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a b s t r a c t
The application of the denitrifying anaerobic methane oxidation (DAMO) in a biological nitrogen 
removal system has received much attention since methane is used as the sole carbon source and 
produced in the anaerobic digestion process of wastewater treatment plant. DAMO reaction is per-
formed by DAMO archaea (Methanoperedens nitroreducens) and DAMO bacteria (Methylomirabilis 
oxyfera, M. sinica, M. limnetica, and M. lanthanidiphyla belonging to NC10 phylum). In the presence of 
methane, nitrate, or nitrite are used as the substrate, then the reaction takes place under the anoxic 
condition. Due to extremely slow growth and stringent metabolic requirements, these microbes 
are difficult to be cultured and applied in the wastewater treatment. In this paper, driving factors 
and microbiology for the enrichment of DAMO process in previous studies are reviewed, espe-
cially the effects of inoculum, reactor types, and environmental factors (substrate concentration, 
pH, dissolved oxygen, and temperature) on the DAMO process. Besides, key factors that can effec-
tively control microbial community structures and enhance the optimization strategies for DAMO 
enrichment are identified in this review. In the future study, there are still some challenges to be 
addressed, such as growth factors affecting DAMO process performance and the stable operation of 
ecosystem in the cultivation process.
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1. Introduction

As an important greenhouse gas in the atmosphere, 
methane (CH4) is rated to be 28 for its global warming 
potential for a time horizon of 100 y [1–5]. If methane was 
not properly treated and directly discharged into the atmo-
sphere, secondary pollution can be caused by the methane 
from industrial anaerobic digestion. Since the 1970s, the 
potential and advantages of denitrifying anaerobic meth-
ane oxidation (DAMO) have been recognized to reduce the 
methane emission [Eqs. (1) and (2)] [6,7]. The DAMO is a 
novel process in which methane is utilized as the sole elec-
tron donor to reduce nitrate or nitrite to nitrogen gas under 

the anoxic condition [8]. As an important link between the 
nitrogen and carbon cycles, DAMO process has been high-
lighted for its advantages. In the aspects of industrial appli-
cation, methane utilization and biological denitrification 
can be realized by DAMO process simultaneously, result-
ing in the removal of CH4 originated from anaerobic diges-
tion and nitrogen in sewage. This process is a promising 
method with minimal input and comprehensive utilization 
of resources for future sewage treatment [9].

8NO3
– + CH4+ 8H+ → 4N2 + 5CO2 + 14H2O (1)

ΔG° = –765 kJ/mol
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8NO2
– + 3CH4 + 8H+ → 4 N2 + 3CO2 + 10H2O (2)

ΔG° = –928 kJ/mol

In 2004, Strous and Jetten [3] suggested that some het-
erotrophic microorganisms, which can use nitrite/nitrate 
as electron acceptor for anaerobic oxidation of methane 
(AOM), might exist in nature. In the same year, Islas-Lima 
et al. [9] revealed the possibility of DAMO process by 
sequencing batch experiments, while the microorganisms 
performing the oxidation of methane and denitrification 
have not been investigated in their paper [10]. Until 2006, 
Raghoebarsing et al. [11] successfully enriched DAMO 
microorganisms with the sediment of a laboratory-scale 
sludge digester in the Netherlands. Since then, microorgan-
isms used in DAMO process have been successfully enriched 
by several research groups. Moreover, research progress has 
been achieved in physiology, mechanisms, and kinetics of 
responsible microorganisms (Table 1). However, DAMO has 
not been industrialized in the wastewater treatment system, 
due to the long doubling time of DAMO microorganisms, 
high requirement for anaerobic environment, biomass flush-
out problems, and unstable microbial community structure.

Therefore, it is significant to understand operational 
parameters in microorganisms activities for the improve-
ment of DAMO process, such as inoculums, reactor 
configurations, operational parameters, and synergistic 
relationships with other microorganisms. In this review, 
previous studies on DAMO enrichment are summarized, 
bacteria, and archaea that have high nitrogen removal effi-
ciency and collaborative microbes with the DAMO process 
are mainly explored. In addition, appropriate selection of 
inoculums during cultivation, configuration of bioreac-
tors, and factors affecting the nitrogen removal efficiency 
are also concluded in this review.

2. DAMO process

2.1. Responsible microorganisms

To date, there are four different DAMO bacteria of the 
genus Candidatus Methylomirabilis that can denitrify nitrite 
with methane, namely “Candidatus Methylomirabilis oxy-
fera” (extensively studied) [8], “Candidatus Methylomirabilis 
sinica” [12], “Candidatus Methylomirabilis limnetica” [13], 
and “Candidatus Methylomirabilis lanthanidiphyla” [14]. 

On the contrary, only one DAMO archaea, “Candidatus 
Methanoperedens nitroreducens” can perform denitrifying 
nitrate to nitrite in the presence of methane [15].

“Candidatus Methylomirabilis oxyfera,” which belongs to 
the NC10 phylum without pure culture [11], is a gram-neg-
ative bacterium with the reduction ability of nitrite to 
nitrogen gas [8,16]. FISH (fluorescence in situ hybridiza-
tion) analysis showed that M. oxyfera has thin rod shapes, 
and it is 0.8–1.1 μm long and 0.25–0.5 μm wide, with DNA 
concentrated in the center of the cell [8]. In the freshwa-
ter sediments, the methane affinity constant of M. oxyfera 
is about 0.092 mmol/L [17], the nitrite affinity constant of 
M. oxyfera is about 0.91 mmol/L [17]. M. oxyfera bacteria in 
the enrichment culture are mainly divided into two groups, 
namely “Group A” and “Group B” [18]. It was studied that, 
the members of “Group B” dominated in the early enrich-
ment stage, while the members of “Group A” gradually 
occupied more niche after the prolonged incubation [19]. 
A novel branch of NC10 clade, “Candidatus Methylomirabilis 
sinica” (M. sinica), was enriched from paddy soil [12], fresh 
water [20], and halophilic marine environments [21]. The 
cell of M. sinica is roughly coccus-shaped with the radius 
of 0.7–1.2 μm, which is larger than M. oxyfera [12]. In both 
halophilic marine sediments and fresh water, the methane 
affinity constant and nitrite affinity constant are 7.8 ± 1.2 
and 8.9 ± 2.9 μmol/L, respectively [12,21]. The growth rate 
of M. sinica is probably 0.028/d [12], and the doubling time 
is nearly 25 d, which is longer than that of M. oxyfera [8,17]. 
Another new species of NC10 member, namely “Candidatus 
Methylomirabilis limnetica” (M. limnetica), grows in deep 
anoxic layer in Lake Zug [13]. The 16S rRNA gene sequence 
revealed that the homology of M. limnetica with M. oxyfera is 
96.3%, and the identity to M. sinica is 95.1% [13]. “Candidatus 
Methylomirabilis lanthanidiphyla” (M. lanthanidiphyla) is the 
fourth species in NC10 phylum, and presents in a small 
amount in the initial inoculum of a ditch sediment [14]. 
M. lanthanidiphyla shows 97.5% identity to both M. oxyfera 
and M. sinica, and 96.3% identity to M. limnetica [13]. M. lan-
thanidiphyla has all the genes for denitrifying nitrite detected 
in M. oxyfera to nitrogen gas, including several heme-copper 
oxidases that make NO disambiguation to N2 and O2 [14].

As the anaerobic methanotrophic archaea (ANME) [15], 
“Candidatus Methanoperedens nitroreducens” grows as irreg-
ular cocci with 1–3 μm in diameter and is typically found 
as sarcina-like clusters and assembled into 3–6 μm round 
[11,15]. The reduction of nitrate to nitrite coupling anaer-
obic methane oxidation is performed by M. nitroreducens 
[15] at mesophilic temperatures within the pH of 7–8 [22]. 
In the freshwater sediments, the nitrate affinity constant 
of M. nitroreducens is about 7.85 mmol/L, while these affin-
ity constants are obtained by a mathematical model on the 
denitrification couple anaerobic methane oxidation [23]. 
Recently, Lu et al. [24] claimed that the anaerobic methane 
oxidation rate constant of M. nitroreducens is 0.019 ± 0.006 /h, 
while the affinity constant for nitrate of M. nitroreducens is 
2.1 ± 0.4 mgN/L according to Monod type kinetic model.

2.2. Physiology of DAMO

Two different hypotheses are proposed for the physiology 
of DAMO process: (1) a new pathway, namely “inter-aerobic 

Table 1
Percentages of relative studies on DAMO process with each 
property

Relative studies Percentage

Influencing factors 24%
Enrichment 21%
Ecology 17%
Molecular detection 12%
Synergy with other microbes 9%
Mechanism 8%
Nitrogen removal 6%
Biomass characteristics 3%
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nitrite-driven anaerobic methane oxidation denitrification” 
by DAMO bacteria [8]; and (2) a general pathway, namely 
“reverse methanogenesis” executed by DAMO archaea [15].

