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Methanotrophs are the most important sink of CH,, which is a more highly potent greenhouse
gas than CO,. Methanotrophic abundance and community diversity in cover soils from two
typical semi-aerobic landfills (SALs) in China were detected using real-time polymerase chain
reaction (real-time-PCR) and denaturing gradient gel electrophoresis (DGGE) based on 16S
rRNA genes, respectively. Real time-PCR showed that Type I methanotrophs ranged from 1.07
x 10° to 2.34 x 107 copies/g soil and that of Type Il methanotrophs from 1.51 x 10” to 1.83 x 10°
copies/g soil. The ratio of Type II to Type I methanotrophic copy numbers ranged from 5.61 to
21.89, indicating that Type II methanotrophs dominated in SAL. DGGE revealed that Type I
methanotrophs responded more sensitively to the environment, changing as the community
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structure varied with different soil types and locations. Methylobacter, Methylosarcina, and

Methylomicrobium for Type 1, and Methylocystis for Type II were most prevalent in the SAL
cover layer. Abundant interflow O, with high CH, concentration in SALs is the reason for the
higher population density of methanotrophs and the higher enrichment of Type II methanotrophs
compared with anaerobic landfills and other ecosystems, which proved a conclusion that
increasing the oxygen supply in a landfill cover layer would greatly improve CH, mitigation.
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Introduction

Methane (CH,) is the second largest contributor after
carbon dioxide (CO,) to global warming, with a global
warming potential 25 times higher than that of CO, [36].
Meanwhile, landfills are considered as one of the major
sources of methane emission, accounting for 1.5%-15% of the
global methane sources [40]. Consequently, aerobic methane
oxidation by methanotrophic bacteria, which are Gram-
negative, that use methane as the sole carbon and energy
source, becomes one of the most important sink of CH,. In
addition, anaerobic methane oxidation by methanotrophic

Archaea driven by sulfate or nitrite has been discovered
[37], but the efficiency of methanotrophic Archaea would be
atleast 1 order of magnitude lower than the rates of aerobic
methane oxidation [16]. Therefore, methanotrophic Archaea
was proven to be less important in CH, uptake in landfill
covers where a large quantity of aerobic methanotrophic
bacteria exist. Thus, the methanotrophs studied in the cover
layer in this paper are aerobic methantrophic bacteria.

A number of researchers estimated that 10% to 100% of
the CH, generated in landfills is oxidized by methanotrophs
[9, 13]. Moreover, several studies reported that landfills act
as sinks of CH, rather than as sources [7, 8, 33]. Therefore,
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stimulating the activities of such bacteria in landfill cover
soils could possibly reduce the emission of CH, from
landfills, especially in landfills where active gas collection
is not required.

Further studies found that there are many factors affecting
the activity of methanotrophs, including pH [21], concentration
of CH, and O, [8, 38], moisture [32], temperature [10, 39],
NH,-N [27, 32], and Cu** [15]. Among these factors, the
availability of CH, and O, are the most important ones that
determine the growth and the type of methanotrophs because
they are the substrates for methanotrophs. Traditionally,
methanotrophs are classified into two general groups
(Type I and II) based on several characteristics, such as cell
morphology, membrane arrangement, carbon assimilation
pathway, and predominant phospholipid fatty acids. Type I
methanotrophs, which belong to Proteobacteria, are
composed of Methlyomonas, Methylococcus, Methylomicrobium,
Methylosarcina, Methylosphaera, Methylothermus, Methylosoma,
Methylohalobius, Methylocaldum, and Methylobacter [21, 31].
Type I methanotrophs can be further divided into two
different groups, Type Ia and Ib; the latter is composed of
Methylococcus, Methylocaldum, and Methylothermus, whereas
the others are Type Ia methanotrophs [6]. Genera that are
members of Type II methanotrophs belong to a-Proteobacteria,
including Methylosinus, Methylocella, Methylocapsa, and
Methylocystis [21].

The semi-aerobic landfill (SAL) is a technology of Japanese
origin. With properly engineered designs, ambient air naturally
flows into the waste body through leachate collection pipes
and consequently enhances the waste stabilization processes
and leachate quality. Previous estimates suggest that more
than 50% of the area in an SAL is aerated as a result of
continuous ambient air flow. SAL would therefore be an
ideal environment for the growth of methanotrophs because
of the interflow of CH, and O, in the same region (especially
around the venting pipes). Researchers hypothesize that
the community structure of methanotrophs in the cover
layer of SALs is different from that in sanitary landfills and
other habitats because of the special design and therefore
CH, emissions would be mitigated comparing to traditional
landfills, but few studies investigated methanotrophic
communities in SALs especially in China.

Table 1. Locations of samplings in Weifang and Loudi landfills.

In the present study, the abundance and community
structure of methanotrophs from cover soils of two SALs in
China were investigated using real-time polymerase chain
reaction (real-time-PCR) and denaturing gradient gel
electrophoresis (DGGE), respectively. The purpose of this
study was to understand the changes in methanotroph
communities and abundance in SAL cover soils that may
help in designing better management practices for methane
emission mitigation in SALs.

Materials and Methods

Landfills and Landfill Gas Measurement

Soil samples were collected from two SAL cover layers. One is
Weifang SAL (23°23'N, 103°23’E) located in Shandong Province,
Bohai Sea Region, central Shandong Peninsula. Another is Loudi
SAL (27°42'N, 111°59’E) located in central Hunan Province, at the
central section of the Yangtze River.

