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Summary: There is great potential to understand the functional diversity of microorganisms 

that are involved in wastewater treatment through metagenomic analyses. This study presents 

the first metagenomic comparison of taxonomic and functional profiles of the microbial 

communities occurring in different aggregates from anaerobic ammonium-oxidizing 

(anammox) bioreactors. The anammox bacterial communities in both biofilm, developed in a 

carrier, and granule sludge samples showed relatively high abundance and diversity compared 

to floccular sludge. Four of the five known genera of anammox bacteria were detected in the 

three cultures except Candidatus Jettenia, which was absent in the granules. Candidatus 

Kuenenia comprised the major population of anammox bacteria in these three sludges, 

independent of their growth morphologies. The genome assembled for the Candidatus 

Kuenenia in the granule was very similar to the published reference genome of Candidatus K. 

stuttgartiensis. Genes involved in the metabolism of the anammox process were highly 

detected in the biofilm and granule sludges. In particular, the abundance of hydrazine synthase 

gene (hzs) in the biofilm was around 486 times more pronounced than that in the granules. 

The knowledge gained in this study highlights an important role of sludge aggregate in 

affecting community structure and metabolic potential of anammox systems. 

 

Introduction 

Understanding of the global nitrogen cycle has been fundamentally altered by discovery of 

anaerobic ammonium-oxidizing (anammox) bacteria (Mulder et al., 1995). Anammox bacteria 

have the unique ability to convert ammonium and nitrite to form dinitrogen gas (Strous et al., 

1999). The identification of the responsible chemolithoautotrophic bacteria as member of the 

order Brocadiales (Strous et al., 1999; Jetten et al., 2010) has exposed their ecological and 

applied significance. Anammox bacteria play a critical role in global climate change due to 
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their interaction between nitrogen and carbon cycling. It is estimated that marine anammox 

bacteria contribute up to 50% in the loss of fixed nitrogen from the oceans globally (Kuypers 

et al., 2003; Lam and Kuypers, 2011).  

    Biological wastewater treatment is the largest application of environmental biotechnology 

in the world (Guo et al., 2013). Conventionally, nitrogen in wastewater is removed through 

nitrification and denitrification. Ammonium is sequentially oxidized to nitrate by ammonia-

oxidizing bacteria (AOB) and nitrite-oxidizing bacteria (NOB) via nitrite. Nitrate is then 

reduced to dinitrogen gas by heterotrophic denitrifying bacteria with organic carbon as the 

electron donor. However, biological nitrogen removal in this way substantially reduces the 

amount of organic carbon available for bioenergy recovery, consumes large amounts of 

energy and electricity for aeration and produces substantial waste sludge and potential 

greenhouse gases (e.g. N2O) (Guo et al., 2013). The anammox process provides a more 

sustainable solution to these problems, which has been widely applied for nitrogen removal 

from wastewater as a promising alternative process (Ni et al., 2009; Kartal et al., 2010; Kartal 

et al., 2013; Chen et al., 2014), since it offers the advantages of less sludge production, 

decreased oxygen consumption and reduced N2O emissions. 

    To date, several cultivation systems for anammox bacteria have been developed, including 

upflow anaerobic sludge blanket (UASB), fixed biofilm bed, fluidized bed, sequencing batch 

reactor (SBR), gas-lift reactors, rotating biological contactors and membrane bioreactors 

(Strous et al., 1997; Schmidt et al., 2003; van der Star et al., 2008; Ni et al., 2010; Kartal et 

al., 2011a). In these different reactors the morphologies of the microbial aggregates enriched 

with anammox bacteria can be categorized into three different types, i.e. flocculent sludge, 

attached biofilm and granular sludge. The macroscopic architecture of the aggregates affects 

the ecology of the microbial consortia (Rittmann and McCarty, 2001). Although many aspects 

of the engineering and design of anammox systems have been improved (Hu et al., 2013a), 

the microbial community and functional profiles of these various anammox microbial 
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aggregates have not been fully explored. The application of reactors with different designs 

and operation conditions most likely results in the enrichment of distinct microbial 

communities and specific anammox groups with different functional potentials (Vlaeminck et 

al., 2010; Buergmann et al., 2011). Hence, study of the taxonomic and functional traits of the 

microbiomes is essential for optimizing reactor design and performance (Vanwonterghem et 

al., 2014b). Specifically, different anammox cultures may be characterized by different 

abundances of anammox bacteria, by the presence of specific anammox species or strains, 

alternative enzymes and pathways, and by variations of interactions between the microbes 

(Jetten et al., 2009; Hu et al., 2010).  

