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for this process was Candidatus Methylomirabilis oxyfera belonging to the bacterial phylum
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of NC10. In this study, a new pair of primers targeting all the five groups of NC10 bacteria
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was designed to amplify NC10 bacteria from different environmental niches. The results
showed that the group A was the dominant NC10 phylum bacteria from the sludges and
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food waste digestate while in paddy soil samples, group A and group B had nearly the same

NC10 bacteria

proportion. Our results also indicated that NC10 bacteria could exist in a high pH

Anaerobic methane oxidation

environment (pH 9.24) from the food waste treatment facility. The Pearson relationship

Molecular primer

analysis showed that the pH had a significant positive relationship with the NC10 bacterial

Candidatus Methylomirabilis oxyfera

diversity (p < 0.05). The redundancy analysis further revealed that the pH, volatile solid and
nitrite nitrogen were the most important factors in shaping the NC10 bacterial structure
(p = 0.01) based on the variation inflation factors selection and Monte Carlo test (999 times).
Results of this study extended the existing molecular tools for studying the NC10 bacterial
community structures and provided new information on the ecological distributions of
NC10 bacteria.
© 2017 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences.
Published by Elsevier B.V.

Introduction
Methane is an important greenhouse gas that is, on a molar
basis, 28 times more potent than the carbon dioxide (IPCC,
2013). The methane concentration in the atmosphere has
increased tremendous from 830 ppb in 1980 to 1799 ppb in

2010 (Kirschke et al., 2013) and still keep increasing 1% annually,
thus contributing up to 20% global greenhouse effects.
Microbial mediated methane oxidation is an effective way to
prevent the methane emission into the atmosphere. Depending
on the existence of oxygen, methane oxidation process can
be divided into two major pathways: aerobic oxidation and
anaerobic oxidation. The aerobic oxidation uses oxygen as the
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electron acceptor while anaerobic methane oxidation uses
other electron acceptors, such as sulfate, nitrate, nitrite and
metal oxide. The aerobic methane oxidation has been studied
extensively in recent decades such as in paddy soil (Wu et al.,
2009), forestry soil (Kolb et al., 2005), sediments (Costello et al.,
2002; Rahalkar and Schink, 2007), as well as landfill cover layers
(Cebron et al., 2007; Li et al., 2014). The anaerobic methane
oxidation, however, is a newly discovered microbial process.
The denitrifying anaerobic methane oxidation (DAMO) is
one of the anaerobic methane oxidation processes mediated
by two major microorganisms, Candidatus Methylomirabilis
oxyfera belonging to the bacterial phylum of NC10 (Ettwig
et al., 2010; Raghoebarsing et al., 2006) and Candidatus
Methanoperedens nitroreducens belonging to the archaeon
order of Methanosarcinales (Haroon et al., 2013). Thus far, DAMO
archaea had very limited studies due to the difficulties in
enrichment and detection (Ding et al., 2015) and most of the
studies focused on the NC10 bacteria. The NC10 bacteria have
been found in diverse environments, such as in paddy soil
(Ding et al., 2016; Shen et al., 2014, 2016; Wang et al., 2012),
wetlands (Chen et al., 2015; Hu et al., 2014a; Shen et al., 2015a,
2015b; Zhu et al., 2015), lake sediments (Wang et al., 2016), and
wastewater sludges (Luesken et al., 2011). The NC10 bacteria
mainly consist of five groups, namely group A, group B, group
C, group D and group E (Chen et al., 2014; Ettwig et al., 2009).
The group A has been widely detected both in environmental
samples and in enriched cultures. In several enrichments, the
group A is the dominate group, indicating that it is the “true
DAMO” (Ettwig et al., 2009). The group B is the major group in
agriculture soils (Shen et al., 2016), but thus far, no enrichment
dominating by group B is obtained. There is few information on
the group C and group D (Kojima et al., 2012) mainly due to
difficulties in detection. The group E is newly recovered from
the marine system (Chen et al., 2014, 2015) and thus far, it has
not been detected in other environmental niches.
The NC10 specific primers which are currently widely used
are developed based on the enrichment culture. The maximum nitrite removal rate was 33.5 mmol/day and group A
is the dominant group in this culture (Ettwig et al., 2009).
Therefore, these primers are not quite suitable for detecting
other groups of NC10 bacteria, especially the group C, group D
and group E. Therefore, more sensitive primers are needed to
study the NC10 bacteria distribution and ecological significance comprehensively.
The purpose of this study is to develop suitable molecular
primers covering all the five group members of NC10 bacteria.
The study intends to extend the existing molecular tools for
studying the community structures and provides new information on the distributions of NC10 bacteria from different
ecological systems.

