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Abstract Methanotrophs must become established and active
in a landfill biocover for successful methane oxidation. A lab-
scale biocover with a soil mixture was operated for removal of
methane and nonmethane volatile organic compounds, such as
dimethyl sulfide (DMS), benzene (B), and toluene (T). The
methane elimination capacity was 211+40 gm_2 d! at inlet
loads of 330-516 gm 2 d'. DMS, B, and T were completely
removed at the bottom layer (40-50 c¢cm) with inlet loads of
221.6+92.2, 99.6+19.5, and 23.4+4.9 mg m > d ', respec-
tively. The bacterial community was examined based on DNA
and RNA using ribosomal tag pyrosequencing. Interestingly,
methanotrophs comprised 80 % of the active community
(RNA) while 29 % of the counterpart (DNA). Types I and II
methanotrophs equally contributed to methane oxidation, and
Methylobacter, Methylocaldum, and Methylocystis were dom-
inant in both communities. The DNA vs. RNA comparison
suggests that DNA-based analysis alone can lead to a signifi-
cant underestimation of active members.

Keywords Biocover - Methanotroph - DNA - RNA -
Pyrosequencing - Microbial ecology

Introduction

Landfills are a significant source of the greenhouse gas
methane, which accounted for approximately 5 % of the
net world methane production in 2005 (Denman et al. 2007;
Bogner et al. 2007). Biotic methane mitigation systems, e.g.,
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landfill biocover, have been used to mitigate methane emis-
sions from landfill sites where the emitted CH4 concentra-
tion is too low for flaring and energy recovery and/or
installation of a gas collection system is not feasible. It is
necessary for successful methane removal that methano-
trophs become well established and active in landfill cover
systems.

Landfill cover soil is often manipulated with inorganic
and organic materials to improve the establishment and
activity of methanotrophs (Park et al. 2008; Scheutz et al.
2009a). For instance, Park et al. (2008) reported that earth-
worm cast and powdered activated carbon were capable of
enhancing the methanotrophic activity of landfill cover
soils. Earthworm cast is a vermicomposting product, which
released nutrients slowly into soil, resulting in a higher level
of microbial activity and biomass (Chaoui et al. 2003).
Earthworm cast can enhance methane oxidation, since its
macroaggregates improve soil porosity (Bossuyt et al.
2005). Our recent reports showed that earthworm cast intro-
duced into soil enhanced the methane oxidation potentials,
since earthworm cast can be a significant source of meth-
anotrophs (Moon et al. 2010). In addition, earthworm cast
was shown to increase the population level of methano-
trophs by more than 15-fold in a lab-scale biocover exper-
iment (Kim et al. 2011). Furthermore, granular-activated
carbon (GAC) holds great promise for use in enhancing
methane oxidation of cover soil. Rivera-Utrilla et al.
(2001) summarized that GAC enriches nutrient and oxygen
concentrations, provides a protective habitat for microorgan-
isms, and neutralizes toxic compounds. GAC also can im-
prove aeration of the soil.

Methane oxidation capacity depends on the establish-
ment of methanotrophs in biocover systems. The relative
abundance of methanotrophs reflects their fitness and estab-
lishment, which should be considered when evaluating
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biocover materials. A number of molecular ecological tech-
niques can be used to assess the relative abundance of
methanotrophs within a microbial community. Pyrosequenc-
ing, a high-throughput sequencing technique, is perhaps the
most powerful tool for microbial compositional studies to
date (Gaidos et al. 2011; Will et al. 2010). The recently
developed Genome Sequencer 454 FLX Titanium system
produces greater than 1,000,000 sequence reads with >400-
nt read lengths. Molecular community analyses have been
largely dependent on DNA in environmental biotechnology
areas. However, DNA-based analysis cannot separate actu-
ally active ones from a DNA pool. Ribosomal RNA-based
community analysis has become popular in microbial ecol-
ogy, since the rRNA content per cell can reflect growth
activity (Wagner 1994; Vandecasteele et al. 2001). DNA-
based analysis represents both active and dormant cells
(naked DNA as well), while ribosomal RNA-based analysis
is more likely to represent active cells (Gaidos et al. 2011;
Felske et al. 1998). Comparison of ribosomal RNA- and
DNA-based communities can determine if abundant taxa are
active and if rare but active taxa are present (Gaidos et al.
2011).

In the present study, accurate information on the fitness
of methanotrophs in a biocover was obtained by comparison
of DNA- and RNA-based pyrosequencing libraries. In ad-
dition, the effect of biocover depth on bacterial community
was evaluated. A lab-scale biocover was prepared using
soil, earthworm cast, GAC, and saprolite (4:1:1:1, w/w).
Landfill gas contains a wide variety of nonmethane organic
compounds (NMOC:s) at trace level (parts per million—parts
per thousand), e.g., benzene (B), toluene (T) and dimethyl
sulfide (DMS) (Kim et al. 2005; Bogner et al. 2003). The
performance of the biocover for mitigating methane and
malodorous and toxic NMOCs, such as DMS, B, and T,
was evaluated. The bacterial community composition of the
biocover was identified by ribosomal tag pyrosequencing,
which was based on RNA and DNA.

