
spectrum of  most abundant ion from SCAN 1; SCAN 3 – data-dependent MS3 spec-
trum of  most abundant ion from SCAN 2. Quantification was performed using m/z 
traces targeting the characteristic base peak ions, and calculated using averaged response 
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factors for a limited suite of  nitrogen and non-nitrogen containing BHP standards 
(Cooke et al., 2008a).

4.2.4 Gas chromatography and GC/mass spectrometry
Polar fractions of  periodic acid-treated extracts were analyzed and identified by GC/
MS (Thermo Trace GC Ultra), set at constant flow. A fused silica column (30 m x 0.32 
mm i.d., film thickness 0.1 μm) coated with CP Sil-5CB  was used with helium as a car-
rier gas. Samples were injected on-column at 70°C. The temperature was increased at 
20°C/min to 130°C, then at 4°C/min to 320°C, followed by an isothermal hold for 20 
min. Quantification was performed on TIC traces of  the chromatograms. Hopanols 
were identified by comparison of  mass spectra to previously published mass spectra.

4.3 Results and Discussion

4.3.1 BHPs in bacterial biomass

4.3.1.1 Methylovulum-like strain M200
Strain M200 is a type I methanotroph and its 16 S rRNA gene shows highest homology 
to Methylovulum miyakonense, and a close relationship to Methylobacter spp. and Methylosoma 
difficile (Kip et al., 2011a; Fig. 1). None of  these species have been previously examined 
for their BHP signature. Methylovulum-like strain M200 produced a large range of  BHPs 
(Fig. 2a). Strain M200 did not only contain aminotetrol (III) and aminopentol (IV), 
BHPs typical for type I methanotrophs, but also aminotriol (II), the most abundant 
BHP present. This is unusual for a type I methanotroph, and has only been observed 
previously for Methylomicrobium album (Talbot et al., 2001). Surprisingly, strain M200 also 
produced a complete suite of  corresponding mono-unsaturated BHPs; aminopentol, 
–tetrol and –triol (IIa, IIIa, and IVa, respectively). The absence of  m/z 119 ion peaks 
in the periodic acid-sodium borohydride products (Rohmer et al., 1984) of  the unsatu-
rated aminopentol IVa and -tetrol IIIa indicates that the double bond is positioned at 
∆11 (cf. Rohmer and Ourisson, 1986). The presence of  an unsaturated Δ11 aminopentol 
had previously only been reported for one type I methanotroph, Methylocaldum szegediense 
(Cvejic et al., 2000), whereas this is the first time that an unsaturated aminotetrol has 
been observed. In contrast to the aminopentol and -tetrol, the double bond of  the ami-
notriol IIa is located in the side chain (major specific ions m/z 191, 215, 369 and 526). 
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Furthermore, strain M200 also contained a BHP with an MS2 spectrum derived from 
a base peak ion of  m/z 788 (Fig. 2a, S1a) which is very similar to that of  aminopentol 
(base peak ion [M+H]+ = m/z 830 e.g. Talbot et al., 2003). This novel compound, elut-
ing several minutes earlier than aminopentol, appears to be related to aminopentol, 
however, one of  the alcohols is not acetylated, probably because it is an isomer where 
one of  the alcohols is in a different position where it is protected from being acetylated 
(e.g. two alcohol groups attached to the same C atom). We believe this is a genuine 
isomer, as it has only been observed in specific environmental settings (Talbot et al., 
unpublished data). The Methylovulum-like strain M200 is the first bacterium in which 
this compound is observed, albeit in minor amounts. The combination of  these BHPs 
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makes these bacteria potentially easily traceable in natural environments, provided that 
the double bonds are not lost upon diagenesis. As saturation is an acid-catalyzed reac-
tion, this may be problematic in the acidic environment of  a peat bog.

4.3.1.2 Methylomonas-like strain M5
Strain M5 is a type I methanotroph, which is closely related to Methylomonas spp., based 
on 16S rRNA gene phylogeny (Fig. 1). Aminopentol (IV) is the most abundant BHP 
produced by strain M5, accompanied by lower abundances of  aminotetrol (III) and 
traces of  aminotriol (II) (Fig. 2b), similar to BHP distributions of  other Methylomonas 
spp. (Neunlist and Rohmer, 1985a; Talbot et al., 2001). However, strain M5 also pro-
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duced small quantities of  BHT (I), including a possible BHT isomer, mono-unsaturated 
aminopentol (IVa), the aminopentol-isomer (IVb) and BHT cyclitol ether (VI). The 
presence of  BHT (I) is unusual for a type I methanotroph, and BHT cyclitol ether (VI) 
has never been previously detected in a methanotroph. The abundance of  all these 
unusual BHPs is low and might have been previously overlooked in other studies which 
identified individual compounds using NMR, in which case they would not be as rare 
as suggested. Nonetheless, we have found a second type I methanotroph producing 
the aminopentol-isomer IVb and the third type I methanotroph producing the mono-
unsaturated aminopentol IVa (Cvejic et al., 2000; this study). 

4.3.1.3 Methylosinus–like strain 29
Based on 16S rRNA gene phylogeny, strain 29 is characterized as a type II methano-
troph within the Methylosinus/Methylocystis cluster and is most closely related to Methylosi-
nus sporium (Fig. 1). Type II methanotrophs of  the Methylocystaceae family typically pro-
duce both aminotriol (II) and aminotetrol (III) in varying relative abundances (Rohmer 
et al, 1984; Talbot et al., 2001). The BHP signature of  strain 29 agrees well with that 
of  type II methanotrophs in general, showing the presence of  both aminotriol (II) and 
aminotetrol (III) (Fig. 2c). In both Methylosinus sporium species analyzed thus far, amino-
triol was the most abundant BHP (Rohmer et al., 1984; this study). 

4.3.1.4 Methylocella palustris
Most Methylocella spp. and closely related Methylocapsa spp. have been isolated from Sphag-
num peat bogs (Dedysh et al., 2000; 2004), yet their BHP composition is thus far un-
known. Methylocella/Methylocapsa spp. are acidophilic  type II methanotrophs belonging 
to the Beijerinckiaceae family, and are phylogenetically more closely related to several ni-
trogen-fixing bacteria than to the other type II methanotrophs, from the Methylocystaceae 
family, to which Methylosinus spp. and Methylocystus spp. belong (Lau et al., 2007; Dedysh, 
2009). Whereas methanotrophs of  the  Methylocystaceae family produce aminotriol (II), 
aminotetrol (III) and occasionally BHT (I) (Rohmer et al., 1984; Talbot el al., 2001; this 
study), the phylogenetically closely related nitrogen-fixating bacteria Beijerinckia indica 
and Beijerinckia mobilis contain aminotriol (II) and BHT (I) (Vilcheze et al., 1994) and 
Bradyrhizobium japonicum BHT (I) and adenosylhopane (V) (Bravo et al. 2001). We found 
that Methylocella palustris produces relatively high amounts of  aminotriol (II) and BHT 
(I), accompanied by traces of  adenosylhopane (V) (Fig. 2d), placing the BHP signature 
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of  Methylocella palustris between the methanotrophs of  the Methylocystaceae family and the 
closely related nitrogen fixing bacteria. The BHP composition, therefore, corresponds 
to their position within the phylogenetic tree. Interestingly, Methylocella palustris also con-
tains small amounts of  a novel early eluting aminotetrol isomer (IIIb), which eluted 
several minutes before the regular aminotetrol (III), indicating a higher polarity, yet it 
has a mass spectrum identical to that previously published for regular aminotetrol (Fig. 
2d, S1b; cf. Talbot et al., 2003). 

4.3.1.5 Methylacidiphilum fumariolicum strain SolV
Methanotrophs belonging to the phylum of  the Verrucomicrobia have only recently been 
discovered (Op den Camp et al., 2009). Here we report the BHP signature of  Methy-
lacidiphilum fumariolicum strain SolV, isolated from a fumarole and growing between pH 
0.8-5.8 at 55°C (Pol et al., 2007). Our results show that Methylacidiphilum fumariolicum 
produces high amounts of  aminotriol (II) and traces of  the early eluting aminotetrol 
(IIIb), also observed in Methylocella palustris (Fig. 2e). These results demonstrate for the 
first time BHP production among Verrucomicrobia, and the first aminotetrol producers 
outside the Proteobacteria. However, the indistinct nature of  aminotriol prevents the de-
tection of  verrucomicrobial methanotrophs by their BHP signature alone. 

4.3.1.6 Quantification of  BHPs in bacterial biomass: LC/MS vs. GC/MS 
Hexa-, penta- and tetrafunctionalized lipids were quantified by both LC/MS analyses 
using averaged relative response factors for a subset of  BHPs including BHT and ami-
notriol (Cooke et al., 2008a) and by GC/MS analyses on the hopanols formed after 
side-chain cleavage according to the Rohmer method (Rohmer et al., 1984) (Fig. 3a-b). 
In general, the distributions match, but unlike previously published results (Talbot et 
al., 2001), there appears to be a discrepancy in the quantification of  tetrafunctional-
ized BHPs compared to penta- and hexafunctionalized hopanoids. Tetrafunctionalized 
BHPs are relatively more abundant in the LC/MS quantification compared to the GC/
MS quantification on hopanols generated by the Rohmer method. It should be noted 
that BHT was not included in the LC/MS versus GC/MS comparison by Talbot et al. 
(2001), since response factors were not available at the time, while BHT was included 
here, but this does not account for the observed discrepancy. Either the LC/MS re-
sponse factors associated with penta- and hexafunctionalized hopanoids underestimate 
their abundance, or the Rohmer treatment is more effective on penta- and hexafunc-
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tionalized hopanoids compared to tetrafunctionalized hopanoids, which seems unlikely. 
Alternatively, the oversight of  unknown penta- and hexafunctionalized BHPs in the 
LC/MS analyses could explain the observed differences. 
Our results indicate that one should be careful using different methods to quantify the 
abundances of  tetrafunctionalized hopanoids relative to penta- and hexafunctionalized 
functionalized hopanoids. 

4.3.2 BHPs in Sphagnum mosses

4.3.2.1 BHPs in Sphagnum mosses from various locations 
In Sphagnum mosses, up to 13 different types of  BHPs were observed, among which 
unsaturated BHP pentose (IXa) was the most abundant BHP. There is a striking similar-
ity in the BHP distribution of  Sphagnum mosses from different geographical locations 
(Fig. 4). These results suggest that, in the Sphagnum ecosystem, the same bacterial com-
munities are present in the same proportions, irrespective of  geographical location. 
Only in Sphagnum from Northeast Siberia are BHP abundances substantially lower and 
the distribution somewhat different. Possibly, the harsh climate of  the tundra limits 
bacterial activity and favors specific groups of  bacteria, resulting in a different bacterial 
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Fig. 3. Comparative quantification of  hexa-, penta- and tetrafunctionalized hopanoids using 
(a) LC/MS (accuracy +/- 20%) and (b) GC/MS after Rohmer cleavage (Rohmer et al., 1984).
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community.  
BHT is the most commonly occurring BHP of  all, but, since BHT (I) has many poten-
tial sources, little source diagnostic information can be obtained from this compound. 
2-MethylBHT was also observed in the Sphagnum mosses and is usually regarded as a 
marker for cyanobacteria, but has also been observed in an anoxygenic phototroph 
(Rashby et al., 2007; Talbot et al., 2008).  
Saturated and unsaturated BHT pentose sugars (X and Xa) are rare in most natural 
environments, occasionally occurring as minor components in soils (Cooke, 2010) and 
some lakes (Talbot & Farrimond, 2007; Talbot et al., 2008), yet they are the most abun-
dant BHPs in Sphagnum mosses (Fig. 4). The only presently known biological source 
for these compounds is a cyanobacterium: Gloeocapsa (Talbot et al., 2008). The presence 
of  various species of  Gloeocapsa in Sphagnum was indeed reported by Klemenčič and 
Vrhovšek (2003).  
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Fig. 4. BHP abundances in Sphagnum mosses from various locations, in μg/g, quantified using LC/MS.
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Complex aminosugars were abundant in the Sphagnum mosses. BHT cyclitol ether (VI) 
and BHpentol cyclitol ether (VII) have various potential sources, including cyanobac-
teria (Talbot et al., 2008, and references therein). BHhexol cyclitol ether (VIII) and 
its 2-methylated analogue (VIIIa) have no known source organism, while BHT glu-
cosamine (IX) has been observed in methylotrophic bacteria, thermoacidophilic bacte-
ria and Zymomonas mobilis (Talbot et al., 2008, and references therein).
Adenosylhopane (V) and minor amounts of  the structurally related adenosylhopane-
type (Va) were also detected in Sphagnum mosses (Fig. 4). Adenosylhopane has been re-
ported being produced by purple non sulfur bacteria, nitrogen-fixing bacteria, ammoni-
um-oxidizing bacteria, and Methylocella spp. (Talbot and Farrimond, 2007, and references 
therein; this study). Recently, Bradley et al. (2010) showed that the genes hpnH and 
hpnG play a central role in the formation of  the hopanoid side chain. Mutants deficient 
in hpnH lacked extended hopanoids, while mutants deficient in hpnG accumulated 
adenosylhopane, suggesting that adenosylhopane is a precursor to extended hopanoids 
(Bradley et al., 2010). This implies that adenosylhopane has limited potential as a phylo-
genetic marker, but rather reflects physiological or environmental conditions (Bradley et 
al., 2010). For example, the strikingly high levels of  adenosylhopane observed in terres-
trial soils (Cooke, 2010; Cooke et al., 2008a) lead to the idea that adenosylhopanes may 
be useful indicators of  terrestrial input into aquatic systems (e.g. Cooke et al., 2008b).
It appears that, overall, bacteria capable of  nitrogen fixation, including cyanobacteria 
and other nitrogen fixers, are well represented according to the BHP signatures in Sphag-
num mosses. Possibly, these bacteria make up the majority of  the (or at least with respect 
to the BHP-producing) bacterial community in the nutrient-deprived environment of  
the peat bog. 
Surprisingly, the abundance of  BHPs commonly produced by methanotrophs is rela-
tively low compared to the total BHP abundance (Fig. 4), even for aminotriol (II), which 
is produced by many other bacteria as well. In the intact Sphagnum plants from various 
locations, we could not detect aminotetrol (III), while the presence of  aminopentol (IV) 
could be confirmed in only one case (Fig. 4). This is probably because of  the relatively 
low overall concentrations of  BHPs in intact fresh Sphagnum compared to (partially) 
degraded moss parts, since they were detectable in middle and lower parts of  Sphagnum 
or in peat (Fig. 5). Even though methanotrophs play a crucial role in carbon cycling in 
peat bogs, they appear to make up only a small portion of  the bacterial population pro-
ducing BHPs, especially when considering that methanotrophs produce relatively high 
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amounts of  BHPs compared to most other bacteria (Rohmer et al., 1984). However, 
Doughty et al. (2009) recently reported that bacteria in a vegetative state or present as 
akinetes actually produce more BHPs then when active, hence BHP abundance does 
not necessarily reflect bacterial activity.