was obtained in a rice field in suburb of Changping District,
Beijing. The sample was collected at approximately 50–80 cm
below the surface layer using the stainless steel ring sampler
(diameter, 50 mm). Another sample was food waste digestate
collected from an anaerobic digestion facility in Beijing.
Detailed sample information was listed in Table 1.
Approximately 0.5 kg of each sample was stored in zipper
style polyethylene bags on ice and transported to the
laboratory in 6 hr for further analysis. The samples were
subsequently separated into two parts. The first part was
stored at 4°C for the physiochemical analysis within 24 hr and
the other part was frozen at −20°C for the following
deoxyribonucleic acid (DNA) extraction and microbial
analysis.

1.2. Physiochemical analysis
Moisture content and volatile solid (VS) was measured by
weighing the residues dried in porcelain crucibles at 105°C for
6 hr and 650°C for 3 hr, respectively. The pH was measured at
a liquid-to-solid ratio of 10:1 (V/m) by pH meter (FE20, Mettler
Toledo, Switzerland). Ammonia nitrogen (NH+4–N), nitrate
nitrogen (NO−3–N) and nitrite nitrogen (NO−2–N) were extracted
by 2 mol/L KCl and determined colorimetrically (DR 6000,
Hach, USA). The physiochemical characteristics of the samples were listed in Appendix A Table S1.

1.3. Primer design
The design of the new primers was based on the 16S ribosomal
ribonucleic acid (rRNA) gene alignment of group A to group E of
NC10 bacteria and Candidatus Methylomirabilis oxyfera. The 16S
rRNA gene sequences of these bacteria were downloaded from
National Centre for Biotechnology (NCBI) database (accession
numbers: NR_102979, JF803481, FJ621558, AB661499, AB486889,
DQ906859, AB179508, AF317743, KF742460, KF742470, KM888236).
The alignment of these sequences was performed by the Clustal
X (version 2.0) software (Larkin et al., 2007) and the conversed
region was selected for primer design (Fig. 1). The primer design
was then carried out using the Primer Premier software (version
6.0, Premier Biosoft International, USA). Three mismatched
bases were found in the alignment and they were changed to
degenerate bases in the primers. The forward and reverse
primers were designated as XS-F and XS-R (Table 2) and the
expected length was 286 bp with an optimal annealing temperature of 56.6°C. The hairpin structure was not existed in this pair
of primers and the cross dimer dG was 1.7 kcal/mol. The

Table 1 – Sample information in this study.
Sample

1. Materials and methods
1.1. Site description and sampling
The wastewater sludges in this study were collected from
wastewater treatment plants located at Changchun, Beijing
and Kunming City, representing the northern, middle and
southern part of China, respectively. The paddy soil sample

PS
FW
SC
SK
SB

Source

Location

Sampling time

Paddy soil
Food waste digestate
Domestic wastewater
sludge
Domestic wastewater
sludge
Domestic wastewater
sludge

Beijing
Beijing
Changchun

18th July, 2016
23rd October, 2015
27th May, 2016

Kunming

4th August, 2015

Beijing

10th August, 2016
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Fig. 1 – Alignment of the (a) forward primers and (b) reverse primers with the references from NCBI. The XS-R was shown as the
reverse complementary sequence. NCBI: National Centre for Biotechnology.

specificity was further confirmed in silico using the Primer-Blast
in NCBI.

1.4. DNA extraction and polymerase chain reaction (PCR)
The microbial DNAs of the samples were extracted using the
FastDNA SPIN Kit for Soil (MP Biomedicals, USA). Pellet
(200 mg) of each sample was collected in triplicate according
to the manufacturer's instructions. DNA quality and concentration was assayed using the Nanodrop-2000 spectrophotometer (Thermo Fisher Scientific, USA). The absorption ratio
at 260/280 nm was required to be 1.8–2.0. For the food waste
digestate sample, it was firstly dewatered by centrifuging at
14,000 ×g for 10 min and the supernatant was discarded
before DNA extraction. All the DNAs were stored at − 20°C for
further PCR amplification.

