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A B S T R A C T

Denitrifying anaerobic methane oxidation (DAMO) and associated microbial diversity and abundance in the
marsh sediments of Chongming eastern intertidal flat, the Yangtze Estuary, were investigated using carbon-
isotope tracing and molecular techniques. Co-existence of nitrate-DAMO archaea and nitrite-DAMO bacteria was
evidenced, with higher biodiversity of DAMO archaea than DAMO bacteria. Abundance of DAMO archaeal mcrA
gene and DAMO bacterial pmoA gene ranged from 4.2× 103 to 3.9× 1010 copies g−1 and from 4.5×105 to
6.4× 106 copies g−1, respectively. High DAMO potential was detected, ranging from 0.6 to 46.7 nmol 13CO2

g−1 day−1 for nitrate-DAMO and from 1.3 to 39.9 nmol 13CO2 g−1 day−1 for nitrite-DAMO. In addition to
playing an important role as a CH4 sink, DAMO bacteria also removed a substantial amount of reactive nitrogen
(29.4 nmol N g−1 day−1) from the intertidal sediments. Overall, these results indicate the importance of DAMO
bioprocess as methane and nitrate sinks in intertidal marshes.

1. Introduction

Since the beginning of the industrial era, rising populations, in-
tensive agricultural activities, increased deforestation and land use,
related energy use from fossil fuel sources and industrialization have all
contributed to the increase in atmospheric greenhouse gas levels
(Schwietzke et al., 2016). Methane (CH4), as the second largest
greenhouse gas after carbon dioxide (CO2), is one of the major “con-
tributors” to the global greenhouse effect, and its production and con-
sumption are an important part of the global carbon cycle. Over century
time scales, CH4 is a more potent greenhouse gas than CO2 (Bastviken
et al., 2011). For a time horizon of 100 years, it is approximately 28
times more efficient at trapping heat in the earth's atmosphere com-
pared to CO2, and the current level of CH4 in the atmosphere is higher
than at any point in the past 2000 years (Myhre et al., 2013). It is
estimated that the contribution of CH4 to global warming is nearly 22%
to date (Dean et al., 2018; Myhre et al., 2013; Wang et al., 2019) and
will be further increased with the continuous CH4 accumulation in the
atmosphere.

Microbial-mediated CH4 production and consumption play a pivotal

role in regulating global warming. Global annual CH4 production was
estimated at 300 Tg, 60% of which was oxidized by microorganisms
(Knittel and Boetius, 2009). Thus, methane-oxidizing microorganisms
have an essential role in counteracting biological CH4 production and
its release to the atmosphere. CH4 has long been thought to be oxidized
by microorganisms only under aerobic conditions. The discovery of the
sulfate-dependent anaerobic methane oxidation (sulfate-AOM) in an-
oxic marine environments has altered this conventional understanding
(Barnes and Goldberg, 1976). Previous studies have demonstrated that
the sulfate-AOM process converted 90% of CH4 in marine environments
(Hinrichs et al., 1999). However, based on the thermodynamics (Table
S1), nitrate- and nitrite-DAMO are far more likely to occur than the
sulfate-AOM process in the environments where nitrate (NO3

−)/nitrite
(NO2

−) and sulfate (SO4
2−) coexist (Strous and Jetten, 2004).

The biological process known as denitrifying anaerobic methane
oxidation (DAMO) was first confirmed by Raghoebarsing and collea-
gues in a laboratory enrichment culture (Raghoebarsing et al., 2006).
Ettwig et al. (2009, 2010) found that the nitrite dependent-DAMO
process (nitrite-DAMO) was performed by “Candidatus Methylomir-
abilis oxyfera” (M. oxyfera) bacteria, which are closely related to the
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uncultured NC10 phylum. It was believed that DAMO bacteria initially
reduced NO2

− to NO, and the produced NO was dismutated to N2 and
O2. Subsequently, 3/4 of the intragenerated O2 was used to oxidize
CH4, while the remaining 1/4 participated in other metabolic activities
(Ettwig et al., 2010; Wu et al., 2011). Candidatus Methylomirabilis si-
nica, a novel species in the NC10 phylum, can also perform the nitrite-
DAMO process (Shen et al., 2016). In recent years, M. oxyfera-like
DAMO bacteria has been widely detected in wastewater treatment
plants (Xu et al., 2017), lake sediment (Deutzmann and Schink, 2011;
Kojima et al., 2012; Wang et al., 2016; Yang et al., 2012), wetlands
(Segarra et al., 2015; Shen et al., 2015; Zhang et al., 2018), paddy soil
(Shen et al., 2014; Wang et al., 2012; Zhou et al., 2014), and ditch
sediments (Luesken et al., 2011a). Furthermore, NO3

− has been re-
cognized as a crucial electron acceptor in the anaerobic methane oxi-
dation process, and the nitrate-DAMO process was catalyzed by an ar-
chaeal lineage belonging to the ANME-2d clade, which is named
Candidatus Methanoperedens nitroreducens (M. nitroreducens) (Haroon
et al., 2013). It is capable of using NO3

− as the final electron acceptor
to oxidize CH4 by the reverse methanogenesis pathway (Haroon et al.,
2013). The discovery of the nitrate-DAMO process further verified the
biochemical mechanism of denitrifying anaerobic methane oxidation
(Zhu et al., 2015).