4.3.2.2 Depth dependence of  the distribution of  BHPs in Sphagnum peat 
The BHP distributions in Sphagnum mosses were more closely examined by sectioning 
Sphagnum mosses into top, middle and lower parts. To detect whether BHPs are pre-
served in the sediment, the top parts of  the peat (0-5 and 5-10 cm) were also analyzed 
for BHPs. Variations in BHP abundances in Sphagnum peat from Moorhouse (UK) with 
depth are illustrated in Fig. 5. 
Adenosylhopanes (V and Va) as well as BHT pentose sugars (X and Xa) showed highest 
abundances at the lower parts of  the Sphagnum plants and quickly disappear in the top 
parts of  peat (Fig. 5a,b). These compounds are evidently unstable and are lost during 
diagenesis, probably because their functional groups, adenosine or sugar, are relatively 
labile under these conditions. The depth profile indicates that the zone of  prevalence of  
the source organisms for these BHPs is in the lower part of  the Sphagnum plants, where 
the moss is being decomposed (Fig. 5a,b).  
Concentrations of  BHT cyclitol ether (VI) in the middle and lower parts of  Sphagnum 
are relatively high and even seem to increase at 5-10 cm depth (Fig. 5c). Either BHT 
cyclitol ether (VI) is produced at depth, or this compound is relatively more resilient 
to degradation than other compounds. Although the ether bond connecting the ami-
nosugar is very stable, which could potentially explain a relative high stability, this does 
not explain why the other aminosugars with a similar ether bond (VIa-VIIIa) decrease 
in concentration with depth (Fig. 5c). Hence, more likely, the source organism of  BHT 
cyclitol ether (VI) is also active at greater depth, indicating its source organism is an 
anaerobic chemotroph. 
BHT (I) and aminotriol (II) concentrations increased with depth, with highest concen-
trations at the lower parts of  the Sphagnum and top parts of  the sediment. One of  the 
principal questions when interpreting potential biomarkers is to which extent they rep-
resent living organisms or whether they are molecular fossils. The presence of  BHT (I) 
and aminotriol (II) in both Sphagnum mosses and peat suggests that these compounds 
may be preserved upon burial. There are various source organisms known for BHT (I) 
and aminotriol (II), including methanotrophs. Most methanotrophs also produce ami-
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notetrol (III) and some produce aminopentol (IV). The concentrations of  both BHT 
and aminotriol are an order of  magnitude higher than aminotetrol or aminopentol (Fig. 
5d-g), indicating additional source organisms for these compounds. These could include 
type II methanotrophs of  the Beijerinckiaceae family (Methylocella/Methylocapsa spp.) or the 
methanotrophic Verrucomicrobia, since they predominantly seem to produce aminotriol 
(II), while they lack aminopentol (IV) or -tetrol (III). 
The aminotetrol isomer IIIb observed in Methylocella/Methylocapsa spp. and verrucomi-
crobial methanotrophs could not be detected. Even though aminotetrol isomer IIIb 
may act as a marker for these acidophilic methanotrophs, the low abundance of  this 
compound in both Methylocella/Methylocapsa spp. and verrucomicrobial methanotrophs 
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Fig. 5. BHP abundances in Sphagnum peat from Moorhouse (UK) at different depths, quantified by LC/MS, 
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limits its application as a tracer in natural environments. Aminopentol isomer IVb, un-
saturated aminotriol IIa, -tetrol IIIa and -pentol IVa, observed in small amounts in 
Methylovulum-like strain M200 and/or Methylomonas-like strain M5, were also not detected 
in any of  the Sphagnum mosses or peats. This implies that these source bacteria were not 
sufficiently abundant. 
In Sphagnum mosses and peat, the only BHPs indicative of  methanotrophs that are 
present in detectable quantities are aminopentol (IV) and aminotetrol (III). Aminopen-
tol (IV) and aminotetrol (III) are absent in the top parts of  the mosses and increase in 
concentration in the middle and lower sections of  the Sphagnum mosses. This pattern is 
similar to the potential methanotrophic activity in the different Sphagnum sections (van 
Winden et al., unpublished data). Aminopentol (IV) and aminotetrol (III) seem to show 
a slightly different pattern in the transition from moss to peat (Fig. 5f,g). This difference 
is probably not significant, since the accuracy of  quantification is limited, especially 
because the concentrations of  both compounds are just above the detection limit. It is, 
however, clear that aminopentol and aminotetrol are present in both Sphagnum mosses 
as well as in peat, suggesting that they are, at least partially, preserved and fossilized (Fig. 
5f,g).
Previous studies suggested that type II methanotrophs are predominant in Sphagnum 
peat bogs (Dedysh et al., 2002; Chen et al., 2008a). Conversely, pmoA-based micro-
array analyses showed that the methanotrophic community in Sphagnum is highly diverse 
and includes not only type II but also type I methanotrophs (Kip et al., 2010). The 
presence of  aminopentol (IV) in Sphagnum peat unambiguously confirms the presence 
of  type I methanotrophs (Fig. 5g) as this compound has, thus far, only been observed 
in type I methanotrophs and was proven to be an excellent marker for type I methano-
trophs (Neunlist and Rohmer, 1985a; Cvejic et al., 2000; Talbot et al., 2001, Coolen et 
al., 2008). Aminopentol (IV) and aminotetrol (III) are present in the same concentration 
range (Fig. 5f,g). Since type I methanotrophs typically produce only minor amounts of  
aminotetrol (III) compared to aminopentol (IV) (Neunlist and Rohmer, 1985a; Cvejic 
et al., 2000; Talbot et al., 2001), there must be another source organism producing 
aminotetrol (III). Aminotetrol (III) is one of  the principal BHPs generated by type II 
methanotrophs of  the Methylocystaceae family (Rohmer et al., 1984; Neunlist and Rohm-
er, 1985b; Talbot et al., 2001). Other potential source organisms for aminotetrol (II) are 
Desulfovibrio spp. (Blumenberg et al., 2006), but the ombrotrophic nature of  this blanket 
bog makes it unlikely that sulfate reducing bacteria provide a significant contribution. 
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This indicates that type II methanotrophs are, most likely, also present in Sphagnum 
mosses. Hence, our results suggest that Sphagnum-dominated peat bogs are inhabited by 
a mixture of  both type I and type II methanotrophs.  

4.4 Conclusions
Methanotrophs from thus far unexamined phylogenetically distinct genera possessed 
marked differences in the relative distribution of  associated BHPs.  Methylovulum-like 
strain M200 contained a remarkable combination of  BHPs, including a complete suite 
of  mono-unsaturated aminobacteriohopanepentol, -tetrol and -triol. BHP signatures 
of  Methylomonas-like strain M5 and Methylosinus-like strain 29 were typical of  their spe-
cies. Methylocella palustris and the verrucomicrobial Methyloacidiphilum fumariolicum strain 
SolV primarily produced aminotriol, which is also produced by many other bacteria, 
limiting the possibilities of  fingerprinting methanotrophic communities in palaeo-en-
vironments. In Sphagnum peat, the only detectable BHPs indicative of  methanotrophs 
were aminopentol (IV) and aminotetrol (III). They were relatively low in abundance, 
indicating that methanotrophs make up only a small portion of  the bacterial population 
producing BHPs. Similar quantities of  aminotetrol and aminopentol indicated that the 
methanotrophic community in Sphagnum peat probably consist of  a combination of  
both type I and type II methanotrophs, in line with pmoA-based micro-array results 
(Kip et al., 2010). 
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Appendix 
Molecular structures of  BHPs (non-acetylated) described in this study.
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Supplementary Information 
Fig. S1. Positive ion APCI mass spectra of  (a) an aminopentol isomer 

(IVb) and (b) an aminotetrol isomer (IIIb). 
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Peat bogs play an important role in the global carbon cycle but whether they supply a 
negative or positive feedback on global warming is currently still disputed. On the one 
hand they are the largest terrestrial carbon sink, on the other hand they are an important 
natural source of  atmospheric methane, a potent greenhouse gas (Gorham, 1991; 
Smith et al, 2004). Methane emissions from peat bogs, however, are strongly reduced 
by aerobic methane oxidizing bacteria (methanotrophs), which reside in peat mosses 
(Raghoebarsing et al, 2005; Kip et al., 2010). Future climatic change projections indicate 
that mid to high latitudes, especially Western Siberia with the largest peat bogs globally, 
may become increasingly wetter and warmer (Bohn et al., 2007). Higher temperatures 
and increasing humidity will enhance methane production, but also methane oxidation. 
Here we show by a set of  mesocosm experiments that, at increasing temperatures, 
methanotrophs are not able to fully compensate for the increasing methane production 
by methanogens, after two months of  incubation. The efficiency of  the Sphagnum-
methanotroph consortium as a filter for methane escape thus decreases with increasing 
temperature. Whereas 98% of  the produced methane is retained at 5ºC, this drops to 
approximately 50% at 25ºC. This implies that warming at the mid to high latitudes may 
be enhanced by a powerful feedback through increased methane release from peat bogs.
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After remaining stable for almost a decade, methane concentrations in the atmosphere 
have started to rise again since 2007 (Rigby et al., 2008). Increasing emissions from the 
warming high northern latitude wetlands are probably responsible for this observed rise 
in methane (Bloom et al., 2010). This is important since methane is a potent greenhouse 
gas, having a potential impact at least 25 times that of  CO2 (Boucher et al., 2009). Since the 
industrial revolution atmospheric methane concentrations increased as a consequence 
of  changes in land use, agriculture and industrial activity (Forster et al., 2007). Natural 
sources for atmospheric methane include tropical wetlands as well as peatlands. Peatlands 
are currently only a relatively minor source due to effective in situ oxidation of  methane 
by methanotrophs in peat mosses, i.e. Sphagnum (Raghoebarsing et al, 2005; Kip et al., 
2010). In general, methanotrophs are the largest terrestrial methane sink and therefore 
play a vital role in the global methane cycle (Hanson and Hanson, 1996). Methane 
oxidizing activity by methanotrophs strongly depends on temperature and local relative 
water level, i.e. humidity. A temperature increase from 10 to 20ºC roughly resulted in a 
doubling in methane oxidation activity in Sphagnum-associated methanotrophs and also 
higher water levels resulted in higher methane oxidation rates (Kip et al., 2010). On the 
other hand, methanogenic activity in peat bogs displays a strong correlation with water 
level and temperature (Williams and Crawford, 1984; Frenzel and Karofeld, 2000), 
suggesting that warming and increasing rainfall could lead to increased rates of  methane 
generation. Here we study whether increased methane production as a consequence of  
increasing temperatures might be balanced  by enhanced methanotrophic activity. 
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Fig. 1. Potential methane oxidation rates (grey) and production rates (white). Sphagnum and 
peat from a pool-site and a hummock-site were analysed. Values are expressed in μg/g dw/day 

and are means of  triplicate incubations + s.d. 
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Our study was performed at Moorhouse Nature reserve (North Pennines, UK), an 
acidic ombrotrophic blanket bog incised with numerous gullies (McNamara et al., 
2008). On the blanket, Sphagnum mosses (S. capillifolium) grow above the water level, 
while in waterlogged areas Sphagnum (S. cuspidatum) grows at or below the water level. 
Waterlogged areas are the local hotspots for methane emissions in peat bogs (Basiliko et 
al., 2004). Potential methane oxidation rates were quantified to determine the influence 
of  water level on the methane oxidation potential. Highest potential methane oxidation 
rates were observed in Sphagnum derived from the site with relatively high water level, 
the pool-site (Fig. 1), in accordance with previous studies (Basiliko et al., 2004; Kip et 
al., 2010; Larmola et al., 2010). The lower parts of  Sphagnum from pools exhibited the 
highest potential methane oxidation rates, presumably at the most optimum position 
along the methane gradient; i.e. the oxic-anoxic interface. Hummock Sphagnum, which 
grows above the water level, exhibited no methane oxidation (Fig. 1). Both peat horizons 
demonstrated methane oxidizing capacity (Fig. 1). Although pool-derived peat is situated 
well below the water level where oxygen is virtually absent, methanotrophs apparently 
quickly become active when oxygen is provided. The top part of  the hummock-derived 
peat is situated just around the water level, providing a good position for methanotrophic 
bacteria along the methane gradient. Methane production rates were higher in pool-
derived peat compared to hummock-peat (Fig. 1). In hummock-peat, organic matter 
degradation of  Sphagnum largely takes place in the aerobic top layer (acrotelm), leaving 
less organic matter for anaerobic degradation processes (Frenzel and Karofeld, 2000). 
The observed methane oxidation potential of  hummock peat is more than sufficient to 
oxidize all produced methane. This balance is more critical in pool settings, suggesting 
that these pool settings are more susceptible to environmental change.
Temperature is known to enhance bacterial methane oxidation as well as archaeal 
methane production (Kip et al., 2010; Williams and Crawford, 1984; Frenzel and 
Karofeld, 2000). The net effect of  both these processes remains, however, unclear. 
To unravel the temperature effect on methane and carbon cycling, intact peat cores 
containing actively growing Sphagnum were incubated at 5, 10, 15, 20 and 25ºC, where 
Sphagnum growth rates as well as methane fluxes were measured. Net methane fluxes 
showed a strong temperature-dependence, with higher methane fluxes at higher 
temperatures (Fig. 2a). This suggests that the temperature-induced increase in methane 
production was higher than the increase in methane consumption. After removal of  
Sphagnum, methane fluxes were even higher, increasing with increasing temperature, 
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indicating that the methanotrophs associated with Sphagnum plants play an important 
role in mitigating the net methane flux from peat. Methane consumption was 
reconstructed by calculating the difference in the methane flux before and after the 
removal of  Sphagnum. Methane consumption increased with increasing temperature, 
reaching maximum values around 20ºC (Fig. 2b), suggesting this to be the optimum 
temperature for methanotrophs residing in peat bogs. The efficiency of  the Sphagnum-
methanotroph consortium as a filter preventing the escape of  methane was very high 
in the lower temperature range, where methane retention was between 98% and 87% 
at 5 and 10ºC, respectively (Fig. 2c). Methanotrophs appear to consume almost all 
methane transported through diffusion under these conditions. Methane retention 
showed a strong temperature-dependence beyond 15ºC, dropping to only 50% at 25ºC 
(Fig. 2c). Even though methane consumption increased with increasing temperature, 
the higher fluxes from the methane producing microbes could not be balanced by 
methanotrophic activity. Reduced solubility of  methane with increasing temperature 
may be also in part responsible for the observed relationship. Although growth rates of  
Sphagnum did not significantly differ with temperature (P>0.05), generally lowest growth 
rates were observed at the lowest temperature and highest growth rates were observed 
at the highest temperature (Fig. S1). Increasing CO2 assimilation in conjunction with 
increasing temperature potentially results in enhanced carbon storage. 
Our results show that the Sphagnum-methanotroph consortium plays a crucial role 
in reducing methane emissions in peat bogs, preventing the release of  methane via 
diffusive transport up to 98%. Climate change projections indicate that mid- to high 
latitudes, where peat bogs are primarily situated, will become warmer as well as wetter 
(Bohn et al., 2007). Even though wetter conditions would increase methane oxidation 
rates, it would also enhance methane production rates, with ultimately higher methane 
emissions. The effect of  increasing methane emissions by increased wetness could be 
counteracted by enhanced carbon storage through peat bog growth (Borren, 2007). 
Also higher temperatures could result in enhanced carbon storage, when Sphagnum 
growth rates increase with increasing temperatures. Nonetheless, methane fluxes 
increased with increasing temperature. Even though methane consumption increased 
with increasing temperature, methanotrophs were not able to fully compensate for the 
increased methane production. Methane retention dropped from 98% at 5ºC to only 
50% at 25ºC. This may partially explain the recently observed rise in wetland methane 
emissions from mid- to high latitudes (Rigby et al., 2008).  A long term consequence of  
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global warming at mid to high latitudes may be a shift in the plant community towards 
vascular plants (Chapin et al., 1995). This would also result in higher methane emissions, 
as the oxidizing layer of  the Sphagnum-methanotroph consortium will be lost in favour 
of  vascular plants which act as conduits for the escape of  methane. Hence, when mid- 
to high latitudes become increasingly warmer as well as wetter, peat bogs will become 
a larger source for atmospheric methane, and therefore act as a positive feedback to 
global rising temperatures.