Weifang landfill was put into service in September 2002,
having a refuse treatment capacity of 550 t/day and a total
volume of 8 x 10° m’. Loudi landfill was operated in November
2007, having a refuse treatment capacity of 300 t/day and a total
volume of 7.7 x 10° m”.

Before soil sampling, the component and concentration of
landfill gases, including CH,, CO,, and O,, around the perforated
vertical venting pipe of the two landfills were measured using an
infrared gas analyzer (X-am7000; Drager, German).

Sampling

Samples were collected from the cover layers (10-30 cm in
depth) of the two landfills. The cover layer soil of Weifang landfill
is brown clay, whereas that of Loudi landfill is red clay. Sampling
was conducted around the perforated vertical venting pipes,
which are connected to the leachate drainage pipe; ambient air
flows through these venting pipes into the waste body. At the
same time, the perforated venting pipes act as outlets of landfill
gas produced from the waste body; thus, it is an ideal area for
invigorating methanotrophs because of the abundant interflow of
CH, and O,. The locations where sampling was done are listed in
Table 1, and the basic characteristics of soil samples, including
pH, moisture content, organic matter, NH,-N, and Cu*, were
measured in accordance with a standard method (GB7830-7892-
87). Each sample was a mix of three parallel samples (n = 3) with
the same distance around the perforated vertical venting pipe.

Weifang landfill Loudi landfill
Samples No. W1 w2 W3 L1 L2 L3
Distance from perforated pipe (m) 0 3 15 0 3 15
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Molecular Biology Study of Methanotrophs in Cover Layers
of SALs

DNA extraction. DNA extraction of the samples was
performed using the FastDNA SPIN Kit for Soil (MP Biotechnology,
USA) in accordance with the manufacturer protocol. The product
from the DNA extraction was verified by electrophoresis in 1%
agarose. The resultant DNA was stored at -20°C for further
analysis of methanotrophs.

Real-Time-PCR for Quantitative Analysis of Methanotrophs.
Two forward primers MB10y and MB9a (Table 2), as well as their
common reverse primer 533r (Table 2), were used to determine
the 16S rRNA gene copy numbers of Type I and Type II
methanotrophs, respectively [23]. The DNA extracts were used as
template.

Protocol for real-time-PCR. Real-time-PCR was performed on an
iCycler iQ5 thermocycler (Bio-Rad, USA). Amplification was
performed using SYBR Premix Ex Taq (Takara, Japan). Each PCR
with a final volume of 25 ul contained 12.5 pl of SYBR Premix Ex
Taq (2x), 10 pl of F Primer (10 pmol/pl), and 10 pl of R Primer
(10 pmol/pl), as well as approximately 20 ng of purified template
DNA.

The real-time-PCR protocol for both target groups was as
follows: 95°C for 4 min followed by 41 cycles of 1 min at 94°C and
2 min at 58°C. In each real-time-PCR amplification, a melting-
curve analysis was performed following the aforementioned real-
time-PCR protocol to confirm the PCR product specificity by
measuring fluorescence continuously as the temperature was
increased from 55°C to 95°C, with 0.5°C increments every cycle
from 55°C to 95°C to generate the dissociation curve.

Data analysis was performed using iCycler software (version
1.0.1384.0 CR). The parameter Ct (threshold cycle) was determined
as the cycle number at which a statistically significant increase in
the reported fluorescence was detected.

Standard curve for real-time-PCR. The primer pairs MB10y/533r
and MB9a/533r were applied to amplify Type I and Type II
methanotroph-specific 16S rRNA gene fragments from the
environmental DNA. The amplification products were purified
with a QIAquick PCR purification kit (Qiagen, Germany). The

Table 2. Methanotroph-specific primers [23, 42].
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products were cloned using the pGEM-T easy vector system
(Promega, USA). Subsequently, the products were transformed
into competent Escherichia coli (JM109) (Takara, China), screened
for positive clone, and prepared as plasmid DNA. The identity of
the cloned insert was confirmed by direct sequencing of the
plasmid, which was performed using the universal sequencing
primer T7/SP6 (SinoGenoMax Co., China). Plasmid DNA was
extracted from transformed recombinant cells using a Wizard
Plus SV minipreps DNA purification kit (Promega, USA). The
concentrations of plasmid DNA were determined using a Thermo
Scientific Nanodrop 2000 spectrophotometer (NanoDrop Technologies).
The copy numbers of the 165 rRNA gene were calculated directly
from the concentrations of the extracted plasmid DNA.

The standard curve was constructed using standard values
obtained by a 10-fold serial dilution of the extract plasmid harboring
the target insert. The standard curve was generated by plotting
the DNA amount (plasmid copies/ml) against the Ct value
exported from the iCycler iQ5 thermocycler (BioRad, USA). A
semi-logarithmic plot was generated (log;, of the concentration of
DNA versus Ct). The standard curve was calculated using the
following equation:

y =-ax +b.

The efficiency of the reaction (E) was calculated by the following
equation:

E=(10")-1.

Finally, the amount of DNA for unknown samples was
extrapolated from the Ct value and the value obtained from the
standard curve. Statistical analysis of real-time-PCR results was
performed with the program SPSS 13.0 for Windows (SPSS Inc.,
USA).

