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Methane (CHy) is an important greenhouse gas with a global warming potential
28 — 34 times that of CO, over the 100-year horizon. Denitrifying anaerobic
methane oxidation (DAMO) is a recently discovered process that potentially
represents an important CH, sink globally. This process involves two possible
pathways: the nitrite-dependent DAMO mediated by NC10 bacteria and the
nitrate-dependent DAMO by ANME-2d archaea. Both are widely detected in
freshwater and coastal habitats using molecular tools. However, the
distributions of these two processes and the functional microorganisms and
their interactions with other N cycling pathways are far from clear. In this
review, we conducted a scientometric analysis on a co-citation network
consisting of 835 references derived from 354 citing articles closely related
to the distribution of DAMO in the environment. Through this analysis, we
found that current studies focus more on freshwater systems than coastal
systems, and ANME-2d archaea are generally under-studied compared to
NC10 bacteria. The emerging research topics in this area include AMO
processes coupled to alternative electron acceptors and their role as CH,4
sinks. We further reviewed papers focusing on DAMO distribution in freshwater
and coastal environments guided by the result of the scientometric analysis.
Finally, we identified several areas that require further research and proposed
future research including comparisons of DAMO with other N cycling pathways
and environmental conditions in the context of the river-estuary-
sea continuum.
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1 Introduction

Methane (CH,) is an important greenhouse gas with a 100-
year global warming potential 28-34 times that of CO, (Dean
et al, 2018). CHy is estimated to be responsible for 0.5°C of
increase in global average temperature during 2010-2019
compared to 1850-1900, contributing to 16% of global
warming (IPCC, 2021). Therefore, controlling CH, emissions
is the key to mitigating the global greenhouse effect and global
warming. In ecosystems, the microbe-mediated CH,4 oxidizing
processes are important sinks for global CH, emission.
Anaerobic methane oxidation (AMO) has long been
discovered in marine sediments, which is typically coupled
with sulfate reduction, removing 90% of marine CH,
emissions before they leave the sea (Knittel and Boetius, 2009).
This process plays a critical role in controlling atmospheric CH,
concentrations globally. In recent years, a related process,
denitrifying anaerobic methane oxidation (DAMO), has been
observed, drawing great attention as a novel CH, cycling
pathway. DAMO is an anaerobic process that couples
anaerobic CH, oxidation with NOj3 and NO, reduction,
making it one of the linkages between C and N cycles, and can
potentially remove CH, and reactive N. Therefore, a better
understanding of the DAMO processes in natural and
engineered ecosystems can help us reduce greenhouse gas
emissions and mitigate eutrophication in aquatic environments.

DAMO was first observed in an enrichment culture after
long-term incubation retrieved from eutrophic freshwater
sediments in Netherland (Raghoebarsing et al., 2006). Since
then, many studies have focused on DAMO in freshwater
systems, including sediments of lakes (Deutzmann and Schink,
2011; Kojima et al., 2012), reservoirs (Han and Gu, 2013), paddy
fields (Hu et al., 2014; Vaksmaa et al., 2016), and wetlands (Hu
et al., 2014; Shen et al., 2015b). Their distributions in coastal
marine environments, such as coastal rivers, estuaries, and
adjacent seas, however, have not been examined as much.
Scientometric reviews based on the statistical analysis of the
bibliometric records of a research field can help understand the
intellectual structures of the underlying field and identify
emerging directions in the research. This process is
increasingly facilitated by available science mapping tools such
as CiteSpace (Chen, 2006), VosViewers (van Eck and Waltman
2010), etc. They have been widely used in scientometric reviews
in areas such as medicine (Chen et al, 20147), greenhouse
emission (Wang et al,, 2021), ecosystem health (Yang et al,
2019), etc. However, a scientometric analysis of the vast body of
DAMO literature has not been reported to the best of
our knowledge.

In light of this, we reviewed studies focusing on DAMO
distributions and their affecting factors in freshwater and coastal
marine ecosystems, compared the abundance and dominating
microorganisms in these two types of systems, identified
knowledge gaps, and provided an outlook for this area. This
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review intends to give a comprehensive overview of the current
research on DAMO and to provide insights into factors that help
shape the distribution of DAMO processes in freshwater and
coastal marine ecosystems, and their potential in removing CH,4
emission and reactive N in these systems.

The specific objectives of this review were to (1) provide a
brief overview of the DAMO processes, (2) identify influential
references and emerging hot topics, (3) review the DAMO
processes in freshwater and coastal systems in depth, and (4)
point out limitations and propose future research directions.
These objectives were addressed in each of the following sections
of this review.