Methods Summary

Site description 
This study was performed in Moorhouse Nature Reserve, North Pennines, UK 
(McNamara et al., 2008). 

Potential methane oxidation and production rates 
S. cuspidatum and peat were sampled from the pool-site and S. capillifolium and peat were 
sampled from the hummock-site, after which the Sphagnum mosses were washed and 
sectioned into top, middle and lower parts. Samples were incubated at room temperature 
in 120 ml serum vials and mixed with 40 ml demineralized water. To measure potential 
methane oxidation rates, 1 ml methane was added to each vial and kept under continuous 
shaking. To measure methane production rates, vials were flushed with nitrogen and 
were not agitated during incubation. Methane concentrations were monitored daily, as 
described (McNamara et al, 2008).

Mesocosm experiments 
Peat cores (length 50 cm, diameter 7 cm), extracted from the pool-site, containing 
approximately 30 cm peat with living S. cuspidatum on top, were incubated at 5, 10, 
15, 20, and 25ºC in triplicate. Water levels were kept at the top of  the capitula, by 
replenishment with bog water. After two months methane fluxes were measured by 
covering the cores with airtight caps and extracting headspace samples at several time 
points using a syringe and needle, before and after removal of  Sphagnum. Methane 
concentrations were analysed as described (McNamara et al, 2008). 
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Fig. S1. Growth rates of  Sphagnum at different temperatures. Growth rates 
are measured after two months of  incubation. Values are expressed in cm and 

represent are means of  four replicates + s.d.
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Methane emissions from peat bogs are strongly reduced by methanotrophs, which live in 
symbiosis with peat moss (Sphagnum). Experimental studies have shown that peat bogs may 
emit more methane with increasing temperature but long-term adaptations of  microbial 
populations cannot be studied in this way. Palaeoenvironmental reconstructions could 
provide insight into the long-term relationship between methane cycling and climate. 
This, however, requires adequate proxies for past methane cycling. Here, we investigate 
the influence of  the extent of  methane cycling on Sphagnum and methanotroph-related 
biomarkers, evaluating their potential as proxies for methanotrophs and methane 
(re)cycling in ancient bogs. Peat cores containing live Sphagnum were incubated at 
different temperatures for two months causing differences in the degree of  methane 
cycling. At the end of  the experiments, Sphagnum was harvested and analysed for 
methanotrophic biomarkers including bacteriohopanepolyols (BHPs). Increased 
methane-derived carbon availability did not affect δ13C values of  bulk Sphagnum and 
its specific biomarker, the C23 n-alkane. The concentration of  methanotroph-specific 
BHPs, aminobacterio hopanetetrol (aminotetrol, typical for type II and to a lesser extent 
type I methanotrophs) and aminobacteriohopanepentol (aminopentol, marker for 
type I methanotrophs) showed a non-linear response to increased methane cycling, 
with relatively high abundances at 25ºC. Aminotetrol was significantly more abundant 
compared to aminopentol after two months of  incubation at different temperatures, 
in contrast to similar abundances of  aminotetrol and aminopentol in fresh Sphagnum 
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material from the same site. This indicates that the experimental conditions, on the time 
scale studied, were more favourable for type II methanotrophs. Compound-specific δ13C 
values of  diploptene demonstrated a strong correlation with increasing temperature, 
with values of  -33.9‰ at 5ºC and -40.7‰ at 25ºC. This is in line with enhanced methane 
cycling at higher temperatures, where the observed δ13C values are caused by increased 
contribution of  methanotroph derived diploptene or enhanced isotopic fractionation as 
a result of  increased methane availability. Analysis of  BHP distributions and δ13C values 
of  diploptene thus potentially allows assessing methanotrophic activity and community 
structures in past environments.

6.1 Introduction
Aerobic methane oxidizing bacteria (methanotrophs) are the largest terrestrial methane 
sink and play an important role in the global methane cycle (Hanson and Hanson et al., 
1996). In peat bogs, methanotrophs live in symbiosis with peat moss (Sphagnum), where 
they reduce methane emissions and provide CO2 to Sphagnum when growing under 
submerged conditions (Raghoebarsing et al., 2005; Kip et al., 2010). In order to predict 
the consequences of  perturbations in the global carbon cycle, a better understanding 
of  the influence of  environmental factors on methanotrophs and the methane cycle 
in peat bogs is essential. Recently, we showed by mesocosm experiments that both 
methane production and oxidation increase with increasing temperature, albeit that the 
extent of  methane retention by the Sphagnum-methanotroph consortium may decrease 
with increasing temperature warming (van Winden et al., 2011b). This implies that peat 
bogs may act as a positive feedback to global warming. Assessing the long-term impact 
of  changing environmental conditions on methanotrophs and the methane cycle in peat 
bogs, however, also relies on reconstructions of  methane cycling in ancient peats. 
Peat bogs receive their nutrients solely via precipitation, which makes them relatively 
nutrient poor. Due to the low buffering capacity, cation exchange and humic acid 
release by Sphagnum mosses result in a strongly acidic environment (Soudzilovskaia et 
al., 2010, and references therein). The low acidity of  the bog water limits dissolution 
and hence uptake of  atmospheric CO2, which makes submerged-growing Sphagnum 
mosses to a large extent dependent on CO2 derived from organic matter degradation 
(Fig. 1; Smolders et al., 2001). Methanotrophs supply methane-derived CO2, which may 
account up to 35% of  the carbon uptake by Sphagnum (Kip et al., 2010). Since biogenic 
methane has relatively depleted δ13C values, ranging from approximately -45 to -65‰ 
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(Hornibrook et al., 2000), the carbon isotopic signature of  Sphagnum may therefore 
indicate the relative extent of  methane-derived carbon uptake by Sphagnum.  
Changes in methanotrophic activity in peat bogs can potentially be studied using 
hopanoids. Hopanoids, bacterial markers, are common methanotroph lipids in Sphagnum, 
yet they are not exclusive to methanotrophs, since many other bacteria produce them 
as well (Rohmer et al., 1984). Bacteriohopanepolyols (BHPs) have a polyfunctionalized 
side chain attached to the pentacyclic carbon skeleton, to which various polar groups 
can be attached. Differences in these polar groups hold species-specific information 
(Rohmer et al., 1984; Ourisson et al., 1987) and therefore BHPs may provide insight 
into methanotroph community structures (Coolen et al., 2008; van Winden et al., 
2011a). Methanotrophs occurring in peat bogs can be generally divided into two distinct 
phylogenetic groups: γ-Proteobacteria (Type I), and α-Proteobacteria (Type II) (Hanson 
and Hanson, 1996, and references therein). Characteristic for type I methanotrophs 
are aminobacteriohopanepentols (aminopentol), while aminobacteriohopanetetrol 
(aminotetrol) is primarily produced by type II methanotrophs, but also to a minor 

CO2

CH4

a

b

d

c

alcohols
and acids

acetate
a

a

c

Fig. 1. Simplified overview of  the major carbon flow pathways from and to submerged-growing Sphagnum, 
adapted from Artz (2009): a) degradation of  organic compounds by fermentation, b) methanogenesis via 
acetate reduction, c) autotrophic methanogenesis via CO2 reduction, d) CO2 uptake by Sphagnum, e) methane-
derived CO2 uptake by Sphagnum via methanotrophs.
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extent by type I methanotrophs and some sulfate reducing bacteria (Rohmer et al., 1984; 
Neunlist and Rohmer, 1985a,b; Cvejic et al., 2000; Talbot el al., 2001; Blumenberg et al., 
2006; Coolen et al. 2008; van Winden et al., 2011a). In addition to specific distributions 
of  BHPs, the compound-specific carbon isotopes of  hopanoids may also serve as an 
indicator for methanotrophy. Since methanotrophs consume strongly 13C-depleted 
methane, their lipids are expected to be severely depleted in 13C (Freeman et al., 1990; 
Collister et al., 1992; Spooner et al., 1994). However, hopanoids extracted from Sphagnum 
revealed only a limited depletion in 13C, with values ranging from -31‰ to -38‰ (van 
Winden et al., 2010). Still, Sphagnum from settings with highest methane oxidation rates, 
the wettest areas, exhibited the most depleted hopene δ13C values (van Winden et al., 
2010). Therefore, δ13C values of  hopenes may reflect methanotrophic activity. 
Here, we investigate the influence of  the extent of  methane cycling on Sphagnum 
and methanotroph-related biomarkers, evaluating their potential as proxies for 
methanotrophs and methane cycling in ancient bogs. To this end, Sphagnum mosses, 
incubated at different temperatures in a previously described mesocosm experiment (van 
Winden et al., 2011b), were analysed for their compound-specific carbon isotopes and 
BHP composition. Compound-specific carbon isotopes and BHPs were subsequently 
compared to methane production and oxidation rates, to evaluate their potential as 
proxies for methane cycling.

6.2 Experimental

6.2.1 Site description
The field site used in this study was in Moorhouse Nature Reserve in the North Pennines, 
UK, and the site has been described elsewhere in detail (McNamara et al. 2008 and 
references therein). In short, Moorhouse is an acidic (pH 3 to 4.2), ombrotrophic blanket 
bog, with numerous gullies cutting through the blanket. The vegetation on the blanket 
is typical for hummock peat, containing Calluna vulgaris, Eriophorum vaginatum, Eriophorum 
angustifolium, Pleurozium schreberi and Sphagnum capillifolium. In waterlogged areas, pools 
or gullies, vegetation was dominated by Sphagnum cuspidatum, E. angustifolium and E. 
vaginatum. Average rainfall is high at 1900 mm per year. Our research was performed 
in a wide gully with limited lateral flow dominated by S. cuspidatum, with the top of  the 
decomposed peat approximately 15 cm below the water table.

Chapter_6.indd   76 11-9-2011   14:18:39



77

Chapter 6. Influence of  methane cycling on methanotroph-related proxies

6.2.2 Temperature experiments
Transparent cores (height 50 cm, diameter 7 cm), containing approximately 30 cm of  
peat with on top living Sphagnum cuspidatum, taken from the field site were incubated 
at 5, 10, 15, 20, 25ºC in triplicate at the AWI in Bremerhaven. The lower 30 cm were 
covered with aluminium foil and sealed with rubber stoppers. Water levels were kept 
at the level of  the top of  the capitula, which increased in height with growth. Cores 
were replenished with bog water originating from the field site. After two months, 
when the photosynthetic capitulum was newly grown (approximately 4 cm growth), 
Sphagnum was harvested and sectioned into top parts (capitulum) and lower parts, where 
methanotrophs reside (Raghoebarsing et al., 2005; van Winden et al., 2011a,b). Top 
parts of  Sphagnum mosses were analysed for compound specific carbon isotopes in 
Sphagnum-specific lipids (C23 n-alkanes), lower parts for BHPs and compound carbon 
specific isotopes in bacterial lipids (diploptene). The bulk carbon isotopic composition 
was measured of  both the top and lower parts of  the Sphagnum mosses.

6.2.3 Field pulse-chase experiment
Large PVC tubes (height: 1 m; width: 23,5 cm) were inserted into the peat, to prevent 
lateral migration of  labelled methane to be injected. This was done six weeks prior to 
the in-situ experiments to allow the environment to recover. Eriophorum was removed 
from the study site, to examine the Sphagnum-associated methanotrophs exclusively. We 
injected 100 ml demineralised water, saturated with 99% 13C-labelled methane, into the 
peat within the PVC tubes at 40 cm depth, roughly corresponding to the methane 
production depth. Injection was performed using a 100 ml syringe attached to a thin 
metal rod (1 mm inner diameter) via six 1 mm openings on the sides at the base of  the 
rod. Sphagnum was harvested from parallel tubes at day 2, 6, 11 and 14 consecutively, and 
sectioned into top, middle and lower parts. Lower parts were analysed for compound-
specific carbon isotopes in bacterial lipids (diploptene).

6.2.4 Extraction and derivatization
Total extracts of  freeze-dried Sphagnum mosses derived from the field experiment 
were obtained with an Accelerated Solvent Extractor (Dionex), using a mixture of  
DCM:MeOH (9:1, v/v). Total extracts of  freeze-dried Sphagnum from temperature 
experiments were extracted using a modified Bligh and Dyer extraction procedure, to 
enable BHP analyses (Talbot et al. 2007). An aliquot of  the extract was separated into an 
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apolar fraction and a polar fraction over an activated Al2O3 column using hexane:DCM 
(9:1 v/v) and DCM:MeOH (1:1 v/v). To purify samples for hopene analyses, apolar 
fractions were treated by urea-adduction. Apolar fractions were dissolved 200 μl urea-
saturated methanol, 200 μl acetone and 200 μl hexane and shaken. After 30 min at -20 
ºC, solvents were evaporated under a stream of  nitrogen. The urea crystals, containing 
the adductable normal and isoalkanes, were washed with hexane three times. The wash 
solvents, containing non-adductable branched and cyclic hydrocarbons, e.g. hopenes, 
were collected and dried under nitrogen. They were subsequently dissolved in hexane 
prior to gas chromatography (GC), GC/mass spectrometry (GC/MS) and GC-isotope 
ratio monitoring mass spectrometry (GC-IRMS) analyses.
For BHP analyses, another aliquot of  the total extract was acetylated using acetic 
anhydride and pyridine (1:1) at 50ºC for 1 h and left at room temperature overnight, 
after addition of  the internal standard pregnanediol. The acetylated extract was dried at 
50ºC under a continuous nitrogen flow, and dissolved in MeOH/propane-2-ol (60:40 
v/v), prior to liquid chromatography/mass spectrometry (LC/MS) analyses.

