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ABSTRACT 

Microbial Aggregate and Functional Community Distribution in a Sequential Batch 

Reactor with Anammox Granules  

Thesis by 

Shan Sun 

Anammox (anaerobic ammonium oxidation) process is a one-step conversion of ammonia 

into nitrogen gas with nitrite as an electron acceptor. It has been developed as a sustainable 

technology for ammonia removal from wastewater in the last decade. For wastewater treatment, 

anammox biomass was widely developed as microbial aggregate where the conditions for 

enrichment of anammox community must be delicately controlled and growth of other bacteria 

especially NOB should be suppressed to enhance nitrogen removal efficiency. Little is known 

about the distribution of microbial aggregates in anammox process. Thus the objective of our 

study was to assess whether segregation of biomass occurs in granular anammox system. In this 

study, a laboratory-scale sequential batch reactor (SBR) was successfully operated for a period of 

80 days with granular anammox biomass. Temporal and spatial distribution of microbial 

aggregates was studied by particle characterization system and the distribution of functional 

microbial communities was studied with qPCR and 16s rRNA amplicon pyrosequencing. Our 

study revealed the spatial and temporal distribution of biomass aggregates based on their sizes 

and density. Granules (>200 μm) preferentially accumulated in the bottom of the reactor while 

floccules (30-200 μm) were relatively rich at the top layer. The average density of aggregate was 

higher at the bottom than the density of those at the top layer. Degranulation caused by lack of 

hydrodynamic shear force in the top layer was considered responsible for this phenomenon. 

NOB was relatively rich in the top layer while percentage of anammox population was higher at 
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the bottom, and anammox bacteria population gradually increased over a period of time. NOB 

growth was supposed to be associated with the increase of floccules based on the concurrent 

occurrence. Thus, segregation of biomass can be utilized to develop an effective strategy to 

enrich anammox and wash out NOB by shortening the settling time and withdrawing floccular 

biomass from the top of the reactor. 

Key words: Anammox, SBR, particle characterization, qPCR 
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1. Introduction 

In the last decade, nitrogen removal via anaerobic ammonium oxidation (anammox) has evolved 

from lab-scale to full-scale treatment of ammonia containing wastewater, and this evolution has 

been driven by the largely reduced operational costs compared with traditional nitrogen removal 

processes (Vlaeminck et al. 2010). Although extensive research has been carried out to 

understand optimal process conditions, there is still much to be learned about the active 

microbial community in anammox process.  With long doubling time, anammox cannot be 

cultured with traditional methods, which makes it difficult to study their biochemical and 

physiological pathways. But methods of enrichment and the development of “omic” tools are 

shedding more light on this important group of bacteria.  

When utilized in wastewater treatment, anammox bacteria are often combined with other 

bacteria involved in nitrogen cycle to perform nitrogen removal. This functional microbial 

community acts as a whole, but the inner cooperation and competition between different groups 

vary largely according to environmental and operational conditions. Granular sludge processes 

contribute to the cooperation of functional microbes in anammox process because the 

localization of microbial groups in granules plays an important role in deciding the efficiency of 

nitrogen removal. Anammox was observed to be wrapped in the center of granules while 

ammonia oxidizing bacteria (AOB) and nitrite oxidizing bacteria (NOB) resided on the surface. 

This distribution could allow AOB to scavenge oxygen while providing necessary nutrient to 

anammox bacteria inside the granules. This microenvironment also protects anammox bacteria 

from external oxygen exposure. Moreover, granular sludge has advantages in settling property 

and it could prevent local accumulation of substrate in biomass (Tang et al. 2011).  
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It was reported that vertical segregation of biomass occurred in aerobic granular sludge 

processes and granules with different sizes show different microbial compositions (Winkler et al. 

2012a).  Granules with different sizes may provide distinct biological niches, which could favor 

one microorganism over others. Various characteristics of granules also result in their 

segregation in reactors, which provides an opportunity to select for specific microbial groups at 

different heights inside the reactor. Selective withdrawal of biomass was used to remove 

undesirable microorganisms and enrich desirable ones to enhance the performance of the reactor 

(Winkler et al. 2011a). However, studies on biomass segregation in anaerobic granular sludge are 

limited. Biomass segregation might exist in anaerobic processes as well, because the spatial 

distribution of particles might be partially influenced by hydrodynamic shear force formed by 

agitation, air flow rate, bubble sizes, position of blowers and shape of reactors (Schaubroeck et al. 

2012). These factors are diverse at different positions in a reactor. The distribution of particles 

with various characteristics in anammox process should be studied further because variance in 

settling time based on the biomass segregation could allow selective wasting of floccules, which 

is important for granular sludge technology. The granulation and selective enrichment of 

functional microorganisms are of great significance in successful operation of anammox reactors.  

The objective of this study was to determine the temporal and spatial distribution of 

particles and microbes in a lab-scale anammox granular sludge system. A better understanding of 

the vertical distribution of particles and microbes could allow selective biomass withdrawal, 

which could be applied to control the microbial community structure and enhance nitrogen 

removal efficiency of anammox granular sludge process.  To address this objective, a sequencing 

batch reactor (SBR) with anammox granules was operated for a period of 80 days and samples 

were collected separately from the top and bottom of the reactor. Particle characterization was 
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conducted with Morphologi G3 system to study granule size and density distribution. 

Quantitative PCR was employed to study the distribution of important functional microbial 

communities involved in nitrogen removal.  
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2. Literature Review 

Nitrogen cycle is an essential part of the global biogeochemical cycle since nitrogen is an 

important nutrient for almost all organisms including human beings. But over exploitation and 

industrial activity release excess nitrogen in the form of ammonia to water bodies. This has 

caused catastrophic harm to the environment, most in the form of eutrophication. Therefore, 

stringent discharge standard has been set up for ammonia containing wastewater. Conventionally, 

ammonia is removed by nitrification (conversion of ammonia to nitrate) and denitrification 

processes (conversion of nitrate to nitrogen). In terms of process operation, the nitrification and 

the denitrification processes are mutually opposite. On one hand, nitrification is carried out by 

autotrophic and aerobic groups of microorganisms (AOB and NOB), while on the other hand 

denitrification is carried out by anaerobic and heterotrophic groups of microorganisms, making 

the entire process complicated and cost intensive. The rise in the demands for environmental 

protection has forced to develop more efficient nitrogen removing technologies in wastewater 

treatment. The enthusiasm has been growing in last decade with the emergence of anammox as a 

cost-effective technology for biological nutrient removal from wastewater.  

