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Abstract 

The structural, physiochemical, and microbial properties of biofilms, flocs, and granules during 

the formation and instability of these microbial structures were studied. Specifically, the 

composition of extracellular polymeric substances (EPS) and microbial community dynamics 

were observed during: (a) formation of granules by modifying the operational conditions for 

rapid granulation in an integrated fixed-film – sequencing batch reactor (IF - SBR) system, (b) 

aerobic granule development with transient filamentous bulking, and (c) biofilm sloughing in an 

IFAS system. The thesis arose from the observations of the dynamic nature in which these 

structures developed and changed while operating IF - SBR. Biomass from IF - SBR could be 

differentiated into more and less hydrophobic fractions and the physicochemical properties and 

changes in EPS were associated with periodic sloughing of the biofilm from IF - SBR carriers. It 

was found that sloughing did not lead to biomass loss from the bioreactors and the resulting 

suspended biomass and flocs that had enhanced settleability.  

Coupling granulation technology with an IFAS system was an interesting development that 

improved the capacity and efficiency of wastewater treatment. Rapid granulation was observed 

with oxic/anoxic/oxic conditions in the IF - SBR system where Rhodocyclaceae and 

Comamonadaceae populations (known for denitrification) were predominant.  

During granulation, a microbial community was selected with a predominant bacterial group, 

which produced a protein rich extracellular matrix for formation of compact granules. The lysis 

of dominant microbial population in aerobic granules resulted in transient granule instability; 

however, the microbial community was capable of self-remedy to restore the granular structure 

after an instability phase.  
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In the IFAS system, microcolonies with a higher polysaccharide content and dead cells resulted 

in biofilm sloughing. It was observed during the study that apparently distinct microbial 

structures (biofilms, flocs and granules) are pleomorphic microbial aggregates. The Identification 

of hydrophobic characteristics of bacteria and the extracellular adhesins expressed by the 

bacteria have a potential to improve our understanding about microbial interaction. The 

understanding about the microanatomy of biofilms, flocs and granules will facilitate to engineer 

stable microbial structures. 
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Chapter 1: Introduction 

Conventional wastewater treatment systems have been protecting water bodies from 

contaminations for more than 100 years. Population growth, urbanization, and industrial 

activity impact water utilization and treatment, often beyond designed capacities. To 

meet or exceed effluent standards and to minimize the discharge of nutrients and 

contamination of recipient waters, it is necessary to increase the capacity of existing 

treatment plants and/or identify new approaches that lead to more efficient and effective 

treatment. A number of technologies have been employed to improve the capacity and 

efficiency of wastewater treatment, including granular sludge and IFAS systems.  

The granules are large microbial aggregates (> 0.2 mm) with stratified structures, for 

simultaneous removal of nutrients (e.g. nitrogen and organic substrate), and improved 

settleability for efficient separation of treated water from biomass. Two basic strategies, 

feast-famine conditions and shear force, have been used for granule formation. A number 

of operational conditions, including aeration intensity (Tay et al., 2001a), short settling 

time (McSwain et al., 2004) aerobic starvation (Tay et al., 2001b), have been used for the 

selection of bacterial community and optimization of granulation processes. The 

physical-chemical and morphological properties of aerobic granules support gradients 

formation that affect the availability of nutrients and dissolved oxygen, and 

electrochemical conditions across the granule. The autotrophic (in the outer aerobic layer) 

and heterotrophic bacteria (in deeper anoxic layer) are responsible for nitrification and 
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denitrification, respectively. The fast growing heterotrophs in the outer layer, which use 

oxygen as electron acceptor, can outcompete the slow growing denitrifying heterotrophs 

growing in anoxic conditions, which use oxidized nitrogen species as electron acceptor 

for organic substrate (de Kreuk and van Loosdrecht, 2004; Pronk et al., 2015). During 

feast famine conditions in sequencing batch reactors (SBRs), microbial community 

converts easily degradable organic substrate to complex polymers (e.g. 

polyhydroxyalkanoates (PHA)), which facilitate the growth of slow growing bacteria, 

which are capable of degrading these complex polymers, for granule formation (van 

Loosdrecht et al., 1997; De Kreuk et al., 2005). There has been growing interest in the 

exploitation of aerobic sludge granules for biological wastewater treatment. However, the 

long start-up time required for granule formation and instability of aerobic granules are 

the limiting factors for the large-scale application of granular sludge technology (Liu and 

Tay, 2004; Lee et al., 2010; Show et al., 2012). 

The IFAS system is a hybrid of the conventional activated sludge (CAS) and moving bed 

bioreactor (MBBR) systems. In MBBR, plastic carrier media are used to support the 

growth of biofilms for wastewater treatment, whereas the suspended solids are washed 

out of the system. A hybrid IFAS system combines the MBBR and CAS systems by 

retaining the biofilm carrier media in the aeration tank and returning the activated sludge 

to the aeration tank from the settling tank. The IFAS system can retain higher biomass 

volume for wastewater treatment processes and has a higher solid retention time to 

support the growth of slow growing bacteria. The IFAS system provides an easy option 
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to upgrade existing conventional wastewater treatment facilities to improve the efficiency 

and capacity of wastewater treatment and year-round stable biological nutrient removal 

(Stricker et al., 2009; Kim et al., 2010; Saknenko et al., 2014). The hybrid nature of the 

IFAS system makes it a complex system where biofilms and flocs contribute differently 

to overall stable performance of the system (Sriwiriyant and Randall, 2005). The thick 

biofilms and its stratified structures, with oxic and anoxic zones, facilitate the 

simultaneous removal of nitrogen, phosphorus, and organic loading from wastewater 

(Mahendran et al., 2012; Kim et al., 2010). The potential to couple IFAS with granular 

sludge processes represents an interesting biological wastewater treatment development, 

for enhanced and efficient biological nutrient removal processes. 

The hypothesis of this research was that apparently distinct microbial structures (flocs, 

granules and biofilms) are “pleomorphic” microbial aggregates. In other words these 

structures transition from one form to the other and cover a spectrum of transient 

structures. The characteristics of these “pleomorphic” microbial aggregates reflect 

changes in microbial community dynamics and composition of the extracellular matrix. 

The over all goal of this research is to understand the role microbial community dynamics 

and extracellular matrix in formation and instability of the microbial structures Specific 

objectives include characterization of mixed microbial community structure and 

extracellular adhesin during: (a) granule formation from flocs, (b) granule instability due 

to filamentous bulking and (c) during biofilm sloughing. 
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For this study laboratory scale integrated fixed-film – sequencing batch reactors (IF – 

SBRs) were operated, which enabled to study biofilms, flocs and granules 

simultaneously, in a well controlled system. During this thesis research, rapid granulation 

in the IF - SBR system was observed, with introduction of anoxic zone. The microbial 

community dynamics and composition and distribution of EPS during transient granule 

instability were characterized to understand the mechanism of granule instability. Physic-

chemical, structural, and microbial properties of biofilms and flocs were characterized in 

the IF - SBR system, during biofilm sloughing to understand the molecular basis of 

biofilm sloughing in the IF - SBR system. It was observed that bacterial surface 

hydrophobicity plays an important role in formation and development of microbial 

aggregates. Therefore, the hydrophobic character of the extracellular polymers and 

microbial population was identified to understand the mechanism of aggregation and 

dispersion of biofilms and flocs. 

1.1 Thesis outline 

This thesis is divided into seven chapters. The introduction to the topics of study and 

thesis outline is presented in the first chapter. In second chapter, molecular basis of 

adhesive EPS at bacterial interfaces in biofilms and flocs, and granule formation and 

stability in wastewater system are reviewed. Chapter three describes the properties of 

rapidly forming granules by modifying the operational conditions and the potential to 

couple the IFAS system and granulation technology. In fourth chapter, the role of EPS 

and microbial community dynamics during granule development with a transient 



 

 

 

23 

filamentous instability phase are discussed (Aqeel et al., 2016). Chapter five describes the 

properties of biofilms and flocs associated with biofilms sloughing in the IFAS system. In 

chapter six, the fractionation of microbial communities of biofilms and flocs based on 

hydrophobic character of bacteria and extracellular adhesins are discussed. In chapter 

seven, the overall conclusions and significance of the research findings are discussed 

followed by recommendations for future work. 

1.2 References 

Aqeel, H., Basuvaraj, M., Hall, M., Neufeld, J. D., Liss, S. N., 2016. Microbial dynamics 

and properties of aerobic granules developed in a laboratory-scale sequencing 

batch reactor with an intermediate filamentous bulking stage. Applied 

microbiology and biotechnology, 100(1), 447-460. 

De Kreuk MK, van Loosdrecht MCM (2004) Selection of slow growing organisms as a 

means for improving aerobic granular sludge stability. Water Sci Technol, 49:9-
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Chapter 2: Literature Review 

2.1 Molecular basis of adhesive EPS at microbial interfaces in biofilms and 

microbial flocs 

Summary 

In the diverse microbial communities of environmental and engineered systems, bacteria 

tend to interact with each other to form microbial aggregates. Bacteria produce EPS, 

which form a meshwork and physically connect the cells together. Protein, 

polysaccharide, and extracellular DNA (eDNA) are the key adhesive polymers of EPS. 

These biopolymers form specific and non-specific interaction at the cellular interfaces. 

Extracellular proteinaceous adhesins, such as cellular appendages and amyloid adhesins, 

form specific interactions, whereas polysaccharides and eDNA bind non-specifically or 

provide epitopes for specific interactions with proteins. Extracellular proteinaceous 

adhesins form three types of specific interactions within EPS: (a) protein-protein such as 

amyloid adhesins interactions, (b) protein-polysaccharide (lectins) such as FimH 

interaction with mannose, and (c) protein-DNA such as type IV pili interaction with 

eDNA. This chapter reviews the current state of knowledge about the role of extracellular 

adhesins in microbial aggregation. Most of the information about microbial aggregation 

is inferred from pure culture studies. In wastewater treatment plants with diverse 

environmental and nutritional conditions, microbial aggregates are composed of dynamic 

microbial communities, which form complex interactions. The microbial diversity and 
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the relative abundance and localization of the extracellular adhesins play a significant 

role in the structure and behavior of biofilms and flocs. 

2.1.1 Microbial aggregation 

Bacteria tend to interact with each other to form microbial aggregates in environmental 

and engineered systems. The microbial aggregates attached to biotic or abiotic surfaces 

are called biofilms (Jefferson, 2004; Singh et al., 2006; Flemming et al., 2007), whereas 

suspended microbial aggregate in an aquatic phase are called flocs (Liss, 2002). The 

biofilms represent cell-surface and cell-cell interactions, whereas microbial flocs 

formation involve only cell-cell interactions. Biofilm formation is a stepwise process, 

which includes three phases: (a) an initial reversible phase, (b) an irreversible attachment 

phase, and (c) a dispersion phase to start a new biofilm (O'Toole et al., 2000a). Non-

specific interactions are the dominant adhesive forces during the reversible phase, 

whereas specific interactions are dominant during irreversible attachment phase 

(Marshall, 1994; Katsikogianni and Missirlis, 2004). Similarly, at microbial interfaces in 

flocs, it is observed that specific and non-specific interactions are predominant at long 

and short solid retention times, respectively (Liao et al., 2002). The non-specific 

interaction means that the extracellular polymers have the ability to bind non-specifically 

to a wide range of substrates, whereas specific interactions involve binding to selective 

extracellular polymers. These specific and non-specific attractive or repulsive forces in 

EPS form complex interactions using Van der Walls, ionic, electrostatic, hydrogen 
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bonding, and hydrophobic interactions (Flemming and Wingender, 2010; Marshall, 1994; 

Katsikogianni and Missirlis, 2004).  

The Derjaguin–Landau–Verwey–Overbeek (DLVO) theory has been used to describe the 

non-specific bacterial interactions in microbial aggregates. The DLVO theory describes 

the colloid particles interactions, which interact by Van der Walls force and electrostatic 

attraction between charged particles (Derjaguin, 1941; Verwey, 1947). The extended 

DLVO theory has also been presented to address the hydrophobic/hydrophilic properties 

of bacteria with respect to the extracellular adhesions (Hermansson, 1999). However, the 

presence of microbial adhesins with specific interactions at the bacterial interfaces 

complicates bacterial adhesion, which cannot be described by this theory. The 

irreversible attachment of a biofilm is stabilized by the production of EPS (Hori and 

Matsumoto, 2010). The internal instability, which is due to microbial community 

dynamics and/or change in composition of EPS, results in dispersion of microbial 

aggregate.   

In an aquatic system, organic matter is adsorbed on a surface to form a conditioning film. 

Conditioning film mediates initial adhesion of bacteria on a surface. Conditioning film 

also serves as a nutritional source (Marshall, 1994; Dunne Jr, 2002; Rendueles and 

Ghigo, 2012) which attracts bacteria for biofilm development. The bacteria move with 

chemotactic movement of flagella towards the conditioning film (Wood et al., 2010). The 

bacteria have a tendency to form biofilms on a wide range of surfaces. The electrostatic 

attractive force between a positively charged conditioning film and negatively charged 
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planktonic bacteria facilitates an initial non-specific interaction (Tay et al., 2001). If a 

surface is negatively charged, the flagellar motility can overcome the repulsive forces 

between the negatively charged surfaces of the substrate and bacteria (Pratt and Kolter, 

1999). The negatively charged surfaces of bacteria and the substrate are bridged with the 

help of divalent cations, such as calcium and magnesium. These divalent cations convert 

the force of electrostatic repulsion to the strength of electrostatic attraction (Zita and 

Hermansson, 1994; Nguyen et al., 2007). 

  

 

Figure 2.1 Extracellular adhesins and its interactive forces for microbial aggregation. 

(a) In nutritional and environmental stress conditions, amyloid adhesins are abundant (b) 

flagella and type IV pilli are predominant in the outer nutrient rich layer. 
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Primary colonizers, which are bacteria that can attach to the biotic or abiotic surfaces, 

compete for adhesion to cover the surface of substrate. These primary colonizers grow to 

form microcolonies that are invaded by the secondary bacteria, which are bacteria that 

can bind to the primary colonizers for cell-to-cell interaction to form mixed microbial 

colonies (Dunne Jr, 2002). The microcolonies are connected with bridging bacteria to 

form a mixed culture biofilm. For example, Malik et al. (2003) reported that 

Acinetobacter isolates are the bridging bacteria of mixed microbial communities in 

wastewater. The absence of bridging bacteria results in poor microbial aggregation. 

Buswell et al. (1997) reported that Micrococcus luteus can bind to all other bacteria 

isolated from a biofilm, which plays a significant role in bridging non-interacting 

microcolonies in biofilm formation. 

2.1.2 Extracellular polymeric substance 

Bacteria produce EPS for microbial aggregation, which protect microbial communities in 

harsh environmental conditions (Flemming and Wingender, 2010). EPS forms a 

meshwork, which physically cement bacteria to each other and creates a favourable 

microenvironment for bacteria (Flemming and Wingender, 2010). There are two types of 

EPS: bound EPS and soluble EPS. The bound EPS is enmeshed in the biofilms and flocs, 

whereas the soluble EPS is lost in the aquatic column, which facilitates formation of a 

conditioning film. In this article, a general term EPS is used, and represents the bound 

EPS. EPS is composed of proteins, polysaccharides (major components of EPS), eDNA, 

lipids, and humic substances (Sheng et al., 2010).  
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EPS forms attractive and repulsive interactions within biofilms and flocs. These 

interactions play a significant role in biofilm formation and development by: (a) 

physically connecting the cells, (b) retaining the bacterial metabolites and keeping them 

from being lost in the aquatic system, (c) adsorbing nutrients from the surrounding 

aquatic system, (d) facilitating water retention within a microbial aggregate with the help 

of the relatively less hydrophobic contents of EPS, and (e) mediating channel formation 

for transport of nutrients within a microbial aggregate with the help of the hydrophobic 

and electrostatic repulsion between the extracellular polymers (Bura et al., 1998; 

Flemming et al., 2007; Flemming and Wingender, 2010).  

The composition of EPS determines the physicochemical properties such as the surface 

charge and hydrophobicity of the microbial aggregates. The protein to polysaccharide 

ratio is positively correlated to the hydrophobicity and negative surface charge of 

biofilms and flocs (Liao et al., 2001; Sponza, 2002; Wilén et al., 2003). Hydrophobicity 

and negative surface charge facilitate microbial aggregation (Zita and Hermansson, 

1997a; Zita and Hermansson, 1997b). The distribution of EPS content in a microbial 

aggregate determines the structure of a microbial aggregate. The core of a microbial 

aggregate is more hydrophobic, which means it is more compact and tightly packed, and 

proteins are the dominant polymer that helps form a stable structure. The breakdown of 

the protein dominant core may disperse the microbial aggregate (McSwain et al., 2005; 

Ahimou et al., 2007). The outer layer of a microbial aggregate is usually rich in 

polysaccharide, which gives the layer an overall positive charge to facilitate the adhesion 
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of negatively charged planktonic cells on the microbial aggregate (Tay et al., 2001). The 

polysaccharide rich outer layer is loosely packed and hydrophilic, which facilitates water 

retention and transfer of nutrients to deeper layers of the microbial aggregate (McSwain 

et al., 2005; Ahimou et al., 2007). 

2.1.2.1 Extracellular proteinaceous adhesins 

The extracellular proteinaceous adhesins (ePA) are cellular appendages and fibres 

embedded on the microbial cell surface, which form specific interactions with 

extracellular polymers at the bacterial interfaces (Table 2). The ePA include amyloid 

adhesins, cellular appendages (flagella, type I pili, and type IV pili) and lectins (FimH). It 

is inferred from current state of knowledge about biofilms and flocs that there are three 

types of specific interactions within EPS: (a) protein-protein such as by amyloid adhesins 

(Olsén et al., 1989), (b) protein-polysaccharide such as mannose sensitive FimH 

(Krogfelt et al., 1990) and (c) protein-eDNA such as type IV pili interaction with eDNA 

(Van Schaik et al., 2005; Heijstra et al., 2009). In natural and engineered systems, the 

diversity of microbial communities, nutritional conditions, and operational conditions 

result in a more complex expression of extracellular adhesins and microbial interaction. 

The seed bacterial community, nutritional conditions and operational conditions results in 

development of microenvironment in biofilms and flocs, which facilitate dominance of a 

microbial group and consequently one of the EPS component is more important than the 

other. Complex EPS form diverse interactions at bacterial interfaces; however, there is a 

possibility that one kind of interaction is predominantly present in biofilms and flocs 
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depending on the microbial community structure and composition of EPS. Therefore, 

different studies have shown that inhibition of a specific protein, polysaccharide, or the 

DNA content of EPS can disintegrate the microbial aggregate (Sheng et al., 2010; Tielker 

et al., 2005; Adav et al., 2010; Nijland et al., 2010). 

The ePA form well organized structures with spatiotemporal distributions that adjust 

according to environmental conditions for biofilm formation and stability (Hung et al., 

2013). The environmental and nutritional conditions in an aquatic system favour the 

growth rate of certain bacteria and suppress the growth of competing bacterial species 

(Moons et al., 2009). The microorganisms, which like the environmental conditions in 

microbial aggregates, grow at a fast rate and blanket the stressed bacterial species (An et 

al., 2006; Conrad et al., 2011). For example, in aerated bioreactors, aerobic bacteria form 

a blanket layer that utilizes most of the oxygen and nutrients. The blanket layer forms a 

buffer zone, which facilitates the growth of microaerophillic and anaerobic bacteria in 

deeper layers of the microbial aggregate. In biological wastewater treatment the creation 

of anoxic zone in biofilms, flocs or granules facilitate growth of denitrifying bacteria for 

simultaneous nitrification and denitrification of ammonia present in the wastewater.  

The amyloid adhesins and type I pili are responsible for interactions at the bacterial 

interfaces of non-motile bacteria. The non-motile bacteria form the stalk of a biofilm, 

whereas the motile bacteria with type IV pili and flagella are abundant in the outer layer 

of the microbial aggregate (Jorand et al., 1995; Klausen et al., 2003a; Rickard et al., 

2003; Curtis and Sloan, 2004; Akarsubasi et al., 2009; Ayarza et al., 2010). With the help 
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of type IV pili and flagella, the fast growing motile bacteria can blanket the slow growing 

bacteria. The bacteria growing at fast rate with mutant type IV pili and flagella fail to 

blanket the stressed bacteria (An et al., 2006; Conrad et al., 2011). The outer layer of the 

microbial aggregate consumes much of the oxygen and nutrients, which creates oxygen 

tension and nutrient limitations in the core of a microbial aggregate. The bacteria, which 

do not have direct access to outside nutrients, suffer osmotic pressure and undergo a 

stationary phase of growth in the microbial aggregates (Beloin and Ghigo, 2005). 

Barnhart and Chapman (2006) reported that the expression of the amyloid adhesins is 

induced by the stationary phase of microbial growth and osmotic pressure in addition to 

the oxygen and nutrient limitations. The diffusion of nutrients and oxygen decreases as 

the microcolonies increase in size. 

 

Figure 2.2 Role of extracellular adhesins in cell-cell and cell-surface interactions. 
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The microcolonies growing in a biofilm have a threshold for nutritional and 

environmental stress (Purevdorj-Gage et al., 2005; Zhang et al., 2006). When local 

conditions become unfavourable for a bacterium, it can migrate to explore the favorable 

microenvironment within a microbial aggregate or detach from a biofilm or microbial 

floc to search for better environmental and nutritional resources (Klausen et al., 2003a). 

In a mixed culture microbial aggregate, a subpopulation of bacteria is killed on further 

growth. The organic matter released due to cell lysis serves as nutrition for the nearby 

surviving bacteria (McDougald et al., 2011). An increase in carbon source up-regulates 

the flagellum expression but down-regulates the pili synthesis (Sauer et al., 2004). The 

switch in expression of extracellular adhesins results in sloughing, which leaves a hollow 

biofilm (Purevdorj-Gage et al., 2005). 

2.1.2.1.1 Amyloid adhesins 

Amyloid adhesins are beta sheet rich, fibrous proteins, which are insoluble and resistant 

to proteolytic enzyme activity of proteases (Epstein and Chapman, 2008). In humans, 

amyloids are related to neurodegenerative diseases; however, in bacteria amyloids are 

functional extracellular polymers for microbial survival in harsh environmental 

conditions. The ability of amyloids to resist most environmental and nutritional stresses 

make them a common component of microbial aggregates in diverse environmental 

conditions (Larsen et al., 2007; Hufnagel et al., 2013). Lemre et al. (2014) suggested that 

amyloid adhesin production modifies the mechanical properties of EPS so that EPS can 

adapt to diverse environmental conditions. Amyloid adhesins were first identified in 
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Escherichia coli and were named curli due to their coiled appearance (Olsén et al., 1989). 

Later, amyloid adhesins were identified in Salmonella (named Tafi) (Barnhart and 

Chapman, 2006) and Pseudomonas (named Fap) (Dueholm et al., 2010). Recently, the 

biological function of amyloid adhesins was identified in many Enterobacteria (Bokranz 

et al., 2005; Badtke et al., 2009). Amyloid adhesins are also abundant in biofilms and 

flocs of natural and engineered aquatic systems. Bioinformatics analyses have revealed 

that the amyloid adhesins are widespread in bacteria related to phyla Proteobacteria, 

Bacteroidetes, Firmicutes and Thermodesulfobacteria (Larsen et al., 2007; Larsen et al., 

2008; Dueholm et al., 2010; Dueholm et al., 2012).  

Amyloid adhesin biogenesis is a conserved cellular process in bacteria. The homologues 

of genes required for amyloid fibre biogenesis of curli in E. coli are also present in Fap 

(amyloid fibre) of Pseudomonas species (Dueholm et al., 2013a). The protein data base 

search indicates that the homologues of Fap genes are also present in Betaproteobacteria, 

Deltaproteobacteria, and Gammaproteobacteria (Dueholm et al., 2013b). Amyloid fibre 

biogenesis requires two structural proteins: a major subunit CsgA and a minor subunit 

CsgB. The CsgA and CsgB are secreted outside the bacterial cell. CsgB nucleates the 

major subunit for polymerization of curli on the bacterial surface. The absence of CsgA 

or CsgB secretion from a bacterium can be complemented by an appropriate subunit from 

the adjacent bacteria for amyloid fibre biogenesis (Chapman et al., 2002; Barnhart and 

Chapman, 2006).  
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Curliated bacteria tend to attach on abiotic surfaces efficiently compared to non-curliated 

strains. The expression of amyloid adhesins stabilizes the attachment of biofilm on a 

surface. The stabilization of microbial adhesion due to amyloid adhesins depends on two 

factors: hydrophobicity of the substrate and incubation time of curli expressing bacteria 

on the substrate. Hydrophobicity of the abiotic surfaces is directly proportional to the 

firmer attachment of curliated bacteria on the substrate (Pawar et al., 2005). For example, 

the curliated bacteria hold more strongly to a hydrophobic abiotic polystyrene surface 

compared to a less hydrophobic stainless steel surface. Similarly, the strength of curliated 

bacterial attachment on an abiotic surface is directly proportional to the time of 

incubation on a substrate. Initial bacterial attachment during the reversible phase of 

biofilm formation on a surface creates oxygen tension at the contact surface. The 

expression of amyloid adhesins at the contact interface results in the firm and stable 

attachment of biofilm on a surface (Ryu et al., 2004; Ryu and Beuchat, 2005; Boyer et 

al., 2007; Goulter et al., 2010; Patel et al., 2011). 

Amyloid adhesins mediate cell-cell interactions for microbial aggregation in flocculation 

and biofilm formation (Dueholm et al., 2013a). When growing on a solid agar medium, 

the microanatomy of E. coli biofilm reveals that the curli are absent in rod shape cells, 

which are close to the nutrient media, whereas curli are abundant in ovoid and starved 

cells, which are away from the nutrient source (Serra et al., 2013). The inhibition of 

amyloid adhesin synthesis results in flat biofilm, due to the loss of cell-cell interaction 

(Prigent‐Combaret et al., 2000; May and Okabe, 2008; Goulter-Thorsen et al., 2011). 
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Amyloid fibres of neighbouring bacteria cluster together and twist to form rope-like 

structures. The clustering and rope formation of amyloid adhesins at inter-bacterial 

surfaces pulls the neighbouring bacteria close to each other. The amyloid adhesin 

expressing bacteria are tightly packed and more hydrophobic compared to non-amyloid 

adhesin producing bacteria (Prigent‐Combaret et al., 2000; Patel et al., 2011). The core of 

a floc or granule is more hydrophobic, which is populated with a closely packed stable 

meshwork of microbes (McSwain et al., 2005). From the above studies, it is hypothesized 

that the amyloid adhesins are abundant in the core of mixed microbial community 

biofilms and microbial flocs where cells form hydrophobic interactions at the bacterial 

interfaces in relatively starved conditions. 

Although the mechanisms of microbial aggregation draw the most attention of 

environmental engineers, all microbial aggregates are subject to dispersion. It has been 

observed that the biofilm of Bacillus subtilis secretes D-amino acids during late stage of 

biofilm development, which inhibits the biofilm structure. D-amino acids trigger the 

disassembly of amyloid fibres, which result in the disintegration of the biofilm. It has also 

been observed that D-amino acids inhibit the biofilm formation of Staphylococcus aureus 

and Pseudomonas aeruginosa (Kolodkin-Gal et al., 2010). The detachment and inhibition 

of mixed microbial community biofilm formation have also been observed in wastewater 

membrane bioreactors. Biofilm detachment is triggered by inhibition of EPS production. 

Specifically, D-amino acid treatment results in lower protein concentrations in the 

exposed biofilm (Xu and Liu, 2011). 
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The expression of amyloid adhesin is upregulated in oxygen limiting conditions 

(Barnhart and Chapman, 2006). Oxygen is supplied from the bottom of the membrane in 

a membrane aerated biofilm reactor (MABR). A biofilm growing on the membrane of a 

MABR is detached from the surface at higher oxygen concentrations (Rishell et al., 

2004) and reattach when oxygen supply is lowered (Zhu et al., 2009). The 

characterization of EPS shows that loss of protein content results in biofilm detachment 

(Zhu et al., 2009). It is hypothesized that the low protein to polysaccharide ratio and 

biofilm detachment are the result of down regulation of amyloid adhesins synthesis due 

to a high oxygen concentration at the contact surface. The reattachment of the biofilm on 

the membrane is stabilized due to a low oxygen concentration, which induces the amyloid 

adhesin expression, although it is possible that other factors are involved. Further studies 

are required to understand the role of amyloid adhesins in oxygen concentration 

dependent detachment and reattachment of biofilm on aerated surfaces. 

2.1.2.1.2 Lectins 

Lectins, sugar-binding proteins that are highly specific for their target substrate, are 

produced by many microorganisms that facilitate cell-cell and cell-surface adhesions. 

Usually, these lectins are small binding sites present on the tip of the cellular appendages, 

which make these appendages adhesive for biofilm formation and development (Park and 

Novak, 2009). For example, the FimH present on the tip of type I pili binds specifically 

to mannose sugars (Lindhorst et al., 2010). Multiple lectins can bind specifically to a 

similar carbohydrate target. The lectins bind to the target sugars by hydrogen bonding, 
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hydrophobic attraction, or electrostatic interaction (Sharon, 2007). LecA and LecB are 

lectins present on surface of Pseudomonas aeruginos, which bind to the polysaccharides 

by ionic interaction (Imberty et al., 2004). The LecA binds specifically to the glactose 

(Diggle et al., 2006). The LecB binds specifically to fucose sugar and has some affinity 

for D-mannose as well (Tielker et al., 2005). The Pseudomonas aeruginosa also possess 

another lectin, a flagellar subunit FliD, which binds to a carbohydrate Lewis x present on 

mucin (Scharfman et al., 2001). The absence of these lectin interactions hinders the 

biofilm formation. The addition of specific sugars also inhibits the lectin dependent 

adhesion (Tielker et al., 2005). 

2.1.2.1.3 Flagella 

Flagella, extracellular whip-like structures, are common appendages that are present on 

the surface of many bacteria (Römling and Rohde, 1999). For example, 300 flagellin 

sequences were obtained during Sargasso Sea sequencing project (Pallen and Matzke, 

2006). Flagella facilitate initial bacterial attachment due to their ability to swim towards 

the substrate and outcompete the competitor non-motile bacteria for biofilm development 

on a surface. In aquatic systems, conditioning films are formed on the surfaces due to 

adsorption of soluble EPS, which is negatively charged. Flagellar motility helps bacteria 

overcome the electrostatic repulsion between the negatively charged cell and the 

substrate (Pratt and Kolter, 1999). The divalent cations aid to bridge the negatively 

charged surfaces for bacterial attachment on the substrate (Kierek and Watnick, 2003; 

Lemon et al., 2007; Van Dellen et al., 2008; Karatan and Watnick, 2009).  
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Flagellated bacteria can resist the hydrodynamic conditions to form firm attachments on 

the abiotic surface whereas non-flagellated bacteria are washed away easily from the 

abiotic surface under hydrodynamic conditions (Watnick and Kolter, 1999; McClaine and 

Ford, 2002). Flagella are abundant at the interface of cells and the abiotic surface, which 

is a rich source of nutrients, where they serve as “cellular ropes”. The rotation of flagella 

tightly anchors cells on a surface and to each other. The flagellar anchor provides a strong 

base for the development of thick biofilm.  

The biogenesis of flagella is down regulated on bacterial attachment to a surface. In the 

starved layer of microbial aggregate, bacterial cells do not synthesize the flagella. The 

parent cells retain the flagella, which are fewer in number in dominating progeny cells 

(Tolker-Nielsen et al., 2000; Whiteley et al., 2001; Goulter et al., 2009; Serra et al., 

2013). The down regulation of flagella induces the expression of exopolysaccharide and 

curli (Watnick et al., 2001; Lauriano et al., 2004; Serra et al., 2013). Sauer and Camper 

(2001) showed that the absence of flagella is only transient during biofilm development. 

The flagella reappear in three-day-old biofilms in which flagella were down regulated 

after initial attachment of microbes on a surface. The reappearance of flagella in three-

day-old biofilm indicates that flagella are also involved in dispersion of a mature biofilm 

(Tolker-Nielsen et al., 2000). 

