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Abstract

Anammox is a novel and sustainable wastewater treatment technology which attracts much attention. The
impossible isolation of pure anammox bacteria makes the issue about which bacteria types mainly involved in the
anammox consortia meaningful but still lacks of investigation nowadays. In order to elucidate the core constituent of
anammox consortia, we investigated microbial communities of six anammox consortia with different origins and
activities by cloning 16S rRNA gene region. It is found that the stable anammox consortia have similar community
structure, even with different origins (e.g. activated sludge and ground water). The bacteria species belonging to
Chlorobi, Chloroflexi, Bacteroidetes, Proteobacterium, Nitrosomonas and Armatimonadetes are the common
accompanying bacteria with Plantomycetes in anammox consortia, serving as core microorganisms. The further
nitrogen removal profile analysis suggested that, high nitrogen removal activity corresponded to high Plantomycetes
percentage. On the contrary, the bacteria species of Rhodocyclaceae, Acidobacteria and Verrucomicrobia mainly
present in anammox consortia with abnormal nitrogen removal performance, such as under conditions of bacteria
being inhibited. These findings would advance the understanding of anammox microbial community, which
correlates with the stability and robustness of anammox consortia.

Keywords: Anammox; Nitrogen removal; Microbial community;
Core microorganism

Introduction
The anaerobic ammonium oxidation (Anammox) is an innovative

nitrogen removal process to convert ammonium and nitrite or nitrate
to form nitrogen gas. It needs no COD addition, reduces oxygen
demand and produces low sludge comparing with the traditional way
[1,2] and therefore is regarded as sustainable and energy-saving
technology. Although cultivation and enrichment of anammox
bacteria community have been carried out by many research groups,
there are still some bottlenecks for fully understanding these bacteria
community, among which is the difficult isolation of anammox
bacteria [3-5].

The isolation of anammox bacteria from the consortia by the
traditional spread plate method has been verified to be impossible
[6,7]. The highest purity of the isolated anammox consortium is 99%
obtained by the method of percoll density gradient centrifugation [8].
Clearly, there are still some other accompanying bacteria. For example,
some bacteria belonging to the Chloroflexi are usually appeared in the
anammox consortia [9]. Actually, no matter in the natural
environments or in the engineering processes, the coupling between
bacteria is very common. Some of them have been verified to have the
competition relationship, but most bacteria are interacting and
constituting the metabolism network to perform the substrate
conversion processes. For example, some reports have demonstrated
that the existence of nitrifiers in the anmmox consortia to consume
trace oxygen spreading in the system, which could protect the toxic

effects of oxygen on anammox bacteria [10]. The reasons for the
difficult isolation of anammox bacteria have thus far remained as a
question of interest lacking experimental insight. One possible
explanation is that, anammox bacteria only express activity at
conditions that the cell concentration is higher than 1010-1011 cell/mL
[8].

Besides that, there is another question, which kinds of bacteria are
usually associated with the anammox bacteria in different consortia
and why they persistently existed with anammox bacteria. The
elucidation of these questions is critical not only for better
understanding anammox bacteria, but also for keeping the successful
operation of anammox process. Bacteria composition is strongly
dependent on anammox consortia obtained by different incubating
environments according to the previous reports [9]. However, some
bacteria strains are the common ones in the anammox consortia,
namely core microorganism. The concept of core microorganism is
defined as that, although the change of microbiological community is
unavoidable, in the gene level, the identified microorganism existing
here to exhibit special functions. The microbes that appear in all hosts
are thought to fulfill a functional niche within the community and as
such may provide valuable information for the ‘normal’ state of the
community [11].

In this work, we analyzed six different anammox consortia obtained
in different niches. Bacteria composition of the consortia was
investigated by molecular microbiological technologies with the final
aim to clarify the core microorganism of anammox consortia and the
significant accompanying bacteria with anammox bacteria. The
relationships of microbial communities with the nitrogen removal
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activities and nitrogen removal profiles were also investigated to
further elucidate the anammox consortia behavior.

