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Abstract

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

mitigating emissions of the greenhouse gas methane (CH4) to the atmosphere.

Here, we combined stable isotope probing on MOB-specific phospholipid fatty

acids (PLFA-SIP) with field-based gas push-pull tests (GPPTs). This novel

approach (SIP-GPPT) was tested in a landfill-cover soil at four locations with

different MOB activity. Potential oxidation rates derived from regular- and

SIP-GPPTs agreed well and ranged from 0.2 to 52.8 mmol CH4 (L soil

air)�1 day�1. PLFA profiles of soil extracts mainly contained C14 to C18 fatty

acids (FAs), with a dominance of C16 FAs. Uptake of 13C into MOB biomass

during SIP-GPPTs was clearly indicated by increased d13C values (up to c.

1500&) of MOB-characteristic FAs. In addition, 13C incorporation increased

with CH4 oxidation rates. In general, FAs C14:0, C16:1x8, C16:1x7 and C16:1x6

(type I MOB) showed highest 13C incorporation, while substantial 13C incorpo-

ration into FAs C18:1x8 and C18:1x7 (type II MOB) was only observed at high-

activity locations. Our findings demonstrate the applicability of the SIP-GPPT

approach for in situ quantification of potential CH4 oxidation rates and simul-

taneous labelling of active MOB, suggesting a dominance of type I MOB over

type II MOB in the CH4-oxidizing community in this landfill-cover soil.

Introduction

Methane (CH4) is a potent greenhouse gas contributing

strongly to global warming (Denman et al., 2007). Aerobic

methane-oxidizing bacteria (MOB) use CH4 as the sole

source of carbon and energy, thereby reducing CH4 flux

from various methanogenic environments to the atmo-

sphere, for example, from wetlands, rice paddies and

anoxic sediments. In addition, cover soils of CH4-producing,

municipal-waste landfills often harbour highly diverse

and active MOB communities (Chen et al., 2007; Gebert

et al., 2009; Kumaresan et al., 2009; Henneberger et al.,

2012). Based on the current understanding, most MOB

can be placed either within the phylum Proteobacteria or

the phylum Verrucomicrobia (Murrell, 2010). The latter

MOB are a recently discovered group of thermo-acido-

philic methane-oxidizing Verrucomicrobia (see review by

Op den Camp et al., 2009), but they are yet to be taxo-

nomically validated. The methane-oxidizing members of

the Proteobacteria comprise two major groups: type I and

type II MOB, belonging to Gammaproteobacteria and

Alphaproteobacteria, respectively. The two groups differ

not only in their phylogenetic affiliation, but also with

respect to their biochemical and physiological properties,

such as carbon assimilation pathway and cellular mem-

brane structure (Hanson & Hanson, 1996; Murrell, 2010).

Because these microorganisms are significant modula-

tors of global CH4 emissions, MOB diversity, abundance

and activity for various environments have been studied

to great extent under laboratory conditions and in natural

settings. Such studies generally focus on the pmoA gene,

which encodes a subunit of the particulate methane

monooxygenase (pMMO), a key enzyme in the aerobic

CH4 oxidation pathway (Hanson & Hanson, 1996). More-

over, the phylogeny of the pmoA gene correlates well with

the 16S rRNA gene (Kolb et al., 2003). In addition to

pmoA-based phylogeny, the proteobacterial MOB can also

be differentiated to a certain degree based on the chemical
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composition of their cellular membranes, for instance the

distribution of phospholipid ester-linked fatty acids

(PLFA). Fatty acid (FA) profiles of type I MOB mem-

branes are generally dominated by C14 and C16 FAs, while

type II MOB membranes contain a larger portion of C18

FAs (Bowman et al., 1991; Hanson & Hanson, 1996; Nie-

mann et al., 2006). In particular, the C16 FA C16:1x5t is

considered to be characteristic for type I MOB, while the

C18 FAs C18:1x8c, C18:2x7c,12c and C18:2x6c,12c are character-

istic for type II MOBs (Bowman et al., 1991; Hanson &

Hanson, 1996; Bowman, 2006; Bodelier et al., 2009).