    Currently, the anammox bacteria are detected as five candidate genera in the 

phylum Planctomycetes, and the order Brocadiales (Jetten et al., 2010). These genera are 

Brocadia, Kuenenia, Scalindua, Anammoxoglobus and Jettenia (Kuenen, 2008; Kartal et al., 

2012). In contrast to their distribution in mostly marine and some freshwater environments, 

where only members of Scalindua have been detected (van de Vossenberg et al., 2008; van de 

Vossenberg et al., 2013), all these five genera of anammox bacteria have been reported in 

wastewater treatment systems (Schmid et al., 2003; Kartal et al., 2012). These studies used 

molecular methods targeting the 16S ribosomal rRNA genes or other marker genes to reveal 

microbial community phylogeny. The methods included denaturing gradient gel 

electrophoresis (DGGE) (Tal et al., 2003; Schmid et al., 2005; Hu et al., 2010; Li and Gu, 

2011), fluorescence in situ hybridization (FISH) (Pavlekovic et al., 2009; Almstrand et al., 

2014), and sequencing after cloning (Kartal et al., 2011a; Zhu et al., 2013). However, most of 

these methods are gene amplification-based that may cause technical biases (Aird et al., 2011; 

Ye et al., 2012) and thus provide a skewed community structure or even fail to detect certain 

anammox groups (Han et al., 2013). Moreover, the marker-gene based studies provide limited 

information about the functional characteristics of anammox cultures. Metagenomic studies 

have been conducted on full-scale wastewater treatment plants (WWTPs) (Albertsen et al., 
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2012; Yu and Zhang, 2012; Zhang et al., 2012), however, community-level functional 

profiling has been studied only on a few anammox reactors (Strous et al., 2006; Gori et al., 

2011; van de Vossenberg et al., 2013). In particular, the genomes of anammox bacteria 

Candidatus K. stuttgartiensis, B. fulgida, and S. profunda have been successfully assembled 

through the sequencing of anammox culture metagenomes (Strous et al., 2006; Gori et al., 

2011; van de Vossenberg et al., 2013). 

    This study aimed to use metagenomic deep-sequencing analysis to reveal phylogenetic and 

functional traits in three different anammox cultures (i.e., flocs, attached biofilm and granules). 

We attempt to link reactor operation conditions and reactor performances to anammox 

populations, functional traits and their cooperation or competition with AOB and/or NOB in 

nitrogen metabolism.  

Results and Discussion 

Performance and morphologies of the anammox microbial aggregates  

Anammox sludge samples with the three different growth forms of floccular sludge, attached 

biofilm and granular sludge, were collected from a pilot-scale integrated fixed-film activated 

sludge (IFAS) reactor (flocs and biofilm) and from a lab-scale UASB-type granule anammox 

reactor (granules). Before the sampling, the pilot-scale IFAS anammox reactor and the lab-

scale UASB anammox reactor had been operated continuously for more than 470 and 1400 

days, respectively for nitrogen removal (Tables S1 and S2). Stable anammox performance in 

terms of total nitrogen removal efficiency was averaged at 83% and 72% in the IFAS and 

UASB respectively, for the periods of operation (Figure S1). When the IFAS anammox 

reactor was fed total nitrogen concentrations of between 600~938 mg/L, the average effluent 

concentrations of ammonium, nitrite and nitrate were 77.8 mg/L, 14.5 mg/L and 36.3 mg/L, 

respectively. The obtained maximum nitrogen conversion rate was 1.2 kg N/m
3
/d.  

      The UASB laboratory reactor was also operated for nitrogen removal. In order to get 

granules to form in the reactor, the upflow fluid velocity within the reactor was increased by 
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changing recirculation rates from 300% to 500%. This was done on day 760 of operation 

and in the following 40 days a part (~30%) of the suspended biomass was washed out, and 

anammox granules formed and grew bigger. At the sampling time, on around day 1400 of 

operation, this reactor achieved a nitrogen removal rate of 0.6 kg N/m
3
/d, and a red granular 

sludge had developed (Figure 1). The average effluent concentrations of ammonium, nitrite 

and nitrate were 72.0, 23.4 and 35.0 mg/L, respectively, and the average nitrogen removal 

efficiency was 72% (Figure S2). 

   The morphologies of the three anammox communities were different (Figure 1). The flocs 

had relatively small diameters. The average floc size was 176.5 μm and the volume percent of 

flocs with diameter lower than 300 μm was 75.3%, based on the size distribution 

measurement using a laser scattering particle analyzer (Malven, UK). The flocs were reddish-

brown in color, likely due to the presence of anammox bacteria. In the IFAS reactor 

polyethylene sponges were used as biomass carriers for the development of biofilm from 

suspended sludge. The attachment of anammox cells to these bio-carriers was observed in the 

beginning of the cultivation period. After more than one year of continuous operation, a dense 

and thick biofilm was formed on the inner porous matrix of the sponge carriers (Figure 

1B). The anammox granules taken from the UASB had diameters of between 1.0-2.5 mm, 

with an average of 1.9± 0.6 mm, and the percentage of granules with diameter larger than 

1.5 mm was about 62%. These granules had a porous inner structure, which could facilitate 

the diffusion of ammonium and nitrite as well as the release of N2. 

The overall taxonomic structure and functional profile 

In this study, high-throughput sequencing was used to explore microbial community 

structures, the relationship among the key microorganisms and pathways involved in nitrogen 

metabolism in the three different anammox microbial aggregates. The aggregates were the 

flocculent sludge, the attached biofilm and the granular sludge. Over 5 gigabases of 

metagenomic sequence data were generated with the Illumina HiSeq 2000 platform. About 
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4.3 Gb of high quality sequence data were obtained after read quality control and about 67-96 

thousand contigs longer than 500 bp were obtained from the three samples (Table 1).  