The flagella are present in the outer layer but are absent in the stalk of a biofilm (Klausen 

et al., 2003b). The outer layer of a microbial aggregate is enriched with nutrients such as 

polysaccharides (McSwain et al., 2005). The bacteria of the outer layer have access to 
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enough aerobic and nutritional resources that these cells can afford flagella. The 

abundance of carbon source induces the expression of flagella (Sauer et al., 2004). The 

flagella are not present deep in a microbial aggregate due to the limitation of nutrient 

resources in the core of a microbial aggregate (Hall-Stoodley and Stoodley, 2002). The 

absence of flagella in stressed conditions and the reappearance of the extracellular 

appendages under favourable conditions are in accordance with the study of Smith and 

Chapman (2010) who reported the economic evolution in microbes. Bacteria budget the 

energy required for the synthesis of extracellular proteins. From the above studies, it is 

predictable that flagellar expression is regulated, which facilitates microbial aggregation 

and dispersion. It is also plausible that the abundance of nutritional resources in the outer 

layer of a microbial aggregate serves as a bait to recruit bacteria in the biofilm or a 

microbial floc. The presence of flagella in the outer layer of a microbial aggregate may 

represent the flagella retained on the surface of newly recruited bacteria present in the 

outer layer of the bacterial community. 

2.1.2.1.4 Type I Pili 

The peritrichate type I pili are the hair-like structures, 1-2µ long, present on the surface of 

most commensal and enteric bacteria (Jones et al., 1995; Van Houdt and Michiels, 2005). 

Type I pili have a subunit FimH adhesin, which can bind specifically to mannose sugar 

(Krogfelt et al., 1990). The biofilm formation is a stress response, which needs an 

economic utilization of energy resources of the cell (Smith and Chapman, 2010). 
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Therefore, physical attachment of type I pili to a surface signals the cell to down regulate 

the expression of outer membrane proteins (Otto et al., 2001). 

The role of type I pili in initial attachment to a surface is a subject of debate. Pure culture 

biofilms of Escherichia coli, with or without type 1 pili, show similar attachment 

behaviour on an abiotic surface, which indicates that type I pili has a minimal role in 

bacterial attachment to the abiotic surface (Rodrigues and Elimelech, 2009). In contrast, 

Pratt and Kolter (1998) reported that non-specific binding of FimH mediates the adhesion 

of a cell to the abiotic surface, which does not require mannose on the abiotic surface 

(Pratt and Kolter, 1998; Cookson et al., 2002). The type I pili expressing bacterial strains 

are more hydrophobic compared to the bacterial strains with no expression of type I pili. 

The initial attachment of bacteria is not dependent on type I pili; however, after initial 

attachment type I pili facilitate irreversible attachment of bacteria on a hydrophobic 

surface. The strength of bacterial attachment increases with the incubation time of 

attached bacteria on a surface (Otto et al., 1999). It is suggested that the pili are dominant 

in the core of the microbial aggregate because of the positive correlation between the type 

I pili expression and hydrophobicity of microbial aggregate, as well as time dependent 

behaviour of type I pili expressing bacteria for stable attachment on a surface.    

The FimH is very adaptive to the environmental stress and there are multiple wild type 

FimH mutants (Schembri et al., 2001). The structural differences in FimH are the result 

of the different forces required for adhesion of the bacteria. The bacterial isolates from 

fecal samples show weak FimH dependent adhesive force. In contrast, the bacteria 
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isolated from urinary tract harbour FimH mutants that form strong adhesions (Sokurenko 

et al., 1995). The binding force of the FimH to the target polysaccharide is positively 

correlated with shear stress. The shear stress is also common in biofilms growing in 

natural and engineered aquatic systems. The FimH have a polysaccharide-recognizing 

domain, which can bind to mono-mannose. The FimH possess a second polysaccharide-

binding domain, which cannot bind to the second polysaccharide in hydrostatic 

conditions unless there is a shear force. The shear stress in hydrodynamic conditions 

stretches the inter-domain space of FimH to bind the tri-mannose (Thomas et al., 2002; 

Lindhorst et al., 2010). The mono-mannose binding FimH mutant forms a weak 

interaction, whereas the tri-mannose binding FimH mutant forms strong adhesions. The 

FimH mutant dependent variation in binding force of the adhesin is conserved in many 

bacteria (Schembri and Klemm, 2001; Stahlhut et al., 2009). 

The FimH dependent cell-cell interaction is critical in biofilm development. Many 

bacteria expressing type I pili also possess type IV pili. Type IV pili tend to make 

bacteria motile but the presence of type I pili restricts the type IV pili dependant bacterial 

motility (Li et al., 2007). The FimH dependent cell-cell interaction weakens under 

unfavourable conditions, which allow bacteria to escape with the help of type IV pili 

motility to explore suitable conditions. 

2.1.2.1.5 Type IV pili 

Type IV pili are present on the poles of most gram-negative bacteria. These pili are 

linked to the competence of bacteria for horizontal transfer of genes in microbial 
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aggregate and bacterial motility by twitching and social gliding (Hobbs and Mattick, 

1993). The expression of type IV pili is triggered by the nutritional conditions, such as 

carbon source. The carbon availability is detected by catabolite repression control 

protein, which plays an important role in the expression the PilA type IV pili subunit. The 

Pseudomonas biofilms can be dispersed by mutation in the catabolite repression control 

protein. The mutation of PilA or catabolite repression control protein result in similar 

defects in biofilm phenotype (O'Toole et al., 2000b; Shirtliff et al., 2002). 

The type IV pili can extend up to several mm in length, bind non-specifically to abiotic 

surfaces, and pull back to exhibit twitching motility. The type IV pili enable bacteria to 

move horizontally on a surface to cover the substrate or move vertically to explore the 

resources within a biofilm or detach from the biofilm (Gibiansky et al., 2010; Conrad et 

al., 2011). The horizontal motility of bacteria on the substrate helps in spread of a biofilm 

(Mattick et al., 1996; Li et al., 2007; Hori and Matsumoto, 2010). The vertical motility 

helps bacteria to reposition within a mature biofilm. The motility provides opportunities 

for bacteria, which are competing for limited resources, to explore a favourable 

environment within a microbial aggregate. The type IV pili dependent motility can also 

mediate the bacterial detachment from the biofilm for suitable conditions when local 

conditions become unfavourable for the bacteria in a microbial aggregate (Mattick, 2002; 

Hibbing et al., 2009). 

The eDNA plays a structural role in the pure culture biofilms of Acidovorax temperans 

and Pseudomonas aeruginosa. Type IV pili bind specifically to eDNA, which facilitates 
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cohesion of neighbouring cells. The DNase treatment, or mutation of type IV pili, can 

inhibit the biofilm development (Van Schaik et al., 2005; Heijstra et al., 2009). Type IV 

pili can bind to the DNA of a eukaryotic or prokaryotic source (Van Schaik et al., 2005). 

Bacteria with type IV pili can migrate to the outer layer of a microbial aggregate where 

eDNA is abundant. The type IV pili and DNA interactions facilitate the cap formation of 

a biofilm (Barken et al., 2008). The twitching motility to cover the substrate is mediated 

and coordinated with the help of eDNA. Gloag et al. (2013) tracked the spread of 

Pseudomonas aeruginosa biofilm. eDNA maintains the constant and coherent cell 

movement on a substrate, whereas the absence of eDNA dramatically affect the cell 

movement. The presence of DNase I, reduces the total distance that the cells can travel. 

In the absence of eDNA, cells move independent of neighbouring cells. Therefore, the 

cells keep shifting the direction of movement (Golag et al., 2013). 

2.1.2.2 Extracellular polysaccharides 

Bacteria produce diverse polysaccharides in the extracellular matrix, such as alginate, pel, 

psl, colanic acid, cellulose, xanthan, and polysaccharide intercellular adhesin (Table: 1.1) 

(Branda et al., 2005; Rehm, 2010). The diversity in microbial polysaccharides is 

illustrated by its multiple roles in mixed culture biofilms and flocs (Sutherland, 2001). 

Polysaccharides play structural and functional roles in biofilms and microbial flocs 

formation and development. The structural roles of Polysaccharides include (a) mediating 

biofilm attachment to a surface and cell aggregation by specific and non-specific 

interactions, and (b) maintaining microbial aggregates by serving as a nutrient source, 
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storing excess energy, retaining water, and protecting bacteria in harsh environmental 

conditions. The functional role of Polysaccharides is to absorb organic and inorganic 

compounds for bioremediation and wastewater treatment (Branda et al., 2005; Flemming 

et al., 2007; Flemming and Wingender, 2010).  

Polysaccharides, which are long and thin chains of molecules, are extracellular polymers 

with a neutral, positive, or negative charge. Overall, polysaccharides are considered 

positively charged polymers, which mediate cell-cell interaction by bridging the 

negatively charged cells in a microbial aggregate. The positive charge of polysaccharides 

also attracts the attachment of negatively charged planktonic cells on a polysaccharide 

rich microbial aggregate (Tay et al., 2001a). The charge of a polysaccharide depends on 

the composition of the polysaccharides. For example, uronic acid, ketal linked pyruvate, 

and some inorganic residues, such as phosphate and sulphate, give the polysaccharides a 

negative charge (Sutherland, 2001). The charged polysaccharides with organic and 

inorganic substituents form complex hydrogen bonding, Van der Waals interaction, and 

ionic and electrostatic attractive and repulsive forces, which play a significant structural 

and functional role in a biofilm and floc formation (Flemming and Wingender, 2010). 

Polysaccharides are the hydrophilic constituents of EPS, whereas proteins are the 

hydrophobic constituents of EPS (Liao et al., 2001). The hydrophilic characteristic of 

polysaccharides helps with water retention and the adsorption and transfer of nutrients to 

a microbial aggregate (Flemming and Wingender, 2010). However, the acidic 

polysaccharides (i.e. uronic acids) forms the hydrophobic component of polysaccharides. 
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Uronic acid is present in colanic acid and alginate (Bura et al., 1998; Wilen et al., 2003). 

Bacteria produce colanic acid (CA) during stress conditions to cope with desiccation and 

osmotic pressure. CA protects the bacterial cells during harsh environmental conditions 

to form large and mucoid biofilms. However, CA is not required for bacterial adhesion to 

a plastic surface and subsequent biofilm development (Prigent-Combaret et al., 2000). 

The Pseudomonas aeruginosa biofilms produce three types of extracellular 

polysaccharides i.e. alginate, Pel and Psl (Franklin et al., 2011). The alginate is composed 

of uronic acid and the biofilms rich in alginate form mucoid morphology. Alginate is the 

most extensively studied polysaccharide of the bacterial biofilms because its expression 

is induced by bacterial attachment to a surface. It has been considered that alginate plays 

a significant role in cell-cell interactions (O'Toole et al., 2000a; Flemming and 

Wingender, 2010). The studies on Pseudomonas aeruginosa biofilms producing glucose 

rich exopolysaccharide Pel and a mannose rich exopolysaccharide Psl show that the 

alginate is dispensable in the bacterial biofilms. The biofilm formation by non-mucoid 

Pseudomonas strains with mutant alginate genes has normal biofilm structure (Branda et 

al., 2005). Pel and Psl play an important role in biofilm morphology in the absence of 

alginate. Pel and Psl mediate cell-cell and cell-surface interactions to form a mature 

biofilm. The deletion of genes expressing Pel and Psl results in poorly formed biofilms 

(Ma et al., 2009; Colvin et al., 2011). 

Cellulose, which is secreted by many bacteria, including Enterobacteriaceae, is 

associated with curli expression as biofilm formation factor. Bacterial aggregates form 
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weak interactions when only curli or cellulose is expressed, but a very strong interaction 

is observed when curli and cellulose are co-expressed. In the presence of curli and 

cellulose, bacteria form very tight hydrophobic clusters called “bacterial wood”. The 

bacterial wood is resistant to proteinases and cellulases (Zogaj et al., 2001). The role of 

cellulose in curli dependent adhesion and cohesion is complicated because cellulose 

expression helps in biofilm formation by protecting the microbial interaction from 

chemical and physical stresses, whereas the over expression of cellulose hinders the curli 

dependent attachment to abiotic surface and cell-cell interactions in a biofilm (Gualdi et 

al., 2008; Nielsen et al., 2011). Instead, the loss of curli dependent cell-cell interactions or 

the loss of adhesion to the abiotic surface is the result of the masking of curli fibres by 

over production of cellulose (Gualdi et al., 2008). Larsen et al. (2008) also observed 

masking of amyloid adhesin with other polymers. The detection of amyloid adhesins in 

biofilms and flocs was not possible using large molecular weight antibodies against the 

amyloid adhesins, whereas, a small molecular weight Thioflavin T stain penetrated to 

detect the masked amyloid polymers. 
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Table 2.2.1.1 Extracellular polysaccharides and its role in microbial aggregation 

Bacterial 

polysaccharides 

Polysaccharide 

composition 

Description Reference 

Alginate Uronic acids (D-
mannuronate 

and L-guluronate) 

· Alginate expression is induced by bacterial attachment to a surface 

· Forms mucoid biofilms and provide mechanical stability 

· Not essential for biofilm formation 

(O'Toole et al., 
2000; Flemming & 

Wingender, 2010). 

Pel Glucose · Present on planktonic cells as well, which mediate biofilm initiation  

· Form non mucoid biofilms 

· Can bind to Congo red stain. 

(Ryder et al., 

2007) 

Psl D-mannose, D-glucose 
and L-rhamnose 

· Cell-cell and cell to surface interaction 

· Present homogeneously in a biofilm but it is dominant at the periphery 

of mature biofilm 

(Ryder et al., 
2007) 

Cellulose D- Glucose · The expression is regulated by cyclic-di-GMP 

· Co-expression of cellulose and amyloid adhesins produce a rigid and 

hydrophobic extracellular matrix 

· Can bind to Congo red stain 

(Flemming & 

Wingender, 2010) 

Colanic acid Glucose,  

galactose, fucose and 

glucuronic acid 

· Formation of mushroom shaped mucoid biofilm 

· CA synthesis requires optimal environmental and nutritional 
conditions such as a temperature below 25°C, minimal medial and non 

limiting carbon source 

· CA synthesis increases with osmotic shock, antibiotic treatment and 

during growth on solid surface 

(Sutherland, 1969; 

Prigent‐
Combaret et al., 
2000; Rättö et al., 

2006) 

Xanthan D-glucose, D-mannose 

and D-glucuronic acid 
· Bacterial growth conditions influence the acylation and physical 

properties of Xanthan 

(Sutherland, 1985) 

Curdalan D-glucose, D-galactose 

and D-mannose 
· Insoluble in water and form neutral gel 

· Can bind specifically to Aniline blue and Triphenylmethane; and, 
nonspecifically to Congo red stain 

(Sutherland, 1985; 

McIntosh et al., 

2005) 

Succinoglycan and 
relative polymers 

D-glucose, D-galactose · Acid polysccharide 

· Co-produced during Curdalan synthesis 

Polysccharide inter 
cellular adhesin 

D-glucopyranosyl · Positively charged adhesin 

· Able to mediate microbial aggregation in the absence of other adhesive 

EPS, such as curli, type I pili and colanic acid function 

(Branda et al., 
2005; Rohde et al., 

2010) 
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2.1.2.3 Extracellular DNA 

Extracellular DNA (eDNA) is a multi-functional polymer, which can mediate horizontal 

gene transfer and microbial aggregation, and serve as a nutrient source (Mulcahy et al., 

2010; Vilain et al., 2009; Das et al., 2010).  The eDNA is a structural component of a 

biofilm, which mediates cell-surface adhesion and type IV pili dependent cell-cell 

cohesion for biofilm formation and maturation (Izano et al., 2008; Vilain et al., 2009; Das 

et al., 2010; Dominiak et al., 2010; Mulcahy et al., 2010). 

The origin of eDNA in EPS is not clear (Gödeke et al., 2010). The possible origins 

include: (a) active secretion by bacteria because it has been found near the live cells, (b) 

bacterial lyses, or (c) a combination of active secretion and bacterial lyses (Dominiak et 

al., 2010). Studies also show that the Pseudomonas secretes eDNA in vesicles as a 

functional polymer, which mediate biofilm formation. (Whitchurch et al., 2002). 

Spoering and Gilmore (2006) reported that quorum sensing regulates the release of DNA 

from bacteria. It is also evident that bacterial cells release DNA to the extracellular 

matrix for biofilm formation in response to the lower iron concentration in an aquatic 

system (Spoering and Gilmore, 2006; Yang et al., 2007). The DNA contributes to the 

viscous characteristics of EPS. This stickiness may facilitate the adhesion properties of 

EPS (Uhlenhopp, 1975). 

The presence of eDNA in the pure cultures, such as the Micrococcus and Vibrio species, 

has been reported since the 1950s (Smithies and Gibbons, 1955). It is also abundant in 

mixed culture microbial flocs (Dominiak et al., 2010). The eDNA comprises up to 50% 
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of the total cellular DNA, which is sensitive to DNase treatment or an excess of salt in the 

medium (Smithies and Gibbons, 1955; Catlin, 1956). The concentration of eDNA in 

activated sludge ranges from two to 15% of total EPS (Liao et al., 2001). The amount of 

eDNA in flocs and biofilms varies depending on the microbial diversity and activity 

(Steinberger and Holden, 2005; Dominiak et al., 2010). 

The eDNA mediates the biofilm development and also the cell dispersion from existing 

biofilm. Alphaproteobacterium, Caulobacter crescentus reproduce motile and sessile 

progeny cells. The sessile cells remain attached to the biofilm for biofilm development, 

whereas the motile cells are detached from the biofilm and their reattachment to the 

biofilm is inhibited by eDNA. The motile bacteria can bind specifically to a 

polysaccharide called holdfast, which is masked by the eDNA. It is important to note that 

this eDNA dependant inhibition of the bacterial attachment is genus specific. For 

example, an eDNA from a non-specific source cannot regulate the spread of biofilm 

(Berne et al., 2010; Jermy, 2010; Kirkpatrick and Viollier, 2010). 

In Staphylococcus epidermidis and environmental isolates, the eDNA plays a key role in 

initial microbial attachment to a substrate for biofilm formation. DNase treatment reduces 

biofilm formation even if the eDNA concentration is low during the early exponential 

growth phase of the bacteria (Qin et al., 2007; Tang et al., 2013). In natural aquatic 

systems, certain bacteria secrete DNase, which can disperse both gram positive and gram-

negative bacterial biofilms. The Bacillus species secrete DNAse during the spore 

formation phase, which can disperse the surrounding biofilms. In a natural environment, 
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the bacteria use DNAse to compete for limited resources (Nijland et al., 2010). In 

contrast, Tang et al. (2013) quantified the amount of eDNA in environmental isolates and 

its ability in biofilm formation. Production of eDNA was at its highest during the 

stationary phase of the microbial growth. All bacterial isolates accumulated different 

quantities of eDNA in biofilm. However, the quantity of eDNA was not significant in 

biofilm development. The bacteria producing the highest concentration of eDNA 

accumulated the least biofilm. 

The eukaryotic immune cells can commit suicide to release extracellular traps, which are 

highly loaded with DNA. The extracellular traps can bind the microbes where the binding 

activity of these traps is lost by DNase treatment (Nijland et al., 2010; Remijsen et al., 

2011). Recently, Dwyer (2012) reported that E. coli, can commit suicide in a response to 

a stress. The bacterial suicide follows similar steps as observed in eukaryotic cell suicide, 

including chromatin condensation and DNA fragmentation. Additionally, a bacterial 

regulator RecA enzyme, which is similar to the Caspase enzyme of eukaryotic cells, was 

observed in response to stress conditions, which is cleaved by a protease ClipP to trigger 

bacterial suicide (David, 2012; Dwyer et al., 2012). A dying immune cell commits 

suicide to localize the bacterial infection. Similarly, a bacterial cell might commit suicide 

to help neighboring cells stick together during stress conditions in a biofilm or floc. 
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2.1.2.4 Humic substances 

Humic substances (HS) block DNAse activity in the biofilms and flocs of 

environmental and engineered systems (Tebbe and Vahjen, 1993; Palmgren and Nielsen, 

1996). HS are a minor component of biofilms and flocs. HS are organic acids such as 

humic and fluvic acids, which gives the biofilms and flocs a yellowish to brownish colour 

(Esparza-Soto and Westerhoff, 2003). HS are composed of the aromatic and aliphatic 

polymeric compounds with carboxylic, hydroxyl, and phenolic functional groups (Lune 

and Rebhun, 1997). HS are negatively charged, hydrophobic polymers, which are 

adsorbed to the biofilms and flocs from the surrounding water column in environmental 

and engineered systems. The adsorption of HS is positively correlated to the cation 

concentration and hydrophobicity of the substrate. The cations facilitate the interaction of 

the negatively charged substrate and HS. The pH of the aquatic system plays an 

important role in the mechanism of HS adsorption to a substrate. The acidic functional 

groups of the HS are less charged and more hydrophobic at low pH. Therefore, 

adsorption of HS is dependent on the hydrophobicity of the biomass at low pH, whereas 

at neutral pH ionic strength mediates the adsorption of HS on the biomass (Esparza-Soto 

and Westerhoff, 2003). The HS is weakly bound and it is easily released from the 

biomass by dilution of the biomass in deionized water, which is due to desorption of the 

cations from the biomass (Keiding and Nielsen, 1997). Generally, hydrophobicity is 

positively correlated to the cohesiveness of the biofilms and flocs but the hydrophobic 

polymer has a negative influence in cell-cell interactions. The abundance of HS results in 
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poor flocculation. This is likely due to the electrostatic repulsion between the negatively 

charged HS (Wilen et al., 2003). 

2.1.2.5 Lipids 

Lipids, which are hydrophobic polymers, are minor component forming 1-2% of the total 

EPS extracted from flocs and biofilms. The lipids are composed of glycolipids, 

phospholipids, neutral lipids, and lipopolysaccharides (LPS) in a proportion of 61, 21, 16, 

and 2%, respectively (Conrad et al., 2003). The proportion of these lipids may vary 

according to the environmental and nutritional conditions. For example, the concentration 

of phospholipids lipids is higher during winter. The variation in lipid proportion might be 

due to the bacterial response to environmental stress or changes in the influent 

composition. The lipids accumulate in a microbial floc because of: (a) syntheses by 

microbial cells, (b) bacterial lysis, and (c) adsorption from the surrounding environment 

(Conrad et al., 2003). LPS, which are composed of lipid and polysaccharides, can 

mediate cell-cell and cell-surface interaction by hydrogen bonding. The mutation of LPS 

results in lack of Pseudomonas aeruginosa adhesion to a surface. The lack of microbial 

adhesion might be due to the absence of flagella and type I pili, which are also lost by 

LPS mutation (Hori and Matsumoto, 2010). 

2.1.3 Conclusion 

The microbes express diverse extracellular adhesins and the structure and behavior of 

biofilms and flocs depend upon the relative abundance and localization of the 

extracellular adhesins in microbial aggregates. The expression of microbial adhesins is 
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organized, and adjusts according to environmental and nutritional conditions. Most of the 

information about role of extracellular adhesin is inferred from pure culture studies. 

However, in environmental and engineered systems, microbial aggregates are composed 

of diverse microbial communities. The composition and distribution of EPS vary within a 

mixed microbial aggregate and microbial aggregates growing in different conditions. 

However, the studies focusing on the specific interaction of extracellular adhesin at 

microbial interfaces are limited. The extracellular adhesins form complex interactions in 

diverse environmental and nutritional conditions. Detailed analyses to determine the 

relative abundance and localization of these extracellular adhesins at microbial interfaces 

in diverse environmental conditions will help determine the structure and behavior of 

biofilms and microbial flocs in mixed microbial communities. Determination of the 

composition and dynamics of extracellular adhesins at microbial interfaces will 

contribute to the development of novel interventions to solve the problems related to the 

microbial aggregation. For example, future research might see the development of 

techniques that disrupt biofouling agents and the formation of stable microbial 

aggregates. These developments would help improve the stability and efficiency of 

wastewater management systems. 
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2.2 Granule formation and stability in wastewater treatment: Role of extracellular 

matrix and microbial community interaction 

Abstract 

Three basic strategies, feast famine conditions, shear force and settling time, have been 

employed to select microbial community for aerobic granule formation for application in 

wastewater treatment processes. The physical-chemical and morphological properties of 

aerobic granules support gradients affecting the availability of nutrients and dissolved 

oxygen, and electrochemical conditions across the granule. The production of metabolic 

byproducts creates a complex and stratified microenvironment that facilitates cooperation 

between different groups of bacteria such as nitrifying and denitrifying bacteria. 

Conversely, the microenvironment triggers competition between bacteria, for a limited 

common substrate, as is the case between nitrite oxidizing bacteria, anammox and 

denitrifying bacteria that compete for nitrite. Optimization of operational and nutritional 

conditions for the granulation process affects both metabolic activities and microbial 

interactions. However, the very strategies for granule development create conditions that 

can lead to instability. These include loss of overall bacterial species diversity due to 

selection pressure resulting in poor adaptability to change in the environmental 

conditions, inhibition of nutrient transport in aerobic granules, and presence of toxic 

metabolites in extracellular polymeric substance. This paper reviews our current 

understanding of aerobic granule formation and operational challenges, and gaps in 

knowledge in our understanding of granule instability. 
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2.2.1 Introduction 

Granulation has been described for both aerobic and anaerobic biological wastewater 

treatment systems. Anaerobic granules treat high strength organic substrate whereas 

aerobic granules are capable of simultaneous removal of nitrogen and phosphorus in 

addition to organic substrate from the wastewater (McLeod et al., 1990; Adav et al., 

2008a). Application of anaerobic granulation predates the more recent discovery and use 

of aerobic granules by more than three decades (Liu et al., 2002). This review focuses on 

recent developments in our understanding of aerobic granulation and granule instability. 

Compared to flocs, aerobic granules are considered to be superior microbial aggregates 

(in biological wastewater treatment processes) due to their large, compact and dense 

structures (de Kreuk and van Loosdrecht, 2004, Pronk et al., 2015a). Granules contribute 

to efficient separation of treated water from biomass, thus reducing the footprint 

requirement for settling and clarification resulting in a more compact treatment facility 

(de Bruin et al., 2004; de Kreuk et al., 2005; Aqeel et al., 2016). Furthermore, granulation 

can potentially contribute to an array of technology options for increasing capacity of 

existing treatment plants and/or identifying new approaches for enhanced biological 

nutrient removal that lead to more efficient and effective treatment that meet or exceed 

effluent standards to minimize the discharge of nutrients and subsequent contamination 

of recipient waters (de Kreuk et al., 2006; Pronk et al., 2015a).  

Several reviews over the last decade (Liu and Tay, 2004; Liu and Liu, 2006; Adav et al., 

2008a; Lee et al., 2010; Show et al., 2012; Khan et al., 2013) have focused on granule 
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formation including optimization of nutritional and operating conditions (e.g. organic 

loading, feeding rate and dissolved oxygen concentration). Instability of aerobic granules, 

however, has limited widespread large-scale application of granular sludge technology 

(Li et al., 2010; Show et al., 2012). Despite the discovery of aerobic granules 

(Morgenroth et al., 1997) nearly two-decades ago, the appearance of full-scale granular 

sludge-based wastewater treatment plants is relatively nascent and at a relatively slow 

rate of adaptation (Li et al., 2014; Pronk et al., 2015a). There is little information on 

microbial community interactions and dynamics in relation to the operating conditions of 

the treatment process (Weissbrodt et al., 2013). Furthermore there are inconsistent and 

conflicting reports on factors affecting granulation including dissolved oxygen and shear 

rate (Tay et al., 2001b; Liu and Tay, 2002; de Kreuk and van Loosdrecht, 2004; de Kreuk 

et al., 2005; Zhang et al., 2011). Unlike anaerobic granules a wider diversity of aerobic 

microorganisms can contribute to granulation each of which may have different 

requirements (Table 1).  

There have been recent advances associated with the use of molecular methods and 

advanced microscopy that have further increased our understanding of microbial 

interactions within aerobic granules and structural features of the extracellular polymeric 

substances found in these structures (Weissbrodt et al., 2013; Aqeel et al., 2016). In this 

review, we examine the developments concerning aerobic granulation, and problems of 

the granulation processes, and instability. The review specifically addresses the microbial 

community interactions, including competition, associated with the structural and 
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functional stability of aerobic granules, and the distribution of loosely bound and tightly 

bound EPS in developing granules. 

2.2.2 Granulation 

Granulation typically arises from microbial flocs and the initial aggregation of cells 

involving a number of mechanisms supporting bioflocculation (Urbain et al., 1993; Liss 

et al., 1996; Liao et al., 2001; Liao et al., 2002; Sponza, 2002; Wilén et al., 2003). Flocs 

are relatively smaller (< 0.2 mm) with a more open and often diffuse structure in contrast 

to the granule, which is relatively larger (> 0.2 mm) and more compact (Liu and Tay, 

2002, de Bruin et al., 2004; McSwain et al., 2005). EPS protects cells from harsh 

environmental conditions and contribute to structural and functional features of the 

microbial aggregate (Tay et al., 2001a; Liss et al., 2002). The protein content in the EPS 

contributes to a more hydrophobic surface and a compact and tightly packed granular 

structure (Hori and Matsumoto, 2010). In contrast the polysaccharide content supports 

hydration and facilitates sorption and retention of nutrients and metabolites (Tay et al., 

2001a; Ahimou et al., 2007). In addition to the hydrophobic character, proteins and 

polysaccharides (charged extracellular polymers) form electrostatics attractive forces for 

microbial aggregation; whereas the electrostatic repulsive force facilitates channel 

formation in granules for nutrient transport within the microbial aggregate (Sheng et al., 

2010; Flemming et al., 2010; Liu et al., 2010). 

The conditions that favor granulation result in a unique microbial community with the 

capability for efficient biological nutrient removal. The microbial community consists of 
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a dominant bacterial population (Table 2.2.1) that appears to be an important contributor 

to EPS production. The compact structure and the complex arrangement of EPS create a 

distinct environment supporting both the diffusion of nutrients and retention of 

metabolites, and a highly selective environment for the microbial community. The 

protein to polysaccharide ratio in the extracellular matrix varies with granular depth, 

which creates a stratified granular structure (Aqeel et al., 2016). Stratification arises with 

respect to oxygen availability and the competition for nitrogen species in the oxic/ anoxic 

region of the granule (de Kreuk et al., 2005). The concentrations of nutrients decrease, 

whereas concentration of metabolites increases with depth of granular structure (van 

Loosdrecht et al., 2002; Ni and Yu, 2010). The gradient of nutrients and metabolites 

results in formation of a stratified structure, which facilitate simultaneous removal of 

organics, nitrogen and phosphorus by the microbial community within the granules (de 

Kreuk et al., 2005; Yilmaz et al., 2008). 

A two layer model with respect to the arrangement of EPS as a tightly bound layer at the 

core and a loosely bound layer at the outer region of microbial aggregates appears to be 

an important feature of granule formation and their structure that requires greater 

attention. Basuvaraj et al. (2015) described the formation of a granular sludge composed 

of a predominantly tightly bound protein-rich EPS and a smaller proportion of loosely 

bound EPS. The loosely bound layer was more pronounced in the original floc structure 

and was richer in polysaccharides. 
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EPS in flocs and granules may be hydrolyzed to form soluble microbial products (SMP) 

(Ni et al., 2011; Xie et al., 2012) and this has been largely attributed to heterotrophs. In 

granular sludge, the soluble microbial products generated can be used as an organic 

substrate by denitrifying bacteria (Ni et al., 2012). The origin of EPS is also attributed to 

heterotrophs, and autotrophs have been reported to account for < 10% of the SMP, with 

5% associated with ammonia oxidizing bacteria and 3% related to nitrite oxidizing 

bacteria (Xie et al., 2012). In aerobic granules the target is to minimize the heterotrophic 

growth in the outer layer and favor the autotrophic bacterial growth; whereas, in the 

anoxic zone heterotrophic bacterial growth utilize organic substrate from EPS hydrolysis 

for denitrification. 