Distinctive PLFA profiles of different groups can be

exploited to link MOB function with community structure

by following the incorporation of isotopic tracers

(e.g. 13C) into the biomass (i.e. into FAs) of active MOB.

In fact, the first reported application of PLFA stable

isotope probing (SIP) was the use of 13C-labelled CH4 to

identify active MOB (Boschker et al., 1998).

Since then, SIP methodologies have evolved and are

now widely applied to study active subpopulations of

complex microbial communities (Neufeld et al., 2007).

For example, PLFA-SIP using 13CH4 has been used to

investigate active MOB in samples derived from various

soil and sediment environments (Knief et al., 2003; Chen

et al., 2008; Shrestha et al., 2008). Such incubation exper-

iments have provided valuable insights into ecological

aspects of MOB communities, for example the influence

of CH4 availability (Knief et al., 2006), nitrogen fertiliza-

tion (Mohanty et al., 2006) or flooding regimes (Bodelier

et al., 2012) on the structure and activity of MOB popu-

lations. However, reports on the application of this tech-

nique to landfill-cover soils are scarce (Crossman et al.,

2004). In addition, PLFA-SIP studies were generally per-

formed under controlled laboratory conditions that may

vary significantly from natural habitats, thus hindering

direct extrapolation of the results back to the field.

Few studies have applied SIP directly in the field (Mid-

dleburg et al., 2000; Padmanabhan et al., 2003). For

example, Pombo et al. (2002, 2005) used aqueous push-

pull tests in combination with PLFA-SIP in a petroleum-

contaminated aquifer to identify dominant nitrate- and

sulphate-reducing bacteria while simultaneously determin-

ing their activity. Recently, the push-pull test technique

was modified for gaseous substrates (Urmann et al.,

2005). During such a gas push-pull test (GPPT), a mixture

of reactive gases (e.g. CH4 and O2) and nonreactive tracer

gases (e.g. Ar, Ne or He) is injected into the soil at a loca-

tion of interest. After injection, the gas flow is reversed

and the soil-air-diluted gas mixture is extracted from the

same location and sampled periodically. Reaction rate

constants can subsequently be derived from differences in

the breakthrough curves of the reactant and a suitable tra-

cer gas (Urmann et al., 2008; Gómez et al., 2009). GPPTs

have been applied successfully to quantify CH4 oxidation

in a variety of pristine and anthropogenically influenced

environments, such as peat bog, the vadose zone above a

contaminated methanogenic aquifer or a landfill-cover soil

(Urmann et al., 2007, 2008; Gómez et al., 2009; Henne-

berger et al., 2012). Nevertheless, the combination of the

GPPT technique with PLFA-SIP has not been attempted

for a field-based study.

The aim of the present work was to develop an

efficient methodology that enables labelling of active

MOB at the field scale while simultaneously quantifying

in situ CH4 oxidation rates. The novel approach pre-

sented here combines 13CH4 PLFA-SIP with the GPPT

technique. We applied this method to the cover soil of a

Swiss landfill and tested its applicability at four locations

with differences in CH4 oxidation activity.

Material and methods

Study site

All sampling and field-based studies were performed at

the Lindenstock landfill (Liestal, BL, Switzerland), which

has been described in detail elsewhere (Henneberger

et al., 2012; Schroth et al., 2012). Experiments were car-

ried out in August and September 2011 at five locations

that are in close proximity to locations C1, EM and NM,

previously described and characterized for their MOB

diversity and activity (Henneberger et al., 2012). During

summer 2010, these locations exhibited differences in

CH4 oxidation rates with the highest apparent first-order

rate constant (k; for details on calculations see below)

measured at C1 (4.69 h�1), followed by EM (0.52 h�1)

and NM (0.16 h�1). We termed the locations for the

present study C1-1, C1-2, C1-3, EM-1 and NM-1 according

to their proximity to the previously described locations

(within c. 100–250 cm).