6.2.5 Gas chromatography, GC/mass spectrometry, GC-isotope ratio monitoring 
mass spectrometry and Elemental Analyzer (EA)-IRMS
Hopene-containing fractions were analyzed on a gas chromatograph (HP 6890) 
equipped with a flame ionization detector (FID) set at constant pressure (100 kPa). A 
fused silica column (30 m x 0.32 mm i.d., film thickness 0.1 μm) coated with CP Sil-5CB 
was used with helium as a carrier gas. Extracts were injected on-column at 70ºC. The 
temperature increased with 20ºC/min to 130ºC and 4ºC/min to 320ºC, followed by an 
isothermal hold for 20 min.
Components were identified using gas chromatography–mass spectrometry (Thermo 
Trace GC Ultra), using the same column and temperature program as for GC analyses.
Compound specific δ13C values were determined by Isotope-Ratio-Monitoring Gas 
Chromatography Mass Spectrometry (GC-IRMS, ThermoFisher Delta V), using the 
same column and temperature program as for GC analyses. Carbon isotopic values are 
reported in the delta notation relative to the VPDB standard. 
Bulk carbon isotopes were analyzed on homogenized sub samples from the lower and 
upper parts of  the Sphagna. To minimize the impact of  isotopic differences between 
different plant parts about ten times the required amount of  carbon was weighed in 
tin sample cups. The CO2 produced was subsequently diluted with He before being 
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introduced online into the mass spectrometer (Finnigan Delta plus). Accuracy and 
precision based on replicate analyses of  samples and an in-house standard (calibrated 
to V-PDB using international standards) was better than 0.1‰.

6.2.6 Liquid chromatography/mass spectrometry
Acetylated total extracts were analysed for BHPs by reversed-phase high-performance 
liquid chromatography (HPLC). The analytical procedure has been described previously 
(Cooke et al., 2008). In short, reversed-phase HPLC analysis was carried out using a 
Surveyor HPLC system (ThermoFinnigan) fitted with a Gemini (Phenomenex) C18 5 
μm HPLC column (150 mm, 3.0 mm i.d.) and a security guard column of  the same 
material. Separation was achieved at a flow rate of  0.5 mL/min at ambient temperature 
with the following gradient profile: 90% A and 10% B (0 min); 59% A, 1% B and 
40% C (at 25 min), then isocratic (to 40 min) and returning to the starting conditions 
over 5 min and finally stabilizing for 15 min before the next injection, where A= 
MeOH, B= water and C = propan-2-ol (all Fisher Scientific HPLC grade). LC/MS 
was performed using a ThermoFinnigan LCQ ion trap mass spectrometer equipped 
with an APCI source operated in positive ion mode. LC/MS analysis was carried out 
in data-dependent mode with three scan events: SCAN 1 – full mass spectrum, range 
m/z 300–1300; SCAN 2 – data-dependent MS2 spectrum of  most abundant ion from 
SCAN 1; SCAN 3 – data-dependent MS3 spectrum of  most abundant ion from SCAN 
2. Quantification was performed using m/z traces targeting the characteristic base peak 
ions, and calculated using averaged response factors for a limited suite of  nitrogen and 
non-nitrogen containing BHP standards (Cooke et al., 2008).

6.3 Results and discussion 
In a previously performed mesocosm experiment, where intact peat cores containing 
live Sphagnum were incubated at 5, 10, 15, 20 and 25ºC for two months, we demonstrated 
that methane oxidation rates increase with increasing temperatures, with an optimum 
around 20ºC (Fig. 2b; van Winden et al., 2011b). Even though methanotrophic activity 
increased with increasing temperature, it could not compensate for the increase in 
methane production (Fig. 2a; van Winden et al., 2011b). This resulted in a decrease in the 
methane retaining efficiency of  the consortium of  Sphagnum and methanotrophs. Here 
we assess the influence of  methane production and methane oxidation on methanotroph-
related proxies in Sphagnum mosses grown during this mesocosm experiment. 
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6.3.1 Sphagnum bulk and compound-specific δ13C values as proxies for 
methanotrophy in peat
Methanotrophs provide methane-derived CO2 to Sphagnum, which may account for 10-
35% of  the carbon used for assimilation (Raghoebarsing et al., 2005; Kip et al., 2010). 
With increasing temperature, both methane production and methanotrophic activity 
increase (Fig. 2), hence, the concentration of  methane-derived CO2 is probably also 
higher. This may lead to enhanced uptake of  methane-derived carbon by Sphagnum. 
Since methane is strongly depleted in 13C, enhanced uptake of  methane-derived carbon 
is expected to result in a depletion of  Sphagnum δ13C values. However, neither bulk δ13C 
values of  Sphagnum, nor the δ13C values of  the C23 n-alkane, a characteristic biomarker 
for Sphagnum (Baas et al., 2000; Nott et al., 2000), extracted from newly grown Sphagnum 
varied with incubation temperature (Fig. 2c). 
The absence of  variation in δ13C with increasing temperature could be the result of  a 
time-lag, since even though we analysed newly grown Sphagnum from the top parts of  
the mosses, the carbon might have been assimilated prior to the incubation. Moreover, 
the invariant Sphagnum δ13C values could be due to a buffering effect, as the amount of  
organic matter in Sphagnum is probably relatively large in comparison to the amount 
of  methane-derived carbon. Nevertheless, previously, we calculated that methane may 
account for 35% of  the carbon used by Sphagnum (Kip et al., 2010). Although the high 
degree of  methane uptake may be (partially) induced by the experimental set-up, this 
suggested that methane may contribute appreciably to the amount of  carbon used. The 
lack of  variation in Sphagnum δ13C values suggests, however, that Sphagnum does not take 
up more methane-derived CO2 relative to CO2 from other sources at increased levels of  
methane cycling (Fig. 1). The high acidity of  peat bogs requires that submerged growing 
mosses to a large extent rely on in-situ produced CO2 (Smolders et al., 2001): CO2 
derived from methane oxidation or CO2 from organic matter degradation, which below 
the water table will mainly originate from fermentation (Fig. 1). Increasing temperatures 
could have stimulated organic matter degradation, hence the increased methane flux at 
higher temperatures may be offset by a corresponding increase in the CO2 flux from 
enhanced organic matter degradation. The isotopic composition of  the combined 
recycled carbon source for Sphagnum thereby remains the same. In addition, the isotopic 
fractionation between CO2 and methane during methanogenesis may be balanced, with 
methane becoming more enriched in 13C when more is produced, while CO2 becomes 
less enriched in 13C when less CO2 is turned into methane. Such an inverse relationship 
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between the carbon isotopic values of  CO2 and methane has been observed in peat 
bogs by Hornibrook et al. (2000). This way, changes in the isotopic composition of  
methane and CO2 would balance each other. 
Our results seem to contradict the negative relationship between temperature and 
δ13C of  Sphagnum cellulose observed by Skrzypek et al. (2007). This may be explained 
by the fact that these authors studied Sphagnum girgensohnii Russow, belonging to the 
section Acutifolia. This type of  Sphagnum moss grows above the water level and does 
not experience carbon limitation since it has direct access to atmospheric CO2. The 
decrease in Sphagnum δ13C with increasing temperature can therefore not be explained 
by enhanced uptake of  methane, as methane-derived CO2 only marginally contributes 
to the carbon source of  this type of  Sphagnum (Kip et al., 2010), but rather by reduced 
mass transport limitations. Within C3 plants, the rate of  carbon fixation is dependent 
on both mass transport processes and enzymatic reactions, and the extent of  isotopic 
fractionation depends on the rate determining step (Hayes, 2001). When diffusion rates 
of  methane increase with increasing temperatures, assimilation may become less mass 
transport limited, allowing for increased expression of  the enzymatic isotope effect, 
resulting in more depleted δ13C values with increasing temperature.
The lack of  a clear temperature response of  the stable carbon isotope values in both 
bulk Sphagnum and Sphagnum-derived biomarkers implies that reconstruction of  methane 
oxidation and methane (re)cycling in peat bogs will have to rely on biomarkers specific 
for methanotrophs, such as δ13C values of  hopenes and specific BHPs. 

6.3.2 BHP as proxies for methanotrophy in peat 
Total BHP abundances (normalized to μg/g dry weight) showed an increase with 
increasing temperature. This indicates that bacterial growth rates, as reflected by BHPs, 
show a stronger response to temperature compared to Sphagnum growth rates (Fig. 3a). 
Even though total BHP abundances increased with increasing temperature, aminopentol 
and aminotetrol, biomarkers for methanotrophs did not show a gradual increase with 
temperature (Fig. 3). They showed a strong non-linear response to temperature, and 
only displayed relatively high abundances at 25ºC, where overall methane consumption 
rates decreased (Fig. 2b, Fig. 3). These results suggest that aminopentol and aminotetrol 
abundances do not directly correlate with methanotrophic activity. 
Doughty et al. (2009) reported that bacteria in a vegetative state produce more BHPs 
compared to when they are active, implying that BHP abundance does not necessarily 
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reflect bacterial activity. Since 25ºC is beyond the optimum temperature for most Sphagnum-
derived methanotrophs (Dedysh et al., 2002, and references therein), consistent with 
decreased reconstructed methane consumption rates (Fig. 2b), hopanoid production 
may have increased to ensure membrane integrity. This potentially complicates the use 
of  BHPs as a palaeo-environmental proxy for methanotrophic activity. On the other 
hand, the duration of  the experiment may have been insufficient for the methanotrophic 
community to fully adapt and express the effect of  temperature on bacterial growth and 
BHP production.
Aminotetrol abundances were almost five times more abundant than aminopentol (Fig. 
3). This implies that type II methanotrophs were more prevalent compared to type I 
methanotrophs. This is surprising, since in a previous study on fresh material from the 
same site, aminotetrol and aminopentol displayed equal abundances (van Winden et al., 
2011a). It appears that the experimental conditions were more favourable for growth of  
type II methanotrophs, although possible reasons for this are unclear. 
Abundances of  aminotetrol and aminopentol were small relative to the total BHP 
abundance, which may suggest that methanotrophs represent a minor fraction of  the 
hopanoid-producing bacterial community (Fig. 3). LCMS quantification may, however, 
underestimate the abundance of  aminopentol and aminotetrol (van Winden et al., 
2011a). Furthermore, not all type II methanotrophs produce aminotetrol and this trait 
appears to be confined to type II methanotrophs belonging to the Methylocystaceae family.  
Methylocella-like type II methanotrophs (Beijerinckiaceae family), which are phylogenetically 
distinct from the Methylocystaceae family, to the best of  our knowledge do not produce 
a specific BHP, but only the rather common aminobacteriohopanetriol (aminotriol) 
and the most common BHP of  all, bacteriohopanetetrol (BHT) (van Winden et al., 
2011a). Aminotriol and BHT are significantly more abundant than aminotetrol and 
aminopentol (Fig. 3). These lipids may also have other sources, apart from Methylocella-like 
methanotrophs. BHT abundances follow the same pattern as the total BHP abundances, 
yet aminotriol shows a close resemblance to the patterns of  aminotetrol and -pentol, 
indicating that aminotriol may have a methylotrophic origin. Therefore the abundance 
of  methanotrophs may be considerably higher than what would be estimated based on 
aminotetrol and pentol abundances only.

6.3.3 Diploptene  δ13C values as proxies for methanotrophy in peat
Methanotrophs consume strongly 13C-depleted biogenic methane and are, therefore, 
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expected to carry that signal in their lipids. Hopanoids are known to be produced by 
methanotrophs residing in Sphagnum, yet they are not exclusive to methanotrophs, since 
they are produced by many other bacteria as well (Rohmer et al., 1984; van Winden et 
al., 2010). Previous analyses of  compound-specific δ13C values of  hopanoids extracted 
from Sphagnum mosses showed only limited isotopic depletion, with carbon isotopic 
values ranging from -31 to -38‰ (van Winden et al., 2010). Nevertheless, δ13C values of  
hopenes correlated with the relative in situ water level, hence corresponding to associated 
methane oxidation rates (van Winden et al., 2010). Therefore, δ13C values of  hopenes 
are potential indicators for methanotrophic activity. 
To establish in situ methane uptake and verify how δ13C values of  hopenes reflect 
methanotrophic activity, a field pulse-chase experiment was performed. Labelled 
methane (99% 13C) was injected into the peat, after which Sphagnum was harvested and 
compound-specific carbon isotopes of  hopenes were measured. Within 14 days, a shift 
of  0.015% 13

 C, or 15‰, was observed in diploptene, the most abundant hopene in the 
samples analysed (Fig. 4). The magnitude of  the isotopic shift indicates label uptake. 
Therefore, these results validate the in situ methanotrophic activity in Sphagnum under 
natural conditions. The label uptake in diploptene, in line with previous laboratory 
studies (van Winden et al., 2010), verifies its, at least partial, methanotrophic origin 
(Rohmer et al., 1984). Moreover, these results show a direct and fast response of  the 
δ13C of  diploptene to changes in the δ13C of  the source methane.
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Fig. 4. In-situ pulse-chase experiment showing 13C incorporation (in atomic %) into the bacterial lipid diploptene 
through time, after injection of  13C-labelled methane into the peat. Compound specific carbon isotopes were 
measured on the lower parts of  the pool-derived Sphagnum, where potential methane oxidation rates were 
highest (van Winden et al., 2011b).
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To understand how methanotroph δ13C values vary with the extent of  methane cycling, 
diploptene δ13C values were measured on Sphagnum incubated at different temperatures. 
Whereas concentrations of  diploptene did not show significant changes with increasing 
temperature (data not shown), the δ13C values of  diploptene showed a strong negative 
relation with temperature (P<0.01, R2 0.84, Fig. 5a) Consequently, there is also a strong 
correlation between methane production and diploptene δ13C values (P>0.01, R2 0.84, 
Fig. 5b) and a somewhat weaker correlation between diploptene δ13C values and methane 
consumption (P<0.05, R2 0.60, Fig. 5c). The lower correlation coefficient reflects the 
relatively depleted isotopic values at 25ºC although methane consumption is lower. 
If  diploptene δ13C values would be controlled by temperature directly, one would expect 
an opposite trend than observed (Fig. 5a); at higher temperatures chemical reactions are 
faster and isotopic discrimination is expected to decrease with increasing temperature 
(Hayes, 2001). This was, for example, observed by Jahnke et al. (1999) in their study 
of  the effect of  growth temperature on isotopic fractionation in methanotroph cell 
cultures. Therefore, the decreasing δ13C values of  diploptene are likely associated 
with enhanced methane cycling associated with the increase in temperature.  The 
decreasing δ13C values of  diploptene could be caused by an increased contribution of  
methanotroph-derived diploptene, which is expected to be relatively depleted in 13C. The 
trend of  more depleted δ13C values with increasing methanotrophic activity is, however, 
not directly supported by a change in diploptene or BHP concentrations, since there 
was no change in diploptene concentrations and no gradual increase in aminopentol 
and aminotetrol with increasing temperature or methanotrophic activity (Fig. 3). The 
relatively high aminopentol and aminotetrol abundances at 25 ºC may, however, partially 
explain the observed discrepancy between methane consumption and diploptene δ13C 
values. Although methane consumption decreased at 25 ºC, methanotrophs produced 
relatively high abundances of  hopanoids at 25 ºC (Fig. 3). Therefore, methanotrophs 
may represent a higher percentage of  the hopanoids at that temperature, resulting in 
more depleted diploptene δ13C values than expected based on the associated methane 
consumption rates. 
Substrate availability may also have influenced the extent of  fractionation. Jahnke et al. 
(1999) showed that δ13C values of  methanotroph lipids strongly depend on methane 
abundance, with much stronger isotopic fractionation at higher methane concentrations. 
An increase from 3 to 37% methane in the headspace of  these experiments resulted in 
a 22‰ shift towards more negative δ13C value of  total lipids. Therefore, the decrease in 
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Fig. 5. Compound-specific δ13C values of  diploptene versus a) temperature (ºC), b) methane production (μg/
cm2/day), c) methane consumption (μg/cm2/day). Data on methane production and consumption are from 
van Winden et al. (2011b). Compound-specific δ13C values are means of  three replicate incubations. Standard 
deviations are indicated and are substantially larger than the analytical uncertainty.    
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diploptene δ13C values with increasing methane availability can be explained through 
enhanced expression of  the enzymatic isotope effect associated with methanotrophy, 
which was obscured by substrate or mass transport limitation at lower temperatures 
(e.g. Hayes et al. 2000). This would explain the stronger correlation of  diploptene δ13C 
values with methane production compared to methane consumption  (Fig. 5b).
It is surprising that a shift of  almost 7‰ in diploptene δ13C values are caused by 
methanotrophs if  they represent such a small fraction of  the hopanoid-producing 
bacterial community according to our BHP results (Fig. 3). Still, as discussed 
previously, aminopentol and aminotetrol abundances may underestimate the size of  
the methanotrophic community. Also, the percentage of  methanotroph-derived BHPs 
may not directly translate for the proportion of  methanotroph-derived diploptene. 
In addition, other bacteria may consume intermediate or end-products of  methane 
oxidation, thereby also influencing the δ13C values of  diploptene. Nevertheless, the 
observed relationship of  decreasing diploptene δ13C values with enhanced methane 
cycling indicates that a record of  diploptene δ13C values of  ancient peats could be a 
valuable proxy to assess at least relative shifts in past methane cycling.

