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Abstract The nitrite-dependent anaerobic methane oxidation
(n-damo) mediated by BCandidatus Methylomirabilis
oxyfera^ connects the biogeochemical carbon and nitrogen
cycles in a novel way. Many environments have been reported
to harbor such organism being slow-growing and oxygen-
sensitive anaerobes. Here, we focused on the population of
n-damo bacteria in a fluctuating habitat being the wetland in
the water level fluctuation zone (WLFZ) of the Three Gorges
Reservoir (TGR) in China. A molecular approach demonstrat-
ed positive amplifications when targeting the functional pmoA
gene only in the lower sites which endured longer flooding
time in an elevation gradient. Only 1 operational taxonomic
unit (OTU) in the lower elevation zone targeting the 16S ri-
bosomal RNA (rRNA) gene was clustering into the NC-10
group a, which is presumed to be the true n-damo group.
Moreover, a relatively low level of diversity was observed in
this study. The abundances were as low as 4.7 × 102 to
1.5 × 103 copies g−1 dry soil (ds) in the initial stage, which
were almost the lowest reported. However, an increase was
observed (3.2 × 103 to 5.3 × 104 copies g−1 ds) after nearly

6 months of flooding. Intriguingly, the abundance of n-damo
bacteria correlated positively with the accumulated flooding
time (AFT). The current study revealed that n-damo bacteria
can be detected in a fluctuating environment and the sites with
longer flooding time seem to be preferred habitats. The water
flooding may be the principal factor in this ecosystem by
creating anoxic condition. The wide range of such habitats
suggests a high potential of n-damo bacteria to play a key role
in natural CH4 consumption.
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Introduction

Methane (CH4) is a strong greenhouse gas, which is about 75
and 25 times more powerful at warming the atmosphere than
carbon dioxide (CO2) on 20 and 100 years time scale, respec-
tively (Solomon et al. 2007). It is well acknowledged that
water reservoirs are significant sources of CH4 (Rudd et al.
1993). Following the rising of the water level, large areas of
wetlands are formed along the coast of these reservoirs. The
organic carbon that was previously stored in plant and soil
would be decomposed and converted to CH4 by methanogens
(St. Louis et al. 2000). However, the transport pathway and
the process of CH4 oxidation in anoxic layers, rather than just
the population of methanogens, control the rate of CH4 emis-
sion (Joabsson et al. 1999).

It was estimated that about 60 % of the CH4 consumption
relied on microbial oxidation by aerobic or anaerobic
methanotrophic bacteria and archaea. Anaerobic oxidation of
methane (AOM) was shown to be coupled to the reduction of
sulfate (Boetius et al. 2000; Milucka et al. 2012), nitrate
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(Haroon et al. 2013), manganese and iron oxides (Beal et al.
2009), and nitrite (Ettwig et al. 2010). The AOM is performed
by either a consortium of bacteria and archaea, by the archaea
themselves, or by Methylomirabilis oxyfera-like bacteria, be-
longing to the NC10 phylum (Ettwig et al. 2009). The energy
yields of the AOM coupled to nitrate or nitrite as electron
acceptors are substantially higher compared to sulfate,
allowing these reactions to take place at lower substrate con-
centrations (Thauer and Shima 2008). Although data point to
an intra-aerobic metabolism, the biochemical mechanism of
nitrite-dependent anaerobic methane oxidation (n-damo), me-
diated by BCandidatus Methylomirabilis oxyfera,^ is still not
well understood because of the difficulty to enrich these types
of bacteria (Ettwig et al. 2010; Ettwig et al. 2009;
Raghoebarsing et al. 2006). With the development of molec-
ular biomarkers (Ettwig et al. 2009; Luesken et al. 2011) for n-
damo bacteria, several ecosystems have been reported to har-
bor such organism, including peatland (Zhu et al. 2012), es-
tuary (Shen et al. 2014a), paddy fields (Shen et al. 2014b;
Wang et al. 2012; Zhou et al. 2014), sediment of freshwater
lake (Kojima et al. 2012), river (Shen et al. 2014b), the South
China Sea (Chen et al. 2015a; Chen et al. 2014), freshwater
(Hu et al. 2014b) and coastal mangrove wetland (Chen et al.
2015b), and bioreactor (Hu et al. 2014b). In these habitats, the
stable environment where there is a prolonged time for the
bacterial population to develop (Dalsgaard et al. 2005) is cru-
cial to n-damo bacteria which grow very slowly.

