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A B S T R A C T

Denitrifying anaerobic methane oxidation (DAMO), consisting of nitrite-dependent DAMO (nitrite-DAMO) and
nitrate-dependent DAMO (nitrate-DAMO), has recently been discovered and considered an important link be-
tween carbon and nitrogen cycles. In this work, we investigated biodiversity, abundance, and potential methane
(CH4) oxidation activity of nitrite-DAMO bacteria and nitrate-DAMO archaea in intertidal marsh soil cores,
based on molecular and stable isotope tracing methods. Results evidenced the co-occurrence and vertical stra-
tification of DAMO bacteria and archaea in intertidal marsh soils, with higher biodiversity of DAMO archaea
compared with DAMO bacteria. The abundance of DAMO bacterial pmoA gene (8.2× 105–3.0×107 copies g−1

dry soil) was approximate to that of DAMO archaeal mcrA gene (3.0×105–3.9× 107 copies g−1 dry soil) in the
intertidal marsh soil cores. Stable isotope experiments showed that DAMO bacteria and archaea were both active
in the intertidal marshes, with CH4 oxidation potential of 0.1–3.8 nmol 13CO2 g−1 dry soil day−1 and
0.1–4.1 nmol 13CO2 g−1 dry soil day−1, respectively. The relative importance (including the abundance and CH4

oxidation activity) of DAMO bacteria and archaea showed significant vertical variations, with more contribution
by DAMO bacteria at the soil-tidal water interface and soil-groundwater interface layers of the soil cores, which
are largely due to the influence of tidal dynamics. In addition to playing an important role as CH4 sink, DAMO
process was also a non-negligible pathway of nitrogen removal in intertidal marsh soils, with an estimated
nitrogen removal rate of 0.4–10.1 nmol N g−1 dry soil day−1. Overall, these results illustrated the occurrence
and environmental significance of DAMO bioprocess in intertidal marshes.

1. Introduction

Methane (CH4) is a powerful anthropogenic greenhouse gas that
contributes approximately 22% to the global warming, second only to
carbon dioxide (CO2) (Dean et al., 2018; Myhre et al., 2013; Wang
et al., 2019). Its 100-year global warming potential is 20–30 times that
of CO2 because of its higher efficiency of heat absorption (Myhre et al.,
2013). Since the beginning of the industrial era, atmospheric con-
centrations of CH4 have increased by 150%, and its emission still
continues to increase by approximately 1% per year, consequently ex-
acerbating climate change (Schwietzke et al., 2016). Coastal wetlands,
as important ecotones between land and sea, perform vital ecological
and environmental functions (Bastviken et al., 2011; Shen et al., 2015).

Although coastal wetlands comprise only a small area of the earth's
surface, they emit 40 to 160 Tg of CH4 per year, accounting for 7 to
30% of global annual CH4 flux (Segarra et al., 2013). The produced CH4

in wetlands can be removed by microbial processes which mainly in-
cludes aerobic CH4 oxidation catalyzed by aerobic methanotrophs and
anaerobic CH4 oxidation catalyzed by anaerobic methanotrophs (Deng
et al., 2016; Sultana et al., 2019; Welte et al., 2016). In wetland soils,
oxygen is usually depleted rapidly within a few millimeter depth,
leaving the bulk of the soil anoxic (Zheng et al., 2016). Therefore, CH4

can also be oxidized anaerobically in anoxic soil layers using electron
acceptors such as sulfate (SO4

2−) (Knittel and Boetius, 2009), manga-
nese/iron (Beal et al., 2009), and nitrite (NO2

−)/nitrate (NO3
−)

(Ettwig et al., 2010; Haroon et al., 2013). Recently, a novel CH4 sink
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linking anaerobic CH4 oxidation to the reduction of humic fraction of
natural organic matter in wetlands was also evidenced (Valenzuela
et al., 2017, 2019). In marine environments, sulfate-dependent anae-
robic oxidation of methane (sulfate-AOM) has been identified as an
important CH4 sink (Knittel and Boetius, 2009). However, anaerobic
oxidation of CH4 coupled with NO2

−/NO3
− reduction is thermo-

dynamically favored over sulfate-AOM in the environments where
NO2

−/NO3
− and SO4

2− co-existed (Shen et al., 2019). Additionally, in
coastal wetlands, reactive nitrogen is highly enriched and rapidly
transformed due mainly to the excessive input of anthropogenic ni-
trogen (Canfield et al., 2010; Hou et al., 2013). Thus, NO2

− and NO3
−

are very likely to be more important electron acceptors for anaerobic
oxidation of CH4 in coastal wetlands.

Anaerobic oxidation of CH4 coupled to NO2
−/NO3

− reduction, i.e.
denitrifying anaerobic methane oxidation (DAMO), is a recently dis-
covered process using NO2

−/NO3
− as electron acceptors to oxidize CH4

(Ettwig et al., 2009, 2010; Raghoebarsing et al., 2006). This process is
an important link between the two major global nutrient cycles of
carbon and nitrogen (Hu et al., 2014a; Wang et al., 2019), as well as the
natural organic matter-dependent anaerobic ammonium oxidation
(anammox) process which also interconnects both cycles (Rios-Del Toro
et al., 2018). Candidatus Methylomirabilis oxyfera (hereinafter abbre-
viated as M. oxyfera), belonging to the bacterial NC10 phylum, was the
first discovered microorganism that can perform nitrite-dependent
DAMO process (nitrite-DAMO) via utilizing NO2

− as the electron ac-
ceptor to anaerobically oxidize CH4 (Ettwig et al., 2010). This micro-
organism exhibited an intra-aerobic metabolism in which nitric oxide
was hypothesized to be dismutated to oxygen and dinitrogen gas, and
the produced oxygen could subsequently be used by the canonical
particulate methane monooxygenase encoded by pmoCAB gene to oxi-
dize CH4 (Ettwig et al., 2010). Later, NC10 bacteria Candidatus Me-
thylomirabilis Sinica (hereinafter abbreviated as M. sinica) was also
reported to perform the same function (He et al., 2016a). Nitrate-de-
pendent DAMO process (nitrate-DAMO) was found to be catalyzed by a
new type of archaea belonging to the ANME-2d clade, Candidatus Me-
thanoperedens nitroreducens (hereinafter abbreviated as M. nitror-
educens), which is capable of using NO3

− as the final electron acceptor
to oxidize CH4 by reverse methanogenesis pathway (Haroon et al.,
2013). This microorganism can transform NO3

− into NO2
− which can

be used by nitrite-DAMO bacteria, whereas the latter can only use
NO2

− instead of NO3
− (Ettwig et al., 2010; Haroon et al., 2013).

Therefore, nitrite-DAMO bacteria and nitrate-DAMO archaea may form
a cooperative relationship to coexist in the natural environments (Wang
et al., 2019).