6.4 Conclusions
With increasing temperatures, both methane production and methane oxidation 
increased. Increased methane cycling did not affect δ13C values of  bulk Sphagnum or 
Sphagnum-derived C23 n-alkanes in our study. Methanotroph-specific BHPs, aminotetrol 
and aminopentol showed a non-linear response to temperature, with relatively high 
abundances at 25ºC. Aminotetrol was significantly more abundant compared to 
aminopentol, indicating that type II methanotrophs (Methylocystaceae family) more 
easily adapt to changing environmental conditions compared to type I methanotrophs. 
Compound-specific δ13C values of  diploptene demonstrated a strong correlation with 
increasing extent of  methane oxidation, with values of  -34‰ at 5ºC and -41‰ at 25ºC. 
This relationship is best explained by enhanced methane cycling at higher temperatures, 
where the observed δ13C values are caused by increased methanotroph abundance and, 
therefore, increased contribution to the diploptene pool as a result of  increased methane 
availability. A combination of  BHPs and δ13C values of  diploptene, or its diagenetic 
products, potentially provide powerful tools to assess methanotrophic activity and 
methanotrophic community structures in past environments. 
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Methane emissions from peat bogs are strongly reduced by aerobic methane oxidizing 
bacteria (methanotrophs) living in association with Sphagnum. Field studies and laboratory 
experiments have revealed that with increasing humidity and increasing temperature, 
methanotrophic activity increases. To gain a better understanding on how longer-
term changes in methanotrophic activity are reflected in methanotroph biomarkers, 
a peat record (0-80 cm) from the Hautes Fagnes (Belgium) encompassing the past 
1200 years, was analysed for methanotroph-specific intact bacteriohopanepolyols 
(BHPs) and the carbon isotopic composition of  diploptene. Predominance 
of  aminobacteriohopanetetrol (aminotetrol) over aminobacteriohopanepentol 
(aminopentol) indicates the prevalence of  type II methanotrophs. Relatively high 
methanotrophic activity was indicated by all methanotrophic markers between 16 
and 33 cm depth, around the present oxic-anoxic boundary of  the peat bog, most 
likely representing the currently active methanotrophic community. Comparing 
methanotrophic markers in the deeper part of  the peat profile with environmental 
variables revealed that methanotrophic activity was higher during inferred wet periods. 
These wet periods coincided with cool rather than warm episodes, probably as a result of  
reduced evaporation at lower temperatures. Humidity thus appears to be a more critical 
factor in controlling methane cycling in peat bogs compared to a direct temperature effect.  
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7.1 Introduction
Peat bogs are situated at mid to high latitude, primarily on the Northern hemisphere, and 
play a large role in the global carbon cycle as they sequester a third of  the Earths’ soil 
carbon (Smith et al., 2004). They are also important in the global methane cycle, since 
they contribute approximately 10% of  the total CH4 flux to the atmosphere (Gorham et 
al., 1999). Methane emissions from peat bogs depend on the balance between archaeal 
methane production and subsequent bacterial methane oxidation. Aerobic methane 
oxidizing bacteria (methanotrophs), living in association with Sphagnum, can retain up 
to 98% of  the diffusive methane flux (van Winden et al., 2011b) but methane cycling 
strongly depends on environmental factors. Field studies and laboratory experiments 
revealed that with increasing humidity and increasing temperature both methanogenic 
and methanotrophic activity increases (Frenzel and Karofeld 2000; Basiliko et al., 2004; 
McNamara et al., 2008; Larmola et al., 2010; Kip et al, 2010; van Winden et al., 2011b). 
Mesocosm experiments suggest, however, that methane oxidation is not able to keep up 
with increased production rates at increasing temperatures (van Winden et al., 2011b). 
However, such experiments cannot take into account long-term adaptations of  the 
microbial community. Hence, it remains unclear how methane cycling responded to 
changes in climate on longer time scales.
Insight in the adaptations on longer time scales can potentially be obtained by studying 
peat bog records: natural climate changes have resulted in differences in the extent of  
methane cycling. Variation in past methanotrophic activity is reflected by molecular 
proxies for methanotrophs, such as compound specific carbon isotopes of  the 
bacterial marker diploptene, and methanotroph-specific intact bacteriohopanepolyols 
(BHPs) (van Winden et al., 2011a; 2011c). Methane is strongly depleted in 13C, yet 
methanotroph lipids, e.g. diploptene, only exhibits limited 13C-depletion, with δ13C 
values of  approximately -30 and -40‰ in peat bogs. This is probably the result of  a 
mixed origin of  diploptene, since methanotrophs are not the only bacterial source for 
these lipids. Furthermore, serine cycle methanotrophs (type II), which form part of  
the methanotrophic community, do not only use methane but also CO2  as their carbon 
source, thereby diluting the 13C-depleted methane-derived signal in methanotroph lipids.  
Nevertheless, in a previous mesocosm experiment, we showed that diploptene δ13C values 
strongly correlated with methane production and methane consumption (van Winden et 
al., 2011c). With increasing methane availability and increasing methanotrophic activity, 
diploptene showed enhanced 13C-depletion. This is probably a result of  an increased 
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contribution of  methanotroph-derived diploptene with enhanced methane cycling or 
because with enhanced methane availability, the enzymatic fractionation associated with 
methane oxidation is increasingly expressed in diploptene δ13C values. 
Methanotroph-specific BHPs may also serve as biomarkers for methanotrophy. BHPs 
are hopanoids with a polyol side chain containing a polar group, containing species-
specific information. Methanotrophs residing in peat bogs are comprised of  two 
main groups, type I methanotrophs (γ-Proteobacteria) and type II methanotrophs 
(α-Proteobacteria). Aminobacteriohopanepentol (aminopentol) is a marker for type I 
methanotrophs, while aminobacteriohopanetetrol (aminotetrol) is indicative for type 
II methanotrophs. Still, the latter may also be produced to a lower degree by type I 
methanotrophs and some sulfate-reducing bacteria (Rohmer et al., 1984; Neunlist and 
Rohmer, 1985a,b; Cvejic et al., 2000; Talbot el al., 2001; Blumenberg et al., 2006; Coolen 
et al. 2008; van Winden et al., 2011a). Methylocella-like methanotrophs, belonging to the 
Beijerinckiaceae family within the type II methanotrophs, have been speculated to be one 
of  the most important methane oxidizers in peat bogs (Dedysh et al., 2009). These 
methanotrophs are not closely related to the other type II methanotrophs. The only 
Methylocella-like methanotroph analysed for BHPs so far did not produce aminotetrol, 
but mainly aminobacteriohopanetriol (aminotriol) and bacteriohopanetetrol (BHT), 
which are produced by many other bacteria as well (van Winden et al., 2011a). BHPs 
can thus be used to trace contributions of  methanotrophs in peat records but it will 
require careful interpretation.   
To gain a better understanding on how longer-term climatic changes affected 
methanotrophic activity, a peat record from the Hautes Fagnes, Belgium, encompassing 
the past 1200 years, was investigated. The peat core was recovered from the edge of  a 
hummock, to ensure maximum sensitivity to changes in hydrology (De Vleeschouwer 
et al., 2011). It was analysed for methanotropic biomarkers including intact 
bacteriohopanepolyols (BHPs) and for compound specific carbon isotope values of  
diploptene. 

7.2 Experimental

7.2.1 Site description 
The peat core was obtained using a plain titanium 15×15×100 cm Wardenaar corer 
(Wardenaar, 1986) in February 2008 from Misten Bog, Hautes Fagnes, East Belgium 
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(50º33’50’’N, 06º09’50’’E; Fig. 1), and has been described in detail elsewhere (De 
Vleeschouwer et al., 2011, and references therein). Briefly, Misten bog is ombrotrophic 
in nature and present day average precipitation rate is 1440 mm/yr at a mean annual air 
temperature of  6.7ºC. Currently, the surface vegetation is covered by abundant shrubs; 
Erica tetralix, Calluna vulgaris and Vaccinium spp., reflecting the ongoing evolution of  the 
bog into a peat moor, with roots now extending up to 25 cm depth, the current catotelm 
- acrotelm boundary. 

7.2.2 Extraction and derivatization
The core was sliced in 1 cm sections. Selected slices of  peat (14) were freeze-dried 
and extracted using a modified Bligh and Dyer extraction procedure (Cooke et al., 
2008a). An aliquot of  the extract was used for hopene analyses and separated into an 
apolar and a polar fraction over an activated Al2O3 column using hexane:DCM (9:1 
v/v) and DCM:MeOH (1:1 v/v). To separate hopenes from  acyclic and saturated 
hydrocarbons, the apolar fraction was eluted over an AgNO3-impregnated column 
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Fig. 1. The Misten Bog and the core location (MIS-08-06W), after De Vleeschouwer et al. (2011).
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using DCM, after elution with hexane, hexane:DCM (9:1), hexane:DCM (1:1), and 
DCM. The DCM fraction was subsequently dried, dissolved in hexane and analysed 
by gas chromatography (GC), GC/mass spectrometry (GC/MS) and GC-isotope ratio 
monitoring mass spectrometry (GC-IRMS).
Another aliquot of  the total extract was used for BHP analysis and acetylated by acetic 
anhydride and pyridine (1:1) at 50ºC for 1 h. It was left at room temperature overnight, 
after addition of  the internal standard pregnanediol. The acetylated extract was dried 
at 50ºC under a continuous nitrogen flow. After filtration, the extract was dissolved in 
MeOH/propane-2-ol (60:40 v/v), prior to liquid chromatography/mass spectrometry 
(LC/MS) analyses.

7.2.3 Gas chromatography, GC/mass spectrometry and GC-isotope ratio 
monitoring mass spectrometry 
GC was performed on a HP 6890 equipped with a flame ionization detector (FID) 
set at constant pressure (100 kPa). A fused silica column (30 m x 0.32 mm i.d., film 
thickness 0.1 μm) coated with CP Sil-5CB was used with helium as a carrier gas. Samples 
were injected on-column at 70ºC. The temperature increased with 20ºC/min to 130ºC 
and 4ºC/min to 320ºC, followed by an isothermal hold for 20 min. Quantification 
was performed by integration of  peak areas, using squalane as a co-injected internal 
standard. 
Components were identified with GC-MS. A Thermo Trace GC Ultra (equipped with 
a similar column and using the same temperature program as for GC) coupled to a 
Finnigan Trace DSQ Single Quadrupole mass spectrometer was used. 
Compound specific δ13C values were determined by GC-IRMS (ThermoFisher Delta 
V), using a similar GC column and using the same GC temperature program. Carbon 
isotopic values are reported in the delta notation relative to the VPDB standard, with a 
reproducibility of  on average 0.5‰.

7.2.4 Liquid chromatography/mass spectrometry
Reversed-phase high-performance liquid chromatography (HPLC) analysis was carried 
out using a Surveyor HPLC system (ThermoFinnigan, Hemel Hempstead, UK) fitted 
with a Gemini (Phenomenex, (Macclesfield, UK) C18 5 μm HPLC column (150 mm, 3.0 
mm ID) and a security guard column of  the same material. Separation was achieved at 
a flow rate of  0.5 ml/min at ambient temperature with the following gradient profile: 
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90% A and 10% B (0 min); 59% A, 1% B and 40% C (at 25 min), then isocratic (to 40 
min) and returning to the starting conditions over 5 min and finally stabilizing for 15 min 
before the next injection, where A = MeOH, B = water and C = propan-2-ol (all Fisher 
Scientific HPLC grade). LC/MS was performed using a ThermoFinnigan LCQ ion trap 
mass spectrometer equipped with an APCI source operated in positive ion mode. LC/
MS analysis was carried out in data-dependent mode with three scan events: SCAN 1 – 
full mass spectrum, range m/z 300–1300; SCAN 2 – data-dependent MS2 spectrum of  
most abundant ion from SCAN 1; SCAN 3 – data-dependent MS3 spectrum of  most 
abundant ion from SCAN 2. Quantification was performed using m/z traces targeting 
the characteristic base peak ions, and calculated using averaged response factors for a 
limited suite of  nitrogen and non-nitrogen containing BHP standards (Cooke et al., 
2008a).

