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1.1. Background and objectives 

Recently, urbanization and urban sprawl are expected to increase in the next century (Hibbs and 
Sharp, 2012), discharge of wastewater especially municipal sewage will increase. Membrane 
bioreactor (MBR) is one of the most innovative wastewater treatment system especially for 
treating municipal wastewater. Previous results showed that the MBR achieved not only high 
nutrient removal such as organic carbon, nitrogen and phosphorus but pathogen or virus removal 
in municipal wastewater (Rosenberger et al., 2002; Trussell et al., 2005; Chae and Shin, 2007; 
Ma et al., 2013; Wu et al., 2010). Moreover, install of the full-scale MBRs are drastically spread 
and continue to increase in the world (Xiao et al., 2019). However, membrane fouling which 
cause permeate flux decline remains as major issue of the widespread to use for various 
wastewater treatment in MBR. Especially, biofilm formation of the fouled membrane is severe 
problem. To date, membrane fouling have been understood to occur from three stages as follows; 
Firstly, adherence of microbes on the membrane surface and produce extracellular poly-
substances (EPS) with fast TMP increase. Secondly, growth of attached microbes and micro-
colony formation to three-dimensional structure and accumulation of foulants with slow TMP 
increase. Thirdly, continuous accumulation and formation of cake layer with fast TMP increase 
and lead to TMP jump (Gao et al., 2013).  
     In the full-scale MBR, generally, MBR was worked under low feed-to-microorganism 
conditions because of high concentrated sludge operation compared to conventional activated 
sludge process (Lobos et al., 2005), and no sludge discharge and limited COD were observed 
(Shen et al., 2012). Hence, it is necessary to investigate influence of low organic loading rate 
(OLR) condition on microbial community and membrane fouling in MBR in order to improve the 
reactor performance and control membrane fouling. Recently, many researchers have addressed 
to reveal microbial community corresponding membrane fouling development in the MBR since 
the high throughput sequencing technology had been developed (mentioned chapter 2). 

Although system performance under starvation or prolonged starvation conditions were 
investigated in conventional activated sludge process and MBR process (Lobos et al., 2005; 
Zhang et al., 2009; Wu and Lee, 2011; Maqbool et al., 2017; Palmarin et al., 2020), microbial 
community and important bacteria related to system performance and membrane fouling in the 
condition are still unclear. Thus, the objective of this study was to investigate influence of 
extremely low OLR (prolonged starvation) conditions on membrane fouling development and 
microbial community in mixed liquor and to clarify the key bacteria related to membrane fouling 
development in anoxic/oxic (A/O)-MBR. In order to achieve the goal, four specific objectives 
were built as follows; 
1. To evaluate the influence of extremely low OLR on membrane fouling development and 

bacteria response for characteristics of mixed liquor. 
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2. To explore the biofilm-forming bacteria on fouled membrane surface in low OLR MBR by 
comparing naturally developed biofilm in MBR under standard condition. 

3. To clarify mechanisms of biofilm formation especially initiation and progression of biofilm 
development on the fouled membrane in low OLR MBR.  

4. To explore the fouling causing bacteria and fouling mitigating bacteria compared between 
fouled MBR and fouling-mitigated MBR under low OLR conditions.  
 
1.2. Outline of this thesis 

This thesis organized six chapters in order to achieve the objectives (Fig. 1.1). In chapter 1, the 
background, objectives and outline of this thesis are introduced. In chapter 2, basic information 
regarding this thesis was provided. 
     In chapter 3, influence of low OLR condition in A/O-MBR on membrane fouling was 
evaluated and biofilm-forming bacteria in the A/O-MBR were identified to compare with 
naturally developed biofilm under standard condition. In chapter 4, fouled membranes during 
progression of membrane fouling under low OLR condition were monitored by non-destructive 
observation and pioneer bacteria for membrane fouling was estimated. In chapter 5, generation 
of dissolved organic matter derived from cell lysis on membrane fouling was evaluated and 
fouling causing and mitigating bacteria were estimated. Finally, the conclusion of this thesis and 
future outlook were discussed in chapter 6. 

 

Fig. 1.1 Structure of this thesis 
  

Impact of low organic loading rate condition on membrane fouling and 
identification of fouling related bacteria in A/O-MBR 

Research objective

Chapter 1: General Introduction, Chapter 2: Literature review

Chapter 3:
Fouling development in A/O-MBR
under low organic loading rate
condition and identification of key
bacteria for biofilm formation

Chapter 4:
Initiation and progression of the
biofilm formation process on the
membrane in A/O-MBR treating
actual sewage under low organic
loading rate condition

Evaluation of influence of extremely 
low organic loading on membrane 
fouling

Investigation of biofilm formation 
process by using confocal laser 
scanning microscopy and microbial 
community analysis.

Role of dissolved organic carbon on membrane fouling and identification of fouling 
causing and mitigating bacteria
Chapter 5:
Maintaining microbial diversity mitigates membrane fouling of A/O-MBR
under starvation condition
Chapter 6: Conclusion remarks
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2.1. Advantages of membrane bioreactor (MBR) system 

MBR is a promising biological wastewater treatment process which has microfiltration membrane 
submerged in activated sludge for separation of solid and liquid. Since submerged MBR was 
developed by Yamamoto et al. (1989), a lot of studies of MBR have focused on treatment of 
municipal wastewater and achieved high system performance on complete suspended solid 
removal, organic matter and nutrient removal, pathogen and virus removal efficiency with higher 
mixed liquor suspended solid (MLSS) concentration (Rosenberger et al., 2002; Trussell et al., 
2005; Chae and Shin, 2007; Ma et al., 2013; Wu et al., 2010). Additionally, MBR system could 
save a space for sedimentation tank although conventional activated sludge process requires large 
scale treatment area. Thus, these advantages of MBR suggests that could treat high nutrient 
wastewater with shorter operational time. 
     Aerobic MBR consists anoxic and oxic tank (called anoxic/oxic (A/O)-MBR) to enhance 
denitrification in oxic tank by ammonium and nitrite oxidizing bacteria in oxic tank, 
denitrification in anoxic tank, and phosphorus removal by polyphosphate accumulating organisms, 
respectively (Chae and Shin, 2007; Sun et al., 2013). Although both of polymeric and ceramic 
membranes are used in MBR, most of MBR membrane were used polymeric materials such as 
polyvinylidene difluoride (PVDF) with approximately 0.1 μm pore due to low cost. Thus, A/O-
MBR has potential of alternative municipal wastewater treatment system to conventional 
activated sludge process for achieving complete nutrient removal of municipal wastewater in full-

scale plant around the world (Lyko et al., 2008; Xiang et al., 2014; Monclús et al., 2010). In fact, 
the development and application of full-scale MBR have been spread in the world (Xiao et al., 
2019). However, membrane fouling remains as major issue of the MBR. 
 
2.2. Membrane fouling development and the related substances (foulants) 

2.2.1. Membrane fouling 
A major issue of MBR is membrane fouling development during long term operation by clogging 
the membrane pores by organic or inorganic matter causing flux decrease. Membrane fouling was 
primary triggered by cake layer formation on the membrane surface and has divided into three 
parts (Meng et al., 2009); First is removable fouling which can remove accumulated matter on 
the membrane surface by physical cleaning. Second is irremovable fouling which cannot be 
removed by intermediate physical cleaning or backwashing. Third is irreversible fouling which 
requires chemical cleaning of foulants on the membrane surface (Fig. 2.1). Although chemical 
agents such as NaClO could remove almost all foulants (fouling causing substances on membrane 
surface) on the membrane surface, recently, it is clarify that NaClO exposure contributes 
generation of significant stress in bacteria and of dissolved organic matter (DOM) triggering 
severe or rapid membrane fouling development (Cai and Liu, 2018; Sun et al., 2018; Sun et al., 
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2019), and significant damage of polymeric membrane. Moreover, on-line chemical cleaning also 
generated halogenated byproducts and the remained byproducts has potential for significant 
damage on aquatic environment (Zhang and Liu, 2020). Thus, we should focus on the fouling 
control strategy without using the chemical agents for saving the cost and environment.  
 

Fig. 2.1 Schematic diagram of removable, irremovable, and irreversible fouling formed on the 
membrane surface. (from Meng et al., 2009)  
 

Generally, estimation of membrane fouling was divided into three stages derived from 
trans-membrane pressure (TMP) rise as following (Gao et al., 2013a); Initial stage: adhesion of 
microbes on the membrane surface and produce extracellular poly-substances (EPS) with fast 
TMP increase. Second stage: growth of attached microbes and micro-colony formation to three-
dimensional structure and accumulation of foulants with slow TMP increase. Third stage: 
continuous accumulation and formation of cake layer with fast TMP increase and lead to TMP 
jump. Since the foulants including microbes, proteins, polysaccharides, and humic substances or 
inorganic substances play significant role on membrane fouling, Gao et al. (2013a) mentioned 
that Betaproteobacteria played important role on membrane fouling development rather than 
proteins. However, detailed function of each foulant, specially microbes are still unknown.  

 

2.2.2. Microbial products on membrane fouling (SMP, EPS) 
Behavior of soluble microbial products (SMP) and EPS in MBR have been revealed during MBR 
operation. A lot of researchers found the positive correlation between SMP or EPS concentrations 
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and membrane fouling development (increasing of TMP), suggesting that these substances plays 
a significant role on membrane fouling as foulants. Proteins and polysaccharide in EPS were 
recognized that more significant positive correlation with membrane fouling than other foulant 
and negative correlation with temperature and EPS of the mixed liquor showed more broad 
molecular weight (MW) than influent (Wang et al., 2009). In the mixed liquor of MBR, SMP had 
more positive correlation with membrane fouling than EPS (Wu and Huang, 2009). Shen at al. 
(2012) characterized SMP in full-scale MBR and described that polysaccharide was major 
component (approximately 60-70%) followed by humic acid (approximately 40%) and had broad 
MW from 1 kDa to over 100 kDa. In addition, proteins were minority in the mixed liquor of MBR. 
Conversely, some studies showed that proteins in bound EPS of activated sludge was major 
component than polysaccharide (Domínguez et al., 2010; Di Bella et al., 2011; Hang et al., 2012). 
Moreover, loosely-bound EPS had more correlation with membrane fouling development than 
tightly-bound EPS (Wang et al., 2009). Thus, although higher concentration of EPS and SMP had 
possible to develop membrane fouling with same level, it is suggested that the role of EPS and 
SMP was different on membrane fouling development. Banti et al. (2018) reported that SMP 
deposited within membrane pores gradually formed aggregates resulting membrane pore blocking 
and TMP rise. Moreover, SMP changed the membrane characteristics into hydrophilic surface 
even hydrophobic membrane surface and the approximately 60% of polysaccharide in the SMP 
retained in mixed liquor than proteins (less than 30%). Recently, size-exclusion chromatography-
organic carbon detection-organic nitrogen detection (LC-OCD-OND) was developed to 
characterize humic and non-humic substances in aquatic environment (Huber et al., 2011). LC-
OCD system have been applied to reveal foulant in MBR study. Some studies suggested that the 
concentration of biopolymer matter (higher molecules; >10 kDa) were correlated with fouling 
development (Ishizaki et al., 2016a; Díaz et al., 2016). Moreover, biopolymer clusters, mainly 
consisted by 5-50 μm size, are found on membrane surface neither cannot be found in activated 
sludge in MBR, and SMPs or colloidal organic matter attached and formed the clusters on 
membrane surface (Wang et al., 2008). Thus, the affinity of SMP component between the 
components or the component and membrane surface (or inside the membrane pore) is important 
parameter for membrane fouling development. 

Membrane fouling is influenced not only by SMP concentrations but also the characteristics 
(Jiang et al., 2010). To date, it was reported that SMP is divided into two parts: biomass associated 
products (BAP) and utilization associated products (UAP) (Leudeking and Piret, 1959; Namkung 
and Rittmann, 1986). Recently, these microbial products are considered to important parameters 
on membrane fouling development (Ni et al., 2011). UAP, produced from active cell with lower 
MW, and BAP ,produced from decayed cell of EPS, were clearly different source (Fig. 2.2) (Shi 
et al., 2018). Jiang et al., (2010) clarified that higher abundance of lower MW in UAP fraction 
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produced in the cell proliferation stage was more significant on membrane fouling than BAP in 
spite of its lower MW. However, the detailed information of these function in complexed 
environment such as activated sludge of MBR is still lack due to difficulty of the BAP and UAP 
separation and the difference of operational conditions (influent characteristics, solid retention 
time (SRT), food-microorganism (F/M) ratio, or temperature) in each MBR. Hydrophobicity and 
hydrophilicity are also important parameters of activated sludge or foulant characteristics, and the 
detailed explanation was mentioned below (section 2.2.3).   

 
 

 
 
 
 

 

Fig. 2.2 Schematic diagram of the formation, sampling, characteristics and fouling mechanism of 
BAP and UAP. (from Shi et al., 2018) 
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2.2.3. Operational parameters on membrane fouling (Flux, SRT, temperature, OLR, membrane 
characteristics) 
Various operational parameters of MBR which contributed membrane fouling development have 
been investigated. Suction flux is primary operating parameter affecting membrane fouling 
development. In general, as flux should be operated under sub-critical condition without critical 
flux condition and sub-critical flux is widely practiced to mitigate membrane fouling, thus, a lot 
of researchers have been focused on characterization of membrane fouling phenomenon under 
sub-critical condition. Ng and Ng, 2010 investigated membrane surface under sub-critical, critical, 
and super-critical conditions, they suggested that although protein and polysaccharide 
concentrations in SMP or EPS were constant during operation under sub-critical flux condition, 
proteins formed conditioning film (initial fouling layer) on the membrane surface and had largest 
effect on the TMP increase in all flux conditions. Under sub-critical flux condition, membrane 
fouling showed two stages; TMP gradually increased in first stage, second stage was TMP jump 
(Hwang et al., 2008). The abrupt TMP increase was mainly occurred by substantial production of 
EPS in lower layer of biofilm on the membrane surface because of an endogenous decay or 
microbial cell lysis in the lower layer, suggesting that stressful environment for the bacteria.  
     Solid retention time (SRT), temperature and organic loading rate (OLR) parameters could 
change the sludge characteristics and was investigated on membrane fouling. Longer SRT (50 
day) with higher MLSS concentration mitigated membrane fouling than shorter SRT (13 day) and 
SMP concentration was considerably low under longer SRT conditions (Miyoshi et al., 2009). 
Although irreversible fouling was dominant in higher temperature and shorter SRT and had 
positive correlation with SMP concentration, in lower temperature, removable fouling was 
dominant in both SRT operation (Yao et al., 2011; Miyoshi et al., 2009). Al-Halbouni et al. (2008) 
showed that EPS generation in full-scale MBR was found to be inversely proportional to 
temperature seasonal change (Fig. 2.3). Thus, the fouling causing substances were found to be 
inversely proportional to SRT and temperature.  
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Fig. 2.3 Seasonal changes of bound EPS of activated sludge in full-scale MBR treating municipal 
wastewater. (from Al-Halbouni et al., 2008)  
 
     In a similar manner to flux, SRT, and temperature, organic loading rate (OLR) condition 
also plays significant role on membrane fouling development. Johir et al. (2012) investigated the 
influence of different OLR between 0.5 to 3.0 kg-COD·m-3·day-1 with same MLSS concentration 

on sludge characteristics and membrane fouling. The report showed that lower OLR conditions 
mitigated membrane fouling and SMP generation than higher one, and suggested that bio-polymer 
in hydrophilic SMP contributes accumulation of foulant. Xia et al. (2010) also had showed that 
lower OLR condition (0.33 gCOD·gVSS-1·day-1) mitigated membrane fouling than higher OLR 
(0.52 gCOD·gVSS-1·day-1). Although longer SRT condition was recommended to achieve high 
nutrient removal and mitigate membrane fouling as mentioned above, much long SRT causes 
starvation and prolonged starvation caused BAP generation leading severe membrane fouling 
(Wu and Lee, 2011). Moreover, generally, MBR was worked under low F/M conditions because 
of high MLSS operation compared to conventional activated sludge process (Lobos et al., 2005). 
In fact, no sludge discharge and limited COD were observed in actual larger-scale MBR (Shen et 
al., 2012). Also, the rain event has possible for changing influent property into low strength 
wastewater in combined sewer system (Stricker et al., 2003; Wilén et al., 2006), thus, it is 
important to investigate influence of low OLR (starvation in many cases) condition on microbial 
community and membrane fouling in MBR.  
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The flat sheet and hollow fiber modules are normally used for submerged MBR system 
(Judd, 2008). There are various characteristics of membrane materials and surfaces. Generally, 
the submerged membranes are made from ceramic or polymeric materials. Ceramic membrane 
study have been expanding due to their advantages from polymeric materials such as strong 
mechanical, thermal, and chemical stability (Li et al., 2020). Jeong et al. (2018) reported that 
alumina-based ceramic membrane (super-hydrophilicity) had stable filtration against 
hydrophobic sludge characteristics (i.e. proteins dominant) compared to PVDF polymeric 
membrane with hydrophobic surface due to hydrophobic-hydrophilic repulsion although the SMP 
concentrations of bulk sludge in ceramic MBR were higher than PVDF MBR. To prevent 
hydrophobic membrane fouling, recently, polymeric membrane has modified to hydrophilic 
surface. Mater et al. (2016) investigated four different membrane materials on EPS and membrane 
fouling. Although they reported that the more hydrophilic membrane showed higher negative 
charged surface, lower foulant accumulation and lowest TMP, EPS transition on the membrane 
surface was same in all membranes. However, many studies suggested contradictory results 
between hydrophobicity and hydrophilicity of dissolved organic matter on membrane fouling 
(Xia et al., 2010; Zhang et al., 2015). Thus, Mu et al. (2019) have focused on relative degrees of 
hydrophobicity of the foulants, and reported that the nominally moderate hydrophobic/philic 
fractions played most contributor on membrane fouling development. In addition, some 
researchers indicated that it is important to investigate the surface structure such as roughness on 
membrane fouling, certain roughness could mitigate membrane fouling (Mater et al., 2016; Zhang 
et al., 2015). Therefore, it is difficult to address membrane fouling in terms of 
hydrophobicity/hydrophilicity, we might pay attention to not only degrees of hydrophobicity of 
sludge or foulants but also molecular weight of the foulants and surface structure (i.e. porosity or 
roughness).  
 