Coastal wetland is known as a large source of CH4, emitting 40 to
160 Tg of CH4 per year, which accounts for 7–30% of global annual CH4

flux (Segarra et al., 2013). In addition, it is greatly influenced by human
activities and suffers from a substantial loading of anthropogenic ni-
trogen (Kintisch, 2013; Zheng et al., 2016). Therefore, we put forward
the hypothesis that coastal wetland is an ideal habitat for the occur-
rence of DAMO reaction which couples CH4 oxidation with nitrogen
removal processes. In addition, it is also assumed that high DAMO
microbial biodiversity may occur in coastal wetlands due to the ex-
tensive land-sea interaction. To test these hypotheses, the community
composition, diversity, and abundance of DAMO archaea and DAMO
bacteria in the marsh sediments of Chongming eastern intertidal flat
were investigated based on molecular techniques, and the contributions
of DAMO microbes to CH4 oxidation and nitrogen removal were ex-
plored using isotope-tracing methods. The potential links among DAMO
archaeal and bacterial abundance, potential DAMO rates, and the en-
vironmental variables were also examined. This study provides new
insights about the role of DAMO microbes in coastal wetlands.

2. Materials and methods

2.1. Study site and sampling

Sampling sites were located in the Chongming eastern intertidal
zone, which is the largest intertidal wetland of the Yangtze Estuary,
with a total area of 8500 hm2. In view of tidal dynamics, the intertidal
zone can be divided seawards into three different habitats: the high (H),
middle (M), and low (L) intertidal zones (Fig. S1). The high intertidal
zone is distinguished by clays, in which the vegetation is dominated by
P. communis. The sediments of the middle intertidal zone are mainly
composed of silts and clays and are dominated by S. mariqueter. The low
intertidal zone consists of silts mixed with fine sands, and no vegetation
develops. Six sediment cores (7.2-cm diameter and 50-cm depth) from
the high, middle, and low intertidal zones were collected with PVC
corers from a sampling plot (5× 5m) in January 2018 (winter) and
July 2018 (summer). All sediment cores were transported to the la-
boratory at 4 °C within 4 h. The sediment cores were sliced every 5 cm,
and subsamples from the same layer of the same sampling plot were
mixed to form one composite sample. Then, samples from the surface
(0–5 cm), middle (15–20 cm), and deep (45–50 cm) layers were selected
for further analyses. Samples collected from the high intertidal zone in
summer were named SH1 (0–5 cm), SH2 (15–20 cm), and SH3
(45–50 cm). Likewise, samples collected from the middle intertidal zone
in summer were named SM1, SM2, and SM3, and from the low

intertidal zone in summer were named SL1, SL2, and SL3. In addition,
samples from the high, middle, and low intertidal zone in winter were
named WH1, WH2, WH3, WM1, WM2, WM3, WL1, WL2, and WL3,
respectively. Each sample was divided into two parts: One part for
immediate stable isotope tracing experiments and physicochemical
analyses, and the other part was stored at −80 °C for molecular ex-
periments.

2.2. Sediment characteristics analysis

Sediment pH and temperature were measured using an IQ150 in-
strument (IQ Scientific Instruments, USA). Sediment salinity was mea-
sured using a salinity meter (Bellingham-Stanley, UK) after sediments
were mixed with CO2-free deionized water (w:v= 1:2.5). Water con-
tent was calculated by the weight loss of sediments before and after
vacuum freeze-drying (Labconco, USA). Total organic carbon (TOC)
was determined by the K2Cr2O7 oxidation method. NO3

−, NO2
− and

ammonium (NH4
+) were extracted from the sediment with 2 M KCl and

evaluated by flow injection analysis (Skalar Analytical SAN++,
Netherlands). Sulfide (H2S) was determined by an Orion Sure-flow®

combination silver-sulfide electrode (Thermo Scientific Orion) as de-
scribed previously (Hou et al., 2012). SO4

2− was analyzed by an ion
chromatograph (Segarra et al., 2013). Ferric iron [Fe(III)] was mea-
sured using the phenanthroline method (Tamura et al., 1974). The
concentration of CH4 in pore water was determined via immersing fresh
sediments into saturated NaCl solution as described by Winkel et al.
(2018). All measurements were conducted in triplicate.

2.3. DAMO potential activity measurements

13C stable isotope was used to measure the potential DAMO activ-
ities as previously described (Ettwig et al., 2009; Hu et al., 2014; Shi
et al., 2017; Zehnder and Brock, 1979). Briefly, sediments were uni-
formly mixed with He-purged artificial seawater (with in situ salinity) at
a ratio (w/v) of 1:3. Approximately 20ml of slurries were transferred
into He-flushed 120-ml glass vials and sealed immediately with an
aluminum-silicone rubber pad. To remove the residual oxygen and
NOx

− in the slurries, all the glass vials were preincubated in a constant
temperature oscillation incubator (with in situ temperature) at 120 rpm
in dark for at least 30 h. Subsequently, the vials were divided into three
different treatment groups: (a) 13CH4 (99.9% 13C); (b) 13CH4+NO2

−;
and (c) 13CH4+NO3

−. Each treatment was conducted in triplicate.
Then, 0.2 ml of He-purged NO2

− and NO3
− stock solution was injected

into groups (b) and (c), respectively, resulting in a final concentration
of 0.5mM NO2

− in group (b) and 5mM NO3
− in group (c). One ml of

13CH4 was injected into vials of groups (a), (b) and (c) resulting in a
final concentration of 1% (v/v) in the headspace. Additional sediment
slurries without any additions were retained as controls. The incubation
was inhibited by injecting 50% ZnCl2 solution after 1 day. The in-
cubation temperatures were 3.5 °C and 31.5 °C for winter and summer
samples, respectively. The total yield of CO2 was determined by gas
chromatography (GC-2014, Shimadzu), and the production of 13CO2

was analyzed with an isotope ratio mass spectrometer (IRMS, Thermo
Fisher Scientific) (Hu et al., 2014; Shen et al., 2017). The potential rates
of total DAMO, nitrite-DAMO, and nitrate-DAMO were calculated based
on the 13CO2 production during the incubation as previously described
(Wang et al., 2019).