2 The DAMO processes

Scientists have long discovered that CH, oxidation could be
coupled to sulfate reduction under anoxic conditions (Barnes
and Goldberg, 1976). This pathway has been recognized to
remove more than 90% of CH, emission from the ocean
(Knittel and Boetius, 2009), which makes the ocean a minor
contributor to global CH, emission (6 - 2 Tg CHy yr*,
accounting for 1 - 2% of the global emission), despite that it
covers 70% of the Earth’s surface (Weber et al., 2019; Wallenius
et al., 2021). The sulfate-dependent AMO uses SO, as the
electron (e”) acceptor and prevails in the open ocean,
considering the mean sulfate concentration of 28 mmol/L in
seawater (Jorgensen et al., 2019). However, the concentrations of
other potential e acceptors (e.g., NO3 and NO, ) can be much
higher in coastal and freshwater systems compared to the open
ocean, and in theory, they can drive several different AMO
pathways (Table 1). Because of anthropogenic activities,
especially the use of synthetic fertilizers and fossil fuel
combustion, large amounts of reactive N are delivered to
freshwater and coastal environments. As a result, AMO
coupled with NO3 or NO; reduction, also known as the
DAMO process, has drawn much attention. DAMO
microorganisms were first enriched in the laboratory after 16
months’ incubation of highly eutrophic freshwater sediments
(Raghoebarsing et al., 2006). The enriched culture contained
bacteria and archaea, which performed AMO while using both
NOj3 and NOj as e acceptors. Ettwig et al. (2008); Ettwig et al.
(2010) further enriched the DAMO bacteria Candidatus
Methylomirabilis oxyfera (M. oxyfera), which are nitrite-
dependent and belong to the NC10 clade. M. oxyfera can
catalyze the nitrite-dependent DAMO process, which reduces
NO; to N, while oxidizing CH,4 to CO, (Eqn. 3, Table 1). From
the methane perspective, the nitrite-dependent DAMO by
M.oxyfera follows the classical aerobic methane oxidation
pathway, where methane is converted into methanol catalyzed
by the particulate Methane monooxygenase (pMMO) enzyme
(Wu et al., 2011). The produced methanol is further oxidized
into formaldehyde, formate, and CO, catalyzed by the methanol
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TABLE 1 AMO reactions driven by different e” acceptors and their
Gibbs free energy.

AMO reactions with different e Gibbs Free Energy

acceptors AG®(KJ/mol)
(1) CH4 + SO3 — HCO; + HS- + H20 -34
(2) CH4 + 4NO5+ 4H+ — CO2 + 4NO; + -503
2H20
(3) 3CH4 + 8NO,+ 8H+ — 3CO2 + 4N2 + -928
10H20
(4) CH4 + 8Fe3+ + 3H20 — HCO3- + 8Fe2 -435
++ 9H+
(5) 5CH4 + 8MnO4— — 5HCO;+ 8Mn2+ + -1008
17H20

dehydrogenase, formaldehyde dehydrogenase, and formate
dehydrogenase enzymes. The end-product CO, is assimilated
into the organism via the Calvin Benson Bassham cycle. On the
nitrite side, the nitrite-dependent DAMO follows a novel
denitrification pathway, where NO; is metabolized into O,
and N, via NO, catalyzed by enzymes including nitrite
reductase and a postulated putative NO dismutase (Ettwig
et al, 2010; Wu et al, 2012) (Figure 1A). This pathway is
different from the canonical denitrification pathway, in that
NO is not reduced to N,O as in the canonical pathway,
catalyzed by the nitric oxide reductase enzyme (Ettwig et al,
2009). Rather, M.oxyfera lacks the genes responsible for N,O
reduction to N,, but only a trace-amount of N,O was detected in
nitrite-dependent DAMO by M.oxyfera (Ettwig et al., 2009;
Ettwig et al., 2010; Reimann et al., 2015). To solve this
apparent paradox, a unique dismutation reaction was
proposed to convert NO into N, and O,, catalyzed by the
putative nitric oxide dismutase (NOD) enzyme (Ettwig et al,
2012). Through this pathway, 75% of the produced O, is then
used to oxidize CH, through the classical aerobic methane
oxidation pathway as described earlier (Ettwig et al., 2010; Wu
et al., 2011). Because the source of the O, is from the NC10
bacteria themselves, this aerobic methane oxidation process is
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obligate anaerobic and is also called an “intra-aerobic” (Wu
etal, 2011). More research is required to thoroughly understand
the proposed intra-aerobic pathway.

After the enrichment of DAMO bacteria, DAMO archaea
were also enriched in 2013, after incubating in an anaerobic
bioreactor fed with NOj3, NHj, and CH, for 350 days (Haroon
et al., 2013). The enriched archaea, which was named
Methanoperedens nitroreducens (M. nitroreducens) belonging
to ANME-2d, performed AMO through the reverse
methanogenesis pathway using NO; as the terminal e
acceptor (Figure 1B). The ANME-2d contains all required
functional genes for a complete reverse methanogenesis pathway
(Haroon et al, 2013; Leu et al, 2020). The first step of this
pathway is catalyzed by the methyl-coenzyme M reductase (MCR)
enzymes. This step requires energy and has drawn great research
interest since it is considered the rate-limiting step of the reverse
methanogenesis pathway; however, the kinetic properties of the
MCR enzyme remain largely unknown (Cai et al,, 2021). The rest
of the reverse methanogenesis pathway involves another 6 steps,
each catalyzed by a specific enzyme, which has been reviewed in
Timmers et al., 2017. This reverse methanogenesis process is
coupled to NOj reduction to NOj, catalyzed by the nitrate
reductase subunit NarG (Haroon et al., 2013). ANME-2d
cannot further reduce NO; to N; this process was finished by
the syntrophic partner, anammox bacteria in the enriched co-culture
(Haroon et al,, 2013). Unlike M. oxyfera, ANME-2d reportedly can use
multiple e” acceptors other than NO3, including Fe (Cai et al, 2018)
and Mn (Leu et al., 2020).