Material and Methods

Sampling
In this study, six anammox bacterial consortia were collected from

different incubation environments. Sample 1 (S1) stands for bacterial
consortium obtained from anammox pilot-scale plant [12]. S2
parameters bacterial consortium got from activated sludge and
cultivated in anaerobic fermenter for more than one year. S3 is
anammox consortium is also from activated sludge, but was seriously
damaged by overheating. S4 denotes the anammox consortium
obtained from upper part of percoll density centrifugation from S3 and
anaerobically cultured for several months. S5 represents the anammox
consortium being inhibited by high nitrite. S6 marks anammox
consortium from ground water and anaerobically cultured for more
than ten years in the lab [13].

Percoll density gradient centrifugation
The anammox consortium for percoll density gradient

centrifugation (PDGC) was firstly washed by phosphate buffer solution
(PBS) for three times. After centrifugation for 5 min at 5000 rpm to
remove supernatant, the mixture of buffer and percoll solution with
volume ratio of 3.1:6.9 was added. The dispersed cells were suspended
in the mixture by vortex and then performed PDGC. The
centrifugation time and speed were set up at 30 min and 8000 rpm.
The anammox cells then appeared as a red band at the lower part of
the gradient. After carefully extracted this red band by syringe needle,
the purified anammox consortium in the bottom part of percoll
density centrifugation was obtained after being washed in PBS. The
residual bacteria in the upper part of the percoll solution were also
collected for bacteria community analysis.

DNA extraction and cloning library construction
We analyzed the bacterial communities of the collected six different

bacterial consortia through 16S rRNA clone library. Samples were
taken in sterile polyethylene bottles and kept in an ice box immediately
following collection. Then these samples were stored at -80°Cuntil the
DNA extraction. After thawing, each sample was pipetted 3 mL mixed-
liquor into sterile eppendorf tubes and centrifuged at 14,000 xg for 10
min. The supernatant was decanted and the pellets of activated sludge
samples were washed three times by centrifugation using sterile high-
purify water for 5 min at 15,000 xg. DNA extraction was then
performed using a Fast DNA SPIN Kit for Soil (MP Biotechnology,
USA) according to the manufacturer’s protocol. DNA integrity was
checked by 0.8% agarose gel electrophoresis and stored at -20°C.

PCR was firstly carried out by a universal bacterial forward primer
27F:5’- AGAGTT TGA TCC TGG CTC AG-3’ and reverse primer
1492R:5’-ACG GCT ACC TTG TTA CGA CTT-3’ to amplify the 16S
rRNA genes [14]. For each sample, products of three replicate PCRs
were pooled to minimize PCR artifacts. All PCR amplifications were
performed using a GeneAmp PCR system 9700 thermocycler (Applied
Biosystems). Each 50 μL PCR mixture contained 34.5 μL of sterile
Milli-Q water, 5 μL of 10x rTaq PCR Buffer, 200 μM each
deoxyribonucleoside triphosphate, 0.2 μM of each primer, 1.25 U of
rTaq DNA polymerase (TaKaRa), and 20-50 ng of genomic DNA. PCR
amplifications program was set up as previously described. The

purified product was then ligated into the PCR-®4-TOPO ® plasmid
vector and transformed into competent E. coli TOP 10 cells by using
TOPO-TA cloning kit according to the manufacturer’s instructions
(Invitrogen, USA). After cultivation at 37°C for 1 h, 100 colonies were
randomly selected. Sequencing was performed by an auto sequencer
(ABI PRISMTM3730 XL DNA Sequencer) using the universal bacteria
primers M13F and M13R. The obtained DNA sequences were
compared with the reference microorganisms available in the Gen
Bank by BLAST search [15].

Clustering analysis
The shared bacterial community at different taxa levels was

clustered by PCORD-5 software according to PCORD-5 tutorial. The
detail data processing procedure is as follows. Firstly the bacterial
community data matrix transforms to present-absent data matrix on
PCORD-5 software. Then the processed data matrix was clustered by
Sorensen (Bray-Curtis) distance.