In the present study, we focused on the community of n-
damo bacteria in a fluctuating habitat being the wetland in the
water level fluctuation zone (WLFZ) of the Three Gorges
Reservoir (TGR) in China. This wetland undergoes seasonal
flooding due to the artificial regulation of the water level
(145–175 m) (Fig. 1). Moreover, the water level rises to its
highest point in winter and drops to its lowest level in summer,
which is reverse to the fluctuation of natural water bodies. The
unique and complex environmental conditions in the WLFZ
of the TGRmake it an ideal habitat to study the distribution of
n-damo bacteria in nature and the response to a changing
environment. The objective of this study was to investigate
the spatial-temporal distribution of n-damo bacteria in the
WLFZ of the TGR and to reveal its response to a fluctuating
environment.

Materials and methods

Site description and sampling

The TGR is the largest hydroelectric project in China. The
reservoir located between 28° 32′ N to 31° 43′ N and 105°
49′ E to 111° 39′ E with a total area of 1084 km2 under
full operation (Fig. 1). For the purpose of flood control,
navigation, and power generation, the water level is kept

at 145 m during the flooding season (June–August) and
increased to 175 m after the flooding season (October)
(China Three Gorges Corporation 2015). As a conse-
quence, the WLFZ is strongly influenced by the fluctua-
tion of water level, resulting in periodic submergence and
exposure to air (Fig. 1).

A typical WLFZ area (31° 09′ 19″ N, 108° 33′ 43″ E) was
selected in this study. Considering the impact of water
flooding to soil biogeochemistry, samples were taken at two
dates, October 11, 2013 (water lever at about 169 m), and
April 1, 2014 (water level at about 161 m), representing the
initial stage and the later stage of water flooding, respectively.
The samples were collected at 5-m elevation intervals, ranging
from 150 to 175 m. To avoid the abandoned farm land, the
positions of sediment sites were marked in May and June of
2013 when the water was maintained at a low level. During
the first sampling in 2013, six samples were taken and four of
them were sediment samples (under the water level) at 150-,
155-, 160-, and 165-m elevations. During the sampling of
2014, three of them were sediment samples at 150-, 155-,
and 160-m elevations. All others samples were soil samples
(taken above the water level). The sediments were sampled
from a boat with a Petersen grab and the surface soil samples
(0–10 cm) were taken with a stainless steel core sampler. Five
samples were collected for each site. Samples were kept in
sterile plastic bags, sealed, and maintained on ice during trans-
portation. At the laboratory, each sample was separated into
subsamples, one was stored at −20 °C for DNA extraction and
downstream analyses and the other one was stored at 4 °C for
chemical analyses.

Chemical analysis

Soil pH was measured after shaking with water at a soil/water
ratio of 1:5 and soil moisture was measured gravimetrically.
Nitrogen- and carbon-related chemical parameters were mea-
sured in this study. Into 50 ml 2 M KCl solution, 10-g fresh
soil or sediment was added and the mixture was shaken at
200 rpm for 1 h. After shaking, the resulting solution was
filtered and ammonium (NH4

+) and nitrate (NO3
−) were de-

termined by flow injection analysis (FIA Star 5000, FOSS
Tecator, Sweden). The detection limits were 0.03 and
0.01 mg kg−1, respectively. Nitrite was determined using the
N-(1-naphthyl) ethylenediamine dihydrochloride-based spec-
trophotometric method by reading the absorbance at 540 nm.
Total carbon (TC), total nitrogen (TN), and total sulfur (TS)
were measured by an element analyzer (Vario EL cube,
Elementar, Germany). Soil organic matter (OM) was mea-
sured through LOI550 (loss on ignition at 550 °C). Ferrous
iron (Fe2+) and ferric iron (Fe3+) were measured according
to standard methods (Bao 2005). All analyses were carried
out in triplicate.

1978 Appl Microbiol Biotechnol (2016) 100:1977–1986



DNA extraction and PCR amplification

DNA from soil/sediment samples were extracted according to
the manufacturer’s instruction using the PowerSoil DNA
Isolation Kit (Mobio, USA). The DNA concentration was
determined using a NanoVue Plus Spectrophotometer (GE
Healthcare, UK) and the DNA quality was checked by 1 %
(weight/volume) agarose gel electrophoresis. The extracted
DNAwas stored at −20 °C for further analyses.