7.3 Results & Discussion

7.3.1 BHPs as markers for methanotrophs
BHPs detected across the peat profile include BHT, aminotriol, aminotetrol and 
aminopentol (Fig. 2d,e,f,g), which are known to be produced by methanotrophs 
(Rohmer et al., 1984; Neunlist and Rohmer, 1985a,b; Cvejic et al., 2000; Talbot el al., 
2001; Blumenberg et al., 2006; Coolen et al. 2008; van Winden et al., 2011a). Other 
BHPs that are present throughout the peat profile are 2-methylBHT, adenosylhopene, 
BHT cyclitol ether, BHT glucosamine, 2-methylBHT cyclitol ether, BHpentol cyclitol 
ether and BHhexol cyclitol ether (Table S1). Together with aminotriol, BHT cyclitol 
ether is the most abundant BHP. The depth distribution of  the summed BHP 
concentration is rather constant, with only elevated values around 52 cm depth (Fig. 2c). 
The concentration profile of  BHT and aminotriol closely resemble that of  the summed 
BHPs (Fig. 2d,e). The concentrations of  aminotetrol and -pentol are appreciably lower 
compared to BHT and aminotriol. Both aminotetrol and -pentol concentrations show 
quite some variability with depth, with peak abundances between 16 and 33 cm depth 
and at around 52 cm depth (Fig. 2f,g). 
The high aminotetrol and -pentol abundances between 16-33 cm depth suggest 
enhanced methanotrophic activity at that depth (Fig. 2f,g). Currently, the catotelm/
acrotelm boundary lies at 25 cm depth (Fig. 2; De Vleeschouwer et al., 2011). The 
catotelm is the lower part of  the peat that is permanently below the water table. The 
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top 25 cm of  the profile are characterized by living plants and uncompressed peat, 
where the water table varies with changes in temperature or precipitation. The oxic-
anoxic boundary is situated around the water table and thus varies with the water table 
accordingly. At this shallow depth roots of  shrubs may provide oxygen at times of  
relatively high water levels. Since the methanotrophic activity is typically highest around 
the oxic-anoxic interface (Basiliko et al., 2004; van Winden et al., 2011b), the high 
aminotetrol and- pentol concentrations between 16 and 33 cm depth probably reflect 
ongoing methanotrophic activity. 
The presence of  aminopentol confirms the presence of  type I methanotrophs, yet the 
abundance of  aminotetrol is significantly higher compared to aminopentol (Fig. 2f,g). 
This indicates the prevalence of  type II methanotrophs. Kip et al. (2011b), identified two 
main types of  methanotrophs, a type II  Methylocystus spp. and a type I Methylomonas spp. 
as the dominating methanotrophs in several Sphagnum ecosystems. These methanotrophs 
primarily produce aminotetrol and aminopentol, respectively (Talbot et al., 2001; van 
Winden et al., 2011a), and our results are therefore largely in line with the study of  Kip 
et al. (2011b). 
The peak abundance of  aminopentol is shallower compared to that of  aminotetrol (Fig. 
2f,g), similar to the pattern previously observed in another active peat bog (van Winden 
et al., 2011a). The difference in depth of  the peak abundances in the top part of  the 
peat core possibly suggests a slight difference in oxygen and methane affinity between 
type I and type II methanotrophs. In the topmost sample, at 10 cm depth, aminopentol 
is below the detection limit and aminotetrol concentrations are low (Fig. 2f,g), which is 
in line with low methanotrophic activity. As the top ten cm of  the peat is situated well 
above the oxic-anoxic interface, methanotrophic activity will be limited. 
Methanotrophs may also produce BHT and aminotriol, which are, however, less 
diagnostic as they are rather common among other bacteria as well. Methylocella-like 
methanotrophs, which have been hypothesized to be one of  the most important 
methanotrophs in peat bogs (Dedysh et al., 2009), to the best of  our knowledge do not 
produce the diagnostic aminotetrol and -pentol but primarily aminotriol (van Winden 
et al., 2011a). In the peat core, BHT and aminotriol largely reflect the pattern of  the 
cumulative BHPs, albeit that levels are slightly elevated between 16 and 33 cm depth 
(Fig. 2c,d,e). Except for the peak abundance at 52 cm depth, they do not match the 
curve of  aminotetrol or -pentol. Therefore, BHT and aminotriol probably have a mixed 
origin, and most likely do not primarily represent methanotrophs here. This is in line 
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with a low abundance of  Methylocella-like methanotrophs observed in Sphagnum mosses 
inferred from low or absent PCR product when using PCR primers targeting known 
Methylocella genes (Kip et al., 2010).
The high aminotetrol and -pentol concentrations in the shallow part of  the core 
suggest relatively high present-day methanotrophic activity compared to the lower 
concentrations observed down core. Alternatively, the overall down core decrease in 
aminopentol and –tetrol could be the result of  on-going decay as the zone of  active 
production by methanotrophs is limited to the oxic (i.e. upper) part of  the record.

7.3.2 Hopenes as markers for methanotrophs
Concentrations of  diploptene generally decrease with depth while, at the same 
time, concentrations of  hop-17(21)-ene increase (Fig. 1a,b). The steady decrease of  
diploptene concentrations with depth suggests that little to no diploptene is produced 
at depth. The decrease in diploptene and the concurrent increase hop-17(21)-ene may 
reflect the isomerisation of  diploptene into hop-17(21)-ene. This could unfortunately, 
however, not be confirmed by δ13C values of  hop-17(21)-ene, since hop-17(21)-ene 
co-elutes with a 2-methyl analogue, which makes it difficult to accurately assess its δ13C 
values. In a previous experiment, where 13C labelled methane was added to incubated 
Sphagnum mosses, hop-17(21)-ene concentrations were higher compared to diploptene 
concentrations (van Winden et al., 2010). Both hopenes were strongly labelled and were 
therefore considered of  (partial) methanotrophic origin. In a following field experiment 
using 13C-labelled methane, diploptene concentrations were relatively high and showed 
strong label incorporation, while hop-17(21)-ene was below detection limits (van 
Winden et al, 2011c). Furthermore, extracted pure cultures of  isolated methanotrophs 
contained diploptene, but no hop-17(21)-ene (unpublished data). Probably, hop-
17(21)-ene can be indirectly derived from methanotrophs, through isomerisation of  
diploptene. Isomerisation of  hopanoids is probably occurring rapidly because of  the 
acidic environment (cf. Pancost et al., 2003). The peak abundances of  hop-17(21)-ene at 
47 cm depth, superimposed on the gradual increase, are not reflected in the diploptene 

Fig. 2. (Left page) Depth distribution of  a) diploptene, b) hop-17(21)-ene, c) BHPs total, d) BHT, e) aminotriol, 
f) aminotetrol, g) aminopentol and h) diploptene δ13C (‰) in a 80 cm peat core from Misten Bog, Hautes 
Fagnes Belgium. On the left axis, the current catotelm-acrotelm boundary is plotted with currently living shrubs 
with roots extending down to 25 cm depth. On the right axis, an abstracted vegetation profile is shown, along 
with the approximate dates of  the sampled material, adapted from De Vleeschouwer et al. (2011). Phases 
dominated by S. s. Cuspidata, which is restricted to wet surface conditions, are marked as wet phase in grey. 

Chapter_7.indd   99 11-9-2011   13:14:46



100

Chapter 7. Methanotroph-related proxies in peat deposits from Misten Bog, Hautes Fagnes

profile and must therefore reflect another (unknown) origin.
Diploptene 13C contents are relatively depleted in the lowermost samples, subsequently 
shifting towards more positive δ13C values at 69 cm depth and returning towards more 
negative δ 13C values around 52 cm (Fig. 1h). Above this depth, the 13C content of  
diploptene remains depleted, only becoming less depleted again around 10 cm depth. At 
the top part of  the peat profile, between 16-33 cm, diploptene δ13C values are relatively 
low, in line with high abundances of  aminotetrol and -pentol, thereby reflecting the 
currently active methanotrophic community (Fig. 2f,g,h). In the topmost samples, 
around 10 cm depth, diploptene is relatively little depleted in 13C, corresponding to 
low aminotetrol and –pentol concentrations, which is in line with low methanotrophic 
activity above the oxic-anoxic interface 
Compound-specific δ13C values of  diploptene varied between -29 and -34 ‰ (Fig. 2h). 
These values indicated less depletion of  13C compared to δ13C values previously observed 
for hopenes from Sphagnum from a field study (approximately between -32 to -36‰) or 
from a mesocosm experiment (approximately between -34 to -41‰) (van Winden et al., 
2010; 2011c). Since δ13C values were previously shown to correlate to methanotrophic 
activity, with more depletion in 13C associated with higher methanotrophic activity (van 
Winden et al., 2011c), the overall relatively low δ13C values may suggest relatively low 
methane oxidation rates. Alternatively, the methanotrophic signal may be diluted by 
other diploptene-producing bacteria compared to fresh Sphagnum. The diploptene 13C 
contents in the deeper parts of  the peat are less depleted compared to recent values. 
This could indicate that present-day methanotrophic activity is relatively high compared 
to past methanotrophic activity, or this could be the result of  enhanced mixing with 
relatively 13C enriched diploptene originating from a different bacterial source in 
the deeper -anoxic- part of  the peat profile, even though diploptene concentrations 
indicated little to no diploptene production at depth. Hopanoids have been identified 
in anaerobic bacteria (Sinninghe Damste et al., 2004; Talbot and Farrimond, 2007, and 
references therein) and diploptene is for example a major neutral lipid of  anammox 
bacteria (Sinninghe Damste et al., 2005). Also, aminopentol and –tetrol suggest relatively 
high present-day methanotrophic activity with relatively high abundances compared to 
the lower concentrations observed down core. Still, the overall down core decrease 
in aminopentol and –tetrol could be result of  on-going decay as the zone of  active 
production by methanotrophs is limited to the oxic (i.e.upper) part of  the record.
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7.3.3 Potential relationship between the extent of  methane cycling and 
humidity
Over time, methanotrophic activity may have co-varied with humidity or temperature. 
In the peat profile from Misten Bog, two wet phases were recognized, marked by shifts 
in vegetation towards Sphagnum section Cuspidata (S. s. Cuspidata), which is restricted to 
wet bog surface conditions (Fig. 2; De Vleeschouwer et al., 2011). These wet phases 
occurred around the 8th-9th and around the 13th century AD (De Vleeschouwer et al., 
2011) and coincide with periods of  high water levels in mid-European lakes in general 
(Magny, 2004). Comparing the diploptene δ13C curve with reconstructed humidity shows 
that the two wet phases are reflected by a more depleted 13C content. Also aminotetrol 
and -pentol seem to be higher during these wet phases, albeit with a slight offset. 
Together, the patterns of  diploptene δ13C and aminopentol and -tetrol indicate that 
methanotrophic activity has been higher during wet periods compared to dry episodes. 
The shift towards higher methanotrophic activity preceded the vegetation transition by 
a few cm (Fig 1f,g,h). This is probably caused by the fact that methanotrophic activity 
is highest at around the oxic-anoxic interface, which is typically a few cm below the top 
of  the vegetation in the case of  S. s. Cuspidata. The inferred higher methanotrophic 
activity during the wet phases is in line with the previously observed correlation between 
humidity and methanotrophic activity among living Sphagnum mosses (Basiliko et al., 
2004; Raghoebarsing et al., 2005; Kip et al., 2010; Larmola et al., 2010).
Wet bog surface conditions are the result of  an increase in annual precipitation or of  a 
decrease in summer temperature. Such wet phases have previously been correlated with 
minima in solar activity (van Geel et al., 1998; Mauquoy et al., 2002; 2008, Magny, 2004). 
Minima in solar activity probably result in overall higher water levels as a consequence 
of  reduced evaporation. Hence, highest reconstructed methanotrophic activity 
corresponds with highest water levels and thus lowest temperature. Since the methane 
retaining efficiency of  the consortium of  methanotrophs and Sphagnum is higher at 
lower temperatures (van Winden et al., 2011b), this implies that the diffusive methane 
flux may have been reduced at these times. Still, higher water levels probably invoked 
enhanced methane emission through vascular plants, which bypass the methanotroph/
Sphagnum filter (Baird et al., 2004; McNamara et al., 2008; Hornibrook, 2009). At the 
same time also enhanced ebullition of  trapped methane bubbles might have appreciably 
contributed to methane emissions. Therefore, highest methane fluxes from peat bogs 
probably corresponded with the wettest and thus coldest phases. Since the direct 
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effect of  higher temperatures would be enhanced methane production and oxidation 
(Frenzel and Karofeld, 2000; van Winden et al., 2011b), methane cycling in peat bogs 
thus appears to more critically depend on humidity compared to temperature. Hence, 
enhanced methane emissions during colder and wetter periods provided a negative 
feedback for the prevailing cooler conditions over the past 1200 years.

7.4 Conclusions
Relatively high methanotrophic activity was recognized by all methanotrophic markers 
between 16 and 33 cm depth, around the present oxic-anoxic boundary, most likely 
representing a currently active methanotrophic community. Predominance of  
aminotetrol over aminopentol indicated prevalence of  type II methanotrophs. In 
deeper parts of  the peat, a comparison of  methanotrophic markers with environmental 
variables revealed that methanotrophic activity has been higher during cold, wet periods 
compared to warm and dry periods. Enhanced methane cycling as a consequence of  
increased humidity probably resulted in increased methane emissions from peat bogs 
during colder and wetter periods.
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8.1 Synthesis
Peat bogs dominated by peat moss (Sphagnum) play an important role in the global 
carbon cycle: they sequester a third of  the world’s terrestrial carbon and are responsible 
for approximately 10% of  the total methane flux to the atmosphere (Smith et al., 2004; 
Gorham, 1991). Although the flux of  methane from peat bogs to the atmosphere is 
substantial, this flux is actually strongly reduced by methanotrophs living in symbiosis 
with peat moss (Sphagnum). Raghoebarsing et al. (2005) demonstrated that these 
methanotrophs live as symbionts in and on the cells of  Sphagnum and provide carbon 