Recently, the development of molecular tools, such as
polymerase chain reaction (PCR), denaturing gradient gel
electrophoresis (DGGE), and fluorescence in situ hybridization
(FISH), enables relatively rapid detection of both M. oxyfera-like
bacteria and ANME-2d archaea in the environment. PCR is the
most used tool. A large group of PCR primers targeting 16s
rRNA has been developed for the detection of M. oxyfera-like
bacteria in the environment. In addition, the M. oxyfera-like
bacteria use particular methane monooxygenase (pMMO) for
CH, oxidation (Figure 1A). This allows scientists to use

merABCDG
— > Methy | -S—CoM

ANME-2d Archaea
(M. nitroreducens)

- __x_— - NO/Nzo/Nz

Reverse methanogenesis

Metabolic pathways of (A) nitrite-dependent DAMO mediated by NC10 bacteria M. oxyfera and (B) nitrate-dependent DAMO mediated by

ANME-2d archaea M.nitroreducens.
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functional gene pmoA as biomarkers for the detection of M.
oxyfera-like bacteria (Luesken et al., 2011). To date, a number of
primers have been developed, and they have been summarized
comprehensively in (Shen et al., 2015a), including the sequences
and the PCR thermal profiles. Compared to M. oxyfera bacteria,
the development of primers for DAMO archaea M.
nitroreducens started later. In 2015, Ding and colleagues
designed 16s rRNA primers for DAMO archaea in samples
from several freshwater sediments and paddy soils (Ding et al.,
2015), which marks the first PCR primers designed for DAMO
archaea. The ANME-2d archaea possess the mcrA gene, which
encodes the alpha-submit of the MCR enzyme, making it a
popular functional gene for the environmental detection of
ANME-2d (Vaksmaa et al., 2017a). Although primers
targeting functional genes pmoA and mcrA have high
specificity, Shen and colleagues (Shen et al., 2017; Shen et al,,
2019a) also pointed out that clone library analysis based on 16s
rRNA combined with high throughput sequencing can increase
sequencing depths and result in more operational taxonomic
units (OTUs), which helps with community diversity analysis. In
addition to the PCR approach, early studies also employed the
FISH methods to identify M. oxyfera in cultures, such as in
(Raghoebarsing et al., 2006; Ettwig et al., 2008; Ettwig et al.,
2009). The catalyzed reporter deposition-FISH method was used
to detect NC10 bacteria in the sediments of Lake Biwa, which
marks the first application of the FISH method in environmental
samples. However, for the purpose of environmental detection,
the FISH method is considered less sensitive compared with the
PCR approach and could be limited if the abundance of the
target microorganism is low in the environment (Chen
et al,, 2016).

Molecular evidence for DAMO bacteria and archaea is often
complemented by potential rates measured using isotope tracing
methods combined with slurry incubations. In general, *C
tracers are usually added with e acceptors such as NO3 and
NO; to the incubated samples and are compared with the
control treatments. The rates can be inferred from the
production of 13C0,, measured by GC-IRMS. Measured this
way, the original structure and gradients of the sediment is likely
destroyed because of the homogenization of the slurry, and
samples are fertilized with substrates such as CH, and NO3 and
NO; during the incubation. Therefore, the rate should not be
considered the true rate in the field, but rather, represents the
potential rate of the measured process under the incubation
conditions. Despite these limitations, '>C tracing combined with
slurry incubation is widely used for measuring the potential
DAMO rates in sediment samples (Hu et al., 2014; Shen et al.,
20165 Zhang et al., 2018; Li et al., 2020). Techniques combining
isotope tracing and sequencing, such as stable carbon isotope
probing can result in a more nuanced understanding of the
DAMO process and the role each specific microorganism plays
in the process (Sharp et al., 2012; Rasigraf et al., 2014).
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3 Scientometric analysis of the
DAMO research

Scientometric is a branch of informatics focusing on
quantitative analysis of research papers and journals to
understand the development and mechanisms of science.
Co-citation is a common measurement used in quantitative
studies, as a group of scientific papers frequently being co-
cited by citing documents that represent key knowledge,
methods, or concepts in a research field. The co-citation
patterns could be used to map out the relationships between
key references, authors, or keywords, to reveal the knowledge
structure behind a research field. In fact, science mapping
represents an important research topic in the field of
bibliometrics (Cobo et al., 2011).

In the field of DAMO research, since the prediction of the
DAMO process and the successful enrichment of DAMO
organisms in 2006 (Raghoebarsing et al., 2006), the number of
publications has grown rapidly. To understand where we stand
in the domain of DAMO, particularly the distributions of
DAMO in the environment, we conducted a co-citation
network analysis on a literature database collected from the
Web of Science Core Collection. The goals of this section are to
(1) reveal the structure of the co-citation network in this field,
(2) identify influential references that shape the development of
the field, and (3) detect the emerging hot topics and areas of
DAMO research based on co-citation analysis on the references
of the literature database.

The co-citation analysis and visualization were implemented
using CiteSpace 6.1 R3. CiteSpace is a science mapping tool
capable of exploring the literature co-citation network and
visualizing the knowledge structure of a field. The foundation
and application of CiteSpace in exploring and visualizing a
research field have been demonstrated in a series of
publications (Chen, 2004; Chen, 2006; Chen et al., 2012; Chen
and Song, 2019; Chen, 2020), and it has been used to summarize
research in ecology (Yang et al., 2019; Hu et al., 2019). For the
current review work, we used CiteSpace to analyze the co-
citation network with emphasis on three key aspects: (1) the
structure and the timeline view of the co-citation network, (2)
references with citation bursts (i.e., an abrupt change in citation
counts), and (3) keywords with citation bursts. By focusing on
these three aspects, we hope to achieve the three goals of this
section as stated earlier. Several key concepts in CiteSpace that
we will focus on include citation burst, clustering, and labeling.
Briefly, a burst refers to a surge of frequencies of certain types of
events, including the citation count, keyword appearance, or
noun phrases in the titles, abstracts, or other parts of the
publication. CiteSpace adopts the algorithm from Kleinberg
2002 to determine such burst events. CiteSpace also partitions
the co-citation network into mutually-exclusive clusters such
that references were tightly associated with each other but
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loosely connected with references outside the cluster using the
spectral clustering algorithm formulated as an optimization
problem (Chen et al., 2010). The technical details are
described in (Shi and Malik, 2000; Ng et al., 2002; Chen et al.,
2010). After the clusters are defined, they are automatically
labeled by noun phrases extracted from the titles, abstracts,
and indexed keywords of the citing publications and ranked
using the log-likelihood ratio (LLR) test (Dunning 1993).