Soil properties

Soil temperature was recorded throughout the study period

at 50 cm depth in 3-h intervals, using Thermochron iButton

dataloggers (DS1921G#F50; Maxim, Sunnyvale, CA) that

were installed near locations C1 and NM. Volumetric water

content was determined by time-domain reflectometry

(TDR100; Campbell Scientific, Loughborough, UK), using

brass-rod pairs (15 mm o.d., 70 cm long) previously

installed close to locations C1, EM and NM.

Borehole installation and soil sample collection

Soil cores were collected using a HUMAX hollow-stem

auger system (80 mm i.d.; Martin Burch AG, Rothenburg,
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Switzerland). At each location, we drilled to a depth of c.

55 cm, and soil core samples were collected in plastic

sleeves from 45 to 55 cm depth. For subsequent GPPTs,

Teflon tubes (2 mm i.d.) were inserted into the borehole

to reach down to 50 cm depth. The tubes were protected

from particulate clogging by covering the tips with steel

wool, and the lower end of the tube was embedded in c.

10 cm of sand (45–55 cm depth; 0.7–1.2 mm Quartz

sand; Carlo Bernasconi AG, Zürich, Switzerland). The

borehole was subsequently backfilled with a 1 : 1 mixture

of sand and commercially available Bentonite (Fatto,

Migros, Switzerland), followed by a final 5 cm of Benton-

ite to ground level. The exposed ends of the tubes were

fitted with three-way valves. Location C1-3, which served

as reference, was backfilled as described above, but with-

out installation of a Teflon tube.

Approximately 24 h after performing GPPTs with
13CH4 (hereafter referred to as SIP-GPPT), an area of

c. 50 9 50 cm was excavated to a depth of 45 cm. The

sand in the final 10 cm of the borehole was removed, and

soil material for further analyses was collected from 45 to

55 cm depth along the rim of the bore hole using sterile

tools.

All soil samples collected during initial drilling and exca-

vation after SIP-GPPTs were homogenized and subsampled

immediately on site with sterile spatulas and transferred

to sterile aluminium foil. Samples were stored on ice for

several hours and frozen at -20 °C upon return to the

laboratory.

Gas push-pull tests

The GPPTs performed at locations C1-1, C1-2, EM-1 and

NM-1 were slightly modified from recently described

methods (Urmann et al., 2005; Gómez et al., 2009;

Henneberger et al., 2012). Regular GPPTs were performed

5–6 days after installation of the tubes, using c. 20 L of

gas mixture containing 2 vol.% CH4, 18 vol.% O2 and

26.7 vol.% each of helium (He), neon (Ne) and argon

(Ar). The gas mixture was injected into the soil at 50 cm

depth over a period of 30 min at a flow rate of c.

0.63 L min�1. Following injection, the gas flow was

reversed and the gas mixture diluted with soil air was

extracted from the same location for 30 min at c.

0.58 L min�1 flow rate (corresponding to a total volume

of c. 17 L). For gas concentration analysis, two soil-air

background samples were collected prior to injection,

three samples of the gas mixture were collected during

injection (at 10-min intervals), and during extraction,

samples were taken every 2 min. All gas samples were

collected in 20-mL glass vials (sealed with butyl rubber

septa and metal crimp caps) after flushing the vials with

at least 500 mL of the respective gas using an inflow and

an outflow needle. During extraction, gas exiting the out-

flow needle was vented into the atmosphere.

SIP-GPPTs were performed 2–3 weeks after tube instal-

lation at locations C1-1, EM-1 and NM-1, using c. 21–
22 L of gas mixture containing 5 vol.% 13CH4, 20 vol.%

O2 and 25 vol.% each of He, Ne and Ar. At location

C1-2, the following gas mixture was used: 2 vol.% 13CH4,

18 vol.% O2 and 26.7 vol.% each of He, Ne and Ar. Gas

samples were collected during the injection and extraction

phase in similar fashion as before. However, gas exiting

the vials’ outflow needle during extraction was collected

in the original gas-bag and, upon completion of each

SIP-GPPT, re-injected slowly into the soil over a period

of c. 100–105 min to allow further oxidation of 13CH4

and therefore additional 13C incorporation after comple-

tion of the GPPT.

