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Abstract The co-culture system of denitrifying anaerobic
methane oxidation (DAMO) and anaerobic ammonium oxi-
dation (Anammox) has a potential application in wastewater
treatment plant. This study explored the effects of permutation
and combination of nitrate, nitrite, and ammonium on the
culture enrichment from freshwater sediments. The co-
existence of NO3

−, NO2
−, and NH4

+ shortened the enrichment
time from 75 to 30 days and achieved a total nitrogen removal
rate of 106.5 mg/L/day on day 132. Even though ammonium
addition led to Anammox bacteria increase and a higher nitro-
gen removal rate, DAMO bacteria still dominated in different
reactors with the highest proportion of 64.7% and the maxi-
mum abundance was 3.07 ± 0.25 × 108 copies/L (increased by
five orders of magnitude) in the nitrite reactor. DAMO bacte-
ria showed greater diversity in the nitrate reactor, and one was
similar to M. oxyfera; DAMO bacteria in the nitrite reactor
were relatively unified and similar to M. sinica. Interestingly,
no DAMO archaea were found in the nitrate reactor. This
studywill improve the understanding of the impact of nitrogen
source on DAMO and Anammox co-culture enrichment.
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Introduction

Methane is a powerful greenhouse gas, whose global warming
potential is about 25 times more than that of carbon dioxide.
The ocean covers 70% of the earth’s surface, and more than
90% of escaped methane from marine sediment is consumed
by anaerobic oxidation through the methane process (Knittel
and Boetius 2009). Anaerobic oxidation of methane (AOM)
represents a large methane sink, which considerably reduces
greenhouse gas emissions. For a long time, the only electron
acceptor during AOM was thought to be sulfate until
Raghoebarsing et al. (2006) discovered that nitrate and nitrite
could also be reduced by methane as the electron donor. The
process became known as the denitrifying anaerobic methane
oxidation (DAMO) process. It is widely accepted that DAMO
microorganisms are divided to two kinds based on the electron
acceptor: one is DAMO archaea transforming nitrate to nitrite,
and the other is DAMO bacteria reducing nitrite to nitrogen
gas (Ettwig et al. 2010; Haroon et al. 2013). All DAMO ar-
chaea are enriched under nitrate conditions as they disappear
when only nitrite instead of nitrite and nitrate is provided to
DAMO archaea and DAMO bacteria in mixed culture (Ettwig
et al. 2008; Hu et al. 2011).Most DAMO bacteria are enriched
under nitrite conditions, but one recent study has reported that
DAMO bacteria are also successfully enriched when only ni-
trate is supplied (Wang et al. 2016), but this result needs fur-
ther confirmation.

DAMO microorganisms are widespread in nature, such as
in freshwater lake sediment, halophilic marine environments,
paddy soils, agricultural drainage water, wetland ecosystems,
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wastewater sludge, etc. (Ettwig et al. 2009; He et al. 2015a; He
et al. 2015b; Luesken et al. 2011b; Zhu et al. 2010).
Furthermore, it is well known that the anaerobic ammonium
oxidation (Anammox) process, which couples ammonium ox-
idation with nitrite reduction under anaerobic conditions, rep-
resents 50% of the nitrogen turnover in the marine environ-
ment (Schmid et al. 2007). Anammox bacteria are widespread
in various natural ecosystems, such as marine sediments,
freshwater sediments, wastewater treatment plants, etc. (Hu
et al. 2012; Mulder et al. 1995; Schmid et al. 2007). In the
traditional denitrifying process, N2O is usually released to the
atmosphere and it is a powerful (300 times of CO2) green-
house gas that can deplete ozone in the stratosphere.
However, nitrous oxide is not produced in DAMO and
Anammox processes (Ettwig et al. 2010; Kartal et al. 2011).

Nitrate, nitrite, and ammonium are important nitrogen
forms in the environment, and these three different nitrogen
forms often co-exist in nature. DAMO and Anammox micro-
organisms inhabit the same environment, which means there
may be interactions between them. The Anammox process
could interact with the DAMO process via nitrite, because
nitrite is not only a substrate for Anammox bacteria, but is
also the reduced product of DAMO archaea and the electron
acceptor for DAMO bacteria. Furthermore, nitrate is a by-
product of the Anammox process and the electron acceptor
for DAMO archaea. The DAMO-combined Anammox sys-
tem is a potential biological nitrogen removal technology, uti-
lizing methane as the only electron donor to completely re-
move nitrate, nitrite, and ammonium in anaerobic condition.
For example, the effluent from an anaerobic digester contain-
ing methane and ammonium is suitable for this system.