2.3. Microbial community in mixed liquor and fouling layer of MBR  

2.3.1. 16S rRNA genes analysis technology 
In the recent decade, high throughput sequencing technology based on 16S rRNA genes have 
been applied to investigate the bacterial community in mixed liquor, gel layer and cake layer of 
MBR, and have proposed the new insights for fouling causing bacteria and biofilm-forming or 
fouling mitigating bacteria. These fouling related bacteria estimated by using 16S rRNA genes 
high throughput sequencing were listed in Table 2.1.  
 
2.3.2. Fouling related bacteria  
Fouling related bacteria is divided into three groups in this thesis; biofilm-forming bacteria, 
fouling causing bacteria, and fouling mitigating bacteria.  
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Firstly, the biofilm-forming bacteria could be identified from biofilm or cake layer as the 
abundance of these bacteria were increased in biofilm compared with the activated sludge 
community. Previous studies suggested that these bacteria related to secretion of EPS or SMP and 
adhesion on the membrane surface as pioneer of colonization and biofilm formation (Hong et al., 
2019; Gao et al., 2013b; Choi et al., 2017; Liu et al., 2018; Ziegler et al., 2016; Takada et al., 
2018). Interestingly, Neoh et al. (2017) suggested that OD1 known as Parcubacteria in candidate 
phyla radiation was dominant in the biofilm although minority in the mixed liquor of MBR and 
might relate to complex carbon degradation and biofilm formation.  

Secondly, the fouling causing bacteria could be identified from mixed liquor or biofilm. 
These bacteria was also related to EPS secretion and became predominant in fouled MBR (Han 
et al., 2018; Choi et al., 2017). Ishizaki et al. (2016b) have revealed that the colony of fouling 
causing bacteria showed high water, hydrophilic organic matter, and carbohydrate contents.  

Thirdly, the fouling mitigating bacteria could be identified from mixed liquor or biofilm. 
These bacteria were related to less EPS generation in mixed liquor (Sepehri and Sarrafzadeh, 
2018), degradation of foulant in the biofilm (Gao et al., 2013b) and mixed liquor (Han et al., 
2018). In addition, Simplispira, Aminobacter, Pirallula and Chitinophagaceae increased its 
abundance in fouling-mitigated MBR after addition of magnetic powder (Liu et al., 2018). 
However, the detailed function of these bacteria is still unknown in fouling-mitigated MBR. 
Recently, quorum quenching bacteria was applied as fouling control technology in MBR in order 
to mitigate membrane fouling development for degradation of quorum sensing auto inducer such 
as acyl-homoserine lactone (Weerasekara et al., 2014).  
     Almost all fouling related bacteria belonged Alpha, Beta, or Gammaproteobacteria (Table 

2.1). Especially, Gammaproteobacteria was related to membrane fouling development. 
Conversely, Chitinophagaceae was recognized as both contradictory role of secretion of EPS and 
degradation of large molecules. This fact suggested that response of these bacteria might be 
changed for depending on the wastewater and analyzing of lower taxonomy is necessary for 
understanding the role of these bacteria in depth. Moreover, synthetic wastewater have been used 
to investigate fouling related bacteria and membrane fouling phenomenon even now. Therefore, 
it is important to practical use of actual municipal wastewater for revealing phenomenon of 
membrane fouling and response of fouling related bacteria in the future research of MBR field.  
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3.1. Background and objectives 

Large-scale membrane bioreactors (MBRs) have been developed for treating municipal 

wastewater and their capacity has been greatly increased (Meng et al., 2017). MBR can achieve 

high removal efficiency for nutrients and complete removal of suspended solids from treated 

water because of a combined system involving activated sludge with membrane filtration. 

Moreover, the MBR has the potential to simplify and reduce the footprint of a wastewater 

treatment system. However, membrane fouling remains a major issue in MBRs; it is caused by 

membrane clogging and contribute to decrease suction flux. The membrane fouling has been 

divided into two classes: reversible and irreversible fouling. The latter, contributed to biofouling, 

is caused by microbial products derived from bacterial metabolism and lysis (Meng et al., 2009). 

Microbial products such as extracellular polymer substances (EPS) and soluble microbial product 

(SMP) had potential to induce mature biofilm formation, causing serious fouling associated with 

high membrane resistance (Sun et al., 2008; Meng et al., 2007).  

To date, bacteria related to biofilm formation have been determined in various MBRs 

treating several kinds of wastewater. The relationship between fouling development and bacterial 

species that show high productivity of foulants such as EPS, SMPs, and auto-inducers, has been 

studied and reported previously (Malaeb et al., 2013; Ishizaki et al., 2017). Higher bacterial 

relative abundance, microbial community diversity, and productivity of foulants probably has an 

significant role in biofilm formation (Ishizaki et al., 2016; Gao et al., 2014). Furthermore, the 

attachment and growth of pioneer bacteria belonging to Betaproteobacteria and 

Gammaproteobacteria on the membrane surface plays a key role on biofilm formation and might 

cause severe fouling (Miura et al., 2007; Lim et al., 2012). Thus, characterization of fouling-

related bacteria is important for the optimization of MBR operational conditions and fouling 

control. However, reports on bacteria related to biofilm formation detected on the fouled 

membrane surface in MBRs treating municipal wastewater are limited (Miura et al., 2007; Huang 

et al., 2008; Jo et al., 2016). In addition, the existence of common biofilm-forming bacteria among 

various MBRs under different conditions is still unclear.  

Although various fouling control techniques have been reported, no anti-biofouling method 

has not been widely accepted yet, because the wastewater and operational conditions differ in 

each MBR (Lee et al., 2016; Gkotsis et al., 2017; Wang et al., 2014). In addition, a reactor 

operation and a fouling control technic are usually based on rules of thumb by operators in each 
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MBR plant without engineering and scientific knowledge. Considering the reactor parameters, 

many studies have focused on the EPS and SMP derived major microbes in the fouled MBR, and 

these components were found to increase under high organic loading rates or low temperature 

conditions (Johir et al., 2012; Ma et al., 2013). Membrane fouling was also found to be caused by 

EPS production in long term starvation conditions (Wu and Lee, 2011). Thus, considering the 

positive correlation between membrane fouling and microbial cell lysis occurring under starvation 

conditions, microbial lysis seems to be an important factor as an origin of biofilm formation in 

the membrane fouling development in the MBR.  

The study of chapter 3 aimed to confirm an extremely low organic loading rate condition 

induce membrane fouling and to estimate the biofilm-forming bacteria in an operating A/O-MBR 

treating actual municipal wastewater under the condition. Moreover, to elucidate the common 

biofilm-forming bacteria, the microbial community was compared to that in naturally induced 

biofouling in an A/O-MBR under the stably normal conditions. The similarity in bacterial types 

identified in two fouled reactors operated under different conditions was determined. The present 

study provides a new perspective on biofilm-forming bacteria in a biofilm of a fouled membrane 

surface. 

 

3.2. Materials and methods 

3.2.1. A/O-MBR operational condition 

Two lab-scale A/O-MBR systems designated RL and RN, consisting of a 6 L anoxic tank and a 6 

L aerobic tank, were used for the experiment in parallel (Fig. 3.1). The membrane module with 

0.11 m2 filtration area and a chlorinated polyvinyl chloride (CPVC) flat sheet with 0.20 µm mean 

pore size (KUBOTA Co., Ltd., Japan) were submerged in the aerobic tank. Aeration was supplied 

by a diffuser at the bottom of the reactor. Anoxic and aerobic internal recycling was conducted to 

remove the phosphate and nitrogen. Municipal sewage after sedimentation was used as an influent 

into the anoxic tank. Table 3.1 shows the characteristics of the municipal sewage.  

     The hydraulic retention time (HRT) of the reactors was 8.0 h with a solid retention time 

(SRT) of 60 d. Each reactor was operated under the following conditions: A membrane suction 

cycle of 9 min on and 1min off was adopted and an average membrane operating flux of 11.8 

L·m-2·h-1 (LMH) with an aeration rate of 5.0 L/min was set. Conventional activated sludge (AS) 

taken from a sewage treatment facility, was seeded and the initial mixed liquor suspended solids 
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(MLSS) concentration was approximately 4300 mg/L in each MBR. Both reactors were operated 

under the standard conditions of 0.42 kg-COD·m-3·day-1 until the reactor showed a stable 

performance. To induce membrane fouling, the permeate effluent of the RL reactor was used to 

recycle into the anoxic tank to generate a low organic lading rate (OLR) starvation condition 

(0.002 kg-COD·m-3·day-1). To compensate the 200 mL of sampling of AS from the RL reactor 

every day, 200 ml of sewage was fed as an influent, accounting for 0.002 kg-COD·m-3·day-1. On 

the other hand, the RN reactor was continued to operate under standard conditions (0.42 kg-

COD·m-3·day-1). 

 

 

 

 

 

 

 
Fig. 3.1 Schematic 
diagram of the A/O-MBR 
used in this study. A 
permeate effluent was 
recycled to the anoxic tank 
under the low OLR 
condition (RL).  

 

 

Table 3.1 Characteristics of the raw influent sewage used in this study. 

Parameters Units Average±SD (N=22) 

Temperature °C 16.1±2.9 

pH - 6.8±0.2 

Soluble CODcr mg/L 156±54 

NH4
+ mg-N/L 24±5 

NO3
- mg-N/L 0.13±0.05 

Total nitrogen mg-N/L 28±7 

Total phosphorus mg-P/L 2.4±0.6 
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3.2.2. Analytical methods 

Temperature, pH, and dissolved oxygen (DO) of the AS in the aerobic tank and the oxidation-

reduction potential (ORP) of AS in the anoxic tank were measured on-site using a portable pH, 

DO meter (DM-32P, TOA DKK, Japan), and ORP meter (HM-31P, TOA DKK, Japan), 

respectively. The permeate flow rate (30 minutes) was also measured on-site using a measuring 

cylinder. The transmembrane pressure (TMP) of each reactor was measured using a pressure 

transducer (ZSE50F, SMC, Japan) located in the permeate line. Dissolved COD, MLSS, 

ammonium, nitrite, nitrate, total nitrogen (TN) and total phosphate (TP) of samples were 

measured. Dissolved COD and TN were measured using water-quality analyzer (DR2800, Hach, 

USA). Ammonium, nitrite and nitrate concentrations were measured by HPLC (LC-20ADsp, 

SHIMADZU Co., Ltd. Japan). All samples were filtered using 0.2 µm filter paper. 

 

3.2.3. Biofilm sampling 

After development of membrane fouling, the fouled membrane was taken from the aerobic tank 

and the membrane surface was rinsed with distilled water to remove the activated sludge attached 

to the membrane. The loosely bonded sludge cake on the fouled membrane surface was softly 

exfoliated and sampled as a membrane sludge (MS) sample using a thin plastic plate. Finally, the 

tightly bonded biofilm on the fouled membrane surface was sampled as a biofilm (BF) sample 

using a spatula. The samples were stored at -20 °C until DNA extraction.  

 

3.2.4. 16S rRNA genes analysis 

The AS in the aerobic tank and the MS and BF on the membrane surface were used for microbial 

analysis. Genomic DNA from each sample was extracted using the FastDNA Spin Kit for Soil 

(MP Biomedicals, Santa Ana, CA). A forward universal bacterial primer Univ515F (5′-

GTGCCAGCMGCCGCGGTAA-3′) and a reverse universal primer Univ806R (5′-

GGACTACHVGGGTWTCTAAT-3′) were used in this study to amplify the bacterial 16S rRNA 

genes. PCR was performed using the following conditions: one cycle of 94 °C for 3 min, 25 cycles 

of 94 °C for 45 s, 50 °C for 60 s and 72 °C for 90 s, and a final cycle 72 °C for 10 min. The PCR 

products were purified using QIAquick PCR Purification Kit (QIAGEN, Germany), and 16S 

rRNA genes sequencing was performed as described by Caporaso et al. (2012). DNA was 

sequenced using the MiSeq Reagent Kit v2 and the MiSeq System (Illumina Inc., San Diego, CA). 
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3.2.5. Data analysis 

All data were analyzed using the QIIME software (version 1.9.1) (Caporaso et al., 2010). 

Operational taxonomic units (OTUs) were selected at 97% identity using UCLUST. Taxonomic 

classification was assigned using BLAST based on the Greengenes database ver. 13_8. The 

relative species of predominant OTUs were searched using BLAST in the NCBI database 

(http://blast.ncbi.nlm.nih.gov/Blast.cgi). To compare the metabolisms and functional enzymes 

between the AS and BF samples, the Phylogenetic Investigation of Communities by 

Reconstruction of Unobserved States (PICRUSTs) based on the KEGG database was used 

(Langille et al., 2013). A principal component analysis (PCA) plot with significant mean 

proportion differences for virginal datasets was created using Sequence Tag-based Analysis of 

Microbial Population dynamics (STAMP) software. The raw sequence data obtained in this study 

were deposited in the sequence read archive in the DDBJ database under the accession numbers 

DRA006840. 

 

3.3. Results and discussion 

3.3.1. Fouling development and reactor performance 

Both reactors were operated for about 6 months under standard conditions. After 6 months 

operation, the membrane modules in the reactor were physically washed and removed reversible 

foulants with ultra-pure water using urethane sponges. Then, both reactors were moved to the 

experimental study. In this study, the first day was defined as after about 3 weeks from the 

membrane wash. The RL reactors showed the following performance after being operated at 3 

weeks from membrane cleaning under standard conditions: TMP (8 kPa), flux (0.28 m/day), 

MLSS concentration (10200 mg/L), COD removal rate (82%), and TN removal rate (64%). On 

the other hand, the RN reactor showed the following performance: TMP (6.2 kPa), flux (0.27 

m/day), MLSS concentration (10300 mg/L), COD removal rate (83%), and TN removal rate 

(68%). After each MBR achieved a stable operational condition (upon operation at 3 weeks after 

washing), the RL reactor was started to operate under the low OLR condition in order to induce 

membrane fouling development caused by microbial lysis. The RN reactor was continued to 

operate under stable condition.  