2.4. DNA extraction, gene amplification and sequencing

The Power Soil DNA kit (MO BIO Laboratories, Carlsbad, CA, USA)
was used to extract total DNA from homogenized sediment samples
(approximately 0.25 wet weight) according to the manufacturer's in-
structions. The sediment DNA concentration and quality were de-
termined using a NanoDrop 2000 spectrophotometer (Thermo Fisher
Scientific, Waltham, MA, USA). The DAMO archaeal alpha subunit of
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the methyl-coenzyme M reductase gene (mcrA) was amplified with
primers McrA169F/McrA1360R, which resulted in a final 1191 bp PCR
product (Vaksmaa et al., 2017a). The DAMO bacterial alpha subunit of
the particulate methane monooxygenase gene (pmoA) was amplified
using a nested PCR approach, consisting of an initial PCR amplification
with primers A189_b/cmo682 followed by a second PCR with primers
cmo182/cmo568, and the final PCR product was 389 bp (Luesken et al.,
2011b). At each sampling site, DNA from different sediment depth was
mixed to form one composite sample for PCR amplification and clone
library construction. The PCR results were examined via 1% agarose gel
electrophoresis and purified by Gel Advance-Gel Extraction system
(Viogene). The purified PCR products were then cloned using the T1
vector (TransGen BiotechCo., Ltd, Beijing, China). For each sediment
sample, approximately 100 white spot clones were randomly picked
and subjected to sequencing. The unique DAMO archaeal mcrA se-
quences and DAMO bacterial pmoA sequences obtained in the present
study have been deposited in GenBank with accession numbers of
MK888344-MK888681 and MK888209-MK888343, respectively.

2.5. Phylogenetic analysis of mcrA and pmoA genes

The qualified sequences with more than 97.0% identities were
grouped into operational taxonomic units (OTUs) using the Mothur
software (Schloss et al., 2009). The Shannon index, Chao1 richness
estimator, and rarefaction curves were also generated with Mothur.
Phylogenetic analyses of DAMO archaeal mcrA and DAMO bacterial
pmoA genes were carried out with MEGA 7.0 software using the
neighbor-joining method (Kumar et al., 2016). A bootstrap test with
1000 replicates was carried out to test the confidence levels of the
phylogenetic tree.

2.6. Quantitative PCR assay

The gene copy numbers of DAMO archaeal mcrA and DAMO bac-
terial pmoA were determined using the 7500 real-time PCR system
(Applied Biosystems, Canada) and the SYBR Green qPCR method
(Costello et al., 1999; Hales et al., 1996; Holmes et al., 1999; Xu et al.,
2014). More detailed information for the primers (McrA159F/
McrA345R for mcrA gene and cmo182/cmo568 for pmoA gene) and
qPCR protocols used in the study is given in Supplementary Table S2.
All reactions were performed in 8-strip thin-well PCR tubes with ul-
traclean cap strips (ABgene, UK). The qPCR results were determined by
1% agarose gel electrophoresis. The standard curves were constructed
according to the serial 10-dilution of the constructed plasmid DNA.
Negative controls without template DNA were also run under the same
conditions to detect and ensure no exogenous contamination in all ex-
periments. All environmental samples and standard plasmid samples in
qPCR were conducted in triplicate.

2.7. Statistical analysis

Coverage of the constructed clone libraries was estimated by the
percentage of OTU numbers divided by Chao1 estimator. Pearson cor-
relation analyses were conducted to reveal the links of DAMO microbial
abundance and activity with sediment properties using SPSS (Statistical
Package for the Social Sciences) version 19.0 (SPSS Inc., Chicago, IL,
USA). Correlations of the DAMO archaeal and bacterial community
structures with environmental parameters were explored via linear-
model-based redundancy analysis (RDA, maximum gradient length was
shorter than 4SD) using Canoco software (version 4.5). In this study, the
statistical results were considered significant when P < 0.05 for all
analyses.

3. Results

3.1. Sediment characteristics

The physicochemical features of the sediment samples are shown in
Supplementary Table S3. The average temperatures were 3.5 °C and
31.5 °C in winter and summer, respectively. Sediment pH varied from
7.99 to 8.65 and from 7.85 to 8.30 in winter and summer, respectively,
with relatively higher pH values in the surface layer (0–5 cm) of the
intertidal marsh sediment. Sediment salinity was higher in winter
(0.7–2.8) than in summer (0.4–1.4), with an increasing trend from the
high to low intertidal zones. CH4 contents in the sediment pore water
varied between 3.06 and 55.26 μg L−1, which tended to be higher in the
low intertidal flat and in the deeper layers. The contents of total organic
carbon (TOC) and NH4

+ were markedly lower in winter
(0.7–9.0 g kg−1 and 0.94–14.17mg kg−1, respectively) than in summer
(4.9–12.3 g kg−1 and 3.25–63.68mg kg−1, respectively). Sediment
SO4

2− contents varied from 1.3 to 536.2 g kg−1, with relatively higher
value in the upper sediment layers. NO3

− concentrations ranged from
0.12 to 16.80mg kg−1, which generally deceased with sediment depth
and showed an increasing trend from the high to low intertidal flats.
NO2

− had low contents in all sediment samples but showed relatively
higher concentrations in summer (0.02–0.97mg kg−1) than in winter
(0.00–0.05mg kg−1). Fe(III) contents in the sediment ranged between
0.58 and 1.65mg g−1 with no significant spatial and temporal varia-
tions. H2S contents ranged from 1.70 to 10.54mg kg−1, which tended
to be higher in the deeper layers than in the sediment surface.