Materials and method
Soil mixture preparation

Soil was collected from landfill cover soil at a depth of 10—
30 cm (Gapyeong-gun, Kyungido, South Korea). Soil was
sieved through a 2-mm mesh and stored at room temperature
prior to use. GAC with a diameter of 4-8 mm was purchased
from Jaeil Carbon, Co. Ltd., Yong-in, South Korea. A batch
experiment confirmed that the GAC has no methane sorption
capacity (data not shown). Earthworm cast (a moisture content
of 8.86 %, a C:N ratio of 40, and an organic matter content of
56.29 %, pH 4.17, and a bulk density of 0.46) was obtained
from the Nanji municipal sewage treatment plant, Goyang,
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Kyungido, South Korea (Moon et al. 2010). A consortium of
mixed earthworms were cultivated with municipal sewage
sludge for more than 2 years and air-dried for 6 months under
natural conditions. Earthworm cast was sieved through a 2-mm
mesh and stored at room temperature. Commercial saprolite
with a diameter of 3 mm (Kyungseo Co. Ltd., Seoul, South
Korea) was obtained and stored at room temperature. Saprolite
was used to improve soil aeration. Soil, GAC, earthworm cast,
and saprolite were completely mixed (4:2:1:1, w/w), and the
moisture content was adjusted to 20 % with distilled water.

Lab-scale biocover

An acryl column was used to simulate landfill cover envi-
ronments. A lab-scale biocover system was made up of two
sections: the packing and ventilating sections with an inner
diameter of 8 cm (Fig. 1). The packing bed of the packing
section was 50 cm long (a volume of 2.5 L) and had a
perforated plate at the bottom. It had gas sampling ports at
0, 10, 20, 30, 40, and 50 cm from the top. A gas inlet port
was installed at the bottom. The ventilating section (a height
of 15 cm) with air inlet and gas outlet ports was assembled
on the packing column by rubber packing and six bolts/nuts.
Gas tightness of the biocover system was verified with
compressed air before use. The prepared soil mixture was
filled up with the packing section (approximately 4 kg).
Commercial media bottles (500 mL) were used as vola-
tilization chambers. DMS, B, and T were allowed to vapor-
ize from their chambers as follows: 100 mL of DMS (99 %,
Acros Organics Inc., Geel, Belgium), B (99.7 %, Kanto
Chemical Inc., Tokyo, Japan), or T (99.7 %, Kanto Chem-
ical) solution was mixed with 100 mL of commercial corn
oil to reduce excess vaporization. A synthetic gas of CH,/
CO; (2:3 v/v) was commercially purchased from Seoul Gas

Air

CH,/CO,
cylinder

Fl

Dl Benzene

Toluene

Humidifier

Gas flow meter

Fig. 1 The lab-scale biocover system
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Inc., Seoul, South Korea. This synthetic gas was passed
through a 50-cm long humidifier and then combined with
DMS, B, and T that had vaporized from the volatilization
chambers, before entering the biocover. DMS, B, and T
were added periodically to maintain the desired concentra-
tions. This landfill gas (CH4, CO,, DMS, B, and T) was
continuously introduced into the biocover. Compressed air
was entered into the top of the ventilating section at a flow
rate of 100 mL min '. Gas flows were controlled using
commercial flow meters (air flow meter, Dwyer Inc.,
Michigan City, USA and CH4 flow meter, Kofloc Inc.,
Kyoto, Japan).

During a 40-day acclimation period, methane, DMS, B,
and T were fed at concentrations of 400,000, 10-700, 10—
420, and 10-80 ppm, respectively, at a flow rate of
5 mL min' (a space velocity of 0.12 h™"). After the accli-
mation period, methane, DMS, B, and T were fed at con-
centrations of 400,000, 115-3,000, 100-800, and 20—
150 ppm, respectively, at a flow rate of 5 mL min '. Air
was entered into the headspace of the ventilating section at a
flow rate of 100 mL min '. The biocover system was
operated at 20+5 °C. Soil moisture was maintained by
adding 200 mL of distilled water every 7 days. Methane
oxidation efficiencies were calculated from methane fluxes
of the inlet and outlet of the biocover system. Methane flux
at the inlet was calculated from the inlet flow rate and
methane concentration. Methane flux out of the system
was calculated from the outlet flow rate and methane con-
centration. DMS and B/T oxidation efficiencies also were
calculated by the same calculation method.