Batch test for testing anammox activity
The ammonium and nitrite removal profile of the anammox

consortia were determined in the anaerobic serum bottles. The
consortium was washed and resuspended in the cultivation medium as
described previously [8]. pH was adjusted to 7-8 with 0.1M NaOH or
0.1M HCl. After this, the headspace and liquid phase were sparged
with nitrogen gas to keep dissolved oxygen (DO)<0.5 mg/L. After an
experiment cycle, which last for 24-72 h depending on the bacterial
activities, the supernatant was poured and fresh medium was added. A
syringe needle was inserted to the cover of the vessels to measure the
gas volume produced in a cycle. The reactions were conducted at 35°C.
Samples were taken at the beginning and the end of the cycles to
measure nitrogen compounds concentrations and Volatile Suspended
Solids (VSS).

Chemical analysis
The concentrations of ammonium, nitrite, nitrate and VSS were

measured according to standard methods, as set out by the American
Publish Health Association [16]. Total nitrogen (TN) was measured by
using TOC analyzer (ASI-V, Germany). DO was measured by DO
analyzers (Mettler, Switzerland). pH and Oxidation-reduction
potential (ORP) were obtained by pH meter (Mettler, Switzerland).

Results and Discussion

Bacterial diversity of anammox consortia
In this study, to investigate the phylogenetic diversity of bacteria

communities of anammox consortia, six clone libraries data of 16S
rRNA genes from different incubation environments were analyzed. In
total, 500 sequences were obtained from the six libraries and they were
identified as 16S rRNA gene sequences using the NCBI blast. Figure 1
showed that nearly all the bacteria consortia contain the bacteria
strains belonging to Planctomycetes, Chorobi, Chloroflexi,
Bacteroidetes, Proteobacterium, Nitrosomonas and Armatimonadetes.
It is easily to be discovered that, the Planctomycetes percentages are
distinct for these anammox consortia, the values of which were
identified as 49%, 62%, 19%, 51%, 11% and 65% for S1, S2, S3, S4, S5
and S6, respectively. It could be well understood that the obvious
higher Planctomycetes percentage for S2 than S1, due to the effective
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cultivation and enrichment of anammox bacteria in anaerobic
conditions.

S3 was the inhibited anammox consortium by over-heating, and this
process inevitably damaged the bacteria and decreased the percentage
of functional Planctomycetes. In this part, the pretreatment by
ultrasound as proposed previously [8] was ignored, inducing the
incomplete separation of the anammox bacteria. Even though, the
increased purity of Planctomycetes was observed at the bottom of the
percoll solution (S4). As mentioned in the methods, S6 was the one
anaerobically cultured in the lab for more than ten years and thus the
bacteria community seems to be stable and the Planctomycetes
accounts for as high as 65%. For the steady operation of the reactors,
we could regard that S2 and S6 all have steady bacteria community
with the Planctomycetes percentage of around 60-70%.

Figure 1: Microbiological community and abundance of different
phyla and classes of the six selected anammox consortia.

Similarity analysis of the six anammox consortia
The similarity of the six samples was evaluated using clustering

analysis. As we can see from Figure 2, the clustering analysis based on
present-absent of shared orders in samples revealed that bacterial
communities in the six samples could be clustered into two groups:
group I includes samples S3 and S5. These two samples have a low
Planctomycetes percentage with high bacteria diversity. Group II
contains samples S1, S2, S4 and S6, among which samples S2 and S6
show high similarities. This finding was also consistent with the result
of Planctomycetes percentage analysis and obviously suggested that the
stable anammox consortia have similar community structure, even
with different origins (one from activated sludge and one from ground
water). These two samples have comparatively high Planctomycetes
percentage and low bacteria diversity, since they were collected from
the steady anaerobically operated container. Therefore, we can draw
the conclusion that the anammox bacteria communities are similar
when they were cultivated to stable stage, even with different origins.

Figure 2: Cluster analysis of the six samples based on presents of
shared16SrRNA gene. The values 2, 1, 0, -1 and -2 represent the
bacterial species/taxa relative amounts. The higher value means the
higher bacterial species relative amount.