3.2. Biodiversity and community composition of DAMO archaea

Specific fragments of the DAMO archaeal mcrA gene were success-
fully amplified from the intertidal marsh sediments. In each individual
clone library, 7 to 12 OTUs occurred as defined by 3% divergence in
nucleotides. Based on the Shannon-Wiener and Simpson indicators, the
diversity of DAMO archaea was greater in winter than in summer and
showed an increasing trend from the low to high intertidal flats (Tables
1 and S4). In addition, the diversity of DAMO archaea was significantly
higher than that of DAMO bacteria (P < 0.05) (Table 1). In this study,
the coverage of the DAMO archaeal mcrA gene clone library ranged
from 96% to 100% (Table 1), showing that the sequenced clones well
represented the diversity level of DAMO archaea in this region. Phy-
logenetic analysis revealed that the obtained mcrA sequences were
grouped into three distinct clusters (Fig. 1). Phylogenetic analysis
showed that the sequences of clusters I and II (accounting for 88.7% of
the obtained mcrA gene clones) were closely related to known DAMO
archaea of M. nitroreducens (JMIY01000002) and Candidatus Metha-
noperedens sp. (LKCM01000102) with up to 87.6% and 92.8% gene
identities, respectively. McrA cluster I, containing 55.7% of all the gene
sequences, was also closely related to the clones retrieved from paddy
soil (KX290035), freshwater sediment (EU495304), marine sediment
(KX290029), and river sediment (KX290024) with up to 97.3% gene
identity. Most of the sequences in cluster I were retrieved from the high
intertidal zone (48.7%) and the middle intertidal zone (44.3%), with
7.0% of the low intertidal zone sequences associated with this cluster.
Further, 33.0% of all the mcrA sequences were affiliated to cluster II;
however, no similar gene sequences from other environments were
associated with this cluster. Most of the clones in cluster II (80.1%)
were obtained from the low intertidal zone. Only 11.3% of the mcrA
clones were affiliated with cluster III, which were only distantly related
to M. nitroreducens (with 76.2% sequence identity) and Candidatus
Methanoperedens sp. (with 74.0% sequence identity). Nevertheless,
they were closely related to mcrA clones retrieved from other en-
vironments, such as marine sediment (KX581155) and estuarine sedi-
ment (EU681937), with up to 92.4% gene identity. McrA genes of this
cluster were homogeneously distributed in different intertidal zones,
which accounted for 10.5%, 7.9%, and 15.6% of the obtained mcrA
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clones in the low, middle, and high intertidal zones, respectively.

3.3. Biodiversity and community composition of the DAMO bacteria

A specific fragment of the DAMO bacterial pmoA gene was suc-
cessfully amplified with nested PCR from the intertidal marsh sedi-
ments except for WM and SH (Table 1). In each individual pmoA gene
clone library, 2 to 6 OTUs were obtained based on a threshold of 3%
divergence in nucleotides. Based on the Shannon-Wiener and Simpson
indicators, the diversity of DAMO bacteria was greater in winter than in
summer (Table 1), and the highest diversity of DAMO bacteria was
observed in the low intertidal flat in summer (Table 1). The coverage of

the pmoA gene clone library was 100% (Table 1), indicating that the
pmoA clones sequenced in this study well represented the diversity of
DAMO bacteria in this study area, which was further confirmed by the
rarefaction analyses (Fig. S2). Phylogenetic analysis showed that the
DAMO bacterial pmoA gene sequences were clustered with known
DAMO bacteria of M. oxyfera and M. Sinica with 88.5–95.6% and
84.6–86.9% sequence identity, respectively (Fig. 2). Based on the
constructed phylogenetic tree, the obtained pmoA sequences were di-
vided into two distinct clusters (Fig. 2). Cluster I contained 209 se-
quences accounting for 55.3% of the obtained gene sequences. Further,
63.9%, 46.3%, 10.0%, and 100% of clones from the low intertidal flat
in summer and winter, the middle intertidal flat in summer, and the

Table 1
Diversity characteristics of clone libraries of nitrate-DAMO archaea and nitrite-DAMO bacteria in Chongming eastern intertidal sediments.

gene Sample No. of clones OTUs a Chao1b Shannonc 1/Simpsond Coverage (%)e

pmoA SL 97 6 6.0 1.45 3.91 100
WL 82 2 2.0 0.69 2.01 100
SM 100 4 4.0 0.52 1.34 100
WH 99 2 2.0 0.69 2.02 100

SL 94 8 8.0 1.59 3.93 100
WL 97 9 9.0 1.96 5.91 100
SM 97 12 12.2 1.85 4.85 98

mcrA WM 93 7 7.0 1.58 4.39 100
SH 95 11 11.5 1.97 5.91 96
WH 91 9 9.0 1.97 6.59 100

a OTUs were defined at 3% nucleotide acid divergence.
b Nonparametric statistical predictions of total richess of OTUs based on distribution of singletons and doubletons.
c Shannon diversity index. A higher number represents more diversity.
d Reciprocal of Simpson's diversity index. A higher number represents more diversity.
e The coverage of each clone library was estimated by the percentage of observed number of OTUs divided by Chao1 estimator.