Nested approaches were employed to amplify the pmoA
gene (first round with the primer pair of A189_b–cmo682,
followed by the primer pair of cmo182–cmo568) with the
following protocol: initial melting step at 95 °C for 5 min,
followed by 35 cycles of denaturation at 95 °C for 1 min,
annealing at 55 °C (first round) or 59 °C (second round) for
1 min, elongation at 72 °C for 1 min, and a final elongation
step at 72 °C for 10 min (Luesken et al. 2011). The 16S
ribosomal RNA (rRNA) gene (first round with the primer pair
of 202F–630R, followed by the primer pair of p1F–p2R) was
amplified with the following protocol: initial melting step at
95 °C for 5 min, followed by 35 cycles of denaturation at
95 °C for 1 min, annealing at 55 °C (first round) or 57 °C
(second round) for 1 min, elongation at 72 °C for 1 min, and a
final elongation step at 72 °C for 10 min (Ettwig et al. 2009;
Juretschko et al. 1998). The sequences of primers used in this
study are listed in Table 1. PCR was performed with the
GoTaq® Green Master Mix (Promega, USA).

Quantitative PCR analysis

To avoid the potential biases of the observed abundance, the
quantitative PCR of n-damo bacteria targeting the 16S rRNA
gene was performed with two specific primer pairs of p1F–
p1R and p2F–p2R (Ettwig et al. 2009), respectively. An initial
denaturing step of 95 °C for 3 min was followed by 40 cycles
of denaturation at 95 °C for 1 min, annealing at 63 °C for

1 min, and elongation at 72 °C for 1 min. The final elongation
step was 5 min at 72 °C. Primer pair 8F–Eub338-IR targeting
the bacterial 16S rRNA gene was used for the quantification
of total bacteria (Amann et al. 1990; Juretschko et al. 1998). A
similar protocol was applied (see above) except an annealing
temperature of 55 °C. Positive clones of 16S rRNA gene of n-
damo bacteria and general bacteria were selected to isolate the
plasmids containing corresponding inserts using a GeneJet
Plasmid Miniprep Kit (Fermentas MBI, Lithuania). Tenfold
serial dilutions of plasmids were used to construct the standard
curves. The concentrations of plasmids were determined by a
NanoVue Plus Spectrophotometer (GE Healthcare, UK) and
used for the calculation of gene copy numbers. Quantitative
PCR amplification was performed in a total volume of 20 μl
with a SYBR Green qPCR kit (Takara, Japan) in triplicate on
Realplex2 real-time PCR instrument (Eppendorf, Germany).
PCR reaction mixtures contained Premix Ex Taq 10 μl, for-
ward and reverse primers 0.5 μl of each (10 μM), and 2 μl (5–
10 ng/μl) DNA as template. Only results with amplification
efficiency and correlation coefficient above 95 % and 0.98
were used.

Cloning, sequencing, and phylogenetic analysis

Both 16S rRNA and pmoA genes were cloned and se-
quenced. PCR products (two samples in 2013, four sam-
ples in 2014) were purified and ligated into the pGEM-T
Easy cloning vector (Promega, USA) and then transformed
to Escherichia coli JM109 competent cells. About 70
clones of each library were obtained. Sequences were di-
vided into operational taxonomic units (OTUs) by setting a
0.03 cutoff (equivalent to 97 % identity) using MOTHUR
program (Schloss et al. 2009). Phylogenetic analysis of the
16S rRNA and pmoA genes was conducted in MEGA 5.0
software by neighbor-joining with the Jukes-Cantor cor-
rection (Tamura et al. 2011). Sequences obtained in this
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Fig. 1 Map of the Three Gorges Reservoir showing the location of the sampling site and respective landscape in summer and winter (left); sketch map
showing the formation of the WLFZ and the fluctuation of water level in the TGR with circles indicating the sampling time (right)
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study were deposited in GenBank under the accession
numbers of KT355451–KT355470.

Statistical analysis

Unifrac (Hamady et al. 2009) was used to perform the princi-
pal coordinate analyses (PCoA) of the n-damo bacterial com-
munities together with those references available in the
GenBank database. Paired samples t test was used for the
comparison of n-damo bacterial abundance, and the correla-
tion between n-damo bacterial abundance and environmental
variables were computed by Pearson’s bivariate correlation
analysis conducted by PASW Statistics 18.0 (Predictive
Analytics Software Statistics). The level of significance in this
study was = 0.05. Graphs were generated using ORIGIN 8.0
software.