Since their discovery in 2010, nitrite-DAMO bacteria have been
detected in various natural ecosystems including lakes (Hu et al.,
2014a; Shen et al., 2015), rivers (Shen et al., 2014a), estuaries (Shen
et al., 2014b), paddy fields (Hu et al., 2014a; Zhou et al., 2014), coastal
wetlands (Shen et al., 2016; Wang et al., 2017, 2019), and marine
ecosystems (Chen et al., 2014; Padilla et al., 2016). Nevertheless, the
research on nitrate-DAMO archaea in natural habitats is still very lim-
ited so far, and their CH4 removal potential also remains to be explored.
Intertidal marsh, as an important component of coastal wetlands, per-
forms as a large source of greenhouse gas CH4 and has also suffered
from a substantial loading of anthropogenic nitrogen (Kintisch, 2013;
Zheng et al., 2016). Hence, a deeper understanding of how CH4 oxi-
dation and nitrogen removal processes are coupled in the intertidal
marshes is required. As yet, the community dynamics of DAMO bacteria
and archaea, their contributions to carbon and nitrogen cycling, as well
as the underlying controlling mechanisms in intertidal marshes remain
unclear.

Unlike other wetland ecosystems, the intertidal marsh soils are ex-
posed and submerged alternately during tidal cycles, giving rise to
rhythmic material fluxes between the oxygenated tidal water and marsh
surface soil (called soil-tidal water interface) (Santos et al., 2012; Urish
and McKenna, 2004; Zheng et al., 2016). Additionally, tidal dynamics

induce periodic fluctuations of the groundwater table, which in turn
contributes to the pulsed input of oxygenated water, as well as other
solutes and particles into deeper marsh soil (called soil-groundwater
interface) (Santos et al., 2012; Urish and McKenna, 2004; Zheng et al.,
2016). These tidal forces are evidenced to change the marsh soil phy-
sicochemical conditions and play an important role in controlling de-
nitrification and anammox processes in intertidal marsh soil cores in
our previous study (Zheng et al., 2016). Therefore, the tidal dynamics
are hypothesized to affect the community diversity and activity of
DAMO microbes in intertidal marshes, as denitrification is a potential
nitrite source for DAMO bacteria, and anammox bacteria are syntrophic
and competitive partners to DAMO archaea and DAMO bacteria, re-
spectively (Haroon et al., 2013; Hu et al., 2015). Hence, in the present
study, we aimed to investigate the vertical changes of nitrite- and ni-
trate-dependent methanotrophs, and their importance in CH4 oxidation
and nitrogen removal in the intertidal marshes of the Yangtze Estuary,
which is one of the largest estuaries in the world and contains extensive
intertidal marshes, using molecular and 13C isotope-tracer techniques.
This study is of great significance to deepen the understanding of the
coupled carbon and nitrogen transformations in the intertidal ecosys-
tems.

2. Materials and methods

2.1. Study area and field sampling

The study area was located in the Chongming eastern intertidal flat,
which is the largest and most developed intertidal wetland in the
Yangtze Estuary (Fig. S1). The tides are semi-diurnal, with a typical
tidal range of 0.4–4.6m. At the study area, Phragmites communis, Scirpus
triqueter and other salt marsh vegetation are distributed in patches. In
the present study, six soil cores (7.2-cm diameter and 100-cm depth)
were collected with PVC corers from the unvegetated intertidal area (to
exclude the effect of plant roots) in October 2017. The soil cores were
sealed with butyl-rubber plugs and transported to the laboratory within
4 h. In the laboratory, they were sliced every 5 cm under helium at-
mosphere, and sub-soils from the same depth were mixed to form one
composite sample. Each sample was divided into two parts: one for
immediate determination of potential DAMO rate and soil physico-
chemical characteristics, and the other stored at −20 °C for later mo-
lecular analysis.

2.2. Determination of environmental parameters

Soil salinity and pH were measured using salinity meter (YSI Model
30, Ohio) and pH meter (Mettler-Toledo, Switzerland), respectively,
after soils were mixed with CO2-free deionized water (w:v=1:2.5)
(Hou et al., 2013). Soil redox potential (Eh) was determined by Eh
Automatic Analyzer (FJA-6 ORP, Chuan-Di, Nanjing, China) (Zheng
et al., 2016). Soil water content was calculated via the weight loss of a
certain amount of wet soil dried under 80 °C (Zheng et al., 2014). Soil
grain-size composition was analyzed with a Beckman Coulter LS13320
laser granulometer (USA) (Zheng et al., 2014). Soil NH4

+, NO2
−, and

NO3
− were extracted with 2M KCl and measured spectro-

photometrically using a continuous-flow nutrient analyzer (SAN plus,
Skalar AnalyticalB.V., the Netherlands) with detection limits of 0.5 μM
for NH4

+-N, and 0.1 μM for NO2
−-N and NO3

−-N (Hou et al., 2013).
For determination of soil organic carbon (OC), approximately 0.2 g soil
was digested with 5mL of 0.8M K2Cr2O7 and 5mL of concentrated
H2SO4 in an oil-bath at 170–180 °C for 5min. Excess Cr (VI) was then
back titrated with 0.2M ferrous ammonium sulfate (FeSO4(NH4)2
SO4.6H2O) using diphenylamine as an indicator, and soil OC content
can therefore be calculated on the basis of the consumption of ferrous
ion (Zheng et al., 2014). Reactive iron content in soil was measured via
colorimetric method (Haese et al., 1997; Wallmann et al., 1993).
Briefly, reactive iron was extracted from 0.5 g of fresh soil via agitation
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with 30mL of 0.5M anoxic HCl solution for 1 h. The content of total
iron including ferrous iron Fe(II)+ ferric iron Fe(III) was then de-
termined with a 1, 10-phenanthroline and 1% (w/v) hydroxylamine
hydrochloride assay, followed by the Fe(II) directly via a 1, 10-phe-
nanthroline method. Fe(III) content was then calculated as the differ-
ence between the total iron and Fe(II) contents (Haese et al., 1997;
Wallmann et al., 1993). Soil SO4

2− was determined by BaSO4 turbidi-
metric method after it was extracted using Ca(H2PO4)2 (Ajwa and
Tabatabai, 1993). All these environmental parameters were analyzed in
triplicate.

To determine CH4 concentrations, a known amount (approximately
3 g) of fresh soil was subsampled and immediately immersed into 20mL
serum vials containing a saturated NaCl solution under helium condi-
tions (Winkel et al., 2018). Serum vials were sealed with butyl-rubber
stoppers and a crimp seal, and were shaken immediately and stored
upside down for at least 24 h to drive the CH4 into the headspace.
Headspace CH4 concentration was measured by gas chromatograph
(GC-2014, Shimadzu) equipped with a flame ionization detector (Wang
et al., 2019). The amount of CH4 in the vials was calculated from the
headspace concentrations and the volume of liquid in the bottles
(Supplementary text 1). CH4 concentrations are reported relative to soil
pore water volume based on soil water content (Winkel et al., 2018).

2.3. DNA extraction and gene amplification

Total genomic DNA of each sample was extracted from approxi-
mately 0.25 g wet soil using Powersoil™ DNA Isolation Kits (MOBIO,
USA). Triplicate qualified DNA extracts were pooled and used for the
down-stream molecular analyses. In the present study, the alpha sub-
unit of the particulate methane monooxygenase gene (pmoA) was used
to identify the nitrite-DAMO bacteria (M. oxyfera-like bacteria)
(Luesken et al., 2011), while the alpha subunit of the methyl-coenzyme
M reductase gene (mcrA) was used to investigate the nitrate-DAMO
archaea (M. nitroreducens-like archaea) (Vaksmaa et al., 2017a). DAMO
bacterial pmoA gene was amplified using a nested polymerase chain
reaction (PCR) method, consisting of an initial PCR amplification with
primers A189_b/cmo682 followed by a second PCR with primers
cmo182/cmo568, which results in a final 389 bp PCR product (Luesken
et al., 2011). PCR amplification of mcrA gene (1191 bp) from DAMO
archaea was carried out with primers McrA169F/McrA1360R
(Vaksmaa et al., 2017a). Detailed PCR protocols used in this study are
given in Table S1. Appropriately-sized fragments containing the tar-
geted genes were purified and cloned using the TOPO-TA cloning kit
(Invitrogen, USA). Positive clones were selected by blue-white
screening for further analysis.