Different nitrogen source conditions will affect community
composition. It has been reported that Anammox bacteria
were enriched in DAMO bacterial cultures after ammonium
addition (Luesken et al. 2011a) and that DAMO bacteria were
enriched in Anammox bioreactors after methane had been
provided (Zhu et al. 2011). DAMO archaea, DAMO bacteria,
and Anammox bacteria have been simultaneously enriched
using a mixed inoculum that included methanogenic sludge
and activated sludge under nitrate, ammonium, and methane
conditions (Ding et al. 2014), and proportions of the three
microorganisms were changed after a 2-year operation in a
membrane biofilm reactor (Shi et al. 2013). When ammoni-
um/nitrate/methane or ammonium/nitrite/methane were pro-
vided to mixed cultures of DAMO archaea, DAMO bacteria,
and Anammox bacteria, the DAMO bacteria disappeared un-
der both conditions after 259 days of operation, which showed
that Anammox bacteria outcompeted DAMO bacteria (Hu
et al. 2015). However, Chen et al. (2014) reported that
DAMO bacteria had a relatively higher affinity for nitrite than
Anammox bacteria. The contradiction suggests that different
nitrogen sources may play important roles in the DAMO cul-
ture enrichment process and in the microbial community and

that the nitrogen source effect is far more complicated than
previously thought. However, there has been no systematic
study of nitrogen source influence on DAMO culture enrich-
ment, such as its effects on nitrogen removal rate or the mi-
crobial community.

In this study, we explored the impact of nitrogen source on
the DAMO culture and Anammox bacteria enrichment pro-
cess. Nitrate, nitrite, and ammonium were grouped and pro-
vided in different combinations to different reactors. The re-
actor performances were monitored, and the microbial com-
munities were analyzed using quantitative polymerase chain
reaction (qPCR), 16s ribosomal RNA (rRNA) amplicon se-
quencing, phylogenetic analysis, and statistical analysis.
Investigating the effect of nitrogen source on DAMO micro-
organisms and Anammox bacteria during the enrichment pe-
riod should provide a better understanding of nitrogen source
impact on their enrichment.

Materials and methods

Inoculum and the enrichment process

The inoculumwas taken from a freshwater lake (31°16′38.23″
N and 120°43′21.17″E) sediment in Suzhou, China, in
July 2014. The sediment was sifted with a 280-μm sieve to
remove large impurities, and the permeated liquid was washed
three times with a mineral medium whose composition has
been described in a previous study (Fu et al. 2015) to remove
the dissolved organic carbon. The above steps took place in an
anaerobic environmental chamber (BACTRON300 SHEL
LAB, Sheldon Manufacturing, USA).

To compare the nitrogen source effect on DAMOmicroor-
ganism enrichment (Table 1), NO3

−-N, NO2
−-N, and NH4

+-N
were added to the N1 reactor; NO3

−-N and NH4
+-N were

added to the N2 reactor; NO3
−-N was added to the N3 reactor;

NO2
−-N and NH4

+-N were added to the N4 reactor; and
NO2

−-N was added to the N5 and N6 reactors. The N6 reactor
contained nitrogen gas as the control, and the other reactors
had a methane atmosphere. The NO sample was the inoculum
before enrichment. The inoculum was transferred to the six

Table 1 Reactor names and experimental conditions

Reactor name Nitrogen addition Headspace gas

N1 NO3
−, NO2

−, NH4
+ CH4

N2 NO3
−, NH4

+ CH4

N3 NO3
− CH4

N4 NO2
−, NH4

+ CH4

N5 NO2
− CH4

N6 NO2
− N2
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reactors, which had a total volume of 500 mL and a working
volume of 300 mL. The reactors were continually stirred by
magnetic stirrers at about 200 rpm. After the reactors were
settled for 12 h, a total of 100 mL supernatant was exchanged
with fresh anaerobic mineral medium every month. Finally,
the reactors were sparged with CH4/CO2 (95/5, v/v) or N2/CO2

(95/5, v/v) for more than 15 min to ensure anaerobic condi-
tions. The initial concentrations of nitrate, nitrite, and ammo-
nium in the reactors were 50, 10, and 50mgN/L, respectively.
The inoculum concentration in the reactors was 1.12 g volatile
suspended solids/L. The methane consumption in the reactors
was monitored to evaluate DAMO activity over the 140–165-
day duration of the experiment.

Chemical analysis

Nitrate, nitrite, and ammonium levels in the liquid were ana-
lyzed using a water quality autoanalyzer (Thermo Fisher
Scientific, Aquakem 200, Finland), and methane in the head-
space was measured by gas chromatography (Fuli, 9790,
Zhejiang, China). The detailed methods have been described
previously (Fu et al. 2015).