2.2.1. Inter-aerobic nitrite-driven anaerobic methane oxidation 
denitrification

In 2010, Ettwig et al. [8] confirmed that the DAMO 
can be carried out independently by DAMO bacteria. The 
culture was inhabited by a diverse population of NC10 
bacteria via assembling the complete genome with metag-
enomics technology. Genes for the reduction of nitrate to 
nitrite (narFHJI, napAB), nitrite to nitric oxide (nirSJFD/
GH/L), nitric oxide to nitrous oxide (norZ = qnor) were 
obtained, as well as genes encoding the complete path-
way for aerobic methane. However, the gene for reducing 
nitrous oxide to dinitrogen gas was missing. Therefore, 
coupling anaerobic methane oxidation to denitrification, 
a new pathway mediated by “Candidatus Methylomirabilis 
oxyfera” was proposed. As shown in Fig. 1, NO2

– is firstly 
reduced by nitrite enzyme to NO, then NO is subsequently 
split into N2 and O2 with an unknown NO dismutase [8]. 
The produced O2 is partly (75%) used for aerobic oxida-
tion of methane [25], and the surplus is used for normal 
respiration [26]. Finally, the fourth biological pathway 
for oxygen production has been discovered in nature 
besides photosynthesis, chlorate respiration, and the 
detoxification of reactive oxygen species.

2.2.2. Reverse methanogenesis

It has been found that “Candidatus Methanoperedens 
nitroreducens” could couple anaerobic methane oxidation 
to nitrate reduction [15]. Methane is anaerobically oxidized 
to CO2 via the “reverse methanogenesis” pathway, supply-
ing electrons for the nitrate reduction (Fig. 2). However, 
M. nitroreducens lacks the genes encoded enzymes for the 

denitrification from nitrite to nitrogen gas, indicating that 
the full denitrification process cannot be completed by 
M. nitroreducens. Hence, collaborating with M. nitroredu-
cens, the reduction of nitrite to N2 is accomplished by other 
microorganisms [27]. Interestingly, apart from the genes 
for the complete “reverse methanogenesis” pathway, the 
genes responsible for the reductive acetyl-CoA pathway 
and acetyl-CoA synthetase also exist in M. nitroreducens. 
It indicates that M. nitroreducens have the potential to oxi-
dize methane into acetate. The results are consistent with 
the previous prediction that some of the ANME archaea 
can produce acetate from methane [28–31].

3. Factors affecting DAMO enrichment

In this paper, a variety of influencing factors during 
DAMO enrichment process are summarized, including 
inoculums, reactor configurations, and operating conditions 
(nutrient substrates, methane partial pressure, pH, tem-
perature, and dissolved oxygen). Table 2 shows the relevant 
data from references.

3.1. Inoculum sources

The proper selection of seeding sludge is a crucial 
step for a successful enrichment with a rapid start-up 
of DAMO process. DAMO microorganisms can exist in 
methane-rich habitats with anoxic conditions for provid-
ing NO3

–/NO2
– [32], such as the anaerobic/anoxic interface 

of water and sediments [33]. Methane-rich sediments are 
usually contained in the marine, however, the storage of 
nitrate and nitrite as electron receptors is insufficient [34]. 
But microorganisms that can oxidize methane and reduce 
nitrate or nitrite are identified by the activity test and quan-
titative PCR [21]. Groundwater is often contaminated by 
nitrate and nitrite, while methane is insufficient acting as 
an electron donor [35]. Hence, the most possible niche for 

Fig. 1. Proposed pathways of M. oxyfera [8].
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DAMO microorganisms is predicted to be a millimeters 
oxic–anoxic interface in freshwater, which can be easily 
missed from detection [35].

Qian et al. [36] founded that DAMO process was suc-
cessfully detected after only two months of operation in 
freshwater inoculum (Table 2). In addition, Hu et al. [22] 
successfully enriched DAMO microorganisms by a mixed 
inoculum including a freshwater lake sediment, an anaer-
obic digester sludge, and a return activated sludge from a 
sewage treatment plant. With further study, researchers 
have discovered the existence of DAMO microorganisms 
in different habitats, such as wetland and ocean, even in 
Gobi [22,37], and successfully enriched the DAMO micro-
organisms with the corresponding inoculum. Hatamoto 
et al. [38] seeded with the sediment of wetland soils as a 
DAMO culture in which DAMO bacteria and archaea were 
successfully enriched. He et al. [21] sourced M. oxyfera 
from marine sediments and established a new enrichment.  
After 20 months of incubation, more than 70% of M. oxyfera 
bacteria were detected in the culture and the nitrite consump-
tion rate reached 0.457 mg N/L/d. Then, He et al. [12] sourced 
the paddy soil for further enrichment on the new species 
of the NC10 phylum naming M. Sinica. Versantvoort et al. 
[14] set up an enrichment bioreactor originally seeded from 
Ooijpolder. Two years later, in the presence of cerium but 
without nitrate, a high quality species of M. lanthanidiphyla 
have been enriched. Additionally, different inocula, such as 
anaerobic digestion sludge, denitrification activated sludge, 
were used to enrich DAMO microorganisms [20,39,40].

He et al. [41] investigated the effect of inoculum sources 
on the enrichment of DAMO bacteria. In this study, three 
different inocula including methanogenic sludge, paddy 
soil, and freshwater sediment were used to enrich DAMO 

bacteria. Considering the results of the DAMO activity test 
and qPCR analysis, paddy soil was the optimal inoculum. 
Firstly, methanogenic sludge contained an amount of organic 
matters, then denitrifying bacteria was more competitive 
than the slow-growth DAMO bacteria under such conditions. 
Secondly, the doubling time of DAMO bacteria in paddy 
soil was estimated to be 2.1 months, which was shorter than 
that in methanogenic sludge and freshwater sediment [20].

3.2. Reactor configurations

The reactor configuration during the enrichment is a 
key factor affecting the microbial community structure [49]. 
Due to the slow growth rate of DAMO microorganisms, 
a bioreactor with an effective biomass retaining ability is 
superior for long-term operations [50]. Typical examples 
of bioreactor configurations used in the culture process are 
discussed below.

3.2.1. Suspension bioreactor

The suspension bioreactors for the cultivation of DAMO 
include the sequencing batch reactor (SBR), continuous 
stirred tank reactor (CSTR), magnetically stirred gas lift 
reactor (MSGLR), up-flow anaerobic sludge blanket (UASB), 
and membrane bioreactor (MBR).

SBR is usually used for the biomass enrichment due to 
its high biomass retaining ability, the effective promotion 
for a homogenous mix of the biomass and substrate, long-
term stable operation, and the improvement of sludge settling 
property [51]. In 2006, the first DAMO enrichment reactor 
was established using SBR with the sediment of a laborato-
ry-scale sludge digester in the Netherlands. After 16 months 

Fig. 2. Proposed pathways of M. nitroreducens [15].
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of operation, a culture of DAMO microorganisms contain-
ing 10% archaea and 80% NC10 bacteria was obtained and 
nitrite conversion rate reached 15.3 mg N/L/d [11]. Ettwig 
et al. [35] started a DAMO reactor in another SBR in which 
NC10 bacteria accounted for about 70% of the total micro-
organisms after 7 months operation in 2009, and the max-
imum nitrite conversion rate was 29.3 mg N/L/d. Those 
experimental results proved that SBR is suitable for long-
term DAMO bacterial cultivation in which more than 1 y is 
required for the enrichment. However, Luesken et al. [40] 
showed that the use of SBR can also achieve DAMO activity 
within 112 d, and the nitrite conversion rate is 5.1 mg N/L/d 
(Table 2).

Although SBR is a good system for DAMO enrich-
ment, the low load of conventional SBR reactors and high 
control requirements of automated procedures restrict its 
application. Other suspension reactors were also used to 
enrich DAMO microorganisms. Hu et al. [46] compared the 
effects of the reactor configuration (a magnetically stirred 
gas lift reactor (MSGLR), an SBR, and a CSTR on DAMO 
bacterial enrichment. The results showed that MSGLR had 

the optimal performance, and the maximum volumetric 
nitrogen removal rate was up to 76.9 mg N/L/d, which was 
much higher than that in previous studies. Compared with 
the other two reactors, MSGLR strengthened the mixing 
of gas–liquid–solid phases, improved the gas–liquid mass 
transfer, and reduced the inhibition of substrate [46]. As a 
novel anaerobic technology, UASB is used to treat wastewa-
ter and improve the function of strengthening three-phase 
mixing and gas–liquid mass transfer [52]. The UASB reac-
tor is composed of the separator of gas, liquid, and solids 
for retaining granular sludge, thus a good sludge settling 
capability is provided. Ma et al. [39] reported that enrich-
ment of NC10 bacteria was successfully obtained by using 
UASB reactor, and the abundance of which were two orders 
magnitude higher than that in previous studies by other 
types of suspension bioreactors [20].