Results

Chemical profiles

Distinct chemical profiles were found in the elevation gradient
(Figure S1). The samples below the water level (sediment)
showed higher concentrations of NH4

+ being 6.1 mg kg−1 in
2013 and 12.4 mg kg−1 in 2014 on average. In contrast, the
average concentrations of NH4

+ in samples above the water
level (soil) were only 1.5 and 1.6 mg kg−1 in 2013 and 2014,
respectively. The NO2

− concentration was below the detection
limit (0.01 mg kg−1) in all samples. The content of NO3

−

varied from 1.1 to 3.4 mg kg−1 with little impact observed
from the water flooding. The OMwhich was 3.3 % on average
at six elevations also increased in 2014 to 5.0 %. However, no
significant difference of OM was observed between sediment
and soil samples. The pH values were also affected by water

flooding; the average pH values in flooded sediments were 7.8
and 7.6 compared to 6.7 and 7.0 in soil samples of 2013 and
2014, respectively.

The water flooding strongly influenced the Fe2+/Fe3+ ratio
which appears to be a good indicator of the redox potential.
The ratio showed a large increase after flooding. In addition,
total iron concentrations of sediment samples were 4.7 times
higher on average than those in soil samples. The Fe2+ con-
centrations were 36.3 and 35.4 times higher in sediment sam-
ples compared to soil samples in 2013 and 2014, respectively.

Phylogenetic analysis of n-damo bacterial sequences

Both the 16S rRNA and functional pmoA genes were am-
plified to investigate the community structure of n-damo
bacteria (Table 2). All 12 samples showed positive prod-
ucts when targeting the 16S rRNA gene, and the PCR
products from the 155-m elevation and another two sam-
ples at 160 m (sediment) and 170 m (soil) were cloned
and sequenced for comparison. The coverages of the 16S
rRNA and pmoA genes libraries ranged from 0.94 to 1.00
and from 0.99 to 1.00, respectively, indicating that se-
quencing effort covered significant amounts of the rich-
ness in the samples examined.

A total of 66 to 70 randomly picked clones of each sample
were sequenced. According to the previous phylogenetic anal-
ysis of n-damo bacterial sequences (Ettwig et al. 2009), all the
16S rRNA sequences retrieved from the WLFZ clustered into
groups a and b (Fig. 2). Well-characterized n-damo sequences
from bioreactor enrichment (Enr-F2) (Ettwig et al. 2009) and
the complete sequence from the genome of Candidatus
Methylomirabilis oxyfera (Ettwig et al. 2010) were included
into group a. The sequences in group a are assumed to be a
true n-damo group with proven activities. However only
1 OTU (two sequences) retrieved from the sediment sample

Table 1 The primers and thermal profiles used in this study

Primer Sequence(5′-3′) Annealing
temp (°C)

Target References

202F GACCAAAGGGGGCGAGCG 55–64 NC10 bacterial 16S rRNA Ettwig et al. (2009)

630R CAKAAAGGAGGTGATCC Juretschko et al. (1998)

p1F GGGCTTGACATCCCACGAACCTG 63 NC10 bacterial 16S rRNA Ettwig et al. (2009)
p1R CGCCTTCCTCCAGCTTGACGC

p2F GGGGAACTGCCAGCGTCAAG 63 NC10 bacterial 16S rRNA Ettwig et al. (2009)
p2R CTCAGCGACTTCGAGTACAG

A189_f GGNGACTGGGACTTYTGG 55 NC10 bacterial pmoA Luesken et al. (2011)
cmo682 AAAYCCGGCRAAGAACGA

cmo182 TCACGTTGACGCCGATCC 59 NC10 bacterial pmoA Luesken et al. (2011)
cmo568 GCACATACTCCATCCCCATC

8F AGAGTTTGATYMTGGCTCAG 55 All bacterial 16S rRNA Juretschko et al. (1998)

Eub338-IR GCTGCCTCCCGTAGGAGT Amann et al. (1990)
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of 155 m in 2013 clustered into group a. All remaining se-
quences, including 13 OTUs with 268 sequences from this
study clustered into group b, distantly related to Candidatus
Methylomirabilis oxyfera. Some clones from environmental
samples like ditch sediment, used as inoculum for n-damo
enrichment (Ino-F1) (Ettwig et al. 2009), and costal wetland
sediment (Chen et al. 2015b) also clustered into group b.

