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Effect of earthworms on the community
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In the United Kingdom, landfills are the primary anthropogenic source of methane emissions.
Methanotrophic bacteria present in landfill biocovers can significantly reduce methane emissions
via their capacity to oxidize up to 100% of the methane produced. Several biotic and abiotic
parameters regulate methane oxidation in soil, such as oxygen, moisture, methane concentration
and temperature. Earthworm-mediated bioturbation has been linked to an increase in methano-
trophy in a landfill biocover soil (AC Singer et al., unpublished), but the mechanism of this trophic
interaction remains unclear. The aims of this study were to determine the composition of the active
methanotroph community and to investigate the interactions between earthworms and bacteria in
this landfill biocover soil where the methane oxidation activity was significantly increased by the
earthworms. Soil microcosms were incubated with '*C-CH, and with or without earthworms. DNA
and RNA were extracted to characterize the soil bacterial communities, with a particular emphasis
on methanotroph populations, using phylogenetic (16S ribosomal RNA) and functional methane
monooxygenase (pmoA and mmoX) gene probes, coupled with denaturing gradient-gel electro-
phoresis, clone libraries and pmoA microarray analyses. Stable isotope probing (SIP) using '*C-CH,
substrate allowed us to link microbial function with identity of bacteria via selective recovery of
‘heavy’ '*C-labelled DNA or RNA and to assess the effect of earthworms on the active methanotroph
populations. Both types | and Il methanotrophs actively oxidized methane in the landfill soil studied.
Results suggested that the earthworm-mediated increase in methane oxidation rate in the landfill
soil was more likely to be due to the stimulation of bacterial growth or activity than to substantial
shifts in the methanotroph community structure. A Bacteroidetes-related bacterium was identified
only in the active bacterial community of earthworm-incubated soil but its capacity to actually
oxidize methane has to be proven.
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Introduction

In landfill sites, anaerobic conditions induce high
rates of microbially mediated methane production
from the decomposition of organic wastes. In the
United Kingdom, landfills represent the primary
anthropogenic source of methane, the second largest
contributor to global warming after CO,. In landfills,
which are not equipped with gas collection systems,
biocover soils are used to limit methane emissions.
Landfill biocover soils have the highest aerobic
methane oxidation capacity reported so far in any
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environment (Whalen et al., 1990; Bogner et al.,
1995; Kightley et al., 1995; Borjesson et al., 1998;
Streese and Stegmann, 2003). Microorganisms in-
digenous to landfill caps have the capacity to
degrade 10-100% of the methane emitted, thereby
representing a major biological sink for this green-
house gas (Hanson and Hanson, 1996; Spokas et al.,
2006). Biological methane oxidation to CO, can
strongly reduce (~21-fold) climate forcing. Environ-
mental parameters such as oxygenation and
methane concentration, moisture content, pH, nitro-
gen sources and temperature can strongly influence
this biological process in soil (Jones and Nedwell,
1993; Boeckx et al., 1996; Chan and Parkin, 2000;
Borjesson et al., 2004; Scheutz and Kjeldsen, 2004).
Another factor that might influence methane oxida-
tion in soil is the presence of earthworms. Since
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they profoundly affect the physical and chemical
properties of the soil, earthworms are commonly
considered as efficient ‘soil engineers’ (Jones et al.,
1994). Earthworm burrowing contributes to soil
aggregation, oxygenation and mixing. Furthermore,
earthworms break down soil organic matter and
plant deposition, thereby increasing nutrient turn-
over. Earthworms excrete several forms of organic
and inorganic nitrogen that are used by endogenous
and exogenous microorganisms (Needham, 1957;
Binet and Trehen, 1992). Soil microbial community
size and activity can be affected by earthworm
activity (Daniel and Anderson, 1992; Binet and Le
Bayon, 1998; Clapperton et al., 2001; Singer et al.,
2001; Luepromchai et al., 2002; Tiunov and Dobro-
volskaya, 2002; Haynes et al., 2003). However, little
is known about the influence of earthworms on
bacterial community structure (Schaefer et al., 2005;
Mummey et al., 2006).

AC Singer et al. (unpublished) have recently
shown an earthworm-mediated increase in methane
oxidation rate in both pasture and landfill biocover
soils. Improving the efficiency of microbially-
mediated methane oxidation in landfill soil is crucial
for limiting the emission of this greenhouse gas. The
aims of the present work were (i) to determine the
active methanotroph community in the landfill bio-
cover soil and (ii) to gain insights into the mechan-
isms by which the earthworms enhance the methane
oxidation in this biocover soil, by investigating their
effect on the soil bacterial community.

In the last 10 years, novel cultivation techniques
have enabled the isolation of previously uncultured
methane oxidizers; the characterization of these new
genera has led to an improved understanding of
methanotroph taxonomy (Bowman et al, 1993,
1997; Bodrossy et al., 1997; Dedysh et al., 1998,
2000, 2002; Wise et al., 1999, 2001). Methanotrophs
are currently classified as type I methanotrophs
(comprising nine genera among the y-proteobacter-
ia) and type II methanotrophs (comprising four
genera among the o-proteobacteria), according to
their intracytoplasmic membrane structure, carbon
assimilation pathways, fatty acid composition and
phylogeny (Hanson and Hanson, 1996). Types I and
IT methanotrophs cohabit landfill soils (Wise et al.,
1999; Bodrossy et al., 2003; Uz et al., 2003; Cross-
man et al.,, 2004; Stralis-Pavese et al., 2004). All
methanotrophs possess methane monooxygenase
(MMO) that catalyses the first step of methane
oxidation. This enzyme exists in two forms, a
soluble, cytoplasmic form (sMMO) and a particu-
late, membrane-bound form (pMMO) (reviewed in
Murrell et al., 2000).