The possibility of anaerobic ammonia oxidation (anammox) was first predicted in 1972 

based on thermodynamic calculations (Broda 1977). In 1995 this process was first reported in a 

denitrifying fluidized-bed biological reactor in the Netherlands (Mulder et al. 1995). Bacteria 

responsible for anammox process were enriched and identified as a deeply branched member of 

the phylum Planctomycetes (Strous et al. 1999) and generally termed anammox bacteria. 

Anammox bacteria use nitrite as their electron acceptos to oxidize ammonia to dinitrogen gas in 

a one-step process. In this process, the ratio of ammonia and nitrite consumed is 1:1.32 (Kartal et 

al. 2012): 
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1 NH4
+
 + 1.32 NO2

-
 + 0.066 HCO3

-
 + 0.13 H

+
 → 1.02 N2 + 0.26 NO3

-
 + 0.066 CH2O0.5N0.15 + 

2.03 H2O            (1)  

This equation is a combination of two partial processes:  

1 NH4
+
 + 1 NO2

-
 → 1 N2 + 2 H2O         (2) 

0.27 NO2
-
 + 0.066 HCO3

-
 → 0.26 NO3

-
 + 0.066 CH2O0.5N0.15     (3) 

In the first equation, the nitrite acts as an electron acceptor and oxidizes ammonia. In the 

second one, the nitrite reduces bicarbonate to organic carbon and the biomass is accumulated in 

this process. As a result, the biomass growth is accompanied by nitrate production. For every 

mole of ammonia oxidized, there are 1.32 moles of nitrite consumed, 0.066 mole of carbon fixed 

and 0.26 mole of nitrate produced, which builds the major part of the chemolithotrophic pathway 

in anammox bacteria. 

Anammox bacteria are coccoid bacteria whose average diameter ranges from 0.8-1.1µm. 

They are anaerobic chemolithoautotrophs and the activity can be reversely inhibited by oxygen. 

Anammox bacteria divide by constrictive binary fission, which is different from the budding way 

used by other known Planctomyetes (van Niftrik et al. 2009). The doubling time of anammox 

bacteria is in the order of weeks, which is much longer than model organisms like Escherichia 

coli. It is not possible yet to get the pure culture of anammox bacteria. Extremely slow growth 

rate and strict environmental conditions required make the traditional microorganism culture 

methods not suitable for anammox bacteria. But by now anammox bacteria can be enriched to 

80-95% in enrichment media and it can be separated by physical methods such as density 

gradient centrifugation. Due to the long generation time, the biomass retention in engineered 

reactors must be sufficient to enrich the microorganisms.  
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Based on metagenome sequencing from enriched biomass, five “Candidatus” anammox 

genera have been revealed. Identities of 16S rRNA gene sequence in these species range between 

87 and 99% (Schmid et al. 2007). “Candidatus Kuenenia” (Schmid et al. 2000), “Candidatus 

Brocadia” (Kartal et al. 2004), “Candidatus Anammoxoglobus”(Kartal et al. 2007a), and 

“Candidatus Jettenia” (Quan et al. 2008) were enriched from activated sludge. The fifth genus, 

“Candidatus Scalindua”, has been enriched from marine sediments and oxygen minimum zones 

(Woebken et al. 2008, Schmid et al. 2003).  The phylogenetic tree of anammox bacteria is shown 

in Figure 2.1.  

  

Figure 2.1. 16s ribosomal RNA gene based phylogenetic tree of anammox bacteria (Kartal et al. 

2007b). 
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All anammox bacteria belong to the order Brocadiales, which forms a clade branching 

inside the phylum Planctomycetes. Besides ammonia oxidation, some anammox bacteria are 

capable of reducing NO3
-
 to NH4

+
 while oxidizing some types of organic acid. It was reported 

that Candidatus “Anammoxoglobus propionicus” can oxidize propionic acid in presence of 

NH4
+
, NO2

-
 and NO3

-
, while Candidatus “Kuenenia stuttgartiensis” can perform dissimilatory 

nitrate reduction to ammonium (DNRA) and reduce NO3
-
 to NH4

+
 (Kartal et al. 2007a). The 

possible metabolic pathway for anammox is shown in Figure 2.2.  

Figure 2.2. Biochemical pathway and enzymatic machinery of K. stuttgartiensis (Kartal et al. 

2011). 

Anammox bacteria have some physical features not typical for other reported bacterial 

phyla. These characteristics are similar to what is common in archaea and eukarya, which makes 

anammox bacteria very interesting since it shares features with all three domains. The phylum 

Planctomyetes which anammox bacteria belong to is distinct from other bacteria in structure as 
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they have intracytoplasmic membranes (Figure 2.3). The cell wall of anammox bacteria lacks 

polymer peptidoglycan which is universal in bacteria. The outermost membrane, cytoplasmic 

membrane and the innermost membrane, intracytoplasmic membrane separate the cell to three 

parts and the outermost compartment is named paryphoplasm. The compartment surrounded by 

intracytoplasmic membrane is named riboplasm as it contains DNA and ribosomes (Lindsay et al. 

2001). The innermost compartment is named as “anammoxosome” and bound by a single bilayer 

called anammoxosome membrane. Most of the anammox metabolism is carried out within 

anammoxsome where the proton motive force is generated to synthesize ATP, similar to 

mitochondria in eukaryotes. 

 

Figure 2.3. Electron micrograph of “Candidatus Kuenenia stuttgartiensis” and diagram of 

anammox cells showing different intracytoplasmic membranes(van Niftrik et al. 2008).  