2.2.3 Selection strategies for granulation 

Three basic strategies have been employed to support conditions for aerobic granule 

formation in sequencing batch reactors. These include feast (1) famine conditions, (2) 

shear force, and (3) settling time. Based on these three strategies, a number of operational 

and nutritional modifications have been developed to optimize granule formation. 

2.2.3.1 Feast Famine conditions 

The origins of aerobic granule development arose from observations that slow growing 

microorganisms are capable to convert easily degradable organic substrates under feast 

conditions to form complex storage polymers such as polyhydroxyalkanoates (PHA). 

Additionally, these slow growing bacteria can utilize these complex storage polymers as 

organic substrate, when easily degradable organic substrates are less available during 
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famine conditions (Steinbüchel and Valentin, 1995; van Loosdrecht et al., 1997). The 

continuous research and gradual optimization of operational conditions such as anoxic 

feeding (feast) and oxic react time during famine conditions facilitate slow growing 

bacteria and discourage fast growing bacteria (De Kreuk et al., 2005), which results in 

development of Nereda (granulation technology) for full scale wastewater treatment 

(Pronk et al., 2015a).  

 

Figure 2.3 Conditions selecting for aerobic granule formation. (a) Within sequencing 
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 batch reactors the settling phase facilitates selection of the larger, compact and fast 

settling granules and eradicate the relatively slow settling microbial aggregates. (b) Shear 

forces erode the fast growing bacteria from the outerlayer resulting in its low cell 

residence time, whereas within the core slow growing cells are retained (untill cell lysis 

due to aging) and out-compete fast growing bacteria. Shear forces induce PS secretion 

resulting in a PS rich outer layer, which facilitates granule formation (c) “Feast famine” 

condtions facilitate the development of slow growing bacteria and conversion of readily 

degrading organic matter to storage polymers including PHA. Gradients and stratification 

arise with respect to the diffusion of external nutrients and secretion of metabolic 

byproducts. 

During the oxic famine phase at low dissolved oxygen concentrations, sufficient for 

oxidation of ammonium present in the wastewater, limit diffusion of oxygen to the core 

of aerobic granules to support development of an anoxic region. Hydrolysis of the storage 

polymers serves as organic substrate for denitrifying and phosphorus accumulating 

organisms. Feast-famine conditions trigger selection of microbial community for 

simultaneous removal of nitrogen phosphorus and organic substrate from wastewater (de 

Kreuk and van Loosdrecht, 2004; de Kreuk et al., 2005). Subsequent developments of the 

feast-famine strategy have focused on the optimization of dissolved oxygen 

concentration, aeration rate, type of organic substrate and balance between oxic and 

anoxic conditions during sequencing batch reactor cycle for granulation and scale-up of 

the technology (de Kreuk and van Loosdrecht, 2004; McSwain et al., 2004; Adav et al., 
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2008a; Pronk et al., 2015b). The granular sludge startup time for full-scale application 

may take as little as 30 days and up to 90 days under feast-famine condition, (Pronk et al., 

2015a).  

Aerobic granules cultivated under feast-famine conditions typically contain an abundance 

of β polysaccharides (McSwain et al., 2005) or extracellular polymers with β structures 

such as amyloid adhesins (Aqeel et al., 2016) as revealed by confocal microscopy of 

granules stained with calcofluor white. This is consistent with observations of pure 

cultures where bacteria have been found to express amyloid adhesins in the extracellular 

matrix in response to nutritional and environmental stress (Barnhart and Chapman, 2006). 

Amyloid adhesins are also abundant in denitrifying microcolonies, which are located in 

anoxic region of wastewater biofilms and flocs (Larsen et al., 2007; Larsen et al., 2008). 

Protein to polysaccharide ratio is higher in aerobic granules generated under feast-famine 

conditions (McSwain et al., 2005; Aqeel et al., 2016). It is likely that the amyloid 

adhesins are the dominant extracellular polymer contributing to the granular structure. 

2.2.3.2 Shear force 

The use of shear force was based on observations of anaerobic granulation in upflow 

anaerobic sludge bioreactors (UASB), where the upflow velocity of wastewater and gases 

(produced during fermentation) and the downward settling of the biomass supported 

anaerobic granule formation (Tay et al., 2002). Tay et al. (2001b) demonstrated the 

formation of aerobic granules in a sequencing batch reactor with high aeration upflow to 

produce higher shear force for granulation. The granulation induced by shear force 
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presents an important advancement in the technology, which shows potential of granule 

development in continuous flow reactors instead of sequencing batch reactors (required 

for feast-famine conditions). The granule formation has been observed with high shear 

force in continuous airlift fluidized bed reactors; however the granular structures are not 

stable. Further studies are required to control the fast growing heterotrophs, which result 

in granular instability due to filamentous growth (Zou et al., 2013). Currently, to stabilize 

the granular structure it is considered that feast-famine condition is required in addition to 

the shear force (Corsino et al., 2016). 

It was observed that aerobic granulation requires a high shear force with upflow 

aeration velocity (1.2 cm/s) for granulation. At low aeration rates filamentous outgrowth 

lead to instability of the aerobic granules (Beun et al., 1999). Adav et al. (2007) showed 

that the filamentous outgrowth was not due to dissolved oxygen concentration because at 

very low aeration velocity (0.3cm/s), in the absence of shear force, no filamentous growth 

was observed but weak and irregular slow settling flocs are formed in the bioreactor (Tay 

et al., 2001b; Liu and Tay, 2002; Adav et al., 2007). Adav et al. (2007) showed that at the 

moderate aeration rate filamentous growth was observed; whereas, high aeration rate 

physically break the filamentous outgrowth on the surface of granules.  

The erosion of bacteria from the surface of aerobic granules due to shear force creates 

a smooth surface and facilitates mass transfer to the deep layers of the granules for high 

organic load wastewater treatment. The application of shear force (by varying air velocity 

during aeration) results in the erosion of surface particles resulting in short mean cell 
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residence times of bacteria located in the outer layers. Fast growing bacteria occupy the 

outer layer (where most of the nutrients are available) and are then removed enriching for 

slower growing bacteria found in the core of the aggregate which are retained (Picioreanu 

et al., 2001; Morgenroth and Wilderer, 2000) (Fig. 1). More recently, Weissbrodt et al. 

(2012) reported on the role of a predominant population of fast growing heterotrophic 

Zoogloea in the formation of granules. Combination of shear force (upflow air velocity of 

2.5cm/s) feast-famine conditions (one hour anoxic feeding), volatile fatty acids to 

facilitate formation of storage polymers to support slow growing bacteria, and gradual 

shortening of the settling time (15 to 3 minutes) were used for granulation in a bubble 

column SBR. Weissbrodt et al. (2013) observed that after initial granulation, which was 

dependent on fast growing bacteria, the slow growing phosphate accumulating and 

glycogen-accumulating organism out-compete the fast growing bacteria. 

A higher polysaccharide to protein ratio has been observed in granules cultivated when 

subjected to shear force (Liu and Tay, 2002; Tay et al., 2001a; Tay et al., 2001b). To 

understand the role of EPS content in structural stability of the aerobic granules, Adav et 

al. (2008b) sequentially degraded the protein, lipid, alpha polysaccharide and beta 

polysaccharide, using polymer specific enzymes It was observed that the granular 

structure only disintegrated upon hydrolysis of beta polysaccharides, indicating the 

importance of polysaccharides in for granules produced under conditions where shear 

forces were applied. 
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2.2.3.3 Settling time 

Settleability is a key feature of granulation, and settling time serves as an additional 

selection pressure along with other strategies including feast-famine conditions (de Kreuk 

and van Loosdrecht, 2004). Short settling times of one to three minutes have been 

employed in sequencing batch reactors for granulation, conditions which have also been 

referred to as “biomass washout conditions” (Beun et al., 1999; Weissbrodt et al., 2013). 

Short settling time select microbial community which form relatively large and dense fast 

settling flocs whereas small and less dense flocs are washed out of the system (Kim et al., 

2008; Aqeel et al., 2016). Over time larger and denser granules evolve and there is a 

gradual increase in the mean diameter of granules (Fig. 1). Settleability of flocs is 

represented by sludge volume index (SVI), which is usually measured after 30 minutes 

(SVI30). Granular sludge typically has lower SVI values and settles faster as compared to 

flocs. The ratio SVI30/ SVI3 (some studies have used SVI30/ SVI5 or SVI30/ SVI10 ratios) 

is an important differentiating feature that indicates the completeness of granulation. The 

large and dense granules have a SVI3/ SVI30 close to one; whereas, fluffy granules have 

relatively smaller SVI3/ SVI30 ratio values (Schwarzenbeck et al., 2005; Aqeel et al., 

2016). 

2.2.4 Microbial community interaction 

Aerobic granules are multicellular structures composed of mixed microbial populations, 

which cooperate to harvest maximum resources from the surrounding environment and 

compete for the limited resources present in wastewater (Fig. 2) (de Kreuk et al., 2005; 
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Xavier et al., 2007; Kagawa et al., 2015). Effective cooperation between bacterial groups 

in a diverse microbial community results in stability of the structure and function of 

aerobic granules. Competition for limited resources amongst different bacteria can result 

in the selection of nutrient removal pathways. In oxic zone of aerobic granules: 

autotrophic bacteria compete for oxygen required for nitrification of nitrogen substrate; 

heterotrophic bacteria compete for organic substrate for biomass assimilation or to 

convert it to storage polymers. Additionally, autotrophic and heterotrophic bacteria 

compete for oxygen and space in the oxic zone. In anoxic zone denitrifying bacteria 

compete with glycogen accumulating organism (GAO), phosphorous accumulation 

organisms (PAO) for limited oxygen and organic substrate. Additionally, autotrophic 

anaerobic ammonium oxidizing bacteria (Anammox) compete with heterotrophic bacteria 

for limited nitrite substrate. 
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Figure 2.4 Microenvironmental conditions in aerobic granules and biological nutrient. 

removal. The microenvironment in oxic and anoxic zones of aerobic granules helps 

growth of specific bacteria (e.g. autotrophs and heterotrophs) to support simultaneous 

nutrient removal processes. There are several pathways for biological nutrient removal 

where bacteria compete with each other for particular nutrients (e.g. nitrite). 

2.2.4.1 Oxic zone of aerobic granules 

In the oxic zone of aerobic granules ammonia oxidizing bacteria (AOB) convert 

ammonium to nitrite; and nitrite-oxidizing bacteria (NOB) convert nitrite to nitrate. 

Metabolism and biomass assimilation of NOB is dependent on metabolism and biomass 

growth of AOB. Furthermore, NOB such as Nitrobacter and Nitrospira compete for 

available nitrite resources in wastewater. The operational and nutritional conditions can 

favor growth of one bacterial group over another. Nitrospira outcompete Nitrobacter at 



 

 

 

84 

microaerophilic and low nitrite concentrations (Schramm et al., 2000). Conversely, 

Nitrobacter outcompete Nitrospira at higher nitrite and oxygen concentration. Once 

Nitrobacter is predominant in the system, it remains dominant even if the concentration 

of nitrite substrate is reduced (Schramm et al., 2000).  

The dependence of NOB on AOB is reflected by a low NOB / AOB ratio (0.5) in 

conventional wastewater flocs. However, in aerobic granules (where Nitrobacter 

predominates) a higher NOB/AOB ratio (3) has been reported. The ping-pong theory and 

nitrite loop theory have been used to explain the abundance of NOB in granules (Winkler 

et al., 2012; Winkler et al., 2015). According to the ping-pong theory: the NOB (which 

typically grow autotrophically) grow mixotrophically to outnumber the AOB. NOB that 

are usually present in the oxic region of granules are also observed deeper within the 

anoxic region of the aerobic granules. It has been proposed that within the oxic region 

NOB convert nitrite to nitrate autotrophically and then metabolize nitrates 

heterotrophically in the anoxic region. NOB can use organic substrate present in feed 

during feast phase and convert these to storage polymers (PHA). During the famine 

phase, NOB use organic matter either stored as PHA or released by cell lysis. The 

heterotrophic growth of NOB (which is independent from the availability of nitrite) 

results in an increase in the NOB / AOB ratio in granular biomass (Winkler et al., 2012). 

Alternatively, a nitrite loop may develop whereby the nitrite is oxidized by NOB to 

nitrate, followed by reduction back to nitrite by denitrifying bacteria. The accumulated 

nitrite is now available again to be used by NOB (Winkler et al., 2012; Winkler et al., 
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2015). The ping-pong mechanism does not affect nitrogen removal because the 

overgrown NOB population turns into denitrifying bacteria as well. Conversely, the 

nitrite loop mechanism is detrimental to operations because the overgrowth of NOB is 

complemented with nitrate reduction to nitrite, which halts nitrogen removal from 

wastewater treatment system. Therefore, aerobic granules should be cultivated with lower 

aeration rates to support growth of Nitrospira and inhibit growth of Nitrobacter for 

optimum nutrient removal. 

Comammox (complete ammonia oxidation) Nitrospira have been recently discovered 

(Daims et al., 2015; Maartje et al., 2015). The term comammox was originally coined by 

Winogradsky (1890) to represent complete nitrification in one step instead of two-step 

nitrification. The ammonia-oxidizing enzyme of comammox Nitrospira is distinct from 

AOB, which limits the possibility that the amoA gene was horizontally transferred from 

AOB to comammox Nitrospira (Maartje et al., 2015). Comammox Nitrospira are 

hypothetically more energy efficient as compared to AOB or strict NOB Nitrospira. 

Therefore, comammox Nitrospira can potentially outcompete AOB and NOB at limited 

nutrient resources (Daims et al., 2015; Maartje et al., 2015). Further understanding of 

comammox processes in microbial community dynamics of aerobic granules will help to 

optimize the nitrogen removal processes. 
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2.2.4.2 Anoxic zone of aerobic granules 

Some denitrifying bacteria typically prefer dissolved oxygen (instead of oxidized 

nitrogen species) as an electron accepter, which inhibits the denitrification processes. In 

conventional wastewater treatment, denitrification is usually performed in a separate tank 

under anoxic conditions. Within granular sludge, denitrification occurs in the anoxic 

region where denitrifying bacteria reduce nitrate and nitrite to nitrogen gas. The stratified 

structure and the ability to support simultaneous nitrification and denitrification in 

aerobic granules is owing to the large size of granules (diameters > 200 μm) where the 

penetration of dissolved oxygen is 50 – 100 μm (Meyer et al., 2005). 

In aerobic granules non-denitrifying heterotrophs can outcompete denitrifying bacteria in 

the presence of limited organic substrate and extensive aeration (Mozumder et al., 2014). 

Therefore, granulation strategies involve conditions (e.g. feast-famine) to discourage the 

growth of heterotrophs in the oxic zone. Where granulation strategy does not efficiently 

inhibit the heterotrophic growth, usually higher organic substrate in the wastewater 

combined with improved biomass transport with shear force is required to support 

denitrifying heterotrophic growth in the anoxic zone. Denitrifying bacteria, which are 

able to utilize storage polymers (e.g. PHA) as organic substrate can outcompete fast 

growing heterotrophs, and facilitate granule cultivation (van Loosdrecht et al., 1997; de 

Kreuk and van Loosdrecht, 2004). Furthermore, in the anoxic zone PAO, GAO also 

capable to use storage polymers (PHA) and thus compete with denitrifying for the limited 

organic substrate (Smolders et al., 1995; Lopez-Vazquez et al., 2009a). However, GAO 
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(which are typically considered a contamination in enhanced biological phosphorous 

removal system) are capable of denitrification (Weissbrodt et al., 2013; Bin et al., 2015). 

The competition within microbial community for limited PHA can be favored by 

optimizing the operational and nutritional conditions according to the requirement of the 

system (Lopez-Vazquez et al. (2009b). 

In conditions where substrates (external or stored) are limited, denitrifying bacteria prefer 

nitrate as an electron acceptor. Denitrifying bacteria reduce nitrite and nitrate 

sequentially, to nitric oxide, nitrous oxide and nitrogen gas, with the help of reductase 

enzymes. During denitrification reduction of nitrate is preferred over nitrite reduction (by 

nitrate reductase and nitrite reductase respectively) because nitrate can relatively accept 

more electrons than nitrite. Denitrifying bacteria prefer reduction of nitrogen species, 

which can turnout more electrons (such as nitrate preferred over nitrite). It results in 

accumulation of nitrite at low organic loading. The accumulated nitrite thus favors the 

coexistence of anammox and denitrifying bacteria in aerobic granules (Ni et al., 2012). 

Conversely, nitrous oxide reduction to nitrogen gas is halted at low organic loading to 

nitrogen loading ratios, to budget the organic loading. Consequently, nitrous oxide (a 

greenhouse gas) emission is a challenge in simultaneous nitrification and denitrification 

in aerobic granules (Kampschreur et al., 2009). Additionally, the activity of nitrous oxide 

reductase is inhibited at low dissolved oxygen concentrations, resulting in emission of the 

greenhouse gas (Quan et al., 2012). 
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The microbial ecology of denitrifying bacteria varies with operational and nutritional 

conditions such as solid retention time, temperature, pH, carbon source and chemical 

oxygen demand and nitrogen ratios (Lu et al., 2014). For example, most denitrifying 

bacteria require a pH of 6.5 – 7.5, for nitrogen removal. However, Rhodanobacter related 

to the class Gammaproteobacteria (a complete denitrifying bacteria, which can reduce 

nitrite and nitrate to nitrogen gas) are capable of denitrification at a broader range of pH 

4-8 (Green et al., 2012; Prakash et al., 2012). Rhodanobacter were predominant in 

aerobic granules where pH was not maintained during the react cycle (pH ranged 7-4) in 

sequencing batch reactor (Aqeel et al., 2016). 

2.2.4.3 Anammox granules 

Anammox granules represent complete autotrophic nitrogen removal, which are used for 

treatment of high strength nitrogenous wastewater. Autotrophic ammonium removal is 

based upon cooperation between AOB and anaerobic ammonium oxidation (anammox) 

bacteria. AOB favors anammox bacteria in two ways: (a) Anammox bacteria are sensitive 

to dissolved oxygen. In aerobic granules with anammox bacteria, AOB in the outer layer 

serve as a buffer layer. AOB utilize dissolved oxygen and create anoxic conditions for 

growth of anammox bacteria; and (b) AOB mediates partial nitration of ammonium for 

accumulation of nitrite in the aerobic granules. Anammox bacteria, with hydrazine 

oxidoreductase and hydroxylamine oxidoreductase enzymes (Schalk et al., 2000; Li et al., 

2011), can use ammonium (as electron donor) and nitrite (as electron acceptor) and CO2 

(as carbon source) for nitrogen removal from wastewater. However, AOB and anammox 
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bacteria compete for a common substrate (ammonium) present in the wastewater. AOB 

have an advantage over anammox bacteria because of the presence of AOB on the 

surface whereas anammox is found in the core of aerobic granules. Where influent 

nitrogen loads are high the anammox process is favored. 

Inhibition of NOB and the inhibition of heterotrophic growth are two major factors in the 

cultivation of anammox granules in wastewater. Inhibition of NOB is important because 

they compete with anammox bacteria for nitrite. The growth rate of NOB is faster than 

the anammox bacteria (Peng and Zhu, 2006; Kartal et al., 2004); therefore, NOB can 

easily outcompete anammox in wastewater treatment systems. A number of strategies 

have been employed to ensure the availability of nitrite to encourage the growth of 

anammox bacteria. These strategies include separation of compartments for partial 

nitration and anammox process (Gonzalez-Gil et al., 2015), and simultaneous nitration 

and anammox processes in the same compartment by inhibition of NOB by intermittent 

aeration at low dissolved oxygen concentrations. The dissolved oxygen concentration 

during aeration ranged between 0.08 – 0.25 mg/L, which was enough to support 

ammonium oxidation. Aeration was interrupted when nitrite start to accumulate, to 

discourage nitrite oxidation and facilitate anammox bacteria (Ma et al., 2015). 

Additionally, low dissolved oxygen concentrations favor Nitrospira that outcompete 

Nitrobacter, and the growth rate of AOB is higher than NOB (Peng and Zhu, 2006). 

Therefore, intermittent aeration with low dissolved oxygen concentration results in 

accumulation of nitrite in the system, which favors anammox bacteria. 
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Inhibition of heterotrophic bacteria is also important because they can affect the 

anammox process (Ni et al., 2012). The growth rate of heterotrophs (including 

denitrifying bacteria) is higher than anammox bacteria. Denitrifying bacteria compete 

with anammox for limited nitrite. In the presence of organic substrates and anoxic 

conditions, denitrifying bacteria can outcompete anammox bacteria for the common 

substrate. However, it is reported that anammox bacteria can oxidize ammonium and 

reduce nitrite efficiently with up to 300 mg/ L chemical oxygen demand in the 

wastewater (Ni et al., 2012). The functional stability of completely autotrophic nitrogen 

removal depends upon the inhibition of NOB and heterotrophs and a healthy cooperation 

between AOB and anammox bacteria. 

2.2.5 Granule instability 

Liu and Liu (2006) reviewed and listed a number of operational and nutritional 

conditions causing granule instability, including long solid retention time, low dissolved 

oxygen concentration and substrate gradient. Interestingly granules have been cultivated 

successfully under these operating conditions (Pronk et al., 2015a). Additionally, 

filaments are usually considered to cause granule instability and biomass washout (Adav 

et al., 2008a; Aqeel et al., 2016). Conversely, it is observed that filaments play a role in 

granule formation. The filaments serve as the backbone and immobilize the bacteria 

community to form large flocs. The large flocs with hydrodynamic shear force are 

structured to form granular sludge or filaments bridge the large flocs and enmesh them to 
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form granules (Beun et al., 1999; Williams and de los Reyes, 2006; Zheng et al., 2006; 

Aqeel et al., 2016).  

Filamentous outgrowth, granule disintegration, presence of gas bubbles, and 

higher polysaccharide content in the extracellular matrix of granules, can lead to poor 

settleability and loss of granules. Fast settling time helps in removal of these 

compromised structures; however if these events become dominant in the system, it 

results in biomass washout and system failure (Adav et al., 2008a; Aqeel et al., 2016). 

Aerobic granules have channels facilitating mass transfer within the granule. If these 

channels are blocked, it results in the formation of entrapped gas bubbles and the 

lowering of aerobic granule density. These structures float to the surface and are washed 

out of the system (Lu et al., 2012). The blockage of channels may also result in granule 

disintegration due to lack of nutrient supply to the cells present in the core of the 

granules. To manage instability of granules due to mass transfer, size of the granules 

should be optimized. Higher polysaccharide content in the EPS results in the formation of 

a relatively less dense and “fluffy” structure. While these structures retain many of the 

features of a functional granule including size these settle slowly in the bioreactor (like 

flocs) (Schwarzenbeck et al., 2005; Anuar et al., 2007), and are thus no longer granules 

by virtue of their settleability characteristics. If it is desirable to retain these granular 

structures an adjustment upward in settling time is required. For example, Weissbrodt et 

al. (2013) gradually decreased the settling time from 15 minutes to 3 minutes with 

formation of dense granules from “fluffy’ structures. 
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Based on recent advances in understanding of microbial community interactions the key 

factors that influence the structural stability of aerobic granules include inhibition of 

nutrient transport, antagonism within the microbial community, and a loss in microbial 

species diversity.  

2.2.5.1 Inhibition of nutrient transport 

The inhibition of transport of nutrients to deeper layers of aerobic granules results in cell 

lysis of slow growing bacteria in the core and instability of aerobic granules (Show et al., 

2012; Pronk et al., 2015b). In addition to blockage of channels by EPS and the large size 

of the granule, the transport of nutrients to the core of granules can also be inhibited due 

to operating conditions and type of the substrate. Anoxic feeding of readily degradable 

organic substrate facilitate slow growing bacteria (present in anoxic region of aerobic 

granules) and the conversion of organic substrates to storage polymers. If the organic 

substrate is fed under oxic conditions, the substrate is consumed by fast growing 

heterotrophic bacteria present in the outer layer which results in starvation and lysis of 

slow growing bacteria present in the core leading to the disintegration of the granule 

(Pronk et al., 2015b). Polymeric substrates which are slowly degradable, and which are 

not consumed under anoxic conditions in the core, contribute to conditions that enable 

fast growing filamentous outgrowth at the surface of the granules where oxic conditions 

exist resulting in granule instability. The presence of polymeric organic substrates in real 

wastewater is also one of the limiting factors for instability of granular sludge in full-

scale wastewater treatment plants (de Kreuk et al., 2010; Figueroa et al., 2015). To treat 
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wastewater with polymeric substrates, Wagner et al. (2015) have proposed that 

sequencing batch reactors should be operated with longer anoxic conditions for 

hydrolysis of the polymeric substrate to improve the stability of aerobic granules. The 

stability of aerobic granules would be expected to be enhanced due to the consumption of 

organic substrates by slow growing bacteria present in the core of the granule, during the 

period of feeding under non-aerating conditions, and suppression of growth of fast 

growing heterotrophs. For optimum nutrient removal, aeration is applied for oxidation of 

ammonium by slow growing nitrifying bacteria (de Kreuk and van Loosdrecht, 2004; 

Pronk et al., 2015b). A balance between aeration and non-aeration periods during the 

operating cycles of the reactor is required. For optimum nutrient removal, aeration is 

applied for oxidation of ammonium by slow growing nitrifying bacteria (de Kreuk and 

van Loosdrecht, 2004; Pronk et al., 2015b). 

2.2.5.2 Instability due to changes in EPS, microbial products and toxic metabolites  

Simultaneous nutrient removal is possible because aerobic granules retain metabolic 

byproducts, which can be used by other bacteria (de Kreuk et al., 2005), however it also 

results in retention of metabolites, which may be toxic to the microbial community 

(Aqeel et al., 2016). A number of studies have reported the presence of bacteria capable 

of producing toxic metabolites or enzymes in aerobic granules, which can lead to the 

disintegration of the granular structure. Adav et al. (2009) identified bacteria, which 

produce proteolytic enzymes that were responsible for a decline in EPS protein content 

resulting in granule disintegration. The adhesive protein content can also decline due to 
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loss of specific bacterial populations which contribute to the secretion of protein in EPS, 

resulting in granule instability (Adav et al., 2010; Aqeel et al., 2016). Janthinobacterium 

(capable of producing an antibiotic pigment called violacein) have been observed in 

aerobic granules that may contribute to bacterial cell lysis resulting in granule instability 

(Pantanella et al., 2007; Aqeel et al., 2016).  

Additionally, overgrowth of a microbe that is producing less common non-toxic products 

of metabolism may contribute to microbial community dynamics that leads to granule 

instability. A recent study by Aqeel et al. (2016) reported on the outgrowth of 

Auxenochlorella in aerobic granules that can accumulate lipid and chitin. Successional 

changes in the community resulted in an initial decline of gamma-proteobacteria 

followed by the growth of the bacteria Janthinobacterium and Chitinophaga, which can 

use these byproducts as nutrient substrates. In this particular instance Chitinophaga was 

antagonistic towards Auxenochlorella resulting in the recovery of the granular structure 

and return to a granular microbial community dominated by the denitrifying genus 

Rhodanobacter (Sangkhobol and Skerman, 1981; Aqeel et al., 2015). 

2.2.5.3 Microbial diversity 

The selective pressure applied for granule sludge production results in a decrease 

in microbial diversity. Various studies as summarized in Table 1 illustrate that the 

resulting granule consists of a dominant population. The dominant population is 

particular to the inoculum or seed and can be distinct from one system to the other. The 

loss of microbial diversity may contribute to granule instability due to the inability to 
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adapt to changes in operational or nutritional/ environmental conditions (Aqeel et al., 

2016). 

Table 2.2.2.1 Predominant bacterial genera found in aerobic granules 

Genus Bacterial class Metabolic 

characteristic 

Type of 

wastewater 

Reference 

Rhodanobacter γ-Proteobacteria DEN Synthetic Aqeel et al. 

2015 

Klebsiella γ-Proteobacteria DEN Synthetic Taheri et al. 

2012 

Thauera β-Proteobacteria DEN Piggery Zhao et al. 2013 

Zooglea β-Proteobacteria DEN Synthetic Zhao et al. 2015 

Competibacter γ-Proteobacteria GAO Synthetic Weissbrodt et 

al. 2013 

Accumulibacter β-Proteobacteria PAO Synthetic Weissbrodt et 

al. 2013 

Candidatus 

Jettenia 

Planctomycetes Anammox  Synthetic Quan et al. 2008 

Brocadiacea Planctomycetes Anammox Full-scale  Gonzalez-Gil et 

al. 2015 

DEN = Denitrifying, PAO phosphorous accumulating bacteria, GAO glycogen accumulating bacteria 

 

This shift and change in the relative abundance of specific microbial population may 

result in instability of aerobic granules. Zou et al. (2015) reported that changes in 

nitrogen concentration in influent wastewater resulted in an imbalance in nitrogen 

removal and phosphorous accumulating organisms. This shift in the microbial 

community structure resulted in functional instability and subsequent disintegration of the 

aerobic granules. Isanta et al. (2015) examined the sensitivity of the anammox process 

and the microbial community of granular sludge to temperature changes (temperature 

increased from 35-46 °C for eight days). An imbalance in the microbial community and 

functional instability of anammox processes was observed following this temperature 
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change for eight days. The functional stability of the bioreactor recovered after 70 days of 

operation. In these two recent studies the microbial diversity was further reduced in the 

recovered bioreactor following the transient instability and recovery period (Aqeel et al., 

2016; Isanta et al., 2015). 

2.2.6 Practical considerations 

Most of the information on granulation is based on intensive research on laboratory scale 

sequencing batch reactors, which are operated under well-controlled operational and 

nutritional conditions. Full-scale wastewater treatment plants are operated under diverse 

environmental and nutritional conditions, some of which is due to seasonal changes 

(winter) and precipitation events (rain). Granule formation is relatively reproducible and 

the resulting granules are relatively stable in bioreactors operated under controlled 

conditions, when compared to full-scale wastewater treatment plants. 

Full-scale wastewater treatment with granulation technology was first time applied in the 

Netherlands in 2010, after operation of full-scale demonstration plants in Portugal and 

South Africa to optimize the technology. Few reports have been published to show the 

performance of full-scale plants (Giesen et al., 2013, Li et al., 2014 and Pronk et al., 

2015a). Pronk et al. (2015a) reported the detailed operational conditions for granulation 

in full-scale wastewater treatment, where feast-famine conditions and fast settling times 

were applied. The full-scale SBR was seeded with surplus biomass from an existing 

granular bioreactor that was operated with a long solid retention time (20 – 38 days) for 

selection of slow growing bacteria. The functional stability of the granules was monitored 
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by sludge conversion rate. During seasonal variations resulting in fluctuation in 

environmental and nutritional conditions, the SBR cycle length, feeding time and 

dissolved oxygen concentrations were optimized to support maintenance of the granules. 

The full scale sequencing batch reactor during dry weather conditions was anoxically fed 

for 60 minutes, aerated for 300 minutes during the react phase, settled for 30 minutes, and 

the treated water was drained in 60 minutes. During a period of rain the reactor was 

anoxically fed for 90 minutes, aerated for 60 minutes during the react phase, and settled 

for 30 minutes.  

Operations that select for a wider range of granule structures ranging from 0.2 mm to 

larger than 1 mm, with 20 % flocs smaller than 0.2 mm in size (Pronk et al., 2015a) 

appear to facilitate stability. Little is known about the microbial composition of these 

structures. The wider size range of the granules in the reactor likely conserved a more 

diverse microbial community, resulting in improved adaptability of granular sludge to 

change in environmental and nutritional conditions. 

2.2.7 Conclusion 

Aerobic granulation represents an important technological advance and the underlying 

microbial complexities associated with these structures has led to a deeper understanding 

of factors affecting granulation processes and the microbial ecology. Granules are highly 

diverse structures with respect to the types of bacteria associated with their formation. 