Gas analysis

Methane, DMS, B, and T concentrations were monitored
using gas chromatography (GC, 6850N, Agilent Technolo-
gies Inc., Santa Clara, USA), which was equipped with a
flame ionization detector (FID) and a wax column (30 mx
0.32 mmx0.25 pum, Supelco Inc., Bellefonte, USA), as
previously described by Lee et al. (2010). O, and N, con-
centrations were monitored using GC (7890A, Agilent),
equipped with a capillary column (30 mx0.53 mmx
28 um, HP Molesieve 5A, Agilent), and a thermal conduc-
tivity detector (TCD). The oven, injector, and detector tem-
peratures were set at 50, 200, and 250 °C, respectively. CO,
concentrations were monitored using GC (6890N, Agilent)
equipped with a HP-PLOT/Q column (30 mx0.53 mmx
40 um) and a TCD. The oven, injector, and detector temper-
atures were set at 60, 100, and 250 °C, respectively.
Standard curves for gas analyses were established using
CH,4, DMS, B, T, N,, O,, and CO, standard gases. Pure
CHy, N,, O,, and CO, gases were commercially purchased
and used as standard gases. The concentrations of the CHy
standard ranged from 250 to 75,000 or 50,000 to

450,000 ppm. N,, O,, and CO, concentration standards
ranged from 2,500 to 300,000, 9,000 to 1,000,000, and
200 to 666,667 ppm, respectively. DMS, B, T, and MT
standard gases were prepared as follows: serum bottles
(600 mL) were washed several times and oven-dried. The
bottles were sealed with a butyl-rubber stopper and an
aluminum cap. Two microliters of DMS, B, or T solution
were added with a microsyringe into each bottle. The bottles
were shaken until the DMS, B, and T solutions were com-
pletely volatilized. The detection limits were 20, 25, 10, 50,
0.5, 1, and 1 ppm for O,, N,, CH4, CO,, DMS, B, and T,
respectively.

Nucleic acid extraction

Soil mixtures were collected from depths of 0-10, 20-30, and
40-50 cm from the top at the end of the experimental period.
They were immediately frozen at —70 °C. Genomic DNA was
extracted from 0.5 g soil mixture in duplicate. DNA was
extracted using a NucleoSpin Soil kit (Macherey-Nagel
GmbH & Co. KG, Diiren, Germany) with a modification
wherein the samples were disrupted using a BeadBeater-8 sys-
tem (BioSpec Inc., Bartlesville, USA) at 5,000 rpm for 30 s.
DNA was eluted in 100 pL of the elution buffer and stored at
—20 °C prior to use. DNA was quantified using an ASP-2680
spectrophotometer (ACTGene Inc., Piscataway, USA).

RNA was extracted from the top layer (0—10 cm) in
duplicate. For RNA extraction, 0.5 g of the soil mixture
were added to 2-mL microcentrifuge tubes containing
0.1 mm glass beads and 1 mm zirconia/silica beads (0.5 g
each). Equal amount (0.5 mL) of hexadecyltrimethylammo-
nium bromide (CTAB) buffer (10 % CTAB in 0.7 M NaCl
and 240 mM potassium phosphate buffer (pH8)) and phe-
nol:chloroform:isoamylalcohol (25:24:1) was then added.
Samples were disrupted using a BeadBeater-8 system (Bio-
Spec) at 5,000 rpm for 30 s and centrifuged at 12,000 g for
5 min at 4 °C. The top aqueous layers were transferred to
new 1.5-mL tubes, and an equal volume of chloroform:
isoamyl alcohol (24:1) was added to the tubes. After mixing
well, the tubes were centrifuged at 12,000 xg for 15 min at
4 °C. The top aqueous layers were transferred to new 1.5-ml
tubes, and 0.1 volumes of 3 M NaOAc (pH 5.2) and 2.5
volumes of 100 % EtOH were added to the tubes. The samples
were incubated at —20 °C for at least 2 h and centrifuged at
16,000x g for 15 min at 4 °C. Pellets were washed with 70 %
EtOH, and the tubes were centrifuged at 16,000x g for 5 min
at 4 °C. Pellets were air-dried briefly and resuspended in
50 uL 0.1 % DEPC-treated water. RNA was immediately
purified using a Qiagen RNeasy Mini kit (Qiagen Inc., Valen-
cia, USA) with a RNase-Free DNase set (Qiagen) according to
the manufacturer’s instructions. RNA was quantified using an
ASP-2680 spectrophotometer (ACTGene). All RNAs were
stored at —70 ° C before use. DNA contamination was
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confirmed by PCR with a 340F-805R primer set which infor-
mation is shown below. The 50-uL mixtures contained 5 pL
of 10x PCR buffer (GenenMed Inc., Seoul, South Korea),
1 uL of each primer (10 uM), 1 U of Ace Taq polymerase
(GenenMed), 4 uL of 2.5 mM dNTPs, and 1 uL of RNA. The
reaction was performed in a 2700 GeneAmp® PCR system
(Applied Biosystems Inc., Foster, USA). An initial denatur-
ation step at 95 °C for 3 min and 25 cycles of denaturation at
94 °C for 30 s, primer annealing at 50 °C for 30 s, and
elongation at 72 °C for 30 s were performed, which was
followed by the final elongation step at 72 °C for 5 min.
PCR results were confirmed by 2 % agarose gel electropho-
resis. No positive results were obtained from RNA (data not
shown).