Fig. 1. Neighbor-Joining phylogenetic tree showing the phylogenetic affiliations of nitrate-DAMO archaeal mcrA gene sequences recovered from Chongming eastern
intertidal marsh sediments (a), and the percentages of sequences in each sample fall into cluster I (b), cluster II (c), and cluster III (d), respectively. The bootstrap
valves> 50% (1000 replicates) are shown at the branch nodes. The scale indicates the number of nucleotide substitutions per site. GenBank accession numbers are
shown for sequences from other studies. Numbers in parentheses followed each OTU (in bold) indicate the number of sequences recovered from each sampling site. S
and W represent summer and winter, respectively. L, M, and H represent the low, middle, and high tidal flats, respectively. Known nitrate-DAMO archaea are shown
in green.Methanosarcina thermophile (in red) is used as the out-group. Evolutionary analyses were conducted in MEGA7. (For interpretation of the references to colour
in this figure legend, the reader is referred to the Web version of this article.)
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high intertidal flat in winter, respectively, were affiliated with this
cluster and had 92.1–95.6% gene identity with M. oxyfera. These clones
also showed high gene identity (up to 98.9%) with pmoA sequences
retrieved from a water level fluctuation zone (KP743828), a constructed
wetland (MF419836), enrichment sludge (MG397093), reservoir sedi-
ment (KX423170), river sediment (KC503650), and lake sediment
(JX531988). Cluster II contained 169 sequences accounting for 44.7%
of the whole gene sequences, all of which were recovered from the
middle intertidal zone (53.3%) and the low intertidal zone (46.8%).
This cluster showed relatively lower identity (84.6–86.9%) with M.
oxyfera than cluster I, but was closely related to the pmoA clones re-
trieved from freshwater sediment (KR337556; KU301590) with up to
99.7% gene identity.

3.4. Quantitative analysis of DAMO archaea and DAMO bacteria

In this study, qPCR results showed that the abundances of the
DAMO archaeal mcrA gene and the DAMO bacterial pmoA gene varied
from 4.2× 103 to 3.9×1010 copies g−1 and from 4.5×105 to
6.4×106 copies g−1 (Fig. 3), respectively. The ratio of the abundance
of DAMO archaea to that of DAMO bacteria varied from 9.7× 10−4 to
7.7×103. The average abundance of DAMO archaea was higher in
summer (4.3×109 copies g−1) than in winter (5.1× 108 copies g−1),
while the average abundance of DAMO bacteria in summer (3.2×103

copies g−1) was approximate to that in winter (3.3× 103 copies g−1).
Both the average abundance of DAMO archaea and DAMO bacteria
tended to be higher in the low intertidal flat than in the middle and high
intertidal zones (Fig. 3). The average abundance of DAMO archaea
tended to be higher in the middle sediment layer (15–20 cm), compared
with the surface (0–5 cm) and deep (45–50 cm) sediment layers. The
abundance of DAMO bacteria showed an increasing trend from the
surface layer down to 45–50 cm sediment depth in the low intertidal
flat. In contrast, in the middle and high intertidal flats, the abundance
of DAMO bacteria decreased with sediment depth.

3.5. Potential methane oxidation rates

The potential anaerobic methane oxidation rates were determined
by the 13C stable isotope tracing method. The results revealed that ni-
trite-DAMO and nitrate-DAMO potentials in the intertidal marsh sedi-
ments ranged from 1.3 to 39.9 nmol 13CO2 g−1 day−1 and from 0.6 to
46.7 nmol 13CO2 g−1 day−1, respectively (Figs. 4 and 5). In summer,
the average nitrate-DAMO activity was higher in the low intertidal zone
(40.7 nmol 13CO2 g−1 day−1) and was always higher at the surface
layer (0–5 cm) (Fig. 4). In winter, the potential nitrate-DAMO activity
increased gradually seawards (from 1.5 to 6.9 nmol 13CO2 g−1 day−1)
and tended to be higher at the middle and deep sediment layers. The
average nitrite-DAMO activity showed an increasing trend from the low
to high intertidal flats in summer, while the opposite trend was ob-
served in winter. Moreover, the potential nitrite-DAMO rate decreased
gradually seawards at different sediment depths, and peaked at the
deep layer (45–50 cm). The total DAMO activity in the intertidal marsh
sediments was significantly higher in summer (an average rate of
40.5 nmol 13CO2 g−1 day−1) than in winter (an average rate of
8.2 nmol 13CO2 g−1 day−1) (P < 0.05) (Fig. 4). The ratio of nitrate-
DAMO to nitrite-DAMO activity ranged from 0.05 to 33.30 (0.28–2.27
in winter and 0.05–33.30 in summer) (Table S5). Overall, the nitrate-
DAMO activity accounted for a higher proportion of total DAMO ac-
tivity than nitrite-DAMO activity at most sampling sites (Table S5).
Furthermore, it was estimated that the nitrogen removal rates ranged
between 3.3 and 106.4 nmol N g−1 day−1 in the intertidal marsh se-
diments, based on the stoichiometric-relationship of CH4 and NO2

− in
the DAMO reaction (3:8) (Fig. 5).