The performances of both MBRs under different conditions are shown in Fig. 3.2. Both 

MBRs in the initial phase reached approximately 80% dissolved COD removal, (data not shown). 
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The removal efficiency of dissolved COD in the RL and RN reactor was stable until the final phase. 

However, the TN removal ratio of the RL reactor began to deteriorate soon after initiating the low 

OLR operation (Fig. 3.2A, B). Although the TN and TP in the RN reactor was stable until the final 

phase, their concentrations continued to increase during the operational term for the RL reactor. 

A/O-MBR has high removal efficiency for nitrogen and phosphorus to possess the phosphorus 

accumulating organisms (PAOs) and denitrifying bacteria (Fu et al., 2009). In this study, the 

removal efficiency for nitrogen and phosphorus was decreased in the RL reactor. The average TN 

and TP concentrations in the influent were 27.9±7.4 mg-N/L and 2.4±0.6mg-P/L, respectively. 

Thus, the amount of nitrogen and phosphorus that flowed into the RL reactor in a day was 

calculated only 5.6 mg-N/day and 0.5 mg-P/day on an average, respectively. However, the 

increasing rate of nutrient concentration far exceeded the amount of that in only the influent 

sewage of the RL reactor. Therefore, the accumulated TN and TP were considered from the 

retained sludge in the RL reactor. These results also implied that nucleic acids and microbial 

products derived from microbial lysis induced by low OLR conditions were released in the RL 

reactor. Accordingly, the MLSS of the RL reactor was decreased to 7570 mg/L at the final phase 

from 10200 mg/L at the initial phase (Fig. 3.3). The degradation of MLSS in the RL reactor also 

suggested that microbial lysis occurred in the RL reactor. On the other hand, in the RN reactor, the 

TP was temporary accumulated and the MLSS concentration was drastically decreased from 59 

days to 66 days. This result might suggest that microbial lysis also occurred in the RN reactor as 

the TMP jump was observed and endogenous substances generated by the lysis might affect 

membrane fouling development.  

The progression of fouling in each reactor was evaluated by monitoring the increase in 

TMP and the decrease of flux (Fig. 3.2C, D). In the RN reactor, the operation was stably continued 

for 2 months, and a drastic increase in TMP was observed at 64 days and flux was decreased from 

0.27 m/day to 0.16 m/day with the TMP reaching 60 kPa after 86 days of operation. In contrast, 

a sudden increase of TMP to 40 kPa and decrease of flux of 0.28 m/day to 0.17 m/day was 

confirmed after 17 days after the low OLR condition was initiated in the RL reactor. These results 

show that membrane fouling was developed under extremely the low organic loading rate 

condition (OLR: 0.002 kg-COD・m-3・day-1) of the RL reactor. In the previous study, although 

higher fouling development at a high organic loading rate was reported (Xia et al., 2010), 
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induction of rapid and severe fouling development was confirmed at a low organic loading rate 

condition in this study.  
 

 
 

Fig. 3.3 Changes in the MLSS concentration of the aerobic tank. (A): RN reactor, (B): RL reactor. 
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Fig. 3.2 Performances of each reactor under different conditions. (A) and (B) shows the 
performance of TN and TP removal in the RN reactor and RL reactor, respectively. (C) and (D) 
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analysis and the sample name. 
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The development of fouling behavior has been described as occurring in three or two stages 

(Gao et al., 2014; Wang et al., 2008). The changes in TMP in this study were also divided into 

three stages, especially RL reactor was more clear than RN reactor (Fig. 3.2C, D). In the RL reactor, 

the first stage from the first day to the 8th day was considered as initial fouling, or the first step 

of fouling. The second step was from the 9th day to the 16th day, and the third step was from the 

17th day considering as the final stage of membrane fouling. A TMP jump was observed and flux 

was drastically decreased in the third step. In the third step, visible biofilm formation was 

observed on the membrane surface. On the other hand, the TMP behavior in the RN reactor 

indicated that there are two fouling stages (Fig. 3.2C). Since the RN reactor was stably operated, 

the first step of the RN reactor was longer than that for the RL reactor. The second step might be 

from the 54th day. The visible  biofilm was also observed in the final step. In conclusion, 

membrane fouling involving biofilm formation was developed after microbial lysis had occurred. 

These results indicate that membrane fouling is related to microbial lysis and that fouling might 

induce abrupt biofilm formation. 
  
3.3.2. Comparison of microbial communities at a higher taxonomic level among AS, MS, and BF 

in each reactor 

Microbial samples from AS, MS, and BF were collected before and after fouling development 

(Fig. 3.2C, D). The MiSeq sequencing profile was drawn using the QIIME software to analyze 

the top 10 of the microbial community at the phylum or class level in the initial AS, final AS, MS, 

and BF during the operational term in each reactor (Fig. 3.4). Bacteroidetes, Alphaproteobacteria, 

Betaproteobacteria, Deltaproteobacteria, and Gammaproteobacteria was the predominant 

bacterial phylum or class in the AS of each reactor. Chlorobi was the predominant bacterial 

phylum in the AS of the RN reactor. The remaining phylogenetic groups of the AS were 

Epsilonproteobacteria, TM6, OD1, and Actinobacteria phylum. The predominant phylum or class 

composition of the AS detected in each reactor was similar to the bacteria observed in the AS of 

the MBR treating municipal wastewater (Wan et al., 2011; Hu et al., 2012), because this study 

used actual sewage as the influent.  

There were clear differences between the AS and BF in each reactor, with respect to the 

distribution of the phylum TM6, OD1, and Gammaproteobacteria class. In the BF of the RL reactor, 

the compositions of TM6 (20.1%), Actinobacteria (6.8%) and Betaproteobacteria (11.6%), and 
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Gammaproteobacteria (11.7%) were significantly higher than that in the final AS. In the BF of 

the RN reactor, the composition of OD1 (9.8%) and TM6 (3.3%), Deltaproteobacteria (8.6%) and 

Gammaproteobacteria (10.4%) was higher than that in the final AS. The microbial community 

structure of the cake layer was insignificantly correlated with the dominant bacteria of the mixed 

liquor in the MBR (Wu et al., 2011; Choi et al., 2017). The distribution of Proteobacteria in the 

BF was changed from that in the final AS in each reactor. In addition, the composition of TM6 in 

the BF of the RL reactor and TM6, OD1 in the BF of the RN reactor were increased from the MS 

of the fouled membrane in each reactor. These results indicated that the increased bacterial 

phylum or class in the BF were seemed to relate with initial biofilm formation. In fact, 

Betaproteobacteria and Gammaproteobacteria are known as pioneers of fouling development 

(Miura et al., 2007; Lim et al., 2012). Moreover, filamentous bacteria such as some Actinobacteria 

species have been reported as fouling-related bacteria (Chen et al., 2015) due to the morphology, 

which could be a reason for the increased Actinobacteria composition in the BF of the RL reactor. 

On the other hand, the composition of Bacteroidetes was significantly decreased in the BF from 

the AS in each reactor. This is consistent with a previous study that reported Bacteroidetes to be 

decreased in the cake sludge from activated sludge (Choi et al., 2017).  

     At the family level microbial community, clear difference were found between AS and BF 

in each reactor. Although families Rhodocyclaceae and Comamonadaceae commonly existed in 

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

R1 normal BF

R1 normal MS

0613 R1

0427 R1

R2 lowOLR BF

R2 lowOLR MS

0113 R2

1223 R2

Relative abundance

RL final BF

RN final BF

RL final AS

RN final AS

RN initial AS

RL initial AS

RN final MS

RL final MS

Bacteroidetes DeltaproteobacteriaAlphaproteobacteria Betaproteobacteria Epsilonproteobacteria
Gammaproteobacteria TM6 ChlorobiOD1 Actinobacteria Others

Fig. 3.4 Compositional changes in the microbial community structure of the both MBRs under 
different conditions at the phylum or class level. AS; activated sludge in oxic tank, MS; 
membrane cake sludge on membrane surface, BF; biofilm on membrane surface. 
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the AS and BF samples of each reactor, family Xanthomonadaceae compositions of the BF were 

higher than final AS in each reactor. The family Xanthomonadaceae was reported as fouling-

causing bacteria (Ishizaki et al., 2016). Thus, these results suggested that these bacterial groups 

with higher relative abundance than AS might be biofilm-forming bacteria. 

 

3.3.3. Comparison of microbial community structure at the OTU level 

Employing MiSeq sequencing, 742-1840 OTUs were obtained from each sample. To compare 

the microbial community of each sample, community profiles were visualized using a PCA plot. 

Fig. 3.5 shows the PCA plot of the microbial community at the OTU level obtained from the AS, 

MS, and BF in each reactor. Since the distances on the plot between the initial and final AS 

microbial community of each reactor under the different conditions were close, no clear 

differences in microbial community were found between the initial and final AS of each reactor. 

This indicates that the microbial community structure was stable during the experimental period. 

In contrast, the final BF and MS plot in each reactor was differed from with each final and initial 

AS plot, suggesting that unique microbial communities were developed on the membrane surface 

as a biofilm. In addition, the microbial structure of the BF in the RL and RN reactors was 

significantly different at the OTU level. The major bacterial species involved in biofilm formation 

might be thus differ in each reactor.  

PICRUSt analysis shows the composition difference between the BF and AS with respect 

to predictive functional genes related to biofilm formation and enzymes (Fig. 3.6). The percentage 

of the motility quorum-sensing regulator (MqsR) gene in the BF of RL reactor was increased 

compared to that in the AS (Fig. 3.6A). In addition, the percentage of acyl homoserine lactone 

(AHL) synthase, which generates a kind of auto-inducer molecules, was increased in the BF of 

each reactor compared to the AS (Fig. 3.6B). MqsR is correlated with an increase in biofilm 

formation (Barrios et al., 2006) and AHL is also reported to correlate with biofilm formation and 

bacterial growth (Ren et al., 2013). Thus, these findings suggest that the unique microbial 

community developed on the membrane surface might affect the function of biofilm communities. 

In conclusion, the difference in microbial communities between the BF and AS was influenced 

by unique bacteria such as the biofilm-forming bacteria in each reactor. 
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Fig. 3.5 Comparison of the AS, MS and BF microbial community in both MBRs under different 
conditions described by a principal composition analysis (PCA) plot obtained from OTUs.  

 

 

 

Fig. 3.6 Prediction of functional genes according to PICRUSt analysis of the initial and final AS, 

final MS and BF in each reactor. A: a motility quorum-sensing regulator gene, B: an acyl 

homoserine lactone synthase (auto-inducer) gene. 
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3.3.4. Biofilm-forming bacteria in both reactors under different conditions 

The top 10 ranked OTUs of BF samples are shown in Table 3.2, and were selected based on 

increasing ratios based on the final AS in each reactor (Fig. 3.7). In the BF of the RN reactor, the 

most dominant OTU (denovo3418) was Dokdonella sp., which showed a high increasing ratio in 

the final AS and possesses lipase activities (Inaba et al., 2017). In previous studies on biofilms or 

granular sludge, these bioaggregates were considered to comprise proteins, polysaccharides, 

lipids and microbial cells (Lawrence et al., 2003; Chen et al., 2007). In fact, some predictive lipase 

percentage in the BF was higher compared to the final AS in both reactors in this study (Table 

3.3). These results imply that the biofilm maturation was facilitated by the presence of particular 

bacteria, which possess enzymatic activities such as lipases and proteases, and formed lower 

molecules present in biofilms, such as SMPs. The OTUs assigned to the uncultured bacterial phyla 

TM6 (denovo6461), OD1(denovo5772, denovo6080), and GN02 (denovo798) were subsequently 

predominant in the RN reactor. OD1 was detected in the biofilm on the membrane surface of 

fouled MBR and might be related to biofilm formation (Ishizaki et al., 2016; Neoh et al., 2017). 

The remaining OTUs of normal BF were uncultured Myxococcales (denovo3208) and 

Polyangium (denovo6607) belonging to order Myxococcales and myxobacteria have been 

reported to produce colloid to form biofilm and cause fouling (Gao et al., 2013). The Saprospira 

sp. (denovo6316) is related to cell lysis (Saw et al., 2012), and thus, its presence might facilitate 

the assimilation of microbes in the biofilm.  

Conversely, in the BF of the RL reactor, OTU assigned to the candidate phylum TM6 

(denovo6461) was the most dominant. McLean et al. (2013) reported that TM6 bacteria were 

detected in a biofilm from a sink drain in a hospital restroom. In addition, the previous study 

suggested that TM6 was the predominant bacteria in an anaerobic MBR reactor (Xie et al., 2014). 

These reports indicate that TM6 might survive in an anoxic or anaerobic environment. Mature 

biofilms form a partial anoxic or anaerobic zone located between the membrane surface and the 

membrane sludge cake, which could be a reason for the increased TM6 composition. Moreover, 

TM6 and candidate phyla radiation group such as OD1 (known as Parcubacteria) showed 

ultrasmall cell size (less than 0.2 μm) (Bruno et al. 2017) and these cell size suggested that the 

candidate phyla might deposit into the membrane pores and form an aggregate leading pore 

clogging and increasing TMP. Unclassified Neisseriaceae (denovo5366, 2742, 4166: total 

detection rate; 5.390%) belonging to Betaproteobacteria ranked next in predominance. 
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Betaproteobacteria are also reported to play an important role in mature biofilm formation in 

MBRs (Miura et al., 2007). Conexibacter (denovo6762: 2.113%) which was detected in 

biocathode biofilms (Zhang et al., 2017), might be related to biofilm formation. In addition, 

Legionella sp. (denovo3909, 1332: total 1.348%) was present in a protozoan host and survived 

within a biofilm matrix (Lau and Ashbolt, 2009; Murga et al., 2001). The difference of 

predominant OTUs in the BF of each reactor might depend on the operational condition of the 

A/O-MBR, but some similar bacterial groups were observed.  

The top 5 shared OTUs in BF samples from both RN and RL reactors that showed increased 

detection ratio compared to that in the final AS are shown in Table 3.4. Both BFs showed a higher 

detection ratio for OTUs classified as uncultured bacterial groups of the candidate phylum TM6 

(denovo6461), uncultured Deltaproteobacteria (denovo5106), and uncultured Myxococcales 

(denovo3208). Interestingly, among the top 5 most abundant OTUs in both BF samples, 4 OTUs 

from the BF of RL reactor showed a higher abundance rate than that of the BF of RN reactor. This 

result suggested that the low OLR condition could promote biofilm formation, which is similar 

microbial compositions of normally formed biofilm. 

A TMP jump is induced by the existence of an anoxic zone in the interior of a biofilm (Cho 

and Fane, 2002; Jin et al., 2006). A previous study reported that bacteria belonging to TM6, 

Desulfatiglans and Rudaea thrived under anaerobic or oxic conditions (McLean et al., 2013; Li 

et al., 2015; Ma et al., 2016). We considered this was the reason for the high abundance of TM6, 

Desulfatiglans and Rudaea (Table 3.2, 3.4). Our findings show that various microorganisms such 

as biofilm forming bacteria, which mainly include uncultured bacteria, biofilm-utilizing bacteria, 

and the partner, were present in both biofilms. However, the relationship between temporal 

bacterial growth and biofilm formation is still unclear. Thus, the bacterial species involved in 

biofilm formation and TMP behavior should be investigated simultaneously in future studies. In 

addition, biofilms show complex interactions among bacterial microorganisms as well as 

eukaryotic microorganisms (Jeong et al., 2016). Thus, an investigation of the microorganism 

network including the metazoans and protozoans in biofilms is required. 
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Table 3.2 The top 10 increased OTUs in BF compared with the final AS of each reactor*. 