For regular and SIP-GPPTs, kinetic parameters of CH4

oxidation (apparent first-order rate constants k, potential

CH4 oxidation rates) were estimated from extraction data

using a simplified method as previously described

(Schroth & Istok, 2006; Urmann et al., 2008; Gómez

et al., 2009). Briefly, for each extracted sample, the natu-

ral logarithm of the relative concentration (extracted con-

centration divided by injected concentration, corrected

for natural background) of CH4 divided by the relative

concentration of a tracer (here Ar) is plotted against the

gas mixture’s residence time in the soil. The negative

slope of the linear regression was taken as apparent first-

order rate constant k, characterizing indigenous CH4

oxidation for variable CH4-limited conditions. Thus, these

k values represent averages over the entire data set assum-

ing first-order kinetics. For direct comparison of activity,

potential oxidation rates were subsequently calculated for a

CH4 concentration of 0.5 vol.% (a concentration observed

in extracted samples of most GPPTs). Values of k used in

these calculations were determined from a subset of sam-

ples near 0.5 vol.% CH4 to more accurately describe the

reaction kinetics at that concentration.

Fatty acid extraction and preparation of

derivates

The extraction procedure and preparation of fatty acid

methyl esters (FAME) was carried out according to previ-

ously described methods (Elvert et al., 2003; Niemann

et al., 2005). Briefly, total lipid extracts were obtained from

c. 20 g of wet soil by subsequent ultrasonication with

organic solvents of decreasing polarity [dichloromethane/

methanol (1 : 2, v/v), dichloromethane/methanol (2 : 1, v

/ v), dichloromethane]. An internal standard (FA n-C19:0)

with known concentration and d13C value was added to the

soil sample prior to extraction. FA glycerol esters constitut-

ing glycolipids and phospholipids were cleaved by saponifi-
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cation with methanolic KOH solution. FAs were methylat-

ed with methanolic BF3 solution yielding FAMEs. Double-

bond positions of monounsaturated FAs were determined

by the analysis of dimethyl disulphide adducts (Nichols

et al., 1986; Moss & Lambertfair, 1989).

Analysis of gas samples

Samples collected during GPPTs were analysed by gas chro-

matography (GC) using a Thermo Scientific TRACE GC

Ultra gas chromatograph. Gas contents for Ar, Ne, He and

O2 were separated over a PLOT Molsieve 5A column

(50 m 9 0.53 mm i.d., 50 lm df; held isothermally at 30 °C;
Varian, Palo Alto, CA), using H2 as carrier gas

(22 mL min�1), and quantified with a thermal conductivity

detector. Methane was separated over a packed steel column

(2 m long, 1/16″ o.d., 1 mm i.d.; packed with Porapak N

100/120 mesh) using N2 as carrier gas (3.2 mL min�1) and

quantified by flame ionization detection (FID).

Analysis of fatty acids

FAs were identified, quantified and analysed for their

stable carbon isotope composition using GC quadrupole

mass spectrometry (GC-MS), GC-FID and GC-isotope-

ratio mass spectrometry (GC-IRMS), respectively. GC was

performed using a Thermo Scientific TRACE GC Ultra

gas chromatograph equipped with a split/splitless injector

and a 60-m apolar DB-5 ms fused silica column

(0.25 mm i.d., 0.25 lm df). FAMEs were injected in split-

less mode at 300 °C using He as a carrier gas at a

constant flow rate of 1.2 mL min�1. The initial oven

temperature was set to 50 °C for 2 min, increased to

150 °C (10 °C min�1) and finally raised to 300 °C at a

rate of 4 °C min�1 with a final hold time of 30 min.