Anammoxsome membrane contains a unique lipid ladderane. In “Candidatus Brocadia 

anammoxidans”, it represents 34% of the total lipids. ladderane lipids are considered making 

anammox membrane highly impermeable, which is essential for the metabolism of anammox 

bacteria because it prevents the loss of metabolites and the potential cell toxicity caused by them 

(Sinninghe Damste et al. 2002). The structures of ladderane lipids allow them to pack densely 

and remain rigid without influencing the flowability of membranes.  
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The special biochemical pathways and physiological features of anammox bacteria have 

drawn a large amount of attention, but the importance of anammox as key microbial process in 

global nitrogen cycle was not realized at first. After discovery in a pilot-scale wastewater 

treatment plant, presence of anammox has been reported in varied ecosystems including marine, 

coastal and estuarine sediments, sea ice and lakes. It is predicated that 24%-67% of oceanic 

nitrogen loss is due to anammox process in marine sediments (Thamdrup and Dalsgaard 2002). 

This was confirmed by other studies that anammox process is responsible for major loss of fixed 

nitrogen with stable isotope measurements, ladderane lipids, fluorescence in situ hybridization 

(FISH) and quantitative PCR (qPCR) (Jensen et al. 2011; Lam et al. 2009; Lam and Kuypers 

2011). The discovery of anammox contributes to explaining the unbalance of nitrogen flux in 

global nitrogen cycle.  

The discovery of anammox bacteria not only makes the natural nitrogen cycle complete 

but also has a huge application potential for treatment of ammonia-containing wastewater. 

Within a span of 10 years, several new techniques were developed based on anammox process 

and some of them have been successfully applied for full-scale wastewater treatment. Based on 

the principle of anammox, the developed new techniques include one-stage ANAMMOX
®
, 

CANON (Completely Autotrophic Nitrogen Removal Over Nitrite), OLAND (Oxygen Limited 

Autotrophic Nitrification and Denitrification), SNAD (simultaneous partial nitrification, 

anammox and denitrification) and the combined two-stage method of SHARON-ANAMMOX 

(Single reactor system for High activity Ammonium Removal Over Nitrite). Microbial 

mechanisms involved in these technologies are shown in Figure 2.4.  
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Figure 2.4. Microbial mechanisms involved in some new techniques for nitrogen removal (a) 

ANAMMOX
®
, (b) SHARON, (c) SHARON-ANAMMOX, (d) CANON, (e) OLAND (Bagchi et 

al. 2011). 

The SHARON process has two separate stages. In the first autotrophic nitrification stage, 

ammonia is partially oxidized to nitrite. In the following step, nitrite is converted to denitrogen 

gas by denitrification. These two processes were carried out in two reactors respectively, which 

provided proper conditions for AOB and denitrifiers to attain the efficient ammonia removal at a 

decreased aeration condition (Hellinga et al. 1998). For the heterotrophic denitrification, organic 

carbon is applied as the carbon source. In wastewater treatment, SHARON process can reduce 

the ammonia concentration effectively and full-scale plants with this process are put into 
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application in the Netherlands and US. Recently the SHARON process is also used in 

combination with ANAMMOX. In the combined process, the effluent from the autotrophic 

nitrification process is used as the feed for anammox process. Generated nitrite and unoxidized 

ammonia are converted into denitrogen gas by anammox bacteria. This process has several 

advantages over the traditional one: less aeration, no need for organic carbon and less biomass 

production. The first full-scale anammox plant based on SHARON-ANAMMOX process was 

started in 2002 (van der Star et al. 2007).  

In CANON process, ANAMMOX is combined with ammonia oxidization performed by 

ammonia oxidizing bacteria (AOB). First ammonia is partially oxidized to nitrite (4), and the 

ammonia and nitrite are converted to denitrogen gas with anammox bacteria.  

NH4
+
 + 1.5O2 + 2HCO3

ˉ
→ NH4

+
 + NO2ˉ+ 2CO2 + 3H2O (4) (Mikhailovskaya 2008)  

These two processes are performed in a single reactor with limited dissolved oxygen. The AOB 

consume most oxygen in the microhabitat and provide anammox with an oxygen free 

environment. In CANON process, AOB and NOB compete for oxygen, while NOB and 

anammox compete for nitrite. To establish efficient nitrogen removal, it is of significant 

importance to enrich AOB and anammox bacteria and inhibit NOB growth and activity as well. 

AOB grows with a higher rate than NOB when temperature is set between 30°C and 35°C. At a 

low DO, AOB have a higher affinity to oxygen than NOB. The decrease of solid retention time 

allows NOB to be washed out and AOB to be enriched. Anammox bacteria are enriched as well 

because the temperature is close to their optimal temperature. The CANON process is performed 

effectively with granular sludge. In granules, anammox bacteria are surrounded by AOB. 

Therefore, the oxygen available in the medium was consumed by AOB and anaerobic condition 

is generated inside the granules, which is desirable for anammox process.  
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OLAND method is a biological nitrogen removal method with coupled short stage 

nitrification and anaerobic ammonia oxidation. It was developed by microbial ecology lab of 

Gent University in Belgium (Kuai and Verstraete 1998). It is operated with DO between 0.1-0.3 

mg/L to accumulate nitrite steadily in the nitrification stage. Then ammonia and nitrite are 

converted to N2 by anaerobic ammonia oxidizing bacteria (anAOB). Nitritation and anaerobic 

ammonia oxidation are accomplished in the same reactor with cooperation of aerobic ammonia 

oxidizing bacteria (aerAOB) and anAOB. The principle of OLAND is quite similar with that of 

CANON except that all the functional microorganisms are defined as autotrophic ones.  

The techniques discussed above are proved efficient and effective in nitrogen removal from 

industrial wastewater. But most ammonia-rich wastewater is associated with organic carbon, 

which will inhibit the activity of autotrophic microorganisms acting in those processes. Even in 

SHARON process where heterotrophic bacteria are involved, a carbon to nitrogen ratio (C/N) 

above 0.3 make heterotrophic bacteria outcompete anammox bacteria (Mosquera-Corral et al. 

2005). However, in SNAD process, aerobic ammonia oxidizing bacteria, anammox bacteria and 

heterotrophic denitrifiers can coexist in one reactor. Chen et al established this process in a single 

nonwoven rotating biological contractor (NRBC). In their experiment, 79% ammonia and 94% 

COD were removed successfully with a loading rate of 0.69 kg N/m
3
·d for nitrogen and 0.34 

kg/m
3
·d for COD (Chen et al. 2009). It is assumed this process includes three separate stages. 