OTU ID Phylogenetic affiliation Relative 

abundance 

Normal BF (RN)     

  denovo6461 Candidate division TM6 phylum 2.44% 

  denovo3418 Dokdonella sp. (class Gammaproteobacteria) 5.41% 

  denovo5772 Candidate division OD1 phylum 1.93% 

  denovo798 Candidate division GN02 phylum 0.88% 

  denovo3208 Uncultured Myxococcales (class Deltaproteobacteria) 0.93% 

  denovo6607 Polyangium sp. (class Deltaproteobacteria) 0.79% 

  denovo6080 Candidate division OD1 phylum 0.78% 

  denovo5106 Uncultured Deltaproteobacteria 0.93% 

  denovo658 Desulfatiglans sp. (class Deltaproteobacteria) 0.69% 

  denovo6316 Saprospira sp. (phylum Bacteroidetes) 0.56% 

Low OLR BF (RL)     

  denovo6461 Candidate division TM6 phylum 19.4% 

  denovo5106 Uncultured Deltaproteobacteria 2.60% 

  denovo5366 Unclassified Neisseriaceae (class Betaproteobacteria) 3.48% 

  denovo6762 Conexibacter sp. (phylum Actinobacteria) 2.11% 

  denovo2742 Unclassified Neisseriaceae (class Betaproteobacteria) 1.04% 

  denovo6851 Unclassified Rubrobacteria (phylum Actinobacteria) 1.33% 

  denovo3909 Legionella sp. (class Gammaproteobacteria) 0.69% 

  denovo516 Rudaea sp. (class Gammaproteobacteria) 1.51% 

  denovo4166 Unclassified Neisseriaceae (class Betaproteobacteria) 0.87% 

  denovo1332 Legionella sp. (class Gammaproteobacteria) 0.66% 

 
*The ratio of the increase was calculated by STAMP software and the results are presented in 
supplementary Fig. 3.7. 
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Fig. 3.7 Increased OTUs of BF compared with the final AS community in each reactor calculated 

by STAMP software. 
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Table 3.3 The predictive lipase percentages in AS or BF samples according to PICRUSt analysis. 

 

 
Table 3.4 The top 5 most abundant shared OTUs in BF samples between the RN and RL reactors 
selected as increasing bacteria compared with the final AS in each reactor*. 

 
*The ratio of the increase was calculated using STAMP software and the results are presented in 
supplementary Fig. 3.7. 
 

 

  

Sample name Initial AS Final AS Final BF Final MS 

RN reactor         

phospholipase A1 [EC:3.1.1.32] 0.0073% 0.0059% 0.0131% 0.0148% 

outer membrane lipase/esterase 0.0006% 0.0005% 0.0008% 0.0011% 

phospholipase D [EC:3.1.4.4] 0.0002% 0.0001% 0.0004% 0.0003% 

          

RL reactor         

phospholipase A1 [EC:3.1.1.32] 0.0084% 0.0078% 0.0162% 0.0154% 

outer membrane lipase/esterase 0.0012% 0.0024% 0.0060% 0.0059% 

phospholipase D [EC:3.1.4.4] 0.0002% 0.0002% 0.0006% 0.0006% 

OTU ID Phylogenetic affiliation Relative abundance 

    Normal 

BF (RN) 

Low OLR 

BF (RL) 

denovo6461 Candidate division TM6 phylum 2.44% 19.4% 

denovo5106 Uncultured Deltaproteobacteria 0.93% 2.60% 

denovo3208 Uncultured Myxococcales (class Deltaproteobacteria) 0.93% 0.31% 

denovo643 Thalassolituus (class Gammaproteobacteria) 0.41% 0.42% 

denovo4372 Fischerella (phylum Cyanobacteria) 0.29% 0.53% 
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3.4. Summary of chapter 3 

In the A/O-MBR operated under low organic loading rate condition (RL reactor; OLR: 0.002 kg-

COD·m−3·day−1), membrane fouling and biofilm were developed rapidly compared to the A/O-

MBR under normal conditions (RN reactor; OLR: 0.42 kg-COD·m−3·day−1). The microbial 

community composition between the bulk AS and BF was considerably different, and 

characteristic bacteria found in BF were thought to important for biofilm formation on the 

membrane surface in A/O-MBR. Candidate TM6 showed specific presence on the fouled 

membrane surface as a biofilm in the RL reactor. On the other hand, Candidate OD1 was the 

predominant phylum in the fouled membrane surface of the RN reactor. In addition, biofilms 

might be formed by the same process in both reactors. However, correlation of the bacterial 

species involved in biofilm formation and TMP behavior should be investigated in future studies. 
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Chapter 4 
 
Initiation and progression of the biofilm formation 
process on the membrane in A/O-MBR treating 
actual sewage under low organic loading rate 
conditions 
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4.1 Background and objectives 

Biofilm development is thought of the major cause of membrane fouling to decrease permeability 

(Yun et al., 2006; Hwang et al., 2012; Sweity et al., 2011). Thus, understanding biofilm formation 

process is key information to control biofilm development for the prevention or mitigation of 

membrane fouling.  

It is widely accepted that the general biofilm formation process is divided into multiple 

stages, which includes the reversible and irreversible attachment of bacteria to the surface, cell-

cell adhesion and proliferation, growth to maturity of the biofilm and finally detachment by 

degradation of extracellular substances (Vuong and Otto, 2002). In the case of MBR, the 

conditioning film formation on the membrane surface is first step to modify the physico-chemical 

properties of membrane and interact with surface appendages evident of pili, fimbriae, glycocalyx, 

and EPSs on the bacterial cell (Vanysacker et al., 2014). Conditioning film was mainly consisted 

by extracellular polymeric substances (EPSs) and soluble microbial products (SMPs) including 

microbial by-products such as proteins, lipoproteins, polysaccharides and other macromolecules 

(Aslam et al., 2018). The stage of bacterial attachment facilitates further biofilm formation, it is 

important to investigate this stage for membrane fouling control (Blanpain-Avet et al., 2011; 

Toyofuku et al., 2016). In addition, some pioneer bacteria is firstly attached on the conditioning 

film. Previously, Betaproteobacteria and Alphaproteobacteria might be recognized as pioneer 

bacteria (Ziegler et al., 2016). The shear force by aeration is strong to remove the activated sludge 

from the membrane surface in the initial stage of biofilm formation and this might facilitate 

selection pressures of specific bacteria species in activated sludge. In the next stage of initial 

bacteria adhesion, pioneer bacteria might form microcolonies and produce EPS matrix to make 

favorable conditions for the attachment of other bacteria and macromolecules. Finally, 

accumulated biomaterials induce biofilm maturation (i.e. cake layer) and lead to severe membrane 

fouling development.  

Investigation of biofilm progression is important to improve our understanding of biofilm 

development in MBRs. Characterization of biofilm formation at different stages has been studied 

in terms of microbial community composition and biofilm image analysis. Previously, confocal 

laser scanning microscopy (CLSM) imaging or scanning electron microscope (SEM) imaging 

techniques provides the biofilm characteristics including morphological information, cell and 

EPS abundance or proportion, thickness and so on. Hwang et al. (2012) revealed that SEM the 
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membrane surface was covered by cake layer and the distribution of polysaccharides and live 

cells on the cake layer by using SEM and CLSM observation. Recently, some reports investigated 

the biofilm by using combination of CLSM and microbial community analysis (Inaba et al., 2017; 

Gu et al., 2018). To date, however, there have been limited investigations of the relationships 

between the biofilm formation process and the microbial community of AS and biofilm in MBRs 

treating real sewage.  

The aim of chapter 4 was to elucidate the relationship between microbial community 

structure of biofilm and AS at each biofilm formation stage in terms of microbial colonization 

and biofilm growth in MBR treating actual sewage under low organic loading rate condition. To 

achieve this goal, non-destructive visualization by CLSM and SEM analysis was applied to 

analyze biofilm. In addition, 16S rRNA gene sequencing of biofilm and AS on fouling 

progression was applied to reveal the key player for biofilm formation. 

 

4.2. Materials and methods 

4.2.1. MBR operational conditions 

Two laboratory-scale anoxic/oxic (A/O)–MBRs (R1 and R2) were used for treating actual sewage. 

The MBRs consisted of 6 L of anoxic and oxic tank. Actual sewage after sedimentation was used 

as influent into the reactor. The flat sheet membrane (chlorinated polyvinyl chloride: CPVC) with 

an area of 0.11 m2 and mean pore size of 0.20 µm (KUBOTA Co.Ltd., Osaka, Japan) was 

submerged in the oxic tank. The aeration was applied by a diffuser at the bottom of the oxic tank 

at 5 L/min. Internal recycling of mixed liquor from the oxic tank into the anoxic tank was 

conducted to enhance denitrification.  

A/O-MBRs were operated with hydraulic retention time of 8.0 h and a solid retention time 

of 60 days under the standard conditions. The average temperature of activated sludge in oxic 

tank was 11.8±0.6°C. The operation cycle of the membrane unit was as follows: a cycle of 9 min 

of filtration followed by 1 min of relaxation, and average permeate flux of 11.8 L·m−2·h−1. 

Returned AS taken from the municipal sewage treatment plant was seeded and mixed liquor 

suspended solids (MLSS) concentration was controlled to approximately 10,000 mg/L in each 

reactor. Both reactors were operated under 0.42 kg-soluble chemical oxygen demand (sCOD)·m
−3·day−1 as the standard organic loading rate (OLR) condition for 15 days and then the low OLR 

condition (0.002 kg·sCOD·m−3·day−1) was started in each reactor to induce membrane fouling 
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development. In order to create low OLR environment and keep permeate flux, permeate effluent 

was recycled into anoxic tank. The detail of the condition was already described in chapter 3.  

 

4.2.2. Analytical methods 

Temperature, pH, and dissolved oxygen (DO) in the oxic tank were measured on-site using a 

portable pH and DO meter (DM-32P, TOA DKK, Tokyo, Japan). The TMP between the pump 

and the membrane was monitored by a pressure transducer (ZSE50F, SMC, Tokyo, Japan). sCOD 

was measured with a water quality analyzer (DR2800, Hach, CO, USA) and ammonium-nitrogen 

(NH4
+-N) was measured by high performance liquid chromatography (LC-20ADsp, Shimadzu, 

Kyoto, Japan). 

 

4.2.3. Biofilm sampling and microscopic analysis 

The membrane unit was taken from the oxic tank and then the membrane surface was gently 

rinsed with ultrapure water. Approximately 200 mm2 of membrane pieces was cut and the 

membrane pieces were immediately immersed in phosphate buffered saline and stored at 4 °C for 

CLSM and SEM analyses. The membrane pieces were sampled on day 21 (early-stage biofilm), 

day 24 (middle-stage biofilm) and day 31 (mature-stage biofilm) in the R1 reactor, whereas 

samples were taken on day 21 (middle-stage biofilm) and day 31 (mature-stage biofilm) from the 

R2 reactor for CLSM analysis. LIVE/DEAD BacLight Bacterial Viability Kit (Thermo Fisher 

Scientific, MA, USA) was used for live and dead cell staining of the membrane pieces. The 

membrane pieces were stained for 15 min with SYTO9 and propidium iodide at final 

concentrations of 5 and 15 µM, respectively. The stained membrane biofilms were visualized by 

CLSM (A1, Nikon, Tokyo, Japan) using 488 nm and 561 nm lasers for SYTO9 (live cell) and 

propidium iodide (dead cell), respectively. A tabletop SEM (TM3030Plus, Hitachi, Tokyo, Japan) 

was used with low vacuum mode for non-destructive analysis of the membrane biofilm. The 

membrane pieces were put on the cool stage and maintained at −20°C during obsevations.  

 

4.2.4. 16S rRNA gene sequence analysis 

The membrane unit was taken out from the oxic tank and the surface was rinsed with ultrapure 

water to remove the cake layer and then the tightly bound layer biofilms were sampled by 

scrubbing using a spatula. The activated sludge was sampled from oxic tank at the same time. 
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The samples were stored at −20°C until DNA extraction. Genomic DNA was extracted using the 

FastDNA Spin Kit for Soil (MP Biomedicals, CA, USA). 16S rRNA gene sequencing was 

performed as following Caporaso et al. (2012). Briefly, the universal primer pair Univ515F (5′-

GTGCCAGCMGCCGCGGTAA-3′) and Univ806R (5′-GGACTACHVGGGTWTCTAAT-3′) 

were used to amplify the 16S rRNA genes including V4 region. PCR was performed using the 

following conditions: one cycle of 94 °C for 3 min, 25 cycles of 94 °C for 45 s, 50 °C for 60 s 

and 72 °C for 90 s, and a final cycle of 72 °C for 10 min. The PCR products were purified using 

QIAquick PCR Purification Kit (QIAGEN, Hilden, Germany). MiSeq Reagent Kit v2 and the 

MiSeq System (Illumina Inc., CA, USA) were used for DNA sequencing. 

 

4.2.5. Sequence data analysis 

Sequence data were analyzed with QIIME software (version 1.9.1) (Caporaso et al., 2010). 

Operational taxonomic units (OTUs) were selected at 97% identify using UCLUST. Taxonomic 

classification was assigned using BLAST based on the Greengenes database ver. 13_8. The most 

closely-related species of predominant OTUs were searched using BLAST in NCBI database 

(http://blast.ncbi.nlm.nih.gov/Blast.cgi). A principal component analysis (PCA) plot with 

significant mean proportion differences for virginal datasets was created using Sequence Tag-

based Analysis of Microbial Population dynamics (STAMP) software (Takimoto et al., 2018).  

  

 

Fig. 4.1 Transition of TMP (A) and flux (B) of two A/O-MBRs under standard condition and low 

OLR condition. The low OLR condition was started at day 15 after standard condition. Arrows 

indicate the day of membrane sampling on day 21, 24, and 31 from each reactor.  
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4.3. Results 

4.3.1. Reactor performance and biofouling development 

Two reactors were operated under standard conditions to stabilize the reactor performances for 

over 5 weeks at room temperature. During the stabilization period, sCOD removal rate showed 

that R1 and R2 was 78.7% and 84.6%, respectively; NH4
+-N removal was approximately 100% 

for each reactor. The mean MLSS concentration was 11200 mg/L in R1 and 11000 mg/L in R2 

under standard conditions. 

Before starting low OLR conditions, the membrane was physically washed by using an 

urethane sponge and ultrapure water for both reactors. Then low OLR conditions were started in 

both A/O-MBRs to induce membrane fouling development. After the low OLR operations, the 

MLSS concentration gradually decreased to 5100 and 4300 mg/L for R1 and R2, respectively. As 

shown in chapter 3, low OLR conditions might cause MLSS decrease and cell lysis. The flux and 

TMP drastically changed on 20 and 18 days of low OLR conditions in R1 and R2, respectively. 

During the period of decreasing permeability, membrane fouling developed and thus, we defined 

the day 21 membrane sample as early-stage biofilm, day 24 as middle-stage biofilm, and day 31 

as mature-stage biofilm in R1; and day 21 membrane sample as middle-stage biofilm and day 24 

as mature-stage biofilm in R2. 

 

4.3.2. Biofilm analysis by CLSM 

In the early-stage biofilm (Fig. 4.2A), red stained cell shape and non-cell shape (dead cell) were 

dispersed on the whole membrane surface. In contrast, only a few green stained cell (live cell) 

was detected in the early-stage biofilm. Thus, the attachment of live cells on membrane surface 

were limited in this stage. In the middle-stage biofilm, live cells colonized some small areas and 

dead cells were widely dispersed on the membrane surface but did not clearly show cell shapes 

(Fig. 4.2B, C). The red stained area might be a conditioning film with small live cells colonized 

on the surface. It is generally reported that major components of EPSs are proteins and 

polysaccharides and also contain humic acids, nucleic acids, lipids, and uronic acids (Lin et al., 

2014). Thus, cell components including DNA and RNA could be released from lysed cells and 

initial biofilm could be stained as dead cells. Microcolony-like shape in a gel layer were clearly 

observed by SEM analysis (Fig. 4.3). 
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4.3.3. Microbial community analysis 

There were clear differences between the AS and biofilm microbial communities as shown in 

Figs. 4.4 and 4.5. Betaproteobacteria, Deltaproteobacteria, and Bacteroidetes were the dominant 

phyla and classes in the AS and biofilm microbial communities (Fig. 4.4). These bacteria were 

also found in AS in other sewage treatment plants (Zhang et al., 2012; Hatamoto et al., 2017). 