DGGE analysis for community structure of methanotrophs.
The primers MethT1bR and MethT1dF (Table 2) were used to
amplify the 165 rRNA sequences of Type I methanotrophs present
in environmental DNA; the 16S rRNA sequences of Type II
methanotrophs were amplified using primer MethT2R and the
bacteria-specific primer 27F (Table 2). A thermocycler (TC-3000;

Primer Sequence” Target genera
MethT1dF 5-CCTTCGGGMGCYGACGAGT-3’ Type I methanotrophs
MethT1bR 5-GATTCYMTGSATGTCAAGG-3’
27F 5-AGAGTTTGATCMTGGCTCAG-3’ Type Il methanotrophs
MethT2R 5-CATCTCTGRCSAYCATACCGG-3’
358F 5-CCTACGGGAGGCAGCAG-% All bacteria
517R 5-ATTACCGCGGCTGCTGG-3’

MB10y 5-AAGCGGGGGATCTTCGGACC-3’ Type I methanotroph
MB9a. 5-GTTCGGAATAACTCAGGG-3 Type Il methanotroph
533r 5-TTACCGCGGCTGCTGGCAC-3 All bacteria

*Y represents C or T; R represents A or G; M represents A or C; S represents C or G.
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High System; Barloworld Scientific Ltd., UK) was used to perform
the PCR for Type I and Type II methanotrophs.

A nested-PCR approach was adopted to profile the Type I and
Type II methanotrophic communities by DGGE. The PCR
amplified segaments following the above-mentioned steps were
used as templates, with GC358F (with a 40-bp GC clamp added to
primer 358F’s 5" end) and 517R used as primers (Table 2).

The nested-PCR products were analyzed on 1% agarose gels
to confirm the presence of a single amplification of the expected
size. DGGE analysis was conducted using a DCode system (Bio-
Rad Laboratories, USA). Samples of PCR product (30 pl) were
loaded onto 6.5% (w/w) polyacrylamide gels in 1x TAE bulffer.
The polyacrylamide was a denaturant gradient from 20% to 70%
(for Type I sequences) and 30% to 60% (for Type II sequences). The
gel was photographed with a gel photo system (GelDoc 2000;
BioRad, USA). The photographs were analyzed with the BioRad
Quantity One software package (Bio-Rad Laboratories).

Specific PCR-DGGE bands were manually excised from the
gel, suspended in 50 pl of sterile water, and incubated overnight
at 4°C. The PCR-DGGE protocol was then repeated using the
excised bands as a template, until only a single band was detected.
The last PCR cycle was performed without the GC-clamp attached
to the forward primers 358F and 517R. The resulting PCR products
were sent to SinoGenoMax Co., Ltd. (Beijing, China) for purification
and nucleotide sequencing.

Phylogenetic analysis and clustering. The Basic Local Alignment
Search Tool (BLAST) program was used to search the National
Center for Biotechnology Information (NCBI) sequence database
(http:/ /www.ncbi.nlm.nih.gov/BLAST/) for sequence similarity.

All nucleotide sequences were aligned using the CLUSTAL X
program [4]. Phylogenetic trees were constructed using the neighbor-
joining method with the MEGA 5.0 software. Reference sequences
were obtained from the GenBank database and were included in
the phylogenetic trees for comparison. All nucleotide sequences
were optimally aligned prior to tree construction.

Band patterns from PCR-DGGE fingerprints were analyzed by
the unweighted pair group method with arithmetic mean using
DNAMAN v. 4.1 (Lynnon Biosoft, USA). The scanned gel images
were analyzed using Labwork 4.6 software (Media Cybernetics,
USA). Binary sequences were generated for individual fingerprints

by determining the number and position of bands compared with
the total number of band positions using the Labwork software.
The relative abundance of each band was considered as a
variable. Similarity matrices of methanotroph as revealed by DGGE
patterns were calculated with the squared Euclidean-distance
coefficient using the SPSS 13.0 software (SPSS Inc., USA).
Accession numbers for nucleotide sequences. The partial
sequences of the 165 rRNA gene of methanotrophs obtained in
this study are available from the NCBI database under the accession
numbers HM755772-HM?755776, HM755778-HM?755781, HM755782—
HM?755786, HM755789-HM755793, and HM755796-HM755804.

Results

Characteristic of Soil Samples and Landfill Gas
Components from Cover Layers

Table 3 shows the basic characteristics of the examined
cover soils from Weifang and Loudi landfills. In both the
SALs, there was no difference in pH (8.09-9.18) and the
organic contents, which varied from 57.63 to 132 g/kg in
the Weifang landfill and from 53.36 to 90.52 g/kg in the
Loudi landfill. The concentration of NH,-N in the Weifang
landfill (95.38-125 mg/kg) was slightly higher than that in
the Loudi landfill (40.27-91.91 mg/kg). There were remarkable
differences in moisture and Cu®* between the two landfills;
the moisture was higher in the Loudi landfill than in the
Weifang landfill because of the climate of North and South
China, and Cu** was higher in Weifang landfill than in the
Loudi landfill.