The ammonia is partially oxidized to nitrite and nitrate. Ammonia and nitrite are converted to 

dinitrogen gas and 0.26 mole nitrate is produced for 1 mole ammonia consumed. Heterotrophic 

denitrifiers can utilize nitrate as electron acceptors to oxidize organic carbon. The theoretical 

equation of this step is shown below: 
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C1.6H3.3O1.1N0.02 + 1.6NO3
−
 → 0.8N2 + 1.6CO2 + 1.1H2O + 0.02NH3 + 1.6OH

−
 (5) (Wang et al. 

2010) 

But it is advised that the C/N should not exceed 0.5. Full-scale wastewater treatment plants with 

SNAD process are already constructed to treat landfill leachate.  

The achievement of single-stage autotrophic nitrogen removal largely enhanced the 

efficiency of nitrogen removal in treating ammonia-rich wastewater with low concentration of 

organic carbon such as sludge reject water and landfill leachate because of its advantages 

including low aeration, low biomass production and no organic carbon addition. In SNAD, the 

C/N of wastewater that can be treated is increased, but it is still not close to the ratio in regular 

wastewater. 

Three major functional microorganism groups are responsible for these processes discussed 

above: AOB, anammox bacteria, heterotrophic denitrifiers. Different types of reactors and 

operational conditions including temperature, dissolved oxygen (DO), pH, solid retention time 

(SRT) are important in controlling the phylogenic and functional dynamics of these 

microorganism communities. The competition between microbial communities for oxygen and 

substrates decides the performance of these ammonia removal processes. Despite the advantage 

of anammox process compared to conventional techniques, it’s very hard to start-up and to 

maintain anammox condition in the reactor. Major process failure is due to growth of NOB and 

inhibition by organic carbon. Anammox bacteria also require very strict culturing condition and 

are very sensitive to change in DO, nitrate concentration and other conditions. Therefore, 

increasing knowledge about enrichment of anammox bacteria in single reactor and their 

competition and cooperation with other microbial communities will shed a light on the 

development of new methods for treatment of regular wastewater with a wide range of C/N.  
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3. Materials and Methods 

3.1. Reactor operation 

A sequencing batch reactor (SBR) with 4-L working volume was operated for a period of 80 

days using anammox granules from Rotterdam Dokhaven, the Netherlands. Synthetic wastewater 

specified for anammox (Kuai and Verstraete 1998) containing ammonia and nitrite was 

employed for establishment of anammox process. The composition of this synthetic wastewater 

is shown in Table 3.1. Operational stages included in one cycle are schematically drawn in 

Figure 3.1. Each cycle (4 h) consisted of a 60-min anaerobic feeding period, followed by a 150-

min of oxygen limited mixing phase, a 20-min settling period and a 10-min effluent withdrawal 

of 1L media. Mixing was provided by aeration and a magnetic stirrer with a rate of 50rpm, and 

dissolved oxygen was regulated to 0.5-1 mgO2/L by recirculating 5% CO2 + 95% Argon gas 

mixture. Feeding, decanting and sludge wastage were performed using peristaltic pump 

(Masterflex L/S, Cole-Parmer Instrument Co., Chicago, Ill.) programmed by timer controller 

(ChronTrol Corp., San Diego, CA).  

The reactor was operated at a fixed hydraulic retention time (HRT) of 24 hours. It was kept 

at a temperature-controlled room to maintain a constant temperature of 21±1ºC. The pH was 

maintained at 7.0±0.2 using sodium hydroxide and hydrochloric acid. The performance of the 

SBR in terms of ammonia, nitrate and nitrite concentrations was monitored on a daily basis 

except on weekends.  
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Figure 3.1. Schema of operation stages in laboratory SBR consisting of 1) pulse feeding period 

of 2 L, 2) reaction period with oxygen limited condition (0.5-1 mgO2/L and mixing, 3) a settling 

period, and 4) decanting period.  
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Table 3.1. Composition of synthetic media 

 

3.2. Biomass collection 

Biomass was collected from the top and bottom of the reactor on days 14, 49, 62 and 79, 

respectively. Samples for granule size characterization were immediately fixed and measured by 

Morphologi G3. Genomic DNA was extracted from freshly collected samples.  

 

3.3. Granule characterization by morphology 

Granule morphology was determined using Morphologi G3 particle characterization system 

(Malvern Instruments Limited, Malvern, UK).  This automated particle imaging system was used 

Chemical  Concentration (mg/L) 

(NH4)2SO4 Conc. of NH4-N X 4.716 

NaNO2 Conc. of NO2-N X 4.92 

NaHCO3 (Total N conc.) X bicarbonate factor (1.5) 

KH2PO4 (0.1 mM/L) 13.6 

CaCl2, 2H2O 300 

MgSO4, 7H2O 200 

FeSO4 6.25 

Trace element in g/L,  1.25 ml trace element/L synthetic media 

EDTA  15 

ZnSO4, 7H2O 0.43 

CoCl2, 6H2O 0.24 

MnCl2, 4H2O 0.99 

CuSO4, 5H2O 0.25 

NaMoO4, 2H2O 0.22 

H3BO4 0.014 
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to measure size, shape parameters and density of anammox granules. Paraformaldehyde fixed 

samples were dispersed into a glass slide. Particle imaging was conducted with 2.5× lens with a 

resolution range between 13 and 1000 μm and analyzed according to a Standard Operating 

Procedure (SOP) with Morphologi 7.2 software. Overlapped samples were manually removed. 

Biomass samples were classified based on circle equivalent (CE) diameter as follows: 30-200 μm 

as floccules, 200-500 μm as small granules and > 500 μm as large granules (Barr et al. 2010). 

Samples were analyzed by plotting a dendrogram and trend-plot based on CE diameter (size) and 

intensity mean (density). CE diameter is the diameter of a circle whose area is same with 2D 

image of this particle. Intensity mean is the average of the pixel greyscale levels in the object.  

3.4. DNA extraction  

Biomass samples (0.5 mL) collected were centrifuged at 10,000 rpm for 5 min to collect the 

pellets.  Genomic DNA was extracted with the FastDNA
®
 SPIN Kit (MP biomedicals, CA) 

according to the manufacturer’s protocol. The concentration of extracted DNA was measured 

with NanoDrop
®
 ND-1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE). All 

the DNA samples were stored at -20 °C until used. 