Reverse-transcription PCR

RNA was reverse-transcribed using a Qiagen OMNI RT kit
(Qiagen) according to the manufacturer’s instructions. Each
reaction mixture (20 pL) consisted of 1x RT Sensiscript
buffer, each deoxynucleoside triphosphate at a concentration
of 0.5 mM, random hexamer at 10 uM, 10 U of RNase
inhibitor (RNaseOUT™, Invitrogen Inc., Grand Island,
USA), 1 uL of RT-Sensiscript reverse transcriptase, and
10 uL of RNA.

Polymerase chain reaction (PCR) for pyrosequencing

Pyrosequencing analysis was performed in duplicate on
DNA and cDNA from the top layer (0—10 cm). This analysis
also was performed on DNA from the middle (20-30 cm)
and bottom (40-50 cm) soils (no duplication). Thus, there
were six pyrosequencing libraries.

For PCR, the primer set 340F (5'-TCCTACGGGAG
GCAGCAG-3") and 805R (5'-GACTACHVGGGTAT
CTAATCC-3") was used to amplify the 340-805 region of
the 16 S rRNA gene (positions based on Escherichia coli)
containing the V3 and V4 regions. The 340F and 805R
primers cover approximately 90 % of the sequences with a
300-850 region (based on the 16S rRNA gene of E. coli) in
the RDP database (http:/rdp.cme.msu.edu). Six different
composite primer sets were made based on the 340F-
805R set for multiplex pyrosequencing; the composite
forward primer 5'-CCATCTCATCCCTGCGTGTCTCC
GAC-TCAG-NNNNNNNNNN-TCCTACGGGAGG
CAGCAG-3" and the composite reverse primer 5'-
CCTATCCCCTGTGTGCCTTGGCAGTC-TCAG-GA
CTACHVGGGTATCTAATCC-3', where the underlined
sequence is the Genome Sequencer FLX Titanium primer A,
the sequence in italics is the four-base library key,
NNNNNNNNNN is the 10-bp multiplex identifier tag, and
the last is the primer targeting the 16S rRNA gene. For each
sample, four independent PCR mixtures were prepared in
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parallel to avoid PCR bias. The 50-uL mixtures contained
5 uL of 10x PCR buffer (GenenMed), 10 pg of bovine serum
albumin, 2 puL of each composite primer (10 uM), 1 U of Ace
Tag polymerase (GenenMed), 4 uL of 2.5 mM dNTPs, and
2.5-3 pL of template DNA. The reactions were performed
using a 2700 GeneAmp® PCR system (Applied Biosystems).
An initial denaturation step at 95 °C for 3 min and 25 cycles of
denaturation at 94 °C for 45 s, primer annealing at 50 °C for
45 s and elongation at 72 °C for 45 s were performed, which
was followed by a final elongation step at 72 °C for 5 min.
Four PCR products were combined, and the PCR products
were subjected to electrophoresis using 2 % low melting
agarose gel. The expected size of the PCR products was about
530 bp. Agarose gels containing the PCR products were
excised using a scalpel and then purified using the QIAquick
Gel extraction kit (Qiagen), as specified by the manufacturer.
Concentrations of the purified DNAs were measured using an
ASP-2680 spectrophotometer (ACTGene). Equal amounts of
the purified DNAs were combined in a single tube and sent to
Macrogen Incorporation (Seoul, South Korea) to be run on a
Genome Sequencer 454 FLX Titanium system (Roche
Diagnostics Inc., Mannheim, Germany).

Pyrosequencing data analysis

For high-quality sequences, primer sites of sequences were
trimmed, and low-quality and chimera sequences were ex-
cluded. Primer sites and low-quality sequences (length
<400 nt, average quality score <25, and with an ambiguity)
were removed using the RDP pyrosequencing pipeline
(Cole et al. 2009). Any possible chimeras were removed
using Black Box Chimera Check software (Gontcharova et
al. 2010) at the default setting. The RDP pyrosequencing
pipeline was used for analyzing pyrosequencing data in this
study unless otherwise stated. Operational taxonomic units
(OTU) were determined at 3 % dissimilarity, and Chaol
richness estimates (Chaol) and Shannon—Weaver diversity
indices (H') were calculated. Pyrosequencing reads were
taxonomically assigned using the RDP classifier of the
pipeline with bootstrap values more than 80 %. The RDP
classifier provides rapid and independent taxonomic classi-
fications from domain to genus. The classification results
were analyzed using MEGAN software version 4.50 (Huson
et al. 2007). Bacterial communities were compared using the
function of “Goodall-normalized” in the MEGAN software.