The development and application of suitable
molecular tools have expanded our view of bacterial
diversity in a wide range of natural environments.
The 16S ribosomal RNA (16S rRNA) gene has been
used for molecular characterization of natural
populations of methanotrophs (Murrell et al., 1998;
Costello and Lidstrom, 1999; Noll et al., 2005).
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Because the specific detection of methanotrophs
based on their 16S rRNA gene sequence is not
always accurate, functional genes of methanotrophs
have been extensively targeted in environmental
samples including pmoA (encoding the f-subunit of
the particulate monooxygenase, pMMO) and mmoX
(encoding the a-subunit of the soluble monooxygen-
ase, sMMO). Since pMMO is present in all known
methanotrophs with the exception of Methylocella
(Dedysh et al., 2000; Theisen et al., 2005) and the
phylogeny of pmoA is congruent with 16S rRNA
phylogeny (Kolb et al.,, 2003), pmoA is the most
frequent target in molecular ecology studies of
methanotrophs (see Dumont and Murrell, 2005 for
a review). Recently, a pmoA microarray has been
developed by Bodrossy and colleagues, which has
proved to be particularly suitable for characterizing
the diversity within methanotroph communities
(Bodrossy et al., 2003, 2006; Stralis-Pavese et al.,
2004).

Stable isotope probing (SIP) is a powerful mole-
cular technique that directly links a defined meta-
bolic process to members of bacterial communities.
A "C-labelled substrate is added to samples from a
natural environment and bacteria that actively
assimilate this substrate incorporate the "C into
their cellular material, including nucleic acids. The
‘heavy’-labelled nucleic acids can then be separated
from the ‘light’ nucleic acids by ultracentrifugation
in a caesium chloride (DNA-SIP) or a caesium
trifluoroacetate (RNA-SIP, Manefield et al., 2002)
gradient. The DNA-SIP technique, has provided
valuable insights into the diversity and activity of
methylotrophic bacteria (Radajewski et al., 2000)
and to methanotrophs in a peat soil (Morris et al.,
2002), acidic forest soil (Radajewski et al., 2002), the
cave environment (Hutchens et al., 2004), soda lake
sediments (Lin et al., 2004) and a landfill soil
(Cébron et al., 2007). RNA is considered a much
more sensitive marker than DNA because copy
numbers are greater and activity of cells is linked
directly to synthesis and turnover of RNA (Molin
and Givskov, 1999). Furthermore, the isotope in-
corporation into RNA does not require cell division
(for a review see Whiteley et al., 2006).

In this study, SIP has been applied in combination
with complementary molecular techniques to in-
vestigate the bacterial community structure in a
landfill biocover soil and the possible effect of
earthworms on these communities, based on 16S
rRNA, pmoA and mmoX gene analyses. This work is
the first report focusing on the effects of earthworms
on active methanotroph communities.

Materials and methods

Landfill soil microcosms

Biocover soil was collected in Ufton Landfill
(Warwickshire, UK), in December 2005. The sam-
pling area was covered by grass that was removed
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before soil was collected at a depth of 10-20 cm. The
main physicochemical parameters of the soil (accu-
rate to *5%) are listed in Table 1. The soil was
stored for 1 week at 4°C until use, at which time it
was air-dried, sieved (4mm mesh size) before
packing into the wormery (see below).

Earthworms were incubated in plastic tubs
(11 x 17 x 6 cm). Approximately 540g of air-dried,
sieved landfill soil, established and maintained at
70% of its water-holding capacity with 250ml of
deionized water was incubated for 2—3 days before
the addition of earthworms. Earthworms were
incubated in Petri plates for 24 h to evacuate their
gut contents before adding to the wormery. Three
Eisenia veneta (1.9 £ 0.2 g) were added per wormery,
with a ‘no earthworm’ control prepared in parallel.
Wormeries were incubated at 19°C in the dark for
17 days before destructive sampling for methane
oxidation assays. Aliquots of soil (5g) from the
wormeries were distributed into 118 ml vial bottles.
Seven replicate vials were prepared for both the
earthworm and control treatments. Vials were
spiked with methane to achieve 2% **C-CH, (v/v)
in the headspace and were incubated at 19°C for
7 days. Methane concentration was measured by
gas chromatography over this period. After 7 days
incubation with '*C-CH,, soil samples were then
stored at —20°C for SIP. Of the seven replicates used
for the methane oxidation measurements, four were
randomly selected for nucleic acid extraction and
molecular analyses. The good reproducibility of
these four replicates was confirmed by denaturing
gradient-gel electrophoresis (DGGE) using 16S rRNA
gene universal bacterial primers and by indepen-
dent hybridizations on pmoA microarrays (data not
shown). For the SIP experiments and clone library
construction, the DNA and RNA of these four
replicates were pooled, thereby reflecting the repli-
cation in the original samples, which were used in
methane oxidation experiments.

Soil analysis
Earthworm-incubated soil and control soils were
analysed at the end of the experiment, after 17 days
incubation with or without earthworms, followed by
7 days incubation with 2% **C-CH,.

Total carbon and nitrogen content were deter-
mined using Dumas combustion with a detection

Table 1 Main physicochemical properties of the soil

limit of 0.03% N/w and 0.02% C/w, based on a
15 mg sample. Nitrate and ammonia were analysed
following extraction in 1M KCl, with a limit of
detection of 0.07 mg NOj; kgsoil™* and 0.10 mg NH,
kg soil . Particle size analysis was carried out using
laser diffraction. The results are summarized in
Table 1.