Biological analysis

DNA extraction, PCR, quantitative PCR, and phylogenetic
analysis

Liquid samples (12 mL) were sampled from the six reactors
on day 0 (NO) and the 165th day (N1–N6) and centrifuged at
8000×g for 5 min to harvest the suspended solids for DNA
extraction using a PowerSoil DNA Isolation Kit (Mo Bio
Laboratories, USA).

The PCR method was utilized to evaluate the existence of
DAMO microorganisms and Anammox bacteria. Primers
DP142F and DP779R were used to detect DAMO archaea
(Ding et al. 2015), primers 202F and 1043R were used to
detect DAMO bacteria (Ettwig et al. 2009), primers
Amx368F and Amx820R were used to detect Anammox bac-
teria (Wang et al. 2015), and primers 27F and 1492R were
used to amplify the bacteria (Lane 1991).

The qPCR was performed on a LightCycler480 Software
Setup (Roche, Basel, Switzerland) using SG Fast qPCR
Master Mix (Bio Basic Inc., Markham, Canada) to estimate
the copy numbers for DAMO bacteria and Anammox bacte-
ria. The extracted DNAwas used as the template. The primer
pairs, qP1F and qP2R, were based on the 16S rRNA gene for
DAMO bacteria, and hzsB_396F and hzsB_742R were based
on the Anammox hzsB gene for Anammox bacteria (Wang
et al. 2012). The double time was roughly calculated using
qPCR results based on the equation of DT = T × lg2 / lg(Nt/
N0), where DT is the double time, T is the time and its unit is

day, and Nt and N0 are copy numbers in the final and initial
times, respectively.

The extracted DNA was amplified with 202F and
1043R, which are specific primers for DAMO bacteria
(Ettwig et al. 2009). The PCR products were used to con-
duct TA cloning sequencing utilizing the pUCm-T vector
(Bio Basic Inc), and approximately 30 positive clones
from each sample (enriched from nitrate or nitrite) were
randomly selected and sequenced by Sangon Biotech
Company, Shanghai, China. The 16S rRNA sequences
were clustered into operational taxonomic units (OTUs)
by Mothur win_64 software (Schloss et al. 2009).
Phylogenetic analysis was performed using Mega 6.0
(Tamura et al. 2013), and the representative sequences
and some related sequences were obtained from a Basic
Local Alignment Search Tool (BLAST) search in the
National Center for Biotechnology Information (NCBI,
http://www.ncbi.nlm.nih.gov/). The sequences were
aligned by the muscle algorithm, and the phylogenetic
trees were constructed by the neighbor-joining statistical
method using the Kimura 2-parameter as the substitution
model. The bootstrap replications were set as 1000, and
the Acidobacteria served as an outgroup. The representa-
tive sequences were submitted to the GenBank database,
and the accession numbers were from KU376509 to
KU376513.

High-throughput sequencing and statistical analysis

The PCR amplifications used the 16S rRNA gene primer pair
PS5 (341b4F-806R) during high-throughput sequencing (Lu
et al. 2015). The 16s rRNA amplicon sequencing was per-
formed on the Illumina HiSeq platforms at Novogene,
Beijing, China. Effective tags were clustered into OTUs at
97% identity with UPARSE software (Edgar 2013). The se-
quencing data were submitted to the NCBI Sequence Read
Archive database, and the BioProject accession number was
PRJNA317910. RDP Classifier and the GreenGene database,
along with a representative sequence of each OTU, were used
to annotate the taxonomic data. The relationships between the
35 most abundant microorganism genera and environmental
factors were evaluated by Canoco 4.5 (ter Braak and Smilauer
2002). First, detrended correspondence analysis was conduct-
ed to decide if the ordination method was a unimodal or linear
model. Constrained ordination, such as linear model redun-
dancy analysis (RDA) and unimodal model canonical corre-
spondence analysis (CCA), was used to explore the changes in
species on specific ordination axes. When the length of the
first gradient was below 3, the linear model was reasonable,
but when the value was above 4, the unimodal model was
more appropriate, and when the value was between 3 and 4,
both models were feasible.
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Results

Reactor performance during the DAMO enrichment
process

During the enrichment process, the NO3
−-N, NO2

−-N, and
NH4

+-N concentrations were measured and their removal rates
are shown in Fig. 1. In the N1 reactor, the NO3

−-N, NO2
−-N, and

NH4
+-N removal rates gradually increased after a 30-day enrich-

ment and reached 41.2, 37.3, and 28.0 mg/L/day on day 132,
respectively. In N4, the nitrogen removal performance signifi-
cantly increased after a 75-day enrichment, and rNO2

−-N and
rNH4

+-N were 59.0 and 43.9 mg/L/day, respectively, on day
75. The rNO2

−-N concentration was 32.8 mg/L/day in N5 on
day 132. The nitrogen removal rates were relatively lower in N2
and N3 than in N1, N4, and N5 during the whole enrichment
process because rNO3

−-N and rNH4
+-N removal rates were be-

low 2.0 mg/L/day. The rNO2
−-N concentration in N6 quickly

increased to 3.6 mg/L/day on day 3, but then decreased to nearly
zero (0.2 mg/L/day) on day 132. Therefore, this treatment was
removed from the experiment. The total nitrogen removal rates
were N1 >N4 >N5 >N2 >N3. N1 andN4were higher because
they were provided with NH4

+-N and the enrichment cultures
might have contained Anammox bacteria, which would contrib-
ute to nitrogen removal.