dioxide for photosynthesis, resulting in effective carbon recycling in peat bogs. 
The work described in this thesis demonstrates that Sphagnum-associated methane 
oxidation occurs ubiquitously across the globe (Chapter 2). All Sphagnum mosses collected 
from nine Sphagnum-dominated peatlands from different parts of  the world exhibited 
the capacity to oxidize methane. Labelling experiments showed that methane-derived 
carbon is transferred, via methane-oxidizing bacteria, into plant material in different 
Sphagnum mosses from various locations (Chapter 2). Since the plants in turn provide 
a profitable habitat to the bacteria this is indicative of  a mutually beneficial symbiosis 
between Sphagnum and methanotrophs. Recycling of  methane-derived carbon is limited 
to Sphagnum living under submerged conditions, where methane-derived CO2 may 
account for 35% of  the carbon assimilated by Sphagnum under the used experimental 
conditions (Chapter 2). This large contribution of  methane-derived carbon probably 
reflects the limited CO2 availability in the acidic water. Moreover, it was demonstrated 
that the diffusive methane flux to the atmosphere may be reduced by 98% by the 
consortium of  Sphagnum and methanotrophs (Chapter 5). These results indicate that 
Sphagnum-associated methanotrophs play a vital role in methane and carbon cycling 
in peat bogs. It is therefore of  crucial importance to understand the impact of  future 
environmental change on these Sphagnum-associated methanotrophs.
Future climatic change projections indicate that mid to high latitudes, especially Western 
Siberia with the largest areal extent of  peat bogs globally, may become increasingly 
wetter and warmer (Bohn et al., 2007). To understand the potential impact of  increasing 
humidity, the methane oxidizing capacity of  Sphagnum mosses was assessed as a function 
of  water level. Peat bogs typically show a pattern of  micro topographical habitats, 
ranging from wet depressions (pools or hollows), where Sphagnum is submerged, to 
intermediate lawns to dry hummocks, where Sphagnum grows tens of  centimetres 
above the water table. Each microhabitat is occupied by different Sphagnum species 
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(Rydin et al., 1999; Robroek et al., 2007). Sphagnum mosses sampled from these different 
microhabitats were analysed for their methane oxidizing potential (Chapter 2). The 
methane oxidation potential strongly increased with increasing humidity, with highest 
values for Sphagnum collected from pools (Chapter 2). Still, methanotrophs are not able 
to fully compensate for the higher methane production rates in pools and hollows, 
since pools are the hotspots for methane emissions from peat bogs (McNamara et al., 
2008). The balance between methane oxidation and methane production is critical in 
these pool settings (Chapter 5), and even though methane oxidation rates increase with 
increasing humidity, wetter conditions would ultimately result in enhanced methane 
emissions from peat bogs. Hence, areas with a relatively high water level are key sites 
for methane cycling, not in the least because these are the sites where methane-derived 
carbon is recycled by Sphagnum. Therefore, this research focused on Sphagnum-associated 
methanotrophy in peat bog pool settings.
To gain more insight into how temperature affects methane cycling, intact peat cores 
containing live submerged-growing Sphagnum were incubated at 5, 10, 15, 20 and 25ºC 
for two months (Chapter 5). After these two months, methane fluxes and methane 
consumption rates were measured, showing that methane consumption rates increased 
with increasing temperature. Methanotrophic activity is known to correlate to in situ 
methane concentrations (Basiliko et al., 2004), but also relates to changes in temperature 
since incubation of  Sphagnum mosses at 20ºC resulted in a twofold increase of  the 
potential methane oxidation rate compared to 10ºC at similar methane levels (Chapter 
2). Therefore, the increasing rise in methanotrophic activity observed in the mesocosm 
experiments is probably a response to both higher methane availability and increasing 
temperature. Methane consumption rates reached maximum values around 20ºC, 
suggesting this to be the optimum temperature for the methanotrophs residing in the 
peat bog studied here (Chapter 5). Since the microbial community between peat bogs 
was shown to be largely similar this probably holds for most peat bogs (Chapter 2). 
Sphagnum-associated methanotrophs acted as a very efficient methane filter, reducing 
diffusive methane emissions up to 98% (Chapter 5). The efficiency of  this filter, 
however, strongly declined at increasing temperatures, from 98% at 5ºC to only 50% 
at 25ºC. Even though methane consumption increased with increasing temperature, 
methanotrophs were not able to compensate for the increase in methane production, at 
least on the time scale of  the experiment. Hence, net methane fluxes showed a strong 
temperature-dependence, with higher methane fluxes at higher temperatures, suggesting 
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that future climatic warming may be enhanced by a powerful feedback through increased 
methane release from peat bogs (Chapter 5).
Understanding the long-term impact of  changes in environmental conditions on 
methane cycling in peat bogs is essential to gain insight into possible impacts of  future 
environmental change. Ancient peat bogs may provide a record on how the environment 
affects methane cycling and methanotrophic communities on the long term. Therefore, 
methanotroph lipids were investigated and assessed for their potential as proxies 
for methanotrophs and methane cycling in ancient bogs. To detect methanotroph 
lipids, Sphagnum mosses were incubated with 13C labelled methane and the degree of  
labelling in individual lipids was assessed (Chapter 3). Mono-unsaturated fatty acids, 
hopenes and tetrafunctionalized hopanoids were determined to be the prevailing 
methanotroph lipids in Sphagnum mosses (Chapter 3). These lipids are, however, not 
specific for methanotrophs, as they have been detected in other bacteria as well. Still, 
since methanotrophs consume strongly 13C-depleted biogenic methane, methanotroph 
lipids are expected to exhibit a highly depleted δ13C signature and could therefore 
serve as biomarkers for methanotrophs. Natural δ13C values of  hopanoids in Sphagnum 
mosses, however, ranged from -31 to -38‰, only showing a limited extent of  depletion, 
probably the result of  a mixed bacterial origin (Chapter 3). These results illustrate 
that the presence of  an active methanotrophic community is not necessarily reflected 
in depleted bacterial isotopic carbon signatures. Nonetheless, the δ13C signatures of  
hopenes showed a strong correlation with the relative water level, with most depleted 
δ13C values for Sphagnum derived from pools (Chapter 3). Since methane oxidation 
rates are strongly correlated to relative water level, hopene δ13C values could thus be 
associated with in situ methanotrophic activity and act as a potential proxy (Chapter 3). 
Sphagnum mosses incubated in the previously described temperature experiment were 
analysed to assess the influence of  temperature and methane cycling on hopene δ13C 
values and evaluate its potential as proxy for methanotrophs and methane cycling in 
ancient bogs (Chapter 6). Compound-specific δ13C values of  the hopene, diploptene, 
demonstrated a strong correlation with temperature, with values of  -34‰ at 5ºC and 
-41‰ at 25ºC. This is in line with enhanced methane cycling at higher temperatures, 
where the observed δ13C values are caused by increased contribution of  methanotroph 
derived lipids and/or enhanced isotopic fractionation as a result of  increased methane 
availability (Chapter 6). Therefore, these results indicate that δ13C values of  diploptene 
could be a valuable proxy in order to assess relative shifts in methane cycling in past 
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environments. 
Bacteriohopanepolyols (BHPs) also have the potential to serve as biomarkers 
for methanotrophs. BHPs are bacterial markers and contain a side chain to 
which functional groups are attached that can be specific for certain groups of  
methanotrophs. Aerobic methanotrophs are divided into three phylogenetic 
groups: γ-Proteobacteria (Type I), α-Proteobacteria (Type II) and Verrucomicrobia. 
Aminobacteriohopanepentol (aminopentol) is characteristic for type I methanotrophs, 
while aminobacteriohopanetetrol (aminotetrol) is primarily produced by type II 
methanotrophs, but also to a minor extent by type I methanotrophs and some sulfate 
reducing bacteria. To unravel the methanotrophic community in peat bogs, the BHP 
signatures of  type I and type II methanotrophs isolated from Sphagnum mosses and 
of  an extreme acidophilic verrucomicrobial methanotroph were analysed (Chapter 
4). A type I Methylovulum-like strain (M200) contained a remarkable combination of  
BHPs, including a complete suite of  mono-unsaturated aminobacteriohopanepentol, 
-tetrol and -triol. The Methylomonas-like strain (M5) mainly produced aminopentol, 
characteristic for type I methanotrophs, and the Methylosinus-like strain (29) contains 
both aminotetrol and aminobacteriohopanetriol (aminotriol), typical for a type II 
methanotroph. The type II methanotroph Methylocella palustris and the verrucomicrobial 
Methyloacidiphilum fumariolicum strain SolV primarily produced aminotriol, which is 
highly common among many types of  bacteria. In Sphagnum mosses and the underlying 
peat, the only detectable BHPs indicative of  methanotrophs are aminopentol and 
aminotetrol, although both are relatively low in abundance compared to other BHPs 
(Chapter 4). The similar quantities of  aminotetrol and aminopentol indicated that the 
methanotrophic community in Sphagnum peat probably consists of  a combination of  
both type I and type II methanotrophs. This is in line with pmoA-microarray analyses, 
targeting for the gene encoding the methane mono-oxygenase enzyme, which revealed 
a high methanotroph diversity and showed that both type I and type II methanotrophs 
are present in peat bogs, contrary to previous suggestions that type II methanotrophs 
would be prevalent (Chapter 2).
Finally, with the acquired knowledge, an assessment was made of  the long-term 
influence of  climate changes on methanotrophic activity in a peat record encompassing 
the past 1200 years from Misten Bog, Hautes Fagnes, Belgium (Chapter 7). Variations 
in methanotrophic activity were assessed by analyses of  diploptene δ13C values and 
methanotroph-specific intact bacteriohopanepolyols: aminotetrol and -pentol. 
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Relatively high methanotrophic activity was recognized by all methanotrophic markers 
between 16 and 33 cm depth, around the present day oxic-anoxic boundary, most likely 
representing a currently active methanotrophic community (Chapter 7). Predominance 
of  aminotetrol over aminopentol throughout the core indicated the prevalence of  type 
II methanotrophs. A comparison between methanotrophic markers with environmental 
variables revealed that methanotrophic activity was generally higher during inferred cold, 
wet periods compared to warm and dry periods (Chapter 7). A higher methanotrophic 
activity during wet phases is in line with the observed correlation between humidity and 
methanotrophic activity (Chapter 2). The inferred wetter periods are corresponding 
to periods of  lower solar activity. Lower solar activity probably caused a reduction in 
evaporation and consequently higher water levels. Therefore, highest reconstructed 
methanotrophic activity in peat bogs corresponded with wettest and thus coldest phases. 
Since the efficiency of  the Sphagnum -methanotroph filter increases with decreasing 
temperature (Chapter 5), this implies that the diffusive methane may have been reduced 
at during these colder episodes. Still, even though the efficient filter of  Sphagnum and 
methanotrophs largely prevents the emission of  methane via diffusion, the wet areas of  
peat bogs are still responsible for about 95% of  the atmospheric methane flux from peat 
bogs (McNamara et al., 2008). This is mainly the result of  transport via vascular plants 
or through ebullition. The presence of  vascular plants, such as Eriophorum spp., greatly 
enhances methane emissions, since the methanotrophy filter is bypassed by transport 
of  methane through their aerenchyma, which act as conduits for the escape of  methane 
(McNamara et al., 2008; Hornibrook, 2009). Also ebullition of  trapped methane bubbles 
may significantly contribute to methane emissions, although the relative contribution of  
ebullition is highly variable (Baird et al., 2004). Since methane emissions increase with 
increasing water level, this implies that peat bogs probably generated highest methane 
emissions during cold periods, providing a negative feedback for colder conditions. 
The climatic changes during the time interval studied in Chapter 7 and thus also the 
changes in methane cycling in this record are rather small. Extending such studies 
further back in time, including intervals with larger environmental changes, could add 
to further assess the impact of  climate on methane cycling. Comparing records from 
different sites could help to broaden the statistical basis for the inferred coupling to 
climate. Recommendations for further research also include field experiments using 
labeled methane and labeled CO2 in parallel, to unravel the extent of  methane-derived 
CO2 uptake by Sphagnum under natural conditions. Closing the mass balance of  methane 
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and CO2 cycling in peat bogs, including the escape of  methane through ebullition 
and via transport through vascular plants, is another challenge waiting to be met. 
Understanding the impact of  temperature on the methane and CO2 cycles also allows 
for further research. The mesocosm experiment described in Chapter 5 showed that the 
Sphagnum-associated methanotrophs were not capable to compensate for the increased 
methane production after incubation for two months. Possibly, the methanotrophic 
community did not completely adapt to the changed temperature within the given time 
period. Extending the mesocosm experiments over a longer time period would permit 
studying the longer term effects of  temperature on methane cycling, while allowing 
the methanotrophic community to fully adjust. Still, as the growing season in Siberia is 
limited to a few months, ongoing global warming might be too rapid for the microbial 
community to fully adapt.  

8.2 Major conclusions
Sphagnum-•	 associated methane oxidation occurs ubiquitously across the globe and 
plays a crucial role in methane cycling in peat bogs, since methane-derived CO2 may 
account for 35% of  the carbon assimilated by Sphagnum. 
Areas with high water levels are the key sites for methane cycling in peat bogs. In • 
these sites methane-derived carbon may be recycled by Sphagnum mosses, and highest 
methane oxidation rates, methane production rates as well as highest methane 
emissions are observed. This implies that with increased humidity predicted for the 
near future, methane emissions from peat bogs will potentially increase.
Even though methane oxidation rates increase at increasing temperatures, • 
methanotrophs cannot compensate for the concurrent increase in methane 
production, at least not within a two month period. The efficiency of  the 
Sphagnum-methanotroph consortium as a filter for methane escape thus decreases 
with increasing temperature, from 98% at 5ºC, to 50% at 25ºC. This implies that 
future climatic warming may be enhanced by a positive feedback through increased 
methane release from peat bogs.
The stable carbon isotopic composition  of  individual hopenes strongly correlates • 
with enhanced methane cycling, providing a potential powerful tool for assessing 
relative changes in methane cycling in peat archives.
The BHPs aminobacteriohopanetetrol and aminobacteriohopanepentol are suitable • 
markers to assess methanotrophic community structures in ancient peat bogs, since 
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these lipids were detected in methanotrophs isolated from Sphagnum, as well as in 
Sphagnum mosses and peat cores.
The methanotrophic community in peat bogs consists of  a mixture of  both type • 
I and type II methanotrophs. This was demonstrated by both pmoA-based micro-
array analyses as well as by the BHP composition.
Methanotrophic biomarkers in a peat record from Misten Bog indicated that • 
methanotrophic activity has been higher during cold, wet periods compared warm 
and dry episodes over the past 1200 years. Since methane emissions increase with 
increasing water level, this implies that peat bogs probably generated highest 
methane emissions during cold periods, providing a negative feedback for the 
prevailing colder conditions.