DNA and RNA extraction

DNA and RNA were coextracted directly from four
soil replicates following the protocol described by
Biirgmann et al. (2003) with minor modifications.
Briefly, 0.4g soil, 1ml extraction buffer (0.2%
hexadecyltrimethylammonium bromide (CTAB),
1mM 1,4-dithio-DL-threitol [DTT], 0.2M sodium
phosphate buffer (pH 8.0), 0.1M NaCl, 50mMm
ethylenediamine tetraacetic acid (EDTA)) and lysing
matrix E (Qbiogene Inc., Carlsbad, CA, USA)
were processed in a bead beater (Bio 101/Savant,
Farmingdale, NY, USA) for 45s at 6ms~". After bead
beating, samples were put on ice for 5min,
centrifuged (16 000g, 5min) at 4°C and 800ul of
the supernatant was extracted with 750 ul of a 1:1
mixture of phenol (pH 8.0) and chloroform—isoamyl
alcohol (CIA; 24:1) and then with 750ul of CIA.
Total nucleic acid was precipitated for 1h at room
temperature with 850 ul of RNase-free PEG solution
(20% polyethylene glycol, 2.5M NaCl). After
centrifugation (16000g, 30min), the nucleic acid
pellets were washed once with cold ethanol (70%
v/v). After further centrifugation (16 000 g, 20 min),
the pellets were dried at 20°C for 10—-20min and
then dissolved in 50 ul of RNase-free water. At this
stage, the quality of nucleic acid was determined on
a 1% (w/v) agarose gel. DNA was separated from
RNA using a Qiagen RNA/DNA mini kit (Qiagen
Inc., Valencia, CA, USA) and quantified using a
Nanodrop spectrophotometer (Nanodrop, Wilming-
ton, DE, USA). Total RNA was treated with 4 U of
DNase I (New England Biolabs Inc., Ipswich, MA,
USA) at 37°C for 2h and then purified using a
Qiagen RNeasy mini kit (Qiagen). RNA was quanti-
fied using a Nanodrop spectrophotometer and
was confirmed to be DNA-free by amplification of
16S rRNA genes with universal primers 27{/907r
(94°C 1min, 60°C 1min, 72°C 1min, 35 cycles).
No PCR products were obtained except with the
appropriate controls.

Particle size distribution (%)

Chemical analysis

Clay Silt Sand Total N Total C NH, NO,

(%/w) (%/w) (mgkg™?) (mgkg™)
Control soil (—worms) (56.14 mg N/g soil) 12 40 48 0.12 3.92 62.8 24.0
Earthworm-incubated soil (+worms) 16 49 35 0.16 3.89 23.4 71.1

(32.6 mg N/g soil)
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2C and "’C DNA recovery

DNA extracts from replicates were pooled. The
gradients were prepared as described by Neufeld
et al. (2007). One gram of caesium chloride (CsCl)
was added to 5 pul of DNA (5 ug) diluted in 1ml of
H,0. Then, 100 pul of ethidium bromide (10 mgml~—")
was added to the DNA+4CsCl solution in an
ultracentrifuge tube (13 x 51 mm, Beckman, Full-
erton, CA, USA). A control gradient was also
prepared containing 2.5 ug each of C- and *C-
labelled DNA from Methylococcus capsulatus
(Bath). Heavy and light DNA were then separated
by centrifugation at 177000 g (44 100r.p.m. using a
Beckman rotor VTi 65.2) for 40h at 20°C.

After centrifugation, heavy and light DNA bands
were visualized under UV (365 nm). Heavy DNA was
not always visible under UV but its position in the
tube was deduced by comparison with the control
gradient. Light and heavy DNA were withdrawn
gently from the gradient using a 1ml syringe and
hypodermic needle. Ethidium bromide was ex-
tracted from the DNA with an equal volume of
butanol saturated with Tris-EDTA (TE) (10 mM Tris,
1mM EDTA, pH 8) buffer (repeated twice). Then
DNA was precipitated for 2h at room temperature
with two volumes of PEG solution (30% polyethy-
lene glycol, 1.6M NaCl) and 3pul of glycogen to
visualize the pellet. After centrifugation for 30 min
at 16000 g at 4°C, pellets were washed with 70%
(v/v) ice-cold ethanol. After centrifugation for
15min at 16 000 g, at 4°C, pellets were air-dried for
10-20min and then dissolved in 40 ul H,O.

2C and "’C RNA recovery

Replicates of RNA extracts were pooled and rRNA
was resolved in a caesium trifluoroacetate (CsTFA)
gradient with an average density of 1.795gml .
Centrifugation medium was prepared by mixing
4.655ml of a 1.953gml™* CsTFA stock solution
(Amersham Biosciences, Piscataway, NJ, USA),
0.165ml formamide, 0.680ml of gradient buffer
(GB; 100 mM Tris pH 7.8; 100 mM KCIl; 1 mMm EDTA)
and RNA (500ng) in a total volume of 5.5 ml (RNA
volume was subtracted from GB volume). Heavy and
light rRNAs were then separated by centrifugation
at 130000¢g (37800r.p.m. using a Beckman rotor
VTi 65.2) for 63h at 20°C. Centrifuged gradients
were fractionated from bottom to top into 12 equal
fractions (~450ul). A controlled flow rate was
achieved by displacing the gradient medium with
water at the top of the tube using a peristaltic pump
at a flow rate of ~450 ul min~". The density of each
fraction was checked by weighing 100 ul of each
fraction by pipetting (measurement done in tripli-
cate). RNA was precipitated with an equal volume of
isopropanol and 3 pl of glycogen (to visualize the
pellet). After centrifugation for 30min at 16000g
at 4°C, the pellets were washed with 500 ul of 70%
(v/v) ice-cold ethanol. After centrifugation for
15min at 16 000 g at 4°C, the pellets were air-dried
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for 10-20 min. RNA samples were then dissolved in
20 ul of RNase free-water.