Table 2 – Sequences of the primers in this study.
Primers
202F
1492R
qP1F
qP2R
XS-F
XS-R

Sequences (5′ to 3′)
GACCAAAGGGGGCGAGCG
GGTTACCTTGTTACGACTT
GGGCTTGACATCCCACGAACCTG
CTCAGCGACTTCGAGTACAG
TCGTGTCGTGAG RTGTTG
RCGATTACTAGCGATTCC D

References
Ettwig et al.
Ettwig et al.
Ettwig et al.
Ettwig et al.
This study
This study

(2009)
(2009)
(2009)
(2009)

PCR reactions were carried out in a 25 μL mixture containing 12.5 μL premix (Ex Taq Version 2.0, TaKaRa, Japan), 10–
20 ng DNA templates and 1 μL (20 μmol/L) forward and
reverse primers. Two different primer sets were compared to
amplify the 16S rRNA gene of NC10 bacteria. In the first
procedure, the 202F/1492R primer sets were used in the first
round and the new primer sets XS-F/XS-R were used in the
second round of PCR. Then, the widely used procedures were
tested, in which the 202F/1492R primer sets were used in the
first round followed by qP1F/qP2R. All the primer sequences
were listed in Table 2. The thermal cycling of the first round
amplification was performed with an initial degeneration
step for 2 min at 94°C, followed by 30 cycles of denaturation
30 sec at 94°C, annealing 30 sec at 57–62°C, and elongation
60 sec at 72°C. The final elongation was 10 min at 72°C. The
PCR products with different temperatures were pooled together and diluted 10 times with diethypyrocarbonate treated
water, which were then used as templates for the second
round. The thermal cycling in the second round was performed as described above, except for the annealing temperature (55–65°C). The amplification reactions were carried out
on a PCR instrument (C1000, Biorad, USA).
The size of the PCR products was confirmed by the agarose
electrophoresis (1.5%) in 1 × TAE buffer using Gelgreen
staining (Biotium, Hayward, USA). The bands with correct
size (~ 300 bp) were extracted and purified using the QIAquick
Gel Extraction kit (Qiagen, Germany).
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1.5. Cloning, sequencing and phylogenetic analysis
Purified PCR products were ligated to TOPO-T vector (Thermo
Fisher Scientific, USA) and cloned with DH5α cells of Escherichia
coli (TaKaRa, Japan) according to the manufacturer's instructions.
Approximately 20 positive clones from each sample were
selected and sequenced using universal primer M13 at the Beijing
Fixgene Company (Beijing, China).
All the sequences were blasted with NCBI database. The
sequences not belonged to NC10 bacteria were discarded. The left
sequences were aligned using the Clustal X software and then the
phylogenetic tree was constructed using Mega software (version
6.0) (Tamura et al., 2013) with neighbor-joining method (1000
bootstrap replicates).

showed unexpected faint and multiple bands existed at the
400 and 700 bp. Therefore, the nest PCR was adopted and a
dominant and bright brand of expected size (~300 bp) existed in
all of the samples without any dimers (Fig. 2a). By contrast, the
widely used nest PCR approach showed bright dimer bands
while the targeting bands were faint and hardly visible, which
was not proper for the samples in this study (Fig. 2b).
The efficiency of the new PCR approach was estimated by
the amplification of DNA with a series of 5-fold dilution in
sample SB (Appendix A Fig. S1). The results showed that visible
PCR products could be obtained after dilution of 125 times
(corresponding to approximately 104 copies/g dry weight). The
nested PCR strategy, using the primers 202F/1492R for the first
round PCR followed by the new primers XS-F/XS-R, is highly
specific for the amplification of NC10 bacteria.

1.6. Statistical analysis
2.2. Diversity analysis of the NC10 bacteria
The Mothur software (version 1.33.2) was used to cluster the
sequences into operational taxonomic units (OTUs) at 0.03
cutoff level by the “dist.seq” and “cluster” commands. Then
the alpha diversity indices of each sample were calculated by
the Biodixcel program in Excel 2007. The Pearson correlation
analysis was carried out to show the relationship between the
environment attributes and the NC10 bacterial diversity. The
redundancy analysis (RDA) was performed to show the
impact of environmental attributes on NC10 bacterial structure using the Vegan package in R software. The environmental attributes were selected prior to RDA analysis based on the
variance inflation factors (VIF) selection as described elsewhere (Xu et al., 2017).

1.7. Nucleotide sequence accession numbers
All of the sequences in this study have been deposited in
the GenBank database under accession numbers KY270661KY270780.