2.4. Sequencing and phylogenetic analysis

Selected positive clones were sequenced on an ABI Prism genetic
analyzer (Applied Biosystems, Canada). Possible chimeras were
checked using the QIIME 1.9.0 software package (Caporaso et al.,
2010). Subsequently, the qualified nucleic acid sequences with> 97%
identities were defined as one operational taxonomic unit (OTU) by
software Mothur (version 1.35.1) using the furthest neighbor method
(Schloss et al., 2009). MEGA 7.0.21 program was used for the con-
struction of neighbor-joining phylogenetic tree (Kumar et al., 2016),
and the robustness of tree topology was assessed by bootstrap analysis
(1000 replicates). The biodiversity indicators (Shannon-Wiener and
Simpson) and species richness Chao1 estimator were calculated using
QIIME 1.9.0 (Caporaso et al., 2010). QIIME 1.9.0 was also used to
construct the rarefaction curves for the pmoA and mcrA gene clone li-
braries, as well as to calculate the UniFrac distances between each pair
of the clone libraries. Coverage of the constructed clone libraries was
estimated by the ratio of the obtained OTU number to Chao1 estimator
(Mohamed et al., 2010). The unique pmoA and mcrA sequences ob-
tained in the present study have been deposited in GenBank with

accession numbers of MK887934-MK888035 and MK888036-
MK888208, respectively.

2.5. Quantitative PCR assay

Real-time quantitative PCR (qPCR) was performed with the ABI
7500 to determine the abundance of nitrite-DAMO bacterial pmoA gene
and nitrate-DAMO archaeal mcrA gene in the soils using primers
cmo182/cmo568 (Luesken et al., 2011) and McrA159F/McrA345R
(Vaksmaa et al., 2017a), respectively. Detailed information for the
primers and qPCR protocols used in the study is shown in Table S1.
Standard curves were constructed using a series of tenfold dilutions of
the standard plasmids (known copy number) containing the targeted
genes. To lower the possibility of over-estimation, melting curves and
gel electrophoreses were both performed. In addition, negative controls
without any DNA template addition were also conducted in all the
amplification reactions.

2.6. Measurement of potential DAMO rates

Potential rates of DAMO bacteria and archaea were measured using
slurry experiments in combination with 13C isotope-tracing technique,
as previously described (Hu et al., 2014a; Wang et al., 2019). Briefly,
slurries were prepared with He-purged filtered seawater and fresh soils
at a volume ratio of 3:1 (water/soil) and then were transferred to He-
flushed, 120-mL glass vials. The slurries were pre-incubated under
anaerobic conditions for at least 30 h to remove the residual NOx

− and
O2. The slurries were subsequently split into different treatment groups:
(a) 13CH4 (13C at 99%), (b) 13CH4+NO2

−, and (c) 13CH4+NO3
−.

Subsequently, 50 μL of He-purged NO2
−/NO3

− stock solution was in-
jected through the septa into each vial, resulting in a final concentration
of 0.5 mM of NO2

− in group (b) and 5mM NO3
− in group (c) (Fig. S2).

Immediately after that, 13CH4 was injected into these vials, resulting in
a final concentration of 1% (v/v) in the headspace. Additional slurries
without any additions were also left as control to determine the back-
ground 13CO2 during incubation. Each treatment was conducted in
triplicate. All the slurries were incubated at in situ temperature in the
dark with gentle shaking at 120 rpm. The incubation was inhibited by
injecting 50% ZnCl2 solution after 1 day (Fig. S3). The production of
13CO2 in the headspace of each vial was measured directly using Delta V
Advantage Isotope Ratio Mass Spectrometer (IRMS, Thermo Fisher
Scientific). The total amount of produced 13CO2 in the headspace and
liquid of each vial was quantified according to the equation reported by
He et al. (2016b). The potential rates of DAMO, nitrite-DAMO, and
nitrate-DAMO were calculated as previously described (He et al.,
2016b; Wang et al., 2019). Specifically, the potential DAMO rate was
measured by subtracting the production of 13CO2 during the incubation
amended with 13CH4 (group a) from the production of 13CO2 during the
incubation amended with 13CH4+NO3

− (group c). Nitrite-DAMO rate
was determined by subtracting the production of 13CO2 during the in-
cubation amended with 13CH4 (group a) from the production of 13CO2

during the incubation amended with 13CH4+NO2
− (group b). Nitrate-

DAMO rate was estimated by subtracting the production of 13CO2

during the incubation amended with 13CH4+NO2
− (group b) from the

production of 13CO2 during the incubation amended with
13CH4+NO3

− (group c).

2.7. Statistical analysis

General statistical analysis was conducted using statistical product
and service solutions 18.0 software (SPSS). Pearson's correlation was
used to evaluate the relationships among the abundance and activity of
DAMO microorganisms and environmental variables. One-way ANOVA
was adopted to compare the variations of DAMO dynamics in the in-
tertidal marsh soils. In this study, the statistical analyses were con-
sidered significant at P < 0.05.
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3. Results

3.1. Physicochemical characteristics of intertidal marsh soil cores

Salinity of the intertidal marsh soil cores ranged between 0.2 and
1.3‰, which showed a decrease trend from the soil-tidal water inter-
face down to soil-groundwater interface (Fig. S4). Soil pH, in the range
of 8.05–8.34, also tended to decrease with soil depth. The highest Eh
value was detected in the surface soil (413mV), and then it decreased
to the lowest value (183mV) at around 40 cm (supplementary text 2).
However, it increased again at deeper layers, and increased up to
362mV at the soil-groundwater interface. Soils along the entire cores
were mainly composed of silt (69.0–75.6%) with smaller amounts of
clay (13.2–23.1%) and sand (7.4–16.3%). The maximal NO3

− con-
centrations (6.44–10.75 μg N g−1 dry soil) were detected at the surface
layers (0–10 cm), then they decreased to 0.43–3.37 μg N g−1 dry soil
down to 100 cm soil depth. NO2

− concentrations remained relatively
low (0.01–0.06 μg N g−1 dry soil) in the whole intertidal marsh soil
cores. NH4

+ ranged between 10.85 and 35.89 μg N g−1 dry soil, and
relatively high concentrations generally appeared at the soil-ground-
water interface. Higher concentrations of OC were detected at the
subsurface layers of 10–20 cm (1.61–2.10%), then they showed a de-
crease trend down to 80 cm (0.56%), after which a slight increase was
observed (0.58–1.17%). Soil SO4

2− decreased gradually from the top
layer (0.33 mg g−1) down to around 60 cm soil depth (0.02 mg g−1),
however at the soil-groundwater interface layer below 75 cm, it in-
creased again up to 0.25mg g−1. Fe (III) ranged between 1.01 and
1.57mg g−1, with a depth distribution pattern similar to SO4

2−.
Nevertheless, Fe(II) concentrations (0.57–1.74mg g−1) tended to be
higher in the middle marsh soil layers. The vertical distribution of CH4

in soil pore water was relatively complicated, and showed three main
peaks at around 20 cm, 60 cm, and 80 cm depths with values of up to
3.75 μM, 3.87 μM, and 5.02 μM, respectively.