The proposed bioreactors above indeed achieve the 
high nitrogen removal efficiency and obtain DAMO micro-
organisms, while a certain amount of biomass flushing out 
are founded in those configurations. To avoid the washout 
of biomass, Kampman et al. [45] proposed the use of three 

Table 2
Enrichment cultures of DAMO process and operational conditions in previous studies

Inoculum Reactor 
type

Temperature 
(°C)

pH Nitrogen feeding Composition (%) Maximum 
conversion rate 
(mg N/L/d)

References

NO3
– NO2

– NC10 Archaea

Canal sediments SBR 25 7.0–7.5 √√ √√ 80 10 15.3 [11]
Canal sediments CSTR 30 7.3–7.6 √√ √√ 70 0 9.6 [16]
Canal sediments SBR 30 6.9–7.5 √ 70 0 36.1 [35]
Mixed inoculuma SBR 22 7.0–7.5 √ 15 0 0.91 [22]

SBR 35 7.0–7.5 √ 30 40 28
Wastewater sludge SBR 20–23 6.8–7.3 √ √ 60–70 – 5.1 [40]
Ditch sediments SBR 20–30 7.0–8.0 √ √ 70–80 – 37.8 [42]
Minerotrophic peatland SBR 25 6.0–6.2 √ √ 80 – – [43]
Mixed inoculum MBfR 25 7.0–7.5 √ 20–30 20–30 250 [44]
Wastewater sludge MBR 20 6.5–8.0 √ 60–70 – 36 [45]

MBR 20 6.5–8.0 √ 70–80 – 16
Paddy soil UFCR 30 7.4 √ 58 7 70.4 [38]

UFCR 30 7.4 √ 68 0 51.0
– SBR 30 7.0–7.2 √ >50 – 11.4 [46]
– CSTR 30 7.0–7.2 √ >50 – 26.4 [46]
– MSGLR 30 7.0–7.2 √ >50 – 76.9 [46]
Freshwater sediments MBfR 35 7.0–8.0 √ √ – – 50 [36]
Taihu sediments MBR 10–25 7.0 √ √ 73 – 14 [47]
– MBR 28 6.3–8.5 √ 50.2 – 116 [48]
Coastal sediment SBR 25 7.0 √ 70–80 – 5.49 [21]
Methanogenic sludge SBR 30 7.0–8.0 √ >50 – 4.62 [20]
Freshwater sediment SBR 30 7.0–8.0 √ >50 – 4.76 [20]
Paddy soil SBR 30 7.0–8.0 √ >50 – 4.48 [20]
Paddy soil SBR 35 7.2–7.4 √ – – 0.0739 [12]
Paddy soil DHS 30 7.0–8.0 √ √ 50–70 – 84.4 [19]
Ditch sediment SBR 30 7.2–7.4 √ √ 68 – – [14]
Digester sludge UASB 33 7.3 √ – – 63.3 [39]

aMixed inoculum: including sediments from a lake, activated sludge and digester sludge from a wastewater treatment
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membrane bioreactors (MBR), and achieved the maximum 
nitrogen conversion rate of 36 mg N/L/d. Similarly, Allegue 
et al. [48] utilized a fully-monitored MBR for the cultivation 
of DAMO bacteria, and obtained a high nitrite removal rate 
of 116 mg N/L/d.

3.2.2. Attached growth-type bioreactors

Attached growth-type bioreactors are suitable for the 
cultivation of the slow growing microorganisms because 
the effective solid–liquid separation and supporting mate-
rial are used to retain the microbial population. The use of 
attached carrier material can increase the total surface area 
maintained by microorganisms, thereby the concentrations 
of microorganisms and volumetric loading rates of the 
DAMO activity are increased. Generally, there are two kinds 
of attached growth-type bioreactors, namely downflow 
hanging sponge reactor (DHS) [19] and membrane biofilm 
hollow fiber reactor (MBfR) [44].

Methane is a potential electron donor for denitrification. 
However, methane is a flammable and low aqueous solu-
bility gas. This characteristic needs to be addressed before 
application of methane in wastewater treatment. In the 
DHS reactor, sponge is used as the carrier to improve the 
gas–liquid mass transfer efficiency of methane and enhance 
the impact load resistance of the system, thus the biologi-
cal colony is more stable, and the activated sludge is rarely 
lost [19].

The mentioned problems can also be solved by MBfR 
[53]. On one hand, hollow fiber membranes are utilized 
for dispersing gas to the liquid. The hollow fiber config-
uration allows rapid transfer rates and provides a high 
interfacial gas transfer area. On the other hand, due to the 
large concentration gradient across the membrane, gases 
diffuse rapidly and dissolve directly into the water outside 
the membrane, finally, the high efficiency is achieved [54]. 
In addition, management costs of greenhouse gas can be 
decreased by MBfR due to the effective minimization of gas 
stripping losses to the atmosphere. The application of MBfR 
in delivering oxygen and hydrogen has been confirmed, 
with 100% hydrogen transfer efficiency and 99.5% hydro-
gen utilization efficiency [55–57]. In 2013, MBfR was first 
applied for synergizing anammox and DAMO, and methane 
was delivered from the interior of hollow fibers to the outer 
membrane that biomass grew on [44]. The results indicated 
that the activity of DAMO archaea in the outer biofilm was 
three times higher than that in the parent culture. Recently, 
the enrichment of DAMO microorganisms and anammox 
bacteria was synchronously obtained in MBfR. Due to the 
high efficiency of methane mass transfer, the activity of 
DAMO archaea continuously increases with the prolong-
ing enrichment period, indicating that MBfR is a promising 
installation for the enrichment of DAMO archaea [58].

3.3. Environmental factors

3.3.1. Substrate concentration differences between nitrite and 
nitrate feeding

In recent years, DAMO microorganisms have been 
mainly inoculated from river sediments polluted by 
inorganic nitrogen or wastewater sludges with the rich 

nitrogen, and then cultured for long-term cultivation. It is 
concluded that different combinations of inorganic nitrogen 
(NO2

–/NO3
–) feeding can affect the activity of DAMO micro-

organisms and the selection of dominant strain [35,45,59]. 
Hu et al. [60] indicated that DAMO archaea were eliminated 
by nitrite feeding alone, while both archaea and bacteria 
existed with nitrate feeding. The results suggested that, 
compared with M. nitroreducens which were more effective 
in the nitrate reduction, M. oxyfera were more competitive 
in reducing nitrite [16]. The reason was obtained through 
research on the internal mechanism of archaea and bacte-
ria: M. nitroreducens could reduce nitrate in the substrate 
to nitrite, which was required for M. oxyfera growth [8,15]. 
Therefore, these two kinds of microorganisms could co-ex-
ist in the enrichment with nitrate as the substrate. If there 
were no nitrate used in substrate, nutritional medium 
would be unavailable for M. nitroreducens, and the growth 
would be limited, besides, M. oxyfera would compete to be 
the dominant strain in this environment. However, Wang 
et al. [47] showed that the culture was dominated by DAMO 
bacteria when the only nitrate was fed. It indicated that 
DAMO bacteria were competing against DAMO archaea 
in the cultivation process. Further experiments have shown 
that complex nitrogen substrate is more beneficial to the 
growth of microbial diversity of DAMO than single nitro-
gen substrate [61,62].

Additionally, nitrite accumulation can damage the micro-
organisms structures, leading to the decrease of DAMO 
catabolic activity [60,63]. The activity of DAMO bacte-
ria started to show toxic effects once exposed to nitrite at 
concentrations level of 1 mmol/L [60]. Research confirmed 
that the optimal concentration of nitrite was 1.92 mmol/L 
in the mixed medium of nitrate and nitrite by modeling 
actual performance [17]. Whether the toxic effect of nitrite 
on DAMO activity can be reduced by the reactor structure, 
physical control conditions, and nitrate exposure time need 
to be further verified.

3.3.2. Methane concentration

Methane is the sole electron donor and crucial sub-
strate for DAMO process [64]. Thus, the partial pressure 
of methane and the difference in affinity constant between 
bacteria and archaea to methane have great influences on 
denitrification rates of DAMO microorganisms. Zhao et al. 
[65] explored the effect of partial pressure of methane on the 
DAMO process. The results indicated that the denitrifica-
tion rate of DAMO firstly increased and then gradually kept 
stable, and the partial pressure of methane ranged from 0 
to 49 kPa; while the denitrification rate slightly increased, 
and the partial pressure of methane ranged from 49 to 
98 kPa [65]. Thereby, methane was not a limiting factor of 
DAMO process at a certain threshold, which was consistent 
with previous research [17,66].