3.5. Quantitative PCR assays  

Q-PCR was performed on the CFX96 Touch™ Real-Time PCR Detection System (Bio Rad 

Laboratories Inc., CA). All amplifications were performed in triplicate with a reaction volume of 

25 µL containing 12.5 µL of iQ SYBR Green Supermix (Bio-Rad), 200 nM/L of each primer and 

5 µl of diluted sample. The annealing temperature of primers was optimized with temperature 

gradient qPCR. Thermal cycling conditions, primer sequences and DNA used as a standard for 

qPCR calibration are listed in Table 3.2. Two different dilutions (10
-1

 and 10
-2

) of each sample 
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were amplified to validate the quantification by calculating the difference between cycle 

threshold (Ct) values for each dilution.  

 

Table 3.2. Primers, thermal cycling conditions and standards used for qPCR 

Specificity Primers  Nucleotide sequence (5′–3′)  Thermal cycling  Standard  
Detection 

Limit 
Reference 

16S rRNA 

of 

anammox 

bacteria 

Amx368F 

Amx820R 

TTCGCAATGCCCGAAAGG 

AAAACCCCTCTACTTAGTGCCC 

94°C-10min, 30 x 

(94°C-30s, 55°C-

30s, 72°C-1min), 

72°C-7 min 

Anammox 

biomass 
1.8×103 (Schmid et 

al. 2005) 

16S rRNA 

of AOB 

CTO189F 

A/B 

CTO189F 

CTO654R 

GGAGRAAAGCAGGGGATCG 

GGAGGAAAGTAGGGGATCG 

CTAGCYTTGTAGTTTCAAACGC 

30 X (92°C-1min, 

57°C-1min, 68°C-

2 min) 

Anammox 

biomass 
2.1×102 

(Geets et 

al. 2007) 

16S rRNA 

of NOB 

NxrB 706F 

1431R 

 

 

Nspra 675F 

746R 

AAGACCTAYTTCAACTGGTC 

CGCTCCATCGGYGGAACMAC 

 

 

GCGGTGAAATGCGTAGAKATCG 

TCAGCGTCAGRWAYGTTCCAGAG 

95°C-5min, 40X 

(95°C-40s, 56°C-

30s, 72°C-30s), 
72°C-10min 

 

95°C-10min, 40 X 

(95°C-20s, 58°C-

1min,72°C-40 s) 

Nitrobacter 

pure culture 

 

 

Anammox 

biomass 

 

1.0×101 

 

 

 

1.0×101 

 

(Winkler et 

al. 2012a) 

 

 

(Graham et 

al. 2007) 

16S rRNA 

of 

universal 

bacteria 

338F* 

518R 

P338-IIf 

ACTCCTACGGGAGGCAGCAG 

ATTACCGCGGCTGCTGG 

ACACCTACGGGTGGCTGC 

96°C-3min 40X 

(95 °C-30s, 

55 °C- 30s, 72°C -

30s),  72°C-5min 

Anammox 

Biomass 
2.9×102 

(Marchesi 

et al. 1998) 

 

For standard clone preparation, the PCR amplicons were first cloned into a TOPO cloning 

vector (pCR 2.1-Topo vector, Invitrogen, Carlsbad, CA) according to the manufacturer’s 

protocol. Plasmids from transformed cells were extracted by the PureYield
TM

 Plasmid Miniprep 

System (Promega, Madison, WI). Copy numbers per microliter were calculated from the 

concentration of extracted plasmid DNA using the known sequences of the vector and inserts. 



29 
 

The accuracy of insert DNA was verified by amplification with gene specific primers as 

described in Table 3.2. Standard template DNA was diluted in series and the Ct values for each 

dilution were plotted against the concentration of each dilution to construct the standard curve. 

The slopes of the standard curves ranged between -3.4 and -3.6 with R
2
 values ˃ 0.990. The 16S 

rRNA gene copy number of anammox, AOB, NOB and general bacteria was determined for each 

sample using the respective standard curves. The quantification detection limit for each qPCR 

assay is shown in Table 3.2. 

3.6. PCR amplification and pyrosequencing  

For 16s rRNA amplicon pyrosequencing, PCR was carried out using bacterial forward primer 8F 

(5’-AGAGTTTGATCCTGGCTCAG-3’) and reverse primer 533R (5’- 

TTACCGCGGCTGCTGGCAC -3’) in a 25 µl reaction volume containing 1 X PCR buffer 

consists of 200 µM deoxynucleoside triphosphate (dNTP), 1.5 mM MgCl2, 0.025 U/µl Taq DNA 

polymerase (Hot Star Taq Plus MasterMix, QIAGEN), 10 pM of each primer, and 1 µl DNA 

template. The 5′-end of forward primer was fused with the Roche 454 life Science (Branford, CT, 

USA) adapter primer A and a 10 nucleotide barcode. The barcode is specific for each sample and 

able to identify individual samples in a mixture in a single pyrosequencing run. PCR was 

performed using a BioRad C1000 Thermal Cycler with the following conditions: initial 

denaturation at 95°C for 5 min, 25 cycles of denaturation at 95°C for 30s, annealing at 55°C for 

30s, and extension at 72°C for 30s, and a final extension at 72°C for 5min. PCR amplicons were 

purified using Qiaquick gel extraction kits (QIAGEN, Chatsworth, CA) according to the 

manufacturer’s protocol and concentrations were measured using spectrometry (NanoDrop-2000, 

Thermo Scientific, Wilmington, DE). Amplicon libraries were prepared with a cocktail of three 

independent PCR products for each sample to reduce the influence of potential early-round PCR 
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errors. Different amount of Amplicons from separate biomass samples were mixed to achieve 

equal mass concentrations in the final mixture for pyrosequencing on the Roche 454 FLX 

Titanium platform according to manufacturer’s protocol. The pooled sample was sequenced in 

1/4 FLX run. The instrument generated total 135 MB data encompassing 230661 reads.  