Table 4 shows the results of landfill gas components
measured around the perforated vertical pipes of the two
landfills. In both SALs, areas near the perforated pipes had
more O, because of the special design of the SALs; air was
sucked in directly or indirectly through the bottom drainage
pipe and transported to the refuse through vertical venting
pipes, which were connected directly to the bottom drainage
pipes. Consequently, the increased O, caused the low CH,
concentration around the perforated pipes.

Table 3. Basic characteristics of examined cover soils from Weifang and Loudi landfills.

Weifang landfill Loudi landfill
Samples No. W1 W2 W3 L1 L2 L3
pH’ 8.12+0.13 8.15+0.24 8.74+£0.20 9.18 £0.09 8.09 £ 0.04 8.87 £0.11
Moisture content (%)” 7.02 £0.03 10.24 +£0.13 12.87 £0.12 34.45+0.20 20.25 0.11 24.95+0.10
Organic content (g kg)° 132+£2.72 132 £3.56 57.63 £ 0.05 90.52 £1.30 53.36 +1.11 76.72 +2.05
NH,-N (mg kg-1)° 112 £2.04 125 £0.90 95.38 £ 1.00 40.27 £2.46 86.85+1.20 91.91+0.10
Cu™ (mg kg')* 80.95 +0.90 86.85 +1.07 41.02+£1.28 24.88 £0.35 30.48 +.048 25.11+0.25

“Values are given as the mean + standard deviation (1 = 3).
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Table 4. Location distributions of CH,, CO,, and O, concentrations.
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Weifang landfill Loudi landfill
Samples No. Wi W2 W3 L1 L2 L3
CH, (%)° 14+0.1 20.5+0.1 51.0£0.3 11.2+£0.2 24.0+0.7 39.0+1.0
0, (%)* 205+0.3 122+£0.2 1.0+£0.0 15.6 £0.4 10.9+0.3 55+0.0
CO, (%)* 8.6+0.1 14.0£0.1 320+05 9.8+0.1 145+0.2 240+12

“Values are given as the mean = SD (n = 3).

Methanotrophic Abundance Based on Real-Time-PCR

Ribosomal RNA gene fragments of Type I and Type II
methanotrophic bacterial populations were detected in the
two landfills. One of the landfill samples (W3, which is one
of the brightest bands) detected by DGGE was used to
construct the standard curve for Type I and Type II
methanotrophs.

The obtained R” values were greater than 0.99 for both
standard curves. Slopes of -3.37 and -3.22 were generated
for Type I and II methanotrophs, respectively, which
correlated with the efficiency of the PCR (E = 98.0% and
104.4% for Type I and Type II populations, respectively).

Based on the copy numbers present in the extracted
DNA samples, the 165 rRNA gene copy numbers per gram
of soil were calculated using the above general linear model
analysis. In general, the quantities of Type I methanotrophs
in tested samples of the two landfill cover layers ranged
from 10° to 10’ copies/g dry soil, whereas that of Type II
methanotrophs ranged from 10" to 10° copies/g of soil (Fig. 1).
The average methanotroph concentrations in the Weifang

17.32

[ typel
type Il

9.65 2189 9.85 6.91 561

1

16S rRNA gene copies g dry soil
2

w2
Samples from Weifang and Loudi landfills

Fig. 1. Quantification of gene copy numbers of methanotrophs
in Weifang and Loudi landfill cover soils.

Ratios of Type II to Type I methanotrophic copy numbers are shown
above the chart.

landfill were 5.97 x 10° and 5.89 x 10" gene copies/g dry
soil for Type I and Type II methanotrophs, respectively. In
the Loudi landfill, the average methanotroph concentrations
were 8.64 x 10° and 7.78 x 107 gene copies/g dry soil for
Type I and Type II methanotrophs, respectively. The ratio
of Type II to Type I methanotrophic copy numbers of these
samples ranged from 5.61 to 21.89, indicating that Type II
methanotrophs accounted for a significantly higher population
of the total methanotrophs in both landfills cover layers.

Methanotrophic Community Structure Based on DGGE

The DGGE profile of the methanotrophic community

showed some variations among samples of landfills (Figs. 2A
and 2B).

The structure of the Type I methanotrophic community
typically varied with different landfills and locations. In
this study, there were two dominant bands, I-2 and 19,
present in all samples from the Weifang landfill, but there
was no similar band in all the samples from the Loudi
landfill.

In the Weifang landfill, the community diversity of
Type I methanotrophs changed with location, as indicated
by the disappearance of band I-6; furthermore, the I-4 and
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Fig. 2. Methanotrophic bacterial communities of Weifang and
Loudi landfills.
(A) Type I; (B) Type II.
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I-8 bands became the dominant bands in sample W3, which
was 15 m away from the perforated pipes and had a low
oxygen concentration (Table 4). Bands I-2 and I-6 were
dominant in samples W1 and W2, which were near the
perforated pipes. The community diversity of the three
samples (W1, W2, and W3) increased with distance from
the perforated pipes. In the Loudi landfill, the dominant
bands of Type I methanotrophs were different from those
of Type I methanotrophs in the Weifang landfill, and the
community diversity of samples around the perforated
pipes changed significantly with distance (Fig. 2A). The
results indicate that the structure of Type I methanotrophs
was obviously influenced by O, concentration, in accordance
with the wide recognition that Type I methanotroph is an
O,-favoring genera.