Due to the low solubility of methane gas, the meth-
ane concentration in the liquid is one of the critical factors 
influencing the activity of DAMO process. Some measures 
have been proposed to boost the solubility of methane in the 
liquid solution. Besides the use of high-pressure of methane 
bioreactors [67,68], there are other effective measures, such 
as the addition of a second liquid phase [69], the proper 



29Y. Shi et al. / Desalination and Water Treatment 196 (2020) 23–32

increase of stirring speed, and the moderate decrease of 
temperature, Fu et al. [70] found that adding 5% paraffin 
oil while culturing DAMO microorganisms and anammox 
bacteria can effectively increase methane solubility by 25%, 
thus DAMO microbes activity will be raised. Furthermore, 
Shi et al. [44] utilized MBfR for denitrification. Owing to 
methane was directly supplied through a bubble-free aer-
ation hollow fiber film, its mass transfer efficiency could 
be enhanced [71,72]. Meanwhile, the denitrification rate of 
DAMO microorganisms would be controlled by adjusting 
the pressure [73].

3.3.3. pH

The stable denitrification performance of DAMO micro-
organisms can be achieved by adjusting environmental 
condition of an optimal pH. In this way, the activity of 
enzymes can be changed, thus the activity of microor-
ganisms is affected. The inhibition of DAMO activity was 
reported to occur at pH values lower than 7, while high 
DAMO activity was observed between pH values of 7 
and 8 [11]. However, Zhu et al. [43] successfully enriched 
DAMO microorganisms at pH value of 6.2 in 2012. This is 
the sole research on DAMO activity under acidic condi-
tions. Furthermore, another study demonstrated that the 
culture has the lowest denitrification rate when the pH was 
8.5 or 9.5, while DAMO had the strongest activity at the 
optimal pH of 7.5 [66].

3.3.4. Temperature

Temperature is considered as a significant factor affect-
ing the structure of microorganisms. Based on previous 
studies, good DAMO activity levels were detected at tem-
peratures ranging from 25°C to 35°C [74]. As the tempera-
ture gradually raised from 20°C to 35°C, DAMO activity 
showed a steady growth [22]. Not only the activity, but also 
the abundance of microbial populations and species are 
affected by temperature. According to culture comparison 
of DAMO microorganisms at different temperatures (22°C 
and 35°C), the influence of temperature on DAMO bacteria 
and DAMO archaea could be manifested [22]. Two microbes 
were contained in the enrichment at 35°C, including DAMO 
bacteria and archaea, while DAMO bacteria could be found 
without DAMO archaea at 22°C, suggesting that DAMO 
archaea might be more readily activated at the higher 
temperatures [22]. However, no denitrification activity 
was detected in the culture operating at 45°C after several 
days of cultivation [22]. Moreover, the researcher started 
DAMO process successfully within a low temperature of 
10°C–25°C, and found that the relative abundance of NC10 
bacteria reached 73% after the cultivation of 13 months [47].

3.3.5. Dissolved oxygen concentration

DAMO microorganisms are obligate anaerobes, which 
are extremely sensitive to the presence of oxygen. DAMO 
bacteria could generate their own oxygen with oxidizing 
methane by a newly discovered intra-aerobic pathway [8]. 
Although O2 is an intermediate in the metabolism of DAMO 
bacteria, the addition of 2%–8% oxygen from outside affected 

the gene expression of encoding methane oxidation and 
denitrification pathway [8,75].

3.3.6. Other factors

Besides the above-mentioned factors, some other  
factors can also affect DAMO process, such as salinity 
and the trace metal concentrations like iron and copper. 
Microorganisms tended to stagnate dormant or disappear 
in high salinity environment [76]. He et al. [41] found that 
the salinity was an important factor shaping the activ-
ity of DAMO bacteria cultured in freshwater. DAMO 
bacteria-specific activity decreased with the increasing 
NaCl salinity and almost disappeared at 20 g NaCl/L 
within a short time in batch cultivation. Interestingly, 
salinity adaption of DAMO bacteria was observed with 
the salinity stress level of 20 g NaCl/L after long-term 
cultivation [77]. Another study indicated that the activ-
ity of DAMO bacteria was detected in the marine sedi-
ment with the salinity of 25%, yet the growth of DAMO 
bacteria in freshwater experienced a lag phase the salin-
ity of 1%. These results suggested that DAMO bacte-
ria cultured in the marine have distinct physiological 
properties from those cultured in freshwater [78].

Studies have shown that metal elements have potential 
impacts on the metabolic pathway of DAMO microorgan-
isms [79,80]. He et al. [41] concluded that DAMO activity 
increased with the increase in iron (II) and copper (II) at low 
concentrations (<20 μmol/L), but decreased slightly at high 
concentrations (>20 μmol/L). It suggested that 20 μmol/L 
of iron (II) and 10 μmol/L of copper (II) are suitable for the 
growth and metabolism of DAMO bacteria.

Several growth factors have been proposed to enhance 
nitrogen removal during the DAMO enrichment. As an 
auxiliary group of oxidoreductase, pyrroloquinoline qui-
none (PQQ) could participate in catalytic redox reactions 
in organisms, and it was reported to be a catalyst of the 
DAMO reaction [81]. Wang et al. [82] investigated the effects 
of growth factors like vitamin, heme, nucleobase, and beta-
ine on DAMO microorganisms. The results indicated that 
5 μg/L of nucleobase and 200 μg/L of betaine significantly 
stimulated the DAMO activity.

4. Interactions with other microbes

4.1. Anaerobic oxidation of methane

Under anaerobic conditions, the microbial-catalyzed 
methane oxidation process, called as AOM, can effectively 
reduce the methane. It has been evaluated that nearly 
1012 kg methane can be oxidized anaerobically from the 
deposit sediments, contributing to a consortium of metha-
notrophic archaea (ANME) [2]. According to the different 
electron receptors in the culture environment, AOM can 
be divided into three types, including sulfate anaerobic 
methane oxidation (SAMO) [83], DAMO [9], and iron man-
ganese-dependent anaerobic methane oxidation [84,85]. 
If nitrate or nitrite are final electron receptors in the AOM 
process, this process is called as DAMO [11]. Such micro-
organisms, which can couple the AOM and denitrification, 
are called as DAMO microorganisms, including DAMO 
archaea and DAMO bacteria [22].
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4.2. Anammox

Anaerobic ammonium oxidation (anammox) is a reac-
tion in which nitrite is used as electron acceptor and ammo-
nia is oxidized to nitrogen gas under anaerobic conditions 
[51]. In the ocean, it was said that the 30%–50% of removal 
of ammonia nitrogen was caused by the anammox [3]. 
To date, the co-culture of anammox functional microor-
ganisms and DAMO functional microorganisms has been 
studied widely [86]. In the process of co-culture of DAMO 
and anammox microorganisms, anammox consumed 77% 
of the ammonium as electron donor and nitrite to produce 
nitrate and nitrogen gas, while DAMO bacteria consumed 
the rest of nitrite with methane as reducing agent. At the 
same time, the nitrate produced in the process of anammox 
could be consumed by DAMO archaea [40].

5. Conclusion

In this review, microbial communities and key con-
trolling factors for the enrichment of DAMO were sum-
marized, including inoculums, reactor configurations, and 
environmental conditions (substrate concentration, pH, dis-
solved oxygen, and temperature). Overall, MBfR might be a 
suitable enrichment bioreactor because of the low biomass 
flush-out and high mass transfer efficiency. The optimal pH 
of the environment was around 7.5, and the synthetic nitro-
gen substrate was recommended for the microbial diver-
sity of DAMO. Furthermore, more studies are required to 
explore some growth factors which affect the DAMO pro-
cess performance (nucleobase, betaine, and vitamin) and 
ecological associations within wastewater ecosystems, so 
as to improve the performance of this nitrogen removal 
process. This review is essential for the implementation of 
nitrogen removal process in the wastewater treatment plant.

Acknowledgment

This work was sponsored by Project of Natural Science 
Foundation of China (No. 51608536) and the State Key 
Research Development Program of China (Grant no. 
2018YFC1800400).

References
[1] G. Park, M. Takekawa, S. Soda, M. Ike, K. Furukawa, 

Temperature dependence of nitrogen removal activity by 
anammox bacteria enriched at low temperatures, J. Biosci. 
Bioeng., 123 (2017) 505–511.