Using a nested PCR approach, n-damo pmoA gene se-
quences were recovered from the WLFZ samples with cov-
erages of more than 0.95 (Table 2). Positive PCR results
were obtained only with sediment samples from 155 m
taken in 2013 and 2014. Combined with the reference se-
quences, the pmoA OTUs in WLFZ clustered into three
groups. The only OTU of 2013 and three OTUs of 2014

Table 2 Sequence information
and alpha diversity of n-damo
bacteria recovered from the
WLFZ of the TGR

Sampling time

October 2013 April 2014

Elevation (m) 155 155 160 170

Target gene 16S rRNA pmoA 16S rRNA pmoA 16S rRNA 16S rRNA

Sequence number 70 70 68 69 66 67

Coverage 0.94 1.00 0.99 0.99 0.97 1.00

OTU number 7 1 4 4 4 3

Shannon 0.95 0 0.08 0.97 0.23 0.23

Anaerobic methane oxidation/denitrification reactor(DQ369742)

Coal tar waste-contaminated(AF351217)

Donana coastal aquifer in Spain(DQ837259)

Candidatus Methylomirabilis oxyfera
Enr-F2 from freshwater ditch sediment in Netherlands(FJ621558) 

Enriched from mixed inoculum bioreactor(FJ907182)

2013.10-BJX155-OTU4(2/67)

Uncultured bacterium clone WWTPDordrecht(JF706192)

Uncultured NC10 bacterium from paddy soil(JN704444)

Group a

2013.10-BJX155-OTU5(1/67)

2013.10-BJX155-OTU6(1/67)

Saturated Chorizon soil aggregate(EU335192)

Soil around iron-manganese nodule(EF492972)

Uranium mill tailings in USA(AJ519650)

Ino-F1from freshwater ditch sediment in Netherlands(FJ621548)

Lotus field soil in Japan(AB426199)

Costal Mai Po wetland sediments(KJ718795)

2014.4-BJX155-OTU2(25/68)

Ino-F12 from freshwater ditch sediment in Netherlands(FJ621550)

2013.10-BJX155-OTU3(4/67)

2014.4-BJX155-OTU1(35/68)

2014.4-BJX170-OTU3(3/67)

2014.4-BJX170-OTU2(4/67)

2014.4-BJX155-OTU4(1/68)

2013.10-BJX155-OTU1(47/67)

2014.4-BJX155-OTU3(7/68)

2014.4-BJX170-OTU1(60/67)

2014.4-BJX160-OTU1(63/64)

2014.4-BJX160-OTU2(1/64)

Group b

2013.10-BJX155-OTU2(11/67)

Canyon and slope sediment in Greece(EU373968

Ferromanganese deposit in USA(AY186072)

Uranium mill tailings in USA(AJ519669)

Mid-Atlantic Ridge hydrothermal(AY225657)

Group d

outgroup (D26171, U41563)
100

67
80

100

87
82

70

74

98

57

72

100

89

66
94

67

86

59

93
54

99

0.02

Fig. 2 Phylogenetic tree showing
the affiliation and distribution of
n-damo bacterial 16S rRNA gene
sequences retrieved from the
WLFZ of the TGR. The numbers
at the nodes were the levels of
bootstrap support based on 1000
replicates, and only percentages
more than 50 % are shown. The
sequence number of each OTU
and total sequence number in the
sample are indicated in the
bracket. Sampling time and
elevation are included in the clone
name
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were closely related to the clones retrieved from different
freshwater sediments in China. The remaining OTU clus-
tered with sequences retrieved from paddy soil and lake
sediments (Fig. 3).

Diversity and community analysis of n-damo bacteria

The diversity indexes of n-damo bacterial 16S rRNA and
pmoA genes in each sample are listed in Table 2. The highest
diversity based on 16S rRNA gene sequences was observed in
the sediment sample (155m) of 2013 before water flooding, in
which seven OTUs were observed with a Shannon index of
0.95. However, the diversity of the sample from the same
position in 2014 was not as high as in 2013 with 4 OTUs
observed and a Shannon index of 0.08. On the contrary, the

diversity analysis based on the pmoA gene showed a higher
diversity in 2014 with 4 OTUs observed and only 1 OTU in
2013.