    Taxonomic assignments indicated that bacteria dominated all three samples (Table S3), in 

which Proteobacteria and Planctomycetes were the most abundant bacterial populations at the 

phylum level while their percentages varied between samples (Figure S3). Approximately 

92.0% of the sequence reads from the floc sample were assigned to Proteobacteria (Figure 

S3). In comparison, the most abundant phyla were Planctomycetes (63.0% in the biofilm and 

89.6% in the granule), followed by Proteobacteria (32.4% in the biofilm and 10.1% in the 

granule) and Firmicutes (0.75% in the biofilm and 0.07% in the granule). Other bacterial 

phyla were generally very low in abundance except Actinobacteria, which comprised about 

2% in the biofilm sample. Beta- and Delta-proteobacteria were the major classes in the 

phylum of Proteobacteria. High abundance of Planctomycetes was associated with high 

abundance of anammox bacteria in the biofilm and granule samples. This was consistent with 

the observed higher anammox activity in these two sludge samples in comparison to the 

activity of the flocs (Table S2, Figures S1 and S2). At the genus level, there were 885 genera 

detected in the flocs, 815 genera in the biofilm and 730 genera in the granules, demonstrating 

the microbial diversity within the three sludges. The top 24 abundant taxa in the three samples 

were selected and at the genus level, Candidatus Kuenenia was the most dominant taxon in 

both the biofilm and granules (Figure 2). In contrast, Nitrosomonas was the most dominant 

genus in the flocs. 

      In total, 183,398, 170,725 and 146,983 unique genes were predicted from the floc, biofilm 

and granule sludges respectively (Table 1). The genes were functionally annotated using the 

KEGG and eggNOG databases and it was apparent that most detected functions were shared 

across all the sludge samples, indicating potential similarities in metabolic capabilities of the 

different anammox microbial aggregates (Figure S4, Tables S4 and S5).      A
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       In particular, COG and KEGG functional clustering showed more similarity between the 

floc and the biofilm sludge (Figure 3). These two sludges were obtained from the same 

reactor, and predictably, displayed a greater similarity in overall functional profile. These floc 

and biofilm sludges were different to granules in that they had more coenzymes and lipid 

transport and metabolism genes than that of granules. While genes involved in amino acid-, 

energy-, and carbohydrate- metabolisms were higher in flocs than in the biofilm and granular 

sludge. Conversely, genes assigned into cell growth and death, cell motility, membrane 

transport and signal transduction had higher abundances in the biofilm and granules relative to 

the floc sludge (Figure S4, Tables S4 and S5).  

The Anammox, AOB, and NOB populations 

We specifically analyzed the anammox populations in the three samples based on 

metagenomic sequences (Figure 4), as well as quantitative real-time PCR  (qPCR) (Table S6). 

The abundance of AOB and NOB detected by metagenomic sequencing were relatively higher 

than that by qPCR. In contrast, the qPCR approach had higher abundances of anammox 

bacteria in both the biofilm and granule, compared with the metagenomic analysis (87.8% vs 

65.5% in the biofilm, while 94.3% vs 91.4% in the granule).  

     To date, five Candidatus genera in the phylum Planctomycetes are reported to specifically 

conduct the anammox process, these genera are Candidatus Brocadia, Candidatus Kuenenia, 

Candidatus Scalindua, Candidatus Anammoxoglobus and Candidatus Jettenia (Kuenen, 

2008; Kartal et al., 2012). In this study, 13 species belonging to the four genera of 

Candidatus- Brocadia, Kuenenia, Scalindua and Anammoxoglobus were detected in all 

samples. The genus Jettenia, was also detected, but this was absent from the granules (Table 

S7 and S8). Candidatus Kuenenia appeared to be the most dominant anammox species in all 

three samples, suggesting this selection occurred irrespective of the type of growth mode. In 

previous studies on anammox bioreactors based on 16S rRNA gene analysis (such as FISH or 

PCR), it is also revealed that the anammox process in lab- or pilot-scale reactors is performed 

A
cc

ep
te

d
 A

rt
ic

le



This article is protected by copyright. All rights reserved. 9 

mainly by bacteria of the genera Candidatus Kuenenia or Candidatus Brocadia (Kuenen, 2008; 

Hu et al., 2010; Hu et al., 2013b). In contrast to our findings, other granular sludge anammox 

reactors are dominated by Candidatus J. asiatica (around 50%) as detected by both16S rRNA 

gene quantitative PCR assays (Quan et al., 2008) and by metagenome analysis (Hu et al., 

2012).  

    In natural and manmade habitats, anammox bacteria often coexist with AOB and NOB. 