3.2. Diversity and phylogenetic analysis of DAMO bacteria

DAMO bacteria in the intertidal marsh soil cores were successfully
detected with a nested PCR assay based on the pmoA gene. Three pmoA
clone libraries were constructed in the present study to investigate and
compare the community composition and diversity of DAMO bacteria at
the surface (0–20 cm), middle (40–60 cm), and deep (80–100 cm) layers
of the soil cores, based on the observed vertical profiles of the physi-
cochemical characteristics of the intertidal cores (Fig. S4). A total of
243 pmoA clones were sequenced, which showed 86.7–100% sequence
similarity among each other and were divided into 6 OTUs based on a
3% divergence in nucleotides (Table 1). These observed OTUs exhibited
88.5–95.6% sequence identity to Candidatus Methylomirabilis oxyfera
(FP565575), and 84.6–86.9% sequence identity to Candidatus Methy-
lomirabilis Sinica (KT443986). In detail, 4, 3, and 2 OTUs were de-
tected in the surface, middle, and deep clone libraries, respectively, and

the diversity of DAMO bacteria also showed a decrease trend with soil
depth based on the Shannon-Wiener and Simpson indicators, as well as
the rarefaction analysis (Table 1 and Fig. S5). Phylogenetic analysis of
pmoA gene showed that two distinctive clusters were retrieved (Fig. 1).
PmoA cluster 1 was affiliated with M. oxyfera with 92.1–95.6% se-
quence identity, and it was also closely related to pmoA sequences re-
covered from other depositional environments such as the Qiantang
River sediment (KC503650) (Shen et al., 2014a), Miyun Reservoir se-
diment (KX423170), and Dongjiang River sediment (KX001174) (Long
et al., 2017) with 96.4–99.2% gene identity (Fig. 1a). The majority of
the pmoA clones retrieved from the middle (88%) and the soil-
groundwater interface (100%) layers were affiliated to this cluster,
while only 10% of the surface layer pmoA sequences were included
(Fig. 1b). PmoA cluster 2 showed relatively lower identity (88.5–89.7%)
with M. oxyfera, however it was affiliated closely (97.9–99.7%) with
DAMO bacterial pmoA clones retrieved from freshwater sediments
(KR337556, KU301590) (Fig. 1a). Sequences affiliated to this cluster
were mainly retrieved from the surface layer of the intertidal marsh soil
cores (91%), while the remaining 9% were detected at the middle soil
layer (Fig. 1c).

3.3. Diversity and phylogenetic analysis of DAMO archaea

DAMO archaea in the intertidal marsh soils were successfully de-
tected based on mcrA gene. A total of 92, 80, and 89 qualified DAMO
archaeal mcrA clones were obtained from the surface (0–20 cm), middle
(40–60 cm), and deep (80–100 cm) layers of the soil cores, respectively,
which showed 73–100% sequence similarity among each other
(Table 1). In each individual clone library, 8 to 19 OTUs occurred, as
defined by 3% divergence in nucleotides. Based on the Shannon-Wiener
and Simpson indicators, the diversity of DAMO archaea was sig-
nificantly higher than that of DAMO bacteria (P < 0.05) (Table 1), and
it was consistent with the result of the rarefaction analysis (Figs. S5 and
S6). In contrast to DAMO bacteria, the highest diversity of DAMO ar-
chaea was detected at the soil-groundwater interface layer (Table 1).
Phylogenetic analysis showed that 97.7% of the obtained mcrA gene
clones were affiliated to known DAMO archaea of M. nitroreducens
(JMIY01000002) and Candidatus Methanoperedens sp.
(LKCM01000102) with as high as 90.3% and 94.0% gene identity, re-
spectively. They also showed high gene identity (up to 97.8%) with
mcrA sequences retrieved from river sediment (KX290024) (Vaksmaa
et al., 2017a), paddy soil (KX290035) (Vaksmaa et al., 2017a), and
enrichment culture of freshwater sediment (EU495304) (Ettwig et al.,
2008).

Based on the constructed mcrA gene phylogenetic tree, 4 distinctive
clusters were retrieved (Fig. 2). McrA cluster 1, containing 24 out of the
observed 33 OTUs, was affiliated with Candidatus Methanoperedens sp.
with up to 94.0% sequence identity. This cluster dominated all the mcrA
gene clone libraries retrieved from the surface (71.7%), middle
(85.0%), and deep (78.7%) layers of the soil cores (Fig. 2b). Five OTUs

Table 1
Diversity characteristics of nitrite-DAMO bacterial pmoA gene clone libraries and nitrate-DAMO archaeal mcrA gene clone libraries.

Gene Sample No. of clones OTUsa Chao1b Shannon-Wienerc 1/Simpsond Coverage (%)e

pmoA Surface 100 4 4.0 0.52 1.37 100
Middle 73 3 3.0 0.44 1.32 100
Deep 70 2 2.0 0.42 1.32 100

mcrA Surface 92 15 15.0 2.52 12.10 100
Middle 80 8 8.8 1.45 3.02 91
Deep 89 19 20.5 2.79 17.40 93

a OTUs were defined at 3% nucleotide acid divergence.
b Nonparametric statistical predictions of total richness of OTUs based on distribution of singletons and doubletons.
c Shannon-Wiener diversity index. A higher number represents more diversity.
d Reciprocal of Simpson's diversity index. A higher number represents more diversity.
e Percentage of coverage: percentage of observed number of OTUs divided by Chao1 estimate.
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was affiliated to cluster 2, which showed up to 90.3% gene identity
with M. nitroreducens (Fig. 2a). The mcrA clones of this cluster ac-
counted for 12.0%, 1.3%, and 18.0% of the surface, middle, and deep
layer clone libraries, respectively (Fig. 2c). Another 3 OTUs formed
cluster 3, which was related most closely to M. nitroreducens with up to
88.5% sequence identity, while no more similar gene sequences were
detected in other environments so far. The mcrA clones of this cluster
accounted for 9.8%, 13.8%, and 3.4% of the surface, middle, and deep
layer clone libraries, respectively (Fig. 2d). Only one OTU was affiliated
to cluster 4, which showed even lower similarity with M. nitroreducens
(with 76.3% sequence identity) and Candidatus Methanoperedens sp.
(with 74.1% sequence identity) (Fig. 2a). Nevertheless, it was affiliated
closest with mcrA clones retrieved from other environments such as the
sediment of Lei-Gong-Huo mud volcano (JX648565, with 92.4% se-
quence identity) (Wang et al., 2014) and the subsurface sediment of
Marennes-Oléron Bay (AM942098, with 91.7% sequence identity)
(Roussel et al., 2009).McrA clones of this cluster were only found at the
surface layer but not at the middle and soil-groundwater interface
layers (Fig. 2e).