The community structure of n-damo bacteria in the WLFZ
of the TGR was investigated both on 16S rRNA and pmoA
gene levels (Fig. 4). The 16S rRNA gene-based analyses
showed that most of the sequences clustered with the environ-
mental sequences in different habitats which were grouped into
group b. Only 1 OTU was grouped with the M. oxyfera as the
best-characterized n-damo cluster and 1OTU scattered between
the Three Gorges cluster and the n-damo cluster. The pmoA
gene-based analyses showed that all the sequences from the
WLFZ of the TGR clustered together with the sequences from
natural environment such as lake sediment (Zhou et al. 2014;
Zhu et al. 2015) and paddy soil (Wang et al. 2012), distantly

Lake sediments in China(KJ363751)
Sediment of Dongting Lake in China(KC341345)
Lake sediments in China(KJ363783)
Lake sediments in China(KJ363883)
sediment of Tulufan River in China(KC341373)

Lake sediments in China(KJ363575)
Lake sediments in China(KJ363817)

Sediment of Chaohu Lake in China(KC341334)
M.oxyfera Particulate methane monooxygenase

Sediment of Jiaxing Constructed Wetland(KC341376)
Paddy field soil in China(KF546946)

Paddy field soil in China(KF547007)
Qiantang River in China(KC503660)
Paddy field soil in China(KF546957)

Sediment of Jiaxing Constructed Wetland(KC341383)
Qiantang River in China(KC503628)

Xixi wetland in China(KC905899)
Enriched from WWTP of Netherlands(JN609384)

SBR in China(KJ668631)
Sediment of Chaohu Lake in China(KC341323)

Sediment of Chaohu Lake in China(KC341327)

Paddy field soil in China(KF546976)
Lake sediments in China(KJ363583)

Qiantang River in China(KC503614)
Sediment of Tiaoxi River in China(KC341540)

Bruns somerheide 1month enrichment(JX262154)
Bruns somerheide INO2(JX262153)
Lake Constance Germany(HQ906566)

Lake Constance Germany(HQ906568)
Enriched from SBR in Netherlands(JN006731)

Methylacidiphilumkamchatkense PmoA1 gene complete cds(FJ462788)

99

99

90

55

94

88

99

71

68

51

51

67

77
60

76
72

98

56

0.05

 2013.10-BJX155-OTU1(70/70)

 2014.4-BJX155-OTU3(3/67)
 2014.4-BJX155-OTU1(35/67)

 2014.4-BJX155-OTU4(3/67)

 2014.4-BJX155-OTU2(26/67)

Fig. 3 Phylogenetic tree showing the affiliation and distribution of n-
damo bacterial pmoA gene sequences retrieved from the WLFZ of the
TGR. The numbers at the nodes are the levels of bootstrap support based
on 1000 replicates, and only percentages more than 50 % are shown. The

sequence number of each OTU and total sequence number in the sample
are indicated in the bracket. Sampling time and elevation are included in
the clone name
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related to the sequences from culture environments either in
China (Hu et al. 2014b) or The Netherlands (Wang et al.
2012). Compared with the pmoA sequences from
The Netherlands (Zhu et al. 2012) and Germany (Deutzmann
et al. 2014), sequences obtained in this study were more likely
to cluster with the environmental samples from China (Shen
et al. 2015; Zhou et al. 2014; Zhu et al. 2015).

Abundance of n-damo bacteria

The abundance of n-damo bacteria was estimated by quantify-
ing the 16S rRNA gene using two primer pairs (Fig. 5). The

results from primer pair p1F–p1R showed slightly higher abun-
dances than those of p2F–p2R, in agreement with a previous
study (Ettwig et al. 2009). However, results from the two prim-
er pairs showed similar variations. Hence, the average values of
two primer pairs were used in the following analysis.

The n-damo copy numbers varied from 4.7 × 102 to 1.5 ×
103 copies g−1 dry soil (ds) before the water flooding in 2013.
Higher copy numbers were observed after water flooding in
2014, ranging from 3.2 × 103 to 5.3 × 104 copies g−1 ds. It
was noted that the abundances in sediment samples were 1.0 ×
103 and 4.9 × 104 copies g−1 ds on average in 2013 and 2014,
respectively, being consistently higher than the abundances in