3.7. Processing of pyrosequencing raw reads and diversity analysis  

Sequences produced by pyrosequencing of 16s rRNA gene amplicons were analyzed with the 

Quantitative Insights Into Microbial Ecology (QIIME v1.6.0) pipeline (Caporaso et al. 2010a). 

All the raw reads were first demultiplexed to trim the barcode, primers and remove low quality 

sequence reads outside the range of 200 and 1000 bps, sequences containing more than 6 

ambiguous bases or 6 homopolymers and sequences with quality score less than 25. The 

remaining sequences were clustered into OTUs using UCLUST (Edgar 2010) with a threshold of 

97% sequence identity. Representative sequence from each OTU was aligned using PyNAST 

(Caporaso et al. 2010b) and taxonomy was assigned by Greengenes database (DeSantis et al. 

2006). Chimera sequence was identified and removed from the aligned sequence using 

ChimeraSlayer. Total 179561 reads encompassing 10530 OTUs pass through this QA/QC step 

that were assigned to a tree based on approximately maximum likelihood program of FastTree. 

The OTUs were summarized based on phylum and OTUs representing less than 0.1% of the total 

abundance were manually removed from the diversity histogram. To estimate sampling 

completeness and calculate the probability that randomly selected amplicons from a sample has 

already been sequenced, good’s coverage and rarefaction analysis was performed on resulting 

OTU table. Several index were used to compare community diversity (alpha diversity) across all 

biomass samples, including nonparametric richness Chao1, phylogenetic distance (PD_whole) 

and Shannon index for each sample using pseudoreplicate OTU dataset. Rank abundance curves 
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were constructed on all samples to estimate species richness and species evenness. Principal 

Coordinate Analysis (PCoA) was run using Unifrac distance matrix on unweighted dataset 

(normalized abundance values) subsampled to an even depth of 1387 bps.  

3.8. Chemical analysis 

Samples for chemical analysis were filtered with 0.45µm syringe filters (Whatman, Maidstone, 

UK). Ammonia (NH4
+
-N), Nitrate (NO3

-
-N) and Nitrite (NO2

-
-N) were measured 

colorimetrically using HACH Test-N Tube reagent. High Range Ammonia Reagent Set 26069-

45 was used for measuring the concentration of ammonia. TNT 835 (Low Range) and TNT 836 

(High Range) were used to measure the concentration of nitrate. TNT839 (Low Range) and 

TNT840 (High Range) were used for measuring the concentration of nitrite.   
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4. Results and Discussion 

4.1. Anammox reactor performance 

Granular biomass from Rotterdam Dokhaven plant was expected to be rich in anammox bacteria 

and hence was used as an inoculum to start the SBR. The performance of the SBR at various 

influent ammonia and nitrite concentrations is shown in Figure 4.1. The reactor operation was 

divided into two phases based on the influent nitrogen concentration and loading rate (Figure 4.1 

& Figure 4.2). In phase I, influent nitrogen loading rate was maintained at 1.39 kg (N) m
-3

 day
-1

 

(Figure 4.2) at an influent NO2-N/NH4
+
-N ratio of 1.32. Both ammonia and nitrite were removed 

from the reactor at a consumed NO2-N/NH4
+
-N ratio of 1.41 (Figure 4.3) indicating successful 

start-up of anammox. The nitrogen removal achieved during this phase was 85.7%±9% (Figure 

4.3) with an average effluent ammonia concentration 5.57 mg N L
-1

 (Figure 4.1). The maximum 

attainable nitrogen removal efficiency for anammox process is 89%, since the rest of the 

consumed nitrogen was converted to nitrate. After achieving maximum nitrogen removal in 

phase I, phase II was initiated with nitrogen-loading rate of 2.78 kg (N) m
-3

 day
-1

 (Figure 4.2) 

and influent NO2-N/NH4
+
-N ratio of 1.31 as in phase I. At the beginning, the nitrogen removal 

rate fluctuated between 76.2% and 83.3%, which is possibly due to the sudden increase in 

influent concentration. Then the performance was stable with nitrogen removal efficiency 

reaching 86.8%±6%. The maximum nitrogen removal rate of 2.34 kg (N) m
-3

 day
-1

 was achieved 

in phaseII (Figure 4.2). This removal rate is in accordance with previous studies (Strous et al. 

1997; Chamchoi and Nitisoravut 2007; Joss et al. 2009)  . The average ratio of nitrite consumed 

to ammonia consumed remained and nitrate generated to ammonia consumed was 1.35 and 0.26, 

respectively (Figure 4.3). These stoichiometric values are an indication of the occurrence of 
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anammox in the SBR. During the whole process, the pH fluctuated with a trend of increase, 

which is a result of consumption of H
+
 and HCO3

-
 by anammox bacteria. 

 

Figure 4.1.Concentration of various nitrogen species in the influent and effluent. 

 

Figure 4.2. Variation of nitrogen loading rate and nitrogen removal rate. 
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Figure 4.3. Nitrogen removal efficiency, NO2
-
 comsumed/NH4

+
 consumed and NO3

-
 

formed/NH4
+
 consumed. 

4.2. Morphology analysis 

Temporal and spatial distribution of anammox aggregates was monitored with a Morphologi G3 

particle characterization system. The aggregates were separated into three categories based on 

size: floccules (30-200 μm), small granules (200-500 μm) and large granules (> 500 μm). This size 

distribution was monitored throughout the whole experimental period (Table 4.1). Gradual 

decrease in the percentage of anammox granules (small and large granules) was observed with 

biomass taken from the top portion, while no clear trend was observed in granule samples taken 

from the bottom of the reactor (Figure 4.4).  The number of granules at the bottom increased 

over time (Figure 4.4). The decrease in number of granules at the top might be due to size and 

density of granules that could favor them settling down to the bottom. Also, the SBR was 

agitated with a magnetic stir bar, which failed to provide a homogenous mixing of biomass. Thus, 
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the biomass at the bottom was mixed better than that at the top. The weak shear force at the top 

might have caused the decrease in number of granules because it is reported that hydrodynamic 

shear force triggers granulation of anaerobic biomass (Liu and Tay 2002; Gao et al. 2012; 

Winkler et al. 2012a).  