AOB and NOB can be involved in anammox-based nitrogen removal processes, such that 

occurred in the IFAS reactor of this study. In the aerobic regions of the reactor, AOB would 

provide nitrite for the NOB and anammox bacteria. NOB would then compete with AOB for 

oxygen and with anammox bacteria for nitrite. In the IFAS reactor, anammox bacteria 

dominated over AOB in the biofilm, while AOB were more abundant than anammox bacteria 

in the flocs, where the proportion of AOB was 54.6% and anammox bacteria only accounted 

for 2.4% in terms of qPCR results (Table S6). In the biofilm, the proportion of AOB was 

2.6%, while anammox bacteria were predominant at 87.8% (Table S6). Nitrosomonas, was the 

predominant AOB genus in the flocs and biofilm detected at 73.2% and 18.1% of those 

communities based on metagenomic data respectively. However, it was less abundant in the 

granule community at only 0.26% (Table S7, Figure 4B). Ammonia-oxidizing archaea were 

not detected by high-throughout sequencing in the IFAS reactor. While some reads were 

classified to the NOB genus Nitrospira (Table S7, Figure 4C), NOB were generally in very 

low abundance in the three sludges (Figure 4D). This reflected the different design and 

operational conditions in the reactors. In the IFAS reactor, it appears that nitritation by AOB 

would mostly take place in the flocs in the suspended phase, whereas the anammox process 

would mainly occur in the biofilm in the biomass carriers (Figure S6). This spatial distribution 

observed in the IFAS reactor was likely due to easier access of AOB for the substrates 

ammonium and oxygen occurring in the bulk liquid. It is reported that in oxygen-limited 

anammox reactors, nitritation driven by AOB is often restricted to an outer shell of aggregates 
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or in the smaller aggregates. In those reactors the anammox process is found in the central 

anoxic parts of the aggregates or in the larger aggregates (Nielsen et al., 2005; Kindaichi et 

al., 2007; Vlaeminck et al., 2008). Consequently, the different bacteria here are locating 

according to oxygen requirements. Additionally, anammox microorganisms are known to 

grow slowly (Kuenen, 2008; Kartal et al., 2012). For anammox to occur, the reactor operation 

would need to accommodate organisms with slow growth rates. Granules and fixed biofilm 

reactors will support organisms with slow growth rates. However, in floc based systems the 

growth rates can be manipulated and faster. Granules are also a type of large, self-supporting 

biofilm with structure that may have functional and phylogenetic layering (Ni et al., 2010). 

Such biofilm environments are favorable for cell-cell interactions, intercellular 

communication signaling, exchange of genetic material, and metabolite exchange (Hall-

Stoodley et al., 2004).  

Analysis of key nitrogen cycle inventory  

To better understand the functional diversity, especially the nitrogen metabolism pathways in 

the samples, we calculated the abundance of the key enzymes for nitrification, denitrification 

and anammox (Figure 5). Most subunits of the genes that encode catabolic enzymes specific 

for denitrification were highly abundant. This included: narG, with 12394 hits in flocs and 

20025 hits in biofilm and 21463 hits in granules; norB with 3397 hits in flocs, 908 hits in 

biofilm and 2423 hits in granules; and nosZ with 4212 hits in floc, 1628 hits in biofilm, and 

7593 hits in granules. However, the genes encoding key enzymes of aerobic ammonium 

oxidation were relatively low in abundance in flocs and biofilm, with amoABC having 5356 

hits in flocs and 1070 hits in the biofilm.  

    The abundance of genes involved in the anammox reactions were quantified and the gene 

encoding hydrazine dehydrogenase (HDH), the key enzyme that catalyses the oxidation of the 

intermediate hydrazine (N2H4) to dinitrogen gas (N2) (Kartal et al., 2011b; Kartal et al., 2013), 

was more abundant in the granules (1115 hits) and biofilm (332 hits) than in the flocs (70 hits). 
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The hydrazine synthase gene (hzs), which is unique for anammox bacteria (Strous et al., 2006; 

Kartal et al., 2011b), was detected in the anammox communities of both the biofilm and 

granules but not in the flocs. It should be noted that the abundance of hzs in the biofilm 

(11679 hits) was distinctly higher than in the granules (24 hits). Nitrite reductase genes, both 

the NO-producing nirK and nirS and the ammonium-producing nrfA, were detected in all 

three samples. In particular, the gene nrfA, encoding for the key enzyme of dissimilatory 

nitrate reduction to ammonium (DNRA) (Simon, 2002; Kraft et al., 2014; Welsh et al., 2014; 

Yoon et al., 2014), was found in higher abundance in the three samples in comparison to the 

other nitrite reductases. It should be noted that the metabolic pathways analyzed in this study 

were based on genomic DNA analysis, such that our interpretation implies functional 

capabilities of these microbiomes rather than actual activities. Further studies directly based 

on RNA, protein or metabolite levels are necessary to further explore the active functions in 

the different anammox microbial aggregates (van de Vossenberg et al., 2013). 

Taxonomic origins of the functions in nitrogen metabolism 

In addition to the anammox reactions, which were performed by Candidatus Brocadiaceae in 

these sludges, it was evident that other nitrogen based transformations were conducted by a 

diverse range of bacteria (Figure 6). For example, bacterial AmoA in both flocs and biofilm 

were mostly associated with Nitrosomonadaceae. Dissimilatory nitrite reduction, mediated by 

NrfA, could be carried out by other Planctomycetaceae-like organisms in the flocs and 

biofilm, but in the granules Chloroflexi-like populations had this ability. In addition, NirS in 

both biofilm and granules was mostly distributed to Candidatus Brocadiaceae and 

Hydrogenophilaceae, while NirK in flocs was assigned to Nitrosomonadaceae. NorB and 

NorZ were assigned to several phyla, including Bacteroidetes, Betaproteobacteria and 

Gammaproteobacteria.  