[2] G.B. Avery, R.D. Shannon, J.R. White, C.S. Martens, M.J. Alperin, 
Controls on methane production in a tidal freshwater estuary 
and a peatland: methane production via acetate fermentation 
and CO2 reduction, Biogeochemistry, 62 (2003) 19–37.

[3] M. Strous, M.S.M. Jetten, Anaerobic oxidation of methane and 
ammonium, Annu. Rev. Microbiol., 58 (2004) 99–117.

[4] G. Myhre, D. Shindell, F.-M. Bréon, W. Collins, J. Fuglestvedt, 
J. Huang, D. Koch, J.-F. Lamarque, D. Lee, B. Mendoza, 
T. Nakajima, A. Robock, G. Stephens, T. Takemura, H. Zhang, 
Anthropogenic and Natural Radiative Forcing, Climate Change 
2013: The Physical Science Basis, Contribution of Working Group 
I to the Fifth Assessment Report of the Intergovernmental Panel 
on Climate Change, Cambridge University Press, Cambridge, 
United Kingdom and New York, NY, USA, 2013.

[5] Q.L. Wang, J. Sun, S.T. Liu, L. Gao, X. Zhou, D.B. Wang, K. Song, 
L.D. Nghiem, Free ammonia pretreatment improves anaerobic 
methane generation from algae, Water Res., 162 (2019) 269–275.

[6] F.W. Sollo, H.F. Mueller, T.E. Larson, Denitrification of waste-
water effluents with methane, J. Water Pollut. Control Fed., 
48 (1976) 1840–1842.

[7] I. Mason, Methane as a carbon source in biological denitrifi-
cation, J. Water Pollut. Control Fed., 49 (1977) 855–857.

[8] K.F. Ettwig, M.K. Butler, D. Le Paslier, E. Pelletier, S. Mangenot, 
M.M.M. Kuypers, F. Schreiber, B.E. Dutilh, J. Zedelius, D. de 
Beer, J. Gloerich, H.J.C.T. Wessels, T. van Alen, F. Luesken, 
M.L. Wu, K.T. van de Pas-Schoonen, H.J.M. Op den Camp, 
E.M. Janssen-Megens, K.-J. Francoijs, H. Stunnenberg, J. Weissen-
bach, M.S.M. Jetten, M. Strous, Nitrite-driven anaerobic methane 
oxidation by oxygenic bacteria, Nature, 464 (2010) 543–548.

[9] S. Islas-Lima, F. Thalasso, J. Gómez-Hernandez, Evidence of 
anoxic methane oxidation coupled to denitrification, Water 
Res., 38 (2004) 13–16.

[10] C. Chen, Y. Feng, Y. Wang, X. Yu, J. Wang, Research progress 
in influence factor of anammox reaction, Ecol. Environ. Sci., 
25 (2016) 346–352.

[11] A.A. Raghoebarsing, A. Pol, K.T. van de Pas-Schoonen, 
A.J.P. Smolders, K.F. Ettwig, W.I.C. Rijpstra, S. Schouten, 
J.S.S. Damste, H.J.M. Op den Camp, M.S.M. Jetten, M. Strous, 
A microbial consortium couples anaerobic methane oxidation 
to denitrification, Nature, 440 (2006) 918–921.

[12] Z. He, C. Cai, J. Wang, X. Xu, P. Zheng, M.S. Jetten, B. Hu, 
A novel denitrifying methanotroph of the NC10 phylum and 
its microcolony, Sci. Rep., 6 (2016) 32241.

[13] J.S. Graf, M.J. Mayr, H.K. Marchant, D. Tienken, P.F. Hach, 
A. Brand, C.J. Schubert, M.M.M. Kuypers, J. Milucka, Bloom 
of a denitrifying methanotroph, ‘Candidatus Methylomirabilis 
limnetica’, in a deep stratified lake, Environ. Microbiol., 
20 (2018) 2598–2614.

[14] W. Versantvoort, S. Guerrero-Cruz, D.R. Speth, J. Frank, 
L. Gambelli, G. Cremers, T. van Alen, M.S.M. Jetten, B. Kartal, 
H.J.M. Op den Camp, J. Reimann, Comparative genomics 
of Candidatus Methylomirabilis species and description of Ca. 
Methylomirabilis Lanthanidiphila, Front. Microbiol., 9 (2018) 1672.

[15] M.F. Haroon, S. Hu, Y. Shi, M. Imelfort, J. Keller, P. Hugenholtz, 
Z. Yuan, G.W. Tyson, Anaerobic oxidation of methane coupled 
to nitrate reduction in a novel archaeal lineage, Nature, 
500 (2013) 567–570.

[16] K. Ettwig, S. Shima, K. van de Pas-Schoonen, J. Kahnt, 
M. Medema, H. op den Camp, M. Jetten, M. Strous, Denitrifying 
bacteria anaerobically oxidize methane in the absence of 
archaea, Environ. Microbiol., 10 (2008) 3164–3173.

[17] Z. He, C. Cai, S. Geng, L. Lou, X. Xu, P. Zheng, B. Hu, Modeling 
a nitrite-dependent anaerobic methane oxidation process: 
parameters identification and model evaluation, Bioresour. 
Technol., 147 (2013) 315–320.

[18] B. Schink, J.S. Deutzmann, Anaerobic oxidation of methane in 
sediments of Lake Constance, an oligotrophic freshwater lake, 
Appl. Environ. Microbiol., 77 (2011) 4429–4436.

[19] M. Hatamoto, T. Sato, S. Nemoto, T. Yamaguchi, Cultivation 
of denitrifying anaerobic methane-oxidizing microorganisms 
in a continuous-flow sponge bioreactor, Appl. Microbiol. 
Biotechnol., 101 (2017) 5881–5888.

[20] Z.F. He, C. Cai, L.D. Shen, L.P. Lou, P. Zheng, X.H. Xu, 
B.L. Hu, Effect of inoculum sources on the enrichment of 
nitrite-dependent anaerobic methane-oxidizing bacteria, Appl. 
Microbiol. Biotechnol., 99 (2015) 939–946.

[21] Z. He, S. Geng, C. Cai, S. Liu, Y. Liu, Y. Pan, L. Lou, P. Zheng, 
X. Xu, B. Hu, Anaerobic oxidation of methane coupled to 
nitrite reduction by halophilic marine NC10 bacteria, Appl. 
Environ. Microbiol., 81 (2015) 5538–5545.

[22] S. Hu, R.J. Zeng, L.C. Burow, P. Lant, J. Keller, Z. Yuan, 
Enrichment of denitrifying anaerobic methane oxidizing 
microorganisms, Environ. Microbiol. Rep., 1 (2009) 377–384.

[23] X. Chen, J. Guo, Y. Shi, S. Hu, Z. Yuan, B.J. Ni, Modeling of 
simultaneous anaerobic methane and ammonium oxidation in 
a membrane biofilm reactor, Environ. Sci. Technol., 48 (2014) 
9540–9547.

[24] P.L. Lu, T. Liu, B.J. Ni, J.H. Guo, Z.G. Yuan, S.H. Hu, Growth 
kinetics of Candidatus ‘Methanoperedens nitroreducens’ enriched 
in a laboratory reactor, Sci. Total Environ.,659 (2019) 442–450.



31Y. Shi et al. / Desalination and Water Treatment 196 (2020) 23–32

[25] L. Ming, Wu, K.F. Ettwig, M.S.M. Jetten, S. Marc, J.T. Keltjens, 
V.N. Laura, A new intra-aerobic metabolism in the nitrite-
dependent anaerobic methane-oxidizing bacterium Candidatus 
‘Methylomirabilis oxyfera’, Biochem. Soc. Trans., 39 (2011) 
243–248.

[26] Y. Wang, G. Zhu, H.R. Harhangi, B. Zhu, M.S.M. Jetten, C. Yin, 
H.J.M.O.D. Camp, Co-occurrence and distribution of nitrite-
dependent anaerobic ammonium and methane-oxidizing 
bacteria in a paddy soil, FEMS Microbiol. Lett., 336 (2012) 79–88.

[27] C. Deusner, T. Holler, G.L. Arnold, S.M. Bernasconi, 
M.J. Formolo, B. Brunner, Sulfur and oxygen isotope fractiona-
tion during sulfate reduction coupled to anaerobic oxidation of 
methane is dependent on methane concentration, Earth Planet. 
Sci. Lett., 399 (2014) 61–73.

[28] S.J. Hallam, N. Putnam, C.M. Preston, J.C. Detter, D. Rokhsar, 
P.M. Richardson, E.F. DeLong, Reverse methanogenesis: testing 
the hypothesis with environmental genomics, Science, 305 
(2004) 1457–1462.