16S rRNA gene amplification and denaturing
gradient-gel electrophoresis

rRNA samples from the gradient were reverse
transcribed using primer 1492r (Lane, 1991) and
Superscript II reverse transcriptase (Invitrogen Inc.,
CA, USA) according to the manufacturer’s instruc-
tions. The cDNA produced from the light and heavy
rRNA recovered from the CsTFA gradient, and DNA
samples recovered from CsCl gradient, were used as
templates for PCR using three different primer sets.
The universal bacterial primer set 341f-GC/907r
(Muyzer et al., 1993) was used to amplify 16S rRNA
genes from the bacterial community. Amplification
was carried out with 30 cycles of 94°C for 1 min 60°C
for 1 min and 72°C for 1 min, and a final extension at
72°C for 10 min. A seminested PCR strategy (Y Chen
et al., unpublished) was used to specifically amplify
16S rRNA genes of either type I or Il methanotrophs.
First-round amplification was done using type Ir (5'-
CCACTGGTGTTCCTTCMGAT-3') and type If (5'-ATGCTTAA
CACATGCAAGTCGAACG-3") or type IIr (5-GTCAARAGCT
GGTAAGGTTC-3') and type IIf (5'-GGGAMGATAATGACGGT
ACCWGGA-3') primer sets, specifically targeting types
I and II methanotrophs, respectively, using 30 cycles
consisting of 95°C for 1 min, 60°C for 1 min, 72°C for
1min, and a final extension step of 72°C for 10 min.
A second round of PCR was performed using 1 ul of
the first PCR product as template, using 341f-GC
(Muyzer et al., 1993) and the type Ir primer set for
the type I methanotrophs and 518{-GC (Muyzer
et al., 1993) and the type IIr primer set, for the type II
methanotrophs. This second round of PCR was set
up according to the procedure above but only for 25
cycles.

The PCR products containing a GC clamp were
separated on 6% (w/v) polyacrylamide gels with
a 30-70% urea/formamide-denaturing gradient.
Gels were run at 85V for 14h at 60°C in 1 x TAE
buffer (40 mM Tris, 20 mM acetic acid, 1mM EDTA,
pH 8.3). Gels were then stained for 1h with 1:10 000
(v/v) SYBR GREEN (Invitrogen, San Diego, CA,
USA), rinsed with 1 x TAE and scanned with a
storm 860 Phosphorlmager (Molecular Dynamics,
Sunnyvale, CA, USA). Bands of interest were
excised from the gel using cut pipette tips and
DNA was dissolved at 4°C in 10ul sterile H,O
overnight. Four microlitres of the dissolved
DNA was used as a template for PCR amplification
using primer set 341f and 907r. PCR products were
then purified using shrimp alkaline phosphatase
(SAP) and Exonuclease I (Exol; Amersham Bio-
sciences) as follows: for one reaction, 1.43 ul of SAP
dilution buffer, 1 ul of SAP enzyme (1Uul™") and
0.075 ul of Exol enzyme (20U ul™") were added to
20 4l of PCR product. Samples were incubated for
40 min at 37°C, followed by 15 min at 80°C and then
they were stored at 4°C.
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pmoA and mmoX clone libraries

Both pmoA and mmoX genes were amplified from
the unfractionated pooled DNAs using primer sets
mb661r (Costello and Lidstrom, 1999) and A189f
(Holmes et al., 1995) and 206F and 886R (Hutchens
et al., 2004), respectively, using 30 cycles at 95°C for
1min, 55°C (pmoA) or 60°C (mmoX) for 1min, 72°C
for 1min, and a final extension step at 72°C for
10min. For both genes, the size and purity of the
PCR products were checked on 1% (w/v) agarose
gels. PCR products were purified using the QIAGEN
gel extraction kit and ligated into the PCR II vector
(Invitrogen) according to the manufacturer’s instruc-
tions. The positive recombinant clones were
screened by direct amplification of the cloned
inserts from transformant cells with vector-specific
primers M13r and M13f. The clones with correct-
sized inserts were digested for 1h at 37°C using the
restriction enzymes EcoRI-Pvull-HincIl for pmoA
gene and EcoRI-Hincll for mmoX gene. Digests were
resolved on 2.5% (w/v) agarose gel and grouped into
operational taxonomic units (OTUs), based on the
restriction pattern obtained and representative
clones for each OTU were sequenced.

PmoA microarray experiments

pmoA genes were amplified from unfractionated,
light and heavy DNA using primer set A189f/T7-
mb661r (Bourne et al., 2001). The T7 promoter
attached to the 5'- end of the reverse primer allowed
the T7 RNA polymerase to transcribe the DNA
templates into RNA in vitro. PCR amplification, in
vitro transcription and hybridization protocol were
as described by Bodrossy et al. (2003) and modified
by Stralis-Pavese et al. (2004).

DNA sequencing and analysis

Sequencing of pmoA and mmoX clones was per-
formed with the M13r (5-CAGGAAACAGCTAT
GAC-3') primer targeting the multicloning site of
the vector. Double-strand sequencing was performed
directly (without any cloning step) on the ream-
plified and purified 16S rRNA-DGGE bands, using
both the primers used for PCR amplification (907r/
341f for universal bacterial 16S rRNA genes and
types Ir/341f and Ir/518f for types I and II
methanotroph 16S rRNA genes, respectively). DNA
sequencing was performed using a Dye Terminator
kit (PE Applied Biosystems, Warrington, UK). DNA
sequences were analysed using a 373A automated
sequencing system (PE Applied Biosystems). For
each DGGE band excised from the gels, a unique
sequence was obtained.