The structure of the Type II methanotrophic community
changed obviously with different locations. II-18 was the
dominant band in all three samples from the Loudi landfill
and was also the dominant band in sample W3 from the
Weifang landfill, indicating that the genus of II-18 is a
ubiquitous Type II methanotroph in the cover soils of the
landfills. The results also show that there were more
dominant bands near the perforated pipes where O,
concentration and moisture content were higher but CH,
concentration was lower (Table 4). This result indicates that
O, is a limiting factor for Type II methanotrophs at high
CH, concentration (>20%), although Type 1II is generally
considered as a CH,-favoring genera.

Cluster analysis of the DGGE was processed to examine
the bacterial community structure. The results show that
different locations influenced the community of Type I
methanotrophs (Fig. 3A). Two major clusters corresponding
to the two landfills were observed. The first cluster grouped
the samples from the Loudi landfill (L1, L2, and L3). The
second major cluster grouped the samples W2 and W3. W1
was separated from the two major clusters, which may
have been caused by the low CH, concentration in this area
(Table 4), indicating that Type I methanotrophs were
influenced more by CH, under landfill conditions.

Similar to Type I methanotrophic DGGE, cluster analysis
of Type II methanotrophic DGGE showed some location
differences (Fig. 3B). Two major clusters corresponding to
the two landfills were also observed. The first cluster
grouped the samples from the Loudi landfill (L1, L2, and
L3). The second major cluster grouped the samples W1 and
W2. W3 was separated from the two major clusters, which
may have been caused by the low O, concentration in this
area (Table 4), indicating that Type II methanotrophs were
influenced more by O, under landfill conditions.

J. Microbiol. Biotechnol.
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Fig. 3. Hierarchical cluster analysis results of DGGE profiles of
methanotrophs.
(A) Type I; (B) Type II.

Phylogenetic Analysis of Type I and II Methanotrophic
Populations

In total, 28 bands were excised and sequenced from
denaturing gels containing the 16S rRNA gene fragments
of Type I and Type II methanotrophs. The results reveal
that there were different Type I and Type II methanotrophic
populations in the tested samples (Figs. 4A and 4B). The
detected Type I populations were related to several
methanotrophic genera, including Methylobacter, Methylomicrobium,
Methylosarcina, an unknown Type I methanotroph, and an
uncultured bacterium gene. Methylobacter, Methylomicrobium,
and Methylosarcina were the most prevalent genera in the
two landfills. Marinobactor (I-9, HM755781; Fig. 4A) was
detected in the Weifang landfill only.

Phylogenetic analysis showed that the most commonly
detected Type II methanotrophs were Methylocystis. Other
Type II methanotrophs detected were Methylosinus and
Methylobacterium (Fig. 4B).

Discussion

Understanding the ecology of methanotrophs in landfills
of different locations is important for controlling methane
emission from landfills. The present study showed that
operating conditions affect the quantity and structure of
Type I and Type II methanotrophic populations.

Methanotrophs are influenced by geographical locations
with different climates. Weifang has a warm, temperate
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Fig. 4. Neighbor-joining tree depicting phylogenetic relationships of methanotrophic bacteria, detected by PCR-DGGE, of Weifang

and Loudi landfills.
(A) Type I; (B) Type II.

zone semi-moist continental monsoon climate, with a mean
annual precipitation of 600-800 mm and a mean annual
temperature of 12.3°C, whereas the Loudi region has a
central-north subtropical moist monsoon climate, with a
mean annual precipitation of 1,200-1,700 mm and a mean
annual temperature of 16.8°C. There is evidence that Type I
methanotrophs are superior to Type II strains at low
temperatures (<10°C). The growth of Type I methanotrophs
at low temperatures and of Type II at elevated temperatures
was reported for different landfill cover soils [10, 28, 32].

Although Type II methanotrophs are more ubiquitous
and are acclimated to the environment, the results of this
study show that there were some differences in terms of
abundance and community structure of Type II methanotrophs
in both landfills, which vary in location and climate. This
effect is in agreement with previous findings that Type II
methanotrophs outcompete Type I methanotrophs under
similar landfill conditions [20]. However, for other different
land utilization patterns, including degradation, farming,
and restoration, Type I would outcompete Type Il methanotrophs,
mainly because of low CH, concentrations.

Landfill operation and management affect the condition
and physiochemical characters of waste and cover soil;
consequently, they affect the ecology of the total microbial
community and methanotrophs. Type I and Type II

methanotrophs were more abundant in areas near the
venting pipes because of the special conditions near the
pipes. The community structures of Type I methanotrophs
obviously changed as the distance became farther from the
perforated pipes compared with those of Type Il methanotrophs.
This trend was observed because Type I methanotrophs
grow faster than Type II, and thus Type I methanotrophs
are more sensitive to the environment, such as landfill gas
concentrations [2].

The methanotrophs were more abundant in the Loudi
landfill than in the Weifang landfill, where the temperature
was higher and moisture was more suitable (18%-25%) [10,
11, 41].

NH,-N suppressed CH, oxidation, but Type I methanotrophs
were a little more resistant to NH,-N [11, 12, 25, 32]. In this
study, we confirmed the effect. The abundance of methanotrophs
in the Loudi landfill, which has lower concentrations of
NH,-N, was much more than in the Weifang landfill, and
the ratios of Type II/Type I were lower in the Loudi landfill
than in the Weifang Landfill.