The methane consumption test for DAMO activity was
conducted between days 140 and 165. As shown in Table 2,
the five reactors (N1–N5) consumed methane during this pe-
riod. The rCH4 consumption ranged between 12.83 ± 0.16 and
4.74 ± 0.18 mmol/day, with a consumption order of N5 > N4
> N1 > N2 > N3. Based on methane, nitrite, and nitrate con-
sumption results, it was found that more methane was oxi-
dized than calculated. For example, in N5, the ratio of nitrite
to methane is 2.67 in theory, but the experimental result was
2.02, the same to other reactors. These results suggested that
there could potentially be additional methane losses. In N1,
the ammonium consumption rate was 82.86 μmol/day, based
on Anammox reaction, and 50.43 μmol/day of nitrite should
be consumed, indicating that 68.4% of nitrite was converted
by Anammox process. Similarly, Anammox bacteria contrib-
uted 73.6% of total nitrite removal in N4.

Microbial community composition in the inoculum
and enrichment cultures

The PCR results showed that both DAMO archaea and
Anammox bacteria were not detectable in the inoculum, but
a small amount of DAMO bacteria were detected by the nest
PCR (first PCR to amplify bacteria and then PCR to amplify
DAMO bacteria results; data not shown). DAMO archaea and

Fig. 1 Nitrate, nitrite, and
ammonium removal rates in the
six reactors (N1, N2, N3, N4, N5,
N6)
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Anammox bacteria may also exist in the inoculum, but the
contents were too low to be detected. The composition of
the microbial communities in the inoculum and the en-
richment culture was characterized by the 16S rRNA-
based high-throughput sequencing method. The rarefac-
tion curves tended to approach the saturation plateau,
and the observed species did not increase significantly
after the sequence number reached 26,000 (Fig. 2). This
result indicated that the sequence number was reasonable
and that the sequences did represent most of the microbial
species used for further analysis. For the observed spe-
cies, the Shannon and Chao1 indexes for sample NO were
much higher than the others, which indicated that the en-
richment process reduced the diversity of the microbial
community compared to the inoculum. The wide coverage
revealed that more than 99% of the species in each sample
were obtained in all samples (Table S1).

The main microorganisms in NO–N6 were bacteria, the per-
centages were between 94.8 and 99.9%, and only a few fractions
were archaea. All sequences were classified from phylum to
genus, and the compositions of the different samples were sim-
ilar, but the distribution of each phylum and family varied
(Fig. 3). In the NO inoculum sample, the most abundant bacteria
were Proteobacteria (60.6%). However, after enrichment with
the different nitrogen sources, they decreased to 2.5, 23.9, 11.8,
6.1, 14.7, and 47.6% in N1–N6, respectively. NC10 bacteria
were successfully enriched after a 165-day cultivation and in-
creased from 2.3% in the inoculum to 51.3, 40.2, 38.9, 46.6,
and 64.7% in N1–N5, respectively, which represented 17–28-
fold increases compared to the inoculum. However, NC10 bac-
teria decreased to 0.3% in N6. All NC10 bacteria were classified
to the Candidatus Methylomirabilis genus, which indicated that
DAMO bacteria were enriched when the different nitrogen
sources were added. Proteobacteria, Gemmatimonadetes, and
Chlorofleximight have contributed to the small nitrogen removal
performance in N6.

NH4
+-N was added to the N1, N2, and N4 reactors, and in

addition, NO2
−-N was either provided or produced in these

reactors. Thus, Anammox bacterial activity should also be con-
sidered in these reactors. In the Planctomycetes phylum, the
Brocadiaceae familymembers that have anAnammox function
were 0.10% in NO, but increased to 6.77 and 11.68% in the N1
and N4 reactors, respectively. The percentages of Brocadiaceae
in other samples were low and showed little change compared
to the inoculum. The Comamonadaceae, a major group of β-
Proteobacteria, which are regarded as denitrifying bacteria in

Table 2 Nitrogen and methane consumption between days 140 to 165

Reactor
name

rNO3
−

(μmol/day)
rNO2

−

(μmol/day)
rNH4

+

(μmol/day)
rCH4

(μmol/day)

N1 16.99 ± 1.57 159.80 ± 0.82 82.86 ± 1.24 63.44 ± 10.44
N2 10.33 ± 0.08 – 0.81 ± 0.00 52.00 ± 1.81
N3 3.66 ± 0.00 – – 47.42 ± 1.82
N4 – 142.27 ± 1.88 79.36 ± 3.27 97.27 ± 10.19
N5 – 259.50 ± 1.12 – 128.33 ± 1.64
N6 – 2.27 ± 0.15 – –

Fig. 2 Rarefaction curves for
species abundance
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activated sludge (Khan et al. 2002), increased in the N2, N3,
and N6 reactors and could have slightly contributed to nitrogen
removal.