Reads assigned to methanotrophic genera (Semrau et al.
2010; Iguchi et al. 2011) belonging to type I (-Proteobacteria)
and type II methanotrophs (a-Proteobacteria) from the pyrose-
quencing libraries. OTUs were determined at 1 % dissimilarity,
and Chaol and A’ were calculated. For further classification of
methanotrophic genera to species, sequences representing
OTUs were compared with those of bacterial-type strains using
the EzTaxon server version 2.1 (http://www.eztaxon.org)
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(Chun et al. 2007). Sequences were identified at species level
when the similarity was more than 99 %. If not, sequences were
identified at the genus level. The pyrosequencing reads
obtained in this study were deposited into the DNA Data Bank
of Japan (DDBJ) Sequence Read Archive (http:/trace.ddb.
nig.ac.jp/dra) under accession no. DRA000520.

Results
Lab-scale biocover performance

During a 40-day acclimation period, the methane removal
efficiency increased from 0 to 30 %, while DMS, B, and T
were completely removed after 30 days (data not shown).
Figure 2 shows the inlet and outlet concentrations and removal
efficiencies of methane, DMS, B, and T after the acclimation
period. The methane removal efficiency was 47.3+8.4 %. The
methane elimination capacity (EC) was 211.0£40.4 gm 2 d '
at inlet loads of 330.1-515.8 gm 2 d "', with a maximum level
of273.1 gm 2 d " at an inlet load of 501.0 gm > d"'. DMS, B,
and T were completely removed at inlet loads of 5.34+2.2, 2.4+
0.5, and 0.6+0.1 gm > d "', respectively.

Gas profiles

Profiles of CHy4, N,, CO,, O,, DMS, B, and T were found to
be stable during the 27-day experimental period. Figure 3
shows depth profiles on days 2 and 26. The N, profile
indicated that ambient air diffused into the whole column.
Most of the O, was consumed at the top layer (0-10 cm),
but trace O, (<7,500 ppm) was present in the bottom layer
(10-50 cm). Methane and CO, concentrations declined from
the bottom to the top. The CO,/CH,4 (mole to mole) ratios
were 8.36, 1.92, 1.83, 1.71, 1.49, and 1.40 on day 2 and
8.05,3.07,2.21, 2.06, 1.74, and 1.68 on day 26 at 0, 10, 20,
30, 40, and 50 cm from the top, respectively. DMS, B, and T
were completely removed at the bottom layer (40-50 cm).

Comparison of DNA and RNA bacterial communities
in the top layer

DNA and RNA were extracted from the top layer (0—
10 cm) in duplicate, and ribosomal tag pyrosequencing
was performed. High-quality sequences (>400 nt, aver-
age quality score >25, and no ambiguity and possible
chimeras) were obtained after filtering steps. DNA, 1
and 2 and RNA,,, 1 and 2 libraries contained 1,240
sequences (average read length, 416) and 782 (421),
and 3,152 (412) and 842 (415), respectively (Table 1).
The numbers of observed OTU, Chaol, and H' indices
are listed at a sequence divergence of 3 % in Table 1.
Chaol and H' of the DNA,,, community did not
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Fig. 2 Removal efficiencies of methane (a), DMS (b), benzene (c),
and toluene (d) in the soil biocover after a 40-day acclimation period
(filled circle inlet, unfilled circle outlet, and filled square removal
efficiency)

significantly differ from those of the RNA,, communi-
ty (»>0.05). Mean values of Chaol and H' were 133.3
and 2.44 for the DNA,, community and 75.8 and 1.93
for the RNA,, community. A phylogenetic comparison
demonstrated replicate homogeneity as well as differ-
ence between the DNA,,, and RNA, communities
(Fig. 4a). The genus Pseudoxanthomonas dominated the
DNA,, community, followed by Methylocystis, Methylocal-
dum, Hyphomicrobium, Methylobacter, Rhodanobacter, and
Dokdonella (Fig. 4b). In contrast, methanotrophs, such as
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Methylocystis, Methylocaldum and Methylobacter, dominated
the RNA,,, community, followed by nonmethanotrophs.