3.6. Effects of environmental characteristics on DAMO archaea and DAMO
bacteria

The correlations between the DAMO archaeal mcrA community
composition and environmental factors were explored via RDA
(Fig. 6a). The environmental parameters in the first two RDA

Fig. 2. Neighbor-Joining phylogenetic tree showing the phylogenetic affiliations of nitrite-DAMO bacterial pmoA gene sequences recovered from Chongming eastern
intertidal marsh sediments (a), and the percentages of sequences in each sample fall into cluster I (b) and cluster II (c) respectively. The bootstrap valves> 50%
(1000 replicates) are shown at the branch nodes. The scale indicates the number of nucleotide substitutions per site. GenBank accession numbers are shown for
sequences from other studies. Numbers in parentheses followed each OTU (in bold) indicate the number of sequences recovered from each sampling site. S and W
represent summer and winter, respectively. L, M, and H represent the low, middle, and high tidal flats, respectively. Known nitrite-DAMO bacteria are shown in
green. Methylacidiphilum kamchatkense (in red) is used as the out-group. Evolutionary analyses were conducted in MEGA7. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)
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dimensions explained 71.5% of the cumulative variance of the geno-
type-environment relationship. Among the measured environmental
variables, only sediment water content contributed significantly
(P=0.044, F=2.33, 499 Monte Carlo permutations) to the DAMO
archaeal mcrA-environment relationship. This factor alone provided
37.0% of the total RDA explanatory power. The relationships between
the DAMO bacterial pmoA assemblages and environmental variables
were also analyzed (Fig. 6b). The first two RDA dimensions explained
97.2% of the cumulative variance of the DAMO bacterial pmoA-en-
vironment relationship. However, none of the measured environmental
characteristics contributed significantly to this relationship (P > 0.05).
Nitrate-DAMO potential was significantly correlated with temperature,
pH, TOC, NO2

−, H2S, and Fe(III) (P < 0.05), while nitrite-DAMO rate
was positively related to temperature and sediment NH4

+ content
(P < 0.05) (Table 2). In addition, the significant correlations were
found between the total DAMO potential and temperature, pH, TOC,

and NH4
+. The abundance of the DAMO archaeal mcrA gene was sig-

nificantly related to sediment TOC, NO2
−, and H2S (P < 0.05), while

the DAMO bacterial pmoA gene was significantly correlated with sedi-
ment water content, NO3

−, and Fe(III) (P < 0.05).

4. Discussion

In the present study, our hypothesis that high DAMO microbial
biodiversity may occur in coastal wetland was confirmed via molecular
techniques. Phylogenetic analysis evidenced that diverse DAMO ar-
chaea and DAMO bacteria co-occurred and were widely distributed in
different intertidal zones. In the study area, 2–6 pmoA gene OTUs based
on a 3% cut-off or 2–4 pmoA gene OTUs based on a 7% cut-off were
observed, which was slightly higher than the DAMO bacteria in the
sediments of Lake Constance (Deutzmann and Schink, 2011), Lake Biwa
(Kojima et al., 2012), Xiazhuhu and Xixi wetlands (Hu et al., 2014), and

Fig. 3. Abundance of DAMO archaeal mcrA gene and DAMO bacterial pmoA gene at different intertidal zones and soil depths in summer (a) and winter (b).

Fig. 4. Potential nitrate-DAMO and nitrite-DAMO activities at different intertidal zones and soil depths in summer (a) and winter (b).
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a paddy field (Hu et al., 2014), where only one OTU was observed
based on 7% differences. The higher biodiversity of DAMO bacteria
observed in the coastal wetland might be attributed to the effect of
land-sea interaction, which might bring about different genotypes to
this highly dynamic and complex ecosystem. A novel methanotroph
species is suggested when the pmoA gene nucleic acid sequence identity
is lower than 93.0% compared with known species (Lüke and Frenzel,
2011). In the present study, pmoA cluster 2 (accounting for 44.7% of all
the obtained pmoA sequences) was only distantly related (84.6–86.9%)
to the pmoA gene of M. oxyfera (Fig. 2). All sequences in this cluster
were recovered from the middle and low intertidal zones, indicating
that a potentially novel DAMO bacterial species reduces CH4 emissions
in the S. mariqueter and bare mudflat stands. The studies on the oc-
currence and community dynamics of DAMO archaea in natural en-
vironments were quite rare to date. However, the environmental sig-
nificance of DAMO archaea as well as nitrate-DAMO activity should be
investigated, as NO3

− rather than NO2
− is the main form of nitrogen

oxide caused by human activities in intertidal environments. In this
study, the Shannon diversity of DAMO archaea in the intertidal marsh
sediments based on the mcrA gene (1.58–1.97) was significantly higher
than that of DAMO archaea detected in river sediments, paddy soil, and
lake sediments based on the 16S rRNA gene (Shannon diversity:
0.12–0.64) (Ding et al., 2015). In addition, the observed DAMO ar-
chaeal biodiversity was significantly higher than that of DAMO bacteria
in the intertidal marsh sediments (P < 0.05) (Table 1). These results
suggested that a higher diversity of DAMO archaea might inhabit the
intertidal wetland of the Yangtze Estuary.