2013.10-BJX155-OTU4

Candidatus Methylomirabilis oxyfera

Paddy soil CN

2013.10-BJX155-OTU2

Group a

2013.10-BJX155-OTU5

Group b
WWTP NL

Three Gorges cluster

Sediment of Constance Lake GER

Inoculum in Brunssomerheid NL 

Enrichment in Brunssomerheid NL 

Sediment of Tiaoxi River CN

SBR in China

WWTP in the Netherlands

SBR in the Netherlands

Paddy soil in China

2014.4-BJX155-OTU4

Sediment of Chaohu Lake CN

Sediment Xixi wetland CN

2014.4-BJX155-OTU3

2014.4-BJX155-OTU1

River and Lake Sediment in China

Candidatus Methylomirabilis oxyfera

Fig. 4 Ordination diagram of the UniFrac normalized PCoA analysis of the n-damo bacterial communities using the 16S rRNA (left) and pmoA (right)
genes sequences
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soil samples (5.0 × 102 and 5.1 × 103 copies g−1 ds in 2013 and
2014). Three sediments samples from 2014 at 150-, 155-, and
160-m elevations were significantly higher than the others. The
total bacteria were also quantified to demonstrate the general
variation of bacterial abundance. The abundance of total bacteria
in 2013 ranged from 5.9 × 105 to 4.3 × 107 copies g−1 ds and
from 1.7 × 106 to 1.2 × 109 copies g−1 ds in 2014. Unlike the
variation of n-damo bacteria, no significant difference of total
bacterial abundance was observed between the two years. The
only significant higher value was from sediment sample taken at
150-m elevation in 2014.

To elucidate the potential influencing factors to the distribu-
tion of n-damo bacteria, statistical analyses were performed
between the abundance and environmental variables. Among
the various physicochemical variables, the abundance positive-
ly correlated with the C/N ratio (Pearson correlation coeffi-
cient = 0.598, n = 12, P < 0.05). Notably, the abundance also
correlated positively with the accumulated flooding time (AFT)
and the coefficients increased from 0.675 (P < 0.05), 0.720
(P < 0.01), and 0.795 (P < 0.01) to 0.933 (P < 0.01) when
the AFT was calculated from June samples of 2010, 2011,
2012, and 2013, respectively (Table 3).

Discussion

M. oxyfera-like bacteria have been demonstrated to be widely
distributed in stable environments such as freshwater sediment

(Deutzmann et al. 2014; Hu et al. 2014a; Norði and Thamdrup
2014) and WWTP sludge (Hu et al. 2014b; Luesken et al.
2011). Here, we conducted a study in a water-level fluctuation
zone of a reservoir with seasonal flooding.

The presence of n-damo bacteria was verified using molec-
ular methods. However, the community composition of n-
damo bacteria differed substantially between sites. In the sam-
ples taken from six elevations at two different sampling times,
molecular evidence showed n-damo bacteria were more likely
to be observed at lower elevations, suggesting the lower sites
which endured longer flooding time and as a consequence an-
oxic conditions could be a preferred habitat forM. oxyfera-like
bacteria. The results were consistent with previous studies
showing that the distribution of M. oxyfera-like bacteria was
restricted by the presence of O2 in natural ecosystems and
higher abundances in deeper sediments (Deutzmann et al.
2014; Kojima et al. 2012) and deep wetland soils (Hu et al.
2014a; Wang et al. 2012; Zhou et al. 2014; Zhu et al. 2015).
Unlike other studies, nitrite was not detected in our samples.
The low level of nitrite may be explained by a high turnover
rate. It was hypothesized that n-damo bacteria cooperated
with denitrifying bacteria which reduce nitrate to nitrite or
with ammonium oxidizing bacteria (Hu et al. 2011; Zhu
et al. 2010). In this case, the higher content of ammonium
in lower sites suggested a high possibility of the coopera-
tion between n-damo bacteria and ammonium oxidizing
bacteria or archaea.

A relatively low level of diversity was observed in this
study; only 1 and 4 OTUs were recovered from 70 and 67
pmoA gene sequences, respectively. This is in agreement with
previous studies in paddy soil (Wang et al. 2012), freshwater
reservoir, reed bed, and sludge from a wastewater treatment
plant (Han and Gu 2013). In contrast, other studies reported
higher diversities in river sediments influenced by tides (Shen
et al. 2014b) and in the soil/groundwater ecotone of paddy soil
(Zhou et al. 2014). The more dynamic environmental condi-
tions could provide diverse micro-environments for different
species ofM. oxyfera-like bacteria (Shen et al. 2014b). In our
study, the disturbance in the WLFZ was apparently too strong
to maintain a high diversity. The detected diversities were
different targeting the 16S rRNA and pmoA genes, which
has been repetitively observed (Chen et al. 2014; Chen et al.
2015b; Shen et al. 2014a). This may be due to the bias of the
16S rRNA and pmoA genes primers, which were originally
designed based on limited references of M. oxyfera-like bac-
teria (Ettwig et al. 2009).