     These results showed an important phenomenon that certain biochemical processes in 

bioreactors could be conducted by various microbial groups including currently unclassified 
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taxa and taxa that previously thought not being able to carry a certain bioprocess. These taxa 

are almost always missed in 16S rRNA based approaches such as FISH or qPCR using clade-

specific primers that are designed based on existing information gathered from public 

databases (Han et al., 2013). The 16S rRNA gene amplicon sequencing enables the 

community compositions to be determined, but it likely underestimates the bio-diversity of the 

system being studied as previously shown in (Orphan, 2009; Vanwonterghem et al., 2014a). 

Compared to traditional PCR based approaches, metagenomic analyses result in greater 

sequence depth and additionally provide an overview of the genetic capabilities. Interestingly, 

the metagenomic approach used in this study along with the reactor performance data provide 

a more comprehensive picture of the taxonomic and functional diversity for the key 

bioprocesses of nitrogen metabolism in the sludge samples.  

Comparative genomic analyses  

The publication of the first draft genome of Candidatus Kuenenia stuttgartiensis, which was 

assembled from a lab-scale enrichment culture, resulted in a new hypothesis on how anaerobic 

ammonium oxidation would function (Strous et al., 2006). Based on this genome information, 

using physiological and biochemical experiments and metaproteomic and metatranscriptomic 

analyses, the molecular mechanism of anaerobic ammonium oxidation was further delineated 

(Kartal et al., 2011b).  Recently, the draft genome of Candidatus Scalindua profunda, 

prominent in a marine anammox enrichment culture, was also constructed (van de Vossenberg 

et al., 2013). Here we compared the genome assemblies of Candidatus Kuenenia from the 

three sludge samples to the published draft genome of Candidatus Kuenenia stuttgartiensis. In 

general, Candidatus Kuenenia sp. from the three samples was highly similar to the reference 

and to each other. More than 90% of the genes in the three genomic assemblies, respectively, 

were found in the reference genome (Table 2). However, due to the fragmented nature of the 

assemblies, lower coverage of the reference genome was observed in the samples. There was 

also high degree of collinearity between the metagenome assemblies and the reference 
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genome, and only limited genome-wise rearrangements were observed (Figure 7a). 

   We distinguished the common genes (i.e. genes shared between samples) and the sample 

specific genes (i.e. genes exclusively hosted by respective samples) among the three sludges 

(Figure 7b). COG category analysis showed that the three Candidatus Kuenenia species 

obtained from the sludges had genes unique to each other in most of the functional categories. 

In particular, the granular Candidatus Kuenenia had more specific genes for the functions of 

inorganic ion and amino acid transport and metabolism, signal transduction, and defense 

mechanisms. This observation suggests evidence of intensive interactions of this anammox 

bacterium with coexisting microorganisms. In contrast, the Candidatus Kuenenia in the 

biofilm and floc sludges had more genes unique for them involved in lipid, coenzyme, 

carbohydrate and nucleotide transport and metabolism, and for energy conversion. This 

implyies a more diverse cellular metabolism in the IFAS sludges. Of the genome assemblies 

of Candidatus Brocadia detected in the sludges, these had had very low coverage rates 

(4.7~7.2%) to the reference genome Candidatus ‘Brocadia sinica’ (Oshiki et al., 2015) 

(Figure S5).  

A metagenomics-assisted optimisation of the Anammox process 

Anammox is a promising energy-efficient nitrogen removal process (Kartal et al., 2010), 

however, there is interest to improve the performance of these systems (Wett et al., 2013). 

Currently, we know relatively little about the regulation and adaptation of the microbial 

communities present in reactors with different anammox aggregate morphologies. In this 

study, high-throughput sequencing was used to explore microbial community structure, the 

relationships between the key microorganisms, and the nitrogen metabolic pathways in the 

three different anammox microbial aggregates. In the IFAS reactor it was demonstrated that 

nitrogen removal using the synergy of aerobic ammonium oxidation and anaerobic 

ammonium oxidation can be successfully achieved in a hybrid system, where both flocculent 

sludge aggregates enriched with AOB and attached biofilm enriched with anammox bacteria 
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could form a cooperative relationship. Granular sludge in the UASB reactor also harbored 

abundant anammox bacteria to achieve autotrophic nitrogen removal. Like floccular sludge, 

granules are a suspended biofilm. As biofilms are characterized by substrate diffusion 

limitations and redox variations, these can harbor microorganisms with very different growth 

kinetics and different electron acceptor preferences (Hall-Stoodley et al., 2004). Since 

anammox microorganisms are known to grow slowly and are inhibited by oxygen, the 

development of biofilm or granule structure would be critical to retain anammox 

microorganisms in high abundance. To date, there are some attempts to optimize the operation 

of the anammox process based on microbial community information obtained from 

bioreactors. With the decreasing costs of metagenomic sequencing and with the development 

of diagnostic tools based on metagenomic approaches, it will be promising to monitor the 

biomass status in reactors systems in the future. Together with detailed reactor performance 

data, a metagenomics-assisted optimisation approach should be applied to further improve 

existing anammox reactor robustness.  