[29] A. Meyerdierks, M. Kube, I. Kostadinov, H. Teeling, 
F.O. Glöckner, R. Reinhardt, R. Amann, Metagenome and 
mRNA expression analyses of anaerobic methanotrophic 
archaea of the ANME-1 group, Environ. Microbiol., 12 (2010) 
422–439.

[30] A. Arshad, D.R. Speth, R.M. de Graaf, H.J.M. Op den Camp, 
M.S.M. Jetten, C.U. Welte, A metagenomics-based metabolic 
model of nitrate-dependent anaerobic oxidation of methane by 
methanoperedens-like archaea, Front. Microbiol., 6 (2015) 1–14.

[31] S.J. Hallam, P.R. Girguis, C.M. Preston, P.M. Richardson, 
E.F. DeLong, Identification of methyl coenzyme M reductase 
A (mcrA) genes associated with methane-oxidizing archaea, 
Appl. Environ. Microbiol., 69 (2003) 5483–5491.

[32] L. Shen, A review of study on microbial ecology of nitrate-
dependent anaerobic methane oxidation, Turang Xuebao, 
52 (2015) 713–722.

[33] R.K. Thauer, S. Shima, Biogeochemistry: methane and microbes, 
Nature, 440 (2006) 878–879.

[34] A.M. Laverman, P. Van Cappellen, D. Van Rotterdam-Los, 
C. Pallud, J. Abell, Potential rates and pathways of microbial 
nitrate reduction in coastal sediments, FEMS Microbiol. Ecol., 
58 (2006) 179–192.

[35] K.F. Ettwig, T. van Alen, K.T. van de Pas-Schoonen, M.S. Jetten, 
M. Strous, Enrichment and molecular detection of denitrifying 
methanotrophic bacteria of the NC10 phylum, Appl. Environ. 
Microbiol., 75 (2009) 3656–3662.

[36] Z.S. Qian, L. Fu, J. Ding, Z.W. Ding, J.Z. Raymond, Enrichment 
of denitrifying anaerobic methane oxidation microbes in a 
hollow fiber mambrane bioreactor, J. Univ. Sci. Technol. China, 
44 (2014) 887–892.

[37] X.W. Zhang, K. Liu, P. Li, J.J.J. Jiao, V. Dvornyk, J.D. Gu, 
Molecular existence and diversity of nitrite-dependent 
anaerobic methane oxidizing (n-damo) bacteria in the lakes of 
badain of the gobi desert, Geomicrobiol. J., 36 (2019) 522–532.

[38] M. Hatamoto, M. Kimura, T. Sato, M. Koizumi, M. Takahashi, 
S. Kawakami, N. Araki, T. Yamaguchi, Enrichment of deni-
trifying methane-oxidizing microorganisms using up-flow 
continuous reactors and batch cultures, PLos One, 9 (2014) 
e115823.

[39] R. Ma, Z. Hu, J. Zhang, H. Ma, L. Jiang, D. Ru, Reduction 
of greenhouse gases emissions during anoxic wastewater 
treatment by strengthening nitrite-dependent anaerobic 
methane oxidation process, Bioresource Technol., 235 (2017) 
211–218.

[40] F. Luesken, T. van Alen, E. van der Biezen, C. Frijters, G. Toonen, 
C. Kampman, T. Hendrickx, G. Zeeman, H. Temmink, M. Strous, 
H. Op den Camp, M. Jetten, Diversity and enrichment of 
nitrite-dependent anaerobic methane oxidizing bacteria from 
wastewater sludge, Appl. Microbiol. Biotechnol., 92 (2011) 
845–854.

[41] Z.F. He, S. Geng, Y.W. Pan, C.Y. Cai, J.Q. Wang, L.Q. Wang, 
S. Liu, P. Zheng, X.H. Xu, B.L. Hu, Improvement of the trace 
metal composition of medium for nitrite-dependent anaerobic 
methane oxidation bacteria: iron(II) and copper(II) make a 
difference, Water Res., 85 (2015) 235–243.

[42] C. Kampman, T.L.G. Hendrickx, F.A. Luesken, T.A. van Alen, 
H.J.M. Op den Camp, M.S.M. Jetten, G. Zeeman, C.J.N. Buisman, 
H. Temmink, Enrichment of denitrifying methanotrophic 
bacteria for application after direct low-temperature anaerobic 
sewage treatment, J. Hazard. Mater., 227–228 (2012) 164–171.

[43] B. Zhu, G.V. Dijk, C. Fritz, A.J.P. Smolders, A. Pol, 
M.S.M. Jetten, K.F. Ettwig, Anaerobic oxidization of methane 
in a minerotrophic peatland: enrichment of nitrite-dependent 
methane-oxidizing bacteria, Appl. Environ. Microbiol., 78 (2012) 
8657–8665.

[44] Y. Shi, S. Hu, J. Lou, P. Lu, J. Keller, Z. Yuan, Nitrogen removal 
from wastewater by coupling anammox and methane-
dependent denitrification in a membrane biofilm reactor, 
Environ. Sci. Technol., 47 (2013) 11577–11583.

[45] C. Kampman, H. Temmink, T.L. Hendrickx, G. Zeeman, 
C.J. Buisman, Enrichment of denitrifying methanotrophic 
bacteria from municipal wastewater sludge in a membrane 
bioreactor at 20°C, J. Hazard. Mater., 274 (2014) 428–435.

[46] B. Hu, Z. He, S. Geng, C. Cai, L. Lou, P. Zheng, X. Xu, Cultivation 
of nitrite-dependent anaerobic methane-oxidizing bacteria: 
impact of reactor configuration, Appl. Microbiol. Biotechnol., 
98 (2014) 7983–7991.

[47] S. Wang, Q. Wu, T. Lei, L. Peng, H. Xia, Enrichment of 
denitrifying methanotrophic bacteria from Taihu sediments 
by a membrane biofilm bioreactor at ambient temperature, 
Environ. Sci. Pollut. Res. Int., 23 (2015) 5627–5634.

[48] T. Allegue, A. Arias, N. Fernandez-Gonzalez, F. Omil, 
J.M. Garrido, Enrichment of nitrite-dependent anaerobic methane 
oxidizing bacteria in a membrane bioreactor, Chem. Eng. J., 
347 (2018) 721–730.

[49] E.R. Hall, A. Monti, W.W. Mohn, A comparison of bacterial 
populations in enhanced biological phosphorus removal 
processes using membrane filtration or gravity sedimentation 
for solids-liquid separation, Water Res., 44 (2010) 2703–2714.

[50] R.C. Jin, B.L. Hu, P. Zheng, M. Qaisar, A.H. Hu, E. Islam, 
Quantitative comparison of stability of ANAMMOX process in 
different reactor configurations, Bioresour. Technol., 99 (2008) 
1603–1609.

[51] M. Strous, J.J. Heijnen, J.G. Kuenen, M.S.M. Jetten, The sequenc-
ing batch reactor as a powerful tool for the study of slowly 
growing anaerobic ammonium-oxidizing microorganisms, Appl. 
Microbio. Biotechnol., 50 (1998) 589–596.

[52] Y. Qin, S. Zhou, Enrichment and molecular diversity of anam-
mox bacteria in uasb reactor, Environ. Prot. Eng., 35 (2009) 17–26.

[53] O. Modin, K. Fukushi, F. Nakajima, K. Yamamoto, Nitrate 
removal and biofilm characteristics in methanotrophic 
membrane biofilm reactors with various gas supply regimes, 
Water Res., 44 (2010) 85–96.

[54] T. Ahmed, M.J. Semmens, M.A. Voss, Energy loss characteristics 
of parallel flow bubbleless hollow fiber membrane aerators, 
J. Membr. Sci., 171 (2000) 87–96.

[55] H. Hasar, U. Ipek, Gas permeable-membrane for hydrogeno-
trophic denitrification, Clean Soil Air Water, 38 (2010) 23–26.

[56] K.C. Lee, B.E. Rittmann, Applying a novel autohydrogenotrophic 
hollow-fiber membrane biofilm reactor for denitrification of 
drinking water, Water Res., 36 (2002) 2040–2052.

[57] S. Xia, F. Zhong, Y. Zhang, H. Li, X. Yang, Bio-reduction of 
nitrate from groundwater using a hydrogen-based membrane 
biofilm reactor, J. Environ. Sci., 22 (2010) 257–262.

[58] Z.W. Ding, Y.Z. Lu, L. Fu, J. Ding, R.J. Zeng, Simultaneous 
enrichment of denitrifying anaerobic methane-oxidizing micro-
organisms and anammox bacteria in a hollow-fiber membrane 
biofilm reactor, Appl. Microbiol. Biotechnol., 101 (2017) 437–446.

[59] J. Ding, Y.Z. Lu, L. Fu, Z.W. Ding, Y. Mu, S.H. Cheng, 
R.J. Zeng, Decoupling of DAMO archaea from DAMO bacteria 
in a methane driven microbial fuel cell, Water Res., 110 (2017) 
112–119.