Almost relative abundance of phylum and class in activated sludge were stably maintained during 

600 μm

A

600 μm

B

600 μm

C

Fig. 4.2 CLSM images by LIVE/DEAD 
staining of the biofilm formed on the 
membrane surface of R1(A, B) and R2 
reactor (C). Biofilms from early-stage (A) 
and middle-stage (B, C) are shown. Red and 
green shows dead and live cells, 
respectively. The white arrows indicated 
microcolonies formed on the conditioning 
film by dead cell.  

Fig. 4.3 SEM (using low vacuum 
and cool stage condition) 
microphotograph of middle stage 
biofilm on the membrane surface. 
The membrane surface was 
covered by a gel layer and 
microcolonies were formed and 
immobilized in the gel layer on the 
membrane surface. 
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low OLR operation. The PCA also showed that the microbial community of AS did not 

significantly change compared to biofilm community during low OLR operation (Fig. 4.5)  

In contrast, the microbial community changed between middle biofilm (24 day) and mature 

biofilm (31 day) samples. The biofilm community in middle stage was more different from mature 

stage. In other words, the mature biofilm community was approached to AS community. 

Betaproteobacteria was the most dominant bacteria in middle-stage biofilm and accounted for 

37% and 42% of the total community in R1 and R2, respectively, followed by Bacteroidetes and 

Deltaproteobacteria. Particularly, the relative abundance of Chlamydiae, OD1, and Cyanobacteria 

in biofilm were significantly different from activated sludge community. Although 

Betaproteobacteria, Deltaproteobacteria and OD1 decreased in biofilm maturation, 

Alphaproteobacteria, Gammaproteobacteria, Bacteroidetes, Chlamydiae, and Cyanobacteria 

increased the relative abundance in biofilm maturation.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.4 Microbial community 
structure (phylum and class level) of 
activated sludge in aerobic tank and 
biofilm on the membrane surface in 
each reactor during low organic 
loading rate conditions. 15d-R1 
indicate R1 reactor on 15 days 
during the experimental term. 
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Changes in the top 10 OTUs detected in AS and biofilm samples of both reactors are shown 

in Table 4.1. In AS community, unclassified Neisseriaceae (No.1) and Kofleria sp. (No.6) 

continuously decreased during low OLR operation. The relative abundance of the other bacteria 

in AS community were constant. In contrast, unclassified Neisseriaceae (No.1) was most 

dominant in middle stage biofilm and then decreased for biofilm maturation, although the bacteria 

was minority in AS community. Parachlamydia sp. (No.4) was also more abundant in the biofilm 

compared to the AS community. Parachlamydia sp. in AS community accounted for 0.3% in both 

reactors on day 23 whereas the OTU increased to 2.5% in R1 and 1.4% in R2 of middle biofilm 

on 24 day. Although Melanibacteria (No.10) was minor bacteria in AS community, the relative 

abundance increased middle biofilm and biofilm maturation. The relative abundance of Solitalea 

sp. (No.2), Dechloromonas ap. (No.3), and unclassified Melanobacteria (No.10) in middle 

biofilm increased to biofilm maturation.  
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Fig. 4.5 Principal component analysis plot of biofilm and AS microbial community 
structures in both reactors during the low OLR operation. AS and biofilm samples were 
named as “AS-date-reactor number” and “BF-date-reactor”, respectively.  
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Table 4.1 Representative operational taxonomic units (OTUs) in activated sludge and biofilms in R1 and R2 reactor under low organic loading rate 

conditions.  

*Values in the table indicate relative abundance (%) in the samples. 

 

 

 

Sample name
Sampling day
Reactor R1 R2 R1 R2 R1 R2 R1 R2 R1 R2

No. Phylum (Class) Family Genera
1 (Betaproteobacteria) Neisseriaceae Unclassified 1.3 2.2 0.0 0.1 0.0 0.0 26.7 28.7 0.4 16.8 30%
2 Bacteroidetes Sphingobacteriaceae Solitalea 2.3 1.3 4.8 4.5 1.7 1.2 4.3 3.3 10.4 2.4 25%
3 (Betaproteobacteria) Azonexaceae Dechloromonas 2.9 4.3 5.6 8.3 6.1 9.0 1.8 2.3 3.6 4.8 20%
4 Chlamydiae Parachlamydiaceae Parachlamydia 0.1 0.2 0.3 0.3 0.2 0.6 2.5 1.4 8.1 2.1 15%
5 Bacteroidetes Chitinophagaceae Terrimonas 5.9 6.1 7.6 7.2 6.8 6.2 3.8 3.2 3.2 4.5 10%
6 (Deltaproteobacteria) Kofleriaceae Kofleria 5.3 5.3 2.5 2.0 0.0 0.1 3.5 3.6 2.0 0.9 5%
7 Bacteroidetes Prolixibacteraceae Puteibacter 4.1 2.9 4.1 3.4 5.1 3.5 2.0 1.5 2.6 2.1 3%
8 (Betaproteobacteria) Casimicrobiaceae Casimicrobium 3.5 3.1 3.0 3.0 2.1 1.0 0.8 0.8 1.2 1.1 2%
9 (Betaproteobacteria) Ca.Accumulibacter 3.0 2.6 1.8 2.3 2.3 3.1 1.2 1.3 1.6 1.7 1%

10 Cyanobacteria Melainabacteria Unclassified 0.7 0.3 0.4 0.3 0.5 0.4 1.8 1.1 3.0 1.0 0%

Activated sludge Biofilm
15 day 23 day 31 day 31 day24 day
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4.4. Discussion 

Generally, the properties of the conditioning film can be drastically changed by adsorption of a 

variety of chemicals (Vanysacker et al., 2014). Hwang et al. (2013) showed that the conditioning 

film had the ability to enhance or impair bacterial adhesion depending on the surface. Fortunato 

et al. (2019) reported that a thick biofilm gradually developed on the membrane surface during 

MBR operation and that dead cell layer were found under the live cell layer. These studies 

suggested that released extracellular DNA by cell death formed a conditioning film. As shown in 

Fig. 4.2, dead bacteria and the red-stained area, which did not show clear cell shapes, were 

dispersed on the membrane surface. BAP including EPSs and extracellular DNA might be 

released from dead cells under low OLR conditions and form the conditioning film as initial 

biofilm on the membrane surface in this study. Miura et al. (2007) also reported similar trends in 

biofilm formation from pilot-scale hollow fiber MBRs treating municipal wastewater. In the 

matured biofilm, live cells were grown to vertical and horizontal direction based on the dead cell 

layer (Fig. 4.6). This biofilm structure indicated that bacteria in the bottom layer of the matured 

biofilm was influenced by low concentration of nutrient and DO and lead to cell lysis. Previous 

study suggested that eDNA is necessary to stabilize mature biofilm (Sena-Vélez et al., 2016). 

Thus, the dead cells might have key roles on not only initial adhesion to the membrane but also 

biofilm maturation and severe bio-fouling development. 

As indicated in the PCA plots (Fig. 4.5) and the biofilm maturation on the membrane 

surface in the CLSM observation (Figs. 4.2 and 4.6), AS gradually adhered to the mature biofilm 

and some bacteria penetrated the inner biofilm. Thus, these bacteria remained on the biofilm 

against physical washing with pure water of membrane surface for biofilm sampling. In fact, the 

Fig. 4.6 3D CLSM images from top (A) and bottom (B) view of mature biofilm on the membrane 
surface in the R1 reactor at 31 days. Live cells were stained as green and dead cells were stained 
as red by LIVE/DEAD staining. Area of observed image: 600 µm × 600 µm × 125 μm.  

600 μm 600 μm
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BottomBottom
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microbial community structure of the biofilm approached that of the AS microbial community 

structure. This phenomenon was also found in a full-scale MBR treating wastewater (Takada et 

al., 2018). Since it was considered that some bacteria in AS community were just attached on the 

matured biofilm, the predominant bacteria found in the mature biofilm might not be important for 

biofilm formation process. Thus, it is important to investigate the microbial community and 

pioneer bacteria in early stage biofilm because those bacteria play a critical role in colonization 

and biofilm maturations on the membrane surface.  

Many studies investigating the microbial structure in biofilm and AS showed that the 

microbial community in the biofilm drastically changed during the operation period whereas the 

microbial community in AS was relatively unchanged (Miura et al., 2007; Ziegler et al., 2016; 

Gao et al., 2013). Dominant bacteria in AS and biofilm in this study, such as Betaproteobacteria 

were reported as co-dominant bacteria in biofilm and AS in an MBR as well as in early biofilm 

at low TMP (Miura et al., 2007; Luo et al., 2017). OD1 was also found in a previous report and 

might play an important role in biofilm development (Takimoto et al., 2018; Neoh et al., 2017). 

The extremely low OLR conditions might induce cell lysis (Takimoto et al., 2018), thus, the 

proportions of the decreased bacteria (No.1 and No.6) were disappeared by cell lysis and then 

their dead cells attached to the membrane surface and formed the conditioning film (Fig. 4.2). 

Although Neisseriaceae and Kofleria sp. in AS community disappeared on 23 and 31 day in both 

reactors, respectively, the relative abundance of Neisseriaceae drastically increased on the middle 

biofilm. Thus, the drastic increase of Neisseriaceae is not simple reason that attachment of dead 

cell on the membrane surface. It could be considered that unclassified Neisseriaceae was one of 

the pioneer bacteria attached to the membrane surface in the beginning of low OLR conditions 

and played a crucial role in biofilm development. Unclassified Neisseriaceae, a member of 

Betaproteobacteria, was identified as a key bacteria in biofilm formation (Miura et al., 2007). One 

species, Neisseria gonorrhoeae that belongs to family Neisseriaceae, is a known human pathogen 

and biofilm forming bacteria (Greiner et al., 2005). However, this study was the first time that 

unclassified Neisseriaceae were identified as key player for biofilm formation on the membrane 

surface for sewage treatment. Parachlamydia belongs to class Chlamydiae, which was reported 

to grow by infecting eukaryotic host cells and major human pathogens (Horn, 2008). As the 

protozoa, metazoan, and fungi are existed in AS of oxic tank, it is considered that the low OLR 

condition affects these eukaryotic organisms to cell lysis. In fact, some protozoa cells decreased 
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during low OLR operations (data not shown). Thus, these parasitic bacteria might increased the 

abundance on the biofilm to utilize substances, which were released as BAP from eukaryotic 

organisms and were attached on the membrane surface, in low OLR environment. In addition, it 

is reported that hygienically relevant microorganisms could reside in biofilms in drinking water 

distribution networks (Wingender and Flemming, 2011). Therefore, the biofilms in sewage 

treatment systems might also become suitable microbial habitats for the bacteria. Thus, these facts 

indicated that Parachlamydia sp. was associated with biofilm development and might play an 

important role in the maturation process of the biofilm. Certain bacteria increased the relative 

abundance in biofilm such as Solitalea sp., Dechloromonas sp., and Kofleria sp. known as 

denitrifying bacteria (Li et al., 2015; Ma et al., 2016; Li et al., 2019). Presence of such denitrifiers 

also suggests that existence of partial anoxic zone inside the biofilm by biofilm maturation. Thus, 

these denitrifies might be important role on biofilm maturation.  

 

4.5. Summary of chapter 4 

In this study, two A/O-MBRs were operated under extremely low OLR conditions and severe 

membrane fouling was developed in both reactors. In the middle stage of biofilm formation, 

microcolonies formed by live cells leading permeability deterioration. Unclassified Neisseriaceae 

was most dominant bacteria in middle stage biofilm. The results of this study indicated that 

specific pioneer bacteria might play a role in forming microcolonies and then triggering further 

biofilm development. Certain heterotrophic bacteria such as Parachlamydia sp. and denitrifiers 

might be related to biofilm maturation. In conclusion, preventing colonization and growth control 

of early to middle stage biofilm development could be an effective strategy for mitigation of 

membrane fouling. 
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5.1. Background and objectives 

MBR has potential as an alternative wastewater treatment system to the conventional activated 

sludge (AS) process because of its higher nutrient removal efficiency, smaller footprint with high 

MLSS sludge concentration. The MBR is one of the most innovative biological system for 

municipal wastewater treatment. However, membrane fouling development remains a main 

obstacle for sing larger-scale MBR plants. Membrane fouling development by an extracellular 

polymeric substance (EPS) and soluble microbial product (SMP), which are largely known as 

cause of primary membrane fouling, has been investigated in several MBRs under various 

conditions (Johir et al., 2011; Nguyen et al., Yigit et al., 2008; Yao et al., 2011). Besides, biomass 

associated product (BAP) and utilization associated product (UAP) of SMPs have been identified 

as essential byproducts in mixed liquor of MBR and contributed membrane fouling development 

(Jiang et al., 2010; Jacquin et al., 2018; Shi et al., 2018). EPS macro-molecules, which are loosely 

bound to the AS, are crucial for membrane fouling as they accumulate on a membrane surface 

(Wang and Wu, 2009; Wang et al., 2009). Previous studies indicated that the degradation of a 

higher molecular weight organic matter into lower molecules effectively mitigates membrane 

fouling (Huang et al., 2008; Wei et al., 2016; Zhou et al., 2016). Thus, a simple way to mitigate 

membrane fouling is to degrade and reduce macro-molecules into micro-molecules that can easily 

pass through the membrane pores.  

Several studies have focused on microbial communities and key players in the AS of MBR 

involving EPS or SMP production and membrane fouling development with biofilm formation 

under various conditions (Ma et al., 2013a; Gao et al., 2013; Gao et al., 2014; Guo et al., 2015; 

Neoh et al., 2017). Recently, a few reports compared the difference of microbial consortium and 

dynamics between the AS and membrane biofilm in MBR (Takimoto et al., 2018; Takada et al., 

2018). These studies have identified significant differences in the microbial consortium between 

the AS and the biofilm or cake layer on the membrane in a reactor. Moreover, candidate phyla 

radiation (CPR) group and Firmicutes are dominant in the biofilm or cake layer. However, these 

phyla are minority in a bulk sludge, indicating that the bacteria are relevant to development of a 

biofouling layer on the membrane surface.  

In contrast, some studies reported that membrane fouling development attributed to AS 

microbial community structures (Ma et al., 2013b; Sepehri and Sarrafzadeh, 2018; Liu et al., 

2019). Enrichment of nitrifiers in the microbial community of AS mitigated membrane fouling 
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(Sepehri and Sarrafzadeh, 2018). Moreover, Chloroflexi played an important role in mitigating 

membrane biofouling in MBRs because they contributed degradation of SMPs and cell materials 

(Miura et al., 2007; Watanabe et al., 2017). Thus, the results of previous studies suggest that there 

is an appropriate composition of microbial community in MBRs for fouling mitigation. There has 

been limited information on the critical bacteria responsible for maintaining homeostasis against 

endogenous SMP productions and membrane fouling. Certain bacteria responsible for fouling 

could be identified by increasing abundance during membrane fouling, however, the behavior of 

specific members responsible for membrane fouling mitigation is still unknown.  

Previously, an operation of MBR under prolonged starvation condition induced microbial 

cell lysis and SMP production, leading to biofilm growth on the membrane surface and severe 

membrane biofouling (Palmarin et al., 2020; Takimoto et al., 2018). We got inspired by these 

reports and thought about the use of starvation conditions, which could be useful for membrane 

fouling research. The aim of chapter 5 was to evaluate the contribution of dissolved organic 

carbon (DOC) and microbial community dynamics to membrane fouling development for an 

endogenous respiration of MBR. Here, we operated anoxic/oxic (A/O)-MBRs under prolonged 

starvation conditions at three times to reveal microbial-driven fouling mechanisms and to explore 

the important players in the AS of fouled and fouling-mitigated AO-MBRs. 