Comparison of DNA and RNA methanotrophic
communities in the top layer

A total of six methanotrophic genera (Methylobacter, Meth-
ylocaldum, Methylomonas, Methylosarcina, Methylocystis,
and Methylosinus) were observed from the biocover. These
pyrosequencing reads were retrieved from the DNA,,, and
RNA,, libraries, and their methanotrophic communities
were analyzed. Sequence numbers, OTU, Chaol, and H'
are listed at a sequence divergence of 1 % in Table 1. Chaol
and H' values of the DNA,,, methanotrophic community did
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not differ from those of the active methanotrophic commu-
nity (p>0.05). Mean values of Chaol and H' were 52.9 and
1.91 for the DNA,,, methanotrophic community and 163.7
and 2.26 for the counterpart. Methanotrophs comprised
approximately 80 % of the active bacterial community
(RNAp,), while only approximately 29 % of the bacterial
community (DNA,,) (Fig. 5a). Methanotrophs were more
active than nonmethanotrophs in the top layer (»<0.05). The
abundance of type I methanotrophs did not differ from that
of type II in both communities (p>0.05). Methylobacter,
Methylocaldum, and Methylocystis were dominant in both
methanotrophic communities, and their relative abundances
were comparable between the methanotrophic communities
(Fig. 5b).

Comparison of bacterial communities (DNA) in the top,
middle, and bottom layers

DNA-based bacterial communities in the middle (20—
30 cm) and bottom (40-50 cm) layers were also analyzed.
DNA Ligaie and DNAp om libraries contained 1,870 (aver-
age read length, 422) and 904 (422) sequences, respectively.
The numbers of OTUs, Chaol, and A’ of the DNA ,iqdie
library were 77, 94.25, and 2.14, respectively, at a sequence
divergence of 3 %. Those of the DNAyq¢om library were 84,
119.00, and 2.99. Proteobacteria comprised 93.5 and 81.1 %
of the DNA ,iqq1e and DNAyom cOmmunities, respectively,
followed by Firmicutes. The DNA ;jqq1e cOmmunity includ-
ed three dominant orders: Xanthomonadales (59.5 % of the
whole community), Rhizobiales(16.1 %), and Methylococ-
cales (13.3 %). The DNAyotom library included Xanthomo-
nadales (38.7 %), Methylococcales (30.4 %), and
Rhizobiales (7.8 %). The genus Pseudoxanthomonas dom-
inated the DNA g1 community, followed by Methylocys-
tis, Methylobacter, Rhodanobacter, Hyphomicrobium, and
Methylocaldum (Fig. 6). The DNApoom cOmmunity includ-
ed Rhodanobacter, Methylobacter, Methylocaldum, Pseu-
doxanthomonas, and Hyphomicrobium in order of
abundance.

Four methanotrophic genera (Methylobacter, Methylocal-
dum, Methylosarcina, and Methylocystis) were observed
from the middle and bottom layers. The abundance of meth-
anotrophs was greater in the top layer (approximately 29 %)
than the middle and bottom layers (18.0 and 18.5 %, re-
spectively). Types I and II methanotrophs were similarly
abundant in the DNA,,;qqe methanotrophic community
(42.6 % vs. 57.4 %, respectively) with Methylocystis (type
II, 57.4 % of the methanotrophic community), Methylo-
bacter (1, 28.6 %), and Methylocaldum (1, 14.0 %). Unlike
the upper layers, type I members were predominant in the
bottom layer (92.2 %), with Methylocaldum (I, 53.9 %),
Methylobacter (1, 37.1 %), Methylocystis (II, 7.1 %), and
Methylosarcina (1, 1.2 %).
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Table 1 Operational taxonomic units (OTU), richness, and diversity estimates of bacterial and methanotrophic libraries

Community Sample N*/length® Dissimilarity OTUs Chaol H

Bacteria DNA1 1,240°/416° 3% 72 171 2.643
DNA2 782%/421° 48 96 2227
RNAI 3,152%/412° 66 96 1.828
RNA2 842%/415° 38 56 2.035

Methanotrophs DNAI 445° 1% 31 65 1.921
DNA2 176° 18 41 1.897
RNALI 2,587¢ 122 218 2.379
RNA2 650° 51 109 2.142

OTUs operational taxonomic units, Chaol Chaol species richness indices, ' Shannon—Weaver diversity indices

#Total number of high-quality pyrosequencing reads after filtering (primers, ambiguities, average quality <25, length <400, and all possible

chimera)
® Average read length
¢ Total number of pyrosequencing reads retrieved from methanotrophs