Mass spectra of single lipid compounds were acquired

using a Thermo Scientific DSQ II quadrupole mass spec-

trometer operated in electrospray ionization mode. The

resulting mass spectra were compared to standard

compounds and published data for identification. Com-

pound-specific stable carbon isotope ratio measurements

were performed using a Thermo Scientific DELTA V

IRMS. Isotope ratios are given in the d-notation (against

Vienna Pee Dee Belemnite (VPDB)]. The FA d13C values

were corrected for the introduction of additional carbon

atoms during derivatization. The internal standard was

used to monitor precision and reproducibility during

measurements. Reported d13C values have an analytical

precision of ± 1&.

Results

MOB activity

MOB activity at locations C1-1, C1-2, EM-1 and NM-1

was assessed through regular GPPTs, using 2 vol.%

nonlabelled CH4 in the injected gas mixture. Logarithmic

rate plots were reasonably linear over the entire data sets,

indicating apparent first-order kinetics of the CH4 oxida-

tion reaction (representative rate plots of two locations

shown in Supporting Information, Fig. S1). Deduced

k values ranged from 0.10 h�1 at location NM-1 to

8.43 h�1 at location C1-1 (Table 1). Moreover, C1-1 and

C1-2 showed the highest potential CH4 oxidation rates

(activity at 0.5 vol.% CH4) with 46.0 and 55.7 mmol CH4

(L soil air)�1 day�1, respectively, while considerably

lower rates were observed at EM-1 [9.9 mmol CH4

(L soil air)�1 day�1] and NM-1 [0.7 mmol CH4

(L soil air)�1 day�1; Table 1].

SIP-GPPTs were performed with 5 vol.% 13CH4 within

2–3 weeks after tube installation. Breakthrough curves

and logarithmic rate plots were similar to those observed

during regular GPPTs (representative breakthrough curves

of two locations shown in Fig. 1; rate plots in Fig. S1),

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

II MOB PLFA profiles) is shown

Location

ID

MOB activity, regular GPPT MOB activity, SIP-GPPT 13C incorporation

First-order

rate

constants

k ± SD (h�1)

Potential CH4

oxidation

rate ± SD

[mmol CH4

(L soil air)�1 day�1]

First-order

rate

constants

k ± SD (h�1)

Potential CH4

oxidation

rate ± SD

[mmol CH4

(L soil air)�1 day�1]

C14 + C16 C18

ng 13C (lg extracts FA)�1

C1-1 8.43 ± 0.48 46.0 ± 6.0 6.10 ± 0.19 31.9 ± 2.8 0.304 0.013

C1-2 8.40 ± 0.25 55.7 ± 6.6 8.97 ± 0.48* 52.8 ± 5.6* 0.046 0.008

EM-1 1.46 ± 0.12 9.9 ± 1.0 0.96 ± 0.10 11.0† 0.029 0.008

NM-1 0.10 ± 0.01 0.7 ± 0.2 0.03 ± 0.01 0.2† 0.027 0.001

*SIP-GPPT done with 2 vol.% CH4.
†Values estimated by extrapolating experimental data.
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and resulting k values ranged from 0.03 h�1 at location

NM-1 to 6.10 h�1 at location C1-1 (Table 1). Based on

the high CH4 oxidation rate determined from regular

GPPT at location C1-2, only 2 vol.% 13CH4 was applied

during SIP-GPPT at this location, and the resulting

k value was 8.97 h�1. Potential CH4 oxidation rates were

31.9 and 52.8 mmol CH4 (L soil air)�1 day�1 for C1-1

and C1-2, respectively. For locations EM-1 and NM-1,

MOB activity was too low to reach concentrations of

around 0.5 vol.% CH4 during the extraction phase under

the prevailing test conditions (5 vol.% 13CH4 injection

concentration). Potential oxidation rates therefore were

estimated by extrapolating the experimental data, and

values were similar to those observed during regular

GPPTs (Table 1; Schroth et al., 2012).