Sequences were submitted to a BLAST search
(Altschul et al., 1990) and checked for the presence
of chimaeras. Chimaeras were not detected for the
16S rRNA gene-DGGE band sequences or for the
mmoX sequences, but around 10% of the pmoA
sequences were suspected to be chimaeras and were
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removed from the analysis. Sequences were aligned
to related sequences extracted from GenBank using
MEGA version 3.1 (Kumar et al., 2004). MEGA 3.1
was also used to estimate evolutionary distances
and to construct a phylogenetic tree. Several
methods were used to construct trees: for pmoA
and mmoX sequences, neighbour-joining with
Kimura correction and maximum parsimony based
on nucleotide sequence analysis, and neighbour-
joining with Poisson correction and maximum
parsimony based on amino-acid derived sequences
analysis; for 16S rRNA gene phylogeny, neighbour-
joining with Kimura correction and maximum
parsimony. For all the genes, the different methods
tested gave similar results.

Nucleotide sequence accession numbers

The GenBank accession numbers for the nucleotide
sequences determined in this study are EF472919
to EF472921 for the 16S rRNA gene sequences,
EF472933 to EF472943 for the pmoA sequences and
EF472922 to EF472932 for the mmoX sequences.

Results

Effect of earthworms on methane oxidation in the
landfill biocover soil and on soil characteristics
After incubation for 168h with '*C-methane, the
earthworm-incubated soil removed significantly
more methane (67%) than the control soil (52%,
n=15, P=0.007; AC Singer et al., unpublished).
The nitrate and ammonia contents of soil incubated
with earthworms were respectively higher and lower
than that in soil without earthworms. Total nitrogen
and carbon contents were comparable. Earthworm-
incubated soil consisted mainly of silt particles, while
soil without earthworms consisted mainly of sand
particles. The percentage of clay was generally higher
(16%) in the earthworm-incubated soil (Table 1).

Bacterial community fingerprints

For RNA-SIP, the densities of the ‘heavy’ and ‘light’
fractions were 1.80 and 1.77gml™", respectively.
DGGE analysis was performed on light and heavy
DNA and RNA fractions recovered from the SIP
experiments, using different primer sets targeting
16S RNA genes. Universal bacterial 16S rRNA gene
PCR primers gave complex and similar DGGE
profiles with "»C-DNA and "*C-RNA samples from
the microcosms containing worms (4 worms) and
the corresponding control (—worms). Profiles corre-
sponding to "C-DNA or RNA were less complex,
comprising of only a few intense bands correspond-
ing to the bacteria that have incorporated the *C
in their nucleic acids. In the *C-RNA profiles, the
"?C-RNA background was still visible under the
main "*C bands. Two major DGGE bands were
common to both —worms and +worms in the
"C-DNA and "*C-RNA DGGE profiles, whereas one



band was specific to the +worms in "*C-DNA and
3C-RNA profiles (Figure 1). For both DNA- and
RNA-DGGE, these three bands were excised from
the gels, sequenced, and their phylogenetic affilia-
tions were determined. The sequences correspond-
ing to the bands excised from the DNA-DGGE gel
were similar to those corresponding to the bands
excised from the RNA-DGGE gel (100% identity).
The two DGGE bands common to both "*C profiles
of —worms and + worms samples corresponded to
Methylobacter- and Methylosarcina- (Wise et al.,
2001) related 16S rRNA gene sequences, clustering
among the type I methanotrophs. The band specific
to the DGGE profiles obtained with "*C-DNA and
C-RNA from the +worms microcosm sample
corresponded to a Bacteroidetes-related 16S rRNA
sequence (Figure 2).

Primers specifically targeting 16S rRNA genes
from type I or II methanotrophs were used to
investigate the effect of earthworms on methano-
troph community structure. As observed with the
universal bacterial 16S rRNA gene primers, the **C-
DNA and "C-RNA profiles obtained with type I
methanotroph-specific 16S rRNA gene primers were
mainly composed of two intense bands (Figure 3) in
contrast to the '*C- profiles that appeared more
complex. Sequencing of these 16S rRNA genes from
the DGGE gels showed that the two bands dominat-
ing the "*C profiles corresponded to the methano-
troph sequences identified in the **C profiles using
universal bacterial 16S rRNA gene primers: Methy-
lobacter- and Methylosarcina-related 16S rRNA gene
sequences. Whereas the DGGE profiles obtained
with *C-DNA and "*C-RNA from the —worms and
+worms microcosms were similar, some slight
differences were observed in the "*C-DNA 16S TRNA
gene DGGE profiles (Figure 3).

DGGE profiles obtained for the **C- and *C-DNA
and RNA with type II methanotroph-specific 16S
rRNA gene PCR primers were similar, for all the
samples tested (data not shown), and contained two
dominant bands. Sequencing of these bands excised
a - wWorms - WOorms

+ Worms b + worms

!
]
[AIETETT

Figure 1 Denaturing gradient-gel electrophoresis (DGGE) target-
ing the bacterial 16S ribosomal RNA genes obtained for the
12C- and "*C-DNA fractions (a) and the ?C- and *C-RNA fractions
(b) from landfill cover soil samples incubated without (—worms)
and with worms (+ worms). Lane L corresponds to a molecular
mass ladder. Black arrows indicate DGGE bands that have been
sequenced.
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from both heavy- and light-fraction DGGE profiles

revealed that they corresponded to highly similar
sequences (99% identity). Phylogenetic analysis
assigned these two 16S rRNA gene sequences to
Methylocystis-related bacteria (data not shown).

pmoA and mmoX diversity

To complement the data obtained with 16S rRNA
gene analyses, the distributions of pmoA and
mmoX, two key genes for methanotrophy, were
investigated in both —worms and + worms samples
using complementary molecular biology techniques.
Clone libraries were constructed for both genes
using DNA extracted from —worms and + worms
microcosm soil samples.

pmoA diversity
Around 10% of the pmoA sequences were suspected
to be chimaeras and were removed from the clone