 

 

 

 

 

 

Table 5.1 Characteristics of the influent sewage during starvation conditions in each reactor 

 

Parameters Unit
pH - 6.7 ± 0.1 6.6 ± 0.1 6.8 ± 0.1
DO mg/L 0.1 ± 0.1 0.2 ± 0 1.0 ± 0.4
sCODcr mg/L 163 ± 45 162 ± 24 111 ± 22
TN mg-N/L 29 ± 8 28 ± 2 20 ± 5
TP mg-P/L 2.6 ± 0.5 3.3 ± 0.4 1.8 ± 0.5
NH4+ mg-N/L 22 ± 6 32 ± 12 17 ± 4

H1 H2 L
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5.2. Materials and methods 

5.2.1. A/O-MBR operations 

The laboratory-scale A/O-MBR systems have already been described in our previous study 

(Takimoto et al., 2018). It consisted of a 6 L of anoxic tank and a 6 L of aerobic tank. All MBRs 

were operated in duplicate under same operational parameters (initial mixed liquor suspended 

solids (MLSS) concentrations, hydraulic retention time (HRT), solid retention time (SRT)) in 

different seasons: 2017 summer (H1 #1, #2), 2017 winter (L #1, #2) and 2018 summer (H2 #1, 

#2). A flat sheet membrane (chlorinated polyvinyl chloride: CPVC) of 0.20 µm mean pore size 

(KUBOTA, Osaka, Japan) and with a filtration area of 0.11 m2 was used. Air at 5 L/min was 

supplied by a diffuser at the bottom of a reactor. Internal recycling of anoxic and aerobic sludge 

was conducted to remove the nitrite. Municipal sewage wastewater after sedimentation was used 

as the influent into the anoxic tank. Table 5.1 shows the characteristics of influent sewage. 

Conventional AS that the initial concentration of mixed liquor solids concentration was 

approximately 4000 mg/L taken from a sewage treatment facility was inoculated in each MBR. 

Each reactor was operated under the following conditions: a membrane suction cycle of 9 min on 

and 1 min off was adopted and an average operating membrane flux of 11.8 L·m−2·h−1 (LMH). 

     All reactors (H1 #1, #2; H2 #1, #2; L #1, #2) were operated for more than one month under 

standard HRT conditions of 8.0 hours with 60 days of SRT to stabilize the reactor performance 

and acclimatization of the microbial community. Under standard conditions, the average organic 

loading rate (OLR) was 0.42 kg-chemical oxygen demand (COD)·m−3·day−1, and the average 

soluble COD and total nitrogen (TN) removal efficiencies in all reactors were 86 ± 1% and 60 ± 

15%, respectively. Until starvation conditions, the membrane in the aerobic tank were physically 

washed using sponges with ultra-pure water or replaced by a new membrane. The average 

transmembrane pressure (TMP) and flux were 6.1 ± 2.6 kPa and 12.3 ± 1.2 LMH, respectively, 

during the starting of a starvation condition for each reactor.  

Starvation operations were then started in all MBRs to develop the membrane fouling. To induce 

membrane fouling, the permeate effluent of the reactors was supplied into the anoxic tank instead 

of influent sewage to generate a low OLR starvation condition. And 200 mL of sewage 

wastewater was fed as an influent to compensate for the 200 mL of AS sample taken daily from 

the aerobic tank, accounting for approximately 0.002 kg-COD·m−3·day−1. In this study, day 1 was 
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defined as the first day of starvation conditions in all reactors. H1, H2, and L reactors were 

operated at 26.2 ± 0.5°C, 26.0 ± 0.9°C, and 12.1 ± 0.9°C, respectively, during starvation. 

 

5.2.2 Analytical methods 

Temperature and dissolved oxygen (DO) of the AS in the aerobic tank were determined using a 

DO meter (DM-32P, TOA DKK, Tokyo, Japan). The permeate flow rate was measured by a 

measuring cylinder for 30 min. TMP was measured using a pressure transducer (ZSE50F, SMC, 

Tokyo, Japan) set in the permeate line. Soluble CODcr, TN and total phosphorus (TP) of samples 

were determined using a water-quality analyzer (DR2800, Hach, Loveland, CO, USA). MLSS 

and mixed liquor volatile suspended solids (MLVSS) were determined using APHA standard 

methods. DOC (soluble TOC) concentrations were determined using a TOC analyzer (TOC-V 

CSN, SHIMADZU, Kyoto, Japan). Soluble samples were filtered by 0.22 µm filter paper. 

 

5.2.3 Biofilm sampling and 16 S rRNA gene sequencing 

After membrane fouling development in H2 and L reactors (H2: TMP: 68.4 (#1) and 59.0 kPa 

(#2) on day 30, L: TMP: 88.9 (#1) and 89.9 kPa (#2) on day 23), a severe fouled membrane were 

taken from the aerobic tank and the membrane surface was rinsed with ultra-pure water to remove 

the AS loosely attached to the membrane. A tightly bonded biofilm on the membrane has been 

obtained and used as a biofilm sample. Samples were immediately stored at −20 °C. 

For microbial community analysis, AS of the aerobic tank and biofilm samples were used. 

DNA was extracted from each sample using FastDNA Spin Kit for Soil (MP Biomedicals, Santa 

Ana, CA, USA) and following instructions from the manufacturer. The microbial 16S rRNA 

genes of each sample were amplified using universal forward (Univ515F: 5′-

GTGCCAGCMGCCGCGGTAA-3′) and reverse (Univ806R: 5′-

GGACTACHVGGGTWTCTAAT-3′) primers. The conditions of PCR amplification were as 

follows: one cycle of 94 °C (3 min), 25 cycles of 94 °C (45 s), 50 °C (60 s) and 72 °C (90 s), and 

a final cycle of 72 °C (10 min). The products were purified using a QIAquick PCR Purification 

Kit (QIAGEN, Hilden, Germany). The 16S rRNA gene sequencing of purified products was 

performed as described by Caporaso et al. (2012). DNA sequencing was performed using a MiSeq 

Reagent Kit v2 and the MiSeq System (Illumina Inc., San Diego, CA, USA). 
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5.2.4. Data analysis 

Sequences were processed using Quantitative Insights Into Microbial Ecology (QIIME) version 

1.9.1 (Caporaso et al., 2010). Operational taxonomic units (OTUs) clustering at 97% of identity 

were collected using UCLUST. Taxonomic classifications were determined using the Greengenes 

database ver. 13_8 and BLAST searches in the National Center for Biotechnology Information 

(NCBI) (http://blast.ncbi.nlm.nih.gov/Blast.cgi). The Venn diagrams of microbial communities 

of AS samples were constructed using Venny 2.1.0 online tool 

(https://bioinfogp.cnb.csic.es/tools/venny/). The microbial community structure changes in the 

AS and biofilm samples were evaluated by a plot of principal component analysis (PCA), 

visualized by using Sequence Tag-based Analysis of Microbial Population dynamics (STAMP) 

software. Raw sequence data obtained in this study were deposited in the DDBJ Sequence Read 

Archive (DRA) with an accession number of DRA010111. 

 

Fig. 5.1 TMP and flux profiles of a) fouling-mitigated H1 (#1, #2), b) fouled H2 (#1, #2), and c) 
fouled L (#1, #2) reactors during starvation conditions. Filled and open circles indicate TMP 
transition of #1 and #2, respectively. Filled and open triangles indicate a flux transition of #1 and 
#2, respectively. 
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5.3. Results 

5.3.1. Membrane fouling development in H2 and L reactors and fouling mitigation in H1 reactor 

The progression of fouling in each reactor was evaluated by monitoring an TMP increase and a 

flux decline (Fig. 5.1). In H2 and L reactors, TMP started to increase, and flux decreased from 

day 15 and 10 onwards under starvation conditions, respectively. Subsequently, TMP reached at 

65.9 kPa (#1) and 48.2 kPa (#2) on day 22 in H2 reactor, and 64.3 kPa (#1) and 78.3 kPa (#2) on 

day 20 in L reactors, respectively. Visible biofilm formation on the membrane in both MBRs was 

observed; however, it could not be removed by physical water treatment, suggesting that severe 

membrane fouling had developed in H2 and L reactors.  

In contrast, in H1 reactor, TMP increased on day 53 (#1: 16.1, #2: 5.7 kPa) under starvation 

conditions. Furthermore, the visible biofilm could not be observed on the membrane surface, 

resulting in a mitigation in membrane fouling of H1 reactor even under starvation conditions.  

TN and TP concentrations increased in the aerobic tank of all reactors after starting 

starvation conditions (Fig. 5.2). After TP concentrations reached 76 (#1) and 110 mg/L (#2) on 

days 17 and 10, respectively, the concentrations became stable in H1 and H2 reactor. Conversely, 

TN and TP concentrations continuously increased in L reactor during the condition. However, 

MLSS and MLVSS concentrations decreased in all reactors during starvation conditions (Fig. 

5.3). Initially, TMP increased in H2 and L reactors (R2: day 15, L: day 11) by decreasing MLSS 

concentrations from 2900 to 3000 mg/L. In H1 reactor, the MLSS concentrations decreased from 

an initial value and reached 2700 mg/L on day 22. The sCOD removal rates for H1, H2, and L 

reactors were 63 ± 21%, 67 ± 12%, and 66 ± 12%, respectively, during starvation conditions (data 

not shown). DOC in the supernatant AS and permeate effluent showed different behavior between 

all reactors (Fig. 5.4). The DOC concentrations in the AS supernatant increased in all reactors 

with starvation conditions, whereas the DOC concentration of effluent was constant in the fouled 

L reactor (Fig. 5.4c). In the fouled H2 reactor, the difference between DOC concentration of AS 

supernatant and effluent (ΔDOC) increased to 20.1 mg/L on day 18, corresponding to an increase 

of TMP to 41.8 kPa. Conversely, the DOC concentration of effluent in the fouling-mitigated H1 

reactor increased, reflecting the DOC concentration of the AS supernatant in this reactor (Fig. 

5.4a). In the end of the operation of H1 reactor, ΔDOC started to rise from day 36.  

The fouled H2 and L reactors showed similar DO behavior; at the beginning of a starvation 

operation, DO concentrations were rapidly increased and became stable in each reactor at even 
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different temperatures (Fig. 5.5b and c). In contrast, in the fouling-mitigated H1 reactor, DO 

concentration was unstable and decreased during a starvation operation (Fig. 5.5a). 
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Fig. 5.2 Total nitrogen (TN) and total 
phosphorus (TP) concentrations in effluent of 
a) fouling-mitigated H1, b) fouled H2, and c) 
fouled L reactors. Average values in duplicate 
reactors of each condition are shown. 
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Fig. 5.3 Mixed liquor suspended solids 
(MLSS) and mixed liquor volatile suspended 
(MLVSS) concentrations in oxic tank of a) 
fouling-mitigated H1, b) fouled H2, and c) 
fouled L reactors. Average values in duplicate 
reactors of each condition are shown. 
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Fig. 5.4 Dissolved organic carbon (DOC) 
concentrations in supernatant of activated sludge 
(AS) and permeate effluent of a) fouling-mitigated 
H1, b) fouled H2, and c) fouled L reactors during 
starvation conditions. Average values in duplicate 
reactors of each condition are shown. 
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Fig. 5.5 Temperature and dissolved oxygen 
(DO) concentrations in AS of a) fouling-
mitigated H1, b) fouled H2, and c) fouled L 
reactors during starvation conditions. Average 
values in duplicate reactors of each condition are 
shown. 
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5.3.2. Comparison of microbial community in AS and biofilm  

The results of microbial community analysis in AS and biofilm during operation under each 

condition showed that Proteobacteria and Bacteroidetes were the dominant phyla and were 

continuously present in all samples (Fig. 5.6). There were significant differences in community 

structures between AS and biofilm in H2 and L reactors, where fouling occurred (Fig. 5.7b and 

c). Interestingly, uncultured TM6 (#1; 13.2% and #2; 25.4% in H2 reactor) and OD1 (#1; 18.8% 

and #2; 7.2% in L reactor) were the predominant phyla in the biofilm on the membrane surface 

of H2 and L reactors, respectively. The relative abundance of Chlamydiae in biofilm of H2 and 

L reactors was higher than that in the AS of each reactor. In the AS of H1 and H2 reactors, relative 

abundances of Betaproteobacteria, Deltaproteobacteria, Bacteroidetes, Chlorobi, and Nitrospirae 

decreased from day 8 to day 22. However, relative abundances of Gammaproteobacteria, 

Firmicutes, Acidobacteria, Armatimonadetes increased from days 8–22 in the AS of H1 and H2 

reactors, whereas Chloroflexi increased in abundance only in H1 reactor. The relative abundances 

of Deltaproteobacteria and Bacteroidetes were marginally decreased in the AS of L reactor. 

 

Fig. 5.6 Microbial community structures of activated sludge (AS) in aerobic tank and biofilm 

(BF) on membrane surface in each reactor during starvation conditions. 
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5.3.3. Comparison of AS microbial communities among H1, H2 and L reactors 

Changes in the top 30 OTUs detected in AS samples of all reactors are shown in Table 5.2. Four 

OTUs (Nos. 15, 16, 25 and 26) gradually decreased during starvation operations in the fouled L 

reactor. The remaining OTUs were present at low abundance in the AS of L reactor compared to 

those in H1 and H2 reactors. Although the microbial community structure of the AS in L reactor 

was stable, the communities in AS of H1 and H2 reactors changed drastically during the starvation 

operation (Fig. 5.7a). The change in abundance of the top 30 OTUs in AS of H1 and H2 reactors 

was divided into three groups (population I, II, and III) based on the changes in directions: 

population I had a relative abundance, which constantly decreased during starvation condition; 

population III had a relative abundance, which constantly increased during the condition; and 

population II had a stable the relative abundance, as compared to populations I and III (Figs. 5.8 

and 5.9). 

Population I drastically decreased during starvation conditions in which 11 OTUs (Nos. 3, 

8, 15, 16, 19, 21, 23, 24, 25, 26, and 28) and 12 OTUs (Nos. 3, 8, 10, 11, 15, 16, 19, 21, 23, 24, 
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26, and 28) in H1 and H2 reactors, respectively. The total percentage of population I decreased 

from 30.4% (day 8) to 1.3% (day 36) in H1 reactor and from 17.9% (day 8) to 0.6% (day 30) in 

H2 reactor. 77% of total OTUs, which belonged to population I, shared between H1 and H2 

reactors (Fig. 5.10a).  

Population II increased after starting the starvation condition and then decreased or 

remained relatively stable during prolonged starvation operation (Figs. 5.8 and 5.9). Seven OTUs 

(Nos. 1, 2, 6, 11, 14, 17, and 20) and 10 OTUs (Nos. 1, 4, 5, 6, 7, 17, 18, 20, 22, and 29) were 

included in population II in H1 and H2 reactors, respectively. The total percentage of population 

II increased from 1.5% (day 8) to 34.9% (day 22) and then dropped to 17.5% (day 36) in H1 

reactor. In H2 reactor, the percentage increased from 23.7% (day 8) to 53.1% (day 22) and then 

dropped to 29.6% (day 30).  

Population III continuously increased even in prolonged starvation operation, and 12 OTUs 

(Nos. 4, 5, 7, 9, 10, 12, 13, 18, 2, 27, 29, and 30) and 7 OTUs (Nos. 2, 9, 12, 14, 20, 27, and 30) 

were detected in H1 and H2 reactors, respectively. The total percentage of population III increased 

from 1.5% (day 8) to 7.1% (day 14) in H1 reactor and from 2.2% (day 8) to 9.9% (day 15) in H2 

reactor, respectively. The increasing trend showed a remarkable effect from day 22 in both 

reactors.  