Methane concentrations measured in the soil-air back-

ground samples were low during the study period and

comparable between the different locations, ranging from

4 9 10�4 vol.% (C1-2 and EM-1) to 9 9 10�4 vol.%

(C1-1) during regular GPPTs and from 9 9 10�4 vol.%

(EM-1) to 44 9 10�4 vol.% (NM-1) during SIP-GPPTs.

During the time period activity measurements were

carried out, soil temperatures at 50 cm depths were 18.5–
19 °C (near location C1) and 17–17.5 °C (near location

NM-1). The average volumetric water content of the

0- to 70-cm depth interval close to C1 showed only slight

variations (0.24–0.26), and this value was constantly

around 0.40 close to EM-1. Volumetric water content

close to NM-1 varied from 0.35 at the date of tube instal-

lation to 0.19 at the date of final sample collection.

Therefore, conditions varied only slightly throughout the

study period and were similar to those observed during

the 2010 campaign (Henneberger et al., 2012).

Fatty acid composition

All sample extracts analysed contained substantial

amounts of FAs, typically in the range of C14 to C18

(representative example of a partial GC-MS chromato-

gram shown in Fig. S2). The fractional abundance of

selected FAs (C14–C18) at the reference location C1-3

(Fig. 2) and high-activity locations C1-1 and C1-2

(Fig. 3a and b) showed some similarities. Six dominant

FAs (C16:1x7, C16:1x5, C16:0, C18:1x9, C18:1x7 and C18:0)

were identified in all samples from these locations, with

C16:1x5 and C16:0 being the most abundant (13–23% of

total C14–C18 FAs). Relative abundance of the remaining

15 minor FAs detected in these samples was also similar.

However, the C1-3 samples lacked any detectable contri-

bution from FA C18:1x8. FA composition of samples

collected at the intermediate- and low-activity locations

(EM-1 and NM-1) showed some differences to the
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high-activity locations. While a dominance of the FAs

C16:1x7, C16:1x5, C16:0, C18:1x9 and C18:0 was also observed

in these sample extracts, their relative abundances differed

from those detected at the high-activity locations (Fig. 3c

and d). In addition, all other FAs in these samples were

either present at very low concentrations, were detectable

but could not be reliably quantified due to insufficient

GC separation (in particular FAs C16:1x8 and C16:1x9), or

were fully undetectable. Some differences in FA abundance

were observed between samples taken at the same location

before regular GPPTs and after SIP-GPPTs. These differ-

ences can be explained by substantial soil heterogeneity

that was noticed at the different locations, in particular as

sample collection after SIP-GPPTs was performed several

cm away from the initial sampling point.

13C labelling of fatty acids

The introduction of 13CH4 during SIP-GPPTs led to the

incorporation of 13C into several FAs, as indicated by

their increased d13C values relative to natural background

values of -21& to -62& (as determined for FAs extracted

from the reference location and all other locations prior

to GPPTs; Figs 2 and 3). Incorporation of 13C into bio-

mass therefore appeared to increase with increasing MOB

activity, as shown by higher d13C values detected at high-

activity locations compared to low-activity locations

(Fig. 3), and by increasing total 13C incorporation

(Table 1). The lower level of 13C incorporation despite

higher CH4 oxidation activity observed for location C1-2

compared to C1-1 was likely caused by the lower
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Fig. 3. Fractional abundance (left y-axis, bars) and d13C values (right y-axis, circles and triangles) of individual FAs extracted prior to regular

GPPTs (light grey bars and circles) and after SIP-GPPTs (dark grey bars and triangles). (a) location C1-1, (b) location C1-2, (c) location EM-1,

(d) location NM-1. For location C1-1 (a), d13C values are estimates due to GC-IRMS baseline shifts caused by extremely high d13C values.
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concentration of 13CH4 applied during this SIP-GPPT

(2 vs. 5 vol.% 13CH4).

In addition to differences in the amount of 13C incor-

poration observed, the varying levels of activity at the

different locations seemed to be associated with

differences in the FA labelling patterns. In general, at all

locations, the most pronounced 13C incorporation

(i.e. highest d13C values) was found for the FAs C14:0,

C15:0, C16:1x8, C16:1x7 and C16:1x6. The high-activity

locations (C1-1 and C1-2) and the intermediate-activity

location (EM-1) also showed clear incorporation of 13C

into the FAs C18:1x7 and C18:1x8 (not detected at EM-1).

