
ABSTRACT 

Gulez, Gamze.  Short Term Effects of Carbon and Inoculum Sources on Filamentous 

Growth: A Comparison between Molecular and Microscopic Methods (Under the direction 

of Francis de los Reyes) 

 

Filamentous bulking in activated sludge treatment plants is a worldwide problem.  

Understanding the growth requirements of specific filamentous organisms will allow the 

development of better control strategies for bulking.  In this study, the short term effects of 

eight carbon sources and three inoculum sources on the growth of filamentous bacteria were 

tested.  Three lab scale sequencing batch reactors (SBR) were operated. Microscopic (Gram 

and Neisser staining) and molecular methods (Denaturing Gradient Gel Electrophoresis 

[DGGE], Fluorescent in Situ Hybridization [FISH]) were used to track the microbial 

population changes in the reactors.  Sludge volume index (SVI) measurements were used to 

monitor bulking in the reactors.  DGGE and sequencing results indicated the presence of the 

filamentous bacteria Sphaerotilus natans and Thiothrix.  S. natans grew in glucose-, acetate-, 

and sucrose-fed reactors, regardless of the inoculum source.  It also grew in propionate- and 

pyruvate-fed reactors inoculated with the sludge from the Neuse River Wastewater 

Treatment Plant (WWTP).  Thiothrix was detected in propionate- and pyruvate-fed reactors 

inoculated with sludge from the South Cary WWTP, and in glucose- and acetate-fed 

inoculated with the sludge from the Neuse River WWTP inoculated reactors.  In addition to 

these two filaments, Gram and Neisser staining indicated the presence of Nostocoida limicola 

in Neuse River WWTP inoculated reactors.  The presence of S. natans and T. nivea was 

confirmed with FISH.  SVI measurements were consistent with the level of bulking, showing 



an increase as the number of filaments in the reactors increased.  This study confirmed that 

readily biodegradable substrates favored the growth of S. natans, T. nivea and, N.  limicola in 

activated sludge.  The simultaneous use of microscopic and molecular tools provided the 

information above with one method compensating for the other method’s biases. 
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1. OVERVIEW 

Activated sludge is commonly used biological treatment system.  Bulking due to 

proliferation of filamentous organisms causes the settling efficiency decrease in the settling 

tanks of the activated sludge plants.  To prevent and control bulking, it is important to 

understand the behavior of filamentous bacteria.   

 

In this study we investigated the effects of carbon sources and incolum sources on the growth 

of filamentous organisms.  Specifically, we analyzed the effects of these factors on the type 

or species of filaments that would dominate in short time experiments.  A brief literature 

review is given in Chapter-2.  The first part of the review focuses on filamentous organism 

and bulking. The second part focuses on molecular methods. In Chapter-3, the study is 

explained in detail, and the results are presented and discussed.  
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2.1. ACTIVATED SLUDGE BULKING 

2.1.1. Introduction 

Activated sludge is the most common wastewater treatment process used worldwide.  It 

involves aerobic treatment of wastewater in an aeration basin, followed by a settling tank for 

separating the biomass.  Poor settling conditions can develop, depending on the nature of the 

activated sludge floc, which consists of biological and non-biological components, i.e. 

microorganisms and particulate matter, respectively (Jenkins et al., 1993).  There are 

different settling problems related to the floc structure: 

• Dispersed growth:  There is no floc formation, which causes the effluent to be turbid. 

• Viscous bulking: Microorganisms are present in large amounts of exocellular slime, 

imparting a jelly like consistency to the activated sludge.   

•  Pinpoint floc: The flocs are compact and weak so that the effluent is turbid. 

• Blanket rising: Denitrification occurs in the settling tank, which causes N2 gas 

bubbles to attach to the flocs and make the flocs rise. 

• Foaming: Non-degradable surfactants or specific filamentous species cause the 

formation of a scum layer on the surface of aeration basins and secondary clarifiers. 

• Filamentous bulking: Excessive levels of filamentous bacteria causes a high sludge 

volume index (SVI) and washout of the solids over the secondary clarifier. 

 

Of the settling problems stated above, filamentous bulking is our interest in this study. 

Filamentous bulking is a worldwide problem. The presence of filamentous organisms 

floating freely or extending from flocs causes poor settling in the secondary clarifier 

(Eikelboom 1975; Lau et al., 1984a).  According to the filamentous backbone theory (Sezgin 
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et al., 1978), the settling properties of activated sludge systems are related to the relative 

numbers of filamentous and floc-former organisms. Sludge is considered as bulking when the 

SVI is greater than 150 mL/g. 