Recent developments in our understanding of microbial community dynamics, nutrient 

metabolism, and role of EPS, have contributed to insights into the granulation process 
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and instability of granules. There continues to be gaps in knowledge of the role of 

diversity in the stability of the granules, and granule instability continues to limit the 

widespread application of the technology. Greater focus on more in depth 

characterization of full-scale systems coupled with parallel bench-scale experiments 

under similar operating conditions may contribute to further developments and 

adaptation. 
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Chapter 3: Properties of rapidly developing granular sludge cultivated 

in a laboratory scale sequencing batch integrated fixed-film activated 

sludge system 

3.1 Abstract 

Aerobic granules are large microbial aggregates, which facilitate the development of 

stratified structures for simultaneous removal of nutrients; e.g., nitrogen and organic 

substrate from wastewater. Integrated fixed-film activated sludge (IFAS) is a hybrid 

system consisting of biofilms and suspended biomass. Granulation coupled with IFAS 

could lead to improved operations and performance in wastewater treatment systems. In 

the present study, the effect of variations in length of oxic/anoxic/oxic periods during 

react phase of laboratory-scale (LS) integrated fixed-film - sequencing batch reactors (IF 

- SBRs), on suspended biomass, was observed. Four IF - SBRs (IF - SBRs 1–4) were 

seeded with activated sludge from a municipal wastewater treatment plant and fed 

anoxically with glucose and sodium acetate based synthetic wastewater. In IF - SBR 1, 

granular sludge developed rapidly within ten days of bioreactor start up when operated 

with short oxic and long anoxic periods. Filamentous growth was observed in IF - SBR 2 

and IF - SBR 3 with relatively longer and shorter oxic and anoxic periods, respectively, 

which resulted in poor settleability of the biomass. The sludge volume index (SVI) of 

seed biomass (200 mL/L) improved to 48 mL/L during granular sludge formation. 

Relative hydrophobicity of biomass increased from 29% to 45% and the concentration of 
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extracted extracellular polymeric substances (EPS) increased from 99 mg/g mixed liquor 

suspended solids (MLSS) to 272 mg/g MLSS. Confocal microscopy revealed that the β-

polysaccharide and amyloid adhesins were predominant in the periphery and core of the 

granules, respectively. Protein and α-polysaccharide were present both in the periphery 

and core of the granules. Microscopy indicated presence of tetrad form organisms, which 

are known for glycogen and PHA accumulation. In IF - SBR 1, 16S rRNA gene 

sequencing using Ilumina revealed that short oxic and longer anoxic periods favoured 

selection of heterotrophic denitrifying bacteria related to families Rhodocyclaceae, 

Nakamurellaceae, Oxalobacteraceae, and Caulobacteraceae Hyphomicrobium for the 

rapid development of granular sludge. 

3.2 Introduction 

The activated sludge, which is used for most wastewater systems, biologically removes 

nutrients (e.g. nitrogen and organic substrate) from the wastewater. Several technologies 

have been employed to improve the capacity and efficiency of wastewater treatment, 

such as granular sludge and integrated fixed-film activated sludge (IFAS) systems. The 

granules are large microbial aggregates (> 0.2 mm) with stratified structures for 

simultaneous removal of nutrients and improved settleability for the efficient separation 

of treated water from biomass. IFAS is a hybrid system, which is composed of biofilms 

that support the growth of slow growing nitrifying bacteria and flocs for year-round 

stable and efficient biological nutrient removal (Mahendran et al., 2012). In this study, 

the hybrid biomass (biofilms and flocs) was cultivated in sequencing batch reactors (IF-
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SBRs). The use of SBRs in laboratory (bench-scale studies) as a basis for simulating 

biological wastewater treatment systems, including phenomena associated with activated 

sludge processes, is well established (e.g. Liao et al., 2001). The SBR configuration 

permits return of settled biomass without a requirement for secondary clarification, and 

the conditions throughout the react cycle is similar to plug-flow conditions.  

Three strategies have been used for the selection of bacterial communities and 

optimization of granulation processes: (a) feast-famine conditions (van Loosdrecht et al., 

1997), (b) shear force (Tay et al., 2001a), and (c) short settling time (McSwain et al., 

2004). Aerobic granules are stratified structures where autotrophic bacteria are selected in 

the outer oxic zone of granules for nitrification. The organic substrate is utilized by the 

heterotrophic bacteria in the deeper anoxic zone for denitrification. The fast-growing 

heterotrophs in the outer layer, which use oxygen as electron acceptor, can outcompete 

the slow-growing denitrifying heterotrophs growing in anoxic conditions, which use 

oxidized nitrogen species as electron acceptor, for organic substrate (Pronk et al., 2015a). 

During feast famine conditions in sequencing batch reactors, microbial communities 

convert easily degradable organic substrate to complex polymers (e.g. PHA), which 

facilitate the growth of slow-growing bacteria. The slow-growing bacteria can degrade 

these complex polymers for granule formation (van Loosdrecht et al., 1997; de Kreuk and 

van Loosdrecht, 2004). 
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There has been growing interest in the exploitation of aerobic sludge granules for 

biological wastewater treatment. However, the long start up time required for granule 

formation is one of the limiting factors for the large-scale application of granular sludge 

technology (Liu and Tay, 2004; Show et al., 2012). Aerobic granule cultivation in full-

scale (FS) wastewater treatment plant requires 90 days of operational start up time (Pronk 

et al., 2015b). In laboratory-scale (LS) bioreactors, granulation requires up to 50 – 70 

days of operational start up time (Gao et al., 2011). The rapid granulation has been 

achieved (a) by the higher concentration of calcium supplements (100 mg/L in influent) 

in 16 days (Lee et al., 2010) and (b) by seeding crushed granules (50 percent of the total 

seed biomass) in 18 days (Pijuan et al., 2011). 

In this study, we investigate the effect of the length of oxic/anoxic/oxic conditions and 

properties of biomass during granule formation in four LS IF - SBRs, which were treating 

synthetic wastewater. We report on the composition of extracellular polymeric substances 

(EPS) and microbial communities of rapidly developing granules in LS IF - SBR system. 

The potential to couple IFAS with granular sludge processes represents an interesting 

biological wastewater treatment development that might enhance biological nutrient 

removal processes. 
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3.3 Materials and methods 

3.3.1 Bioreactor setup 

Four parallel laboratory-scale (LS) IF - SBRs (IF - SBR 1–4) with two liters of working 

volume were operated for the rapid development of granular sludge (Appendix A). The 

IF - SBRs were filled with 15 % (volume by volume) carrier media. The carrier media 

used was made up of polyethylene with protected surface area of 139 m2/m3 (Mahendran 

et al., 2012). The bioreactors were inoculated with activated sludge collected from a full-

scale municipal wastewater system (Cataraqui Bay Wastewater Treatment Plant, 

Kingston, Ontario, Canada). The IF - SBRs were fed anoxically with synthetic 

wastewater consisting of chemical oxygen demand: nitrogen: phosphorus ratio (COD: N: 

P) of 100:15:1. The COD was 300 mg/L and was composed of 1:1 sodium acetate and 

glucose. The composition of micronutrients was similar as described previously by Aqeel 

et al. (2016). The six-hour SBR cycles were programmed to fill for 15 minutes, react for 

320 minutes, settle for 10 minutes, and withdraw for 15 minutes. During the react phase, 

the IF - SBRs were operated with different lengths of oxic/anoxic/oxic conditions (Fig. 

3.1). The pH of the IF - SBRs was controlled at 7 ± 0.1 with the help of a pH controller 

connected to a 0.05 N NaOH solution. Synthetic feed was prepared daily, stored at 4°C, 

and fed into the reactors by programmed peristaltic pumps (Cole Parmer model 7520-35). 

The stone diffusers, which were connected with air pumps, were kept at the 0.4 litre mark 

on SBR, for aeration. The biomass was mixed with the help of a magnetic stirrer at the 
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bottom of the reactor.

 

Figure 3.1 Schematic diagram showing length of oxic/anoxic periods during IF - SBR 

reaction. The dotted blocks represent oxic phase and the plane blocks represent the 

anoxic phase during IF - SBRs operation. 

 

3.3.2 Structural properties of IF - SBR biomass 

The size distribution of suspended microbial aggregates in IF - SBRs was measured using 

a particle size analyzer (Mastersizer, Malvern). The speed of the stirrer was kept at 200 

rpm in the sampling well of the Mastersizer, during sample dispensing, for consistent 

representative sampling. Additionally, the size and shape of flocs and granules and the 

presence of filaments and eukaryotes in the seed and IF - SBR biomass samples were 

observed by using an optical microscope (Olympus, model# BH2-RFCA). The 

settleability was analyzed by measuring the sludge volume index (SVI) as described by 

Liao et al.  (2001). 
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The biofilms and suspended biomass samples were collected from the IF - SBR towards 

the end of SBR cycle when the biomass was being aerated for the collection of consistent 

representative samples. Granules and flocs were washed twice with deionized water by 

centrifuging samples at 3000 x g for five minutes at 4° C. Biofilm carriers were gently 

dipped in deionized water twice to remove unbound biomass from the biofilms. The 

plastic carrier media were sliced with a surgical blade and biofilms were scrapped from 

the surface of the carrier media and suspended in deionized water to determine the 

surface hydrophobicity of the biofilms. The attached and suspended biomass samples 

were sonicated, as described previously by Aqeel et al. (2016), to form homogenized 

suspensions of cells. Relative hydrophobicity was measured by hydrocarbon binding 

assay following Chang and Lee (1998). 

Table 3.1 IF - SBRs operating conditions 

 Seed IF - SBR 1 IF - SBR 2 IF - SBR 3 IF - SBR 4 

MLSS (mg/ L) 1500 2600 800 900 3210 

ESS (mg/ L)  32 26 46 28 

SVI (ml/L) 200 48 70 100 56 

SVI30/10  0.74 0.5 0.53 0.4 

SRT (days)  9 6 6 9 

HRT (hours)  8 8 8 8 

Temperature (°C) 20± 2 20± 2 20± 2 20± 2 20± 2 

COD removal (%)  90-100% 90-100% 90-100% 90-100% 

Relative 

hydrophobicity (%) 

29.3 44.9 44.9 48.6 48.5 
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3.3.3 Analytical methods 

COD removal was measured using photometric analysis using COD reagent vials and 

following the manufacturer’s guide lines (Canadawide Scientific). Nitrate concentration 

was measured using HACH® powder pillows following manufacturers protocol 

(HACH®). The dissolved oxygen (DO) concentration was measured with an Oakton® 

DO/pH meter. The pH of the IF - SBR system was monitored using pH controllers 

connected with a 0.5 M NaOH solution and pH probes in the reactor. Mixed liquor 

suspended solids (MLSS) in the bioreactors and effluent suspended solids (ESS) were 

measured following standard methods (APHA, 2005). MLSS and ESS were measured to 

determine the solid retention time (SRT). To keep the SRT of nine days, the biomass 

from the reactor was wasted at the beginning of the cycle (APHA, 2005). 

3.3.4 EPS extraction and quantification 

The extracellular polymeric substance (EPS) was extracted using cation exchange resin 

(Dowex® Na+ form, Sigma-Aldrich, Canada), following the protocol described by 

Mahendran et al. (2012). The protein and polysaccharide in the extracted EPS were 

quantified using micro titration assays. The protein content was quantified following a 

modified Lowry method by using bovine serum albumin as a standard (Fryer et al., 

1986). The polysaccharide content was quantified with the phenol-sulfuric acid method 

using glucose as a standard (Masuko et al., 2005). 
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3.3.5 Confocal laser scanning microscopy 

Distribution of EPS content in the flocs and biofilms was observed using florescent 

staining coupled with CLSM. The sample preparation, staining, CLSM imaging, and 

analysis were performed as described previously by Aqeel et al. (2016). Briefly, samples 

were collected towards the end of SBR cycle and processed for CLSM image analysis. 

The biomass samples were probed with multiple fluorescent stains to determine the 

composition, distribution, and co-localization of EPS constituents. A cocktail of three 

stains was prepared with sypro orange, concanvalin A (Con A), and calcofluor white for 

assessing the distribution and localization of protein, α-polysaccharide, and β-

polysaccharide, respectively. Another cocktail of calcofluor white and Congo red was 

used to determine the localization of β-polysaccharide and amyloid protein in the 

granules. A cocktail of three lectin stains: (a) concanvalin A, (b) wheatgerm agglutinin, 

and (c) soybean agglutinin was prepared to stain the flocs and granules (Table 3.2). To 

determine the distribution of live and dead cells, the samples were stained with a 

combination of syto9 and propidium iodide stains. The ZEN 2009 application was used 

for imaging and analysis. The details of florescent stains (flurophore conjugate, 

maximum excitation, scanned length, and target polymer) used in the study are presented 

in Table 3.2. 
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Table 3.2 Spectral characteristics of fluorescent probes 

Probe Ex/Ema (nm) Scanned 

lengthb (nm) 

Target 

FITC 488/517 500 – 551 Proteins 

Concanavalin-Ac 633/650 633 – 700 α-mannopyranosyl and α-

glucopyranosyl residues 

Soybean agglutinin 650/656 646 – 674 α- and β-N-acetylgalactosamine 

and galactopyranosyl residues 

Wheat gem agglutinin   N- acetylglucosamine, N- 

acetylneuraminic 

Calcofluor White 355/433 300 – 450 Cellulose 

Thiflavin T   Amyloid adhesin 

Anti CsgA antibodyd 488/517 500 – 551 Amyloid adhesin 

Syto 9 482/500 480 – 545  Live cells 

Propidium Iodide 510/580 555 – 655 Dead cells 

aMaximum excitation and emission length 
bEmission length used for scanning 
cConcanavalin-A conjugated with Alexa fluor 633 
dCsgA conjugated with secondary antibody Alexa fluor 488 

3.3.6 Microbial community structure 

Genomic DNA was extracted from biofilms and flocs, using the PowerSoil DNA 

Isolation Kit (MoBio Laboratories Inc.). Microbial community fingerprinting was 

performed using denaturing gradient gel electrophoresis (DGGE) and next generation 

sequencing analysis was performed using Illumina sequencing. 
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Denaturing gradient gel electrophoresis 

The V3-V5 region of the 16S rRNA gene was amplified using 341F (5’- 

CCTACGGGAGGCAGCAG-3’) with a GC clamp and 907R (5’- 

CCGTCAATTCCTTTGAGTTT -3’) primer set (Muyzer et al., 1998; Green et al., 2010). 

PCR reaction was performed in a C1000 thermal cycler (BioRad) using the following 

program: initial denaturation at 98°C for 10 sec; 30 cycles of denaturation at 95°C for 30 

sec, annealing at 55°C for 40 sec, and extension at 72°C for 45 sec; and final extension at 

72°C for 5 min for bacteria. The PCR products were verified by running the PCR product 

on 1% agarose gel electrophoresis followed by staining with EZ vision (Amresco) DNA 

stain. A 6% polyacrylamide gel with a 30-70% denaturing gradient was prepared with a 

gradient delivery system (BioRad). The DGGE was performed at 65°C for 18 hours using 

the DCode Universal Mutation Detection System (BioRad). The DGGE gel was stained 

with ethidium bromide and gel image analyses were performed using GeneTools 

software (Muyzer et al., 1998; Green et al., 2010). 

Illumina sequencing 

The community DNA samples that were extracted from IF - SBR biomass samples using 

a soil DNA extraction kit (MoBio Laboratories Inc.) were sent to the Genome Quebec 

Research and Testing Laboratory in Montréal, Québec for 16S rRNA gene sequencing 

(Illumina MiSeq). The DNA samples were amplified using PCR for amplicon 

preparations. The V3-V4 region of the 16S rRNA gene was amplified using primers 347F 
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(GGAGGCAGCAGTRRGGAAT) and 803R (CTACCRGGGTATCTAATCC). A second 

PCR reaction was performed to incorporate sample specific barcodes. After the second 

PCR reaction was performed, the DNA concentration of all PCR reactions was measured 

using Picogreen so that the equimolar concentration of all samples could be used for 

sequencing. The amplicon library with an insert size of about 450 bases was sequenced 

with a paired-end 250 kit (Illumina MiSeq). 16S rRNA gene sequences were used to 

generate an operational taxonomic unit (OTU) table and a corresponding FASTA file. 

The taxonomy assignment of OTUs was performed using the RDP classifier with a 

modified Greengenes database. Taxonomic classification, alpha (observed species) and 

beta (weighted UniFrac) diversity metrics were performed using the QIIME software suit 

(Caporaso et al., 2010; Wang et al., 2007; DeSantis et al., 2006). 

3.4 Results and discussion 

In this study, the potential to cultivate aerobic granules in an IF - SBR system was 

investigated. A rapid aerobic granulation was achieved in LS IF - SBR 1 within ten days 

of operation in oxic/anoxic/oxic conditions (Fig. 3.1). The granules that formed within 

ten days of operation, revealed by microscopic analysis, were larger in size (0.2-1.0 mm) 

and spherical in shape with compact and firm structures. Preliminary studies identified 

that oxic/anoxic/oxic conditions result in rapid granule development. However, the 

granules were instable, results shown in appendices B-E. Therefore, the effect of length 

of oxic/anoxic/oxic periods and properties of biomass (composition of EPS and the 
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microbial community structure) during granule formation were investigated in four LS IF 

- SBRs treating synthetic wastewater, for optimization of conditions for granulation. 

3.4.1 IF - SBR operation and granulation 

Four parallel LS IF - SBRs (IF - SBR 1–4) were inoculated with biomass collected from 

aeration tank of a FS municipal wastewater treatment plant (Cataraqui Bay Wastewater 

Treatment Plant, Kingston, Ontario, Canada). The inoculum was composed of small 

loosely bound flocs with long filaments and eukaryotic organisms (rotifers, amoeba, and 

ciliates). Three IF - SBRs (IF - SBR 1–3) were operating with different lengths of 

oxic/anoxic/oxic periods, whereas the fourth IF - SBR (IF - SBR 4) was continuously 

aerated during the react phase. The first oxic phase was 90, 150, and 210 minutes in IF - 

SBR 1, IF - SBR 2 and IF - SBR 3, respectively. The anoxic phase was 200, 140, and 80 

minutes long in IF - SBR 1, IF - SBR 2 and IF - SBR 3, respectively. The second oxic 

phase was 30 minutes long in IF - SBR 1–4. DO concentrations (mg/L) in the bioreactors 

were 3 – 5, 0.2 – 0.5, and 3 – 5 during oxic/anoxic/oxic conditions, respectively. 

There are contradictory reports on the effect of aeration and filamentous outgrowth in 

aerobic granules. Liu and Liu (2006) reviewed the literature and pointed out that a low 

DO concentration can cause filamentous growth in aerobic granules. Adav et al. (2007) 

suggested that low aeration intensity does not favour filamentous growth. At high 

aeration intensity, the shear force physically breaks the filamentous outgrowth on the 

granules, whereas, at moderate aeration intensity, the shear force was not enough to break 

filamentous outgrowth. At very low aeration intensity, filamentous growth was inhibited; 
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however, the biomass failed to develop into granular sludge. In the present study, aeration 

intensity was kept similar during the oxic phase; however, the length of the oxic phase 

was varied in all IF - SBR 1–4. Filamentous growth was observed in IF - SBR 2 and IF - 

SBR 3 operated with an oxic phase of moderate length; however, with a relatively shorter 

oxic phase, (IF - SBR 1) the filamentous growth was inhibited and the cyclic nature of 

the oxic/anoxic phase favoured granule development. 

The mixed liquor suspended solids (MLSS), which were used as seed, had a 

concentration of 1.5 g/L. The MLSS and effluent suspended solids (ESS) were measured 

once or twice a week. The biomass volume in all IF - SBRs decreased during the first 

week of the operation due to higher biomass loss in the effluent. After the first week of 

SBR operation, the biomass in IF - SBR 1 and IF - SBR 4 gradually increased to 2.5 ±1 

mg/g MLSS, whereas the biomass volume in IF - SBR 2 and IF - SBR 3 remained below 

one g/L. The ESS was higher during first week, which gradually decreased in all four IF - 

SBRs. The solid retention time (SRT) of nine days was maintained in IF - SBR 1 and IF - 

SBR 4. To maintain the SRT, it was necessary to waste a certain amount of the biomass 

during the start of the SBR cycle. The SRT in IF - SBR 2 and IF - SBR 3 was 6–7 days 

due to low MLSS and ESS. Therefore, no biomass was wasted from IF - SBR 2 and IF - 

SBR 3. The IF - SBRs were treating glucose and sodium acetate (1:1) based synthetic 

wastewater with COD:N:P (100:15:1) at a temperature of 20 ± 2oC and a pH of 7.1 ± 0.2. 

The IF - SBRs removed more than 80 % of COD within the first 2 hours of the SBR 

cycle.  In all the reactors, complete or more than 98 % COD removal was observed at end 
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of the reaction cycle. The operating conditions and overall performance of bioreactors are 

presented in Table 3.1. Nitrate accumulation was observed during first two hours of SBR 

operation followed by nitrate reduction during anoxic phase in IF - SBR 1. In IF - SBR 2, 

nitrate accumulation was observed for first four hours of SBR operation followed by 

partial reduction towards the end of the SBR cycle. In IF - SBR 3, nitrate accumulated in 

the system during the full SBR cycle with minimal or no nitrate reduction (Fig. 3.2). 

Nitrification and denitrification was also observed in IF - SBR 4, which was consistent 

with previous studies that showed that IFAS systems were capable of nitrification and 

denitrification (Mahendran et al., 2012). However, the nutrient removal in rapidly 

developing IF - SBR 1 granular sludge was an interesting aspect of this research as 

previous studies indicated that rapidly developing granular sludge showed poor nutrient 

removal (Weissbrodt et al., 2013). 

The settleability of flocs and granular sludge, which was measured using SVI, showed 

that the settleability of seed biomass improved with IF - SBR operation. The SVI of seed 

biomass was relatively poor (200 ml/g MLSS) due to the presence of filamentous bacteria 

and small loosely bound flocs. In the IF - SBRs, the SVI of granular sludge of IF - SBR 1 

was 48 ml/g MLSS, whereas the SVI of flocs in IF - SBR 2–4 was up to 100 ml/g MLSS 

(Table 1). The SVI of IF - SBR 4 was relatively better (56 ml/g MLLS) due to the 

formation of compact flocs and few filamentous bacteria. The granular sludge settled 

faster than the flocs; therefore, a ratio of SVI30 to SVI10 (measured after 10 minutes) was 

used to determine the settleability of granular sludge (Schwarzenbeck et al., 2005). The 
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settleability of the granular sludge in IF - SBR 1 based on SVI30/10 was 0.74, which was 

about two-fold faster than the flocs from IF - SBR 4 (0.4). 

 

 Figure 3.2 Biological nutrient removal during stable operating conditions, showing COD 

removal and nitrate accumulation and reduction. 

3.4.2 Composition of EPS 

The content and composition of EPS extracted from the flocs and granules are presented 

in Table 3.3. Total extracted EPS in seed biomass was 98.8 ± 2 mg/g MLSS. The 

extracted EPS from biomass samples increased in all the LS IF - SBRs (272.2, 125.9, 

160.2, 146.8 in IF - SBR 1–4, respectively) compared to the seed biomass. The maximum 

increase in EPS content was observed in IF - SBR 1 (272.2 ± 2), which was more than 

two-fold higher than the seed floc biomass. The increase in EPS content was due to the 

rapid increase in total protein and polysaccharide content. The protein to polysaccharide 
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ratio decreased in all IF - SBR 1-4; however, it was lower in IF - SBR 1 (1.5) as 

compared to IF - SBR 4 where the protein to polysaccharide ratio was 3. A spike in 

polysaccharide content was due to a change in operational conditions, such as the 

introduction of the anoxic phase, which resulted in rapid granulation within the first 10 

days of IF – SBR operation. The relative hydrophobicity of seed biomass increased with 

IF - SBR operation. The relative hydrophobicity of the seed biomass was 29.3± 0.1%, 

which increased to 44.9% – 48.6% in IF - SBR 1–4 (Table 3.1). 

It was observed that total EPS content was higher in granular sludge compared to the 

seed or flocs of IF - SBR 2–4. The results were consistent with previous studies that 

showed that the total EPS content of granules was higher compared to the flocs (Sheng et 

al., 2010). Microbial aggregation is a stress response, where microbes interact with each 

other to produce a meshwork of EPS to protect themselves against harsh environmental 

conditions (Flemming et al., 2010). EPS, which is predominantly composed of protein 

and polysaccharide, facilitates the microbial aggregation by cementing the microbes 

together (Sheng et al., 2010). The composition of EPS of the rapidly developing granules 

showed that the granules were distinct from the seed flocs (Table 3.3). The seed flocs 

contained protein rich EPS; however, the introduction of the anoxic phase triggered the 

development of polysaccharide rich EPS, which resulted in a relatively lower protein to 

polysaccharide ratio in granules. The increase in polysaccharide resulted in a decrease in 

the protein to polysaccharide ratio during granule formation. The role of the protein to 

polysaccharide ratio was contradictory during granule formation. The aerobic granules 
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contained higher quantities of polysaccharide to protein ratio when cultivated at a high 

shear rate (Tay et al., 2001b), short hydraulic retention time (Tay et al., 2002), and low 

phenol loading rate (Jiang et al., 2004). In contrast, protein was the predominant EPS 

constituent in aerobic granules that were cultivated with a fast settling time (Mcswain et 

al., 2004; Mcswain et al., 2005). 

Table 3.3 Total extracted EPS content in biomass from IF SBRs 

 Seed IF - SBR 1 IF - SBR 2 IF - SBR 3 IF - SBR 4 

Total EPS (Flocs) 

mg/ g MLSS 

98.8 272.2 125.9 160.2 146.8 

Total EPS (Biofilms) 

mg/ carrier medium 

- 165.5 133.8 118.4 127.8 

 

During granulation, the relative hydrophobicity of the biomass increased compared to the 

seed flocs; however the protein to polysaccharide ratio decreased with granulation. 

Protein rich EPS content results in a more highly hydrophobic surface of the microbial 

aggregate; whereas, polysaccharide rich EPS content gives relatively less hydrophobic 

character to the microbial aggregate (Sheng et al., 2010; Raszka et al., 2006; Henderson 

et al., 2008). Contrarily, higher relative hydrophobicity has been absolved in aerobic 

granules with either protein rich or polysaccharide rich EPS extracted from the granules 

(Tay et al., 2001; McSwain et al., 2005). The polysaccharide has shown hydrophobic 

characteristics based on the composition of the saccharides and the side chains attached 
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to the polysaccharides (Sutherland, 2001). It was possible that the polysaccharide content, 

which increased during granulation in the IF - SBR 1, was relatively more hydrophobic. 

3.4.3 Distribution of EPS 

The distribution of the EPS content during granulation was observed by flourecent 

staining coupled with confocal laser scanning microscopy (CLSM). Three different lectin 

stains were used to determine the distribution of lectins in granules (Table 3.2): (a) wheat 

germ agglutinin (WGA), (b) soybean agglutinin (SBA), and (c) concanavalin A (ConA). 

WGA probes N-acetylglucosamine and N-acetylneuraminic, SBA detects α and β-N- 

acetylgalactosamine, and ConA labels α-D-mannose and α-D-glucose (Aqeel et al. 2016). 

The signal intensity of ConA was higher than other lectin stains; therefore, ConA was 

used to determine the distribution of EPS in granules. Colocalization of protein, α-

polysaccharise, and β-polysaccharide were probed using FITC, ConA, and calclufluor 

white, respectively. Protein and α-polysaccharise were evenly distributed in the granules, 

whereas β-polysaccharide was predominantly present in the outer layer of the granules 

(Fig. 3.3). 
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Figure 3.3 CLSM images illustrating distribution of extracellular polymers in aerobic 

granules: (a) Distribution of EPS. Colors correspond to cyan (exopolymers with β 

structures), red (α-polysaccharide) and green (protein); (b) Distribution of EPS. Colors 

correspond to cyan (wheat germ agglutinin), green (soybean agglutinin) and red (Con A); 

(c) Distribution of Live dead cells. Colors correspond to red (dead cells) and green (live 

cells); and, (d) Tetrad forming cells. 

 

a b 

c d 
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Several studies identified that the localization of protein α-polysaccharide and β-

polysaccharide vary in granules depending upon operational and nutritional conditions. 

Chen et al. (2007) reported that the β-polysaccharide and protein are present in the core, 

whereas α polysaccharide is present on surface of the acetate fed aerobic granules. In 

contrast, β-polysaccharide and α polysaccharide were present on the surface, whereas 

protein was present in the core of phenol fed granules. Wang et al. (2005) reported that 

the outer surface of the aerobic granules was composed of non-soluble EPS, whereas the 

inner core was made up of soluble EPS. In this study, β-polysaccharides (non-soluble 

polysaccharide) were present in the outer layer of the granules, which has been known to 

play an important role in stabilizing microbial aggregates. 

A combination of immunohistochemistry using antibodies against amyloid adhesisns 

(anti CsgA) and cellulose specific flourecent stain calclufluor white was used, to 

determine the colacalization of amyloid adhesins and cellulose in granules. The CLSM 

results revealed that the amyloid adhesins and cellulose were predominantly present in 

the core and periphry of the granules, respectively (Fig. 3.4). The pure culture studies 

showed that the amyloid adhesin expression was induced by oxygen limitation (Barnhart 

and Chapman, 2006). Amyloid adhesins have been shown to be abundant in activated 

sludge films and flocs of most environmental systems. Specifically, amyloid adhesins 

were predominantly present in denitrifying microbial communities (Larsen et al., 2008; 

Larsen et al., 2007). The deeper layer, with oxygen limiting conditions, facilitated 

denitrifying microbial populations in aerobic granules. The results of this study, where 
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amyloid adhesins were observed in the deeper layer of the aerobic granules, were in 

accordance with previous studies (Larsen et al., 2008; Larsen et al., 2007). 

 

Figure 3.4 CLSM images illustrating distribution of cellulose and amyloid adhesins in 

granules. (a) 2D and (b) 2.5D images showing distribution of cellulose (red) stained with 

calcofluor white and amyloid adhesins (green) stained with thioflavin T or antibodies 

against amyloid adhesins (anti Csg A). 

 

3.4.4 Microbial community structure 

After removing sequences with ambiguous nucleotides and chimera sequences, a total of 

1,098,063 paired end sequences from Illumina MiSeq were obtained. After assembly and 

quality filtration, an average of 68,628 sequences were selected for downstream analyses. 

The alpha diversity analyses revealed that the rarefaction curves were flat towards the 

distal end, which showed that sequence depth was enough to reveal the rare microbial 

species present in the bio-samples (Fig. 3.5). Additionally, the alpha diversity analyses 
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showed that there were relatively more observed species in suspended biomass (flocs and 

granules) compared to the attached biomass (biofilms) (Fig. 3.5). Beta diversity analyses 

showed that, in LS IF - SBRs, the microbial communities shift from the seed biomass 

during IF - SBR operations. The microbial community was relatively closely related in IF 

- SBR 1–3 as compared to the microbial community of IF - SBR 4. 

  

Figure 3.5 Rarefaction curves showing alpha diversity in bacterial communities of 

biofilms (red) and flocs or granules (blue). 

 

16S rRNA gene sequencing revealed the shift in microbial communities with IF - SBR 

operation. In microbial communities of suspended and attached biomass in all IF - SBR 
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1-4, the relative abundance of bacteria related to the classes Cytophagia, Flavobacteriia, 

Saprospirae, Gemmatimonadetes, and Betaproteobacteria increased compared to seed 

flocs. The microbial communities in IF - SBR 1 (granules) had a higher abundance of 

Flavobacteriia, Saprospirae, Gemmatimonadetes, and Alphaproteobacteria compared to 

the microbial communities in IF - SBR 4 (Flocs). In contrast, IF - SBR 4 had a higher 

relative abundance of Cytophagia, and Betaproteobacteria compared to IF - SBR 1. In IF 

- SBR 1, the relative abundance of bacteria related to classes Actinobacteria and 

Alphaproteobacteria increased, whereas the relative abundance of Saprospirae, and 

Betaproteobacteria decreased with granule development. In IF - SBR 4, the relative 

abundance of Alphaproteobacteria, and Betaproteobacteria decreased and increased, 

respectively, during IF - SBR operation. 