 

Experimental Procedures 

Reactors operation and anammox microbial aggregates sampling 

A pilot-scale single-stage autotrophic nitrogen removal reactor with a working volume of 12 

m
3
 was setup at the site of a full-scale WWTP in Beijing, China. This IFAS reactor applied 

the combined activated sludge and biofilm systems (Figure S6). It was operated in continuous 

mode with polyethylene (PE) sponges as the biomass carriers. The DO was maintained at 0.5-

1.5 mg/L through an aeration system that introduced air at the bottom of the reactor. The 

influent domestic wastewater for the reactor was collected from a primary sedimentation tank 

of the WWTP. Ammonium carbonate was added to the domestic wastewater to obtain an 

ammonium concentration of 600−1000 mg/L. The mean concentrations of chemical oxygen 

demand (COD) and phosphorus were 200 and 5 mg/L, respectively. After long-term 
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cultivation, this reactor achieved stable autotrophic nitrogen removal mediated by AOB and 

anammox bacteria.  

   A lab-scale UASB reactor with a working volume of 8.0 L was installed in the same full-

scale WWTP as above. This reactor was fed with the same domestic wastewater influent with 

additions so final concentrations of ammonium and nitrate were 150-300 mg/L and 150-330 

mg/L respectively. Before sampling for DNA extractions, the UASB had been operated for 

longer than two years and achieved stable autotrophic nitrogen removal performance driven 

by anammox bacteria.  

    Anammox sludge samples were collected from the pilot-scale IFAS nitrogen removal 

reactor for flocs and biofilm, and from the lab-scale UASB anammox reactor for granules 

respectively. The samples were pooled from 5 specimens taken from different parts of the 

reactors during the steady-state operational phase of the reactors. Microbial cells were pelleted 

by centrifugation at 10,000 x g for 3 minutes. The supernatant was discarded and the cell 

pellets were stored at -80 
o
C until DNA extraction. 

DNA extraction, library preparation, high throughout sequencing and read processing 

Genomic DNA extraction was conducted quickly after sampling using the FastDNA SPIN Kit 

for Soil (QBIOgene Inc., Carlsbad, CA, USA), according to the manufacturer’s instructions. 

Following DNA extraction, the integrity of the DNA was verified using gel electrophoresis 

and concentration and purity were determined using a Qubit Fluorometer (Thermo, USA). 

Illumina shotgun DNA library construction and sequencing was conducted by the Beijing 

Genomic Institute at Shenzhen, China. Specifically, after fragmentation, paired-end fragment 

library in length of ~170 bp was constructed. Adaptor-appended fragments were sequenced on 

the Illumina HiSeq 2000 platform and reads of average length of 90 bp for each end were 

generated. Reads were excluded from further analysis if they: were shorter than 35 bp, had 

more than 3 ambiguous nucleotides, had 15 bp or more overlapping regions with adapter 

sequences, had more than 36 nucleotides with a quality value lower than 20, or were potential 
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duplicated reads from amplification artifacts. The sequences were deposited to the MG-RAST 

sever with accession numbers 4536155.3, 4536156.3 and 4536157.3. 

Read assembly and gene prediction from contigs 

After quality filtering describe above, the cleaned sequence reads were assembled into contigs 

using SOAPdenovo assembler (v 1.05, with settings of -p 8 -F -M 3 -D 1 -L 90 -u) (Li et al., 

2010). To obtain the maximum contig lengths and the maximum values of N50 (Miller et al., 

2010), a range of k-mer size values (23−57) were investigated (Figure S7). This analysis 

showed that the optimal K value was ‘27’ for all three samples. Only contigs longer than 500 

bp were used for further analysis. SOAP2 (Li et al., 2008) was then used to align all reads to 

the contigs for each sample (with settings of -s 40 –v 5 –l 32 –r 2 –m 130 –x 210 –M 4 –p 1) 

(Li et al., 2009). The successfully aligned reads were assigned as ‘assembled reads’. 

    Open reading frames (ORFs) were predicted from contigs using MetaGeneMark (version 

2.10) using default settings (Zhu et al., 2010). The predicted ORFs longer than 100 nt were 

translated into protein sequences based on the NCBI translation table 11 (Junjie et al., 2010). 

CD-HIT (version 4.6.1), was then used to remove 'redundant' (or highly similar) sequences, 

and determine gene abundance and statistics among the samples (Li and Godzik, 2006). All of 

the predicted ORFs were imported into CD-HIT. Reads were mapped back to the non-

redundant ORF set for each sample and the coverage for each ORF was calculated as the 

number of mapped reads.  

Taxonomic classification of reads 

Taxonomic classification of clean reads was conducted firstly by searching the reads against 

the NCBI NT database (10 May 2013) using SOAP2 (v2.21, with settings of -s 40 -v 5 -l 32 -r 

2 -m 130 -x 210 -M 4 -p 1) (Li et al., 2009), and then further using MEGAN (version 5.3) 

with the default settings (Huson and Weber, 2013). The sequences were assigned to NCBI 

taxa using the lowest common ancestor algorithm and the default parameters. To predict the 

phylogenetic origins of the functional genes, their protein sequences were searched against the 
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NCBI-NR database (10 May 2013) using BLASTP (version 2.2.23) (Altschul et al., 1990). 