DAMO and Anammox bacterial abundance

DAMO and Anammox bacterial abundances were measured
using qPCR. The results revealed that, compared with the inoc-
ulum NO, the DAMO bacterial abundance in the N1–N5 reac-
tors increased four or five orders of magnitude after the 165-day
enrichment, especially for N1, N4, and N5 (Table 3). DAMO
bacteria increased from 8.82 ± 4.03 × 103 copies/L in NO to
1.84 ± 0.22 × 108, 2.37 ± 0.01 × 108, and 3.07 ± 0.25 × 108 in
N1, N4, andN5, respectively. They increased because nitrite was
provided toN1, N4, andN5. TheAnammox bacterial abundance
in N2 and N3 did not change much after enrichment, but they
increased from 9.38 ± 4.33 × 103 copies/L in NO to
5.01 ± 0.18 × 104 copies/L in N1 and 1.16 ± 0.19 × 105

copies/L in N4. However, they decreased to 5.05 ± 0.74 × 103

copies/L in N5. The Anammox bacterial increase was consider-
able because nitrite and ammonium co-existed inN1 andN4, and
this condition benefited Anammox bacterial growth. The qPCR
results showed that the doubling time for DAMO andAnammox
bacteria was 11.2 and 46.3 days in N4 (nitrite and ammonium
conditions), respectively.

Phylogenetic analysis

The average sequence length of high-throughput sequencing
was about 400 bp. Longer sequences are better for phylogenetic
analysis, so the PCR products of DAMO bacteria that had
841 bp were purified and then cloned and sequenced to identify
the difference in DAMObacteria between nitrate-enriched (N3)
and nitrite-enriched (N5) conditions in the phylogenetic tree.
The reconstructed phylogenetic tree, based on the 16S rRNA
sequences, is shown in Fig. 4. The DAMO bacteria sequences
under the nitrate enrichment condition (N3) were divided into
three groups, and the similarity between the sequences in each
group was more than 97%. Group 1 was similar (99–100%) to
DAMO bacteria enriched by methanogenic sludge and activat-
ed sludge mixtures; group 2 was similar (99%) to Candidatus
Methylomirabilis oxyfera; and group 3 was similar (99%) to
DAMO bacteria enriched by the Rhine sediment (Ettwig et al.
2009). Although the N5 sequences were classified into two
groups, the differences between the two groups were slight.
Both groups had high similarities (99%) with Candidatus
Methylomirabilis sinica sp., which is a new DAMO bacterial
species named by He et al. (2015c). The results indicated that
DAMObacteria were quite diverse under the nitrate enrichment
condition (N3), and they were similar to the DAMO bacteria
existing in the methanogenic sludge and activated sludge from
wastewater treatment plants and in freshwater lake sediments.

Fig. 3 Compositions and relative
abundances of the microbial
communities at the phylum (a)
and family (b) level in each
reactor (N1–6) and for the
inoculum (NO)
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In contrast, DAMObacteria diversity under the nitrite condition
(N5) was relatively simple and similar to theM. sinica found in
a paddy soil.

Relationship between the inoculum and different reactor
cultures

To compare the similarities and differences between the
samples, the shared OTUs were analyzed and the results
are shown in a Venn graph in Fig. 5a and summarized in
Table S2. NO2

−, NH4
+, and CH4 were added to both N1

and N4. However, NO3
− was also added to N1. They

shared 231 OTUs, which indicated that 35.1% of the
OTUs in N1 were independent of NO3

−. When comparing
reactors N2 and N3, and N1 and N3, there was NO3

− and
CH4 enrichment in the three reactors, but NH4

+ was added
to N2, and NO2

− and NH4
+ were added to N1. N2 and N3

shared 451 OTUs and N1 and N3 shared 246 OTUs,
which indicated that 52.9% of the OTUs in N2 were in-
dependent of NH4

+ and 28.9% of the OTUs in N1 were
independent of NO2

− and NH4
+. The N4 and N5 and N1

and N5 comparison pairs were all provided with NO2
−

and CH4, and the shared OTUs were 179 and 151, respec-
tively, which indicated that 45.2 and 38.1% OTUs were
independent of NH4

+ in N4, and NO3
− and NH4

+ in N1,
respectively. The difference between N1 and N2 was that
NO2

− was added to N1. They shared 224 OTUs, which
indicated that NO2

− led to 72% of the OTU differences.
When N1 and N3 were compared, the NO2

− and NH4
+

conditions caused more than 70% of the OTUs differ-
ences, and when N5 and N6 (N2 instead of CH4) were
compared, the shared OTUs revealed that CH4 caused
75.4% of the OTU differences. These results revealed that
NO2

− and CH4 had the greatest effects on the microbial
community.