Table 4.1. Number and percentage of particles in different samples 

Sample Name Flocs 
Small 

Granule

s 

Large 

Granules 

Flocs 

(%) 

Small 

Granules 

(%) 

Large 

Granules 

(%) 

Day14_top 21 13 1 60.00 37.14 2.86 

Day14_bottom 245 24 0 91.08 8.92 0.00 

Day49_top 70 19 9 71.43 19.39 9.18 

Day49_bottom 81 38 19 58.70 27.54 13.77 

Day62_top 222 78 31 67.07 23.56 9.37 

Day62_bottom 187 47 15 75.10 18.88 6.02 

Day79_top 1146 51 9 95.02 4.23 0.75 

Day79_bottom 1421 145 30 89.04 9.09 1.88 

 

In case of flocs, a steady increase was observed for the top and bottom biomass over the 

experimental period (Figure 4.4). This could be due to: i) degranulation, which caused an 

increase in number of flocs; and ii) increase in nitrogen loading rate. As shown in Figure 4.4, the 

number of flocs was significantly increased after the nitrogen loading rate was increased on day 

54. Nitrite oxidizing bacteria (NOB) grow preferentially in flocs because the aerobic part is 

larger than in granules (Winkler et al. 2011b). The increased concentration of nitrite in our 

reactor might trigger the growth of NOB and resulted in the subsequent increase of flocs.  
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Figure 4.4. Variation in number and percentage of floccules and granules. 

 

Based on the granule size distribution, samples could be categorized in two clusters (Figure 

4.5). Samples taken from the top layer had a similar CE diameter except for the sample taken on 

day 79, whereas samples taken from the bottom of the reactor had varying CE diameters (Figure 

4.5).  This is possibly due to the fact that the biomass in the top layer remained in the process of 

degranulation for the whole experimental period. However, the biomass in the bottom 

experienced the initial granulation followed by degranulation due to the increase in substrate 

concentration.   

The top and bottom samples were placed in separate groups based on intensity (Figure 4.6a), 

which was positively correlated to the density of the granules. The density of bottom biomass 

was larger than the top biomass (Figure 4.6b). The density of bottom biomass decreased 

significantly at the end of the experiment. This phenomenon might be the result of lack of proper 

hydrodynamic shear force. It is reported that anammox granules became more compact with 
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higher shear stress (Arrojo et al. 2006) since shear force could help to remove the fluffy part of 

the granules (Kwok et al. 1998; Tay et al. 2004). In aerobic granules, shear stress could stimulate 

the bacterial secretion of extracellular polysaccharides (EPS), which plays an important role in 

compactness of granular structure (Liu and Tay 2004). The same phenomenon might occur in 

anaerobic granules as well. Proper shear stress could strength the granular structure. This could 

explain why particles at the bottom, near to the gas blower and magnetic stir bar, had larger 

density than those at the top.  

 

Figure 4.5. A) Dendrogram and B) trend plot of anammox samples based on CE diameter. 

 

Figure 4.6. A) Dendrogram and B) trend plot of anammox samples based on mean intensity. 
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Morphology analysis indicated that the number of flocs increased significantly compared to 

large and small granules. It is reported that anammox performance is enhanced by forming 

granules (Gao et al. 2012). Despite the degranulation observed in this study, anammox activity 

was well maintained throughout the experimental period (Figure 4.3). It is reported that 50% of 

anammox biomass was inactive in anammox granules cultivated in a SBR due to substrate 

limitations inside the granules (Strous et al. 1998). It is possible that degranulation observed in 

this study might have provided better availability of substrate to anammox bacteria. However, 

the SBR was operated for a short period of time (80 days) and the influence of increase in 

number of flocs on the performance of anammox process for longer operating periods should be 

further investigated.  

4.3. Quantitative PCR analysis 

Quantitative PCR was applied to analyze the dynamics in the abundance of key functional 

groups responsible for nitrogen removal. The 16S rRNA gene of anammox, AOB, Nitrobacter, 

Nitrospira and total bacteria were respectively quantified with sets of primers listed in Table 3.2. 

The 16S rRNA gene copy number per milliliter of biomass is shown in Figure 4.7. The 

percentage of each functional group in this system was calculated by dividing the gene copy 

number of each bacterial group by the gene copy number of total bacteria and the results are 

presented as a pie chart in Figure 4.7.  

Total bacterial population ranged between 1.00 × 10
11

 and 8.82 × 10
12

 copies per milliliter 

of biomass. On day 79, the anammox population exceeded the total bacterial population and this 

was possibly due to the primer’s low coverage of certain phyla (Daims et al. 1999). As a result, it 

was not possible to generate a pie chart for day 79. The anammox population ranged from 5.78 × 

10
9
 to 9.95 × 10

12
 copies per milliliter of biomass with a gradual increase from 2% on day 14 
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(top biomass) to 71% (bottom biomass)on day 62. These results confirm that anammox bacteria 

were successfully enriched in the SBR and this is in accordance with the chemical analysis 

results. Compared to anammox bacterial population, AOB remained relatively stable throughout 

the experimental period. The AOB population ranged between 1.36 × 10
9
 and 3.35 × 10

10
 copies 

per milliliter of biomass and occupied 0.39% (bottom biomass) to 1.68% (top biomass) of the 

total bacterial population. The low abundance and stability of AOB might be the result of limited 

oxygen availability in the reactor.  

Both Nitrospira-like NOB and Nitrobacter-like NOB were detected in the SBR.  The 

abundance of Nitrobacter and Nitrospira on day 14 were below the quantification detection limit 

of the qPCR assays but were detected on day 49 onwards.  Nitrospira and Nitrobacter occupied 

respectively 4.68 × 10
-4

 % and 6.39 × 10
-5

 % of the total bacterial population. Considering the 

low quantification detection limit of around 2 × 10
5
 copies per milliliter of biomass, the 

percentage and growth of NOB were not significantly increased over the period of operation. 