 

Figure 3.6 Beta diversity in biofilms and flocs of IF - SBRs. 
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At the bacterial family level, the relative abundance of Cytophagaceae, 

Flavobacteriaceae, Chitinophagaceae, Gemmatimonadaceae, Caulobacteraceae, 

Rhodobacteraceae, Comamonadaceae, and Rhodocyclaceae in suspended and attached 

biomass increased in the IF - SBRs compared to the seed flocs (Fig. 3.6). The microbial 

communities in IF - SBR 1 (granules) had a relative abundance of Nakamurellaceae, 

Caulobacteraceae, Hyphomicrobiaceae, Sphingomonadaceae, and Oxalobacteraceae, 

compared to the microbial communities in IF - SBR 2–4 (flocs) (Fig. 3.7). Bacteria 

related to the families Gemmatimonadaceae, Flavobacteriaceae, Chitinophagaceae, and 

Rhodocyclaceae were relatively more abundant in the microbial communities of IF - SBR 

2–4 flocs compared to IF - SBR 1 granules (Fig. 3.7). Additionally, the relative 

abundance of unknown bacteria was higher in the microbial communities of IF - SBR 1 

granules compared to IF - SBR 2–4 flocs (Fig. 3.7). 

The relative abundance of bacteria related to the families Sphingomonadaceae (class 

Alphaproteobacteria) and Caulobacteraceae (class Betaproteobacteria) was higher in IF 

- SBR 1 (aerobic granules) compared to IF - SBR 2-4 (flocs) (Fig. 7). Caulobacteraceae 

produced a highly adhesive gel, called hold fast, for microbial aggregation. Bacteria 

related to family Sphingomonadaceae have also been known to produce extracellular 

polysaccharide by fermentation of organic substrate. The abundance of 

Sphingomonadaceae in granules justified the higher polysaccharide content in the EPS of 

the granules, which facilitated microbial aggregation for granulation. Additionally, the 

cell wall of bacteria related to the family Sphingomonadaceae contain sphingolipids, 
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which resulted in relatively more hydrophobic character to support microbial cohesion 

for granular structure. 

 

 

Figure 3.7 The structure of microbial communities at the family level in granules (IF – 

SBR 1), flocs (IF – SBR 4) and biofilms of IF - SBRs. 

 

It was observed that in the microbial community structure of aerobic granules of IF – 

SBR 1, bacterial taxa related to unknown bacterial families were relatively more 

abundant compared to microbial communities in other IF – SBRs (Fig. 3.8). It is possible 

that higher abundance of the unknown taxa was due to the sequencing bias of 16S rRNA 

variable regions. Kumar et al. (2011) reported that microbial community structure of 

mixed microbial communities varies with selection of different 16S rRNA variable 
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regions. Some bacterial taxa were abundant when a primer pair targeting one variable 

region was used; whereas other variable regions failed to detect taxa. It is also possible 

that unknown bacteria taxa were relatively abundant in granular biomass because it has 

more observed species (Fig. 3.5). However, the average sequences per sample were same 

for all samples. Therefore, sequencing of more diverse community of IF – SBR1 samples 

result in more unknown bacterial taxa at the family level. Whereas, at class level all 

samples have same number on unknown taxa (7 ± 2%) where some of the bacterial 

communities of IF – SBRs 2-4 have more unknown bacterial taxa.   

The bacteria related family Nakamurellaceae (class Actinobacteria) has been shown to be 

capable of rapidly storing carbohydrates in its cells to limit the availability of organic 

substrate for competitor heterotrophs. The electron micrographs have revealed that the 

Nakamurellaceae bacteria are cocoid and have cell wall like septum in the cells. In this 

study, tetrad structures, which are clusters of coccoid cells arranged in tetrad form, were 

observed with CLSM imaging (Fig. 3.3). The tetrad-forming organisms were capable of 

glycogen accumulation and synthesis of complex storage polymers e.g. 

polyhydroxyalkanoates (PHA). In the absence of easily degradable organic substrate, 

denitrifying bacteria have been shown to utilize PHA as organic substrate for their 

metabolism. The tetrad-forming organisms related to Actinobacteria and 

Alphaproteobacteria, which were abundant in the granules of this study, have been 

observed. The rapid storage capability of the microorganisms in aerobic granules 
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facilitated the growth of slow growing denitrifying heterotrophs to outcompete the fast 

growing filamentous heterotrophs (Pronk et al., 2014). 

 

Figure 3.8 Relative abundance of bacterial families, which were predominant in granules 

(IF – SBR 1) as compared to flocs (IF - SBR 2-4). 

 

In this study, the heterotrophic denitrifying bacteria related to families Nakamurellaceae 

(class Actinobacteria), Caulobacteraceae (class Alphaproteobacteria), Oxalobacteraceae, 

and Hyphomicrobium (class Betaproteobacteria), were relatively more abundant in IF - 

SBR 1 (granules) compared to IF - SBRs 2-4 (flocs) (Fig. 3.7). The heterotrophic bacteria 

related to family Rhodocyclaceae (class Betaproteobacteria) were abundant in the 

granules. However, the bacteria were relatively less abundant in IF - SBR flocs, which 

are operated with longer aeration periods. The over growth of bacteria related to family 

Rhodocyclaceae; e.g., Zooglea in aerobic granules resulted in poor nutrient removal 
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(Weissbrodt et al., 2013). Rhodocyclaceae have also been observed in the deeper layer of 

the aerobic granules (Lv et al., 2014). Bacteria related to the family Rhodocyclaceae; e.g., 

Zooglea could use the oxygen of oxidized nitrogen species (nitrate and nitrite) in the 

absence of dissolved oxygen. In this study, the accumulation of nitrate during the oxic 

phase was observed, which was reduced during the anoxic phase in granular sludge (Fig. 

3.3). To support granulation, it is possible that the longer anoxic period created 

conditions that enabled denitrification by bacteria related to the family Rhodocyclaceae 

(e.g. Zooglea). 

3.5 Conclusion 

This is the first study reporting granulation in an IF - SBR system. Granular sludge was 

cultivated in a LS IF - SBR, fed glucose and acetate based synthetic wastewater, and 

seeded with activated sludge from a FS municipal wastewater treatment plant. The 

granular sludge developed rapidly in IF - SBR 1 operated with a short aeration phase and 

a long anoxic phase. Filamentous overgrowth was observed in IF - SBR 2 and IF - SBR 3 

with oxic and anoxic phases of moderate length, whereas at continuous aeration in IF - 

SBR 4 compact flocs with few filaments were observed. Overall EPS content was higher 

in granular sludge where the protein to polysaccharide ratio in the EPS of granular sludge 

was lower compared to the seed flocs. β-polysaccharide and amyloid adhesins were 

distributed predominantly in the outer layer and deep layer of the granules, respectively. 

Tetrad forming organisms were observed in the aerobic granules, which have been 

known for the accumulation of glycogen and storage polymers. The rapid storage of 
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organic substrate inhibited the growth of filamentous granules. Therefore, the 

heterotrophic denitrifying microbial community was predominant in granular sludge 

compared to the flocs. 
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Chapter 4: Microbial dynamics and properties of aerobic granules 

developed in a laboratory scale sequencing batch reactor with an 

intermediate filamentous bulking stage 

4.1 Abstract 

Aerobic granules offer enhanced biological nutrient removal and are compact and dense 

structures resulting in efficient settling properties. Granule instability, remains a 

challenge as understanding of the drivers of instability are poorly understood. In this 

study, transient instability of aerobic granules, associated with filamentous outgrowth, 

was observed in laboratory-scale sequencing batch reactors (SBR). The transient phase 

was followed by the formation of stable granules. Loosely bound, dispersed, and pinpoint 

seed flocs gradually turned into granular flocs within 60 days of SBR operation. In stage 

1, the granular flocs were compact in structure and typically 0.2 mm in diameter, with 

excellent settling properties. Filaments appeared and dominated by stage 2, resulting in 

poor settleability. By stage 3, the SBR selected for larger granules and better settling 

structures, which included filaments that became enmeshed within the granule, eventually 

forming structures 2-5 mm in diameter. Corresponding changes in sludge volume index 

were observed that reflected changes in settleability. The protein to polysaccharide ratio 

in the extracted extracellular polymeric substance (EPS) from stage 1 and stage 3 

granules was higher (2.8 and 5.7, respectively), as compared to stage 2 filamentous 

bulking (1.5). Confocal laser scanning microscopic (CLSM) imaging of the biomass 
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samples, coupled with molecule-specific fluorescent staining, confirmed that protein was 

predominant in stage 1 and stage 3 granules. During stage 2 bulking, there was a decrease 

in live cells; dead cells predominated. Denaturing gradient gel electrophoresis (DGGE) 

fingerprint results indicated a shift in bacterial community composition during 

granulation, which was confirmed by 16S rRNA gene sequencing. In particular, 

Janthinobacterium (known denitrifier and producer of antimicrobial pigment) and 

Auxenochlorella protothecoides (mixotrophic green algae) were predominant during 

stage 2 bulking. The chitinolytic activity of Chitinophaga is likely antagonistic towards 

Auxenochlorella and may have contributed to stage 3 stable granule formation. 

Rhodanobacter, known to support complete denitrification, were predominant in stage 1 

and stage 3 granules. The relative abundance of Rhodanobacter coincided with high 

protein concentrations in EPS, suggesting a role in microbial aggregation and granule 

formation. 

4.2 Introduction 

Compared to flocs, aerobic granules are superior microbial aggregates due to their large, 

compact and dense structures. Granules are capable of enhanced biological nutrient 

removal and fast settling properties (De Bruin et al., 2004; De Kreuk et al., 2005; Adav et 

al., 2008a). Instability of aerobic granules restricts the large-scale application of granular 

sludge for wastewater treatment (Lee et al., 2010; Li et al., 2010). Granule disintegration 

and filamentous outgrowth are two major causes of aerobic granule instability. Granule 

instability results in poor settling properties and, subsequently, poor separation of treated 
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water from the biomass. Poor separation as a result of granule instability can lead to 

biomass washout and system failure (Liu and Tay, 2004; Show et al., 2012). Identifying 

operational and nutritional conditions responsible for filamentous outgrowth has led to 

strategies for controlling granule instability (Liu and Liu, 2006). Nonetheless, granule 

instability is still a major problem for aerobic granule technology (Lee et al., 2010; Show 

et al., 2012). 

Fungal and bacterial filaments facilitate the development of larger granules. In a 

sequencing batch reactor (SBR) predominated by fungal biomass, mycelia can form a 

meshwork and settle to remain in the reactor. This mycelial meshwork can immobilize 

bacteria, facilitate the growth of bacterial colonies and contribute to larger structures. 

Shear forces in the reactor detach fungal filaments from aerobic granule surfaces, 

resulting in formation of large compact aerobic granules (Beun et al., 1999; Williams and 

de los Reyes, 2006). Bacterial filaments can also facilitate larger aerobic granule 

formation (Zheng et al., 2006; Williams and de los Reyes, 2006).  

Aerobic granules help retain bacterial metabolites in microbial aggregates (Bura et al., 

1998; Flemming et al., 2007). Microbial aggregation is a successful strategy because 

other bacteria can use metabolites secreted by other cells. Bacterial metabolites modify 

the microenvironment in a microbial aggregate (Flemming and Wingender, 2010), which 

can also facilitate the secretion and retention of toxic metabolites. Therefore, microbial 
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aggregates can increase lysis of competing cells, contributing to granular structure 

instability (Adav et al., 2010). 

In this study, we integrated microscopy and molecular analysis of bacterial communities 

to understand aerobic granule development and filamentous outgrowth. We characterized 

shifts in the bacterial communities as they relate to structural and physicochemical 

properties during initial granulation, transient instability due to filamentous outgrowth 

and the formation of stable granules within laboratory-scale SBRs. We report on the 

development of granules dominated by Rhodanobacter and explore the transient 

instability of granular structure owing to the appearance of Auxenochlorella and partial 

biomass washout. A transient phase was followed by the formation of larger granules and 

a likely role for Chitinophaga in the control of microalgae. 
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Figure 4.1 Optical microscope images showing the morphology of biomass during 

granulation. (a-c) seed flocs-granule formation, (d) stage 1 granules, (e) stage 2 granules 

with filamentous growth and (f) stage 3 granules imaged with digital camera. (a-e) Bar = 

0.2 mm and (f) Scale = cm. 

4.3 Materials and methods 

4.3.1 Bioreactor operating conditions 

The operating conditions of the laboratory-scale SBR bioreactor are described in Table 1, 

and are similar to the system described previously in several studies examining 

bioflocculation and microbial structures in biological wastewater treatment (Liao et al., 

2001; Liu et al., 2006; Basuvaraj et al., 2015). The SBRs employed were operated in the 

laboratory and exposed to light throughout the study. The SBR system consisted of a 2 

liter glass reactor operated with six-hour cycles (fill for 15 min, react for 315 min, settle 

for 15 minutes then withdraw for 15 minutes). Biomass was aerated during the react 
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phase with stone air diffusers that were connected to air pumps (Optima LR-91926). The 

SBR was fed with synthetic wastewater consisting of a COD:N:P ratio of 100:5:1, where 

COD is chemical oxygen demand. The synthetic feed composition was modified from a 

previous description (Liao et al., 2001). Feed composition (in mg/L), was glucose (300), 

NH4Cl (57.3), KH2PO4 (13.2), MgSO4 (2.48), FeSO4.7H2O (2.49), NaMoO4.2H2O 

(1.26), MnSO4.4H2O (0.31), CuSO4 (0.25), ZnSO4.7H2O (0.44), NaCl (0.25), 

CaSO4.2H2O (0.43), CoCl2.6H2O (0.41). The pH was adjusted to 7.2 – 7.4 with a 1 M 

NaOH solution. The feed was prepared daily and stored at 4°C until fed into the reactors 

by programmed peristaltic pumps (Cole Parmer model 7520-35). 

Table 4.1 SBR operating conditions and performance 

Parameters Stage 1* Stage 2* Stage 3* 

SRT (days) 9±1 2±1 9±1 

HRT (hours) 8 8 8 

Temperature (°C) 22±2 22±2 22±2 

COD Removal (%) 99±1 99±1 99±1 

MLSS (g/L) 2.6±0.2 1±0.4 2.5±0.1 

SVI30 (ml/g MLSS) 51.7±2.5 700±2 128±3 

SVI3/ SVI30 1.4 2.2 1 

Suface charge (mV) -18.0±0.1 -19.9±0.2 -24.2±1.0 

Reactor operating  cycle 

Fill, settle and withdraw 

phases (min) 

15 each 15 each 15 each 

Reaction phase (min) 315 315 315 

* Stage 1, stage 2 and stage 3 correspond to day 0, day 35 and day 65 

 

The SBR was seeded with activated sludge obtained from a municipal wastewater 

treatment plant (Cataraqui Bay Wastewater Treatment Plant, Kingston, Ontario, Canada) 
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to study granule development. Three stages of granule development with a transient 

filamentous bulking stage were studied (Fig. 4.1). Samples representing stage 1 were 

collected when filaments were observed on the surface of granular flocs, which was just 

prior to the development of stage 2. This time point was represented as day 0 (Fig. 4.2) to 

demonstrate biomass properties during transient granular instability, which was 

associated with filamentous outgrowth. Biomass samples representing stage 2 were 

collected when the biomass was partially washed out of the bioreactors (Fig. 4.2a). 

Samples representing stage 3 were collected when filamentous outgrowth disappeared 

and larger compact granules were observed (Fig 4.1f). 

4.3.2 Physical properties of biomass during granulation process 

Biomass settleability was analyzed by measuring sludge volume index (SVI) as described 

previously (Liao et al. 2001). Relative hydrophobicity was measured by a hydrocarbon-

binding assay (Chang and Lee 1998) and surface charge was analyzed by zeta potential of 

the biomass by a zetasizer (Malvern). Granules were disrupted by sonication using 

sonicator (FB120; Fisher Scientific) in 15-mL tubes for 30 seconds (10 seconds on/off 

pulses at 120 watts). Sonicated granules resulted in homogenized suspensions of cells for 

measuring relative hydrophobicity and surface charge. 

Extraction and quantification of extracellular polymeric substance  

Extracellular polymeric substance (EPS) from the biomass samples collected during the 

granulation process was extracted with a cation exchange resin in the sodium form 
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(Dowex), as described elsewhere (Mahendran et al. 2012). Protein and polysaccharide in 

the extracted EPS were quantified using a modified micro titration assay (Mahendran et 

al. 2012). 

Structural characterization of biomass during the granulation process 

The morphology of suspended biomass during the granulation stages was observed by 

optical microscopy (Olympus model BH2-RFCA). The distribution and localization of 

EPS and cells were observed using fluorescent staining, coupled with confocal laser 

scanning microscopy (CLSM) (Zeiss LSM 710), as described below. 

4.3.2.1 Sample preparation 

Freshly collected biomass samples were washed twice gently with deionized water to 

remove unbound particles from the surface. The washed biomass was stained using 

target-specific EPS probes. Staining was performed in a Petri dish (2.5 cm diameter) that 

was placed on a shaker (50 RPM) at room temperature in the dark for 30 min. After 

staining, samples were washed twice with deionized water to remove excess stain and 

then observed immediately by CLSM. The intact granule was observed under CLSM. Z 

projection was applied to obtain optical slices. 

4.3.2.2 EPS staining 

Multiple fluorescent stains with differing spectral characteristics were used in this study 

(Table 2). A cocktail of three stains was prepared with fluorescein isothiocyanate (FITC), 

concanvalin A (ConA) and calcofluor white for assessing the distribution and localization 
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of protein, α-polysaccharide and exopolymers with β structures (i.e. cellulose 

polysaccharide and amyloid protein), respectively. Another cocktail involved a 

combination of, Syto9, propidium iodide and 7-hydroxy-9H-(1,3-dichloro-9,9-

dimethylacridin-2-one) (DDAO) stains, which were used for visualizing live and dead 

cells, and extracellular DNA, respectively. Working stain solutions were prepared in 

phosphate buffered saline, except for DNA stains, which were prepared in DNase-free 

water.  

4.3.2.3 CLSM image analysis 

Exposure and background signal removal were adjusted by optimizing the master gain 

and digital offset. All 2D and Z stack images were captured using a 10X magnification 

lens. The ZEN 2009 software (Zeiss) was used for image analysis as described previously 

(Chen et al., 2007; Mahendran et al. 2012). The arithmetic mean intensity was measured 

using software ZEN 2012 by normalizing threshold limit for each sample. 

4.3.3 Analytical methods 

Sample COD was measured by photometric analysis using COD reagent vials, following 

the manufacturer’s protocol (Canadawide Scientific). Dissolved oxygen (DO) 

concentrations and pH was measured with DO/pH meter (Oakton). Mixed liquor 

suspended solids (MLSS), effluent suspended solids (ESS) and sludge volume index 

(SVI) were measured following standard methods (Eaton et al., 2005). 
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4.3.4 Microbial community during granulation 

The microbial community composition was characterized using denaturing gradient gel 

electrophoresis (DGGE) and Illumina sequencing. DGGE is a well described molecular 

ecological approach that is routinely used in the laboratory to provide an indication of 

changes to the microbial community under study (Green et al., 2010). It was on the basis 

of these results that we further explored the community composition through Illumina 

sequencing. The techniques are complimentary. 

4.3.4.1 Denaturing gradient gel electrophoresis (DGGE) 

Genomic DNA was extracted from biomass samples using a PowerSoil DNA Isolation 

Kit (MoBio Laboratories). The V3-V5 region of the 16S rRNA gene was amplified using 

341F (5’CCTACGGGAGGCAGCAG3’) with GC clamp and 907R (5’CCG 

TCAATTCMTTTGAGT TT3’) primers as described elsewhere (Muyzer et al. 1998; 

Green et al. 2010). The PCR products were verified by agarose gel electrophoresis. A 6% 

polyacrylamide gel with a 30-70% denaturing gradient was prepared with a gradient 

delivery system (BioRad). The DGGE was performed at 65°C for 18 hours using the 

DCode Universal Mutation Detection System (BioRad). 

4.3.4.2 Illumina sequencing 

Bacterial community composition during granulation was assessed by 16S rRNA gene 

sequencing, following a previously published method (Bartram et al., 2011). Briefly, 

genomic DNA was extracted from biomass samples using a PowerSoil DNA Isolation Kit 

(MoBio Laboratories Inc.). The V3 region of the 16S rRNA gene was amplified using 
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341F and 518R primers. Triplicate reactions were pooled, as were the pooled reactions 

for each sample (in equal ng quantities), and the final PCR product mixture was 

sequenced using a MiSeq (Illumina). The AXIOME pipeline was used for managing 

sequence analysis (Lynch et al. 2013). Paired-end assembly was done with PANDAseq 

(version 2.4) with a quality threshold set to 0.9 (Masella et al. 2012). Taxonomic 

classification was performed via QIIME (version 1.7.0) by the naïve Bayesian classifier 

of the RDP (version 2.2) against the May 2013 revision of the GreenGenes database 

(Caporaso et al., 2010; Wang et al. 2007; DeSantis et al., 2006). Chimeric sequences 

were detected by the UCHIME algorithm and removed from downstream analyses (Edgar 

et al., 2011). Phylogenetic diversity estimates were calculated by QIIME. 

All sequence data associated with this study were deposited in the European Nucleotide 

Archive under study ID PRJEB8461. 

4.4 Results 

Aerobic granules cultivated in a laboratory-scale SBR system were found to undergo a 

stage of transient instability, due to filamentous outgrowth, followed by formation of 

larger aerobic granules. In this study, seed biomass was taken from a municipal 

wastewater treatment plant (Cataraqui Bay Wastewater Treatment Plant, Kingston, 

Ontario, Canada) and was composed of dispersed and loosely bound pinpoint flocs with 

few filaments (Fig. 4.1a). Granular flocs (stage 1) formed within 60 days of inoculation 

in the laboratory-scale SBR. Stage 1 granular flocs were compact and round in shape, 

with sizes ranging from 0.2-0.4 mm (Fig. 4.1d). The sludge showed excellent settling 
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properties with a sludge volume index (SVI) of 51.7±2.5 (Table 4.1). Stage 2 represents a 

transient granular instability phase when filamentous outgrowth gradually became 

dominant on the surface of granules (Fig. 4.1e). Filamentous growth resulted in bulking 

and partial biomass washout from the SBR. The biomass washout appeared to serve as a 

selection mechanism because smaller granules with filaments were washed out whereas 

larger granules with filaments were retained in the system. Filaments integrated and 

enmeshed gradually within the granulated structures, resulting in improved settling 

properties (Fig. 4.2a) and biomass accumulation in the bioreactor. Stage 3 granules were 

spherical in shape, compact, and considerably larger in size (2-5 mm in diameter, Fig. 

4.1f). The COD load in the feed was 300 mg/L. The COD removal was more than 98% in 

the effluent during all three stages of granule development (Table 1). The reactor during 

filling was aerated and mixed and COD removal during this time was 55±5 % and was 

typical during granule development. Aerobic conditions predominated throughout the fill 

and react stages and heterotrophic bacteria, including Chitinophaga, were present in all 

stages of granule development. The SBR was operated with a hydraulic retention time 

(HRT) of eight hours (Table 4.1). A solid retention time (SRT) of nine days was 

maintained during the SBR operation. Both MLSS and ESS was measured and the 

biomass was wasted during the start of the SBR cycle to keep an SRT of nine days. 

Because of filamentous bulking in stage 2 the effluent solids concentration was high due 

to biomass washout, and the nine-day SRT was not actively maintained during this stage. 
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Figure 4.2 Sludge volume index and relative hydrophobicity of biomass during 

granulation. 

Settleability of biomass as represented by SVI is typically measured after 30 minutes of 

the settling time (SVI30). In the present study, the ratio of SVI after 3 minutes (SVI3) 

and SVI after 30 minutes (SVI30) was measured to characterize the settling properties of 

granular sludge. Schwarzenbeck et al. (2005) has previously demonstrated that the ratio 

of SVI3/ SVI30 is correlated to density and settleability of granules. A ratio of SVI3/ 

SVI30 close to 1 indicates the quality and completeness of granular sludge. The SVI 

dynamics was unique during each stage of granule development. During stage 1, granular 

flocs showed the best settling properties and packed well at the bottom of the SBR, with a 

SVI of 51.7 ±2.5 mL/ g MLSS (Table 1). The granular flocs settled fast within the first 

three minutes of the settling time (Fig. 4.2b), with a SVI3 of 68 ml/g MLSS. The granular 

flocs kept settling after the first three minutes, with a SVI3/ SVI30 ratio of 1.4 (Table 1). 
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During stage 2, filamentous bulking biomass showed poor settleability, with SVI of 

700±2 ml/ g MLSS and SVI3/ SVI30 of 2.2. During stage 3, the aerobic granules settled 

to the maximum packing ability of 128±3 ml/g MLSS, within 40 seconds of the settling 

time (Fig. 4.2b). The SVI3/ SVI30 ratio of stage 3 granules was 1 (Table 1). However, 

the SVI of the stage 3 granules (128±3 ml/ g MLSS) was higher than the stage 1 granular 

flocs (51.7±2.5 ml/ g MLSS). The stage 1 granules packed very well due to relatively 

smaller size that fills inter granular spaces efficiently resulting in lower SVI. However, 

the SVI of stage 3 granules is higher because relatively bigger inter granular spaces are 

formed in larger granules after settling. 

 

Figure 4.3 Settleability of activated sludge during first three minutes of a settling 

experiment. 
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4.4.1 Physicochemical properties 

To assess the surface properties of the biomass during granule development and the 

transient filamentous instability phase, relative hydrophobicity and the surface charge 

were measured. Relative hydrophobicity decreased and surface charge increased during 

granule development. Specifically, the hydrophobicity of stage 1 granular flocs was 36%, 

which decreased to 5% and 0% during stage 2 filamentous bulking and the subsequent 

stage 3 granule formation, respectively (Fig. 4.2a). The surface charge of the biomass 

was -18.0±0.1, -19.9±0.2 and -24.2±1 mV during stage 1, stage 2 and stage 3 respectively 

(Table 1). 
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Figure 4.4 Content of extracted EPS during granulation: days 0-5 (stage 1), days 21-55 

(stage 2) and day 65 (stage 3). 

 

The protein and polysaccharide content of extracted biomass EPS during different stages 

of granulation (Fig. 4.3) indicated higher protein to polysaccharide ratios in stages 1 and 

3 granules (3.3 and 5.7, respectively), compared to the filamentous bulking sludge EPS 

during stage 2 (a ratio of 1.5). Protein concentrations of stages 1 and 3 granules were 

higher (170±2 and 172.7±1 mg/g MLSS, respectively) compared to stage 2 (94.8±5 mg/g 

MLSS). The polysaccharide content in extracted EPS during stages 1 and 3 were lower 

(52.2±2 and 30.3±1 mg/g MLSS, respectively) compared to stage 2 (63.9±1 mg/g 

MLSS).  

0 

1 

2 

3 

4 

5 

6 

0 

20 

40 

60 

80 

100 

120 

140 

160 

180 

200 

0 28 35 42 55 65 

P
re

te
in

 t
o
 p

o
ly

s
a

c
c
h

a
ri
d

e
 r

a
ti
o
 

E
P

S
 c

o
n

te
n

t 
(m

g
/ 
g

 M
L

S
S

) 

Time (Days) 

Protein 

Polysaccharide 

Protein to Polysaccharide ratio 



 

 

 

157 

The composition of protein and polysaccharides was also determined by CLSM image 

analysis (Table 3). However, there is a limitation to accurately determine the 

concentration of these extracellular polymers. The fluorescent stains that are used to 

detect exopolymers with β structures (calcofluor white) can bind non-specifically to the β 

structures of cellulose (polysaccharide) and amyloids (protein). In addition to calcofluor 

white, two other fluorescent stains (soybean agglutinin and concanvalin A) were used to 

detect extracellular polysaccharides. Soybean agglutinin selectively binds to α- and β-N-

acetylgalactosamine and galactopyranosyl glycoconjugates Concanvalin A is used to 

probe α-polysaccharides such as α-mannose and α-glucose (Mahendran et al 2012) 

glycoconjugates. The staining cocktail of stains permitted probing colocalization of 

protein, α-polysaccharide and exopolymers with β structures in the microbial aggregates. 

CLSM image analysis confirmed that stage 1 and 3 granules were protein-rich (Table 3). 
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Figure 4.5 CLSM images illustrating the distribution of EPS during granulation: stage 1 

granular flocs (a-d), stage 2 filamentous bulking (e-h) and stage 3 granules (i-l). Colors 

correspond to cyan (exopolymers with β structures), red (α-polysaccharide) and green 

(protein). 

 

Table 4.2 Relative intensity of EPS, derived from CLSM image analysis, during 

granulation 

  Arithmetic mean intensity 

Flourecent stain Target extracellular polymer Stage 1 Stage 2 Stage 3 

FITC Protein 86.80 10.74 76.58 

Calcofluor White Cellulose and amyloid protein 26.54 61.23 30.96 

Concanvalin A α-mannopyranosyl and  

α-glucopyranosyl residues. 

130.69 38.25 60.04 

Soybean 

agglutinin 

α- and β-N-acetylgalactosamine 

and galactopyranosyl residues 

127.12 88.87 59.31 
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The arithmetic mean intensity of fluorescent signals, which were specific for protein, was 

higher in granular biomass during stages 1 and 3 (86.8 and 76.6, respectively) as 

compared to the stage 2 biomass (10.7). The arithmetic mean intensity of α-

polysaccharide was higher in stage 1 and stage 3 granules (130.7 and 60.0, respectively) 

as compared to stage 2 (38.2). The intensity of soybean agglutinin (which selectively 

binds to some α- and β sugar residues) and concanvalin A was similar and co-localized 

during stage 1 and stage 3. However the intensity of soybean agglutinin was higher 

compared to concanvalin A, during stage 2. The intensity of exopolymers with β 

structures was 2-fold higher during stage 2 filamentous bulking (61.2) as compared to the 

stage 1 and stage 3 granules (26.5 and 31.0), and demonstrates that these exopolymers 

form the major component of EPS during filamentous bulking stage 2. The distribution of 

cells and extracellular DNA indicated that stages 1 and 3 granules were predominantly 

composed of live cells (Fig. 4.5 a, c, k and m), whereas stage 2 microbial aggregates 

contained mainly dead cells and extracellular DNA (Fig. 4.5 g-j). The loss of live cells 

during stage 2 suggested a microbial community shift during granulation due in part to 

the decline in viability of part of the bacterial community. 
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Figure 4.6 CLSM images illustrating live dead cells and eDNA during granulation. Stage 

1 granular flocs (a-d), stage 2 filamentous bulking (e-h) and stage 3 granules (i-l). 

Colours correspond to live cells (green), dead cells (red) and extracellular DNA 

(magenta). The scale bar is 200 μm. 

 

4.4.2  Bacterial community dynamics during granulation 

A total of 4,858,243 sequences from the Illumina MiSeq were obtained. The paired-end 

sequences were assembled and filtered with a stringent quality threshold of 0.9 by 

PANDAseq. Sequences with ambiguous nucleotides were discarded at assembly. After 

assembly and quality filtering, 3,827,702 sequences remained. De novo chimera checking 

removed 16.2% of the sequences, leaving 3,206,709 sequences in the downstream 

analyses. There were an average of 318,975 sequences per sample, which clustered into 

35,308 OTUs at 97% sequence identity. 
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Molecular fingerprinting using denaturing gradient gel electrophoresis (DGGE) 

demonstrated a shift in the bacterial community composition during granulation (Fig. 

4.6a). Distinct bacterial community patterns were associated with the seed inoculum and 

all three stages of granule development. These observations were confirmed by 16S 

rRNA gene sequencing, with unique class-level representation associated with bacterial 

communities at each stage of granulation (Fig. 4.6b). Although bacterial communities 

were diverse at this broad taxonomic level, Gammaproteobacteria (33.7%) and other 

bacteria dominated stage 1 granules, algal chloroplasts (64.1%) and Betaproteobacteria 

(16%) dominated stage 2 filamentous bulking (64.1%) and both Gammaproteobacteria 

(49.3%) and Saprospirae (38.8%) were associated with stage 3 granules. Both 

Betaproteobacteria (2.2%) and Chloroplasts (1.0%) were less abundant in sequence data 

obtained from stage 3 granules.  