Type I methanotrophs were resistant to a high concentration
of Cu**, which adjusts the ratio of sMMO to pMMO; sMMO
is mostly present in Type II methanotrophs [3, 5, 17, 18, 29,
30, 35]. This study confirmed this effect. Type I methanotrophs
were more abundant in the Loudi landfill, where the
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Fig. 4. Continued.

concentration of Cu** was lower than in the Weifang landfill
(Table 3 and Fig. 1).

Although the characteristics of soil would affect the
structure and abundance of methanotrophs, from the trend
in Fig. 1, the abundance of methanotrophs were influenced
much more by oxygen and methane concentrations than
the characteristics of the soil.

In the Weifang landfill, which has a longer operation
time (operated in September 2002), the methanotrophs
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Uncultured Unclassified bacterium (CU924612)
Uncultured Unclassified bacterium (CU919110)

were more enriched than those in the Loudi landfill, which
was put into service in November 2007. This observation is
also evidenced by a simpler structure of Type I methanotrophs
in the Weifang landfill than that in the Loudi landfill. These
phenomena are in accordance with the findings of other
studies [24].

As the operation time extended, the landfill conditions
became stable, the O, concentration decreased, and the CH,
concentration increased. At high ratios of CH, to O,, Type I



methanotrophs responded rapidly and with pronounced
shifts in population structure. On the other hand, Type II
methanotrophs were apparently more abundant, always
present, and exhibited a largely stable population structure;
moreover, they became active as the operation time progressed
and contributed to CH, oxidation activity under high CH,
mixing ratios.

In this study, high methanotrophic population densities
were detected, indicating enhanced growth of methanotrophs
in SALs. The copy numbers of methanotrophs (10°-10°)
detected were obviously higher than those of rice soil
(between 10° and 107 [34]), forest soil (between 10° and 107
[26]), and sanitary landfills soils (between 10° and 107 [19]),
but close to that of landfill biocovers (about 10® [1]). The
results suggest that SALs have a relatively higher concentration
of CH, and O, than other ecosystems, such as paddy or forest
soils, so as to enhance the capacity of methane oxidation in
landfill cover soils by increasing the population size of
methanotrophic bacteria. The results indicate that SALs
have higher ratios of O, to CH, than sanitary landfills,
resulting in larger populations of methanotrophs and a
higher methane oxidation efficiency in SALs.

A change in O, to CH, ratio also changes the structure
of Type I and Type II methanotrophs. Previous studies that
used cultivation-dependent and DGGE techniques to
investigate the methanotrophic bacterial community structure
detected Type I populations (mainly Methylobacter sp. and
Methylomicrobium sp.) and Type II populations (mainly
Methylocystis sp. and Methylosinus sp.) in typical sanitary
landfill cover soils [42]. However, the present study showed
that Methylobacter sp., Methylosarcina sp., and Methylomicrobium
sp. dominated the Type I methanotrophs, and Methylocystis
sp. dominated the Type II methanotrophs in cover soils of
typical SALs in China. The phenomena indicated that a
higher ratio of O, to CH, would enhance more genera of
Type I methanotrophs, but Type II methanotrophs would
be domesticated to homogenous genera.

In this study, substantial numbers of methanotrophs
(>10° 165 TRNA gene copies/g dry soil) were detected in all
samples by real-time-PCR. The ratio of Type II to Type I
methanotrophic copy numbers ranged from 5.61 to 21.89.
This number was higher in the Weifang landfill than in the
Loudi landfill, indicating that lower concentrations of Cu®"
(Table 3) and longer landfilling time washed out Type I
methanotrophs. The ratio of Type II to Type I methanotrophic
copy numbers in other habitats, such as rice paddy, was
under 0.5 [43], and was under 3 in sanitary landfill cover
soils [22]. These results indicate that higher concentrations
of CH, and high ratios of O, to CH, under special landfill
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conditions, such as those of SALs, favor the acclimation of
Type II methanotrophs instead of Type I methanotrophs.

Although the data show a significant domination of
Type II methanotrophs over Type I methanotrophs in both
landfills, there were no statistically significant differences
in terms of Type II population between the two landfills,
despite their differences in location, climate, and soil types.

The main conclusions can be drawn as follows: i) the
abundance of Type I methanotrophs ranged from 1.07 x 10°
to 2.34 x 10" copies/g soil, whereas that of Type II
methanotrophs ranged from 1.51 x 10" to 1.83 x 10° copies/g
soil in cover soils from two SALs in China; ii) Type II
methanotrophs dominated in all samples compared with
Type Il methanotrophs, despite the differences between the
two landfills in terms of climate, locations, and soil types, as
evidenced by the high ratio of Type II to Type I methanotrophic
copy numbers (from 5.61 to 21.89); iii) the results prove the
hypothesis that SALs provide a special environment for
methanotrophs, wherein there is a high concentration of
CH, and abundant interflow of O,, especially around the
vertical venting pipes. Thus, we can arrive at a conclusion
that increasing the oxygen supply would greatly improve
CH, oxidation in landfill cover soils of China (such as the
biocover equipped with a novel passive air diffusion system
[14]), even in SALs that have a higher O, concentration
than sanitary landfills.