3.4. Abundance of DAMO bacteria and archaea

Abundances of DAMO bacteria and DAMO archaea in the intertidal
marsh soil cores were determined using qPCR technique. Melting-curve
analyses showed only one peak at 87.4 °C and 83.3 °C for DAMO bac-
terial pmoA gene and DAMO archaeal mcrA gene, respectively, con-
firming that the fluorescent signals were derived from specific qPCR

products. Significantly linear relationships were obtained between the
threshold cycle (CT) and the log value of copy number for both genes
(r2= 0.9995 for pmoA and 0.9999 for mcrA). In addition, the qPCR
amplification efficiencies were 92.3% and 90.7% for pmoA and mcrA
genes, respectively, in the present study. The qPCR results showed that,
the numbers of DAMO bacterial pmoA gene and DAMO archaeal mcrA
gene were observed between 8.2×105 and 3.0× 107 copies g−1 (dry
weight, the same hereinafter), and between 3.0× 105 and 3.9× 107

copies g−1, respectively, without significant difference (P > 0.05)
(Fig. 3). The abundance of DAMO bacteria exhibited an overall de-
crease trend with soil depth (P < 0.01). However, the highest DAMO
archaea number was detected at the middle layer of 45–50 cm. The
ratio of pmoA gene copy number of DAMO bacteria to mcrA gene copy
number of DAMO archaea ranged between 0.03 and 5.79, and the re-
lative abundance of DAMO bacteria and archaea showed a significant
vertical variation along the soil profile (Fig. S7a). The abundance of
DAMO bacteria tended to be greater than that of DAMO archaea at the
0–40 cm depth as well as at the soil-groundwater interface, while
DAMO archaea tended to be more abundant than DAMO bacteria at the
middle layers (Fig. 3 and S7a).

3.5. Potential DAMO rates

The 13C stable isotope tracing method was used to determine the
anaerobic CH4 oxidation activity of DAMO microorganisms in the in-
tertidal marsh soil cores. During the incubation spiked with 13CH4 only
(group a), no significant production of 13CO2 was measured at all soil

Fig. 1. Neighbor-Joining phylogenetic tree showing the phylogenetic affiliations of nitrite-DAMO bacterial pmoA gene sequences recovered from the intertidal marsh
soils of the Yangtze Estuary (a), and the percentages of sequences in each sample fall into cluster 1 (b) and cluster 2 (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 the surface, middle, and deep
layers of the soil cores. 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 color in this figure legend, the reader is referred to the web version of this article.)
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layers (similar to the control group) (Fig. S8), showing that the ambient
nitrite, nitrate, O2, and other possible electron acceptors (e.g. SO4

2−,
manganese/iron, and humic substances) in the slurries were consumed
within the preincubation. During the incubation spiked with
13CH4+NO2

− (group b) or 13CH4+NO3
− (group c), significant pro-

ductions of 13CO2 were detected (Fig. S8), confirming the occurrence of
DAMO. The activities of DAMO bacteria and DAMO archaea could
thereby be obtained on the basis of the production of 13CO2 within
these incubations.

Results showed that the potential DAMO rates ranged between 0.3
and 7.0 nmol 13CO2 g−1 dry soil day−1 (dry weight, the same herein-
after), exhibiting an overall decrease trend with soil depth (P < 0.05),
with the highest activity observed at the top layer of 0–5 cm (Fig. 4a).
However, an activity peak (4.6 nmol 13CO2 g−1 dry soil day−1) was also
occurred at the 45–50 cm depth (Fig. 4a), where both the highest
abundance and the highest activity of DAMO archaea were recorded
(Figs. 3 and 4b). The potential nitrite-DAMO and nitrate-DAMO rates
were in the range of 0.1–3.8 nmol 13CO2 g−1 dry soil day−1 and
0.1–4.1 nmol 13CO2 g−1 dry soil day−1, respectively, without sig-
nificant difference (P > 0.05) (Fig. 4b). It was estimated that the ni-
trogen removal rates ranged between 0.4 and 10.1 nmol N g−1 day−1,
according to the stoichiometric relation of CH4 and NO2

− in the DAMO
reaction (3,8) (Fig. S9). In the intertidal marsh soil cores, DAMO

bacteria averagely contributed 57% to the CH4 oxidation during the
DAMO process, slightly higher than that of DAMO archaea (43%). The
ratio of nitrite-DAMO to nitrate-DAMO rates ranged between 0.05 and
12.51, and showed significant vertical variation along the soil profile
(Fig. S7b). The potential nitrite-DAMO rate tended to be higher than
that of nitrate-DAMO at the upper 45 cm depth as well as at the soil-
groundwater interface, whereas the potential nitrate-DAMO rate tended
to be higher at the middle layer (Fig. S7b). This result was consistent
with the depth distribution of the relative abundance of DAMO bacteria
and archaea (Fig. S7a). Assuming that each cell had equal activity and
contained one pmoA or mcrA gene copy, and that all obtained microbial
sequences derived from active microbes, the estimated cell-specific rate
of DAMO bacteria varied between 0.02 and 1.00 fmol 13CO2

cell−1 day−1, while an approximate cell-specific rate was also observed
for DAMO archaea (0.01–0.88 fmol 13CO2 cell−1 day−1).

3.6. Potential controlling factors of DAMO process

The potential effects of environmental factors on the microbial
mediated DAMO process in the intertidal marsh soils were analyzed
(Fig. 5 and Table S2). Results showed that the abundance of DAMO
bacterial pmoA gene was positively correlated with salinity, pH, Eh,
NO3

−, SO4
2−, and reactive iron contents (P < 0.05), while the DAMO

Fig. 2. Neighbor-Joining phylogenetic tree showing the phylogenetic affiliations of nitrate-DAMO archaeal mcrA gene sequences recovered from the intertidal marsh
soils of the Yangtze Estuary (a), and the percentages of sequences in each sample fall into cluster 1 (b), cluster 2 (c), cluster 3 (d), and cluster 4 (e), 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 the
surface, middle, and deep layers of the soil cores. 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 color in this figure legend, the reader is referred to the web version of this
article.)
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archaeal mcrA gene abundance was only significantly correlated with
the soil grain size among all the analyzed environmental parameters
(P < 0.05). The vertical distribution of DAMO rate was positively
correlated with salinity and pH (P < 0.01), and it was also negatively
correlated with CH4 in the soil pore water and Fe(II) content
(P < 0.05). Nitrite-DAMO rate was related to salinity, pH, SO4

2−,
NH4

+, and reactive iron contents (P < 0.05), while no significant
correlations were detected between nitrate-DAMO rate and measured
environmental factors in the present study (P > 0.05). In addition, a
significant correlation was observed between nitrite-DAMO rate and
DAMO bacterial pmoA gene abundance (P < 0.01), and the activity

and abundance of DAMO archaea was also found to be correlated
(P < 0.05) (Fig. 5). However, the total DAMO rate was only related to
DAMO bacterial pmoA gene abundance (P < 0.01), but not to the
DAMO archaeal mcrA gene abundance (P > 0.05) (Fig. 5).

4. Discussion

In the present study, the co-occurrence of nitrite- and nitrate-de-
pendent DAMO bioprocesses in intertidal marsh soils of the Yangtze
Estuary was evidenced by molecular and stable isotope tracing assays.
PmoA and mcrA gene sequence analyses showed the presence and

Fig. 3. The abundance of DAMO bacterial pmoA gene and DAMO archaeal mcrA gene in the intertidal marsh soil cores collected from the Yangtze Estuary. Error bars
indicate standard deviations (n=3).