At the genus level, a shift in microbial community was observed during each stage of 

granule development. Rhodanobacter, an autotroph capable of complete denitrification 

(Lee et al., 2007), and the heterotrophic bacterium Chitinophaga (Kragelund, 2008) were 

abundant in granules. The mixotrophic algae capable of autotrophic and heterotrophic 

growth dominated during bulking (Wang et al., 2014). The relative abundance of 

Rhodanobacter related to Gammaproteobacteria and Chitinophaga related to 

Saprospirae were 31.1% and 10.3%, respectively in stage 1 granules (Fig. 4.7). The 

genera Rhodanobacter (47.7%) and Chitinophaga (38.5%) also dominated stage 3 

granules. The relative abundance of the mixotrophic algal genus Auxenochlorella was 



 

 

 

162 

64% and sequences affiliated with Janthinobacterium (denitrifying bacteria) related to 

Betaproteobacteria were 12% during stage 2 bulking (Fig. 4.7).  

The phylogenetic diversity (PD) score described by Faith (1992) was calculated at 

various subsample depths for samples taken from the seed material and all three SBR 

stages. The results indicated a general trend of decreasing phylogenetic diversity from 

seed, to stage 1 and through to stage 3 (Fig. 8). The same decreasing trend was seen with 

the Shannon diversity and observed species metrics (data not shown). 

 

4.5 Discussion 

This study assessed granule development in a tractable SBR system, which followed 

three stages that were characterized by distinct physicochemical and microbial properties. 

	

Figure 4.7 phylogenetic diversity of seed flocs, stage 1, stage 2 and stage 3 granules 
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Given that granule instability due to filamentous outgrowth is a major concern for 

application of granular sludge technology, the data generated here offer unique insights 

into the underlying characteristics of granule development. This integrated study focused 

on physicochemical properties, microscopy and Illumina sequencing in order to obtain 

important information for understanding filamentous outgrowth during transient 

instability of aerobic granules, which will ultimately help with optimizing biological 

wastewater treatment systems and the development of stable structures. This study 

reveals a very different set of structural features associated with aerobic granules, 

characteristics of developing granules, and microbial community dynamics involving 

mixotrophic algae that have not been revealed previously.  

Granules settle quickly to maximum capacity within the first few minutes of the settling 

time. In contrast, flocs continue to settle slowly and gradually during the 30 minutes for 

SVI measurement. The SVI dynamics and ratios of standard SVI30 with shorter SVI10 

and SVI5 have been used to characterize settleability of granules, where a ratio closer to 

one indicates completeness of granular sludge (Schwarzenbeck et al., 2005). In the 

present study, the SVI dynamics were closely observed by measuring the SVI value of 

granules after every 20 seconds for the first 3 minutes of settling. We observed that stage 

3 granules settled to the maximum capacity within first 40 seconds (Fig. 4.2b). The fast 

settling of stage 3 granules indicated that these were highly compact and dense structures. 

The granular flocs of stage 1 had higher SVI3/ SVI30 ratios, but the ratio reached a value 

of one after 10 minutes (SVI10). A number of factors affect the settleability of aerobic 
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granules including size, density (Kim et al. 2008), community structure (i.e. filamentous 

outgrowth) (Adav et al., 2008), gas vacuoles trapped inside granules (Lu et al., 2012), and 

the concentration of polysaccharide in granules (Anuar et al., 2007). Granules developed 

during stage 1 were considerably smaller (10-fold) than those found in stage 3, and were 

found to settle more slowly as well. Schwarzenbeck et al. (2005) showed that the SVI 

ratio is correlated to the density of granules. Therefore, the density of stage 3 granules 

(with SVI3/ SVI30 ratio of one) was likely higher than stage 1 granules. We further 

observed that in the present study the polysaccharide concentration and filamentous 

outgrowth was higher during stage 2 which also may have influenced the settlability of 

the biomass. 

4.5.1 Physicochemical properties during granulation  

The EPS content of granules usually exceeds those of flocs (Sheng et al. 2010). This is 

consistent with our results showing that the total EPS content extracted from stages 1 and 

3 granules exceeded the extracted EPS content of seed flocs and the filamentous bulking 

conditions of stage 2. Proteins and polysaccharides are major components of EPS, and 

are important structural features of flocs, granules and films.  Studies of flocs (Liao et al., 

2001; Liss et al., 2002) have shown that proteins to polysaccharide ratios are more 

important than the amount of EPS. Higher proteins to polysaccharide ratios have also 

been observed in aerobic granules cultivated under fast-settling conditions (Mcswain et 

al., 2004; Mcswain et al., 2005). Both stage 1 and stage 3 granules were protein rich, in 

contrast to stage 2 bulking conditions. The protein proportion of EPS decreased 
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throughout filamentous outgrowth conditions while the proportion of polysaccharides 

increased in filamentous bulking sludge. This reinforces a view that proteins play a key 

role in granule aggregation; loss of extracellular protein results in granule instability. 

Others have also observed granule instability due to the loss of EPS protein (Adav et al., 

2009).  Aerobic granules may also secrete proteolytic enzymes contributing to the loss of 

granular extracellular protein and an increase in granule instability. Aerobic granules may 

also disintegrate due to loss of protein secretion by the microbial community, resulting in 

a lower level of EPS protein  (Adav et al., 2010). It was also evident that extracellular 

DNA increased during stage 2, consistent with cell lysis and loss of bacterial viability 

that would also contribute to the decline in protein in the extracellular matrix. 

The hydrophobicity of the stage 1 granules decreased over time. The reduction in 

hydrophobicity was concomitant with the appearance of filamentous bacteria and bulking 

(Fig. 4.2a). Generally, protein content in the EPS contributes to the hydrophobic 

character of floc and films, but this will also be influenced by the amino acid composition 

of the proteins; whereas polysaccharides largely form hydrophilic extracellular polymers 

(Raszka et al., 2006; Henderson et al., 2008). Hydrophobicity was observed to decrease 

during the protein-rich stage 3 granular sludge, which is consistent with the observations 

of Zheng et al. (2006) who reported a reduction in hydrophobicity during granule 

formation. 
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Studies of factors contributing to bioflocculation and the role of EPS and surface 

properties on floc behavior describe relationships between EPS composition and content, 

hydrophobicity and surface charge (Liao et al., 2001; Liss et al., 2002).  Hydrophobicity 

has been shown to be inversely related to the net negative surface charge, and the 

protein/carbohydrate or protein/carbohydrate + DNA ratios correlated to hydrophobicity 

and to surface charge in a similar way. In this study, stage 1 granules possessed high 

negative surface charges along with a high proportion of proteins. The protein to 

polysaccharide ratio decreased during development of filamentous bulking; however, 

stage 2 filamentous bulking biomass became more negatively charged. A higher 

abundance of extracellular DNA was observed during stage 2 filamentous bulking (Fig. 

4.5i), which may have contributed to a greater net negative surface charge of stage 2 

biomass. Polysaccharides (Fig. 4.4f) and negatively charged extracellular DNA (Fig. 

4.5i) were most abundant during stage 2. Interactions between positively charged 

extracellular polymers such as cellulose (Denkhaus et al., 2007) and negatively charged 

extracellular DNA may be contributing to the stabilization of stage 2 microbial 

aggregates (Denkhaus et al., 2007; Tay et al., 2001). Additionally, extracellular DNA 

may serve as nutrient source for the growth of surviving cells in stage 2. 

4.5.2 Distribution and localization of EPS 

Confocal imaging confirmed that protein was the dominant feature of granules from 

stages 1 and 3; the outer layer was dominated with exopolymers with β structures. These 

results are consistent with others who reported that the outer surface of the aerobic 
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granules is composed of insoluble EPS (Wang et al., 2005). Exopolymers with β 

structures are insoluble, which may play an important role in stabilizing microbial 

aggregates. This is supported by other reports demonstrating that the selective enzymatic 

hydrolysis of proteins and α polysaccharides had minimal effect on the granule structure 

(Adav et al., 2008b), while the hydrolysis of β-polysaccharides can fragment aerobic 

granules. During stage 2, β-exopolymers were localized on the filamentous structure that 

bridged the granular flocs to form stage 3 granules, and were dominant in the outer layer 

of stage 3 granules.  

4.5.3 Microbial community dynamics during granulation 

A wider range of bacteria is capable of forming granules. The prevailing view is that 

when granule formation occurs it is typically associated with the dominant bacteria 

present in the community at the time (Weissbrodt et al., 2013). Rhodanobacter, based on 

16S rRNA gene data, dominated both stage 1 and 3 granules. The relative abundance of 

Rhodanobacter during granulation correlated positively with protein content in the EPS 

(Fig. 4.3 and 4.7). Rhodanobacter is a facultative anaerobe (Prakash et al., 2012). The 

dominance of protein in the core of stage 3 granules suggests a direct role for this 

bacterium in extracellular protein synthesis, microbial aggregation and granule formation. 

Rhodanobacter is also capable of complete denitrification. It can reduce nitrate, nitrite 

and nitrous oxide to dinitrogen gas. Although Rhodanobacter grows optimally at pH 6.5, 

some species can grow and maintain nitrogen removal activity at a wide range of pH 4-8 

(Prakash et al., 2012; Green et al., 2012). Although this study did not include 
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confirmation of Rhodanobacter mediated denitrification, larger granule structures can 

harbor bigger oxygen-limiting zones, which would be compatible with the dominance of 

Rhodanobacter as a facultative anaerobe capable of denitrification in this SBR system. 

Indeed, the relative abundance of Rhodanobacter was higher in larger stage 3 granules 

compared to smaller stage 1 granules (Fig. 4.7). 

 

Figure 4.8 Bacterial community structure during granulation, visualized by molecular 

analyses. (a) DGGE fingerprinting. The lanes represent seed flocs (Seed), stage 1 

granules (1), stage 2 filamentous bulking (2) and stage 3 granular sludge (3), respectively. 

(b) Illumina sequencing. The relative abundance of bacterial classes based on 16S rRNA 

gene sequencing demonstrates shifts in bacterial communities over time. 

 

Seed    1        2        3           
Seed Stage 1 

Stage 2 Stage 3 
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Actinobacteria 

Sphingobacteria 
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Nutrient deficiency may result in filamentous outgrowth in aerobic granules (Liu and Liu, 

2006). SBRs at the start of the react cycle (feast) are exposed to relatively higher organic 

loads in contrast to the developing starvation period that follows the consumption of the 

substrates (famine condition) throughout the react cycle (McSwain et al., 2004). In the 

present study the SBRs were operated with a 6 h react cycle. Complete COD removal 

was observed at the end of reaction phase.  The initial conditions favored utilization of 

carbon by heterotrophs and the appearance and accumulation of Auxenochlorella in the 

glass reactors used is consistent with the view that photoautotrophic conditions 

dominated during starvation or famine conditions. The algae identified in the system 

were found to be related to the genus Auxenochlorella, which are wastewater borne algae 

(Zhou et al., 2012). Auxenochlorella are mixotrophic algae and can use heterotrophic and 

autotrophic modes efficiently (Wang et al., 2014). Auxenochlorella, which have been 

observed in wastewater treatment systems, are potentially capable of dominating a larger 

system. 

Auxenochlorella, the predominant genus during the instability phase (Fig. 4.7), are 

wastewater-borne mixotrophic algae (Zhou et al., 2012). Mixotrophic algae are capable 

of using both heterotrophic and photoautotrophic metabolisms for biomass accumulation 

(Hu et al., 2012; Mahapatra et al., 2014). Cao et al. (2014) studied the effects of six 

different carbon sources for biomass growth of Chlorella. The results showed that, 

among different carbon sources, glucose accumulated the maximum algal biomass. 

Additionally, Auxenochlorella is capable of utilizing 60% of the carbon dioxide produced 
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during respiration, in the presence of light, for additional assimilation (Wang et al. 2014). 

The synthetic feed used here was based on glucose and the SBR bioreactor was made of 

glass and exposed to light through the study, which favors algal growth.

 

Figure 4.9 Relative abundance of selected dominant during three stages of granulation. 

Proportions were calculated by comparing the abundance of sequences affiliated with 

each genus to the total number of sequences in the corresponding sample dataset. 

 

The genus Chitinophaga is a subdivision of the Bacteroidetes phylum and occurs in 

wastewater and marine systems worldwide. Characterized Chitinophaga are chitinolytic, 

gliding, filamentous, and heterotrophic bacteria. Chitinophaga grow as long and thin 

gliding filaments, at an optimum pH range of 4-10 and temperatures between 12-37°C 

(Sangkhobol and Skerman, 1981; Kragelund, 2008). Chitinophaga are capable of algal 

lysis (Stewart and Brown, 1969) and at least one species contains putative cellulases (Del 
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Rio et al., 2010). One possibility is that Chitinophaga were involved in limiting 

Auxenochlorella growth, leading to the eventual predominance of Chitinophaga during 

stage 3. 

Janthinobacterium are typically considered aerobic bacteria, capable of producing an 

antibiotic pigment called violacein (Pantanella et al., 2007), and implicated in the process 

of denitrification (Hashidoko et al., 2008). Violacein is a dark purple pigment used to 

color synthetic fibers (Shirata et al. 2000). In the present study, we observed that the 

yellowish color of stage 1 biomass darkened in color during the development of stages 2 

and 3. One possibility is that biomass color was linked to Janthinobacterium pigment 

production in stage 2. The association of Janthinobacterium with denitrification indicates 

its role in nitrogen removal during stage 2, when Rhodanobacter was partially washed 

out from the system. One possibility is that antibiotic activity associated with 

Janthinobacterium during stage 2 may have influenced the bacterial community 

composition. Growth rates, microbial aggregation and violacein production by 

Janthinobacterium have been shown to increase in the presence of glycerol and decline 

with glucose as a substrate (Pantanella et al., 2007). Glycerol, a component of lipids, is 

abundant in Auxenochlorella and may have favored the growth of Janthinobacterium 

during stage 2. The chitinolytic activity of Chitinophaga (predominant genus of stage 3) 

likely antagonized the Auxenochlorella. Possible lysis of Auxenochlorella (source of 

glycerol for growth of Janthinobacterium), and biomass washout resulting in more 

glucose based synthetic feed to biomass ratio, may have resulted in the disappearance of 
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Janthinobacterium. Stage 2 was characterized by a loss of cell viability and the 

accumulation of extracellular DNA and followed by the emergence of a greater 

proportion of live cells and stable granules in stage 3. 

4.6 Conclusion 

In summary, this study focused on the physicochemical properties of aerobic granules 

and related them to microbial community dynamics during transient instability of these 

structures due to filamentous outgrowth in a laboratory-scale SBR system. The EPS 

content of stage 1 and stage 3 granules were rich in protein content, which coincided with 

the abundance of Rhodanobacter. The relative abundance of Rhodanobacter observed in 

granules suggests that these bacteria may play a role in granule formation as well as 

contributing to nitrogen removal. There was a decline in viable cells during stage 2 which 

coincided with the emergence of Janthinobacterium. It is possible that the 

physicochemical interactions between some positively charged extracellular polymers 

such as cellulose and negatively charged extracellular DNA stabilized the resident 

structures remaining following washout during stage 2. The algae Auxenochlorella 

developed in the laboratory-scale SBR during stage 2. The presence of this mixotrophic 

algae was associated with filamentous sludge bulking. Chitinophaga likely antagonized 

the Auxenochlorella owing to chitinolytic activity leading to the decline of these and the 

subsequent appearance of stable granules. 
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Chapter 5: Biofilm sloughing in integrated fixed-film activated sludge 

(IFAS) systems 

5.1 Abstract 

Biofilm sloughing on carriers, in laboratory-scale (LS) integrated fixed-film sequencing 

batch reactors (IF - SBR) treating synthetic feed and full-scale (FS) integrated fixed-film 

activated sludge (IFAS) treating municipal wastewater were studied. The properties 

(sludge volume index (SVI), effluent suspended solids (ESS), relative hydrophobicity and 

composition of extracellular polymeric substance (EPS)) of biofilms and flocs were 

found associated with sloughing in both LS IF – SBR and FS IFAS systems. Sloughed 

biomass rapidly associated with flocs to form large and compact structures that led to a 

decrease in SVI (i.e. in LS IF - SBR, SVI decreased from 60-70 ml/L to 34 ml/L) and 

ESS. The protein to polysaccharide ratio in the extracted EPS of the suspended biomass 

(flocs and sloughed biomass) and biofilms decreased and increased, respectively. FS 

IFAS samples were further analysed using molecular techniques (Confocal laser scanning 

microscopy (CLSM) and 16S rRNA gene sequencing analyses). CLSM of biofilms and 

floc samples showed that micro-colonies with polysaccharide rich content sloughed from 

the biofilms, which corresponds to change in composition of extracted EPS. The α and β 

diversities determined by 16S rRNA gene sequencing (Illumina) of FS samples revealed 

greater diversity of the biofilm community compared to flocs. The α diversity of biofilms 

and suspended solids decreased and increased, respectively, during sloughing. The shift 

in community structure was in part due to the loss of Comamonadacae from the biofilm. 
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At the class level, after biofilm sloughing, Alphaproteobacteria, Gammaproteobacteria, 

Flavobacteria, and Acidobacteria-6 dominated on the remaining biofilm. The relative 

abundance of Rhodocyclacae decreased in biofilms and flocs, after biofilm sloughing. 

Live-dead staining revealed areas of the biofilm where viability of biomass is an 

additional factor in sloughing. 

5.2 Introduction 

The prevailing view about biofilm development is that it is a stepwise process, 

which starts with initial microbial adhesion on a surface followed by maturation and then 

dispersion of biofilm (O’Tool et al., 2001).  Detachment of small particles (due to 

external shear force) is called erosion, which results in formation of smooth surface 

biofilms (Flemming et al., 2010). In wastewater treatment system, the biofilms grow 

under continuous erosion pressure, which facilitate the mass transport to the core and 

formation of compact biofilms (Liu and Tay, 2002). Detachment of large particle (due to 

internal instability of biofilm) is called biofilm sloughing, which results in formation of 

rough surface biofilms (Flemming et al., 2010). A number of physical, chemical and 

biological factors have been recognized to induce biofilm sloughing. However, there is a 

consensus that biofilm sloughing is an integral part of biofilm development (Telgmann et 

al., 2004; Picioreanu et al., 2001). 

Integrated fixed-film activated sludge (IFAS) is a hybrid system that use biofilms 

(growing on a carrier media) and flocs for biological nutrient removal from wastewater. 

The IFAS system is capable of retaining higher biomass volume for wastewater treatment 
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processes and higher solid retention time to support the growth of slow growing bacteria. 

IFAS systems provide an easy option to upgrade existing conventional wastewater 

treatment facilities to improve the efficiency and capacity of wastewater treatment and 

year round stable biological nutrient removal (Stricker et al., 2009; Kim et al., 2010; 

Saknenko et al., 2014). The thick biofilms and its stratified structures, with oxic and 

anoxic zones, facilitate the simultaneous removal of nitrogen, phosphorus and organic 

loading from wastewater (Mahendran et al., 2012; Kim et al., 2010). 

In the past there have been a prevailing view that effluent quality of wastewater 

treatment system is not stable due to effect of seasonal variation on biological nutrient 

removal (Saknenko et al., 2014). Therefore, law about concentration of nutrients in 

effluent was relaxed during winter seasons. However, current regulated effluent 

objectives are consistent across different season that requires upgrading of existing 

conventional activated sludge (CAS) system (Saknenko et al., 2014). The case studies of 

retrofitting the conventional wastewater treatment plant to IFAS system have shown 

improvement in capacity of wastewater treatment with more stringent effluent objectives 

(Saknenko et al., 2014). The hybrid nature of the IFAS, make it a complex system where 

biofilms and flocs contribute differently to overall stable performance of the IFAS system 

(Sriwiriyant and Randall, 2005). The interaction between biofilms and flocs requires 

further investigation to understand wastewater treatment in IFAS system. 

The biofilms and flocs are enmeshed in extracellular polymeric substance (EPS), 

which facilitates the microbial aggregation, transport of nutrients and retention of 
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metabolic by-products (Flemming et al., 2010). Mahendran et al. (2012) showed that 

structural, physicochemical and microbial properties are distinct in biofilms and flocs, 

growing in an IFAS system. The depth of microbial aggregate and EPS create a stratified 

structure and microenvironment to support population in a microbial aggregate. 

Therefore, distinct EPS content facilitates different microbial communities in biofilms 

and flocs and undergoes different biological nutrient removal processes. 

Biofilm sloughing is poorly understood in IFAS systems, where biofilms and flocs have 

distinct properties. The fate of sloughed biomass in IFAS systems will help to understand 

the functionality and year round stability of the IFAS system. In this study biofilms and 

flocs samples were collected from LS IF – SBR and FS IFAS systems. The fate of 

sloughed biomass and its effect on settleability of flocs in IF - SBR was studied. The 

composition and distribution of extracellular matrix in biofilms and flocs were studied, 

and will contribute to understand the mechanism of biofilm sloughing in IFAS. Finally, 

shift in microbial community of biofilms and flocs during biofilm sloughing will be 

discussed to understand the role of biofilm sloughing in functional stability of IFAS 

systems. 
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Figure 5.1 Plastic carrier media of LS IF – SBR (upper row) and FS IFAS (lower row) 

systems with intact and sloughed biofilms. 

 

5.3 Materials and methods 

5.3.1 Integrated fixed film activated sludge (IF - SBR) system setup 

Two LS IF – SBRs with an effective working volume of two liters each were operated for 

eight months. The LS IF - SBRs were seeded with activated sludge from municipal 

wastewater treatment plant (Cataraqui Bay wastewater treatment plant, Kingston, 

Ontario, Canada). The bioreactors were supplemented with biofilm carrier media (two 

centimeter in size and 139 m2/m3 surface area), which were filled with 30% volume/ 

volume. The bioreactors were operated with six hours sequencing batch cycles (Table 

5.1). The IF - SBRs were fed with glucose based synthetic feed consisting of a chemical 
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oxygen demand/ nitrogen/ phosphorus ratio of 100/ 5/ 1. The macro and micro nutrient 

composition for synthetic feed was described previously (Aqeel et al., 2016). The 

synthetic feed was prepared daily and stored at 4°C until fed into the bioreactors. The pH 

of feed was adjusted to 7.2 ± 2 with a 1 M NaOH solution. LS IF - SBRs were equipped 

with feeding and effluent pumps (Cole Parmer model 7520-35), air pumps (Optima LR-

91926) connected with diffused air stone for aeration and magnetic stirrer to mix the 

biomass. The air stone was kept at 0.4 L level for aeration and to minimize interference to 

magnetic stirrer. 

FS IFAS system (municipal wastewater treatment plant, Peterborough, Ontario, Canada) 

was upgraded from conventional activated sludge system by adding plastic carrier media 

in the aeration tank. The plastic carrier media was made up of polyethylene with a 

protected surface area of 210 m2/m3. The carrier media was not engineered for IFAS 

system, but it was a packing material (Saknenko et al., 2014). The retrofitting of the 

conventional wastewater treatment plant improved capacity of wastewater treatment and 

quality of effluent to meet the standards for minimum biosolids and nutrients. The FS 

IFAS setup, operating conditions and performance of biological nutrient removal are 

published elsewhere (Nutt et al., 2011; Saknenko et al., 2014). The biofilm carrier media 

and flocs samples were collected randomly from the aeration tank of the FS IFAS system 

(Peterborough Ontario Canada), treating municipal wastewater. The samples were called: 

before biofilm sloughing, during biofilm sloughing and after biofilm sloughing based on 

microscopic observations of biofilms and flocs. 
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5.3.2 Operational conditions of LS IF - SBRs 

The LS IF - SBRs were operated at room temperature (20 ± 2°C), with hydraulic 

retention time of eight hours. The solid retention time of six days was controlled for the 

first 45 days of the operation then it was increased to nine days in LS IF - SBRs. Mixed 

liquor suspended solids (MLSS) and effluent suspended solids (ESS) were measured 

following standard methods (APHA, 2005) to calculate solid retention time (SRT). The 

biomass was wasted during start of the SBR cycle every day to maintain SRT (based on 

suspended biomass). Relative hydrophobicity was measured using hydrocarbon-binding 

assay (Chang and Lee, 1998). Sludge volume index (SVI) was measured as described 

previously (Liao et al., 2001). Chemical oxygen demand (COD) was measured by 

photometric analysis using COD reagent vials, following the manufacturer’s protocol 

(Canadawide Scientific). Dissolved oxygen (DO) concentrations and pH was measured 

with DO/pH meter (Oakton).  
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Table 5.1 LS IF - SBR operating conditions and performance 

Parameters LS IF - SBRs 

SRT (days) 9±1 

HRT (hours) 8 

Temperature (°C) 20±2 

Organic substrate (mg/L) 300 

COD Removal (%) 99±1 

SVI30 (ml/g MLSS) 41±7 

SVI30/ SVI10 0.8 

Reactor operating  cycle 

Fill, settle and withdraw phases (min) 15 each 

Reaction phase (min) 315 

The LS IF - SBR values are used from 5th month 

operation before biofilm sloughing 

5.3.3 Extraction and quantification of extracellular polymeric substance 

EPS from biofilm and floc samples was extracted using modified cation exchange resin 

Na+ form (Dowex®, Sigma-Aldrich, Canada), as described by Mahendran et al. (2012). 

For EPS extraction, the biofilm carriers were gently rinsed in deionized water to remove 

the unbound biomass. Biofilm samples were collected by scraping the attached biomass 

from the biofilm carrier with the help of a surgical blade. The floc samples for EPS 

extraction were collected by centrifuging the suspended biomass at 9,000x g for 10 

minutes at 4 °C (Frølund et al., 1997; Mahendran et al., 2012). Additionally, a control 

sample without biomass was also processed for EPS extraction. The concentration of 

total protein and polysaccharide in extracted EPS were measured using micro titration 

plate method. Total protein was quantified using bovine serum albumin as standard and 

following phenol-sulfuric acid method (Masuko et al., 2005). Total polysaccharide was 

quantified using glucose as a standard (Fryer et al., 1985). 
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5.3.4 Structural properties of biofilms and flocs 

Biofilm and floc samples were collected from LS IF – SBRs and FS IFAS systems and 

processed for further analyses. Floc size was measured with an optical microscope 

(Olympus model BH2-RFCA). The biofilm thickness was measured with confocal laser 

scanning microscopy (CLSM). However, it was observed that when biofilm thickness 

increased to more than 200 μm, CLSM was unable to accurately measure the thickness of 

biofilm. Therefore, the dry biomass on biofilm per carrier media was measured by 

weighing the carrier media before and after cleaning the carrier media (Mahendran et al., 

2012). Briefly, freshly collected biofilm carrier media was gently rinsed with deionized 

water to remove the flocs from biofilm surface. Then biofilm carrier media were placed 

in an oven at 100 °C for one hour. The dry biomass on carrier media was weighted then 

washed twice with 0.1 M NaOH solution (at 80 °C) with vigorous shaking. After 

washing, the carrier media were rinsed with deionized water and dried in an oven at 100 

°C for one hour. The clean and dry carrier media were weighted to determine the dry 

biomass per carrier medium. 

5.3.5 Confocal laser scanning microscopy 

The biofilm and floc samples were probed with fluorescent stains to observe the 

composition and distribution, of EPS and cells, using CLSM (Zeiss LSM 710). 

Sample preparation for microscopy: The floc samples were prepared for staining as 

described previously (Aqeel et al., 2016). The biofilm samples were gently rinsed with 

deionized water to remove unbound particles from biofilm surface. The plastic carrier 
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media were sliced with surgical blade to get small one-centimeter pieces of carrier media 

with intact biofilm. The small pieces of carriers with biofilms were stained in a Petri dish 

(2.5 cm diameter) that were placed on a shaker (50 rpm) at room temperature in dark for 

30 minutes. After staining, samples were gently rinsed twice with deionized water to 

remove excess stain. The glass slides were mounted with double-sided sticky tapes to 

stabilize the small pieces of carrier media with biofilms for microscopy. Thick biofilms 

were placed in cryosectioning moulds, covered with cryosectioning solution and stored 

overnight at -20 °C. The frozen biofilms were sliced into 20 μm cryo-sections. The 

biofilm slices were directly collected and stained on glass slides with 300 μL stain 

cocktails. The slides were kept in dark and humid chamber for 30 minutes and then 

gently rinsed with deionized water to remove unbound stain. 

EPS staining: Combinations of multiple fluorescent stains with different spectral 

characteristics were used to probe distribution of EPS and cells in biofilms and floc 

(McSwain et al., 2005; Aqeel et al., 2016). A cocktail of three stains was prepared with 

sypro orange, concanvalin A and calcofluor white to probe localization of protein, α-

polysaccharide and β polysaccharide, respectively. Combination of Syto9 and propidium 

iodide stains was used for estimation of live and dead cells, respectively. 

CLSM image analysis: All 2D and Z stack images were captured using a 10X 

magnification lens, using ZEN 2009 software (Zeiss LSM 710). The excitation and 

emission settings used for all probes are presented in table 2. ZEN 2012 (Zeiss) software 
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was used for image analysis including mean intensity measurements (Mahendran et al., 

2012; Aqeel et al., 2016). 

5.3.6 Microbial community structure 

Genomic DNA was extracted from biofilms and flocs, using the PowerSoil DNA 

Isolation Kit (MoBio Laboratories Inc.). Microbial community fingerprinting was 

performed using denaturing gradient gel electrophoresis (DGGE), and next generation 

sequencing analysis were performed using Illumina sequencing. 

5.3.6.1 Denaturing gradient gel electrophoresis 

The V3-V5 region of the 16S rRNA gene was amplified using 341F with GC clamp and 

907R primers as described elsewhere (Muyzer et al., 1998; Green et al., 2010). The PCR 

products were verified by agarose gel electrophoresis. A 6% polyacrylamide gel with a 

30-70% denaturing gradient was prepared with a gradient delivery system (BioRad). The 

DGGE was performed at 65°C for 18 hours using the DCode Universal Mutation 

Detection System (BioRad). The DGGE gel was stained with ethidium bromide and gel 

image analyses were performed using GeneTools software. 

5.3.6.2 Illumina sequencing 

The composition of bacterial communities in biofilms and flocs were assessed, using 16S 

rRNA gene sequencing, following a previously published method (Bartram et al., 2011). 

The V3-V4 region of the 16S rRNA gene was amplified using primers 341F 

(CCTACGGGNGGCWGCAG) and 805R (GACTACHVGGGTATCTAATCC), with 
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sample specific barcodes. The PCR product was sequenced using a MiSeq (Illumina). 

The Illumina sequencing was performed at Genome Quebec. Taxonomic classification, 

alpha (observed species) and beta (weighted UniFrac) diversity metrics were performed 

using QIIME software suit. Assignment of the sequences was performed using RDP 

classifier with a modified Greengenes database (Caporaso et al., 2010; Wang et al., 2007; 

DeSantis et al., 2006). 

All sequence data associated with this study were deposited in the European Nucleotide 

Archive under study ID PRJEB15458. 

5.4 Results and discussion 

The impact of biofilm sloughing on IFAS biomass is not known. However in MBBRs, 

(biofilm based system that is closely related with IFAS) the effluent biomass (which 

include detached biomass from biofilms and some influent particles) show poor 

settleability. The poor settleability of MBBR effluent is considered a drawback of the 

MBBR technology (Karizmeh et al., 2014). The understanding of biofilm sloughing in 

IFAS system and characterization of its effect on biofilms and flocs, will further our 

knowledge about the complex system that use hybrid biomass for wastewater treatment. 

In this study it was observed that in the LS IF - SBRs and FS IFAS systems, biomass 

settlability, MLSS, and ESS were associated with biofilm development. Additionally, the 

composition and distribution of EPS in FS IFAS biofilms was determined to understand 

the role of extracellular matrix during biofilm sloughing events in the IFAS system. 