The Unweighted Pair Group Method with Arithmetic
Mean (UPGMA) is a common clustering method used to an-
alyze the similarity between samples (Sokal and Michener
1958). The structure of the cluster tree is shown in Fig. 5b.
The results showed that the seven samples were clustered into
five groups at the phylum level. Groups A, D, and E contained
only one sample, but groups B and C each contained two
samples. The samples divided into two branches. NO was
the inoculum (different from the enriched samples) and
formed one branch, whereas the others clustered together as
the other branch. Sample N6 was distant from N1–N5, be-
cause N6 was enriched with nitrogen gas as the control. In
the enriched samples, N1 was similar to N4 and N2 was sim-
ilar to N3. Furthermore, the distance between N5 and N1 and
N4 was closer than N2 and N3. The differences between the
samples were caused by the enrichment conditions, such as
headspace gas and nitrogen source.T
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Relationship between the microbial community
and environmental factors

The 35 most abundant bacteria at the genus level in the seven
samples are shown in Fig. S1. Candidatus Brocadia as
Anammox bacteria was most abundant in N1, and
Candidatus Methylomirabilis as DAMO bacteria was most
abundant in N5. The detrended correspondence analysis re-
vealed that the length of the first gradient was 3.486, which lay
between 3 and 4. Therefore, both RDA and CCA were rea-
sonable; here we used RDA. The results showed that 93.7% of
the cumulative percentage variance in the species data could
be explained by environmental factors, which indicated that
the model was appropriate. The RDA analysis identified the
relationship between environmental factors and the microbial
community and the relationship between environmental

factors and the samples. Figure 6a shows that the most abun-
dant 18 genera in NOwere located in the opposite direction to
the environmental factors, which indicated that these bacteria
were negatively related to methane and nitrogen source. The
seven genera with the greatest numbers in N6 had negative
correlations with methane, ammonium, and nitrate and no
obvious correlation with nitrite. There was a positive correla-
tion between Candidatus Methylomirabilis and methane, ni-
trate, ammonium, and nitrite, which meant that methane was
the most significant influencing factor. Candidatus Brocadia
was positively related to nitrate, ammonium, and nitrite, but
the correlation with methane was poor. Acidovor and
Hyphomic contents were higher in N2, but they had little cor-
relation with methane. However, other abundant microorgan-
isms, such as Pseudoxa, Diaphoro,Magnetos, and Rhodopla,
were positively related to the methane factor. Microorganisms

Fig. 4 Phylogenetic tree for the
DAMO bacteria in reactors N3
and N5 using Acidobacterium
capsulatum as the outgroup

Fig. 5 Shared OTU analyses (a)
and a comparison of the
similarities between the
microorganisms in the inoculum
(NO) and the different reactors
(N1–6) (b)
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in NO clustered together, and the abundant genera in N6 were
centralized, which indicated that the bacterial genera in the
NO and N6 microbial communities were highly related to
each other.

The relationship between the samples is shown in Fig. 6b.
N2, N3, N4, and N5 were close to each other, which meant
that the differences between them were small. NO, N1, and
N6 were distributed away from the other samples, and each of
them had larger differences with the others and themselves.
There was a small difference in N1 classification between
Figs. 5b and 6b because the cluster analysis was based on all
microorganisms in each sample, and the environmental factors
were not considered in the UPGMA analysis method
(Fig. 5b). However, only the most abundant microorganisms
in each sample were considered when we explored the rela-
tionship between cultures and environmental factors using the
RDA analysis method (Fig. 6b). The effect of methane on the
cultures, from strong to weak, was N5 > N4 > N1≈N3 > N2 >
N6 > NO; the effect of nitrite was N1 > N6 > N5 > N3 > N4 >
N2 > NO; and the effects of nitrate and ammonium on the
samples were N1 > N5 > N4 > N3 > N2 > N6 > NO.