8.3 Outlook
Climate change projections indicate that mid- to high latitudes, where peat bogs are 
primarily situated, will become warmer as well as wetter (Bohn et al., 2007). The 
direct influence of  increasing temperature and humidity would lead to higher methane 
emissions, as observed in this study. Higher summer temperatures would, however, 
also lead to enhanced evaporation, leading to peat bog desiccation, turning peat bogs 
from a CO2 sink and methane source into a CO2 source. If  increasing evaporation 
is balanced by a corresponding increase in precipitation, a rise in temperature would 
result in increased methane oxidation rates and rising methane emissions. The effect 
of  increasing methane emissions could be partially counteracted by enhanced carbon 
storage through increased Sphagnum growth and peat accumulation with increasing 
temperatures. Alternatively, a consequence of  increasing temperatures may be a shift in 
the plant community towards vascular plants. This would also result in higher methane 
emissions, as the oxidizing layer of  the Sphagnum-methanotroph consortium will be 
lost in favour of  vascular plants which act as conduits for the escape of  methane. On 
the long term, a northward shift of  bioclimatic zones may be expected, with peat bog 
initiation in the north as permafrost is melting (Borren, 2007). The extent of  loss of  
peat bog accommodation space at the southern end depends on the increase in humidity. 
Although enhanced humidity would increase methane emissions, it would also ultimately 
provide enhanced carbon storage through lateral and vertical peat bog growth. Hence, 
when mid- to high latitudes become increasingly warmer as well as wetter, peat bogs 
will probably become a larger source for atmospheric methane, and therefore act as a 
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positive feedback to global rising temperatures on the short term. Since the short term 
greenhouse warming potential of  methane is relatively high, the impact of  increased 
methane emissions may be severe. On the long run, the effect of  increased methane 
emissions is, however, offset by CO2 uptake and increased carbon storage in peat bogs. 
The degree of  increasing methane emissions together with enhanced carbon storage 
will critically depend on the extent of  increasing humidity.
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Summary

It is getting warmer. This is caused by the accumulation of  greenhouse gases in the 
atmosphere. Methane is a strong greenhouse gas, 25 times stronger compared to CO2. 
The increase of  methane in the atmosphere is largely the result of  human influences, 
but there are also natural sources of  methane, as for instance peat bogs. Peat bogs 
store an enormous amount of  carbon, three times as much as tropical rain forests, 
yet are also responsible for about 10% of  the methane flux to the atmosphere. This 
methane flux is substantial, however, it is already strongly reduced by methane-oxidizing 
bacteria (methanotrophs), which live in symbiosis with peat moss (Sphagnum). This thesis 
comprises the investigation of  Sphagnum-associated methanotrophy on a global scale 
and down to a molecular level, aiming to further the understanding of  the interactions 
between the methane cycle and a changing climate.
The work described in this thesis demonstrates that Sphagnum-associated methane 
oxidation occurs ubiquitously across the globe. Labelling experiments showed that 
methane-derived carbon is transferred, via methane-oxidizing bacteria, into plant 
material in different Sphagnum mosses from various locations. Recycling of  methane-
derived carbon occurs when Sphagnum is growing under submerged conditions, where 
methane-derived CO2 may account for 35% of  the carbon assimilated by Sphagnum. 
This way, carbon is efficiently recycled. 
Climate change projections indicate that areas at mid- to high latitude, where peat bogs 
are situated, will become increasingly wetter and warmer. To understand the potential 
impact of  increasing humidity, the methane oxidizing capacity of  Sphagnum mosses was 
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assessed as a function of  water level. The methane oxidation potential strongly increased 
with increasing humidity. Still, methanotrophs are not able to fully compensate for the 
higher methane production rates in areas with higher relative water level, since these 
are the hotspots for methane emissions from peat bogs. The balance between methane 
oxidation and methane production is critical in these settings, and even though methane 
oxidation rates increase with increasing humidity, wetter conditions would ultimately 
result in enhanced methane emissions from peat bogs.
Also the influence of  temperature on the methane oxidation rate was investigated. The 
methane oxidation rate was shown to strongly increase with increasing temperature. It 
was also shown that the consortium of  Sphagnum and methanotrophs acted as a very 
efficient methane filter, reducing diffusive methane emissions up to 98%. The efficiency 
of  this filter, however, strongly declined at increasing temperatures, from 98% at 5ºC 
to only 50% at 25ºC. Even though methane consumption increased with increasing 
temperature, methanotrophs were not able to compensate for the increase in methane 
production, at least on the time scale of  the experiment. Therefore, global warming may 
be enhanced by increased methane release from peat bogs.
To understand the longer term influence of  climate forcing on the methane cycle in 
peat bogs, we need to go back in time, where peat cores provide a record of  how 
methanotrophy changes with climatic changes. To desipher this record, molecular 
fossils, or biomarkers, of  methanotrophs are necessary. This thesis shows that the 
lipids produced by methanotrophs living in association with Sphagnum include mono-
unsaturated fatty acids, hopenes and tetrafunctionalized hopanoids. These lipids are, 
however, not specific for methanotrophs. Nevertheless, since methanotrophs consume 
methane, which naturally has a low δ13C value of  approximately -60‰, the δ13C values 
of  individual lipids can potentially be used as a marker for methanotrophs. The natural 
δ13C values are, however, not especially depleted, which is probably the result of   
mixed origin of  these lipids. Nevertheless, the δ13C values of  hopenes show a strong 
correlation with methane oxidizing activity, enabling the application of  hopene δ13C 
values as biomarkers for methanotrophs in peat. 
Bacteriohopanepolyols (BHPs) are also potential biomarkers for methanotrophs. BHPs 
are bacterial markers, hopanoids, containing a side chain to which functional groups 
can be attached. There are two important groups of  methanotrophs in peat bogs: 
γ-Proteobacteria (type I), and α-Proteobacteria (type II). Aminobacteriohopanepentol 
(aminopentol) is characteristic for type I methanotrophs, while aminobacteriohopanetetrol 

Summary.indd   130 11-9-2011   14:27:48



131

Summary

(aminotetrol) is primarily produced by type II methanotrophs, but also to a minor extent 
by type I methanotrophs and some reducing bacteria. To analyse whether BHPs are 
suitable markers for the methanotrophs residing in peat bogs, the BHP signatures of  
type I and type II methanotrophs isolated from Sphagnum mosses. These results showed 
that BHPs are indeed are suitable biomarkers for these methanotrophs. In Sphagnum 
mosses and in the peat below, aminopentol and aminotetrol were detected. The 
similar quantities of  aminotetrol and aminopentol indicated that the methanotrophic 
community in Sphagnum peat probably consists of  a combination of  both type I and 
type II methanotrophs. This is in line with DNA-microarray analyses which revealed a 
high methanotroph diversity and showed that both type I and type II methanotrophs 
are present in peat bogs, contrary to previous suggestions that type II methanotrophs 
would be prevalent. 
Finally, an analyses was made on the longer term influence of  climatic changes on the 
methane cycle within a peat bog from the Hautes Fagnes, Belgium, over the past 1200 
years. A comparison was made between methanotrophic markers with environmental 
variables, which revealed that methanotrophic activity was generally higher during inferred 
cold, wet periods compared to warm and dry periods. The inferred wetter periods are 
corresponding to periods of  lower solar activity. Lower solar activity probably caused 
a reduction in evaporation and consequently higher water levels. Therefore, highest 
reconstructed methanotrophic activity in peat bogs corresponded with wettest and thus 
coldest phases. Since the efficiency of  the Sphagnum -methanotroph filter increases with 
decreasing temperature, this implies that the diffusive methane may have been reduced 
at during these colder episodes. Still, even though the efficient filter of  Sphagnum and 
methanotrophs largely prevents the emission of  methane via diffusion, the wet areas 
of  peat bogs are still responsible for about 95% of  the atmospheric methane flux 
from peat bogs. This is mainly the result of  transport via vascular plants or through 
ebullition. Since methane emissions increase with increasing water level, this peat bog 
probably generated highest methane emissions during cold periods, providing a negative 
feedback for colder conditions. 
What the future will bring critically depends on the balance between evaporation and 
precipitation, and thus on the extent of  the increase in temperature and precipitation. 
It is clear that methanotrophs play a vital role in reducing methane emissions from peat 
bogs worldwide and this role may become increasingly important when the climate 
changes in the near future. 
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Samenvatting

De opwarming van de Aarde wordt veroorzaakt door een toename van broeikasgassen 
in de atmosfeer. Eén van de broeikasgassen die bijdraagt aan deze opwarming is 
methaan, een 25 maal zo sterk broeikasgas als CO2. De stijging van de atmosferische 
methaanconcentratie wordt voor een groot gedeelte veroorzaakt door menselijke 
activiteiten zoals landbouw, veeteelt, transport en industrie, maar daarnaast zijn er ook 
natuurlijke bronnen van methaan, zoals hoogveen. Hoogveen heeft aan de ene kant een 
positief  effect op de hoeveelheid broeikasgassen in de atmosfeer doordat zij enorme 
hoeveelheden koolstof  opslaan, drie keer zoveel als het tropisch regenwoud. Aan de 
andere kant zijn ze verantwoordelijk voor ongeveer 10% van de globale methaanflux 
naar de atmosfeer. Ondanks dat deze methaanuitstoot uit hoogvenen substantieel 
is, is deze veel lager dan de potentiële uitstoot, dankzij methaanetende bacteriën 
(methaanoxiderende bacteriën of  methanotrofen), die in symbiose leven met veenmos 
(Sphagnum). In dit proefschrift wordt de symbiose tussen veenmos en methaanetende 
bacteriën nader onderzocht, op zowel een globale schaal als op een moleculair niveau, om 
de interactie tussen de methaancyclus en het veranderende klimaat beter te begrijpen. 
Het werk dat in dit proefschrift wordt beschreven laat zien dat de symbiose tussen 
methanotrofen en Sphagnum mossen wereldwijd voorkomt. Labelexperimenten met 
stabiele isotopen laten zien dat koolstof, afkomstig van methaan, via methanotrofen, 
vervolgens weer wordt vastgelegd in plantmateriaal. Dit hergebruik vindt vooral plaats 
wanneer Sphagnum mossen onder water groeien, waarbij het methaan voor 35% kan 
bijdragen aan de koolstofopname van Sphagnum. Zo wordt koolstof  efficiënt gerecycled 
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binnen het hoogveen en de uitstoot van methaan beperkt. 
Verschillende modellen voor klimaatverandering voorspellen dat gebieden op 
gemiddelde tot hoge breedtegraad, waar de meeste hoogvenen te vinden zijn, natter 
en warmer zullen worden. Daarom is er gekeken naar de invloed van het waterniveau 
op de methaanoxidatie. De methaanoxidatiesnelheid blijkt sterk toe te nemen naarmate 
het relatieve waterniveau hoger is. Echter, in deze natte zones zijn de microben die 
verantwoordelijk zijn voor de methaanproductie ook zeer actief. De natte zones binnen een 
veengebied zijn verantwoordelijk voor 95% van de methaanemissie. De methanotrofen 
zijn dus niet in staat om de hogere methaanproductie volledig te compenseren. Ondanks 
dat methaanoxidatie snelheden toenemen bij een hoger waterniveau, zullen nattere 
condities dus uiteindelijk leiden tot hogere methaanemissies. 
Ook is er gekeken naar de invloed van de temperatuur op methaanoxidatie. Hieruit 
blijkt dat de methaanoxidatiesnelheid toeneemt bij een stijgende temperatuur. Verder 
blijkt dat de Sphagnum mossen en hun methanotrofen een heel efficiënt filter vormen 
tegen het ontsnappen van methaan naar de atmosfeer. De efficiëntie van dit filter 
vermindert echter sterk bij een stijgende temperatuur. Terwijl bij 5ºC 98% van het 
methaan wordt tegengehouden door het consortium van Sphagnum en methanotrofen, 
is dat nog maar 50% bij 25ºC. Ondanks de toename in methanotrofe activiteit bij een 
stijgende temperatuur, zijn de methanotrofen dus niet in staat om de verhoging in de 
methaanproductie volledig te compenseren. In de toekomst kunnen hoogvenen dus 
mogelijk bijdragen aan een versterking van het broeikaseffect.
Om beter te begrijpen wat de lange termijn effecten zijn van een veranderend klimaat 
op koolstof  recycling in hoogvenen kunnen we kijken naar periodes in het verleden 
met een ander klimaat. Voor dit soort reconstructies hebben we moleculaire fossielen 
(biomarkers) nodig, die informatie kunnen geven over de methanotrofen. Uit dit 
proefschrift blijkt dat methanotrofen onder andere onverzadigde vetzuren, hopenen 
en viervoudig gefunctionaliseerde hopanoiden maken. Ondanks dat deze lipiden op 
zichzelf  niet specifiek zijn voor methanotrofen, kunnen de δ13C waarden van de lipiden 
mogelijk als biomarker gebruikt worden aangezien methanotrofen methaan, hetgeen 
van nature een lage δ13C waarde heeft van ongeveer -60‰, als koolstofbron gebruiken. 
De natuurlijke δ13C waarden van hopanoiden in Sphagnum mossen zijn echter niet 
bijzonder laag. Dit komt waarschijnlijk doordat deze methanotrofe bacteriën naast 
methaan, ook CO2 opnemen. Daarnaast zijn de gebruikte lipiden niet geheel specifiek 
voor methanotrofen en kunnen dus ook gedeeltelijk door andere bacteriën gemaakt 
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worden. De δ13C waarden van hopenen laten echter wel een sterke correlatie te laten 
zien met de methanotrofe activiteit, waardoor zij dus wel gebruikt kunnen worden om 
de methaancyclus uit het verleden te reconstrueren.
Bacteriohopanepolyolen (BHPs) kunnen ook gebruikt worden als biomarkers 
voor methanotrofe bacteriën.  BHPs bestaan uit hopanoiden met zijketens waaraan 
verschillende functionele groepen kunnen zitten. Er zijn twee belangrijke groepen 
aerobe methaanoxiderende bacteriën die waarschijnlijk aanwezig zijn in hoogvenen: 
γ-Proteobacteria (type I) en α-Proteobacteria (type II). Aminobacteriohopanepentol 
(aminopentol) is karakteristiek voor type I methanotrofen, terwijl 
aminobacteriohopanetetrol (aminotetrol) voornamelijk wordt geproduceerd door type 
II methanotrofen, maar ook, in mindere mate, door type I methanotrophen en sommige 
sulfaatreducerende bacteriën. Om erachter te komen welke BHPs de methanotrofen 
uit hoogvenen maken, zijn verschillende uit Sphagnum geïsoleerde, type I en type II 
methanotrofen onderzocht. Hieruit blijkt dat BHPs inderdaad gebruikt kunnen worden 
om methanotrofen in hoogvenen te onderzoeken. Bovendien zijn in de Sphagnum mossen 
en het onderliggende veen aminopentol en aminotetrol gevonden. De vergelijkbare 
hoeveelheden van aminopentol en aminotetrol wijzen erop dat de methanotrofe 
populatie in Sphagnum mossen bestaat uit zowel type I als type II methanotrofen. Dit 
is in overeenstemming met de resultaten van een DNA-microarray analyse, welke 
aantonen dat naast type II ook type I methanotrofen aanwezig zijn. Deze resultaten 
zijn in tegenspraak met eerder onderzoek dat suggereerde dat type II methanotrofen 
dominant zouden zijn. 
Uiteindelijk is er een reconstructie gemaakt van de lange termijn invloed van 
klimaatveranderingen op de methaancyclus in de Belgische Hoge Venen, over de 
afgelopen 1200 jaar. Een vergelijking tussen methanotrofe biomarkers in een veenkern 
met de omgevingsfactoren geeft aan dat de methanotrofe activiteit relatief  hoog was 
tijdens koude, natte perioden vergeleken met warme en droge perioden. Tijdens koudere 
perioden was de mate van verdamping waarschijnlijk minder, waardoor de waterspiegel 
relatief  hoog kwam te liggen. Aangezien de efficiëntie van het Sphagnum-methanotrofe 
filter hoger is bij een lagere temperatuur, kan dit de methaanuitstoot hebben gereduceerd. 
Echter, aangezien de methaanuitstoot uiteindelijk stijgt met een stijgende waterspiegel, 
impliceert dit dat dit veengebied waarschijnlijk meer methaan uitstootte wanneer het 
natter, en dus kouder was. 
Hoe in de toekomst de koolstofcyclus in hoogvenen zal veranderen, hangt van de 
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balans tussen de stijging van de temperatuur en een eventuele toename van de neerslag. 
Duidelijk is dat methaanoxiderende bacteriën een belangrijke rol spelen in het reduceren 
van de methaanuitstoot uit veengebieden wereldwijd, en dat deze rol misschien wel 
steeds belangrijker wordt als het klimaat verandert in de nabije toekomst.
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