Acknowledgments

This research project was funded by the State Environmental
Protection Key Laboratory of Microorganism Application
and Risk Control (No. MARC2012D009) and National
Natural Science Foundation of China (Grant No. 41101225).
The authors are grateful to the Key Laboratory of Groundwater
Resources and Environment, Ministry of Education, Jilin
University for the support.

References

1. Ait-Benichou S, Jugnia LB, Greer CW, Cabral AR. 2009.
Methanotrophs and methanotrophic activity in engineered
landfill biocovers. Waste Manag. 29: 2509-2517.

2. Amaral JA, Knowles R. 1995. Growth of methanotrophs in
methane and oxygen counter gradients. FEMS Microbiol.
Lett. 126: 215-220.

3. Auman A], Stolyar S, Costello AM, Lidstrom ME. 2000.
Molecular characterization of methanotrophic isolates from
freshwater lake sediment. Appl. Environ. Microbiol. 66: 5259-
5266.

4. Aymerich T, Martin B, Garriga M, Hugas M. 2003. Microbial

July 2013 | Vol. 23 | No.7



1002

10.

11.

12.

13.

14.

15.

16.

17.

18.

Lietal.

quality and direct PCR identification of lactic acid bacteria
and nonpathogenic staphylococci from artisanal low-acid
sausages. Appl. Environ. Microbiol. 69: 4583-4594; Erratum.
2005. 71: 1674-1674.

. Bezrukova LV, Nikolenko YI, Nesterov Al, Galchenko VF,

Ivanov MV. 1983. Comparative serological analysis of
methanotrophic bacteria. Microbiology 52: 626-631.

. Bodrossy L, Stralis-Pavese N, Murrell JC, Radajewski S,

Weilharter A, Sessitsch A. 2003. Development and validation
of a diagnostic microbial microarray for methanotrophs.
Environ. Microbiol. 5: 566-582.

. Bogner ], Spokas K, Burton E, Sweeney R, Corona V. 1995.

Landfills as atmospheric methane sources and sinks. Chemosphere
31: 4119-4130.

. Bogner JE, Spokas KA, Burton EA. 1997. Kinetics of methane

oxidation in a landfill cover soil: Temporal variations, a
whole landfill oxidation experiment, and modeling of net
CH, emissions. Environ. Sci. Technol. 31: 2504-2514.

. Borjesson G, Chanton ], Svensson BH. 2001. Methane

oxidation in two Swedish landfill covers measured with
carbon-13 to carbon-12 isotope ratios. |. Environ. Qual. 30:
369-376.

Borjesson G, Sundh I, Svensson B. 2004. Microbial oxidation
of CH, at different temperatures in landfill cover soils.
FEMS Microbiol. Ecol. 48: 305-312.

Borjesson G, Sundh I, Tunlid A, Frostegard A, Svensson BH.
1998. Microbial oxidation of CH, at high partial pressures in
an organic landfill cover soil under different moisture regimes.
FEMS Microbiol. Ecol. 26: 207-217.

Bowman JP, Sly LI, Stackebrandt E. 1995. The phylogenetic
position of the family Methylococcaceae. Int. J. Syst. Bacteriol.
45: 182-185.

Chanton JP, Rutkowski CM, Mosher B. 1999. Quantifying
methane oxidation from landfills using stable isotope analysis
of downwind plumes. Environ. Sci. Technol. 33: 3755-3760.
Chi Z, Lu W, Mou Z, Wang H, Long Y, Duan Z. 2012. Effect
of biocover equipped with a novel passive air diffusion
system on microbial methane oxidation and community of
methanotrophs. J. Air Waste Manag. Assoc. 62: 278-286.
Dedysh SN, Panikov NS, Liesack W, Grosskopf R, Zhou JZ,
Tiedje JM. 1998. Isolation of acidophilic methane-oxidizing
bacteria from northern peat wetlands. Science 282: 281-284.
Deutzmann JS, Schink B. 2011. Anaerobic oxidation of
methane in sediments of Lake Constance, an oligotrophic
freshwater lake. Appl. Environ. Microbiol. 77: 4429-4436.

Fuse H, Ohta M, Takimura O, Murakami K, Inoue H,
Yamaoka Y, et al. 1998. Oxidation of trichloroethylene and
dimethyl sulfide by a marine Methylomicrobium strain containing
soluble methane monooxygenase. Biosci. Biotechnol. Biochem.
62: 1925-1931.

Gilbert B, McDonald IR, Finch R, Stafford GP, Nielsen AK,
Murrell JC. 2000. Molecular analysis of the pmo (particulate
methane monooxygenase)

operons from two type II

J. Microbiol. Biotechnol.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

methanotrophs. Appl. Environ. Microbiol. 66: 966-975.

Gomez KE, Gonzalez-Gil G, Lazzaro A, Schroth MH. 2009.
Quantifying methane oxidation in a landfill-cover soil by
gas push-pull tests. Waste Manag. 29: 2518-2526.

Graham DW, Chaudhary JA, Hanson RS, Arnold RG. 1993.
Factors affecting competition between type-I and type-II
methanotrophs in 2-organism, continuous-flow reactors.
Microbial Ecol. 25: 1-17.

Hanson RS, Hanson TE. 1996. Methanotrophic bacteria.
Microbiol. Rev. 60: 439-471.

He R, Ruan AD, Jiang CJ, Shen DS. 2008. Responses of
oxidation rate and microbial communities to methane in
simulated landfill cover soil microcosms. Bioresour. Technol.
99: 7192-7199.