Table 5.3 shows alpha diversity indices of 3600 reads extracted from all DNA sequences 

of each AS sample. The Shannon index value decreased from day 8 to day 22, respectively, by 

15% and 24% on average for AS in H1 and H2 reactors. The Chao1 index values also decreased 

by 30% and 47% on average for H1 and H2 reactors, respectively, from day 8 to day 22. All 

indices decreased over time in both reactors. However, H1 reactor had the higher microbial 

diversity (Table 5.3). On the other hand, the diversity indices in L reactor increased slightly with 

the operational term. 
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Fig. 5.10 Venn diagram between OTUs of H1 and H2 reactors in a) population I, b) population 

II, and c) population III. Average values in duplicate reactors of each condition are used 

 

5.4. Discussion 

5.4.1. Reactor performances in terms of fouling development and mitigation 

An extremely low OLR starvation condition rapidly induced membrane fouling over a short 

period (two weeks) in our previous study (Takimoto et al., 2018) even under standard flux 

operations (11.8 LMH). In the present study, increasing TN and TP concentrations of effluent and 

decreasing MLSS concentrations of all MBRs suggested that starvation conditions induced fast 

and severe membrane fouling through the development of cell-lyse-derived SMPs (BAP). 

Previous studies have shown that when an influent COD was limited, the sludge microorganisms 

might release more SMPs under starvation conditions (Shen et al., 2012). In the present study, 

cell decay substances have been released from microbial cell walls affected by extremely low 

food to microorganism ratio conditions, resulting in fast and severe membrane fouling 

development. The rapid increase in TP and decrease of MLSS concentration in H2 reactor 

suggests severe microbial lysis, releasing more BAP.  
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The DOC concentration in the AS supernatant increased in all reactors (Fig. 5.4), 

suggesting a release of endogenous organic substances from microbial cell bodies under 

starvation conditions, as mentioned above. While the DOC concentration of effluent was stable 

for fouled H2 and L reactors, the DOC concentration of the fouling-mitigated H1 reactor followed 

that of the AS supernatant (Fig. 5.4a). The DO and DOC transitions suggested that an extremely 

low food to microorganism ratio decreased the microbial activities; thus, endogenous substances, 

which could be released by cell lysis, were not degraded and then accumulated in fouled H2 and 

L reactors. In contrast, the fouling-mitigated H1 reactor maintained some aerobic microbial 

activity and degraded the large molecules of endogenous substances into smaller molecules that 

could pass through the membrane pore. The difference in DOC concentration between the AS 

supernatant and permeate effluent suggested that size exclusion was a major fouling mechanism. 

Besides, a larger molecule (>100 kDa) was retained in an aerobic tank in earlier reports (Zhao et 

al., 2010; Shen et al., 2012). Teng et al. (2020) also suggested that large molecules (>100 kDa) 

has potential for making cross-linking structure and gelation on the membrane surface. Under 

lower OLR (approximately 0.06 g-COD·g-MLSS−1·day−1), although the SMP concentrations 

were lower than high OLR condition (approximately 0.13 g-COD·g-MLSS−1·day−1), protein-like 

and large sized substances were more abundant (Maqbool et al., 2017). The results suggested that 

the endogenous substances were relatively large molecules (i.e. biopolymer) as BAP and had 

higher membrane retention. Thus, the larger molecules might be main components of BAP and 

cause membrane fouling development. In addition, the present study showed that the behavior of 

DOC and DO was significant in predicting fouling development. In other words, fouling 

development could be predicted by monitoring the difference between the DOC concentrations 

in AS supernatant and permeate effluent (ΔDOC), which was negatively correlated with 

permeability in fouled H2 and L reactors (Fig. 5.11). Even in H1 reactor, increase of ΔDOC 

concentration on day 47 might affect TMP rise from the day. Under the same starvation conditions 

to induce membrane fouling development in all MBRs, only H1 reactor mitigated fouling 

development. Thus, we presumed that microbial community structures might be different in each 

reactor and the fouling-mitigated H1 reactor holds specific bacterial communities, which was 

supposed to degrade a DOC component. And thus, we have compered the microbial community 

structures as discussed below section 5.4.3. in depth.  
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Fig. 5.11 Correlation between permeability and ΔDOC concentrations of a) fouling-mitigated H1, 
b) fouled H2, and c) fouled L reactors during membrane fouling development under starvation 
conditions. ΔDOC indicates the difference between DOC concentrations of supernatant AS and 
permeate effluent. Average values in duplicate reactors of each condition are shown.  
 

5.4.2. Microbial community of AS and biofilm in fouled H2 and L reactors 

PCA analysis has shown the changes in AS and biofilm microbial communities based on OTUs 

(Fig. 5.7). Microbial community structures of the AS and biofilm in L reactor were almost stable 

during starvation operation; however, substantial changes were observed in the AS communities 

of H2 reactor (Fig. 5.7a). There was a significant difference between the AS and biofilm microbial 

community structure in H2 reactor, whereas no significant difference was observed for L reactor 
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and Chlamydiae bacteria. These results suggested that temperature conditions with seasons did 

not affect the biofilm development and microbial communities of biofilm. Since the accumulated 

DOC might create the same environment on the membrane surface, similar microbial 

communities were developed in H2 and L reactors. Several previous studies have reported that 

uncultured TM6 and OD1 bacteria were predominant in membrane attached samples and that 
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than in AS (Takimoto et al., 2018; Neoh et al., 2016; Rehman et al., 2020). In this study, these 

phyla probably played an important role in biofilm development.  

Under low temperature conditions in L reactor, AS microbial communities did not change 

substantially; however, MLSS decreased, suggesting that almost all AS bacteria were influenced 

and lysed by starvation conditions. Moreover, the accumulated DOC in AS was not degraded as 

the microbial community could not adapt to a prolonged starvation environment due to low 

temperature. As a result, a lower activity of the AS microbial community does not cause any shift 

of microbial diversity indices in the L reactor (Table 5.3). 

 

5.4.3. Comparison of AS microbial community between fouling-mitigated H1 and fouled H2 

reactors 

The populations of Gammaproteobacteria, Firmicutes, Acidobacteria, and Armatimonadetes 

increased under starvation conditions, and these trends were comparable between H1 and H2 

reactors; however, the output of the reactor differed considerably in terms of the fouling 

development. The difference between the AS microbial communities of H1 and H2 reactors was 

primarily reflected by the phylum Chloroflexi. The population of Chloroflexi increased from day 

8 (2.4% in #1, 2.8% in #2) to day 22 (4.9% in #1, 7.1% in #2) and then decreased to day 36 (1.2% 

in #1, 2.0% in #2) in the AS of H1 reactor, whereas in H2 reactor, the population (day 8; 1.9% in 

#1, 1.0% in #2) was stably low during starvation operation. Chlorofexi are frequently detected in 

AS of MBR and are considered to contribute to the degradation of SMPs and cell material (Miura 

et al., 2007; Watanabe et al., 2017).  

The decrease in abundance of the population I have suggested that bacteria have been lysed 

or negatively influenced by starvation conditions. As a result, these bacteria might be the source 

of SMPs that led to fouling development in both H1 and H2 reactors. Furthermore, some BAP 

components derived from cell lysis might be used as carbon sources for ordinary heterotrophic 

bacteria in populations II and III.  

The increase in abundance of population III has suggested that bacteria have been well 

adapted for prolonged starvation conditions and could utilize the BAPs. OTUs belonging to 

family Chitinophagaceae (OTUs Nos. 5, 7, 13, and 22) were dominant and unique OTUs of 

population III found in H1 reactor (Fig. 5.10c). The Chitinophagaceae were reported as quorum 

sensing bacteria (Hong et al., 2019) and might play a role in membrane fouling (Xiong et al., 
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2015). However, they also had the potential for chitin hydrolysis (Kämpfer et al., 2011). Moreover, 

researchers have shown that the Chitinophagaceae family acted as a hydrolyzer of SMP, BAP, 

and EPS (Szabó et al., 2017); thus, the family might be able to degrade BAPs derived from a 

microorganism (not only bacteria but also fungi) in H1 reactor. Conversely, Xanthomonadaceae 

(OTU No. 2) was detected as a unique and dominant OTU in population III of H2 reactor. The 

Xanthomonadaceae family, which were frequently detected in MBRs, was reported as quorum 

sensing bacteria, which is related to fouling development (Ishizaki et al., 2016; Hong et al., 2019). 

Moreover, Xanthomonadaceae has been identified as an EPS producer and can produce xanthan, 

which is a sticky polysaccharide polymer, and has resistance of cellulose backbone for hydrolysis 

with high membrane fouling potential (Szabó et al., 2017; Nataraj et al., 2008). As a consequence, 

these bacteria may be related to the membrane fouling development in H2 reactor. 

Rhodanobacteraceae (OTU No. 1) was dominant in population II. Rudaea sp., which 

belongs to Rhodanobacteraceae, was implicated in the degradation of aromatic compounds for 

producing EPS (Qu et al., 2015). Xanthomonadaceae (OTU No. 6) has been observed at a higher 

proportion in H2 than in H1 reactor (Table 5.2). In contrast, phylum Chloroflexi (Candidatus 

Promineofilum: OTU No. 17) was found at higher proportions in the AS of H1 reactor than in H2 

reactor. While this OTU was predominant in the biofilm and Chloroflexi was previously reported 

as a filamentous bacteria causing bulking (Ziegler et al., 2016; Nierychlo et al., 2019), it has also 

reported as capable of degrading complex polymers in anaerobic environments (Speirs et al., 

2019). Thus, OTU members may have led to the mitigation of fouling in H1 reactor. These 

findings suggested that Xanthomonadaceae triggered the fouling development in H2 reactor. 

Besides, a low abundance of Xanthomonadaceae, enrichment of Chitinophagaceae and 

Candidatus Promineofilum contributed to fouling mitigation in H1 reactor.  

Diversity decreased with decrease in MLSS with both H1 and H2 reactors, but the trend 

was more significant in H2, with a higher diversity of H1 reactor (Fig. 5.3 and Table 5.3). In 

contrast, the diversity of population in H1 reactor facilitated adaptation to starvation conditions 

and resulted in higher numbers of OTUs in population III than H2 reactor (Fig. 5.10c), leading 

fouling mitigation. Zhang et al. (2017) reported that microbial diversity and SMP degrading 

bacteria were increased by adding bamboo charcoal to MBR, contributing to fouling mitigation. 

Under the long SRT of MBR, microbial communities can become more complex and these 

conditions are conducive to the consumption of macro-molecules and low production of 
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biopolymer (Duan et al., 2009). Conversely, a decrease in microbial diversity resulted in reducing 

the number of usable carbon sources (Yang et al., 2011). Thus, in the present study, the 

consumption of DOC, mainly BAPs, by heterotrophic bacteria might have been facilitated by 

high diversity in H1 reactor. Higher diversity in the AS microbial community led to an increase 

in critical bacteria at low abundance at an early stage of fouling, playing a key role in the 

degradation of complex foulants and mitigated membrane fouling. The present study has shown 

that suitable conditions with higher microbial diversity and development of heterotrophic 

organisms are tolerant of prolonged starvation environment, and could increase important bacteria 

(Chitinophagaceae, Candidatus Promineofilum) and could mitigate membrane fouling 

development. 
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Table 5.2 Comparison of the AS microbial communities at the OTUs level in each reactor under starvation conditions. 

Reactor Name

Sampling day

Sample Name AS-d8-1 AS-d8-2 AS-d22-1 AS-d22-2 AS-d36-1 AS-d36-2 AS-d8-1 AS-d8-2 AS-d22-1 AS-d22-2 AS-d30-1 AS-d30-2 AS-d5-1 AS-d5-2 AS-d15-1 AS-d15-2 AS-d23-1 AS-d23-2

No. OTU ID Phylum (Class) Family Genera

1 denovo6135 (Gammaproteobacteria) Rhodanobacteraceae Rudaea 0.1 0.3 19.6 22.5 11.0 14.2 17.6 16.4 24.5 20.2 11.0 21.6 0.0 0.0 0.0 0.0 0.1 0.1 30%

2 denovo12388 (Gammaproteobacteria) Xanthomonadaceae Chujaibacter 0.0 0.0 3.4 3.0 1.0 1.0 1.8 0.7 9.8 4.0 15.0 17.3 0.1 0.1 0.2 0.4 0.4 0.9 25%

3 denovo10402 Bacteroidetes Lewinellaceae Lewinella 7.2 15.7 0.0 0.0 0.0 0.0 1.8 0.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 20%

4 denovo10937 Bacteroidetes Prolixibacteraceae Sunxiuqinia 0.0 0.0 0.1 0.0 0.5 11.3 0.9 1.3 0.8 6.3 0.4 0.3 0.0 0.0 0.0 0.0 0.0 0.0 15%

5 denovo3949 Bacteroidetes Chitinophagaceae Taibaiella 0.0 0.0 2.3 1.7 2.1 2.5 0.2 0.0 10.3 7.0 5.5 2.4 0.0 0.0 0.0 0.0 0.0 0.0 10%

6 denovo5665 (Gammaproteobacteria) Xanthomonadaceae Thermomonas 0.0 0.0 1.8 1.8 1.4 1.5 1.5 2.8 4.0 9.3 8.2 2.2 0.0 0.0 0.0 0.0 0.0 0.0 9%

7 denovo9505 Bacteroidetes Chitinophagaceae Ferruginibacter 0.1 0.2 5.6 6.7 9.1 6.0 0.8 1.1 8.7 5.0 3.4 3.0 0.0 0.0 0.0 0.0 0.1 0.1 8%

8 denovo10408 Bacteroidetes Lewinellaceae Lewinella 9.0 2.3 0.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.1 0.1 0.0 0.1 0.0 7%

9 denovo5928 Armatimonadetes Fimbriimonadaceae Fimbriimonas 0.0 0.0 0.5 0.1 5.7 3.7 0.1 0.0 3.7 0.4 8.1 0.6 0.0 0.0 0.0 0.0 0.0 0.0 6%

10 denovo6098 (Gammaproteobacteria) Yersiniaceae Rouxiella 0.0 0.0 0.0 0.0 5.2 0.0 0.8 7.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 5%

11 denovo12303 Actinobacteria Iamiaceae Unclassified 0.7 0.8 1.6 0.3 0.1 0.6 5.7 7.5 0.0 0.1 0.0 0.0 0.2 0.2 0.3 0.2 0.3 0.2 4%

12 denovo7558 Firmicutes Alicyclobacillaceae Tumebacillus 0.5 0.8 1.4 1.0 1.7 3.3 0.4 0.8 1.2 1.9 4.9 7.0 0.0 0.0 0.1 0.0 0.1 0.1 3%

13 denovo9308 Bacteroidetes Chitinophagaceae Lacibacter 0.2 0.3 2.2 3.7 6.2 5.7 0.1 0.1 0.0 0.2 0.0 0.0 0.1 0.0 0.1 0.1 0.0 0.0 2%

14 denovo7284 (Alphaproteobacteria) Micropepsaceae Micropepsis 0.0 0.0 3.5 0.0 0.6 0.5 0.3 0.0 2.2 5.9 3.5 5.6 0.0 0.0 0.0 0.0 0.0 0.0 1%

15 denovo13714 Bacteroidetes Cytophagaceae Ohtaekwangia 0.4 0.3 0.0 0.0 0.0 0.0 1.5 5.4 0.0 0.0 0.0 0.0 3.4 3.4 2.2 2.1 1.9 2.5 0%

16 denovo8436 Bacteroidetes Lewinellaceae Lewinella 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0 5.2 5.4 1.0 2.5 0.5 0.8

17 denovo5300 Chloroflexi Ardenticatenaceae Candidatus Promineofilum 0.3 0.6 2.5 4.2 0.2 0.6 0.3 0.2 0.7 0.0 0.0 0.1 0.1 0.0 0.2 0.3 0.3 0.1

18 denovo1135 (Gammaproteobacteria) Alcanivoracaceae Alcanivorax 0.0 0.0 0.6 1.4 0.1 4.1 0.2 0.9 1.3 3.9 0.2 0.4 0.0 0.0 0.0 0.0 0.0 0.0

19 denovo8738 (Betaproteobacteria) Zoogloeaceae Thauera 4.1 3.4 2.3 1.7 1.0 1.0 0.5 0.5 0.1 0.2 0.0 0.1 0.0 0.0 0.0 0.0 0.1 0.0

20 denovo9398 Acidobacteria Holophagaceae Geothrix 0.0 0.0 4.1 1.5 1.4 0.7 1.7 0.8 0.4 1.3 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0