Discussion

Effects of nitrogen source on DAMO reactor performance

The performance of the six reactors was affected by nitrogen
source. Supplying nitrate, nitrite, and ammonium together
(N1) shortened the enrichment time and improved nitrogen
removal performance. The enrichment time substantially de-
creased from 75 to 30 day in this study. Generally, DAMO
culture enrichment usually takes longer. For example,
Raghoebarsing et al. (2006) took 480 days to enrich a
DAMO culture when it was supplied with nitrate and nitrite;
He et al. (2015b) took 600 days to enrich DAMO bacteria
when only nitrite was supplied; and Haroon et al. (2013) took
350 days to enrich DAMO archaea under nitrate and ammo-
nium conditions. The rapid enrichment technique described in
this paper will improve DAMO research and application. The
nitrite removal rate reached amaximum 34.3mg/L/day on day
126 for N5. The value was higher than for DAMO bacteria
enriched fromwastewater sludge, which was 5.1 mg/L/day on
308 days (Luesken et al. 2011b), and DAMO bacteria
enriched by paddy soil, which was 12.2 mg/L/day after a
609-day operation in a sequencing batch reactor (He et al.
2015c). The total nitrogen removal rates for DAMO cultures
enriched by multiple nitrogen sources were generally higher
than for single nitrogen source enrichment in this study.
Although the maximum nitrogen removal rate of 106.5 mg/
L/day (rNH4

+-N + rNO3
−-N + rNO2

−-N for N1) does not meet
standard application requirements, some techniques can im-
prove the DAMO microorganism activity, such as operating
the process in a hollow fiber membrane bioreactor (Cai et al.
2015) or a magnetically stirred gas lift reactor (Hu et al. 2014)
or by adding a second liquid phase (Fu et al. 2015).
Ammonium addition will shorten the enrichment time and
improve the nitrogen removal rate. Therefore, the DAMO
and Anammox co-culture system might have a potential ap-
plication in wastewater treatment plants.

The OTUUPGMA and RDA analyses showed that various
nitrogen sources had different impacts on the microbial com-
munity and that they influenced the extent and the relationship
between environmental factors and abundant genera. This
type of analysis is a useful way of comparing the differences
and similarities between samples and provides information
about the effects of environmental factors, including nitrate,
nitrite, ammonium, and methane, on the microbial
community.

Why DAMO bacteria and not DAMO archaea were
enriched under nitrate addition conditions

DAMO archaea were not enriched under the nitrate or nitrate/
ammonium conditions in this study. This was unexpected, and
some of the possible reasons could be that DAMO archaea are

Fig. 6 RDA ordination plots of the relationships between environmental
factors. a The main microorganism communities (in Fig. S1). b The
inoculum + the six reactor samples
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more difficult to enrich than DAMO bacteria, so the relevant
DAMO archaea enrichment reports were unusual because
most of the DAMO archaea were enriched from original
mixed inocula, which can come from freshwater sediments,
anaerobic digester sludge, methanogenic sludge, and activated
sludge. In this study, the archaea only made up a small pro-
portion (about 0.2–4.9%) of microorganisms in the inoculum
and in the enriched cultures under the different nitrogen con-
ditions. DAMO archaea were not detectable in both the inoc-
ulum and enriched culture microbial communities, which in-
dicated that it is likely that there were no DAMO archaea in
the inoculum rather than the enrichment time not being long
enough. A previous study showed that DAMO archaea were
also not enriched after 13 months when they were inoculated
with freshwater sediment under nitrate and methane condi-
tions (Wang et al. 2016).

It is well known that DAMO bacteria are able to utilize
nitrite as an electron acceptor to oxidize methane alone, but
whether it can reduce nitrate has not been known until now.
When nitrate is provided to DAMO bacteria instead of nitrite,
methane oxidizing activity decreased (Ettwig et al. 2008).
This result suggests that DAMO bacteria prefer nitrite to ni-
trate. In denitrifying bacteria, nitrate reductase can reduce ni-
trate to nitrite. It occurs is in two forms, one of which is in cell
membranes, and the other is located at the periplasmic space
(Coelho and Romao 2015). Genes narGHJI and napAB are
present in the genome of M. oxyfera, but napCDE are absent
(Ettwig et al. 2010), which indicates that the nitrate reductase
genes inside the membranes are intact. It is possible for
DAMO bacteria to utilize nitrate under specific conditions.
In this study, DAMO bacteria were successfully enriched in
freshwater sediment under nitrate conditions, and this was
similar to the results reported by Wang et al. (2016).
Although DAMO archaea were not detected in the inoculum,
it was hard to exclude the possibility of their existence. After a
165-day enrichment under nitrate conditions, the DAMO bac-
teria were the main community in N3, which indicated that
DAMO bacteria were more competitive than DAMO archaea
under N3 conditions.