This stands in contrast to observations made for the low-

activity location NM-1, which displayed only a slight

increase in d13C for FA C18:1x7. In addition, at the two

high-activity locations, 13C label was recovered in the FAs

C16:1x5, C16:0 (C1-1 and C1-2) and C16:1x9 (C1-1 only),

while these FAs were not labelled at the other two loca-

tions. At the reference location C1-3, where no GPPTs

were performed, no enrichment in 13C was detected, indi-

cating the absence of natural fluctuations in d13C values

throughout the study period (Fig. 2).

Injection of 5 vol.% 13CH4 during the SIP-GPPT at the

high-activity location C1-1 resulted in very high d13C
values (> 1000&) for the FAs C16:1x8, C16:1x7 and

C16:1x6. The high 13C label content in these FAs had a

biasing effect on the overall GC-IRMS performance,

particularly for FAs with lower or no 13C label content

due to baseline shifting. Thus, while the results obtained

here clearly provide evidence for high incorporation of

CH4-derived carbon, absolute d13C values obtained for

C1-1 should be regarded with caution.

Discussion

Stable isotope probing of PLFA represents a widely used

tool to identify active members within complex microbial

assemblages, and this technique has been routinely used

during laboratory experiments on MOB communities

from various environments (Knief et al., 2003; Chen

et al., 2008; Shrestha et al., 2008). Here, we have success-

fully applied PLFA-SIP directly in the field using a modi-

fied GPPT approach. This combination of PLFA-SIP with

GPPTs allowed the calculation of in situ CH4 oxidation

rates in parallel with isotope tracing of MOB through

PLFA profile analysis. The SIP-GPPT was successfully

implemented at several locations with differences in MOB

activity and was shown to be applicable even at locations

with relatively low CH4 turnover rates. Methane oxida-

tion rates at the Lindenstock landfill appeared to be stable

over time, and rates observed here were comparable with

those detected during previous studies (Gómez et al.,

2009; Henneberger et al., 2012). Moreover, introduction

of the 13C label during SIP-GPPTs had no apparent effect

on CH4 oxidation rates.

SIP approaches are not limited to lipids, but also

enable tracking of 13C incorporation into DNA, RNA or

proteins (Radajewski et al., 2003; Jehmlich et al., 2010).

However, PLFA-SIP appears particularly suitable for field-

based studies due to the low level of 13C incorporation

into FAs required for detection, the reliable extraction of

FAs from soil samples and relatively simple processing of

the extracted FAs (Neufeld et al., 2007). It is important

to mention that time is critical when gases are applied in

the field, as rapid gas diffusion typically precludes long

incubation times. Here, we demonstrated that a c.

3-h-long 13CH4 incubation (GPPT and subsequent

re-injection of gas mixture) was adequate for sufficient
13C incorporation to be detectable by GC-IRMS within

the FAs pool. In contrast, RNA-SIP and, in particular,

DNA-SIP may require much longer incubation times up

to days or weeks (Radajewski et al., 2000; Noll et al.,

2008; Martineau et al., 2010; Shrestha et al., 2011). This

is because unlike FAs, labelled nucleic acids need to be

separated from their nonlabelled counterparts by density

gradient centrifugation, requiring a larger label incorporation

of at least 20 at.% compared to only 0.1 at.% 13C for FAs

(Boschker & Middleburg, 2002; Radajewski et al., 2003).