Discussion

A lab-scale biocover was operated with a soil mixture, and
its bacterial community was analyzed using pyrosequenc-
ing. The soil mixture holds promise for use as a landfill
biocover material for mitigation of methane and NMOC:s,
since it favored habitation of the relevant microorganisms. A
comparison between the results of the DNA- and RNA-

based communities demonstrated that DNA results alone
can lead to underestimation of active members. For instance,
methane-oxidizing bacteria were estimated to be 29 % and
80 % in the DNA and RNA communities, respectively.
Therefore, the RNA approach along with DNA is recom-
mended for analysis of functionally active methanotrophs.
Soil was amended with earthworm cast, GAC, and sap-
rolite to provide an optimum condition for habitation of
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Fig. 4 Comparison of the DNA- and RNA-based bacterial communities (a), and bacterial genera in the DNA and RNA communities (b). Genera
with assigned read numbers <0.1 % of the sequencing effort were excluded
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methane-oxidizing bacteria. A lab-scale biocover with the
soil mixture was operated for 27 days at a space velocity of
0.12 h™! to remove methane, DMS, B, and T. The methane
EC was 211.0+40.4 gm > d', with a maximum level of
273.1 gm 2 d"". Park et al. (2008) reported a maximum EC
of 266.6 g-CH, m > d”' from a biocover with soil and
earthworm cast (3:2, w/w) at a space velocity of 0.027 h™".
Scheutz et al. (2009b) reported a EC of 161 g-CHy m2d’
from a biocover consisting of compost and wood chips
(1:1), 110 g-CH, m % d ™" for a commercial compost product
and 29 g-CH, m 2> d ' for sand and compost (5:1) at a space
velocity of 0.029-0.032 h™'. Einola et al. (2008) found that

the EC was less than 82.3 g-CH, m > d”' from biocovers
containing mechanically—biologically treated municipal sol-
id wastes at a space velocity of 0.013-0.034 h™'. Compared
with the previous studies, the space velocity was at least
three to fourfold faster and the removal capacity was greater
or comparable, indicating a greater removal capacity per
unit volume. Thus, our system is more efficient with regards
to methane removal. Vertical profiles of CHy, N, CO,, O,,
DMS, B, and T were found to be stable during the period.
The rapid O, consumption and greater CO,/CHj, ratio indi-
cated that methane oxidation activity was greatest at the top
layer (0—10 cm) (Gebert et al. 2011). DMS, B, and T were
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Fig. 6 Bacterial genera in the middle and bottom of the biocover based on 16S rDNA. Genera with assigned read numbers <0.1 % of the

sequencing effort were excluded
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completely removed at the bottom layer (40-50 cm) during
the experimental period. Thus, the presence of the NMOCs
presumably did not affect methane oxidation performance.
Consistently, earlier studies showed that the biodegradation
of volatile organic compounds actively occurred below the
top layer in active methanotrophic biocovers (Scheutz and
Kjeldsen 2005, 2003). The observed removal efficiencies
and ECs of B/T are greater than a previous observation by
Scheutz and Kjeldsen (2005) who reported ECs of 0.18 and
0.12 gm 2 d~" with removal efficiencies of 26 and 44 % for
B and T, respectively. These results indicated that the soil
mixture is promising for concurrent mitigation of methane
and NMOC:s as a landfill cover material.

Microbial community with the highest CH, oxidation
activity was examined based on DNA and RNA, using
ribosomal tag pyrosequencing. DNA- vs. RNA-based pyro-
sequencing libraries likely represent communities of numer-
ically abundant members, including the active and dormant
vs. active members, respectively. The DNA,, community
was found to be richer and more diverse than the RNA-
based counterpart, which is consistent with a previous ob-
servation (Gaidos et al. 2011). Differences between the
DNA and RNA communities have been commonly ob-
served (Weinbauer et al. 2002; Gaidos et al. 2011). This soil
mixture exhibited lower levels of richness and diversity than
other soil environments (Gaidos et al. 2011; Will et al. 2010)
due to the favorable condition for methanotroph growth.
There was no difference between the DNA and RNA com-
munities at the phylum level, and Proteobacteria was shown
to comprise more than 90 % of the communities, followed
by Actinobacteria. A difference was observed on the order
level. The phylum Proteobacteria included three dominant
orders: Rhizobiales (x-Proteobacteria), Xanthomonadales
(v), and Methylococcales (y). The DNA,, community
included Xanthomonadales, Rhizobiales, and Methylo-
coccales in order of abundance, while Rhizobiales and
Methylococcales were more abundant than Xanthomona-
dales in the RNA,, community. The observed methano-
trophs in this study belong to Rhizobiales and
Methylococcales. Methanotrophs were more abundant
than nonmethanotrophs in the active community, but
less in the DNA counterpart. Therefore, Xanthomona-
dales was most and least abundant in the DNA,, and
RNA,,, communities, respectively.