2. Results
2.1. Specificity and efficiency of the new primers
The specificity of the new primers was examined by amplifying
the genomic DNAs from five different samples and the results

The PCR products were sequenced and the results showed
that most of them (86%) belonged to NC10 bacteria. In total,
120 sequences were recovered from all the samples using the
new primers and they showed 88.46% to 97.55% similarity to
the 16s rRNA gene sequence of Candidatus Methylomirabilis
oxyfera. These sequences were grouped into 19 OTUs at the
cutoff level of 0.03 (Appendix A Table S2). The OTU1 was
detected in all the samples and nearly 1/3 sequences were
grouped into this OTU, indicating that OTU1 were the
dominant NC10 bacteria in this study.
The alpha diversity was calculated to assess the internal
(within-sample) complexity of the NC10 bacteria. According to
the alpha diversity indices (Table 3), the NC10 bacteria were
the more diverse in SK, FW and PS samples and relatively less
diverse in SB and SC samples, as evidenced by less number of
OTUs. The Pearson correlation between the NC10 bacteria
diversity and the environmental attributes was shown in
Fig. 3. The results showed that pH had a significant positive
correlation with the NC10 bacterial diversity indices (OTU
number, p < 0.05) (Appendix A Table S2). NH+4–N, NO−3–N and
NO−2–N all had positive correlation with NC10 bacterial
diversity. On the contrast, the moisture and VS had negative
correlation with the NC10 bacterial diversity.
To further understand the impact of the environmental
attributes on the NC10 bacterial structure, three environmental attributes (pH, VS and NO−2–N) were selected for RDA

Fig. 2 – Gel image of the nest PCR products with 202F/1492R in the first round followed by (a) XS-F/XS-R and (b) qP1F/qP2R in the
second round of amplification. The white arrows indicated the targeted bands and the black arrow showed the dimers. PCR:
polymerase chain reaction.
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Table 3 – Alpha diversity indices of the samples.

SB
SK
FW
SC
PS

Clone number

OTU number

Berger–Parker

Margalef

Shannon

Simpson

Pielou

24
28
28
16
24

4
9
10
5
8

1.41
3.11
2.33
1.33
2.67

0.94
2.40
2.70
1.44
2.20

0.49
0.84
0.78
0.45
0.83

0.90
1.90
1.78
0.91
1.81

0.65
0.87
0.77
0.56
0.87

OTU: operational taxonomic unit.

analysis based on VIF selection (Fig. 4). Based on per
mutations of the Monte Carlo test (999 times), these selected
environmental attributes significantly affected the NC10
bacterial structure (F = 2.5, p = 0.01) explaining 88% of the
environment–species variance.

samples. The cluster IV, similarity of 88% with the Candidatus
Methylomirabilis oxyfera, was far from group A and group B and
was likely to be the group D as they had a closer relationship
with the samples from Nullarbor caves, which contains
representative sequences for group D (Ettwig et al., 2009).

2.3. Phylogenetic analysis of the NC10 bacteria

3. Discussion
Phylogenic analysis of the recovered NC10 bacterial sequences
showed that these 19 OTUs can be grouped into four clusters
(Fig. 5), which were assigned to group A (cluster I and II), group B
(cluster III) and group D (cluster IV) according to previously
described (Ettwig et al., 2009). The group A, which has been
proven as the main anaerobic methanotrophic bacteria, was the
dominant group from the sludges and food waste digestate
while for the paddy sample, group A and group B shared almost
the same proportion. Both clusters I and II belonged to the group
A of NC10 bacteria. The cluster II was phylogenetically closer
to Candidatus Methylomirabilis oxyfera. Three OTUs (OTU4,
OTU5 and OTU 17), all from the sludge samples, fell into this
cluster with similarity of 98%, 96%, and 93% with Candidatus
Methylomirabilis oxyfera, respectively. The cluster I and cluster
III were a bit far from Candidatus Methylomirabilis oxyfera. The
cluster III was related to the group B of NC10 bacteria and
this cluster mainly contains the sequences from paddy soil

Fig. 3 – Pearson correlation between the NC10 bacteria
diversity and the environmental attributes. The orange
circles filled clockwise were the positive correlation and the
blue circles filled counterclockwise were the negative correlation. BP: Berger–Parker index.

In this study, the new nest PCR approach using the new
designed primers was successfully developed to reveal the
distribution and diversity of NC10 phylum bacteria from
different environmental niches. The development of specific
PCR primers targeting the 16S rRNA gene has made it possible to
examine the NC10 phylum bacteria. So far, many researches
have examined their distribution and diversity in diverse
habitats based on 16S rRNA gene clone libraries using specific
primers (Deutzmann and Schink, 2011; He et al., 2015a; Shen
et al., 2015b; Zhu et al., 2015). Consequently, different levels of
the diversity of 16S rRNA genes of NC10 phylum bacteria were
recorded in different habitats. To the best of our knowledge, this

Fig. 4 – RDA analysis showing the correlations between the
NC10 bacteria structure (OTU abundance at 3% cutoff level)
and environment attributes. The arrows indicate the direction and magnitude of the measurable variables
associated with bacterial community structures. Each green
circle represents an individual sample and each orange star
indicates a different OTU. RDA: redundancy analysis. OTU:
operational taxonomic unit.