[60] S. Hu, R.J. Zeng, J. Keller, P.A. Lant, Z. Yuan, Effect of nitrate and 
nitrite on the selection of microorganisms in the denitrifying 
anaerobic methane oxidation process, Environ. Microbiol. Rep., 
3 (2011) 315–319.

[61] L.A. Fu, J. Ding, Y.Z. Lu, Z.W. Ding, Y.N. Bai, R.J. Zeng, Hollow 
fiber membrane bioreactor affects microbial community and 



Y. Shi et al. / Desalination and Water Treatment 196 (2020) 23–3232

morphology of the DAMO and Anammox co-culture system, 
Bioresour. Technol., 232 (2017) 247–253.

[62] Q.L. Wang, H.R. Duan, W. Wei, B.J. Ni, A. Laloo, Z.G. Yuan, 
Achieving stable mainstream nitrogen removal via the nitrite 
pathway by sludge treatment using free ammonia, Environ. Sci. 
Technol., 51 (2017) 9800–9807.

[63] J.M. Yarbrough, J.B. Rake, R.G. Eagon, Bacterial inhibitory 
effects of nitrite: inhibition of active transport, but not of group 
translocation, and of intracellular enzymes, Appl. Environ. 
Microbiol., 39 (1980) 831–834.

[64] O. Rasigraf, D.M. Kool, M.S. Jetten, J.D. Sinninghe, K.F. Ettwig, 
Autotrophic carbon dioxide fixation via the Calvin-Benson-
Bassham cycle by the denitrifying methanotroph “Candidatus 
Methylomirabilis oxyfera”, Appl. Environ. Microbiol., 80 (2014) 
2451–2460.

[65] J. Zhao, X.X. Wang, X.Y. Li, S.Y. Jia, Y.Z. Peng, Advanced nutrient 
removal from ammonia and domestic wastewaters by a novel 
process based on simultaneous partial nitrification-anammox 
and modified denitrifying phosphorus removal, Chem. Eng. J., 
354 (2018) 589–598.

[66] R. Zhao, L. Zhu, Q. Wu, J. L.Chang, L.G. Shao, P. Liang, 
X. Huang, Effect of environmental factors on nitrite-dependent 
denitrifying anaerobic methane oxidation, Acta Sci. Circumst., 
37 (2017) 178–184.

[67] Y. Zhang, J.P. Henriet, J. Bursens, N. Boon, Stimulation of in 
vitro anaerobic oxidation of methane rate in a continuous high-
pressure bioreactor, Bioresour. Technol., 101 (2010) 3132–3138.

[68] C. Deusner, V. Meyer, T.G. Ferdelman, High-pressure systems 
for gas-phase free continuous incubation of enriched marine 
microbial communities performing anaerobic oxidation of 
methane, Biotechnol. Bioeng., 105 (2010) 524–533.

[69] N.J.R. Kraakman, J. Rocha-Rios, M.C.M.V. Loosdrecht, Review 
of mass transfer aspects for biological gas treatment, Appl. 
Microbiol. Biotechnol., 91 (2011) 873–886.

[70] L. Fu, Z.W. Ding, J. Ding, F. Zhang, R.J. Zeng, The role of 
paraffin oil on the interaction between denitrifying anaerobic 
methane oxidation and Anammox processes, Appl. Microbiol. 
Biotechnol., 99 (2015) 7925–7936.

[71] O. Modin, K. Fukushi, F. Nakajima, K. Yamamoto, Performance 
of a membrane biofilm reactor for denitrification with methane, 
Bioresour. Technol., 99 (2008) 8054–8060.

[72] C. Duan, M. Luo, C. Yang, H. Jiang, X. Xing, Effects of different 
hollow fiber membrane modules on bubbless aeration of 
methane and oxygen, Chin. J. Process Eng., 10 (2010) 395–399.

[73] A. Terada, S. Kaku, S. Matsumoto, S. Tsuneda, Rapid 
autohydrogenotrophic denitrification by a membrane biofilm 
reactor equipped with a fibrous support around a gas-
permeable membrane, Biochem. Eng. J., 31 (2006) 84–91.

[74] S. Xu, W. Lu, M.F. Mustafa, L.M. Caicedo, H. Guo, X. Fu, 
H. Wang, Co-existence of anaerobic ammonium oxidation 
bacteria and denitrifying anaerobic methane oxidation bacteria 
in sewage sludge: community diversity and seasonal dynamics, 
Microb. Ecol., 74 (2017) 832–840.

[75] F.A. Luesken, M.L. Wu, H.J.M. Op den Camp, J.T. Keltjens, 
H. Stunnenberg, K.-J. Francoijs, M. Strous, M.S.M. Jetten, 
Effect of oxygen on the anaerobic methanotroph ‘Candidatus 
Methylomirabilis oxyfera’: kinetic and transcriptional analysis, 
Environ. Microbiol., 14 (2012) 1024–1034.

[76] M. Ibrahim, N. Yusof, M.Z. Mohd Yusoff, M.A. Hassan, 
Enrichment of anaerobic ammonium oxidation (anammox) 
bacteria for short start-up of the anammox process: a review, 
Desal. Water Treat., 57 (2015) 13958–13978.

[77] Z.F. He, S. Geng, L.D. Shen, L.P. Lou, P. Zheng, X.H. Xu, B.L. Hu, 
The short- and long-term effects of environmental conditions 
on anaerobic methane oxidation coupled to nitrite reduction, 
Water Res., 68 (2015) 554–562.

[78] Z.F. He, S. Geng, L.Q. Wang, C.Y. Cai, J.Q. Wang, J.Q. Liu, 
P. Zheng, X.H. Xu, B.L. Hu, Improvement of mineral nutrient 
concentrations and pH control for the nitrite-dependent 
anaerobic methane oxidation process, Sep. Purif. Technol., 
162 (2016) 148–153.

[79] R. Balasubramanian, S.M. Smith, S. Rawat, L.A. Yatsunyk, 
T.L. Stemmler, A.C. Rosenzweig, oxidation of methane by a 
biological dicopper center, Nature, 465 (2010) 115–119.

[80] M.L. Wu, J.C.T. Wessels, A. Pol, H.J.M. Op den Camp, 
M.S. Jetten, L. van Niftrik, An XoxF-type methanol dehy-
drogenase from the anaerobic Methanotroph ‘Candidatus 
Methylomirabilis oxyfera’, Appl. Environ. Microbiol., 81 (2015) 
1442–1451.

[81] M. Hatamoto, S. Nemoto, T. Yamaguchi, Effects of copper 
and PQQ on the denitrification activities of microorganisms 
facilitating nitrite- and nitrate-dependent DAMO reaction, Int. 
J. Environ. Res., 12 (2018) 749–753.

[82] J. Wang, M. Hua, Y. Li, F. Ma, P. Zheng, B. Hu, Achieving high 
nitrogen removal efficiency by optimizing nitrite-dependent 
anaerobic methane oxidation process with growth factors, 
Water Res., 161 (2019) 35–42.

[83] K. Nauhaus, A. Boetius, M. Kruger, F. Widdel, In vitro 
demonstration of anaerobic oxidation of methane coupled to 
sulphate reduction in sediment from a marine gas hydrate area, 
Environ. Microbiol., 4 (2002) 296–305.

[84] K.F. Ettwig, B.L. Zhua, D. Spetha, J.T. Keltjensa, M.S.M. Jettena, 
B. Kartala, Archaea catalyze iron-dependent anaerobic oxidation of 
methane, Proc. Natl. Acad. Sci. U.S.A., 113 (2016) 12792–12796.

[85] A.O. Leu, C. Cai, S.J. McIlroy, G. Southam, V.J. Orphan, Z. Yuan, 
S. Hu, G.W. Tyson, Anaerobic methane oxidation coupled to 
manganese reduction by members of the Methanoperedenaceae, 
ISME J., 14 (2020) 1030–1041.

[86] F.A. Luesken, J. Sanchez, T.A. van Alen, J. Sanabria, H.J. Op den 
Camp, M.S. Jetten, B. Kartal, Simultaneous nitrite-dependent 
anaerobic methane and ammonium oxidation processes, Appl. 
Environ. Microbiol., 77 (2011) 6802–6807.