For the current review, we built the citing article dataset
focused on DAMO in the environment. We collect data from the
Web of Science Core Collection using keywords “anaerobic
oxidation of methane”, “anaerobic methane oxidation”,
“nitrate-dependent anaerobic methane oxidation”, “nitrite-
dependent anaerobic methane oxidation”, “denitrifying
anaerobic methane oxidation”, “n-damo”, “damo”, “M.
oxyfera”, “M. nitroreducens”, “NC10”, “ANME-2d”. The
resulting literature was further refined using keywords

»

including “river”, “lake”, “reservoir”, “estuary”, “sea”, “marine”,

» o«

“sediment”, “soil”, and “wetland” to limit the search to studies
on those environments. The resulting literature dataset
contained 354 publications, including 316 research articles, 35
reviews, and 2 editorials, ranging from 2000 to 2022.

The literature database was then analyzed by CiteSpace for
the 2000 - 2022 period, with configurations suggested by the
developer (Chen et al., 2012). The CiteSpace project files and

model configurations were available in Mendeley Data

10.3389/fmars.2022.1038400

(10.17632/mwrkrmp3jn.2). A co-citation network of 835 nodes
was derived from the citing article database. In terms of
countries, China contributed the most, accounting for 34% of
all references, followed by Germany and the USA, each
contributing 13%, and Netherland ranked the 4™, which
contributed 12% (Figure 2). The network was divided into 17
clusters such that the references were closely related to each
other within a cluster and references were loosely connected
between clusters (Figure 2). The top 8 largest clusters were listed
in Table 2. They each have >20 member references, which can
represent the sub-research area reasonably well. Their silhouette
values were close to 1, suggesting a good homogeneity within
each cluster (Table 2, Chen et al., 2012).

Clusters 0 and 2 were the two clusters with the most citation
bursts. Cluster 0 was labeled n-damo based on the indexed
keywords of the citing articles using the LLR test (Chen et al,
2012). This was the largest cluster containing 103 member
references, and the representative references were focused on
the distribution of DAMO and other AMO pathways in the
environment. For example, in a series of works by Shen and
colleagues, they demonstrated that nitrite-dependent DAMO
and M.oxyfera were more active and abundant in freshwater
marshes in East China (Shen et al.,, 2017). Later, in Shen et al.,
2019a, AMO processes driven by different e acceptors
(including nitrate, nitrite, sulfate, and iron) across different
riverbeds in England were compared, with nitrate- and nitrite-
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FIGURE 2

The landscape view of the reference co-citation network (total 835 nodes) derived from the 354 citing references from 2000 to 2022 and the
country contributions of the citing references. Red circles represent references with citation bursts; the size of the circles reflects citation
counts; links between nodes suggest that they were co-cited by citing references.
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TABLE 2 Major clusters of the co-cited references.

Cluster ID Size Silhouette
0 103 0.834
1 87 0.868
2 82 0.841
3 62 0.966
4 46 0.951
5 34 0.982
7 29 0.983
8 27 0.919

*Labels selected based on indexed keywords using log-likelihood ratio test method (LLR).

dependent AMO being the most active pathways. Moreover, the
nitrite-dependent AMO activity was higher than the nitrate-
dependent pathway, consistent with their findings for the
freshwater marshes (Shen et al., 2017). These two papers were
co-cited later by authors other than the Shen group focusing on
similar topics, such as by Chen et al. (2021), who compared
nitrite-/nitrate-dependent DAMO in estuaries and intertidal
wetlands in the Yangtze Estuary.

The second largest cluster, cluster 2 was labeled as
environmental factors based on the indexed keywords of the
citing articles. Their co-cited reference network contained
several fundamental references in this area, such as the series
of research by Ettwig et al. (2008); Ettwig et al. (2009); Ettwig
et al. (2010), where the bacteria community performing nitrite-
dependent DAMO was enriched and the metabolic pathways
were investigated. Cluster 2 also contained the milestone paper
by Haroon et al. (2013), where the ANME-2d archaea N.
nitroreducens capable of nitrate-dependent DAMO was
enriched. We demonstrated some of the most representative
articles (with citation bursts) of the two largest clusters in the
area. The complete list of all cluster members and their citation
data (including burstiness and citation counts) is available as the
open data associated with this manuscript in Mendeley Data
(10.17632/mwrkrmp3jn.2). This cluster also contained many
representative papers reporting the DAMO community in
various natural environments. For example, Shen and
colleagues investigated the nitrite-dependent DAMO
distributions in the sediments of the Jiaojiang Estuary (Shen
et al., 2014b), Xiazhuhu wetland (Shen et al., 2015b) in China,
and 7 permeable riverbeds in England (Shen et al., 2019a), and
explored the effects of different environmental conditions on
their distribution in these systems. A more detailed discussion
on DAMO distributions in freshwater and coastal systems is
presented in Section 4.