Fig. 4. The total DAMO potential (a) and the nitrite-DAMO and nitrate-DAMO activity (b) in the intertidal marsh soil cores collected from the Yangtze Estuary. Error
bars indicate standard deviations (n= 3).
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biodiversity of DAMO bacteria and archaea, respectively, and qPCR
illustrated their abundance and vertical distribution along the soil
cores. The potential CH4 oxidation activity of DAMO bacteria and ar-
chaea in the intertidal soil cores were further revealed based on the 13C
stable isotope trace experiment. This study demonstrated the micro-
biological and environmental significance of anaerobic CH4 sink cou-
pled with denitrification in the intertidal marshes.

DAMO bacterial pmoA gene has been successfully detected in var-
ious natural environments, such as lakes (Deutzmann and Schink, 2011;
Hu et al., 2014a; Kojima et al., 2012), rivers (Shen et al., 2014a), and
estuaries (Shen et al., 2014b). In this study, 2–4 pmoA gene OTUs based
on a 3% cut-off or 1–3 pmoA gene OTUs based on a 7% cut-off were
observed in the intertidal marsh soil cores of the Yangtze Estuary,
which were a bit higher than that of the DAMO bacteria in the sedi-
ments of Lake Constance (Deutzmann and Schink, 2011), Lake Biwa
(Kojima et al., 2012), Xiazhuhu and Xixi wetlands (Hu et al., 2014a),
and the paddy field (Hu et al., 2014a) where only one OTU was ob-
served based on 7% differences. However, even higher pmoA gene OTU
numbers were observed in the Qiantang River (1–9, 7% cut-off) (Shen
et al., 2014a), Jiaojiang Estuary (1–8, 7% cut-off) (Shen et al., 2014b),
and the Zhoushan islands (2–4, 7% cut-off) (Wang et al., 2019). Ac-
cording to previous studies, novel methanotroph species can be sug-
gested when the pmoA gene nucleic acid sequence identity was lower
than 93% compared to known species (Lüke and Frenzel, 2011). Our
recovered pmoA cluster 2 only distantly related (88.5–89.7%) to the
pmoA gene of M. oxyfera (Fig. 1), indicating that a potentially novel
DAMO bacterial species reduces CH4 emissions at the surface layer of
the intertidal marsh soils.

Both the OTU numbers and the Shannon diversity of DAMO bacteria
were higher at the surface layer than at the middle and soil-ground-
water interface layers (Table 1), which might be due to the rhythmic
material exchanges between land and sea in the intertidal marshes
(Zheng et al., 2016). The intensive interaction between the Yangtze
River freshwater and the coastal saline water might bring about diverse
phylotypes to the surface layer of the intertidal soils (Zheng et al.,
2016). In addition, the soil-tidal water interface might receive higher
nutrient supply (Fig. S4), which can also support higher DAMO bac-
terial abundance. Indeed, the highest abundance of DAMO bacterial
pmoA gene was observed at the surface layer of the soil cores (Fig. 3).
The community structure of DAMO bacteria was different between the
surface and soil-groundwater interface layers, though the UniFrac dis-
tances were not significant (P > 0.05) (Table S3). 90% of the pmoA

sequences at the surface layer were grouped into cluster 2 in the con-
structed phylogenetic tree, while 88% and 100% of the pmoA clones at
the middle and soil-groundwater interface layers, respectively, were
affiliated to cluster 1 (Fig. 1). This result suggested that different gen-
etypes of DAMO bacteria favor different environmental conditions,
which was consistent with the previous finding that most of the habitats
contained one certain pmoA OTU (Deutzmann and Schink, 2011; Hu
et al., 2014a; Kojima et al., 2012).

So far, the occurrence and distribution of nitrate-DAMO archaea in
the natural environments were quite rare, especially on the basis of the
mcrA gene marker. However, in the intertidal environments, NO3

−

rather than NO2
− is the main form of nitrogen oxides caused by human

activities. Therefore, the significance of DAMO archaea and nitrate-
DAMO process should be examined. In the present study, DAMO ar-
chaeal mcrA gene has been successfully detected in the intertidal marsh
soils of the Yangtze Estuary. Based on a 3% divergence in nucleotides, 8
to 19 mcrA OTUs of the DAMO archaea were obtained, which were
higher than the DAMO archaeal 16S rRNA gene OTU numbers obtained
from Taihu lake (Ding et al., 2015), paddy soils (Ding et al., 2015), and
the Zhoushan islands intertidal zone (Wang et al., 2019). In addition,
the Shannon index of DAMO archaeal mcrA gene in intertidal marsh soil
cores of the Yangtze Estuary (1.45–2.79) was higher than that of the
DAMO archaeal 16S rRNA gene in the above ecosystems (0.14–1.73)
(Ding et al., 2015; Wang et al., 2019). Furthermore, the observed
DAMO archaeal biodiversity was significantly higher than that of the
DAMO bacteria (P < 0.05) (Table 1). These results suggested that
higher diverse of DAMO archaea might inhabit in the intertidal marsh
soils of the Yangtze Estuary.

Unlike DAMO bacteria, higher diversity of DAMO archaea was also
detected at the soil-groundwater interface (Table 1). We hypothesized
that the higher DAMO archaeal diversity at the deep soil layer might be
caused by the influence of the groundwater. It has been reported that
tidal dynamics in the intertidal zone can induce periodic fluctuations of
the groundwater table (Santos et al., 2012; Zheng et al., 2016), which
can bring about pulsed input of groundwater-transported materials as
well as diverse DAMO archaea into deeper soil. However, the deep soil
layer was not characterized by higher DAMO archaeal abundance and
activity (Fig. 3 and 4), which might be due to the metabolic inhibition
by the groundwater-derived O2, as the shallow coastal aquifers are ty-
pically micro-oxic (Tobias et al., 2001). The community composition of
DAMO archaea also showed the micro-niche variations along the soil
profile (Fig. 2), although the community differences were not

Fig. 5. Pearson's correlation coefficients showing the
relationships of environmental factors with the
abundance and activity of DAMO microbes in the
intertidal marsh soil cores. Data represent the
Pearson's correlation coefficients. Solid lines re-
present statistical significant at P=0.01; dashed
lines represent statistical significant at P=0.05;
green lines represent positive correlations; and red
lines represent negative correlations. (For inter-
pretation of the references to color in this figure le-
gend, the reader is referred to the web version of this
article.)
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significant based on the UniFrac distance matrix (Table S3). These re-
sults suggested that the community structure, diversity, and distribu-
tion of DAMO archaea might be affected by the tidal dynamics which
mold the vertical distribution pattern of the micro-ecological conditions
(Kuwae et al., 2003).