Identification of core microorganism in the anammox
consortia

Although the consortia were from different incubation
environments, they have some other common bacteria strains besides
Planctomycetes. The relationship of these bacteria strains and the
common part has been identified and shown in Figures 3a and 3b. The
dominant common bacteria in the these consortia were identified as
Planctomycetes, Chlorobi, Chloroflexi, Bacteroidetes,
Proteobacterium, Nitrosomonas and Armatimonadetes linkages, the
clones of which were in range of 10-30% for all these members. We
then deduce that Chlorobi, Chloroflexi, Bacteroidetes,
Proteobacterium, Nitrosomonas and Armatimonadetes may be the
bacteria species which are easily accompanied with Planctomycetes
(special functional bacteria for anammox reaction) in anammox
consortia.

Besides, Acidobacteria, Verrucomicrobia and Rhodocyclaleae were
detected in the damaged or inhibited anammox consortia (samples S3
and S5). Bacteroidetes and Proteobacterium are considered to be
responsible for the degradation of protein and the fermentation of
acetate acid. The species in the genus Chorobi and Chloroflexi are
facultative anaerobic bacteria and play important roles in fixing CO2
for growth [17]. This study verified the concomitant existence of these
bacteria with Planctomycete in anammox consortium under anaerobic
condition. Nitrosomonas are recognized to have functions to
anaerobically oxidize ammonium [18,19].

Members of Acidobacteria are fermentative and could degrade
small molecular acids [5]. The species of Verrucomicrobia can oxidize
methane and play important roles in the anaerobic fermentation of
organic compounds [20]. For the inhibited anammox consortia, the
increase of these bacteria could be well understood for the existence of
many dead bacteria or cell fractions with potential release of protein
and organic compounds. In addition to the observation of the core and
accompanying bacteria, we have explored the composition of the
bacterial community of anammox consortia, in aspect of the
proportional relationship of different bacteria species to
Planctomycetes. Corresponding ratios of Chorobi/Planctomycetes,
Chloroflexi/Planctomycetes, Bacteroidetes/Planctomycetes,
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Proteobacterium/Planctomycetes, Armatimonadetes/Planctomycetes
and Nitrosomonas/Planctomycetes have been presented in Figure 4.

Figure 3: OTU VENN analysis of the anammox consortia (a) It is
the analysis results of sample S3 and S5. The number 10 in the
circular means there are 10 common bacteria species in these two
samples. (b) It is the analysis results of sample S1, S2, S4 and S6. The
number 7 in the circular means there are 7 common bacteria
species in these samples.

By the statistical analysis, note that almost the seven-key species has
the same variation tendency with Planctomycetes, except for the
Nitrosomonas species. These data once again verified the status as the
significant accompanying microorganisms of Chorobi, Chloroflexi,
Bacteroidetes, Proteobacterium and Armatimonadetes in the anmmox
consortia. However, the ratio of Nitrosomonas/Planctomycetes was
kept at a constant value. This result reflects that different from other
species, Nitrosomonas decreased in bacteria consortium with low
Plantomycetes percentage or anammox activity.

From Figures 4(a) and 4(b), we can also see that after long time
culturing, sample S2 and sample S6, the ratios of Chorobi/
Plantomycetes, Chloroflexi/Plantomycetes, Bacteroidetes/
Plantomycetes, Proteobacterium/Plantomycetes, Nitrosomonas/
Plantomycetes and Armatimonadetes/Plantomycetes were lower than
other bacterial consortia. In sample S2 and S6, these ratios are almost
the same, which illustrates that the ratios of the above bacteria species
and Plantomycetes tend to be stable after long time culturing. This
further illustrates these bacteria are the bacteria species which are
easily attached to Planctomycetes to constitute the anammox
consortia. They could exist under the anaerobic condition with
Planctomycetes together for long time. As previously reported, the
bacteria species such as Verrucomicrobia, Proteobacterium and
Bacteroidetes have the important functions for the degradation of
proteins, polysaccharide and organic compounds [21-23]. The
Extracellular Polymeric Substances (EPS) including proteins
polysaccharide and organic compounds, released by the involved
bacteria then could be used as the necessary energy source for these
bacteria and ensure their existence in the anammox consortia. This
result also confirmed that these bacteria directly and also inevitably
emerged to be the accompanying bacteria with Planctomycetes species
under the anaerobic and autotrophic conditions for long time.