The reduction process from nitrate to nitrite may also occur
in heterotrophic denitrifiers, which utilize a small amount of
organic matter from microbial products and microorganism
decay. He et al. (2015c) reported that there was a small frac-
tion of heterotrophic denitrifiers that co-existed in DAMO
bacterial culture after a long-term operation (609 days). The
Comamonadaceae is a group of β-Proteobacteria that can
reduce nitrate to nitrite under anoxic conditions by utilizing
some carbon sources (Etchebehere et al. 2001). The propor-
tion of Comamonadaceae was small at only 3.0 and 1.6% in
the nitrate and nitrite reactors, respectively. The DAMO bac-
teria dominated under nitrate conditions. The results sug-
gested that DAMO bacteria likely could utilize nitrate but in
a low consumption rate. Of course, the reaction of nitrate to

nitrite also may be conducted by microorganisms via endog-
enous respiration, which cannot be excluded.

The phylogenetic analysis revealed that the DAMO bacte-
ria enriched by nitrate and nitrite condition were different. The
former were more diverse and one was similar to M. oxyfera,
but the latter showed relatively low diversity and one was
similar to M. sinica. Although both bacteria are DAMO bac-
teria, they tended to utilize different electrons. Due to the extra
step needed to reduce nitrate to nitrite, DAMO bacteria
enriched on nitrate become more diverse. This suggests that
the effect of nitrogen source on DAMO microorganisms is
more complex than expected.

The interaction between DAMO bacteria and Anammox
bacteria

There is a competitive relationship between DAMO bacteria
and Anammox bacteria, which compete for the same nitrite
electron acceptor. The doubling time for DAMO bacteria is 14
to 25 days (He et al. 2015b), which is longer than the 3–
11 days for Anammox bacteria (Lotti et al. 2015; Strous
et al. 1998), but in this study, the doubling time for DAMO
bacteria decreased to 11.2 days while Anammox bacteria in-
creased to 46.3 days under nitrite and ammonium conditions,
which suggested that DAMO and Anammox bacteria were
affected under co-culture conditions. It has been reported that
DAMO bacteria have a higher nitrite affinity than Anammox
bacteria at low nitrite concentrations (Chen et al. 2014).
Moreover, previous results have suggested that the main com-
munity is made up of DAMO bacteria rather than Anammox
bacteria when the NO2

−/NH4
+ ratio is below 0.5 (Chen et al.

2014). In our experiments, the NO2
−-N concentration was

always below 10 mg/L in order to avoid any inhibition effects
and the NH4

+-N concentration was 50 mg/L. Therefore, the
NO2

−/NH4
+ ratio was less than 0.2, which meant that the

DAMO bacteria dominated the microbial population along
with a few Anammox bacteria, and these experiment results
were consistent with the simulation results reported by Chen
et al. (2014). Of course, the ratio between different nitrogen
sources can also affect the reactor performance and microbial
community, which requires further investigation.

The high-throughput sequencing results showed that the
percentage of Anammox bacteria in the Brocadia genus was
the highest in N1 (Fig. S1). There are five members of the
Anammox bacterial genera (Brocadia, Kuenenia, Scalindua,
Anammoxoglobus, and Jettenia) that have been detected in
wastewater treatment systems and natural ecosystems (Hu
et al. 2012). The Anammox bacteria previously found to co-
exist in DAMO cultures are Brocadia, Kuenenia, and Jettenia
(Ding et al. 2014; Luesken et al. 2011a). However, in this
study, only one genus, Brocadia, co-existed in the DAMO
culture. In N1 and N4, Anammox contributed about 70% of
nitrite removal (Table 2). This significant contribution of
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Anammox indicated that there might be other Anammox bac-
teria possibly co-existing in the DAMO culture, because not
all Anammox bacteria, such as Kuenenia, are included in the
GreenGene database for high-throughput sequencing.

DAMO and Anammox microorganisms inhabit similar en-
vironments, and they are widespread in freshwater, wetland,
marine water, and wastewater treatment plants. There are syn-
ergetic relationships (nitrate removal is synergistic with
DAMO archaea and Anammox bacteria or DAMO bacteria)
and competition (nitrite causes competition between DAMO
bacteria and Anammox bacteria) between the DAMO and
Anammox processes. They make considerable contributions
to reducing greenhouse gas emissions and to the nitrogen cy-
cle. The DAMO and Anammox co-culture system also has a
potential application in wastewater treatment plant.

In summary, DAMO bacteria were successfully enriched
under different nitrogen source conditions and no DAMO
archaea were found in nitrate condition. However, DAMO
bacteria enriched in nitrate condition were different from that
enriched in nitrite condition. Even though ammonium addi-
tion led to shorter enrichment time, higher nitrogen removal
rate, and the increase of Anammox bacteria, DAMO bacteria
still dominated in the reactors. Apparently, nitrogen source
effect on the co-culture enrichment system was complex than
expected.
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