 

2.1.2. Identification and Characterization of Filamentous Bacteria 

Due to the difficulty of cultivating many filamentous species, most of the organisms have 

been characterized using microscopy.  To date, 30 and 40 filamentous species have been 

observed in municipal and industrial wastewater treatment plants (WWTP), respectively 

(Wagner and Loy, 2002b).  Eikelboom (1975) used the following properties to characterize 

the filamentous bacteria in activated sludge. 

1. Presence or absence of a sheath or slime layer 

2. Gliding motility  

3. Branching, true or false 

4. Nature, length, and shape of the organism 

5. Result of Gram stain  

6. Diameter, length ,and shape of the cells 

7. Presence or absence and composition of the cell inclusions (PHB, polyphosphate, 

sulfur). 

 

Eikelboom distinguished 26 filamentous species according to the characteristics given above: 

Group 1: Sheath forming, Gram negative: Sphaerotilus natans, type 1701, S. discophorus, 

type 1702, Haliscomenobacter hydrossis, type 0321 

Group 2: Sheath forming, Gram positive: type 0041, type 1851, type 0675 
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Group 3: Sheathless, curled, multicellular, bacteria resembling blue green algae: type 021 N, 

Nostocoida limicola, Cyanophycea 

Group 4: Slender, coiled bacteria: Microthrix parvicella, type 0581, type 0192 

Group 5: Straight, multicellular, Gram negative: type 0803, type 1091, type 0092, type 0961 

Group 6: Motility by gliding: type 0914, Beggiatoa, type 1501 

Group 7: Additional types: type 1863, type 0411, fungi, Nocardia spp 

Jenkins et al. (1993) scored the filaments according to their abundance as shown in Table-

2.1.1.  

 
Table-2.1.1. Scoring of Filament Abundance 

Score Abundance Explanation 
0 None  

1 Few Filaments present, but only observed in an occasional 
floc 

2 Some Filaments commonly observed, but not present in all 
flocs 

3 Common Filaments observed in all flocs, but at low density 
4 Very common Filaments observed in all flocs at medium density 
5 Abundant Filaments observed in all flocs at high density 

6 Excessive Filaments present in all flocs,  more filaments than flocs, 
and/or filaments growing in high abundance in solution 

 

 

Because morphological characterization is not an easy task, especially in a complex 

environment, there is a need to isolate the desired organism for better characterization and 

investigation of the growth parameters.  However, filamentous bacteria are difficult to isolate 

into pure culture.  Different methods have been applied for the isolation of filamentous 

microorganisms including direct dilution (Williams and Unz, 1889), micromanipulation 

(Hornsby et al., 1994), and centrifugation.  Novel isolation techniques are needed to isolate 
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the difficult organisms.  For example, Kaeberlein et al. (2002) isolated marine organisms 

using a diffusion chamber, which allowed the microorganism to grow in the natural 

environment.  Successive transfers of the desired microorganism were performed until pure 

cultures were obtained. 

 

2.1.3. Bulking Theory 

According to the kinetic selection theory, filamentous organisms are slow growers, so they 

have lower maximum growth rates and affinity constants than those of floc formers.  In other 

words, when the substrate concentration is low, filamentous bacteria have higher substrate 

uptake rate, and outcompete the floc-formers.  Therefore, it is expected to have filamentous 

bacteria dominant in continuously fed completely mixed reactors rather than in plug flow and 

sequencing batch reactors (SBR) (Chudoba, 1973).  This theory is supported by some pure 

culture studies (van den Eynde et al., 1983; Lau et al., 1984b; van Niekerk et al., 1987).  The 

use of selectors or contact tank to control filamentous growth is based on kinetic selection 

theory.  

 

Another theory to explain bulking is the diffusion limitation theory.  This theory suggests 

that filamentous growth is favored at low reactor substrate concentrations because the floc 

formers inside the floc are exposed to lower substrate concentrations than the filaments that 

can easily grow outside the floc.  At low reactor substrate concentrations, filamentous 

bacteria can access the substrate outside the flocs easier and therefore outcompete the floc-

formers (Martins et al., 2003b). 
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2.1.4. Factors Affecting Filamentous Growth 

Filamentous growth is affected by a number of factors: 

a) Mean Cell Residence Time (MCRT) and Food to Microorganism Ratio (F/M) 

S. natans, type 1701, Thiothrix spp., and Nocardia spp.,  occur in a wide of range of MCRTs, 

while others, like types 0092, 1851, 0675, 0041, and M. parvicella are associated with high 

MCRTs (>10 days) (Richard, 1989).  Lau et al. (1984b) reported that M. parvicella, type 

0092, type 0041, type 0961 may grow at low organic loading. 

 

b) Aeration Basin Configuration (Wastewater Feeding Regimen) 

Early studies comparing intermittent and continuously fed systems showed that intermittently 

fed systems did not favor filamentous growth, whereas continuously fed systems favored 

filamentous growth (Verachtert et al., 1980; Houtmeyers et al., 1980; van den Eynde et al.; 

1982; van Niekerk et al., 1987).  Majone et al. (1996) observed S. natans growth in 

continuously fed reactor and no bulking in intermittently fed system.  However, Beccari et al. 