Sequences were assigned to NCBI taxonomies with MEGAN by using the lowest common 

ancestor algorithm and the default parameters.  

Functional annotation 

Protein sequences of the predicted genes were used to search against the NCBI NR (10 May 

2013), the Non-supervised Orthologous Groups (eggNOG, version 3.0) (Powell et al., 2012) 

and against the Kyoto Encyclopedia of Genes and Genomes (KEGG, version 59) (Tatusov et 

al., 2000; Kanehisa et al., 2006) databases using BLASTP with the E-value cutoff of 10
-5

. The 

abundance of a certain COG or KEGG entry in each sample was calculated by the total 

number of found genes weighted by their coverage. Ammonia monooxygenase (Amo), 

hydrazine synthase (hzs), nitrate reductase (nar), periplasmic nitrate reductase (nap), nitrite 

reductase (nir), nitric oxide reductase (nor), nitrous oxide reductase (nos) and dissimilatory 

nitrite reductase (nrf) lacked good representative sequences in the eggNOG and KEGG 

databases at the time of this study. To accurately detect them in our samples, we manually 

obtained their abundance from the NCBI NR database search results. Consensus of function 

was determined by considering the results from all the three databases. Hydrazine 

dehhydrogenase (Hdh) is currently the only hydroxylamine oxidoreductase (HAO)-like 

protein that is determined to be a functional hydrazine dehydrogenase. Consequently we 

manually expanded a Hdh sequence database by using kustc0694 sequence (Kartal et al., 

2011b; Kartal et al., 2013) as the seed to recruit sequences from the NCBI NT database based 

on BLASTP search with similarity cutoff of > 80%. This database was then used to identify 

potential Hdh sequences in our samples by using BLASTP with similarity cutoff of > 80%.  

Sample clustering by functional profiles 

COG and KEGG annotations were first filtered to remove potential background noise as 

described here. A COG entry was selected only if it had no less than ten hits in each of the 

three samples. For KO entries, no less than five hits in each sample were required. After noise 
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filtering, only COG (129) or KO (214) entries with standard deviation bigger than 30% were 

selected and standardized to z scores before heatmap plotting and clustering using Cluster 3 

(Eisen et al., 1998).  

Taxonomic analysis of key enzymes in nitrogen metabolisms 

Nucleotide sequences of genes encoding selected key enzymes based on the above KEGG and 

eggNOG annotations were searched against the NCBI NR database (9 Jun 2014) using 

BLASTX (version 2.2.23). The top 50 hits with E-values < 0.001 were imported to MEGAN. 

The LCA parameters were set at a Min Score of 30, Top Percent as 1, and Min Support as 1. 

Potential miss-assignments were corrected manually. Sequences were only classified to the 

family level to ensure accuracy. The abundance of each enzyme in a certain sample was 

calculated by multiplying the genes annotated as this enzyme with the abundance of the gene. 

The reads per kilo-basepairs per 10 million reads (RPK10M) was then calculated for each 

gene. 

Comparative genomic analyses 

Contigs were searched against the NCBI NT database using MegaBLAST (version 2.2.23). 

The taxonomic assignment of the contigs was then obtained using MEGAN. The contigs 

assigned to Candidatus Kuenenia were then compared to the reference genomic sequence of 

Candidatus Kuenenia stuttgartiensis using BLASTN (version 2.2.23) to calculate the 

collinearity between genomes/assemblies. Coverage between genomes/assemblies were 

calculated based on the result of gene mapping using BLASTP and it was considered as 

successful mapping when amino acid sequences of two genes shared similarity of > 80%. 

Core genes were those that shared 80% or more similarity from the Kuenenia assemblies 

between samples, while the rest were considered as sample specific Kuenenia genes. 

 

AOB, NOB and Anammox abundance analysis  

Two approaches were applied to quantify the abundances of AOB, NOB and Anammox in 
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these three samples. The first method was based on metagenomic sequencing data. According 

to taxonomic classification results, the annotated read numbers of AOB, NOB and anammox 

bacteria was counted and the percentage of each group was obtained by normalizing to the 

number of total bacterial reads in each sample. The second approach was based on qPCR. 

Genes targeting AOB, NOB (Nitrobacter and Nitrospira), anammox bacteria, and the 

universal bacterial 16S rRNA genes for the total bacteria were quantified using an ABI7300 

Real Time PCR system (ABI, USA) using specific primer sets and thermal profiles for the 

reactions (Table S9) (Zhu et al., 2013). Standard plasmids carrying the target genes were 

obtained by TA cloning and these were extracted using a TIANpure Mini Plasmid kit 

(Tiangen, China). For the qPCR the 25 μL each reaction contained 1×Sybr Green I, 1×Dye 

(Takara), 200 nM of each primer, 0.5 mg mL
-1

 BSA, and 2 μL of the DNA template. 

Triplicate assays were conducted for the decimally diluted standard plasmids, the 

appropriately diluted samples, and the negative controls. Standard curves covered 5-8 orders 

of magnitude with R
2
 higher than 0.99. The amplification efficiencies were based on slopes 

between 93.4% and 96.5% (Table S10). 