	OLE_LINK52
	OLE_LINK142
	OLE_LINK51
	OLE_LINK45
	OLE_LINK39
	OLE_LINK203
	OLE_LINK262
	OLE_LINK265
	OLE_LINK266
	OLE_LINK54
	OLE_LINK55
	OLE_LINK48
	OLE_LINK7
	OLE_LINK8
	OLE_LINK11
	OLE_LINK10
	OLE_LINK58
	OLE_LINK60
	OLE_LINK59
	OLE_LINK61
	OLE_LINK63
	OLE_LINK62
	OLE_LINK274
	OLE_LINK275
	OLE_LINK26
	OLE_LINK30
	OLE_LINK189
	OLE_LINK256
	OLE_LINK386
	OLE_LINK387
	OLE_LINK383
	OLE_LINK384
	OLE_LINK385
	OLE_LINK311
	OLE_LINK312
	OLE_LINK313
	OLE_LINK348
	OLE_LINK72
	OLE_LINK73
	OLE_LINK76
	OLE_LINK77
	OLE_LINK78
	OLE_LINK164
	OLE_LINK162
	OLE_LINK131
	OLE_LINK165
	OLE_LINK163
	OLE_LINK161
	OLE_LINK20
	OLE_LINK130
	OLE_LINK19
	OLE_LINK352
	OLE_LINK353
	OLE_LINK357
	OLE_LINK355
	OLE_LINK356
	OLE_LINK332
	_Hlk29999333
	OLE_LINK441
	OLE_LINK442
	OLE_LINK309
	OLE_LINK310
	OLE_LINK329
	OLE_LINK330
	OLE_LINK366
	OLE_LINK367
	OLE_LINK83
	OLE_LINK82
	OLE_LINK166
	OLE_LINK183
	OLE_LINK84
	OLE_LINK85
	OLE_LINK168
	OLE_LINK167
	OLE_LINK86
	_Hlk509925783
	OLE_LINK185
	OLE_LINK184
	OLE_LINK180
	OLE_LINK182
	OLE_LINK175
	OLE_LINK177
	OLE_LINK169
	OLE_LINK174
	OLE_LINK170
	OLE_LINK173
	OLE_LINK171
	OLE_LINK178
	OLE_LINK172
	OLE_LINK176
	OLE_LINK181
	OLE_LINK179
	OLE_LINK88
	OLE_LINK87
	OLE_LINK186
	OLE_LINK187
	OLE_LINK49
	OLE_LINK143
	OLE_LINK188
	OLE_LINK257
	OLE_LINK261
	OLE_LINK432
	OLE_LINK433
	OLE_LINK12
	OLE_LINK13
	OLE_LINK194
	OLE_LINK211
	OLE_LINK210
	OLE_LINK212
	OLE_LINK6
	OLE_LINK5
	OLE_LINK90
	OLE_LINK89
	OLE_LINK91
	OLE_LINK92
	OLE_LINK50
	OLE_LINK53
	OLE_LINK213
	OLE_LINK214
	OLE_LINK215
	OLE_LINK216
	OLE_LINK225
	OLE_LINK226
	OLE_LINK21
	OLE_LINK22
	OLE_LINK253
	OLE_LINK251
	OLE_LINK252
	OLE_LINK217
	OLE_LINK218
	OLE_LINK244
	OLE_LINK243
	OLE_LINK227
	OLE_LINK228
	OLE_LINK235
	OLE_LINK220
	OLE_LINK219
	OLE_LINK221
	OLE_LINK222
	OLE_LINK224
	OLE_LINK223
	OLE_LINK230
	OLE_LINK229
	OLE_LINK237
	OLE_LINK236
	OLE_LINK231
	OLE_LINK232
	OLE_LINK233
	OLE_LINK18
	OLE_LINK17
	OLE_LINK238
	OLE_LINK234
	OLE_LINK248
	OLE_LINK247
	OLE_LINK249
	OLE_LINK250
	OLE_LINK344
	OLE_LINK345
	OLE_LINK94
	OLE_LINK93
	OLE_LINK100
	OLE_LINK105
	OLE_LINK103
	OLE_LINK97
	OLE_LINK99
	OLE_LINK104
	OLE_LINK96
	OLE_LINK101
	OLE_LINK102
	OLE_LINK95
	OLE_LINK98
	OLE_LINK254
	OLE_LINK107
	OLE_LINK106
	OLE_LINK111
	OLE_LINK198
	OLE_LINK110
	OLE_LINK109
	OLE_LINK23
	OLE_LINK24
	OLE_LINK108
	OLE_LINK112
	OLE_LINK25
	OLE_LINK114
	OLE_LINK113
	OLE_LINK116
	OLE_LINK115
	OLE_LINK41
	OLE_LINK118
	OLE_LINK117
	OLE_LINK239
	OLE_LINK14
	OLE_LINK15
	OLE_LINK56
	OLE_LINK57
	OLE_LINK240
	OLE_LINK246
	OLE_LINK245
	OLE_LINK242
	OLE_LINK241
	OLE_LINK29
	OLE_LINK28
	OLE_LINK144
	OLE_LINK146
	OLE_LINK145
	OLE_LINK268
	OLE_LINK267
	OLE_LINK69
	OLE_LINK70
	OLE_LINK259
	OLE_LINK260
	OLE_LINK71
	OLE_LINK74
	OLE_LINK119
	OLE_LINK75
	OLE_LINK121
	OLE_LINK120
	OLE_LINK123
	OLE_LINK122
	OLE_LINK126
	OLE_LINK127
	OLE_LINK258
	OLE_LINK27
	OLE_LINK124
	OLE_LINK125
	OLE_LINK128
	OLE_LINK264
	OLE_LINK263
	OLE_LINK33
	OLE_LINK133
	OLE_LINK132
	OLE_LINK273
	OLE_LINK129
	OLE_LINK271
	OLE_LINK270
	OLE_LINK269
	OLE_LINK134
	OLE_LINK135
	OLE_LINK272
	OLE_LINK136
	OLE_LINK137
	OLE_LINK34
	OLE_LINK35
	OLE_LINK138
	OLE_LINK139
	OLE_LINK277
	OLE_LINK278
	OLE_LINK43
	OLE_LINK42
	OLE_LINK280
	OLE_LINK279
	OLE_LINK141
	OLE_LINK140
	OLE_LINK44
	OLE_LINK285
	OLE_LINK286
	OLE_LINK284
	OLE_LINK283
	OLE_LINK16
	OLE_LINK287
	OLE_LINK288
	OLE_LINK295
	OLE_LINK296
	OLE_LINK294
	OLE_LINK293
	OLE_LINK291
	OLE_LINK290
	OLE_LINK292
	OLE_LINK305
	OLE_LINK304
	OLE_LINK68
	OLE_LINK67
	OLE_LINK66
	OLE_LINK147
	OLE_LINK148
	OLE_LINK297
	OLE_LINK298
	OLE_LINK32
	OLE_LINK31
	OLE_LINK149
	OLE_LINK300
	OLE_LINK299
	OLE_LINK150
	OLE_LINK152
	OLE_LINK151
	OLE_LINK155
	OLE_LINK156
	OLE_LINK153
	OLE_LINK154
	OLE_LINK276
	_ENREF_1
	_ENREF_2
	_ENREF_3
	_ENREF_4
	_ENREF_5
	_ENREF_6
	_ENREF_7
	_ENREF_8
	_ENREF_9
	_ENREF_10
	_ENREF_11
	_ENREF_12
	_ENREF_13
	_ENREF_14
	_ENREF_15
	_ENREF_16
	_ENREF_17
	_ENREF_18
	_ENREF_19
	_ENREF_20
	_ENREF_21
	_ENREF_22
	_ENREF_23
	_ENREF_24
	_ENREF_25
	_ENREF_26
	_ENREF_27
	_ENREF_28
	_ENREF_29
	_ENREF_30
	_ENREF_31
	_ENREF_32
	_ENREF_33
	_ENREF_34
	_ENREF_35
	_ENREF_36
	_ENREF_37
	_ENREF_38
	_ENREF_39
	_ENREF_40
	_ENREF_41
	_ENREF_43
	_ENREF_44
	_ENREF_45
	_ENREF_46
	_ENREF_47
	_ENREF_48
	_ENREF_49
	_ENREF_50
	_ENREF_51
	_ENREF_52
	_ENREF_53
	_ENREF_54
	_ENREF_55
	_ENREF_56
	_ENREF_57
	_ENREF_58
	_ENREF_59
	_ENREF_60
	_ENREF_61
	_ENREF_62
	_ENREF_63
	_ENREF_64
	_ENREF_65
	_ENREF_66
	_ENREF_67
	_ENREF_68
	_ENREF_69
	_ENREF_70
	_ENREF_71
	_ENREF_72
	_ENREF_73
	_ENREF_74
	_ENREF_75
	_ENREF_76
	_ENREF_77
	_ENREF_78
	_ENREF_79
	_ENREF_80
	_ENREF_81
	_ENREF_82
	_ENREF_83
	_ENREF_84
	_ENREF_85
	_ENREF_86
	_ENREF_87