The copy number of n-damo bacteria at the initial stage of
water flooding ranged from 4.7 × 102 to 1.5 × 103 copies g−1 ds
which were almost the lowest reported abundances comparing
with lake sediments from Japan (105 to 106 copies g−1 ds)
(Kojima et al. 2012) and China (105 to 106 copies g−1 ds)
(Shen et al. 2014b), freshwater wetland (103 to 107 copies g−1

ds) (Zhu et al. 2015) and costal wetland (105 copies g−1 ds)

Table 3 Correlation
coefficient between the
abundance of n-damo
bacterial 16S rRNA gene
and physicochemical
properties and
accumulated flooding
time (AFT) of the WLFZ
in the TGR

Correlations with
the abundance of
n-damo bacteria

NH4
+ −0.443

NO3
− −0.478

Fe2
+ −0.353

Fe3
+ −0.185

Fe2
+/Fe3

+ −0.207
OM −0.046
C/N 0.598*

TN −0.316
TS −0.659*
TC −0.074
pH −0.437
ST-10.6 0.675*

ST-11.6 0.720**

ST-12.6 0.795**

ST-13.6 0.897**

ST-10.6, 11.6, 12.6, and 13.6 represented
the AFT (days) since June of 2010, 2011,
2012, and 2013 to the sampling time

Numbers in italics were regarded as
significant (P less than 0.01** or 0.05*)
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(Chen et al. 2015b). However, an increase was observed after
nearly 6 months flooding in 2014 (3.2 × 103 to
5.3 × 104 copies g−1 ds), showing the positive effect of water
flooding to the n-damo bacterial population. The carbon and
nitrogen availability were usually the decisive factors for the n-
damo bacterial community. It was reported that the potential n-
damo rates weremostly affected by the availability of NO2

− and
NO3

− (Norði and Thamdrup 2014) and the NOx
− concentration

influenced the community structures and distribution of
M. oxyfera-like bacteria (Chen et al. 2015b). The concentration
of soil organic carbon was also observed to show a significant
impact on the distribution of n-damo bacteria (Wang et al. 2012;
Zhou et al. 2014). However, no significant correlation was ob-
served between n-damo bacterial abundance and any nitrogen-
or carbon-related chemical parameter in this study.
Interestingly, the abundance of n-damo bacteria significantly
correlated with the AFT indicating a positive effect of water
flooding resulting in more anaerobic conditions, on the n-
damo bacterial population. Until now, not much is known about
the susceptibility of n-damo bacteria to environmental changes.
Limited physiological data come from enrichment cultures op-
erated for several months before significant AOM rates were
detected (Ettwig et al. 2009; Hu et al. 2011; Raghoebarsing
et al. 2006). The results of this study showed that the population
of n-damo bacteria can still grow in a natural environment after
water flooding for a long time creating anoxic conditions. It was
hypothesized that n-damo bacteria depend on redox gradients at
oxic-anoxic interfaces in their natural environments (Zhu et al.
2010). In addition, our results showed that the anaerobic con-
dition and availability of ammonium would be of great signif-
icance to n-damo bacteria.

In conclusion, the WLFZ of the TGR do not provide a
stable habitat for n-damo bacteria due to the periodic ex-
posure to air when water levels drop. However, they still
can be detected at lower elevations suggesting the wide
range of habitat in nature and thus high potential to play a
key role in natural CH4 consumption. The CH4 emission
of the Three Gorge Reservoir had long been concerned
(Qiu 2009). Recent evidence showed the CH4 emission
in the Three Gorge Reservoir maintained in the low range
of reported fluxes in similar reservoirs globally (Xiao
et al. 2013) and 51.8 to 77.4 % of the methane was oxi-
dized anaerobically in the sediment (Wang et al. 2014).
Although no direct evidence linked the CH4 oxidation to
any microbial process in the Three Gorge Reservoir, the
n-damo process would take over most of the anaerobic
methane oxidation according to previous studies in fresh-
water systems (Deutzmann et al. 2014; Hu et al. 2014a;
Norði and Thamdrup 2014).
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