372

J O U RN A L OF E N V I RO N ME N TA L S CI EN CE S 65 (2 0 1 8 ) 3 67–3 7 4

Fig. 5 – Phylogenetic tree showing the OTUs of NC10 bacteria. Acidobacteria capsulatum was used as the outgroup. The scale bar
represents 2% divergence and only bootstrap value higher than 50% was shown based on 1000 replicates. OTU: operational
taxonomic unit.

was the first time to detect the NC10 bacteria from food waste
digestate, which generated a large amount of methane during
anaerobic digestion process. The pH of the digestate (pH 9.24)
indicated that NC10 bacteria can exist in the high pH environment. The OTU number of the NC10 bacteria in food waste
digestate was 10 of 28 total sequences at the 0.03 cutoff level,
illustrating the diversity a bit higher than the reported lake
sediments (Deutzmann and Schink, 2011), but lower than the
marine sediments (Chen et al., 2015).
A total of 120 sequences and 19 OTUs were recovered from all
the samples. According to the phylogenetic reconstructions of
the recovered NC10-related sequences, three groups of NC10
phylum bacteria can be observed. Most of the sequences
belonged to group A and group B of NC10 phylum bacteria.
Moreover, some sequences belonging to group D were also
detected, which were hardly discovered in other studies. The
group C and group E were not detected mainly due to the limited
types of samples. The group E was primarily found to exist in
marine environments and marine sediments may also be used to

analyze the NC10 bacterial communities by this new approach in
following studies.
The majority of the amplified sequences in sludge samples
and food waste digestate fell into group A, which was
consistent with the studies using specific primers qp1F and
qP2R (Hu et al., 2014b, 2015b) as group A was believed to
have the ability to oxidize methane under anaerobic condition.
These primers were originally designed based on the
enrichment culture of Candidatus Methylomirabilis oxyfera, in
which the group A was the dominant NC10 phylum bacteria.
Therefore, the group A was much more abundant and easier to
detect than other groups using these primers. In paddy soil
samples, the group A and group B of NC10 bacteria presented
nearly the same proportion, which was also in accordance
with other studies when exploring the NC10 bacteria in paddy
soils either using environmental samples or enrichment
cultures (He et al., 2015a, 2015b, 2015c; Shen et al., 2014).
These results indicated that the newly designed primers
targeting all the groups of NC10 bacteria were consistent
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with primers qp1F and qP2R in detecting group A and group
B and furthermore, it was capable in detecting the rest
groups in NC10 phylum. Moreover, this new pair of primers
had a lower value of cross dimer dG than the widely used
qp1F and qP1R primers (dG = − 2.4 kcal/mol), which may be
further used in quantitative analysis.
The relationship between the NC10 bacterial diversity and
the environmental attributes was further explored. The pH of
the samples was found to have a significant positive
relationship with the NC10 bacterial diversity. The RDA
analysis further discerned the relationships between bacterial community structures and environmental attributes,
indicating the that pH, VS and NO−2–N were found to be the
most important factors in shaping the NC10 bacterial
structure.
The pH was an independent driver of bacterial diversity
(Fierer and Jackson, 2006) and any significant variation in
environmental pH can impose stress on these single cell
microorganisms. The best pH for NC10 bacteria enrichment
was 7.6 (He et al., 2015c), indicating that the NC10 bacteria
preferred the neutral and alkaline environment. In this study,
the NC10 bacteria were found to exist in a higher pH
environment and revealed that pH was significantly related
to the NC10 bacterial community and diversity. The NO−2–N
was the direct substrate for the NC10 bacteria. Thus far, it
has been pretty sure that NC10 bacteria preferred priorityof-use the NO−2–N than the NO−3–N (Kampman et al., 2012;
Luesken et al., 2011). Therefore, NO−2–N concentration obviously was another important factor for the NC10 bacteria
communities.
Overall, a nest PCR approach using the new designed
primers was developed to detect NC10 bacteria. For the first
time, the existence of NC10 phylum bacteria in the food
waste treatment facility with high pH value was approved.
The group A was the dominant NC10 phylum bacteria in the
sludges and food waste digestate while in paddy soil
samples, group A and group B occupied nearly the same
proportion. These results improved our understanding of the
distribution of NC10 phylum bacterial communities in
different environments. In the following studies, the community composition and diversity of NC10 phylum bacteria
can be investigated in more different habitats (lake sediments and marine environment).
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