The qPCR results showed that the copy number of DAMO bacterial
pmoA gene ranged from 8.2× 105 to 3.0× 107 copies g−1 in the in-
tertidal soil cores of the Yangtze Estuary, which were approximate to
that of the mangrove sediments (2.1× 106–3.4×107 copies g−1 dry
sediment) (Zhang et al., 2018). In addition, the results were also ap-
proximate to the abundance of DAMO bacteria based on the 16S rRNA
gene analyses in the Hangzhou Bay (5.4×106–5.0×107 copies g−1

dry soil) (Shen et al., 2016), Xiazhuhu wetland (3.0×106–3.2×107

copies g−1 dry soil) (Hu et al., 2014a), Xixi wetland
(1.7×106–1.0×107 copies g−1 dry soil) (Hu et al., 2014a), paddy
field (1.5× 106–4.5×106 copies g−1 dry soil) (Hu et al., 2014a), and
the Qiantang River (1.32× 106–1.03× 107 copies g−1 dry soil) (Shen
et al., 2014a) (Table S4). This comparison suggested that the abundance
of DAMO bacteria in the natural environment obtained with the pmoA
gene primers was consistent with that obtained with the 16S rRNA gene
primers. The copy number of DAMO archaeal mcrA gene in the inter-
tidal soil cores of the Yangtze Estuary was 3.0×105–3.9× 107 copies
g−1, which were relatively higher than that retrieved from the paddy
soil (7.2× 103–1.8× 107 copies g−1 dry soil) (Vaksmaa et al., 2017a,
2017b), river sediment (3.0× 104–4.4×105 copies g−1 wet sediment)
(Vaksmaa et al., 2017a), and the North Sea sediment (2.5× 104 copies
g−1 wet sediment) (Vaksmaa et al., 2017a). Previous studies showed
that the abundance of DAMO archaea in the environmental samples
obtained with the 16S rRNA gene primers was approximately two or-
ders of magnitude higher than that obtained with the mcrA primers
(Vaksmaa et al., 2017a). Therefore, the number of DAMO archaea
might be overestimated based on 16S rRNA gene primers, which were
less specific for DAMO archaea than mcrA gene (Vaksmaa et al., 2017a).
It was the reason why mcrA was used as the gene marker to quantify the
abundance of DAMO archaea in the present study.

Our data also indicated that the DAMO bacteria and archaea were
present together in the intertidal zone, showing that there might be an
intimate symbiotic relationship between the two microorganisms
(Wang et al., 2019). However, the relative abundance of DAMO bac-
teria and archaea showed a vertical stratification along the soil cores,
with more abundant DAMO bacteria at the soil-tidal water interface as
well as at the soil-groundwater interface, while DAMO archaea tended
to be more abundant than DAMO bacteria at the middle layers (Fig.
S7a). We speculated that it might be attributed to the different pre-
ference of DAMO bacteria and archaea for oxygen, as DAMO archaea
preferred a more anoxic environment (Wang et al., 2019). The tidal
water and groundwater might bring about trace amount of oxygen to
the upper and deep soil layers, which was confirmed by the vertical
distribution pattern of the soil Eh (Fig. S4). In fact, a significant cor-
relation was observed between the ratio of pmoA abundance/mcrA
abundance and Eh in the intertidal marsh soils of the Yangtze Estuary
(Fig. S10). Furthermore, a similar vertical distribution pattern was also
observed for the relative contributions of DAMO bacteria and archaea
to anaerobic CH4 oxidation (Fig. S7b).

It was interesting to find that the middle layer of the soil cores, at
which the NO3

− concentration was low, harbored the highest abun-
dance of DAMO archaea, though with the lowest diversity. This might
support the hypothesis that DAMO archaea can use diverse electron
acceptors to anaerobically oxidize CH4 in addition to NO3

− (Ettwig
et al., 2016). M. nitroreducens-like DAMO archaea was reported to have
the ability to oxidize CH4 using Fe(III) (Ettwig et al., 2016), and it was
recently observed that the addition of Fe(III) stimulated the expression
of DAMO archaeal mcrA gene (Shen et al., 2019). In addition, it was
evidenced that the ANME-2d archaea were also involved in sulfate-
AOM in lake sediments based on RNA stable isotope probing (RNA-SIP)
incubation experiments (Weber et al., 2017). Thus, it was possible that

the abundant DAMO archaea were co-supported by different electron
acceptors besides NO3

−. However, there were no significant correla-
tions of DAMO archaeal mcrA gene abundance with the contents of
individual electron acceptors of NO3

−, Fe(III), and SO4
2− in the in-

tertidal marsh soils in the present study (P > 0.05) (Table S2). Fur-
thermore, the possibility that DAMO archaea perform natural organic
matter-dependent anaerobic CH4 oxidation in intertidal marsh soils
cannot be excluded (Valenzuela et al., 2017, 2019), although the re-
lationship between the abundance of DAMO archaea and soil OC con-
tent was not significant (P > 0.05) (Table S2).

The potential nitrite-DAMO activity measured in this study ranged
from 0.1 to 3.8 nmol 13CO2 g−1 dry soil day−1 (Fig. 4), which was
approximate to that reported from the Xiazhuhu wetland (0.31–5.43
13CO2 g−1 dry soil day−1) (Hu et al., 2014a), Xixi wetland (0.68–4.92
13CO2 g−1 dry soil day−1) (Hu et al., 2014a), paddy fields (1.68–2.04
13CO2 g−1 dry soil day−1) (Hu et al., 2014a), and the East China Sea
intertidal zone (0.5–5.7 13CO2 g−1 dry soil day−1) (Wang et al., 2017),
but slightly higher than that from the Zhoushan Island (0–1.51 13CO2

g−1 dry soil day−1) (Wang et al., 2019) and the Hangzhou Bay (0.2–1.3
13CO2 g−1 dry soil day−1) (Shen et al., 2016) (Table S5). However,
even higher nitrite-DAMO rate was reported in the reduced riverbeds
(0.4–61.0 13CO2 g−1 dry soil day−1) (Shen et al., 2019) and the man-
grove sediments (25.9–704.1 13CO2 g−1 dry sediment day−1) (Zhang
et al., 2018). The potential nitrate-DAMO activity measured in this
study varied from 0.1 to 4.1 nmol 13CO2 g−1 dry soil day−1 (Fig. 4),
which was slightly higher than that measured in the Zhoushan Island
(0–1.57 nmol 13CO2 g−1 dry soil day−1) (Table S5). The cell-specific
activities for DAMO bacteria estimated in the present study (average of
0.3 fmol 13CO2 cell−1 day−1) were approximate to the reported values,
0.28–0.34 fmol CH4 cell−1 day−1 estimated for enrichment cultures
with 16S rRNA gene-targeted primers qP1F/qP1R (Hu et al., 2014b).
Relatively lower activities, 0.09 and 0.11 fmol CH4 cell−1 day−1 were
also assessed for enrichment cultures with qP1F/qP1R (Ettwig et al.,
2009; Zhu et al., 2011). However, significantly higher cell-specific ac-
tivity for DAMO bacteria (0.8–335.3 fmol 13CO2 cell−1 day−1) was
estimated in mangrove sediments with the same pmoA primers as we
used (Zhang et al., 2018). Furthermore, the cell-specific methane oxi-
dation rates for DAMO archaea estimated in the present study (average
of 0.2 fmol 13CO2 cell−1 day−1) were comparable to those reported for
enrichment cultures (0.57 fmol 13CO2 cell−1 day−1) from paddy field
soils with 16S rRNA gene-targeted primers (Vaksmaa et al., 2017c).
These comparisons were based on the assumptions that each genome
contained one pmoA/mcrA/16S rRNA gene copy, the molar ratio of CO2

generation and CH4 conversion was the theoretical 1:1, and all obtained
microbial sequences derived from active microbes.