901 Methylobacter psychrophilus (T)AF152597
Methyiobacter sp. T20 AF131868

13C - worms and + worms
Methylobacter luteus AF304195

96! Methylobacter sp. BBS1 AF016981
Methylomonas methanica AF150806

99! Methylomonas scandinavica AJ131369

6 13C - worms and + worms

I: Methyiosarcina lacus LW14 AY007296
-Methylosarcina quisquiliarum AF177297
100' Methyiosarcina fibrata AF177296
Methylomicrobium pelagicum (T) X72775
Methyiomicrobium sp. NI D89279
57— Methylomicrobium buryaticum AF096093
Methyiococcus thermophilus (T) X73819
Methylococcus capsulatus (T) X72770
Methylocaidum gracile (T) U89298
Methylocaldum szegediense (T) U89300

67 Bacteroides fragilis (T) X83935
—W)Emtemzdes acidofaciens (T) AB021164
Bacteroides uniformis (T) L16486
Cytophaga sp. AB015532
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Cytophaga fermentans (T) M58766
Unc Cytophaga Sval038 AJ240979
Unc bacterium AF323778
Unc eubacterium AF050545
—100|——Unc bacterium AF068798
Unc bacterium AF419688
78 1BC + worms
Fluviicola tajfensis AF493694
Unc bacterium AM158394
76— Unc bacterium DQ450182
—i Nitrosomonas europaea AF037106
100 Nitrosococcus mobilis AF037105
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Figure 2 Phylogenetic neighbour-joining tree of partial 16S
ribosomal RNA (16S rRNA) sequences, showing the relationship
of sequences from denaturing gradient-gel electrophoresis (DGGE)
bands obtained with both "C-DNA and '*C-RNA samples to
sequences of pure cultures and 16S rRNA gene sequences
obtained in other cultivation-independent studies. DGGE band-
derived sequences from this study are indicated by boldface type.
Only bootstrap values >50% are indicated. Scale bar=0.02
change per base position.
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Figure 3 Denaturing gradient-gel electrophoresis (DGGE) speci-
fically targeting the type I methanotroph 16S rRNA genes from the
12C- and *C-DNA fractions (a) and from the **C- and *C-RNA
fractions (b). Lane L corresponds to the molecular mass ladder.
Black arrows indicate bands that have been sequenced.

library analysis. Forty-five pmoA clones obtained
from —worms microcosm and 47 pmoA clones
obtained from + worms microcosm clones were
grouped into eight OTUs according to their restric-
tion patterns. At least one representative of each
OTU (two for OTUs containing more than five
clones, three for OTUs containing more than ten
clones) was sequenced. Phylogenetic analysis of
pmoA sequences indicated that two OTUs were
dominant in pmoA libraries constructed using DNA
from both —worms and -+ worms libraries, corres-
ponding to  Methylomicrobium/Methylosarcina
(OTU1) and Methylocystis (OTU2)-related pmoA
sequences. In both libraries, type Ia pmoA se-
quences represented 60 and 66% of the pmoA
clones in the —worms and + worms libraries,
respectively, and were Methylomicrobium/Methylo-
sarcina- and Methylobacter-related sequences. Type
IT methanotrophs accounted for 40 and 34% of the
—worms and +worms clones, respectively, and
were only represented by Methylocystis-related
pmoA sequences (Figure 4). No pmoA sequences
from the type Ib methanotroph genera Methylocal-
dum, Methylothermus, Methylococcus or the type la
genus Methylomonas or the type II genus Methylo-
sinus were found.

To complement data obtained from pmoA clone
libraries, a pmoA microarray was used to investigate
the diversity of this functional gene at different
taxonomic levels. Hybridization signal patterns
reflected the high diversity of pmoA sequences
belonging to both types I and II groups retrieved in
all of the DNA samples (Figure 5). For the type I
methanotrophs, high hybridization signal intensi-
ties were observed for probes targeting the pmoA
from the genera Methylobacter, Methylomicrobium
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Figure 4 Phylogenetic neighbour-joining tree of partial PmoA
sequences derived from the pmoA clone libraries (Poisson
correction). The percentage of each operational taxonomic unit
(OTU) among each library is indicated within parentheses, ‘—w’
indicates —worms library and ‘+ w’ indicates + worms library.
Only bootstrap values >50% are indicated. Scale bar=0.05
change per base position.

and Methylosarcina (type la) and lower signal
intensity was obtained for probe targeting genus
Methylocaldum (type Ib). Since high signal intensity
was obtained with the probe targeting both the
genera Methylomicrobium and Methylosarcina
(Mmb_562) and low signal intensity was obtained
with the probe targeting only the genus Methylomi-
crobium (Mmb_303), it is likely that Methylosarcina
and related bacteria are responsible for the high
signal intensity obtained with probe Mmb_562. For
the type II methanotrophs, very high hybridization
signals were obtained for probes targeting the pmoA
from the genera Methylocystis and Methylosinus,
suggesting their relative high abundance in all of the
samples. Interestingly, three genera that were not
detected at all in the pmoA clone libraries have been
detected with the pmoA microarray: Methylomonas
(type Ia, probe P_Mm531), Methylocaldum (type Ib,
probe Mcl408) and Methylosinus (type II). Two
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Figure 5 Microarray results showing hybridization patterns obtained for **C and **C DNA of both —worms and + worms samples with
the microarray pmoA probe set. Relative signal intensities are indicated by the different colours as shown on the colour bar (a value of 1
corresponding to the maximum achievable signal for an individual probe).