Furthermore, 16S rRNA gene sequencing of FS IFAS biofilms and flocs was performed 
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to understand the role of microbial community during biofilm sloughing for stable 

operation of IFAS system. 

5.4.1 Reactor operation and biomass growth 

The LS IF - SBR system was seeded with activated sludge from a conventional municipal 

wastewater treatment plant (Cataraqui Bay wastewater treatment plant Kingston, Ontario, 

Canada). The seed biomass was composed of small and loosely bound flocs with 

filamentous bacteria and eukaryotic organisms (nematodes, rotifers, amoeba and ciliates). 

Fresh plastic carriers (30% fill volume) were added in the bioreactor to support the 

development of biofilms. The effective surface area of each carrier media was 139 m2/m3. 

During LS IF - SBR operation, COD removal was 99 ±1% and DO concentration was 

maintained at 3 - 5 mg/ l.  

The solid retention time (SRT) of six days was kept during the first 45 days due to higher 

effluent suspended solids during the initial stabilization phase of the IF - SBR SBRs 

(Table 5.3). It was observed that the supernatant was very clear after the settling of 

biomass, at the end of SBR cycle. However, ESS was relatively higher (150 ±50 mg/ l) 

due to draining of biomass trapped between the carrier media and turbulence in settled 

biomass due to lowering of floating plastic carriers during draining of treated water. After 

first 45 days of SBR operation, the SRT was increased to nine days due to improved 

settleability resulting in higher biomass retention in the bioreactor and a decrease in ESS 

(Table 5.2). The SBR setup with an initial SRT of six days then, switch to a higher SRT 

is similar to a previous study (Liao et al., 2001). The SRT was measured based on 
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suspended solid, because it is difficult to track the detached biomass from biofilm, which 

is retained in the suspended solids. The prevailing view is that the biofilm-based systems 

have higher SRT (Fux et al., 2004); e.g, Ahmadi et al. (2011) reported more than 22 days 

of SRT. Therefore it is expected that The SRT of IFAS have higher than calculated SRT. 

 

Table 5.2 Distribution of biomass content during operation of LS IF - SBR system 

Biomass 

 (mg/ L) 

LS IF SBR operation (Months) 

1 2 3 4 5 6 7 8 

Biofilma - 31±5 37±5 58±1 65±2 52±2 39±2 30 

MLSS 2000±30

0 

2400±20

0 

2600±20

0 

2600±20

0 

2600±10

0 

3000±30

0 

3000±50

0 

2200±20

0 

ESS 150±50 100±10 70±20 70±20 50±20 60±20 90±30 100±20 

a Per carrier media, with active surface area of 139 m2/m3 

 

The dry weight of attached biomass growth on carrier media in LS IF - SBR system are 

presented in Table 5.3. The biofilm grew slowly on LS IF - SBR plastic carrier media. 

Patches of biofilm appeared within the first two months of IF - SBR operation (31± 5 mg 

biomass/ carrier media). A confluent biofilm developed on the carrier media after three 

months of LS IF - SBR operation. The maximum attached biomass per carrier media 

(65± 2 mg) was observed after five months of IF - SBR operation, which decreased 

gradually during biofilm sloughing (Table 5.2). In FS IFAS system, the dry weight of 

biofilm per carrier media (134 mg) decreased during biofilm sloughing (96 mg) which 
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was recovered (133 mg) after biofilm sloughing (Table 5.3). The growth of biofilm 

biomass is dependent on growth rate of biofilm microbial community and detachment of 

biomass (Telgmann et al., 2004). In IF - SBR system, biofilm biomass was gradually 

increasing in the presence of continuous erosion of small particles; however, with 

sloughing of larger particles from biofilm the biofilm biomass decreases because the rate 

of biomass detachment was higher than the growth of biofilm biomass on carrier media.  

The dry weight of mixed liquor suspended solids (MLSS) during initial bioreactor setup 

at SRT of six days was 2.0± 0.3 g/L, which increased to 2.6± 0.2 g/L when SRT was 

increased to nine days (3-5 months of SBR operation). The biofilm sloughing resulted in 

gradual decrease in attached biomass and increase in MLSS. The MLSS increased to 3.4± 

0.5 g/L during biofilm sloughing followed by a decrease in MLSS 2.2± 0.2 g/L, in LS IF 

- SBR (Table 5.3). The microscopic observations show that biomass particles were 

sloughing from the mature biofilm. It was also observed that with maturation of biofilm, 

the flocs became to compact and granular structures (50-500 µm). It is suggested that the 

increase in MLSS concentration was due to retention of biomass, which was sloughed 

from the biofilms and associated with the suspended solids. However, it is possible that 

the increase in MLSS was due to formation of granular sludge with better settleability in 

IF - SBR system. High hydrodynamic shear rate and feast famine conditions have been 

used for cultivation of granules in sequencing batch reactors (Beun et al., 2002; Liu and 

Tay, 2002). Both of these selection pressures for granule formation are present in LS IF - 
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SBR system. The FS IFAS MLSS and ESS also show biomass retention with biofilms 

sloughing (Appendix F). 

Initially, relatively small particles sloughed from the surface of biofilm, resulting in a 

rough surface after six months of IF - SBR operation (with decrease in biomass from 

65±2 to 52± 2 mg / carrier media). Following that a major biofilm sloughing event was 

observed on day 202 (during the seventh month of LS IF - SBR operation), where a 

major portion of the biofilm was detached from the carrier media surface (Table 5.3 and 

Fig. 5.1). Ohashi and Harada (1994) showed that the microbial adhesion to a surface is 

not uniform in a biofilm. The adhesion strength of microbes at the surface of biofilms is 

less as compared to the adhesion strength of cells in the core of a biofilm. The biofilm 

sloughing increases with increase in maturity of the biofilm, which resulted in formation 

of rough surface biofilms (Picioreanu et al., 2001; Stoodley et al., 2001). In the presence 

of hydrodynamic shear force, initial biofilm sloughing is followed by a major biofilm 

sloughing event due to increased shear stress on the remaining microbial colonies in the 

rough surface biofilm. It was suggested that the spontaneous biofilm sloughing event 

created an “avalanche effect”, where the remaining “peaks” of biofilm undergo an 

increased shear force which result in a major sloughing event (Stoodly et al., 1999; 

Piciorneau et al., 2000).  

The increased roughness with maturation of biofilm should be beneficial for wastewater 

treatment, because it increases the surface area for mass transport (Liu and Tay, 2002). 
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However, Picioreanu et al. (2001) suggested that the rough surface of biofilm influenced 

the flow of wastewater. Therefore, “peaks” of the biofilms do the most of the mass 

transport as compared to “valleys” of biofilms. The overall wastewater treatment 

decreases with surface roughness of biofilms, and increase with compactness of the 

biofilm. However, the wastewater treatment is stable in IFAS, because IFAS system 

retains the sloughed biomass, and produces compact flocs, which are capable of retaining 

the stratified structure (like biofilms) to support the growth of denitrifying bacteria for 

simultaneous nitrification and denitrification (Mahendran et al., 2012). 

5.4.2 Relationship between hydrophobicity and structure of biofilms and flocs 

The relative hydrophobicity of biofilms and flocs showed an association with biofilm 

development on carrier media, in LS IF - SBR system. The relative hydrophobicity of 

biofilms and flocs was (22 ±5%) during the first five months of LS IF - SBR operation. 

The relative hydrophobicity gradually increased (with increase in attached biomass on 

carrier media) to 52% and 86%, respectively (Fig. 5.2), when maximum biomass was 

attached to carrier media. In LS IF - SBR system, following sloughing of small particle 

from mature biofilm, a major biofilm-sloughing event was observed on day 202 of IF - 

SBR operation. A gradual decline in relative hydrophobicity of biofilms and flocs was 

observed following the major sloughing event (Fig. 5.2). 
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Figure 5.2 Relative hydrophobicity of biofilms and flocs in LS IF - SBR system. Arrow 

at day 175 indicate start of sloughing of small particles and at day 202 indicate major 

sloughing event. 

Overall, the relative hydrophobicity of flocs was higher as compared to the biofilms (Fig. 

5.2). Mahendran et al. (2012) suggested that the microbial community of biofilms and 

flocs is slow and fast growing, respectively. The fast growing bacteria are more 

hydrophobic as compared to slow growing bacteria (Van Loosedrecht et al., 1987; Zita 

and Hermansson, 1997). Therefore, the relative hydrophobicity of flocs is higher as 

compared to the biofilms. Van Loosedrecht et al. (2002) suggested that the outer layer of 

biofilm is composed of fast growing bacteria. Therefore, sloughing of bacteria present in 

the outer layer seed a more hydrophobic biomass to MLSS. Liao et al. (2001) suggested 

that the relative hydrophobicity of microbial aggregates increase at higher SRT. In LS IF 

- SBR, the SRT of nine days was maintained after an initial SRT of six days, based on 

MLSS and ESS. However, in IF - SBR system the SRT gradually increases with increase 

in attached biomass, which results in higher actual SRT than the calculated SRT (based 
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on suspended solids). The higher SRT due to biofilm growth results in an increase of the 

relative hydrophobicity of the biofilms and flocs in IF - SBR system. 

Table 5.3 Properties of FS IFAS biofilms and flocs associated with biofilm sloughing 

 Before sloughing During sloughing After sloughing 

SVI (ml/L) 118 108 112 

Biofloc hydrophobicity (%) 31.1±0.1 26.7±5.0 52.9±0.4 

Biofilm hydrophobicity (%) 24.3±1.0 23.2±2.0 71.5±0.3 

Biofilm per carrier media (mg) 134 96 133 

Biofloc protein (mg/L) 111 113 156 

Biofilm protein (mg/L) 94 116 133 

Biofloc polysaccharide (mg/L) 18 68 17 

Biofilm polysaccharide (mg/L) 20 27 52 

Biofloc PN: PS 6.2 1.6 9.0 

Biofilm PN: PS 4.7 4.3 2.5 

 

Additionally, it is possible that the fast growing bacteria with hydrophobic surface were 

facilitating adhesion of flocs on a biofilm. Therefore, the fast growing biofilms resulted 

in more hydrophobic biofilms. The biofilm were growing rapidly in IF - SBR system 

with more hydrophobic biomass. However the fast growing biofilms are instable resulting 

in faster biofilm sloughing (Picioreanu et al., 2001; Van Loosedrecht et al., 2002). 

Picioreanu et al. (2000) suggested that fast growing biofilm creates nutrient limiting 

condition in the core of the biofilm. When nutrient limitation conditions reach a threshold 
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limit due to accumulation of biomass in IF - SBR system, it results in internal instability 

and biofilm sloughing. 

Relative hydrophobicity is directly proportional to compactness and better settling 

properties of microbial aggregates (Van Loosdrecht et al., 1987; Liu et al., 2004). The 

gradual increase in relative hydrophobicity resulted in formation of compactly packed 

round flocs. In LS IF - SBR, a wider range of floc size was observed with 10% pinpoint 

flocs, 70% flocs 50-200 µm and 20 % up to 500 µm granular flocs. However, it is not 

clear that the round and compact flocs were formed by either sloughing of biofilm or by 

fracturing of granular sludge due to collision of carrier media. The granular flocs were 

showing good settling properties, which were packing well, during the settling phase in 

the bioreactor. The sludge volume index measured after 30 minutes of settling time 

(SVI30) was as low as 34 ml. The ratio of SVI30/ SVI10 has been used to describe the 

completeness of granule formation. It was observed that during observation of granular 

structures in IF - SBR system, the SVI30/ SVI10 improved to 0.79-0.8. Therefore, MLSS 

was accumulating in the system due to better settlability of the granular sludge. In the FS 

IFAS system, large in size, compact in structure and irregular shape of flocs with an 

abundance of filaments were formed, which resulted in a relatively higher SVI (110 ±2 

ml/L) in FS IFAS as compared to LS IF - SBR.  
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5.4.3 Composition and distribution of EPS during biofilm sloughing 

5.4.3.1 Composition of EPS 

Protein and polysaccharide are major components of EPS. The composition of EPS 

indicates the structural properties of microbial aggregates. Composition of extracted EPS 

from biofilm and floc samples of LS IF – SBR and FS IFAS are presented in Fig. 5.2 and 

Table 5.4. The EPS analysis showed that overall biofilms and flocs of IF - SBR system 

are rich in protein content. The protein to polysaccharide ratio of flocs was more than two 

fold higher as compared to protein/ polysaccharide ratio of biofilms, during first five 

months of LS IF - SBR operation (Fig. 5.2). The results are consistent with previous 

study by Mahendran et al. (2012). However, with increasing attached biomass on carrier 

media and microscopic observation of biofilm sloughing, the relative ratio of protein to 

polysaccharide in biofilms increased. Additionally, the protein to polysaccharide ratio of 

flocs was observed to decrease with biofilm sloughing, due to the increase of PS content 

in the extracted EPS from flocs. Biofilm and floc samples collected from FS IFAS also 

showed association of EPS composition, with microscopic observations of biofilm 

sloughing (Table 4). In the FS IFAS, during biofilm sloughing the protein to 

polysaccharide ratio increased due to an increase in the polysaccharide content in the 

EPS. It was observed that during biofilm sloughing the protein to polysaccharide ratio of 

the biofilm was higher as compared to the PN: PS ratio of flocs. However, after biofilm 

sloughing the protein to polysaccharide ratio of flocs relatively increase as compared to 

biofilms (Fig. 5.2, Table 5.4). It is possible that either flocs with polysaccharide rich 
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content are washed out of the LS IF – SBR and FS IFAS, or the polysaccharide rich flocs 

gradually attach to the sloughed biofilm, which results in decrease in the PN: PS ratio of 

biofilms in IF - SBR and IFAS systems. 

 

Figure 5.3 Composition of extracted EPS in biofilms and flocs of LS IF - SBR system. 

 

The protein rich EPS is usually more hydrophobic and adhesive, which facilitates 

formation of compact microbial aggregates. Whereas, polysaccharide rich EPS is usually 

less hydrophobic, which results in retention of more water in the microbial aggregates 

and consequently poor dewatering capability of the wastewater treatment system (Liao et 

al., 2001; Sheng et al., 2010; Mahendran et al., 2012). The association between protein to 

polysaccharide ratio and hydrophobicity is justified with data obtained from biofilms and 

flocs samples in the present study. However, in FS IFAS biofilm after biofilm sloughing, 

the protein to polysaccharide ratio decreased but the relative hydrophobicity of the 

biofilms increased. Further studies are required to identify and understand the diverse 
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extracellular adhesins in the extracellular matrix of biofilms and flocs. The proteins, in 

EPS of biofilms and flocs, are composed of hydrophobic and hydrophilic peptides. The 

composition of these peptides determines the overall hydrophobicity of a protein. 

Biofilms and flocs in wastewater treatment are formed with diverse proteins. Therefore, 

protein rich EPS usually give overall hydrophobic surface to microbial aggregates but it 

can contribute to lower the net hydrophobicity of microbial aggregates. Similarly, the 

composition of polysaccharide and side chains on the polysaccharide may give 

hydrophobic or hydrophilic character. Therefore, the diverse polysaccharides can 

contribute to net more hydrophobic or less hydrophobic surface characteristics to the 

biofilms and flocs (Sutherland, 2001; Liao et al., 2001; Aqeel et al., 2016).  

5.4.3.2 Distribution of cells and EPS 

The samples collected from FS IFAS were probed with extracellular polymer specific 

fluorescent stains and visualized with CLSM to determine the distribution of EPS. 

Concanvalin A was used to probe α polysaccharide (glycoconjugates of α mannose and α 

glucose), calcofluor white was used to probe polymers with β structures (e.g. cellulose 

(polysaccharide) and amyloid adhesin (protein)) and sypro orange was used to probe 

proteins. It was observed that before biofilm sloughing, patches of micro-colonies with 

protein or polysaccharide rich extracellular matrix were present in the biofilm. During 

sloughing, the micro-colonies with predominant polysaccharide polymers were detaching 

from the biofilm. It was observed that the concentration of α polysaccharide and 

polymers with β structures decreased during biofilm sloughing (Fig. 5.3). The results are 
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consistent with EPS extraction data, which showed that during biofilm sloughing protein 

to polysaccharide ratio of flocs decreased due to increase in the concentration of 

polysaccharide in the extracted EPS of flocs. 

 

Figure 5.4 Distribution of EPS: PN (green), α PS (red) and polymers with β structure 

(cyan) (a) biofilm before sloughing, (b) biofilms during sloughing, (c) base of biofilm, 

and (d) flocs. Scale = 200 μm. 

Polysaccharides are known for its properties to stabilize the cell-cell cohesion by 

providing epitopes for lectins to bridge microbial interactions, to form conditioning film 

for cell-surface adhesion, and to keep the bacterial cells hydrated in microbial aggregates 

(Sutherland, 2001; Flemming et al., 2010). However, Olaya et al. (2013) reviewed a 

number of recent studies showing the role of polysaccharides in biofilm dispersion of 
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pure and mixed microbial biofilms of pathogenic and aquatic bacteria. The mode of 

polysaccharide dependent biofilms dispersion is not clear. The possible biofilm 

dispersion mechanism is due to weakening of cell-cell and cell-surface interaction, 

because polysaccharide rich microbial aggregates are loosely bound as compared to the 

protein rich microbial aggregate. In a biofilm growing in hydrodynamic conditions, 

biofilm sloughing occurs unevenly on the surface of biofilm where the adhesion strength 

of the EPS is lower as compared to the external shear strength (Horn et al., 2002). 

 

Figure 5.5 CLSM images showing cell viability in biofilms (a) during, and (b) after 

sloughing. Green and red colors represent live and dead cells, respectively. Scale = 200 

μm. 

Live and dead cells were probed with syto9 and propidium iodide, respectively (Fig. 5.4). 

The biofilm sloughing was observed where dead cells were predominant. Cell lysis 

weakens the cell-to-cell interaction in mature biofilms, which resulted in instability of 

biofilms in IFAS system. Bacteria secrete polysaccharides in the extracellular matrix as a 
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stress response (Sutherland, 2001). It is possible that microcolonies with polysaccharide 

rich content were stressed; therefore, polysaccharide was secreted to stabilize bacterial 

adhesion on the biofilms. However, excessive polysaccharides (Olaya et al., 2013) or cell 

lysis weakened the bacterial cell cohesion, which resulted in sloughing of microbial 

colony from a biofilm. The presence of predominantly dead cells and sloughing indicated 

a shift in the microbial community, which was confirmed by DGGE analyses. 

  

Figure 5.6 Rarefaction curves showing alpha diversity in biofilms and flocs before, 

during and after biofilms sloughing. 
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5.4.4 Microbial community composition associated with biofilm sloughing 

A total of 270,127 bacterial sequences from Illumina MiSeq were obtained after 

removing sequences with ambiguous nucleotides and chimeras. After assembly and 

quality filtration, an average of 45,020 bacterial sequences per sample were used for 

downstream analysis. The rarefaction curves of all the samples for alpha diversity were 

flatter towards the distal part of the curve. It indicates that the sequencing depth was 

enough to reveal the microbial diversity of each sample. Alpha diversity metrics is used 

to determine bacterial species richness in a community (Lynch and Neufeld, 2015). Alpha 

diversity analysis revealed that the microbial communities of biofilms are more diverse as 

compared to the flocs (Fig. 5.6). The alpha diversity of biofilms gradually decreases with 

biofilm sloughing. The alpha diversity of flocs increases and decreases during and after 

biofilm sloughing, respectively (Fig. 5.5). 
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Figure 5.7 Beta diversity (Weighted UniFrac) in FS IFAS revealed by Illumina 

sequencing. (a) before sloughing, (b) during sloughing and (c) after sloughing. 

 

Beta diversity metrics is used to compare composition and relative abundance of bacterial 

populations in microbial communities (Lynch and Neufeld, 2015). Beta diversity with 

weighted UniFrac analysis, which considers abundance of bacterial populations, revealed 

that the microbial communities of biofilm and flocs are very distinct. However, after 

biofilm sloughing the microbial communities of biofilm and flocs were relatively closely 

related to each other (Fig. 5.7). Whereas, the microbial communities of biofilms before 

and during biofilm sloughing are relatively closely related; similarly, the microbial 
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communities of flocs before and during biofilm sloughing were relatively close to each 

other. 
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(b) 
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Figure 5.8 Relative abundance of bacteria in biofilms and flocs: before, during and after 

biofilms sloughing. (a) at bacterial phyla level (b) at bacterial classes level and (c) at 

bacterial families level. 

 

The 16S rRNA gene sequencing of biofilms and flocs showed that in microbial 

community of IFAS system Proteobacteria are predominant (up to 70%) followed by 

Bacteroidetes (up to 20%), Acidobacteria (8%), Actinibacteria (7%), Firmicutes (1%), 

Gemmatimonadetes (1%) and TM6 (Fig. 5.8a). At the phyla level it was observed that 

Acidobacteria, Gemmatimonadetes and TM6 were predominant in biofilms. The 

predominant bacterial class (related to the phyla Proteobacteria) was Betaproteobacteria 

(c) 
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followed by Alphaproteobacteria, Deltaproteobacteria and Gammaproteobacteria. The 

dominant classes of Bacteroidetes were Cytophagia, Flavobacteriia, Sphingobacteriia 

and Saprospirae (Fig. 5.8b). Alphaproteobacteria, Gammaproteobacteria, Flavobacteria, 

and Acidobacteria-6 dominated on the remaining biofilm. 

Biofilm sloughing within IFAS systems may result in the restructuring of the microbial 

communities of biofilms and flocs. It was observed that during biofilm sloughing 

the relative abundance of Betaproteobacteria in biofilms decreased but in relation to 

flocs (Fig. 5.8b). The opposite trend was observed for the relative abundance 

of Alphaproteobacteria present in biofilms and flocs (Fig 5.8b). 

Family Comamonadacae (related to Betaproteobacteria) were relatively abundant in 

biofilms as compared to flocs, before biofilm sloughing. However, the relative abundance 

of Comamonadacae was more in flocs as compared to the biofilms, during and after 

biofilm sloughing (Fig 5.8c). Bacteria related Rhodocyclacae (related to 

Betaproteobacteria) were most abundant before sloughing in biofilms and flocs. 

However, relative abundance of Rhodocyclacae in biofilms and flocs gradually decreased 

(Fig. 5.8c). Bacteria related to family Sinobacteraceae (class Gammaproteobacteria) 

were predominantly present on biofilms as compared to the flocs in IFAS system, where 

relative abundance of the bacteria gradually decreased during biofilm sloughing. 

Overall at family level, it was observed that Comamonadacae and Rhodocyclacae were 

dominant bacterial populations in biofilms and flocs of IFAS system. Bacteria related to 



 

 

 

210 

Comamonadacae are heterotrophs, which are capable of denitrification and phosphorous 

accumulation for nitrogen and phosphorous removal from wastewater (Sadaie et al., 

2007; Ge et al., 2015). Heterotrophic denitrifying bacteria require a constant supply of 

organic substrate; therefore, in wastewater with low organics additional substrate is added 

for efficient nitrogen removal. Bacteria related to Comamonadacae have the advantage 

over many competitor heterotrophs due its capability to degrade complex biodegradable 

bioplastic poly 3-hydroxybutyrate (PHB) as organic substrate for denitrification (Khan et 

al., 2002). The predominant genus related to family Rhodocyclacae was Zoogloea, in 

biofilms and flocs. Abundance of Zoogloea has been recognized in a number of biofilm 

studies (Zhou et al., 2014; Zhu et al., 2015). The abundance of Zoogloea is justified due 

to its sticky characteristics, which facilitate biofilm formation. Additionally, Zoogloea is 

aerobic heterotrophs, which can denitrify nitrates in the absence of dissolved oxygen in 

wastewater (Xie et al., 2006; Fu et al., 2010). Additionally, Zoogloea is capable of 

synthesizing PHB from easily degradable organic substrate (Parsons and Dugan, 1971; 

Xie et al., 2006), which can be utilized by bacteria related to family Comamonadacae. 

5.5 Conclusion 

The sloughed biomass associated with the suspended solids resulting in formation of 

large and compact flocs with biofilm like stratified structures to support the growth of 

denitrifying bacteria. The sloughing of mature biofilms (with higher attached biomass) 

resulted in an increase in relative hydrophobicity of the biofilms and flocs; Additionally, 

if maximum biomass from the biofilm is detached (leaving minimal attached biomass) 
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the relative hydrophobicity of biofilms and flocs decreases. The protein to polysaccharide 

ratio of biofilms increases and flocs decreases with biofilm-sloughing event. The drop in 

protein to polysaccharide ratio of flocs was due to sloughing of polysaccharide rich 

microcolonies, which resulted in higher polysaccharide concentration in EPS extracted 

from flocs. The mode of biofilm sloughing is either excessive secretion of polysaccharide 

content by stressed microbial community in a biofilm, or cell lysis, which result in weak 

cell-to-cell cohesion and biofilm sloughing. The cell lysis during biofilm sloughing 

indicate a shift in microbial community, which was confirmed by DGGE and 16S rRNA 

gene sequencing using Illumina genome analyzer. The α diversity determined by 16S 

rRNA gene sequencing revealed that the biofilms have more diverse bacterial community 

as compared to flocs. The α diversity of biofilms decreased and flocs increased during 

biofilm sloughing, which indicates that biofilm sloughing contribute to the microbial 

diversity of flocs. 

5.6 References 

Ahmadi, M., Izanloo, H., Amiri, H., Sepehr, M.N., 2011. Upgrading of Kish Island 

Markazi wastewater treatment plant by MBBR. Journal of Water Reuse and 

Desalination, 1(4), 243-249. 

APHA, 2005. In: Eaton, A.D., Clesceri, L.S., Rice, E.W., Greenberg, A.E. (Eds.), 

Standard Methods for the Examination of Water & Wastewater, twenty first ed. 

Published by American Public Health Association, American Water Works 

Association, Water Environment Federation. 

Aqeel, H., Basuvaraj, M., Hall, M., Neufeld, J. D., Liss, S. N., 2016. Microbial dynamics 

and properties of aerobic granules developed in a laboratory-scale sequencing 

batch reactor with an intermediate filamentous bulking stage. Applied 

microbiology and biotechnology, 100(1), 447-460. 



 

 

 

212 

Bartram A.K., Lynch M.D., Stearns J.C., Moreno-Hagelsieb G., Neufeld J.D., 2011. 

Generation of multimillion-sequence 16S rRNA gene libraries from complex 

microbial communities by assembling paired-end Illumina reads. Applied 

Environmental Microbiology 77, 3846–3852. 

Beun, J.J., Van Loosdrecht, M.C.M., Heijnen, J.J., 2002. Aerobic granulation in a 

sequencing batch airlift reactor. Water Research, 36(3), 702-712. 

Caporaso J.G., Kuczynski J., Stombaugh J., Bittinger K., Bushman F.D., Costello E.K., 

Knight R., 2010. QIIME allows analysis of high throughput community 

sequencing data. Nature Methods 7, 335–336. 

Chang, I.S., Lee, C.H., 1998. Membrane filtration characteristics in membrane-coupled 

activated sludge system e the effect of physiological states of activated sludge on 

membrane fouling. Desalination 120 (3), 221-233. 

DeSantis T.Z., Hugenholtz P., Larsen N., Rojas M., Brodie E.L., Keller K., Huber T., 

Dalevi D., Hu P., Andersen G.L., 2006. Greengenes, a chimera-checked 16S 

rRNA gene database and workbench compatible with ARB. Applied 

Environmental Microbiology 72, 5069–5072. 

Flemming, H.C., Wingender, J., 2010. The biofilm matrix. Nature Reviews 

Microbiology, 8(9), 623-633. 

Frølund, B., Palmgren, R., Keiding, K., Nielsen, P.H., 1996. Extraction of extracellular 

polymers from activated sludge using a cation exchange resin. Water Research 

30, 1749-1758. 

Fryer, H.L., Davis, G.E., Manthorpe, M., Varon, S., 1986. Lowry protein assay using an 

automatic microtiter plate spectrophotometer. Analytical Biochemistry 153, 262-

266. 

Fu, B., Liao, X., Ding, L., Ren, H., 2010. Characterization of microbial community in an 

aerobic moving bed biofilm reactor applied for simultaneous nitrification and 

denitrification. World Journal of Microbiology and Biotechnology, 26(11), 1981-

1990. 

Fux, C., Huang, D., Monti, A., Siegrist, H., 2004. Difficulties in maintaining long-term 

partial nitritation of ammonium-rich sludge digester liquids in a moving-bed 

biofilm reactor (MBBR). Water Science and Technology, 49(11-12), 53-60. 

Ge, H., Batstone, D.J., Keller, J., 2015. Biological phosphorus removal from abattoir 

wastewater at very short sludge ages mediated by novel PAO clade 

Comamonadaceae. Water Research, 69, 173-182. 

Green, S.J., Leigh, M.B., Neufeld, J.D., 2010. Denaturing gradient gel electrophoresis 

(DGGE) for microbial community analysis. Handbook of hydrocarbon and lipid 

microbiology. Springer, Berlin, pp 4137–4158. 



 

 

 

213 

Horn, H., Reiff, H., Morgenroth, E., 2003. Simulation of growth and detachment in 

biofilm systems under defined hydrodynamic conditions. Biotechnology and 

Bioengineering, 81(5), 607-617. 

Karizmeh, M.S., Delatolla, R., Narbaitz, R.M., 2014. Investigation of settleability of 

biologically produced solids and biofilm morphology in moving bed bioreactors 

(MBBRs). Bioprocess and Biosystems Engineering, 37(9), 1839-1848. 

Khan, S.T., Horiba, Y., Yamamoto, M., Hiraishi, A., 2002. Members of the family 

Comamonadaceae as primary poly (3-hydroxybutyrate-co-3-hydroxyvalerate)-

degrading denitrifiers in activated sludge as revealed by a polyphasic 

approach. Applied and Environmental Microbiology, 68(7), 3206-3214. 

Kim, H., Gellner, J., Boltz, J.P., Freudenberg, R.G., Gunsch, C.K., Schuler, A.J., 2010. 

Effects of integrated fixed film activated sludge media on activated sludge settling 

in biological nutrient removal systems. Water Research 44, 1553-1561. 

Liao, B., Allen, D., Droppo, G., Leppard, G., Liss, S., 2001. Surface properties of sludge 

and their role in bioflocculation and settleability. Water Research 35, 339-350. 

Liu, Y., Tay, J.H., 2002. The essential role of hydrodynamic shear force in the formation 

of biofilm and granular sludge. Water Research, 36(7), 1653-1665. 

Liu, Y., Yang, S.F., Li, Y., Xu, H., Qin, L., Tay, J.H. 2004. The influence of cell and 

substratum surface hydrophobicities on microbial attachment. Journal of 

Biotechnology, 110(3), 251-256. 

Lynch, M.D., Neufeld, J.D., 2015. Ecology and exploration of the rare biosphere. Nature 

Reviews Microbiology, 13(4), 217-229. 

Mahendran, B., Lishman, L., Liss, S.N., 2012. Structural, physicochemical and microbial 

properties of flocs and biofilms in integrated fixed-film activated sludge (IFFAS) 

systems. Water Research, 46(16), 5085-5101. 

Masuko, T., Minami, A., Iwasaki, N., Majima, T., Nishimura, S.I., Yuan, C., Lee, Y.C., 

2005. Carbohydrate analysis by phenolsulfuric acid method in microplate format. 

Analytical Biochemistry 339 (1), 69-72. 

McSwain, B.S., Irvine, R.L., Hausner, M., Wilderer, P.A., 2005. Composition and 

distribution of extracellular polymeric substances in aerobic flocs and granular 

sludge. Applied and Environmental Microbiology 71, 1051-1057. 
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Chapter 6: Differentiating the microbial community structure of flocs 

and films in an integrated fixed-film activated sludge system 

6.1 Abstract 

Fractionation of biofilms and flocs were performed, based on the hydrophobic character 

of the biomass, using the microbial adhesion to hydrocarbon (MATH) method. For 

differentiation of microbial community structure, biofilms and flocs samples were 

collected from a full-scale (FS) integrated fixed-film activated sludge (IFAS) system 

treating municipal wastewater (Peterborough, Ontario, Canada). The distribution of 

extracellular polymeric substance (EPS) revealed that protein and polysaccharide were 

predominant in hydrophobic and relatively less hydrophobic bacteria, respectively. 