Chemical analysis and floc size measurement 

The reactor solutions were analysed for COD, NH4
+
, NO3

-
, NO2

-
, MLSS and volatile 

suspended solids (VSS). These were measured according to standard methods (APHA, 1995). 

The total nitrogen (TN) was measured using a Multi N/C 3100 meter (Jena, Germany). The 

volumetric floc and granule size distributions were measured using a Malvern Mastersizer 

2000 (Malvern Instruments Ltd., UK). The Malvern Mastersizer 2000 uses light scattering and 

returns a volume fraction for each of the 100 size bands of between 0.01 and 10,000 μm.  
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Titles and legends to figures 

Table 1 Sludge sample metagenome sequencing, assembly and annotation statistics 

Table 2 The genomic coverage rates for the three samples relatively  

Figure 1 Macroscopic morphologies of the three distinct anammox sludge cultures: A, flocs; 

B, biofilm; and C, granules.  

Figure 2 Relative abundances of the Top 24 genera in the three different anammox 

aggregates. The data were visualized using Circos (Krzywinski et al., 2009). The width of 

bars from each genus indicates the relative abundances of that phylum in the three samples.  

Figure 3 Clustering of the sludge samples based on functional annotation of the genes by 

COG (A) and KEGG pathways (B) and on the gene abundance. The color code indicates the 

relative abundance of the genes after z-score normalization. 

Figure 4 Abundances of AOB, NOB and Anammox microorganisms in the three samples as 

determined from metagenome sequences: A, Anammox; B, AOB; C, NOB; D, Key 

microorganisms involved in nitrogen cycle. 

Figure 5 Abundance of key enzymes for anammox, nitrification, denitrification and DNRA. 

Pathways and key enzymes are colored differentially. The abundance of the enzymes in each 

sample is shown in the color bars, with the location in bar determining the sludge type with 

left for flocs, middle for biofilm, and right for granules. AmoA, bacterial ammonia 

monooxygenase subunit A; Hao, hydroxylamine oxidoreductase; NarG, cytoplasmic nitrate 

reductase alpha subunit; NapA, periplasmic nitrate reductase precursor; NirK, copper-

containing nitrite reductase; NirS, cytochrome cd1 nitrite reductase; cNor/qNor, nitric oxide 

reductase cytochrome or quinol-dependent; NosZ, nitrous oxide reductase; NrfA, ammonia-

forming dissimilatory nitrite reductase; Hzs, hydrazine synthase; and Hdh, hydrazine 

dehhydrogenase. RPK10M, hit reads per kilo-basepairs per 10 million reads.  A
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Figure 6 Taxonomic origins of the key enzymes in nitrogen metabolism detected in the 

anammox sludges. AmoA, bacterial ammonia monooxygenase subunit A; NarG, cytoplasmic 

nitrate reductase alpha chain; NapA, periplasmic nitrate reductase precursor; NirK, copper 

nitrite reductase; NirS, cytochrome cd1 nitrite reductase; NorB/NorZ, nitric oxide reductase 

cytochrome or quinol-dependent; NosZ, nitrous oxide reductase; NrfA, ammonia-forming 

dissimilatory nitrite reductase; Hzs, hydrazine synthase; and Hdh, hydrazine dehhydrogenase. 

RPK10M, hit reads per kilo-basepairs per 10 million reads. 

Figure 7 (a) Collinearity comparison of the Candidatus Kuenenia genome assemblies, 

obtained from the sludge samples, to the Candidatus ‘Kuenenia stuttgartiensis’ reference 

genome. (b) COG category analysis of the common genes and the sample specific genes 

among the three sludge samples. 
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Table 1 Sequencing, assembly and annotation statistics  

Sample  

High 

quality 

reads 

Taxonomically 

classified reads 

(%) 

Assembled 

reads (%) 

Contigs 

> 500bp 

Contig 

N50 

(bp) 

Reads 

mapped 

to 

contigs 

(%) 

ORFs 

total 

Annotated 

ORFs by 

eggNOG 

(%) 

Annotated 

ORFs by 

KEGG 

(%) 

Flocs  11,513,079  35.0 50.46 96,488 1494 50.46 183398 82.4 32.7 

Biofilm  11,439,096  19.7 54.49 88,007 1650 54.49 170725 94.6 33.6 

Granules  14,229,888  30.4 62.8 67,319 2318 62.8 146983 87 34.5 

 

 



Table 2 The genomic coverage rates for the three samples relatively  

Parameters Samples Candidatus Brocadia Candidatus Kuenenia 

N50 (bp) 

Flocs 1,399 1,398 

Biofilm 5,740 5,740 

Granules 8,308 8,308 

Genome (bp) 

Flocs 3,018,134 3,012,785 

Biofilm 3,693,500 3,690,351 

Granules 3,523,381 3,522,726 

Assembly Genome 

Coverage by 

References (%) 

Flocs 7.20  90  

Biofilm 6.75  92  

Granules 4.74  98  

References Coverage 

by Assembly Genome 

(%) 

Flocs 5.48  71 

Biofilm 5.80  85 

Granules 4.71  88 

 

 