Taking a timeline view, cluster 8 first emerged around 2007
(Figure 3). The most cited paper (and with citation burst) in this
cluster was the landmark reference Raghoebarsing et al., 2006,
which reported the first enriched culture performing DAMO in
the laboratory. Cluster 2 contained the most high-profile
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Mean Cite Year Label (LLR)*

2018 n-damo

2020 greenhouse gases
2014 environmental factors
2010 co-occurance

2011 manganese reduction
2017 nitric oxide

2015 sulfur

2006 upwelling

references (i.e., references with strong citation bursts, indicated
by the large red rings), as discussed earlier for the landscape view
of the co-citation network (Figure 2). The timeline view further
revealed that these high-profile references emerged in two
periods; first started around 2007 - 2010, which was featured
by the series of research by Ettwig and colleagues, co-cited with
the Raghoebarsing et al., 2006 reference (Figure 3). These
references were focused on the metabolic pathways of the
nitrite-dependent DAMO. The second cluster was around the
famous Haroon et al., 2013 paper, where the enrichment of N.
nitroreducens was reported. High-profile reference groups were
also formed after 2013 in cluster 0, as highlighted in Figure 3.
They include a highly cited review on nitrite- and nitrate-
dependent DAMO by Welte et al. (2016), and studies on
primer designs for DAMO archaea (Ding et al., 2015), DAMO
bacteria and archaea distributions in paddy field (Vaksmaa et al.,
2016; Ding et al., 2016), freshwater rivers (Long et al., 2017b;
Shen et al., 2019b), reservoirs (Long et al., 2017a), marshes (Shen
et al,, 2017), and in coastal systems (Zhang et al., 2018). These
references will be discussed in more depth in the later sections of
the review. In addition to these two major clusters, cluster 1 was
a notably new one, as the mean citing year was 2018 (Table 2).
This recently formed cluster featured only a few high-profile
references, which were focused on novel e acceptors such as
humic substances (Valenzuela et al., 2019; Bai et al., 2019) and
metals (He et al., 2018). These novel processes are associated
with ANME archaea. For example, recently, AMO processes
coupled to Fe(III) and Mn(IV) were reported after long-term
incubation. They were performed by novel species belonging to
ANME-2d, which were named Candidatus Methanoperedens
ferrireducens (Cai et al., 2018)and Candidatus Methanoperedens
manganicus (Leu et al,, 2020), respectively. The metal reduction
was hypothesized to be conducted through the direct
interspecies e transfer (DIET) pathway catalyzed by the multi-
heme c-type cytochrome (MHCs), similar to other common
metal-reducing organisms (Shi et al., 2016; Cai et al., 2018; Leu
et al., 2020). Other novel e acceptors include As(V) (Shi et al.,
2020) and humic acids (Bai et al,, 2019) can also fuel AMO,
supposedly through the MHC-dependent DIET process. This
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cluster represents one of the frontiers in the research of AMO
processes, as the role of different e acceptors and their
interactions with DAMO can have important implications for
the CH, sink/source behaviors of a system.

The emerging trends of the DAMO research were further
investigated through the co-occurrence analysis of reference
keywords. Before the successful enrichment and the naming of
the DAMO bacteria M.oxyfera, “methane production” was the
keyword with a long burst duration (2000 - 2011, Figure 4), as
the scientific community had a strong interest in understanding
CH, emission in various types of ecosystems, such as rice
paddies and peatlands (e.g., Chidthaisong and Conrad, 2000;
Liesack et al., 2000 in our citing article database). “M.oxyfera”
and “denitrifying methanotrophic bacteria” were the two
keywords refer to the DAMO bacteria, with the latter term
bursting for a shorter period from 2012 - 2016 (Figure 4). The
term “enrichment” became popular in 2013-2016, reflecting the
research effort to investigate the DAMO bacteria and archaea
through enriched cultures (e.g., Ettwig et al., 2010; Ettwig et al.,
2016). Later on, keywords about natural ecosystems started to
experience citation bursts, including “lake”, “freshwater lake”,
and “wetland”. The most recent keywords were “sink” and
“removal”, which referred to DAMO as N and CH, sinks in
ecosystems including wetlands (Xie et al., 2020; Yang et al., 2022;
Wang et al., 2022) and aquatic systems (Shen et al., 2020; Li et al.,
2020). These new trends suggest that the distribution of DAMO
in the environment and the potential contributions to CH,4 and
N sinks are becoming the current focus of research and like to
continue in the future. Comparing freshwater and coastal
systems, keywords contained “freshwater”, “lake”, “river”,
“reservoir”, and “paddy” resulted in a total of 100 occurrences,
”, “estuary”, “bay”,
“marine”, “ocean”, and “sea” resulted in 41 occurrences.

whereas keywords contained “coastal”, “coast

Keywords related to M.oxyfera also occurred more frequently
than the keywords related to ANME-2d archaea. The keywords

Frontiers in Marine Science

07

and their occurrence frequencies were available together with
other CiteSpace documents in Mendeley Data as stated earlier.
This result suggests that freshwater systems are currently more
studied than coastal systems, and DAMO bacteria is more
studied than their archaeal counterparts.

In summary, the co-citation analysis of the literature
database helped us identify the important areas in the field of
DAMO in the environment. We identified a number of key
references with abrupt increases in citation counts over the 2000
- 2022 period, which were focused on DAMO metabolic
pathways, laboratory enrichment, and environmental
distributions in environments including wetlands, rice paddies,
and freshwater and coastal systems. The timeline view also
revealed the evolution of research in this area, from studies on
enriched cultures to their distributions in the environment. The
latest trends include the role of DAMO as N and CH, sinks and
alternative e acceptors of AMO, such as humic substances and
metals. In the next sections, we will be focused on DAMO
distribution in freshwater and coastal environments, and analyze
the relevant literature in more depth guided by the results of the
co-citation analysis.