Henckel T, Friedrich M, Conrad R. 1999. Molecular analyses
of the methane-oxidizing microbial community in rice field
soil by targeting the genes of the 16S rRNA, particulate
methane monooxygenase, and methanol dehydrogenase.
Appl. Environ. Microbiol. 65: 1980-1990.

Henckel T, Roslev P, Conrad R. 2000. Effects of O(2) and
CH(4) on presence and activity of the indigenous methanotrophic
community in rice field soil. Environ. Microbiol. 2: 666-679.
Kightley D, Nedwell DB, Cooper M. 1995. Capacity for methane
oxidation in landfill cover soils measured in laboratory-scale
soil microcosms. Appl. Environ. Microbiol. 61: 592-601.

Kolb S, Knief C, Dunfield PF, Conrad R. 2005. Abundance
and activity of uncultured methanotrophic bacteria involved
in the consumption of atmospheric methane in two forest
soils. Environ. Microbiol. 7: 1150-1161.

Lu F, He PJ, Guo M, Yang N, Shao LM. 2012. Ammonium-
dependent regulation of aerobic methane-consuming bacteria
in landfill cover soil by leachate irrigation. J. Environ. Sci.
(China) 24: 711-719.

Mohanty SR, Bodelier PLE, Conrad R. 2007. Effect of
temperature on composition of the methanotrophic community
in rice field and forest soil. FEMS Microbiol. Ecol. 62: 24-31.
Morton JD, Hayes KF, Semrau JD. 2000. Effect of copper
speciation on whole-cell soluble methane monooxygenase
activity in Methylosinus trichosporium OB3b. Appl. Environ.
Microbiol. 66: 1730-1733.

Nguyen HHT, Shiemke AK, Jacobs SJ, Hales BJ, Lidstrom
ME, Chan SI. 1994. The nature of the copper ions in the
membranes containing the particulate methane monooxygenase
from Methylococcus capsulatus (Bath). J. Biol. Chem. 269: 14995-
15005.

Rahalkar M, Bussmann I, Schink B. 2007. Methylosoma
difficile gen. nov., sp nov., a novel methanotroph enriched
by gradient cultivation from littoral sediment of Lake
Constance. Int. ]. Syst. Evol. Microbiol. 57: 1073-1080.

Scheutz C, Kjeldsen P. 2004. Environmental factors influencing
attenuation of methane and hydrochlorofluorocarbons in
landfill cover soils. J. Environ. Qual. 33: 72-79.

Schroth MH, Eugster W, Gomez KE, Gonzalez-Gil G,



34.

35.

36.

37.

38.

Niklaus PA, Oester P. 2012. Above- and below-ground
methane fluxes and methanotrophic activity in a landfill-
cover soil. Waste Manag. 32: 879-889.

Seghers D, Siciliano SD, Top EM, Verstraete W. 2005.
Combined effect of fertilizer and herbicide applications on
the abundance, community structure and performance of
the soil methanotrophic community. Soil Biol. Biochem. 37:
187-193.

Shen RN, Yu CL, Ma QQ, Li SB. 1997. Direct evidence for a
soluble methane monooxygenase from type I methanotrophic
bacteria: Purification and properties of a soluble methane
monooxygenase from Methylomonas sp. GYJ3. Arch. Biochem.
Biophys. 345: 223-229.

Sproles C. 2009. Intergovernmental panel on climate change
(IPCC). Government Information Quarterly 26: 428-429.

Strous M, Jetten MS. 2004. Anaerobic oxidation of methane
and ammonium. Annu. Rev. Microbiol. 58: 99-117.

Tate KR, Walcroft AS, Pratt C. 2012. Varying atmospheric
methane concentrations affect soil methane oxidation rates
and methanotroph populations in pasture, an adjacent pine
forest, and a landfill. Soil Biol. Biochem. 52: 75-81.

39.

40.

41.

42.

43.

Methanotrophic Community Diversity in Cover Soils 1003

Urmann K, Lazzaro A, Gandolfi I, Schroth MH, Zeyer ].
2009. Response of methanotrophic activity and community
structure to temperature changes in a diffusive CH,/O,
counter gradient in an unsaturated porous medium. FEMS
Microbiol. Ecol. 69: 202-212.

Vanamstel AR, Swart R]. 1994. Methane and nitrous-oxide
emissions — an introduction. Fertilizer Res. 37: 213-225.
Whalen SC, Reeburgh WS, Sandbeck KA. 1990. Rapid
methane oxidation in a landfill cover soil. Appl. Environ.
Microbiol. 56: 3405-3411.

Wise MG, McArthur JV, Shimkets L]. 1999. Methanotroph
diversity in landfill soil: Isolation of novel type I and type II
methanotrophs whose presence was suggested by culture-
independent 165 ribosomal DNA analysis. Appl. Environ.
Microbiol. 65: 4887-4897.

Zheng Y, Zhang LM, Zheng YM, Di HJ, He JZ. 2008.
Abundance and community composition of methanotrophs
in a Chinese paddy soil under long-term fertilization practices.
J. Soils Sediments 8: 406-414.

July 2013 | Vol. 23 | No.7




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 900
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [300 300]
  /PageSize [612.000 792.000]
>> setpagedevice