On the other hand, phylogenetic resolution based on

PLFA is lower compared to nucleic acids. To date, most

PLFA-SIP studies on MOB communities are limited to

distinguishing between type I and type II MOB. In addi-

tion, FAs currently considered to be characteristic for cer-

tain MOB might also be present in other, newly or yet to

be described organisms. For example, FA C16:1x8c was

long regarded as signature lipid for type I MOB, but was

recently found to be contained in substantial amount in

the type II MOB Methylocystis heyeri (Dedysh et al.,

2007). Nevertheless, in-depth studies on PLFA profiles of

individual MOB strains, in particular novel isolates, may

lead to the identification of novel signature lipids and

may increase resolution in future PLFA-SIP studies on

complex MOB communities. For example, Bodelier et al.

(2009) detected novel and unusual C18:2 FAs in PLFA

profiles of several Methylocystis strains. They also demon-

strated that a clear separation of type II MOB at the

subgenus level is possible based on their characteristic

PLFA profiles and that PLFA profiles of certain type I

MOB cluster at the genus level.

In the landfill-cover soil analysed in this study, differ-

ences in PLFA profiles and 13C incorporation into MOB

signature FAs were observed between locations with

contrasting CH4 oxidation activity. Even though 13C

incorporation was only semi-quantitatively related to CH4

oxidation rates, with higher levels of incorporation

detected at locations with higher activity, it provided
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valuable insights into the dominant, active MOB type at

the different locations. In general, the most dominant 13C

incorporation was observed for FAs typically found in

PLFA profiles characteristic for type I MOB. Labelling of

FAs typically found in type II MOB was also clearly

detected at most locations, but was far less pronounced,

particularly at the lower-activity locations EM-1 and

NM-1. In fact, the type II MOB-specific FA C18:1x8 was

not detected at these two locations, while type I MOB-

characteristic FAs were dominant at all locations. These

PLFA-based findings coincide with our previous analyses

of the Lindenstock cover soil based on the pmoA gene,

which also showed differences in MOB diversity and

abundance between locations with different CH4 oxida-

tion activities (Henneberger et al., 2012). Similar to the

PLFA results, a general dominance of type I MOB-specific

pmoA genes was detected in clone libraries and T-RFLP

profiles. Type II MOB-specific pmoA genes comprised only

a minor fraction of the T-RFLP profiles and were not

detected in the clone library constructed from the

low-activity location NM. These clear and consistent differ-

ences in type I and type II MOB communities at both the

DNA and PLFA level suggest that the total (DNA-based

study) and active (PLFA-SIP) MOB communities in the

Lindenstock landfill-cover are indeed similar. Our results

further suggest that CH4 oxidation activity is mainly car-

ried out by type I MOB and supported to a minor degree

by type II MOB at locations with increased overall activity.

These findings agree with a previous PLFA-SIP study on

another loamy landfill-cover soil, where the dominance of

type I MOB activity was also observed (Crossman et al.,

2004). Nevertheless, at all locations, high 13C incorporation

was observed for FAs with very low relative abundance,

indicating that MOB comprise only a minor portion of the

microbial community present at this site, particularly at

the lower-activity locations.

The novel SIP-GPPT technique described here repre-

sents a promising advance for the labelling of active MOB

directly in the field, hence minimizing procedural bias

introduced during laboratory-based incubations. Substan-

tial 13C incorporation into type I and type II MOB signa-

ture FAs was observed despite short in situ incubation

times, making this gas-phase approach feasible for field

applications. Short incubation times most likely led to the

lower levels of 13C incorporation observed here in

comparison with several laboratory-based studies on

MOB communities (e.g. d13C of 6000& reported by

Chen et al. (2008); Shrestha et al., 2008). In this study,

we attempted to compensate potentially low levels of 13C

incorporation due to short incubation times by increasing
13CH4 injection concentrations (5 vol.% 13CH4 during

SIP-GPPTs compared to 2 vol.% CH4 during regular

GPPTs). However, our results indicate adequate 13C

incorporation into FAs even at low-activity locations,

while suggesting that 13CH4 concentration may be

reduced for highly active locations to minimize overall

bias during GC-IRMS analysis. In conclusion, the combi-

nation of PLFA-SIP with in situ CH4 oxidation rate

measurements employing GPPTs established a link

between the structure and function of active MOB

communities directly in a landfill-cover soil.
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