4 DAMO in freshwater and
coastal systems

4.1 Freshwater systems

As revealed by the co-citation analysis, in early studies, DAMO
was often investigated in the laboratory with enriched cultures.
However, as molecular tools evolved and primers for DAMO
bacteria and archaea were designed, their distribution and
activities in the fields have been studied more. To date, DAMO
microorganisms and activities have been reported in a wide range of
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Top 15 Keywords with the Strongest Citation Bursts

Keywords Year Strength Begin
methane production 2000 5.42 2000
candidatus methylomirabilis oxyfera 2000 4.16 2011
methane oxidation 2000 3.77 2011
denitrifying methanotrophic bacteria 2000 7.36 2012
enrichment 2000 8.2 2013
lake 2000 S.11 2014
fresh water lake 2000 3.95 2014
ammonium 2000 3.43 2014
diversity 2000 3.74 2015
wetland 2000 3.83 2016
microbial diversity 2000 3.32 2016
nitrite 2000 3.75 2018
fresh water 2000 3.56 2019
removal 2000 3.45 2019
sink 2000 3.49 2020

FIGURE 4
Keywords with strong citation bursts from 2000 - 2022.

natural and engineered habitats (Table 3). For freshwater systems,
Hu et al. (2014) estimated that in freshwater wetlands, the potential
rates of nitrite-dependent DAMO can reach 4.1 - 6.1 Tg CH, m
yr'', accounting for 2 — 6% of CH, emission by global wetlands,
suggesting that DAMO could be an important but overlooked CHy4
sink. Zhu et al. (2015) compared 91 soil samples from 24 different
wetlands in China and proved that M. oxyfera-like bacteria are
widely distributed in freshwater wetlands. These results show that
M. oxyfera-like bacteria are widely distributed in freshwater
environments. Common environmental factors in freshwater
systems affecting the distribution of DAMO bacteria include
oxygen levels, CH; concentrations, and nutrient and organic
matter conditions. For example, Shen et al. (2015b) studied
DAMO bacteria and the corresponding nitrite-dependent DAMO
rates in soils of Xiazhuhu wetland, China, and found that DAMO
bacteria abundance and activities were higher in deep soil layers,
where the oxygen levels were low and CH,4 concentrations were
high. As described in Section 2, the M.oxyfera employs an intra-
aerobic pathway, and thus, detrimental effects from the external
supply of O, can be expected. Evidence supporting this idea comes
from laboratory experiments with M. oxyfera cultures, where DO
concentrations of 1 or 4 mg/L suppressed the CH; and NO;
metabolism (Luesken et al., 2012). However, exposed at lower
oxygen levels, increases in both CH, and NO, consumption rates
were observed (Kampman et al, 2018), suggesting that micro-
oxygenic environments might stimulate the M. oxyfera metabolism.
Dissolved CH, concentrations represent another major factor that
can regulate the metabolism of DAMO. The NCI10 bacteria
typically have higher CH, affinity than ANME-2d archaea, as the
CH, affinity constant can be 1 - 2 orders of magnitudes lower for
the NC10 bacteria than their archaeal counterparts (He et al., 2013;
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Lu et al, 2019). Long et al. (2017b) compared DAMO bacteria
abundance and community structures in Dongjiang and its
tributaries from May to August and identified that NO;, NHj,
and C/N affected the community structure. In addition, Long et al.
(2017a) also examined the vertical and horizontal distributions of
DAMO bacteria in reservoir sediments and pointed to NO;, total
organic C, P, and N as key factors contributing to the variations in
DAMO bacteria abundance and rates.

Compared with DAMO bacteria, DAMO archaea are in
general less studied for their environmental distributions
(Table 3). As the conditions for nitrate- and nitrite-dependent
DAMO processes to occur are similar, and NOj is more
prevalent in natural environments, ANME-2d and M. oxyfera-
like bacteria are likely to co-exist in natural habitats. According
to the reaction kinetics, compared to NO3, NO; as the e
acceptor produces more energy (Table 1), and some studies do
show that DAMO bacteria have high abundance as well as
potential rates than archaea, such as in wetlands (Shen et al.,
2017) and reservoirs (Shen et al, 2020). However, opposite
results also exist, such as in a Tibetan alpine wetland (Xie
et al, 2020). Oxygen levels may be one of the factors that
cause niche differentiation between DAMO bacteria and
archaea, as M. oxyfera bacteria are hypothesized to better
tolerate oxygen (Wallenius et al., 2021). In their study, the
interaction of M. oxyfera with other N cycling microorganisms
was found to be affected by multiple factors, including
temperature, N, and P contents, whereas the interaction of M.
nitroreducens with other microorganisms was solely affected by
N compounds (Xie et al, 2020). These results suggest that
multiple mechanisms may play a role in shaping distributions
of DAMO bacteria and archaea, requiring further studies.
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TABLE 3 Nitrite- and nitrate-dependent DAMO rates and microorganisms in freshwater habitats.

Habitat e acceptor DAMO rate
Lake Constance NO; /NO; 1.8-3.6%
Lake Biwa NO; /NO; NR**
Qiantang River NO; NR
Lakes in Yunnan, China NO; NR
Aquifer NO; NR
Dongjiang River NO; NR
Yellow River Estuary NO;- NR
Inland rivers in England NO, 0.4-61
NO; 0.5-20
SO4 0.6-4.4
Fe 1.5-8.1
Dongchang Lakes NO; NR
Three Gorges Dam reservoir NO; NR
Xinfengjiang reservoir NO; NR
Jiulonghu reservoir- NO, 4.7-14.1
NO; 0.8-2.6
A river in Suzhou NO3 NR
Taihu Lake NO3; NR
Chaohu Lake NO3 NR
Xiazhuhu wetland NO, 0.2-14.5
Xixi wetland NO; 0.68-4.92
Green Bay wetland NO; 2.1-5.1
NO; 04-12
Tibetan alpine wetland NO; 0.4-5.1
NO; 0.7-9.5
Rice paddies in China NO, 0.2-2.1
Rice paddies in Italy NO; 55 (max.)
NO3 57 (max.)
Fe 56 (max.)