The functional mcrA gene was used to quantify DAMO archaea in
the present study, as previous studies showed that the number of DAMO
archaea might be overestimated based on 16S rRNA gene primers,
which were less specific for DAMO archaea than the mcrA gene
(Vaksmaa et al., 2017a). The copy number of the DAMO archaeal mcrA
gene in Chongming eastern intertidal marsh sediments varied from
4.2×103 to 3.9×1010 copies g−1, which was relatively higher than
that detected in paddy soil (7.2× 103–1.8×107 copies g−1) (Vaksmaa
et al., 2017a, b), river sediment (3.0× 104–4.4× 105 copies g−1)
(Vaksmaa et al., 2017a), and marine sediment (2.5× 104 copies g−1)
(Vaksmaa et al., 2017a). The copy number of the DAMO bacterial pmoA
gene ranged from 4.5× 105 to 6.4×106 copies g−1, which was
slightly lower than that in mangrove sediments (2.1× 106–3.4× 107

copies g−1) (Zhang et al., 2018) but higher than that in reduced riv-
erbeds (2.4× 104–8.7×104 copies g−1) (Shen et al., 2019). Our data
also suggested that there might be an intimate symbiotic relationship
between DAMO archaea and bacteria (Wang et al., 2019), as these two

Fig. 5. CH4 oxidation potentials of DAMO archaea and DAMO bacteria, and nitrogen removal potentials of DAMO bacteria, anammox bacteria, and denitrifiers in
intertidal marsh sediments of the Yangtze Estuary.

Fig. 6. RDA ordination plots for the first two principal dimensions of the re-
lationship between the DAMO archaeal (a) and DAMO bacterial (b) community
compositions with the environmental parameters. The blue circles represent the
sampling stations in the low intertidal flat, the green circles represent the
sampling stations in the middle intertidal flat, and the yellow circles represent
the sampling stations in the high intertidal flat. The size of the circles corre-
sponds to the Shannon' diversity in individual samples. (For interpretation of
the references to colour in this figure legend, the reader is referred to the Web
version of this article.)
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microorganisms co-occurred in the intertidal zone. However, the re-
lative abundance of DAMO bacteria and DAMO archaea varied sig-
nificantly in different intertidal zones, in particular, with higher
abundance of DAMO archaea than DAMO bacteria in the unvegetated
low intertidal flat. We speculated that it might be attributed to the
different preferences of DAMO bacteria and archaea for oxygen, as
DAMO archaea preferred a more anoxic environment (Wang et al.,
2019), and some studies showed that a supply of trace oxygen was
favorable to DAMO bacteria (Luesken et al., 2011a). The sediment in
the low intertidal flat might be more anoxic owing mainly to the more
frequent immersion by tidal water and the non-disturbances by the
roots of vegetation. It was hypothesized that DAMO archaea can use
diverse electron acceptors to anaerobically oxidize CH4 in addition to
NO3

− (Ettwig et al., 2016). For example, M. nitroreducens-like DAMO
archaea were reported to oxidize CH4 using Fe(III) (Ettwig et al., 2016),
and it was recently observed that the addition of Fe(III) stimulated
expression of the DAMO archaeal mcrA gene (Shen et al., 2019). In
addition, there is evidence that ANME-2d archaea were involved in
sulfate-AOM in lake sediments based on RNA stable isotope probing
(RNA-SIP) incubation experiments (Weber et al., 2017). Thus, the high
abundance of DAMO archaea in the low intertidal flat might be sup-
ported by electron acceptors other than NO3

−, such as Fe(III) and
SO4

2−, although no significant correlation was detected between
DAMO archaeal mcrA gene abundance and these individual electron
acceptors in the present study.

The anaerobic CH4 oxidation potential of DAMO microorganisms
was measured using the 13C stable isotope tracing method. The mea-
sured nitrite-DAMO rate in the group amended with 13CH4+NO2

−

might be higher than that amended with 13CH4+NO3
−, as NO2

− for
DAMO bacteria in the latter group was provided indirectly. Therefore, it
is possible that the potential nitrate-DAMO rate was underestimated in
this study, as the indirectly provided NO2

− was probably not sufficient
to support the full CH4 oxidation capacity of DAMO bacteria. However,
the added NO3

− (5mM) was sufficient to support the DAMO potential
(it remained relatively stable with higher NO3

− additions), and the
produced NO2

− might be enough for DAMO bacteria to oxidize CH4.
Thus, the possible underestimation of the nitrate-DAMO potential
might be not significant here. Given that NO3

− is typically far more
abundant than NO2

− in intertidal marsh sediments, it is reasonable to
use the DAMO rate measured with 13CH4+NO3

− to estimate the po-
tential role of both DAMO bacteria and archaea in attenuating CH4

emissions from intertidal marshes.
The hypothesis that the coastal wetland is an appropriate habitat for

the occurrence of DAMO reaction was supported by 13C stable isotope

tracing experiments. The potential nitrate-DAMO activity measured in
our study varied from 0.6 to 46.7 nmol 13CO2 g−1 day−1, which was
higher than that measured for Zhoushan Island (0–1.57 nmol 13CO2 g−1

day−1) (Wang et al., 2019). The nitrite-DAMO potential ranged from
1.3 to 39.0 nmol 13CO2 g−1 day−1 in Chongming eastern intertidal
marsh sediments, which was approximate to that measured in reduced
riverbeds (0.4–61.0 13CO2 g−1 day−1) (Shen et al., 2019), but higher
than that measured in freshwater wetlands (0.31–5.43 13CO2 g−1

day−1) (Hu et al., 2014), paddy fields (1.68–2.04 13CO2 g−1 day−1)
(Hu et al., 2014), and Zhoushan Island (0–1.51 13CO2 g−1 day−1)
(Wang et al., 2019). However, even higher nitrite-DAMO rates were
reported in mangrove sediments (25.9–704.1 13CO2 g−1 day−1) (Zhang
et al., 2018). The DAMO potential in summer was significantly higher
than that in winter (P < 0.05), showing that high temperature might
effectively promote the growth and activity of DAMO bacteria and
DAMO archaea. In fact, a significant correlation was detected between
the potential DAMO rate and temperature (P < 0.05) (Table 2). Fur-
thermore, the potential DAMO activity in the low and middle intertidal
flat was generally higher than that in the high intertidal flat, where the
NOx

− content also tended to be higher (Fig. 4). However, no significant
correlation was observed between them (P > 0.05). The ratio of ni-
trate-DAMO activity to nitrite-DAMO activity ranged from 0.05 to
33.30 (Table S5) with the highest value occurring in the low intertidal
flat, further suggesting that the anaerobic sediments in the low inter-
tidal zone were favorable for DAMO archaea. However, the effects of
the periodic exposure and seawater immersion of the intertidal marsh
sediments during tidal cycles on DAMO bacteria and DAMO archaea
need to be further explored (Zhang et al., 2018).