Amyloid adhesins and type IV pili were predominant in the hydrophobic bacterial 

fraction, whereas flagella and type I pili were predominant in the relatively less 

hydrophobic bacterial fraction. The 16S rRNA gene sequences analyzed by beta diversity 

index (Bray Curtis, dissimilarity metrics) revealed that there were distinct differences in 

the community structure of the hydrophobic and relatively less hydrophobic fractions. 

The 16S rRNA gene sequencing revealed that at the phyla level Acidobacteria, 

Bacteroidetes, Chloroflexi, Gemmatimonadetes, and TM6 were dominant in the 

hydrophobic fraction, whereas TM7 and SR1 were found in the relatively less 

hydrophobic fraction. 16S rRNA gene sequencing and fluorescent in situ hybridization 

(FISH) coupled with confocal laser scanning microscopy (CLSM) revealed that most 

bacterial groups are not absolutely hydrophobic or less hydrophobic. FISH and 16S 
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rRNA sequencing analyses revealed that denitrifying bacteria related to families 

Rhodocyclacae and Flavebateriacae, and acetate utilizing denitrifying bacteria were 

predominantly present in the hydrophobic bacterial fraction. The characterization of 

hydrophobicity of extracellular adhesins and microbial population will help to understand 

the role of components of biofilms and flocs in microbial aggregation and dispersion. 

6.2 Introduction 

A wide range of relative hydrophobicity (< 5% and > 80%) have been observed in 

biofilms and flocs, as reported in chapter five and previous studies (Aqeel et al., 2016; 

Mahendran et al., 2012). The extracellular matrix of biofilms and flocs is comprised of 

polymers with hydrophobic and relatively less hydrophobic characteristics. The relative 

abundance of the microbes (more hydrophobic and less hydrophobic) give overall surface 

hydrophobicity to microbial aggregates. The hydrophobic character facilitates the 

adhesion (cell–surface) and cohesion (cell–cell) of bacterial cells for biofilms and floc 

formation and development (Flemming and Wingender, 2010). The highly hydrophobic 

bacterial cells form tightly packed, compact structures (e.g. granules) and helps 

adsorption of organic substrate on microbial aggregate (Sheng et al., 2010). Relatively 

less hydrophobic polymers keep the microbial aggregates hydrated and help with the 

diffusion of nutrients in biofilms and flocs (Hori and Matsumoto 2010). The 

understanding of hydrophobic surface properties of bacteria is beneficial for engineered 

systems (which use microbial aggregation for bioremediation and wastewater treatment), 
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and environmental and industrial equipment (which need to counter biofouling issues) 

(Krasowska and Sigler, 2014). 

The identification of hydrophobic bacteria is challenging, and a limited number of studies 

have focused on the characterization of the hydrophobic surface properties of bacterial 

populations in wastewater microbial communities (Nielsen et al., 2001). We report on 

differentiating the microbial community structure in relation to the hydrophobic character 

of flocs and biofilms collected from full-scale (FS) integrated fixed-film activated sludge 

system (IFAS). We characterized the hydrophobic character of microbial community and 

the extracellular adhesins present in IFAS biomass. This is the first study that determines 

the hydrophobic characters of flagella, type I, type IV pili, and amyloid adhesins, and 

differentiates the mixed microbial communities of wastewater biomass based on the 

surface hydrophobicity of bacteria. 

6.3 Materials and methods 

Biofilms and flocs samples were collected from an FS IFAS system treating municipal 

wastewater (Peterborough, Ontario, Canada). The experimental setup and structural and 

physicochemical properties of these biofilms have been described in Chapter 5. 

6.3.1 Fractionation of biofilms and flocs 

Based on the hydrophobic character of the biomass, fractionation of biofilms and flocs 

was performed using the microbial adhesion to hydrocarbon (MATH) method (Chang 

and Lee, 1998). The bacteria attached to hexadecane (hydrocarbon) or suspended in 
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aqueous phase were called hydrophobic and relatively less hydrophobic bacterial 

fractions, respectively. The hydrophobic fraction was washed with distilled deionized 

water at least three times or until the aqueous phase was clear. The washing step removed 

relatively less hydrophobic bacteria from the hydrophobic fraction. The bacteria 

suspended in the aqueous phase (relatively less hydrophobic bacteria that were washed 

out of hydrophobic fraction), were pooled. The relatively less hydrophobic bacteria were 

washed with hexadecane at least three times to remove the relatively more hydrophobic 

bacteria. The hydrophobic and relatively less hydrophobic fractions were centrifuged at 

room temperature at 5000 g for 5 min to remove the excess hexadecane from the samples. 

After centrifugation, the hydrophobic fraction formed a layer at the top of the aqueous 

phase, whereas the relatively less hydrophobic fraction formed pellet at the bottom of the 

centrifuge tubes. The freshly fractionated samples were used for genomic DNA 

extraction and microbial community structure analyses. The fractionated biomass 

samples were fixed and stored at -20°C following the method described by Larsen et al. 

(2008) for distribution of EPS, extracellular adhesins, and fluorescent in situ 

hybridization (FISH) analyses. 

6.3.2 Distribution of EPS and extracellular adhesins 

The distribution of EPS (protein and polysaccharide) in hydrophobic and relatively less 

hydrophobic fractions of bacteria was determined by coupling target specific fluorescent 

probes and confocal microscopy as described previously (CLSM) (Zeiss LSM 710) 

(Aqeel et al., 2016). Briefly, the biomass samples were stained using fluorescein 
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isothiocyanate (FITC) and concanvalin A (Con A) for assessing the distribution and 

localization of protein and polysaccharide, respectively. Staining was performed in 

Eppendorf tubes at room temperature in the dark for 30 min. After staining, samples were 

washed twice with deionized water to remove excess stain and then observed 

immediately by CLSM. The Zeiss ZEN 2009 application was used for image analysis as 

described previously by Aqeel et al. (2016). 

 

Figure 6.1 CLSM image showing distribution of EPS in hydrophobic and relatively less 

hydrophobic bacterial fractions. Protein and polysaccharides probed with FITC (green) 

and ConA (red) fluorescent stains. Bar = 20μm. 

 

Immunohistochemistry 

The distribution of extracellular adhesins in hydrophobic and relatively less hydrophobic 

bacterial fractions were determined using primary antibodies against the target adhesin 

e.g. FliC, FimH, PilA, and CsgA. For positive and negative controls, the pure culture 
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wild type and mutant strains were acquired from different research laboratories (Table 

6.1). The biomass samples and control bacterial strains were incubated with a blocking 

buffer, composed of 1% weight/volume gelatine in phosphate buffer saline, at 37°C for 

one hour as described by Larsen et al. (2008). The primary antibodies and TWEEN® 20 

were added to the blocked samples. After incubation for two hours at 37°C, the biomass 

samples were washed with washing buffer, composed of PBS containing 0.1% Triton™ 

X-100, to remove unbound primary antibodies. The washed samples were labeled with 

fluorophore conjugated secondary antibodies, which are listed in Table 6.1, and incubated 

at 37°C for one hour. Fluorescent microscopy was performed as described previously by 

Aqeel et al. (2016). 
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Figure 6.2 Distribution of extracellular adhesins: amyloid adhesins, FliC (upper row), 

PilA and FimH (lower row) in more hydrophobic (first column) and relatively less 

hydrophobic (second column) bacterial fractions. Green color represents amyloid 

adhesins and PilA, whereas red color represents FliC and FimH. Bar = 100μm. 
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6.3.3 Microbial community structure 

Fluorescent in situ hybridization 

The fixed biomass samples, stored at -20°C, were diluted to smear few microbial colonies 

in ten well slides. The biomass was allowed to dry for one hour. The biomass samples 

were dehydrated, by submerging slides in increasing concentrations of ethanol (50%, 

70%, and 100%).  Fluorescently labelled Oligonucleotide probes were added to a 

hybridization buffer (5M NaCl, 1M Tris-HCl, formamide, 10% sodium dodecyl sulfate 

(SDS), and DNase free water) with the probe specific stringency (Table 2). The 

hybridization of the oligonucleotide probes on the biomass samples was performed at 

46°C for two hours in a dark room. The hybridized slides were dipped in wash buffer 

(1M Tris-HCl, 10% SDS, 5M NaCl, 0.5M EDTA, and molecular grade DNase free 

water) with probe specific stringency at 48°C for ten minutes. The FISH slides were then 

rinsed with cold distilled water and dried for fluorescent microscopy. 

Illumina sequencing 

Genomic DNA was extracted from both hydrophobic and relatively less hydrophobic 

fractions of the biofilms and flocs using a PowerSoil® DNA Isolation Kit (MO BIO 

Laboratories, Inc.). The V3-V4 region of the 16S rRNA gene was amplified using 

primers 341F (CCTACGGGNGGCWGCAG) and 805R 

(GACTACHVGGGTATCTAATCC), with sample specific barcodes. The 16s rRNA 

genes were sequenced using Illumina, and analyzed using the QIIME application, as 

described previously (Chapter 5). 
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Figure 6.3 Beta diversity (Bray Curtis) of relatively less hydrophobic and hydrophobic 

bacteria in flocs (a, b respectively) and biofilms samples (c, d respectively) collected 

twice (1, 2) from FS IFAS system. 

 

6.4 Results and discussions 

The bacterial surface hydrophobicity plays a key role in microbial aggregate formation 

and development. The results from chapter 5 indicated the importance of the hydrophobic 

character and its association with biofilms sloughing. This study focused on the 

differentiation of microbial community in biofilms and flocs based on the bacterial cell 

surface hydrophobicity. The biofilms and floc samples were collected from FS IFAS 

wastewater treatment plant, during biofilm sloughing (chapter 5) to characterize the 

hydrophobicity of the extracellular polymers and bacterial subpopulation in the 

community. The fractionation of the biomass samples was performed using MATH 
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assay. The molecular characterization of bacterial surface properties and the 

identification of the bacterial community structure offer a better understanding of 

microbial interaction at the bacterial interface in biofilms and flocs. 

6.4.1 EPS in hydrophobic and relatively less hydrophobic bacteria 

The hydrophobic and relatively less hydrophobic characters of biofilms and flocs have 

usually been attributed to the higher protein and polysaccharide content, respectively, in 

EPS (Raszka et al., 2006; Henderson et al., 2008; Sheng et al., 2010). Liao et al. (2001) 

showed that ratio of protein to polysaccharide is proportional to the bacterial surface 

hydrophobicity. This was consistent with the results in this study where the hydrophobic 

bacterial fraction was protein rich, whereas the relatively less hydrophobic bacterial 

fraction was predominantly composed of polysaccharide content (Fig. 6.1). Basuvaraj et 

al. (2015) differentiated loosely bound and tightly bound EPS, which were rich in 

polysaccharide and protein content, respectively. The higher protein content resulted in 

higher surface hydrophobicity and the formation of compact granules. The relatively less 

hydrophobic microcolonies have also been shown to have a role in biofilm development 

by keeping the microbial aggregate hydrated and adsorption and diffusion of nutrients in 

microbial aggregates (Flemming and Wingender, 2010).  

The hydrophobic character also facilitated adhesion of the hydrophobic substrate for 

bioremediation and adhesion to biotic and abiotic surfaces for biofilm formation and 

development. The protein rich microcolonies had an advantage in biofilms in that they 

were tightly bound compared to polysaccharide rich microcolonies. The distribution of 
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EPS revealed that protein and polysaccharide were predominant in hydrophobic and 

relatively less hydrophobic bacteria, respectively, which is consistent with the sloughing 

of polysaccharide rich microcolonies (Chapter 5).  

In this study it was observed that there was some polysaccharide rich microcolonies in 

hydrophobic and protein rich microcolonies in relatively less hydrophobic bacterial 

fractions. It is possible that growth of these microcolonies may result in the alternative 

development of polysaccharide rich microbial aggregates with an increase in hydrophobic 

characteristics (Tay et al., 2001) and protein rich microbial aggregates with a lower 

relative hydrophobicity (Aqeel et al., 2016). 

The bacterial surface is a complex of diverse extracellular polymers with a range of 

hydrophobic characters i.e. highly hydrophobic or relatively less hydrophobic. Some 

researchers generally refer to the bacterial surfaces as hydrophobic or hydrophilic 

bacteria (Nielsen et al., 2001). However, based on the complex nature of the bacterial 

surfaces, instead of hydrophilic, they should be characterized as hydrophobic and 

relatively less hydrophobic bacteria. 

6.4.2 Hydrophobic character of extracellular adhesins 

The immunohistochemistry of hydrophobic and relatively less hydrophobic bacterial 

fractions was combined with CLSM imaging and analyses to determine the distribution 

of extracellular adhesins in these fractions. It was observed that flagella, which were 

probed with antibodies against FliC, and Type I pili, which were probed with antibodies 
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against FimH, were predominantly present on the relatively less hydrophobic bacterial 

fraction (Fig. 6.2). Amyloid adhesins, which were probed with antibodies against CsgA, 

and type IV pilli, which were probed with antibodies against PilA, were predominantly 

present in the hydrophobic bacterial fraction.  

FimH, a lectin on the tip of type I pili, binds specifically to the mannose sugar. The 

binding strength of FimH with mannose sugar is higher in the presence of hydrodynamic 

shear force. For example, bacteria with type I pili isolated from urinary tract samples bind 

strongly to polysaccharide target compared to the bacteria isolated from fecal samples 

(Sokurenko et al., 1995). The FimH binds to mono mannose under static conditions; 

however, shear force stretches the adhesin (FimH) to expose a second sugar-binding site 

that results in firmer attachment of FimH with the polysaccharide target (Thomas et al., 

2002; Lindhorst et al., 2010).  The strong binding of bacteria with type I pili in 

hydrodynamic conditions justifies the results of this study by showing that the bacteria 

expressing FimH are relatively less hydrophobic. Additionally, the presence of sugar 

binding FimH justifies the presence of proteins in the polysaccharide rich but relatively 

less hydrophobic fraction (Fig. 6.1).    

Flagella, one of the most commonly studied extracellular appendages of bacteria, have 

been observed on bacteria present in the outer layer of biofilms and on many planktonic 

cells (Römling and Rohde, 1999). Therefore, the presence of flagella in the relatively less 

hydrophobic bacterial fraction, which were observed in this study, was as hypothesized. 
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Flagella are versatile appendages that can help: (a) guide bacteria towards the substrate to 

overcome the electrostatic repulsive forces between bacteria and the substrate (Wood et 

al., 2010; Pratt and Kolter, 1999), (b) lower the movement of planktonic cells near the 

microbial aggregate for the recruitment of bacteria on a growing biofilm or floc (Bester et 

al., 2009), (c) anchor bacteria tightly on a substrate, and (d) disperse bacteria from a 

microbial aggregate. Flagella have also been known to have lectin behaviour by binding 

specifically to LewisX a polysaccharide target  (Scharfman et al., 2001). Therefore, the 

presence of flagella in the polysaccharide rich and relatively less hydrophobic bacterial 

fraction may play a host of functions from attachment for formation, recruitment for 

development, and detachment for dispersion of biofilms and flocs.  

Amyloid adhesins were observed in the hydrophobic bacterial fractions. The results were 

consistent with the previous study where the expression of amyloid adhesins increases the 

hydrophobicity of pure culture biofilms of Pseudomonas (Zeng et al., 2015). Amyloid 

adhesins are abundant in biofilms and flocs (Larsen et al., 2007; Larsen et al., 2008); 

therefore, it is suggested that amyloids play a key role for the hydrophobic character of 

biofilms and flocs of mixed microbial communities. The core has been known to be more 

hydrophobic compared to the outer layer of biofilms and flocs (Sheng et al., 2010). It was 

observed that protein and amyloid were predominant in the deeper layer of the biofilms 

(Chapter 5). Barnhart and Chapman (2006) reported that amyloid adhesin expression was 

triggered with oxygen tension in pure culture biofilms. In wastewater biofilms and flocs, 

denitrifying bacteria utilized oxygen stress for their metabolic activity. Larsen et al. 
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(2008) observed abundance of amyloid adhesins in denitrifying bacteria. It was observed 

that relative hydrophobicity of microbial aggregates increases during biofilms (chapter 5) 

and granules development (McSwain et al., 2005) due to the growth of slow growing 

denitrifying microcolonies where amyloid adhesins are abundant. 

 

Figure 6.4 Distribution of extracellular adhesins in biofilm during sloughing: amyloid 

adhesins and FliC (upper row); PilA and FimH (lower row). Green color represents PS, 

blue color represents amyloid adhesins and PilA, and red color represents FliC and FimH. 

Bar = 55μm. 
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The twitching or gliding motility of type IV pili has been shown to help bacteria with 

biofilm initiation and development (Hori and Matsumoto, 2010). In this study, it was 

observed that type IV pilli (probed with antibodies against PilA) were predominantly 

present in hydrophobic bacterial fraction (Fig. 6.2). Therefore, it is suggested that in 

addition to motility, which helps bacteria outcompete competitor bacteria for adhesion on 

a substrate, the hydrophobic character of type IV pili helps in bacterial adhesion to a 

surface and subsequent cohesion of bacterial cells for biofilm initiation and development. 

The pure culture biofilm formation has demonstrated that type IV pili interact with 

extracellular DNA for microbial aggregation (Van Schaik et al., 2005; Heijstra et al., 

2009). Extracellular DNA has been shown to be abundant in denitrifying bacterial 

communities in wastewater biofilms (Dominik et al., 2010), which are usually present in 

the deeper layer of biofilms or flocs. It is suggested that type IV pili and amyloid 

adhesins contribute more to the formation of hydrophobic core compared to the 

peripheral layer of biofilms and flocs. 
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Figure 6.5 Relative abundance of bacterial families in hydrophobic and relatively less 

hydrophobic fractions of biofilms and flocs. 

 

6.4.3 Bacterial community differentiation based on the hydrophobicity of bacteria 

The 16S rRNA gene sequencing results were analysed by the beta diversity index (Bray 

Curtis, dissimilarity metrics) and revealed distinct differences in the community structure 

of the fractions obtained following separation by MATH into hydrophobic and relatively 

less hydrophobic bacterial fractions (Fig 6.3). The bacterial communities that form 

biofilms and flocs were isolated at two different time points during biofilm sloughing in 

the FS IFAS system (Peterborough, ON, Canada). It was observed that the hydrophobic 

or relatively less hydrophobic microbial communities collected at different time points 
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were closely related. Additionally, the hydrophobic communities of biofilms and flocs 

were relatively closely related; similarly, the microbial communities of relatively less 

hydrophobic biofilms and flocs were closely related compared to hydrophobic bacterial 

fractions. The 16S rRNA gene sequencing revealed that at the phyla level, Acidobacteria, 

Bacteroidetes, Chloroflexi, Gemmatimonadetes, and TM6 were dominant in the 

hydrophobic fraction, whereas TM7 and SR1 were found in the relatively less 

hydrophobic fraction. The relative abundance and hydrophobic character of major 

bacterial families in films and flocs are shown in Fig 6.4. The results show that bacteria 

related to families Rhodocyclaceae and Flavobacteriacae (which are know for 

denitrification) were relatively more abundant in the hydrophobic bacterial fraction. It 

was observed that the hydrophobic character of most bacterial groups was similar in 

biofilms and flocs. However, interestingly, the bacteria related to family 

Comamonadacae were observed to be more hydrophobic in flocs but relatively less 

hydrophobic in biofilms. 
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Table 6.1 Oligonucleotide probe list for fluorescent in situ hybridization 

Probe Name  Target organism  Sequence (5’-3’)  Conjugate Formamide %  Reference  

EUB338 Eubacteria  GCT GCC TCC 

CGT AGG AGT 

 

Alex488 

0-60  Daims et al., 

1999  

NSO1225  Betaproteobacterial 

AOB  

CGC CAT TGT  

ATT ACG TGT GA  

CY3 35  Mobarry et 

al., 1996 

NEU  Nitrosomonas spp.  CCC CTC TGC  

TGC ACT CTA  

CY3 35, 40  Wagner et 

al., 1995 

NEUcomp  Competitor probe  TTC CAT CCC  

CCT CTG CCG  

CY3 35, 40  Wagner et 

al., 1995 

CLUSTER6A192  Nitrosomonas 

oligotropha lineage  

CTT TCG ATC  

CCC TAC TTT CC 

CY3 35  Adamczyk et 

al., 2003 

CLUSTERcomp  Competitor probe  CTT TCG ATC 

CCC TGC TTC C  

CY3 35  Adamczyk et 

al., 2003 

NTSPA712  Phylum Nitrospirae  CGC CTT CGC 

CAC CGG CCT 

TCC  

CY5 35, 50  Daims et al., 

2001 

NTSPA712comp  Competitor probe  CGC CTT CGC 

CAC CGG TGT 

TCC  

CY5 

 

35, 50  Daims et al., 

2001 

NTSPA662  Genus Nitrospira  GGA ATT CCG 

CGC TCC TCT  

CY5 

 

35  Daims et al., 

2001 

NTSPA662comp  Competitor probe  GGA ATT CCG  

CTC TCC TCT  

CY5 35  Daims et al., 

2001  

NIT3  Genus Nitrobacter  CCT GTG CTC 

CAT GCT CCG  

CY5 35, 40  Wagner et 

al., 1996  

NIT3comp  Competitor probe  CCT GTG CTC  

CAG GCT CCG  

CY5 

 

35, 40  Wagner et 

al., 1996  

DEN-67 Methanol utilizing 

denitrifying bacteria 

CAA GCA CCC 

GCG CTG CCG 

ATTO633 45 Ginige et al., 

2004 

DEN-124 Acetate utilizing 

denitrifying bacteria 

CGA CAT GGG 

CGC GTT CCG 

ATTO633 50 Ginige et al., 

2005 

RHC175 Rhodocyclacae TGC TCA CAG 

AAT ATG CGG 

Alex488 30 Daims et al., 

2001 

 

Fluorescent in situ hybridization using several probes against nitrifying and denitrifying 

bacterial groups (Table 6.1) coupled with CLSM imaging and analysis revealed the 

distribution of bacterial groups in hydrophobic and relatively less hydrophobic bacterial 

fractions (Fig. 6.5). It was observed that nitrite-oxidizing bacteria (NOB) related to 

phylum Nitrospirae (probed with NTSPA712 and a competitor probe) were 

predominantly present in the hydrophobic bacterial fractions, whereas ammonia- 



 

 

 

234 

oxidizing bacteria (AOB) related to betaprotebacterial group (probed with NSO 1225) 

were predominantly present in the relatively less hydrophobic bacterial fraction. AOB 

related to Nitrosomonas group (probed with NEU and Cluster 6A192) and NOB related 

to genus Nitrospira (probed with NTSPA662) and Nitrobacter (probed with NIT3) were 

present in both the hydrophobic and relatively less hydrophobic bacterial fractions. It was 

observed that acetate utilizing denitrifying bacteria (DEN124) were abundant compared 

to the methanol utilizing denitrifying bacteria (probed with DEN67). Overall, denitrifying 

bacteria probed with DEN124 and RHC175 (Rhodocyclacae) were predominantly present 

in the hydrophobic bacterial fractions. The observation is consistent with 

immunohistochemistry results, suggesting that the hydrophobic extracellular adhesins 

might be present in the deeper layer or the bacterial aggregates where denitrifying 

bacterial communities are abundant. The results are also consistent with a previous study 

by Larsen et al. (2008) showing that amyloid adhesin (hydrophobic extracellular 

adhesins, shown in this study) are predominantly present in denitrifying microcolonies in 

biofilms and flocs collected from the mixed microbial communities in environmental 

samples.
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Figure 6.6 Fluorescent in situ hybridization images showing distribution of nitrifying and 

denitrifying bacteria in hydrophobic and relatively less hydrophobic fractions. Bar = 

20μm. 
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6.5 Conclusions 

In this study, MATH assay was successfully used for fractionation of bacterial 

community based on relative hydrophobicity. The distribution of EPS revealed that 

protein and polysaccharide are predominant in hydrophobic and relatively less 

hydrophobic bacterial fractions, respectively. Distribution of extracellular adhesins using 

immunohistochemistry coupled with CLSM revealed that amyloid adhesins and type IV 

pili are predominant in hydrophobic bacterial fraction, whereas flagella and type I pili are 

predominant in the relatively less hydrophobic bacterial fraction. 16S rRNA gene 

sequencing and fluorescent in situ hybridization analyses revealed a clear differentiation 

in microbial population based on the hydrophobicity in microbial communities of 

biofilms and flocs collected from a FS IFAS wastewater treatment plant. In nitrifying 

bacteria, it was observed that AOB related to Betaproteobacteria and NOB related to 

phylum Nitrospirae were predominantly present in the relatively less hydrophobic and 

hydrophobic bacterial fractions, respectively. It was observed that acetate utilizing 

denitrifying bacteria and bacteria related to families Rhodocyclacae and 

Flavobacteriacae (known for denitrification) have hydrophobic surface properties. 
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Chapter 7: Overall conclusions 

This study provides a comprehensive understanding of the role of microbial community 

dynamics and the composition of the extracellular matrix in the formation and instability 

of aerobic granules and biofilms. To better understand the composition and distribution 

of the extracellular matrix and microbial communities in the biofilms and flocs of 

engineered systems, biomass samples were collected from FS IFAS and CAS systems in 

Peterborough and Kingston, Ontario, Canada, which treat municipal wastewater, and 

laboratory-scale CAS and IF - SBRs, which treat synthetic wastewater. The main 

conclusions drawn from this study are outlined below. 

Rapid granulation can be achieved in IF - SBR by operating SBRs with oxic/anoxic/oxic 

conditions during the react phase. The introduction of anoxic conditions induces the 

expression of extracellular matrix for granule formation and favours the growth of 

denitrifying heterotrophic bacteria that remove nitrogen from wastewater. Additionally, a 

longer anoxic phase inhibited the growth of heterotrophic filamentous bacteria. However, 

the maintenance of pH and sufficient aeration for oxidation of nitrogen species is 

important for the structural and functional stability of the granules. 

The aerobic granules tend to undergo an instability phase due to instability in the 

microbial community. Aerobic granules retain the bacterial by-product, which can favour 

the growth of toxic microbes resulting in the decline in relative abundance of granule 

forming bacteria. The decline in relative abundance of granule forming bacteria is 
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associated with changes in the extracellular matrix, i.e. the decline in protein to 

polysaccharide ratio, during the instability phase. However, the microbial community of 

granules can antagonize the toxic population and recover the granular microbial 

community, extracellular matrix, and the granular structure. 

The composition of EPS in biofilms and flocs is associated with biofilm sloughing in an 

IFAS system. In an IFAS system, biofilms tend to slough from microcolonies 

predominantly composed up of polysaccharide and/or dead cells. The sloughed biomass 

associates with flocs, which improves the settleability of IFAS flocs. The biofilm 

sloughing results helps to improve and stabilize the overall nutrient removal in an IFAS 

system. The bacterial population that sloughs from biofilms becomes part of flocs (which 

would be lost in MBBR) to maintain the microbial diversity. The microbial communities 

of biofilms and flocs share microbial populations; however, the relative abundance of 

these bacterial populations varies in both microbial communities. 

Finally, the microbial community structure, extracellular matrix, and adhesins were 

differentiated based on their hydrophobic character. The results show that amyloid and 

type IV pili are associated with the hydrophobic fraction in biofilms and flocs, whereas 

flagella and type I pili are relatively less hydrophobic bacterial appendages. In microbial 

communities, AOB, related to Betaproteobacteria, and NOB, related to phylum 

Nitrospirae, were predominantly associated with the relatively less hydrophobic and 

hydrophobic bacterial fractions, respectively. It was observed that acetate utilizing 
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denitrifying bacteria and bacteria related to the families Rhodocyclacae and 

Flavobacteriacae have hydrophobic surface properties. 

Future directions 

This research shows the importance of the role of extracellular polymeric substance and 

microbial community dynamics in the formation and instability of biofilms, flocs, and 

granules. Several recommendations and future directions are proposed based on the 

results of this study. 

1. Optimization of oxic/ anoxic conditions for granule formation in IF - SBR system 

with municipal wastewater influent 

In the present study, oxic/anoxic conditions were optimized for the cultivation of 

aerobic granule with glucose/acetate, a readily available organic substrate, based 

synthetic influent. The operating conditions have a potential to improve the stability 

of full-scale aerobic granulation because the second anoxic phase favours denitrifying 

bacteria compared to filamentous heterotrophs for slowly degradable organic 

substrate. The existing strategies to improve the granule stability include anoxic 

feeding to limit the availability of organic substrate for the growth of filamentous 

heterotrophs. However, the municipal wastewater is composed of soluble (readily 

available organic substrate) and particulate matter (slowly degradable organic 

substrate). The particulate matter is adsorbed on the surface of the granules resulting 

in filamentous outgrowth and granule instability. The introduction of the second 
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anoxic phase has the potential to limit the availability of slowly degradable organic 

matter for filamentous growth. 

2. Limit the light to bioreactors to control the growth of algae in wastewater 

treatment plant 

In the present study, it was observed that algal growth could result in granule 

instability. Therefore, it is recommended that the inhibition of light should be 

considered during secondary wastewater treatment for granule cultivation. 

3. Determine the microanatomy of biofilms, flocs and granules during formation 

and development 

At present, there is very limited information available on the microanatomy of 

environmental biofilms and flocs. Considering the importance of environmental 

mixed microbial community biofilms and flocs in wastewater treatment, 

bioremediation, and biofouling of industrial and medical instruments, it is suggested 

that more studies should be done to understand the microanatomy of the biofilms and 

flocs. With the ever-increasing availability of molecular tools to understand 

environmental biofilms and flocs, it is becoming easier to understand the mechanism 

of microbial interaction at bacterial interfaces. Further studies should be conducted to 

determine the spatial-temporal distribution and co-localization of the extracellular 

adhesins with microbial community in stratified structures during granule and biofilm 
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development of environmental biofilms cultivated in different operational and 

nutritional conditions. 

4. Determine the interaction between eDNA and PilA in mixed microbial 

community biofilms and flocs 

In this study, the hydrophobic character of FimH and PilA was identified, which 

indicated its role in microbial aggregation. Pure culture studies have shown the role of 

PilA and FimH interactions with eDNA and mannose for microbial aggregation. 

Further studies are required to understand the mechanism of the extracellular adhesins 

in mixed microbial communities. 
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Appendix A   Laboratory scale sequencing batch reactors 
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Appendix B   Preliminary study – Operating conditions for rapidly developing granules 

 

Working volume of reactor -2L; operating cycle  -  4 /day; COD:N:P  ratio - 100:5:1;  

 CAS-conventional activated sludge, IFFAS = Integrated fixed-film activated sludge. 

  

Parameters CAS      IFFAS  Granular IFFAS 

Seed Municipal activated sludge Mixed liquor from IFFAS 

Carrier media loading - 30% 10% 

SRT (days) 9±1 9±1 9±1 

HRT (hours) 8 8 8 

Temperature 22±2 22±2 22±2 

DO (mg/L) 5 - 6 5 - 6 2-3 (aerobic), 0 (anoxic) 

Reactor operating  cycle 

Feeding, settling and draining (min) 15 each 15 each 15 each 

Reaction phase  (min) aerobic 315 

 

aerobic 315 aerobic 45 

anoxic 240 

aerobic 30 
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Appendix C   Preliminary study – Content of EPS extracted from rapidly developing 

granules 
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Appendix D   Preliminary study – Photograph and CLSM image of rapidly developed 

granules in IF – SBR. 

 

 

CLSM images illustrating the distribution of EPS during granulation including seed flocs 

(a–d) and granules (e–h). Colors correspond to exopolymers with β structures (cyan), α-

polysaccharide (red), and protein (green). 
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Appendix E   Preliminary study - 16S rRNA gene sequencing results showing relative 

abundance of microbial families in rapidly developing granules 
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Appendix F   MLSS and ESS data of FS IFAS municipal wastewater treatment plant 

Peterborough, ON 

 

 

 

 

 

 

 

 

 

 