DAMO rates are in nmol g d™
*DAMO rates in nmol ml™ d™"
**NR represents not reported.

Overall, using molecular tools, researchers found that DAMO
and the functional microorganisms are widely distributed in
natural habitats, especially in freshwater systems, including
paddy soils. However, M. oxyfera and nitrite-dependent
DAMO are generally more reported than ANME-2d and
nitrate-dependent DAMO, and factors and mechanisms
controlling their distribution patterns, relative abundance, and
niche separation are far from clear.

4.2 Coastal systems

Lying between the land-ocean interface, coastal systems,
including river networks, estuaries, and adjacent seas are
routinely submerged in water and due to the terrestrial input
of nutrient and organic matter, often have high NO; and NO;
availabilities, making them preferable habitats for DAMO
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Microorganism Reference
NC10 (Deutzmann and Schink, 2011)
NC10 (Kojima et al., 2012)
NC10 (Shen et al., 2014a)
NC10 (Liu et al., 2015)
ANME-2d (Flynn et al., 2013)
NC10 (Long et al., 2017b)
NC10 (Yan et al,, 2015)
NC10 (Shen et al., 2019b)
ANME-2d

ANME-2d

ANME-2d

NC10 (Wang et al., 2017b)
NC10 (Wang et al., 2016)
NC10 (Long et al., 2017a)
NC10 (Shen et al., 2020)
ANME-2d

ANME-2d (Ding et al,, 2015)
ANME-2d

ANME-2d

NC10 (Shen et al., 2015b)
NC10 (Hu et al., 2014)
NC10 (Shen et al.,, 2017)
ANME-2d

NC10 (Xie et al., 2020)
ANME-2d

NC10 (Hu et al.,, 2014)
NC10 (Vaksmaa et al., 2017b)
ANME-2d

ANME-2d

processes to occur (Kraft et al., 2014; Lin and Lin, 2022).
However, DAMO in these coastal systems is far under-studied
than in freshwater systems, as suggested by the keywords
frequencies from the scientometric analysis. Currently, studies
on coastal systems are focused on tidal flats and mangroves. For
example, Zhang et al. (2018) measured nitrite-dependent
DAMO ranging from 26 - 704 nmol CH, g'l d! in the
mangrove sediments of Zhangjiang Estuaries, even higher than
some rice paddies (Table 3). The DAMO bacteria abundances
and activities were higher in the surface layer not deeper,
contrary to the reported freshwater wetland and lake systems
(Kojima et al, 2012; Hu et al, 2014; Xie et al., 2020). The
opposite observation was explained by the micro-oxygen
environments in the surface layer of the mangrove system, as
trace-level oxygen can be beneficial to M. oxyfera (Luesken et al.,
2012). The detail of this mechanism and how it is different from
the freshwater systems need further investigation. Wang et al.

frontiersin.org


https://doi.org/10.3389/fmars.2022.1038400
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Wei et al.

(2017a) compared the spatial and temporal distribution of
nitrite-dependent DAMO process in low, median, high tidal
flats, and compared DAMO to CH, removal, and pointed out
that bacterial DAMO can be important sinks for CH, and
reactive N in tidal flat systems. Compared with M. oxyfera,
studies that also considered ANME-2d are fewer for coastal
systems (Table 4). The limited studies considered both DAMO
processes show that their relative abundances and activities can
vary from different habitats even within the same system. For
example, Chen et al. (2021) sampled multiple locations along the
salinity gradient of the Yangtze Estuary and studied the
distributions of both nitrate- and nitrite-dependent DAMO.
Their results show that intertidal wetlands can be hotspots for
DAMO, where both M. oxyfera-like bacteria and ANME-2d
archaea exist, but bacteria dominated the microorganism
community. As a result, nitrite-dependent DAMO contributed
more to CH, removal, and total DAMO rates decreased along
the gradient, significantly correlated with pH, total organic C, Fe
(IT), and Fe(III). On the other hand, in a parallel study (Zheng
etal., 2020) on the intertidal marshes on an island of the Yangtze
Estuary, results show that NC10 bacteria and ANME-2d archaea
had similar abundances with comparable potential rates,
suggesting that both processes can be important in intertidal
marshes of the Yangtze Estuary. Affected by oxygen levels, NC10
bacteria and nitrite-dependent DAMO were higher in the water-
sediment interface, whereas ANME-2d and nitrate-dependent
DAMO occupied deeper layers. An interesting observation was
that in the layers where ANME-2d abundance was high, NO3
concentrations were actually low, which leaves open the
possibility of ANME-2d exploiting alternative e  acceptors
such as Fe(IlI) and SO}, requiring further investigation
(Zheng et al., 2020).

10.3389/fmars.2022.1038400

Compared to the organic-rich tidal flats and mangroves, the
sediments of coastal rivers, estuaries, and adjacent seas may
contain lower levels of nutrients and organic matter, and the
DAMO microorganism abundance and rates may be lower. For
example, Shen et al. (2016) studied nitrite-dependent DAMO
and M. oxyfera bacteria in Hangzhou Bay and found DAMO
rates ranged from 0.2 - 1.3 nmol CH, g™ dry soil d!, accounting
for 2 - 9.4% of CH, oxidation. This rate is ~1 - 2 orders of
magnitudes lower than in the coastal wetlands (Table 4), but
considering the vast area of an estuary, the role of estuary
sediments as potential CH, sink should not be overlooked.

In summary, DAMO in coastal systems is generally understudied
compared to freshwater systems. However, existing research shows
that in some coastal wetlands, DAMO rates can be even higher than
in some highly eutrophic freshwater systems, such as rice paddies.
The highly dynamic environments and the existence of salinity
gradients in coastal systems can result in different distribution
patterns compared to freshwater systems. The mechanisms
controlling niche differentiation and interactions between NC10
bacteria and AMNE-2d archaea still require further study.