It should be noted that, the measured nitrite-DAMO rate in group b
(amended with 13CH4+NO2

−) might be higher than that in group c
(amended with 13CH4+NO3

−), as NO2
− for DAMO bacteria in group c

was provided indirectly as the end product of nitrate-DAMO process or
intermediate product of denitrification. The produced NO2

− was thus
probably not sufficient enough to support the anaerobic CH4 oxidation
capacity of DAMO bacteria. Therefore, the potential nitrate-DAMO rate
might be underestimated. In the present study, we observed that the
potential DAMO rate increased with an increasing addition of NO3

−

from 0.5mM to 5mM, while it remained relatively stable with even
higher NO3

− additions (Fig. S2). It was the reason why 5mM NO3
− was

added to estimate the DAMO potential of the intertidal marsh soils. This
also suggested that the added NO3

− was sufficient to support the DAMO
potential and the produced NO2

− by DAMO archaea and denitrifiers
might also be enough for DAMO bacteria to oxidize CH4. Thus, the
possible underestimation of the nitrate-DAMO potential might be not
significant here. Moreover, given that NO3

− is typically far more
abundant than NO2

− in the intertidal marshes, it is reasonable to use
the DAMO potential measured with 13CH4+NO3

− to estimate the
potential role of both DAMO bacteria and archaea in attenuating CH4

emissions from intertidal marsh soils.
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Though sulfate-AOM was the main CH4 removal pathway in marine
habitats (Knittel and Boetius, 2009), it was observed that the con-
tribution of DAMO to CH4 sink was greater than that of sulfate-AOM in
the Zhoushan intertidal zone (Wang et al., 2019). Here, the measured
potential DAMO rate in the intertidal marsh soils of the Yangtze Estuary
(0.3–7.0 nmol 13CO2 g−1 dry soil day−1) was significantly higher than
the observed sulfate-AOM rate (0–0.74 nmol 13CO2 g−1 dry soil day−1)
in the Zhoushan intertidal zone (Wang et al., 2019), indicating that the
DAMO process was an important CH4 sink which was previously
overlooked in coastal ecosystems. Moreover, the standard Gibbs free
energies for nitrite-dependent (−928 kJmol−1) and nitrate-dependent
(−519.8 kJmol−1) anaerobic oxidation of CH4 are greater than those
for sulfate-dependent (−16.6 kJmol−1) and ferric iron-dependent
(−81.6 kJ mol−1) anaerobic oxidation of CH4 (Shen et al., 2019). Thus,
denitrifying methanotrophs are energetically more favorable, and may
have an advantage of using CH4 over the sulfate- and ferric iron-de-
pendent methanotrophs in the natural environments where NO2

−/
NO3

−, SO4
2− and Fe(III) coexist, such as the intertidal marshes. A

significant negative correlation between the DAMO rate and CH4 con-
tent in soil pore water was observed (Fig. 5), further implying that
DAMO process might play an important role in consuming CH4. It
should be noted that, some aerobic methanotrophs can also use NO2

−/
NO3

− as the alternative electron acceptors under oxygen limitation
(Kits et al., 2015), thus they may also play a role in the DAMO potential
here.

In the examined soil cores, the surface layer was the main habitat
for denitrifying methanotrophic activity (Fig. 4), which might be at-
tributed to the diffusive input of NO2

−/NO3
− from overlying tidal

water (Deng et al., 2014). Likewise, in the mangrove sediment of the
Zhangjiang Estuary, nitrite-DAMO bacteria was also more active and
more abundant at the upper layer (0–20 cm) (Zhang et al., 2018). In
contrast, it was found that the potential nitrite-DAMO activity at the
deeper layers (90–100 cm) was much higher than at the upper layer
(20–30 cm) in paddy fields (Hu et al., 2014a). In the present study,
nitrite-DAMO activity also showed some recovery at around 100 cm soil
depth, which might be due to the influence of the groundwater. Ac-
cording to our previous study, denitrification was greatly enhanced at
the soil-groundwater interface in the intertidal marshes, due to the ef-
fect of tidal pumping (Zheng et al., 2016). Thus, the enhanced activity
of denitrifiers might provide more NO2

− and facilitate the activity of
DAMO bacteria at this deep layer. However, no significant correlation
was observed between the rate of denitrification and nitrite-DAMO in
the whole intertidal soil cores (Fig. S11). Moreover, the potential
DAMO rate was also peaked at the 45–50 cm soil depth (Fig. 4a), mainly
due to the enhanced potential activity of DAMO archaea (Fig. 4b).

In the present study, NO3
− and SO4

2− showed significant correla-
tions with the abundance of DAMO bacteria in the intertidal marsh soils
(P < 0.01) (Fig. 5), which was consistent with the previous finding
that high NO3

− concentration was more suitable for the growth of
DAMO bacteria (Shen et al., 2016). Therefore, the high NO3

− con-
centration is not only beneficial for the growth of DAMO archaea but
also makes it possible for DAMO bacteria to grow (Wang et al., 2019).
However, in the present study, no significant correlation was observed
between the abundances of DAMO bacteria and DAMO archaea in the
intertidal marsh soil cores (P > 0.05), further suggesting that nitrate-
DAMO was not the only NO2

− providing pathway for DAMO bacteria,
and the symbiotic relationship between them might also be influenced
by tidal dynamics.

Based on the stoichiometric relationship between CH4 and NO2
− in

the DAMO reaction (3,8, Ettwig et al., 2010) and the measured nitrite-
DAMO rate in the present study, it was estimated that the potential
nitrogen removal rate during nitrite-DAMO ranged between 0.4 and
10.1 nmol N g−1 dry soil day−1 (Fig. S9). According to our previous
research in the study area, the nitrogen removal rates in the intertidal
soil cores ranged from 3.9 to 14.6 nmol N g−1 dry soil day−1 for deni-
trification and 23.8–187.2 nmol N g−1 dry soil day−1 for anammox

(Zheng et al., 2016; Fig. S12). Based on these results, the potential
contribution of nitrite-DAMO process to total N2 production at the
study site was estimated to be approximately 7% (the mean depth-in-
tegrated contribution) as compared to denitrification and anammox
(Fig. S12). This result suggested that in addition to playing an im-
portant role in CH4 sink, the DAMO process was also a non-negligible
pathway of nitrogen removal from the intertidal marshes.

5. Conclusions

The co-occurrence and stratification of the nitrite- and nitrate-de-
pendent DAMO bioprocesses in the intertidal marsh soil cores of the
Yangtze Estuary was evidenced. Based on the functional gene markers
of pmoA and mcrA, DAMO bacteria and archaea were successfully de-
tected, and their community composition and diversity exhibited ver-
tical differences with soil depth. The average abundance of DAMO
bacteria was similar to that of DAMO archaea in the intertidal marsh
soils, whereas the biodiversity of DAMO archaea was significantly
higher than that of DAMO bacteria. In the intertidal marsh soils, the
average contribution of DAMO bacteria to CH4 oxidation during the
DAMO process was slightly higher than that of DAMO archaea. Due to
the influence of tidal dynamics, both the abundance and activity of
DAMO bacteria tended to be higher than those of DAMO archaea at the
soil-tidal water interface and soil-groundwater interface layers, whereas
DAMO archaea tended to play a more important role at the middle
layers. These results suggested new insights about how DAMO bacteria
and archaea interact in an intertidal environment subjected to periodic
tidal inundation and exposure, and demonstrated their environmental
significance in the intertidal marshes. Future work is needed to com-
pare the role of DAMO with CH4 oxidation potentials driven by other
electron accepters in intertidal marsh soils.
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