Interestingly, methanotrophs were predominant, making
up approximately 80 % of the active bacterial community
(RNAp,). In contrast, methanotrophs comprised only ap-
proximately 29 % of the bacterial community (DNA,,,). To
the best of our knowledge, this is the first report to deter-
mine the predominance of methanotrophs in biocover sys-
tems. Our findings demonstrated that methanotrophs can
exhibit a significant competitive ability in complex micro-
bial communities of biocover systems. The presence of

different physiological statuses (i.e., dormant vs. active cells
and different growth phases) can cause differences in the
abundances of the DNA- and RNA-based community mem-
bers (Fey et al. 2004; Vandecasteele et al. 2001). In addition,
the multiplicity of 16S rRNA operons (1-15) within bacte-
rial strains (Rainey et al. 1996; Klappenbach et al. 2000)
could lead to a bias in the bacterial abundance at the
DNA level. Recent genome studies have revealed that
methanotrophs contain a single 16S rRNA operon, such
as Methylocystis sp. ATCC49242 (Accession number:
AEVMO00000000), Methylosinus trichosporium OB3b
(ADVE00000000), and Methylobacter tundripaludum
SV96 (AEGWO00000000), except for Methylomonas
methanica MC09 (NCO015572), which contains three
operons, indicating that methanotrophs might be under-
estimated at the DNA level.

Phylogeny and physiology simply classify methano-
trophs into types I and II groups, which belong to y- and
«-Proteobacteria, respectively (Semrau et al. 2010). Types |
and II methanotrophs were similarly abundant in both com-
munities and thus, equally contributed to the methane oxi-
dation in the biocover, which were consistent with previous
observations that types I and II were equally present in a
landfill cover soil (Héry et al. 2008) and similarly contrib-
uted to the methane oxidation in field soil (Henckel et al.
2000). Methylobacter, Methylocaldum, and Methylocystis
dominated both methanotrophic communities. Relative
abundances of the observed methanotrophic genera were
comparable between the methanotrophic communities, indi-
cating that the observed methanotrophs at the DNA level
were active in the biocover. Pseudoxanthomonas and
Hyphomicrobium were dominant nonmethanotrophic genera
at the top layer, known to be heterotrophic and restrictedly
methylotrophic, respectively. Both genera are commonly
associated with methanotrophs in methane oxidation sys-
tems (Nikiema et al. 2005; Kim et al. 2012), but the rela-
tionship between them has not been clucidated. During
methane oxidation, methanotrophs incorporate methane as
cellular carbon compounds and produce metabolites such as
methanol, formaldehyde, and formate (Hanson and Hanson
1996). These carbon compounds are utilized by heterotro-
phic bacteria including methylotrophs, other than methano-
trophs (Qiu et al. 2009). It was speculated that both genera
were cross-fed by methanotrophs, resulting in the high pop-
ulation density in the biocover.

Microbial communities of the middle (20-30 cm) and
bottom (40-50 cm) layers were analyzed based on DNA to
investigate effects of the NMVCs on microbial communi-
ties. The DNA pyrosequencing results from the top, middle,
and bottom soils indicated that Proteobacteria dominated the
biocover system, with three dominant orders: Xanthomona-
dales, Rhizobiales, and Methylococcales. Dominant
genera included Pseudoxanthomonas, Methylocystis,
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Methylobacter, Rhodanobacter, Hyphomicrobium, and
Methylocaldum. However, community comparison
revealed that the DNApyom community was distinct
from those of the upper layers (data not shown). For
instance, Pseudoxanthomonas made up less than 10 %
of the bottom soil and more than 40 % of the upper
soils, while the Rhodanobacter population increased
toward the bottom. The methanotrophic community of
the bottom also was distinct from those of the upper
layers (data not shown). For example, type I members
were predominant in the bottom layer in contrast to the
even distribution of types I and II methanotrophs in the
upper layers. The fact that CH4 and CO, concentrations
were similar between the middle and bottom layers
indicated that the high concentrations of CH, and CO,
were not likely to be responsible for the community
difference and predominance of type I members at the
bottom layer. Therefore, the presence of NMOCs might
change the bacterial and methanotrophic communities.
Similarly, Lee et al. (2010) reported that the presence of
B/T could reduce the type Il population density, and
Saari and Martikainen (2003) showed that DMS and
DMSO inhibit the methanotrophic activity. In addition,
methanotrophic community has been shown to be mod-
ified by volatile organic compounds (Gebert et al.
2008).

There were a number of potential bacterial genera for
degrading NMOC:s. For example, some Rhodanobacter and
Hyphomicrobium members are hydrocarbon degraders
(Kanaly et al. 2002; Nadalig et al. 2011). In addition, meth-
anotrophs are able to degrade hydrocarbons (Semrau et al.
2010) and transform DMS to DMSO (Fuse et al. 1998). A
sulfur mass balance showed that DMS was converted to
sulfate (80.2 % of the loaded DMS), DMSO (39.9 %), MT
(0 %), and H,S (0 %) in the biocover (data not shown).
Therefore, both methanotrophs and nonmethanotrophs
might be responsible for the transformation of DMS.
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