5 Limitation and outlook

Studies on the DAMO process and microorganisms have been
expanding over the past years. However, research focusing on
DAMO in coastal environments is still very limited. In this
review, we attempted to identify several areas in studies on
coastal DAMO that require more research efforts. First, existing
research mainly focuses on M. oxyfera and nitrite-dependent
DAMO process, whereas the relative abundance and activities of
ANME-2d archaea and nitrate-dependent DAMO in coastal

TABLE 4 Nitrite- and nitrate-dependent DAMO rates and microorganisms in coastal habitats.

Habitat e acceptor DAMO rate Microorganism Reference
Zhangjiang Estuary NO; 26-704 NC10 (Zhang et al., 2018)
Yangtze Estuary sediment NO; NR* NC10 (Li et al., 2020)
Yangtze Estuary sediment NO; /NO; 0.07-0.28 NR (Li et al,, 2019)
Chongming Island intertidal flat NO, 1.3-39.9 NC10 (Chen, 2020)
NO; 0.6-46.7 ANME-2d
Tidal flow constructed wetland NO, 8.5-23.5 NC10 (Zhang et al., 2020)
Chongming Island intertidal flat NO; 0.1-3.8 NC10 (Zheng et al., 2020)
NO; 0.1-4.1 ANME-2d
Yangtze estuary intertidal wetland NO; 0.2-84.3 NC10 (Chen et al., 2021)
NO3 0.4-32.6 ANME-2d
Hangzhou Bay sediment NO; 0.2-1.3 NC10 (Shen et al., 2016)
East China Sea intertidal zone NO; 0.52-5.7 NC10 (Wang et al., 2017a)
Jiaojiang Estuary NO; NR NC10 (Shen et al., 2014b)
Mai Po wetland NO; NR NC10 (Chen et al., 2015)
DAMO rates are in nmol g d”™
*NR represents not reported.
Frontiers in Marine Science 10 frontiersin.org
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systems are largely overlooked. More field- and laboratory-based
studies are needed to understand the environmental factors and
mechanisms controlling the distributions and interactions between
DAMO bacteria and archaea (Wallenius et al., 2021). Second,
ANME-2d archaea have the potential to use multiple e acceptors,
such as Fe, Mn, and sulfate. In certain coastal habitats, their
contents can be higher than NO3. AMO driven by different e
acceptors and their relative contributions to CH, removal remains
unclear for coastal systems. We can improve our understanding of
ANME-2d in coastal environments by comparing their AMO
activities driven by different e” acceptors.

Lastly, the coastal environments are not isolated sections, but
rather hydraulically connected continua along which physical and
biological factors evolve. Current research focuses more on DAMO
distribution in a specific coastal habitat, such as a wetland, or an
estuary, whereas comparisons among different types of habitats
along the river-estuary-sea continuum are quite limited. Direct
comparisons of DAMO community and activities among different
habitats along the river-estuary-sea continuum are rarely reported.
However, such comparisons are necessary to understand how
DAMO microorganisms and processes vary along the continuum
as a whole to make comprehensive management decisions. In fact,
some studies have shown that factors including oxygen levels,
nutrient conditions, organic matter contents, pH, Fe, and sulfate,
as well as N cycling processes, can change dramatically along the
river-estuary-sea continuum (Lin et al,, 2016; Lin et al., 2017b; Lin
et al. 2017a; Wei et al., 2020; Wei and Lin, 2021), most of which are
also sensitive factors for DAMO as we reviewed.

In light of this, we call for more research comparing DAMO
microorganisms, activities, and interactions with other N cycling
processes, among different types of habitats along the river-estuary-
sea continuum to better understand the environmental factors shaping
their distributions in coastal systems, and their contributions to CH,

10.3389/fmars.2022.1038400

and reactive N removal (Figure 5). Specifically, we propose for direct
comparisons of DAMO community composition and activity using
consistent methods among hydraulically connected representative
habitats (e.g., tidal freshwater rivers, estuaries, and adjacent seas). We
also propose to compare the DAMO processes with other N cycling
pathways, such as denitrification, anaerobic ammonium oxidation,
and dissimilatory nitrate reduction to ammonium, and with AMO
processes coupled to other e” acceptors, such as the metal- and humic
acid-dependent AMO.

6 Conclusion

In this study, we reviewed the existing research on
environmental distributions of DAMO microorganisms and
activities. Through the co-citation analysis, we identified the
active areas, key references, and emerging topics in the study of
DAMO. Under the guidance of the co-citation analysis, we
further reviewed the literature on DAMO in freshwater and
coastal environments in more depth. Current studies show that
DAMO bacteria and archaea can be widely distributed in
freshwater and coastal systems, including rivers, lakes,
reservoirs, wetlands, tidal flats, mangroves, and estuarine and
sea sediments. However, compared to freshwater systems, fewer
studies focus on coastal systems. NC10 bacteria and nitrite-
dependent DAMO are more studied than ANME-2d and
nitrate-dependent DAMO. In general, environmental factors
and mechanisms that control the distributions of nitrite- and
nitrate-DAMO in freshwater and coastal systems are far from
clear. We identified several areas that require further research
and called for more research focusing on direct comparisons of
DAMO community and activity in the context of the river-
estuary-sea continuum. These kinds of information can improve
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Proposed studies focusing on the interactions between DAMO, other N cycling processes, and environmental factors, and their changes along
the river-estuary-sea continuum, with implications for CH4 and reactive N removal.
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our understanding of DAMO distributions in the coastal zones
and help us make more comprehensive management decisions.
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