probes, targeting pmoA from the genus Methylocal-
dum (McI408) and the Upland soil cluster Gamma
(P_USCG-225), hybridized only with templates
generated from the unfractionated DNA and the
"?C-DNA of both samples (not for the "*C-DNA).
Considering the '"C-DNA samples, some probes
targeting type Ia methanotrophs showed a stronger
hybridization signal for the + worms sample than for
the —worms sample: Mmb303 (Methylomicrobium-
specific probe), P_Mm531 (Methylomonas-specific
probe) and P_MbSL#3-300 (Methylobacter-specific
probe). This increase in the relative abundance
of type Ia methanotroph signals in the "*C-DNA
of the +worms sample is supported by the fact
that a highest hybridization signal was also observed
for the generalist probe for type Ia methanotrophs
(O_Ia193).

mmoX diversity

Eighty-eight and 95 mmoX clones containing the
correct size insert derived from DNA extracted from
the —worms and + worms microcosms, respec-
tively, were analysed by restriction fragment-length
polymorphism (RFLP). These clones grouped into
three distinct OTUs. The dominant OTU (OTU1),
which represented 85 and 81% of the —worms and
the +worms clones, respectively, corresponded to
members of type II methanotrophs related to
Methylocystis species (Figure 6). These mmoX
sequences were also closely related to mmoX

sequences previously recovered from the same
Ufton landfill biocover soil (JC Murrell et al.,
unpublished). OTU2 and OTU3 could not be
affiliated to mmoX from any known methanotrophs,
since the highest percentage of identity to other
mmoX nucleotide sequences was 83%. However,
based on phylogenetic analysis, OTU2, which
represented 7 and 16% of the —worms and + worms
clones, respectively, is probably related to type I
methanotrophs; whereas OTU3, which represented
8 and 3% of the —worms and -+ worms clones,
respectively, is probably related to type II methano-
trophs. These two OTUs may correspond to mmoX
sequences of uncultivated methanotrophs (Figure 6).
Type Il-related mmoX sequences were dominant in
both libraries, whereas type I-related mmoX ac-
counted for 7 and 16% of the —worms and + worms
microcosm-derived clones, respectively.

Discussion

For a better control of methane emissions, landfill
management practice requires a detailed knowledge
of the microorganisms involved in methane oxida-
tion and a better understanding of the environmen-
tal parameters that regulate this biological process.
The mechanism by which earthworms enhance
methane oxidation efficiency has been investigated,
with particular emphasis on the active component
of the bacterial methanotroph community.

The ISME Journal
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Figure 6 Phylogenetic neighbour-joining tree of partial MmoX-
derived sequences from the mmoX clone libraries (Poisson
correction). The percentage of each operational taxonomic unit
(OTU) among each library is indicated within parentheses, ‘—w’
indicates —worms library and ‘+ w’ indicates + worms library.
Only bootstrap values >50% are indicated. Scale bar=0.05
change per base position.

Methanotroph diversity in the landfill soil

On the basis of pmoA clone libraries and particu-
larly on pmoA microarray results, a high diversity
of pmoA sequences related to both types I and II
methanotrophs has been retrieved as reported for
other landfill biocover soils (Wise et al., 1999;
Bodrossy et al., 2003; Uz et al., 2003; Crossman
et al., 2004; Stralis-Pavese et al., 2004). In the Ufton
landfill biocover soil, types I and II methanotrophs
seemed to be highly diverse with several genera
being detected, in particular, after pmoA microarray
analysis. Conversely, the diversity of mmoX-carry-
ing methanotrophs was low, with more than 80% of
the sequences relating to Methylocystis sp. se-
quences.

Active methanotrophs identified in "C-DNA and
C-RNA by DGGE were related to 16S rRNA from
the type I genera Methylobacter and Methylosarcina
and to 16S rRNA from the type II genus Methylo-
cystis. These results are in agreement with pmoA
hybridization patterns obtained with the *C-DNA.
On the basis of previous SIP experiments, bacteria
that actively oxidize methane were identified as
belonging to a broad range of type I and type II
methanotrophs in a peat soil (Morris et al., 2002)
and in Movile cave (Hutchens et al., 2004), whereas
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it has been hypothesized that only type I methano-
trophs were responsible for the majority of CH,
oxidation in Russian soda lake sediments (Lin et al.,
2004).

The different molecular methods used in this
study identified the same dominant and active
methanotrophs. Other studies (Costello and Lid-
strom, 1999; Horz et al, 2001) have similarly
concluded that 16S rRNA and pmoA-based methods
gave similar methanotroph community structure
profiles, both approaches being complementary.
The congruent results obtained with the clone
libraries and the microarray are confirmed by the
fact that the dominant pmoA clones had perfect
sequence matches with the most intensely hybri-
dized pmoA probes (data not shown). However,
microarrays gave a more complete view of the pmoA
diversity in the soil samples studied, with a higher
diversity of pmoA sequences retrieved, confirming
the suitability of this high throughput method for
assessing a wider diversity of pmoA genes present in
the target environment (while pmoA gene libraries
may only reveal the most abundant pmoA phylo-
types). This difference observed in terms of the
diversity recovered may also result from cloning
bias and the low number of clones analysed,
resulting in a poor representation of the methano-
troph diversity in the clone libraries. Analysis of
type I DGGE, "C-DNA and RNA profiles of both
samples suggested a high diversity of type I, whereas
only few distinct bands were observed in the **C
DNA and RNA profiles, suggesting that the domi-
nant member of the bacterial community was not
necessarily active. On the contrary, pmoA micro-
array results showed only few differences between
hybridization patterns for ?C and **C samples,
suggesting that almost all of the methanotrophs
detected were active. This could be due to the lack
of specificity of type I 16S rRNA gene primers when
applied to a complex bacterial community. In **C-
DNA or RNA, the proportion of type I methano-
trophs among total bacteria might be too small to
avoid the amplification of nonmethanotrophic
bacteria. Hybridization of both ?C- and "*C-DNA to
the pmoA microarray allowed a more precise
discrimination between the active and the non-
active methanotrophs. The hybridization signals
obtained for the Methylocaldum (Mcl408) and Up-
land Soil Cluster gamma probes (P-USCG-225 and
P-USCG-225b; Figure 5) only with the unfractio-
nated and the *C-DNA, but not with the **C-DNA
samples, suggested that these bacteria were present
in the soil, but were not actively oxidizing methane.