Based on gene copy number, Nitrospira was the dominant NOB in the reactor.  Nitrospira has a 

selective advantage over Nitrobacter in reactors with partial nitrification(Liu et al. 2012) and 

they are the main NOB detected in wastewater treatment system while Nitrobacter is the main 

NOB detected in soil ecosystem (Regan et al. 2003). Nitrospira has a high affinity to low 

substrate concentration and has a low maximum growth rate, while Nitrobacter could be 

inhibited by low concentrations of substrate (Gieseke et al. 2003; Schramm et al. 1999). NOBs 

had to compete with AOB for available low dissolved oxygen and with anammox for nitrite. It 

was likely that the occurrence of Nitrobacter during the later phases was due to high 

concentrations of nitrite, which was not immediately utilized by anammox bacteria. It was 

reported that in some cases Nitrobacter would outcompete Nitrospira in engineered systems and 
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two hypotheses were proposed to explain this phenomenon (Winkler et al. 2012b). In this study 

the percentage of NOB compared to total bacteria was minimal (10
-7

%) during the entire 

experimental period. Thus, NOB had little influence on the overall nitrogen removal efficiency.  

The enrichment of NOB in the top biomass might be related to the local accumulation of 

nitrite caused by feeding from the top, accessible oxygen from the air-water surface and the 

increase in number of flocs caused by degranulation. Using mathematical models, it was 

proposed that anammox bacteria preferentially grow in large granules while NOB grow in small 

granules (Volcke et al. 2012). A similar segregation of population was observed experimentally 

in a granular sludge reactor (Winkler et al. 2011b). Such spatial distribution was beneficial to the 

performance of the system because NOB could be easily washed out compared with anammox 

and AOB. In general, anammox bacteria were successfully enriched while other competing 

microorganisms were relatively stable in the reactor, indicating good performance.  
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Figure 4.7. Abundance and percentage of microbial functional groups in SBR. 

4.4. Characterization of microbial communities in biomass 

Pyrosequencing of 16S rRNA gene amplicons from 8 samples produced 179561 reads after 

quality filtering and removal of chimeric sequences. These sequences were assigned to 10530 

OTUs at a 97% sequence identity threshold. High average Good’s coverage of 0.9 indicates our 

strategy to replicate amplification successfully captured the majority of sequences. Rarefaction 

curves also revealed that the majority of 16S rRNA sequences were present in each sample 



42 
 

(Figure 4.8). The rank-abundance distributions showed dominance of a few OTUs (~1%) and a 

long tail of rare OTUs (Figure 4.9). The dominance of relatively few OTUs and a long tail of rare 

OTUs are typical for rank-abundance curves of microbial communities in environmental samples 

(Besemer et al. 2012). Such rank-abundance curves have been considered to consist of a set of 

abundant taxa, which perform most ecosystem functions. But this result was in contradiction 

with our q-PCR results where we have seen gradual dominance of anammox bacteria and 

chemical analysis which indicated occurrence of anammox process. But pyrosequencing was 

able to capture rare-taxa that remained un-captured by most of the traditional molecular 

techniques, and thus the high number of rare OTUs in our anammox biomass indicated the 

complexity of the anammox biomass.   

 

Figure 4.8. Rarefaction curves of samples from biomass. 

Phylogenic clustering of OTUs revealed 36 different bacterial phyla across all biomass 

samples. Only 13 bacterial phyla had < 0.1% abundance in all the samples (Figure 4.10). 
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Interestingly, Planctomycetes constitute only 0.7 % of the total abundance. A genus level 

investigation failed to detect any known anammox bacteria in all samples. This was in 

contradiction to our qPCR results, where >50% of all detected bacteria belonged to anammox 

community during day 68. Such discrepancy might result from the bias of primers. While in 

silico performance evaluation of universal bacterial primers 8F/533R in SILVA databases 

indicated 85% coverage of all bacteria with 1 mismatch and 87% coverage of Planctomycetes, 

the primers used in this study showed poor coverage of anammox bacteria (Xie et al. 2012).  

PCR bias and choice of primers might be the main reasons for the poor coverage of anammox 

bacteria in this study. Although we didn’t detect anammox bacteria, we further explored the 

variability in microbial community over time. PCoA of unweighted UniFrac distances was used 

to explore temporal variability in bacterial community structure in the reactors (Figure 4.11).  In 

general, samples collected from similar time periods clustered together with a gradual succession 

away from initial conditions.  
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Figure 4.9. Rank-abundance curves of relative abundance in biomass. Curves are displayed in 

log-log scale for clarity.  

 

Figure 4.10. Phylogenetic microbial community composition. Relative abundance of dominant 

phyla (>0.1 % of total reads) is displayed from all samples.  
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Figure 4.11. Principal coordinate analysis (PCoA) based on unweighted Unifrac at a rarefaction 

depth of 1387 reads.   
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5. Conclusions 

In this study, anammox granules were successfully enriched in the SBR with stable nitrogen 

removal performance. In accordance with the performance, overall biomass (floccules and 

granules) increased over the time period, but the size and density of the biomass aggregate 

decreased slightly due to degranulation. It did not affect the anammox performance and the 

enrichment of functional microbial community. The diversity and quantity of functional 

microbial groups were optimized to favor anammox process. The number of anammox bacteria 

increased steadily and the population of other bacteria including AOB and NOB remained almost 

unchanged.  

Segregation of biomass in anammox granular sludge system was observed to occur spatially 

and temporally. Granules tended to accumulate at the bottom, while floccules accumulated at the 

top portion. Degranulation and growth of NOB were two potential reasons for increased 

floccules at the top part. Degranulation released NOB from the exterior of granules, which 

eventually formed floccules. NOB population grew at the top portion perhaps because 

wastewater containing nitrite is feed from the top of reactor. NOB prefer to reside in smaller 

particles as floccules because of the larger aerobic portion, which is supported by the relative 

enrichment of NOB in the top layer detected by qPCR. Anammox bacteria preferentially 

occurred in the bottom because large granules favored its growth by providing a larger anoxic 

habitat.  

The relative enrichment of NOB at the top biomass might allow them to be more easily 

washed out than other bacteria. Withdrawal of biomass from the top might lead to a large 

percentage of floccules to be removed. This kind of selective removal may be a good strategy to 

enrich anammox at low temperature since NOB can outcompete anammox for nitrite in regular 
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conditions. This segregation of biomass could help control microbial populations in anammox 

granular systems and enhance the performance. But the exact mechanisms leading to the 

degranulation at the top biomass should be investigated further to avoid floccules production.  
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