Figure 4: Change course of the ratio of other bacteria species to
Planctomycetes in different anammox consortia.

Nitrogen removal profile of the six anammox consortia
Microbiological community analysis revealed the significant

difference of anammox consortia obtained from different incubation
environments. Now we turn to the nitrogen removal profile of the six
anammox consortia. The primary concern becomes whether the
anammox activities were different and whether the nitrogen removal
profiles have direct relationship with the microbiological community
composition. We then investigated batch experiment to survey the
ammonium removal activity and nitrogen removal profile of the
anammox consortia provided in this study. This activity tests were
performed for three times for getting the average value, and the six
bacteria consortia have different nitrogen removal activities. The
ammonium removal activities of these consortia were finally identified
as 59 NH4

+-N gVSS-1 day-1, 78 NH4
+-N gVSS-1 day-1, 24 NH4

+-N
gVSS-1 day-189 NH4

+-N gVSS-1 day-1, 18 NH4
+-N gVSS-1 day-1and 95

NH4
+-N gVSS-1 day-1, respectively for samples 1, 2, 3, 4, 5 and 6. The

relative results are displayed in Figure 5. Generally, there is a trend that
the high ammonium removal activity responded to the high
Planctomycetes percentage, the values of which have been verified as
49%, 62%, 19%, 51%, 11% and 65% for samples S1, S2, S3, S4, S5 and
S6, respectively. However, not only the Plantomycetes percentage
decided the ammonium removal activity. For sample S4, the bottom
part of percoll density centrifugation contained about 51%
Plantomycetes percentage, but it has a higher ammonium removal
activity (89 NH4

+-N gVSS-1 day-1) than sample S2, containing about
61% Plantomycetes (about 78 NH4

+-N gVSS-1day-1). Bacteria
construction may cause this. The bottom part of percoll density
centrifugation has less bacteria species, and it contains the necessity
species Chorobi, Chloroflexi, Bacteroidetes, Proteobacterium,
Nitrosomonas and Armatimonadetes in the anammox consortia. The
other main finding here was that, although absolute anaerobic
condition was maintained, typical nitrogen removal characteristics of
anammox reaction (the ratio of ammonium and nitrite was defined as
1:1.32) were not observed in some samples. The abnormal nitrogen
removal profile with the overconsumption of ammonium to nitrite was
specially found in samples S3 and S5. They converted ammonium and
nitrite with the ratio of 1:0.51 as illustrated from the batch experiment.
This ammonium removal related to the high inhibition levels of
anammox consortia and the low Planctomycetes percentage. Cloning
analysis addressed the existence of Rhodocyclaceae, Armatimonadetes,
Acidobacteria and Verrucomicrobia in the consortia at the beginning
with the over-consumption of ammonium, but declined in other
consortia. The appearance of these species indicated the declination of
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the anammox consortia and the corresponding decreased ammonium
removal activities.

Figure 5: Ammonium removal activities of the investigated
anammox consortia (n=3).

Conclusions
In this study, we explored the 16S rRNA gene analysis to analyze the

community composition and core microorganism of the six anammox
consortia obtained from different incubation environments. The
results show that the stable anammox consortia have similar
community structure, even with different origins (e.g. activated sludge
and ground water). The bacteria species belonging to Chlorobi,
Chloroflexi, Bacteroidetes, Proteobacterium, Nitrosomonas and
Armatimonadetes are the common accompanying bacteria with
Plantomycetes in anammox consortia. They could exist with
Plantomycetes in the anaerobic conditions for a long period, the
amount of which varied simultaneously for anammox consortia. The
bacteria species belonging to Rhodocyclaceae, Armatimonadetes,
Acidobacteria and Verrucomicrobia emerged as the declination of
anammox consortia, suggesting the decrease of ammonium nitrogen
activity and the abnormal nitrogen removal profile. These findings are
useful to advance the understanding of anammox microbial
community, which correlates with the stability and robustness of
anammox consortia.
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