In this study, RNA-SIP and DNA-SIP have been
compared. Lueders et al. (2004) combined RNA-
and DNA-SIP to monitor activation and temporal
dynamics of methylotrophs in soil. The authors
suggested that after 6 days of incubation with
labelled substrate, RNA-SIP recovered the initially
active bacteria, whereas a specific enriched methy-
lotroph was identified after 42 days of incubation



using DNA-SIP. A recent publication also demon-
strated the faster incorporation of label into RNAs
(Manefield et al., 2007). However, DNA-SIP sensi-
tivity has been improved, and the amounts of
substrate as well as the incubation times have been
significantly optimized (Neufeld et al., 2007). In our
study, 7 days of incubation with 11 umol of **C-
CH, g * soil were sufficient for efficient labelling of
both DNA and RNA and results obtained with DNA-
and RNA-SIP based on 16S rRNA DGGE analyses
were quite similar. This suggests that, after 7 days
incubation with '*C-CH,, all the active methane-
consuming bacteria synthesized DNA. However, it is
not excluded that results would have been different
if RNA- and DNA-SIP had been compared for
successive earlier time points. Slight differences in
2C profiles between RNA- and DNA-based DGGE
profiles were observed, suggesting that the domi-
nant member of the bacterial community was not
necessarily active.

Earthworm effects on bacterial community structure
The Bacteroidetes-related bacterium identified in
the "*C-DNA and RNA of earthworm-incubated soil
was the only obvious modification in the total
bacterial community structure observed by DGGE.
It is the first time that Bacteroidetes have been
identified as potentially playing a role in methane
oxidation. Even if Bacteroidetes have been identi-
fied in some methane-rich environments (Scholten-
Koerselman et al., 1986; Reed et al., 2002, 2006),
there is lack of evidence concerning the possible
capacity of the Bacteroidetes we identified to
oxidize methane. This result might be due to a
cross-feeding phenomenon, that is the consumption
by the Bacteroidetes-related bacteria of a labelled by-
product produced by the methanotrophs during
methane oxidation. An alternative hypothesis is
that due to food web interactions, dead **C-labelled
methanotrophs have been consumed by Bacteroi-
detes. Further investigations are necessary to deter-
mine if this bacterium can oxidize methane.
Microarray data are semiquantitative, thereby
enabling the direct comparison of the relative
abundance of target sequences (here pmoA se-
quences) in a number of environmental samples
(discussed in Bodrossy et al., 2003; Neufeld et al.,
2006). On the basis of pmoA microarray results
obtained with *C-DNA, the relative abundance of
type Ia methanotrophs appeared higher in the
earthworm-incubated soil. This is suggested since
the highest hybridization signals were observed for
the generalist probe targeting the type Ia (O_Ia193)
pmoA and other pmoA probes targeting several
genera of type Ia methanotrophs (that is the
Methylomicrobium probe Mmb303, Methylomonas
probe P_Mm531 and Methylobacter probe
P_MbSL#3-300). Furthermore, considering results
from analysis of both pmoA and mmoX libraries,
the percentage of type I methanotroph-related
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sequences was higher in the earthworm-incubated
soil. These differences should not be considered as
significant since clone libraries are not quantitative
but this trend supported the microarray results,
which indicate the greater abundance of pmoA
sequence types in DNA or RNA samples, suggesting
that earthworms might have stimulated growth or
activity of type I methanotrophs. These finding are
in agreement with the assumption that type I
methanotrophs probably react faster to changing
conditions than type II methanotrophs, owing to a
higher growth rate (Graham et al., 1993; Bodelier
et al., 2000; Henckel et al., 2000). This growth or
stimulation of activity could be correlated with a
nitrogen supply and/or an improved nutrient avail-
ability directly linked to earthworm activity (Need-
ham, 1957; Buse, 1990). In this study, the relative
amounts of ammonia and nitrate were strongly
influenced by the earthworm activity (Table 1).
The highest nitrate content and the lowest ammonia
content in the earthworm-incubated soil suggest a
possible stimulation of nitrifier activity. A higher
number of nitrifiers have been reported in earth-
worm burrow walls (Parkin and Berry, 1999), as well
as in casts (Mulongoy and Bedoret, 1989) in
comparison with the underlying soil, which was
correlated to a higher content of mineral nitrogen in
the soil. Nitrifiers possess the ammonia monoox-
ygenase, an enzyme that is evolutionary related to
the MMO, and can to some extent co-oxidize
methane. However, the contribution of nitrifiers to
the global methane cycle is unclear and sometimes
controversial (Holmes et al., 1995). Further investi-
gations on the nitrifier communities will be neces-
sary to determine the extent to which this group of
bacteria could be involved in the earthworm-
mediated increase in methane oxidation rates
observed in the landfill soil studied.

Conclusions

We proposed the hypothesis that earthworms could
stimulate the growth or the activity of methano-
trophs. We showed that the earthworm-mediated
increase of methane oxidation in the landfill bio-
cover soil only weakly correlated with a shift in the
structure of the active methanotroph population.
Future work needs to focus on the relationship
between this earthworm effect on enhanced
methane oxidation in landfill cover soil and this
effect on bacterial activity and growth. The possible
contribution of an enriched population of nitrifying
bacteria to methane oxidation also requires further
investigation.
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