Based on the stoichiometric-relationship of CH4 and NO2
− in the

DAMO reaction (3:8), it was estimated that the nitrogen removal rates
during the DAMO process ranged between 3.3 and 106.4 nmol N g−1

day−1 in the intertidal marsh sediments of the Yangtze Estuary. It was
comparable to the nitrogen removal rate of the anaerobic ammonium
oxidation (anammox) process in the intertidal marsh sediments of the
Yangtze Estuary (22.6–158.6 nmol N g−1 day−1), which was estimated
to contribute 6.6 %–12.9% to the total nitrogen loss (the remainder
being due to denitrification) in the study area (Fig. 5) (Hou et al.,
2013). This result suggested that, in addition to playing an important
role in the CH4 sink, the DAMO process was a non-negligible pathway
of nitrogen removal from the intertidal marshes.

Potential DAMO rates may be reflected by the abundance of DAMO
microbes, so we expected significant relationships between them. In the
present study, a significant correlation was only observed between the
total DAMO potential and the abundance of the DAMO archaeal mcrA
gene in winter (P < 0.05), suggesting that DAMO archaea might play a
more important role in CH4 oxidation than DAMO bacteria in winter.
Sulfate-AOM has been suggested to be the main CH4 removal pathway
in marine habitats (Knittel and Boetius, 2009). However, in the
Zhoushan intertidal zone, it was observed that the contribution of the
DAMO process to CH4 oxidation was greater than that of sulfate-AOM
(Wang et al., 2019). The potential DAMO rate in the intertidal marsh
sediments of the Yangtze Estuary (2.1–61.0 nmol 13CO2 g−1 day−1) was
significantly higher than the sulfate-AOM rate (0–0.74 nmol 13CO2 g−1

day−1) detected in the Zhoushan intertidal zone (Wang et al., 2019),
showing that the DAMO process was a crucial CH4 sink in coastal
ecosystems. Moreover, based on the standard Gibbs free energies (Table
S1), denitrifying methanotrophs are energetically more favorable and
may have an advantage in using CH4 over the sulfate- and ferric iron-
dependent methanotrophs in natural environments such as the inter-
tidal marshes where NOx

−, SO4
2−, and Fe(III) coexist. However, fur-

ther studies are still required to investigate and quantify the anaerobic
oxidation of CH4 driven by different electron acceptors in the intertidal
wetlands.

Table 2
Correlation analyses of environmental factors and the activity and abundance of
DAMO microbes in Chongming eastern intertidal sediments.

Pearson
correlation
coefficients

Nitrate-
DAMO rate

Nitrite-
DAMO
rate

Total
DAMO rate

DAMO
archaeal
mcrA gene
abundance

DAMO
bacterial
pmoA gene
abundance

Temperature 0.599** 0.575* 0.874** 0.198 −0.019
pH −0.633** −0.356 −0.739** −0.335 −0.431
Salinity −0.132 −0.463 −0.353 0.041 0.342
Water content 0.458 −0.043 0.314 0.431 0.591**
TOC 0.764** 0.308 0.802** 0.468* 0.425
NO3

−-N 0.24 −0.299 −0.039 0.299 0.608**
NO2

−-N 0.630** −0.171 0.350 0.522* 0.366
NH4

+-N 0.277 0.480* 0.561* 0.232 −0.088
Fe(III) 0.483* 0.03 0.387 0.225 0.472*
H2S 0.590** 0.016 0.457 0.605** 0.209
SO4

2- 0.058 0.314 0.274 0.05 0.015
CH4 −0.060 −0.162 −0.164 −0.063 0.457

** and * denote P < 0.01 and P < 0.05 respectively, which were typically
regarded as significant, as determined by SPSS version 19.0 program (SPSS,
Chicago, IL). TOC:total organic carbon.
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5. Conclusions

DAMO bacteria and DAMO archaea coexisted and both were active
in CH4 oxidation in the intertidal flats. The DAMO archaeal mcrA gene
had a higher diversity than the DAMO bacterial pmoA gene. The un-
vegetated low intertidal flat tended to be more favorable for the growth
and activity of DAMO microorganisms, especially for DAMO archaea.
Potential DAMO rates were significantly greater in summer than in
winter, showing a higher activity of DAMO microbes in warm seasons.
Overall, the nitrate-DAMO activity accounted for a higher proportion of
total DAMO activity than nitrite-DAMO activity. In addition to playing
an important role in the CH4 sink, the DAMO process can also remove a
substantial amount of reactive nitrogen from the coastal marshes. These
results demonstrate the environmental significance of anaerobic CH4

sinks coupled with denitrification in intertidal marsh sediments, and
suggest that the DAMO bioprocess may play an important role in the
coupled carbon and nitrogen transformations globally considering the
worldwide distribution of intertidal wetlands.
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