21 denovo5637 Bacteroidetes Haliscomenobacteraceae Phaeodactylibacter 2.6 3.8 0.1 0.0 0.0 0.0 0.6 0.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

22 denovo13594 Bacteroidetes Chitinophagaceae Edaphobaculum 0.0 0.0 0.5 0.0 3.5 0.1 0.1 0.0 0.8 1.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

23 denovo13209 (Betaproteobacteria) Sterolibacteriaceae Georgfuchsia 1.0 0.9 0.1 0.2 0.0 0.1 0.3 0.1 0.0 0.0 0.0 0.0 1.9 1.9 3.5 2.4 2.3 1.8

24 denovo6136 Nitrospirae Nitrospiraceae Nitrospira 3.3 3.1 0.6 0.1 0.5 0.1 0.8 0.4 0.5 0.2 0.6 0.4 0.0 0.0 0.0 0.0 0.1 0.0

25 denovo5301 (Deltaproteobacteria) Kofleriaceae Kofleria 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 3.1 2.8 0.1 0.2 0.0 0.0

26 denovo5270 (Betaproteobacteria) Azonexaceae Azonexus 0.2 0.2 0.0 0.0 0.0 0.0 0.1 0.1 0.0 0.0 0.0 0.0 3.1 2.6 2.5 2.2 1.6 1.3

27 denovo3269 Actinobacteria Iamiaceae Iamia 0.0 0.0 0.0 0.0 2.9 0.2 0.0 0.0 0.5 0.5 1.2 1.1 0.0 0.0 0.0 0.0 0.0 0.0

28 denovo1105 Bacteroidetes Chitinophagaceae Terrimonas 2.0 1.4 0.2 0.1 0.0 0.0 0.8 0.4 0.0 0.0 0.0 0.0 2.5 1.7 2.9 2.6 2.8 2.7

29 denovo6810 TM6 Unclassified Unclassified 0.4 0.4 1.5 0.5 2.3 2.9 0.1 0.4 0.3 0.3 0.2 0.1 0.0 0.0 0.0 0.0 0.0 0.0

30 denovo200 Bacteroidetes Chitinophagaceae Cnuella 0.0 0.0 0.1 0.0 0.1 0.0 0.0 0.0 1.0 0.5 2.8 0.8 0.0 0.0 0.0 0.0 0.0 0.0

15 day 23 day

H1 reactor H2 reactor L reactor 

8 day 22 day 36 day 8 day 22 day 30 day 5 day
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Table 5.3 Microbial diversity indices in the activated sludge (AS) and biofilm (BF) of all reactors 
during starvation conditions 

  

Reactor Sample Name Sampling day
AS-d8-1 8 7.64 ± 0.05 164.0 ± 5.0 2117 ± 110 2230 ± 111 862 ± 20 862 ± 20 0.85 ± 0.01
AS-d8-2 8 7.51 ± 0.06 148.5 ± 5.2 1772 ± 123 1932 ± 103 827 ± 16 827 ± 16 0.86 ± 0.00
AS-d22-1 22 6.53 ± 0.03 134.5 ± 10.4 1535 ± 153 1660 ± 118 632 ± 11 632 ± 11 0.89 ± 0.00
AS-d22-2 22 6.30 ± 0.02 124.5 ± 3.5 1197 ± 96 1309 ± 88 577 ± 10 577 ± 10 0.91 ± 0.00
AS-d36-1 36 6.47 ± 0.04 123.2 ± 4.3 1350 ± 149 1433 ± 85 567 ± 10 567 ± 10 0.90 ± 0.00
AS-d36-2 36 6.09 ± 0.03 97.6 ± 5.5 1284 ± 171 1302 ± 80 504 ± 10 504 ± 10 0.91 ± 0.00
AS-d8-1 8 6.99 ± 0.03 73.3 ± 0.8 782 ± 27 809 ± 21 552 ± 6 552 ± 6 0.94 ± 0.00
AS-d8-2 8 6.42 ± 0.04 70.8 ± 1.6 738 ± 28 804 ± 24 487 ± 7 487 ± 7 0.94 ± 0.00
AS-d22-1 22 4.99 ± 0.02 41.8 ± 1.0 427 ± 17 426 ± 10 273 ± 3 273 ± 3 0.97 ± 0.00
AS-d22-2 22 5.23 ± 0.02 48.0 ± 3.5 377 ± 13 389 ± 14 268 ± 4 268 ± 4 0.97 ± 0.00
AS-d30-1 30 5.27 ± 0.03 53.3 ± 3.2 399 ± 28 448 ± 27 261 ± 5 261 ± 5 0.97 ± 0.00
AS-d30-2 30 5.09 ± 0.01 57.6 ± 3.0 404 ± 14 412 ± 12 273 ± 2 273 ± 2 0.97 ± 0.00
BF-d30-1 30 5.63 ± 0.02 42.9 ± 1.1 367 ± 15 383 ± 15 272 ± 1 272 ± 1 0.97 ± 0.00
BF-d30-2 30 4.91 ± 0.02 43.5 ± 2.0 301 ± 21 313 ± 15 209 ± 4 209 ± 4 0.98 ± 0.00
AS-d5-1 5 8.06 ± 0.04 180.1 ± 8.5 1654 ± 114 1730 ± 86 821 ± 15 821 ± 15 0.87 ± 0.00
AS-d5-2 5 8.01 ± 0.02 147.6 ± 5.4 1646 ± 114 1668 ± 86 804 ± 13 804 ± 13 0.87 ± 0.00
AS-d15-1 15 8.37 ± 0.03 165.2 ± 4.9 1724 ± 75 1781 ± 74 873 ± 16 873 ± 16 0.87 ± 0.00
AS-d15-2 15 8.42 ± 0.04 199.1 ± 5.0 1696 ± 68 1843 ± 59 883 ± 18 883 ± 18 0.86 ± 0.00
AS-d23-1 23 8.55 ± 0.03 177.9 ± 5.9 1663 ± 107 1748 ± 113 889 ± 15 889 ± 15 0.87 ± 0.01
AS-d23-2 23 8.50 ± 0.04 198.6 ± 9.2 1832 ± 145 1921 ± 119 910 ± 19 910 ± 19 0.86 ± 0.01
BF-d23-1 23 8.02 ± 0.04 163.1 ± 8.3 1691 ± 121 1771 ± 97 813 ± 18 813 ± 18 0.87 ± 0.01
BF-d23-2 23 7.77 ± 0.02 144.0 ± 5.2 1556 ± 83 1656 ± 69 800 ± 11 800 ± 11 0.88 ± 0.00

L

OTUs Goods coverage

H1

SpeciesShannon PD whole tree Chao1 Ace

H2
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5.5. Summary of chapter 5  

Laboratory-scale A/O-MBRs treating actual municipal sewage at different seasons have been 

operated under the same starvation conditions to induce membrane fouling development. 

Interestingly, one of the MBRs has been stably operated, even under prolonged starvation 

conditions, without fouling development. Hence, we hypothesized that specific bacteria would 

degrade BAPs released from endogenous respiration, which was supposed to lead to membrane 

fouling mitigation in the fouling-mitigated reactor. In the fouled reactor, specific bacteria would 

increase abundance, contributing to SMP production and fouling development. Moreover, the 

certain fouling-mitigating bacteria were low abundant in fouled reactor. In this study, higher 

microbial diversity indices and a number of unique bacteria have been identified in the fouling-

mitigated MBR. ΔDOC, which is the difference in DOC concentrations between AS supernatant 

and permeate effluent, was negatively correlated with permeability and could be used as a fouling 

development parameter. On the other hand, biofilms in the fouled MBRs have formed different 

microbial communities from the AS communities. TM6, OD1, and Chlamydiae were detected as 

a predominant phylum in the biofilm and might have important roles in biofilm formation. 

Chitinophagaceae and Candidatus Promineofilum increased in abundance in the fouling-

mitigated MBR, suggesting that they played an essential role in fouling mitigation associated with 

BAP degradation. Xanthomonadaceae were detected as the dominant family in the fouled reactor 

and might be related to the membrane fouling development. The microbial community of the 

fouling-mitigated reactor has shown a high diversity; thus, maintaining and improving microbial 

diversity may be a significant parameter for fouling control. While microbial diversity was stable 

with a high level, at a lower temperature, lower microbial activities might be related to BAP 

accumulation. 
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6.1. Summary of this thesis 

This thesis focused on membrane biofouling developed by microbes and biofilm forming bacteria 

in A/O-MBR. Full-scale plant is practiced under lower F/M conditions influenced by stopping 

influent or rain event. Thus, this thesis also focused on the influence of low OLR conditions on 

membrane fouling, and A/O-MBR was operated under prolonged extremely low OLR conditions. 

The experimental outcomes and conclusions in each chapter are as follows; 

     In chapter 3, A/O-MBR was operated under extremely low organic loading rate condition 

(RL reactor; OLR: 0.002 kg-COD·m−3·day−1), and membrane fouling and biofilm were drastically  

developed compared to the A/O-MBR under normal conditions (RN reactor; OLR: 0.42 kg-

COD·m-3·day-1). This phenomenon was explained that the microbes were lysed by affecting 

starvation environment and the lysed microbes released significant substances such as SMP on 

membrane fouling development. The microbial community analysis based on 16S rRNA genes 

sequencing revealed that composition between the bulk sludge and biofilm was considerably 

different, and characteristic bacteria found in BF were thought to important for biofilm formation 

on the membrane surface in A/O-MBR. Candidate TM6 showed specific presence on the fouled 

membrane surface as a biofilm in the RL reactor. On the other hand, Candidate OD1 was the 

predominant phylum in the fouled membrane surface of the RN reactor. In this chapter, these 

uncultured bacteria was decided as biofilm-forming bacteria. 

     Since two A/O-MBRs operated under extremely low OLR condition could induce severe 

membrane fouling and biofilm formation, chapter 4 focused on initiation and progression of 

membrane fouling by microbes to monitor fouled membrane surface by non-destructive 

observation and microbial community analysis. In the initial fouling stage, dead cell or red-stained 

nucleic acid were attached on the membrane surface with no living bacteria and the dead cell 

might play conditioning film which enhance to microbial adherence to the membrane. In the 

middle fouling stage, live cells formed microcolonies on the dead cells and these colony resulted 

in decreased permeability. 16S rRNA genes analysis showed that the specific bacteria formed 

biofilm on the membrane. In addition, unclassified Neisseriaceae was detected largely in middle-

stage biofilm. The results indicated that specific pioneer bacteria might play a role in forming 

microcolonies and then triggering further biofilm development.  

     In chapter 5, three A/O-MBRs were operated under the low OLR condition in different 

seasons. Interestingly, an A/O-MBR at higher temperature mitigated membrane fouling although 
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low OLR condition induced membrane fouling at lower temperature as shown in chapter 3 and 4. 

Thus, we hypothesized that cell decayed substances (so called BAP) derived from microbial cell 

lysis were utilized by specific bacteria which could adapt the starvation condition in the fouling-

mitigated MBR. Comparing the reactor performances between fouled and fouling-mitigated MBR 

at higher temperature, dissolved organic carbon (DOC) played an important role on membrane 

fouling. In the fouled MBR, DOC was accumulated in the MBR suggesting that endogenously 

developed DOC was higher molecular weight and bacteria in the fouled MBR could not utilize 

the DOC component. Conversely, in the fouling-mitigated MBR, the DOC behavior in the 

activated sludge was similar to the effluent sample. This result suggested that the DOC was 

degraded into lower molecules which could easily pass through the membrane pores. Based on 

the microbial community analysis in depth, Chitinophagaceae and Candidatus Promineofilum 

increased in abundance in the fouling-mitigated MBR, suggesting that they played an essential 

role in fouling mitigation associated with BAP degradation. Conversely, Xanthomonadaceae 

were detected as the dominant family in the fouled reactor and might be related to the membrane 

fouling development. The microbial community of the fouling-mitigated reactor has shown a high 

diversity; thus, maintaining and improving microbial diversity may be an important parameter for 

fouling control. While microbial diversity was stable with a high level, at a lower temperature, 

microbial activities might be related to BAP degradation. This chapter indicated that ΔDOC 

which is DOC concentration between activated sludge and permeate effluent could be used ad 

indicator positively correlating for permeability.  

     This thesis revealed impact of low OLR condition on membrane fouling and biofilm 

forming bacteria in A/O-MBR treating actual municipal sewage. The practical low OLR 

operational conditions indicated that biofilm forming bacteria formed live-cell microcolony on 

the dead-cell conditioning film and was specifically grown on the membrane. In addition, these 

bacteria were seemed to be CPR bacteria or related to pathogenic bacteria. Furthermore, SMP 

especially BAP derived from cell lysis showed significant role on membrane fouling development 

and DOC could be use as important indicator for expecting fouling development (Fig. 6.1). 

Finally, higher microbial diversity enhanced degradation of BAP into lower molecules less than 

membrane pore. In conclusion, BAP has primary role on initial membrane fouling and CPR and 

biofilm forming bacteria attached on the conditioning film formed by BAP (Fig. 6.2). In the final 
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fouling stage, biofilm consisted by BAP, these bacteria, and EPS contributed to generate cake 

layer.   

Fig. 6.1 Estimated mechanisms of BAP degradation and accumulation in activated sludge of A/O-

MBR under low organic loading rate conditions.  

 

Fig. 6.2 Hypothetical role of BAP and uncultured bacteria (candidate phylum radiation: CPR) on 

biofilm formation and estimated membrane fouling mechanism in A/O-MBR under low organic 

loading rate condition.  
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6.2. Future outlook 

In chapter 3 and 4, uncultured or pathogenic bacteria (OD1, TM6, Neisseriaceae) were identified 
as biofilm-forming bacteria based on 16S rRNA gene sequencing for analyzing biofilm developed 
on the membrane surface under low OLR conditions. Fig. 6.3 shows the distribution of the 
biofilm-forming bacteria under various organic loading rate conditions. The biofilm-forming 
bacteria were enrichment on the biofilm or bio-cake on the membrane surface compared to bulk 
sludge community. Many studies operated under lower or standard conditions (0.02-0.06 g-
COD·g-MLSS−1·day−1). Under the condition including this thesis, CPR and uncultured bacteria 
have increased the relative abundance in biofilm from activated sludge community. Moreover, 
anaerobic bacteria were frequently detected on the membrane surface. Thus, the biofilm might 
crate partial anaerobic or anoxic zone inside the pores of membrane and these biofilm-forming 
bacteria could penetrate into the membrane. However, since each bacteria has not been isolated 
as pure culture, physiological ecology of these bacteria on the membrane or aquatic environment 
are still unknown. Thus, biofilm formation mechanism in depth might be explained through pure 
culture for these biofilm-forming bacteria. In addition, the relationship between bacteria, bacteria 
and protozoa or metazoan might be important to understand biofilm formation. To control these 
biofilm-forming bacteria and protozoa or metazoan could lead to fouling mitigation strategy. 

     The study in chapter 5 showed that DOC accumulated in activated sludge of MBR was 

mainly consisted from BAP, and induced membrane fouling development in low OLR MBRs. 

The distribution of molecular size in BAP should be analyzed to reveal main component affecting 

membrane fouling development. On the other hand, diversity and activity of microbial 

community in activated sludge of MBR for degrading non-degradable substances (i.e. BAP) was 

important to mitigate membrane fouling. Optimal operational parameters of MBR should be 

investigated to maintain microbial diversity based on this study. Finally, combination of 

controlling non-degradable substance content and biofilm-forming bacteria will contribute to 

establish continuous operation of MBR with no fouling development in the future.  
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Fig. 6.3 Relative abundance of biofilm-forming bacteria detected on membrane surface based on 
16S rRNA gene sequencing under various organic loading rate conditions shown in Table 2.1. 
Red and blue letters indicate the biofilm-forming bacteria determined in this study under low 
OLR and standard conditions, respectively. Red, green, and blue circles indicate uncultured 
bacteria, Chlamydiae/Firmicutes/Chloroflexi, and Proteobacteria, respectively. 
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