(1998) observed filamentous bulking in an intermittently fed system with acetate as the 

carbon source, which is related to the high storage capacity of the filamentous bacteria.  On 

the other hand, it is reported that filamentous bacteria are less capable in terms of carbon 

accumulation, whereas non-filamentous organisms can store substrates under high substrate 

concentrations, so the non-filamentous organisms have an advantage in highly dynamic 

activated sludge systems (Majone et al., 1996; Martins et al., 2003b).  Van Niekerk et al. 

(1987) showed that Zooglea and type 021N, both converted acetate to intracellular storage 

products and Z. ramigera was more efficient in the conversion of acetate to intracellular 

storage, so that it outcompeted type 021N in intermittently fed systems.    
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d) Dissolved Oxygen (DO) 

Some species such as S. natans, type 1701, type 021N, type 1863, H. hydrossis and M. 

parvicella are favored by low DO concentration (Lau et al., 1984a; Jenkins et al., 1993; 

Pernelle et al., 2001).  Martins et al. (2004) also reported that DO concentration greater than 

2.5 mg/L improved settling.  When the DO level was below 0.7 mg/L, they observed 

Thiothrix, H. hydrossis, S. natans, and type 021N.   Wilen and Balmer (1999) tested the 

effects of oxygen on flocs. They reported that when the reactor was operated with a DO 

concentration of 2 mg/L, the flocs were regular shaped, and large, whereas when the DO 

level was 0.5 and 1 mg/L, the flocs became more irregularly shaped and porous. S. natans 

and Thiothrix were found to be the dominant filamentous organisms during the low DO 

period.  

 

e) Nutrient (N and P) and Sulfide Concentrations 

Nutrient deficiency encourages the growth of type 021N, Thiothrix spp., type 0041, and type 

0675 (Jenkins et al., 1993).  Thiothrix, Beggiatoa, type 021N, type 0914 can utilize sulfides 

(Lau et al., 1984a; Jenkins et al., 1993). 

 

g) Nature of organic substance 

Most filamentous organisms in pure culture experiments can grow on well on fairly simple, 

soluble, readily biodegradable organic substrates.  These include S. natans, type 021N, 

Thiothrix, H. hydrossis, N. limicola, and type 1851.  On the other hand, type 0041, type 0675, 

type 0092, and M. parvicella are associated with slowly degradable substrates (Jenkins et al., 

1993). 
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h) Seeding from surfaces:  

 Gabb et al. (1999) reported that S. natans incidence is higher in lab scale reactors than in full 

scale reactors.  They related S. natans’ ability to grow on feed lines and reactor walls, which 

results in continuous seeding of the reactor.  Therefore, they suggested cleaning the wall and 

feed lines daily to eliminate S. natans growth. 

 

i) Selector Effect 

Selectors are compartments where substrate concentrations and metabolic conditions are 

manipulated. Selectors are common way of controlling filamentous bulking. The use of 

selectors is based on kinetic selection theory (Chudoba, 1973).  Aerobic selectors have been 

reported to be effective for controlling filamentous growth.  For example, aerobic selectors 

can suppress the growth of type 021N, type 0041, and type 1701 (Prendl et al., 1998).  Davoli 

et al. (2002) reported that M. parvicella can be suppressed by using anoxic selectors.  

 

By changing the metabolic pathway, the growth of the filamentous organisms can be 

prevented.  This is called metabolic selection.  In metabolic selection the process conditions 

are changed   from aerobic to anoxic or anaerobic, thereby selecting microorganisms that are 

able to take up and metabolize substrate under such conditions.  Andreasen et al. (1999) 

described a successful application of anoxic selectors at a Danish paper mill plant to suppress 

the growth of an unidentified filament (resembling N. limicola, but Gram negative).  

  

Kim et al. (1998) ran lab scale reactors with 2 clarifiers in series and in parallel.  Their results 

showed that clarifiers in series efficiently reduced the bulking, whereas parallel configuration 
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favored bulking.  They suggested that series configuration acted like a selector in terms of the 

bulking control.  

 

2.1.5. Remedial Actions to Control Bulking 

Chlorine and hydrogen peroxide are common chemicals used in the control of bulking.  

Chlorine damages the cell membrane of the organisms (Ramirez et al., 2000).  It is reported 

that the filamentous specie S. natans consumed chlorine 2-4 times faster than Acinetobacter 

anitratus.  The calculated initial critical doses showed that floc-formers are more susceptible 

to chlorine action than S. natans (Caravelli et al., 2003).  Another study demonstrated that 

there are chlorine resistant and chlorine susceptible strains of type 021N (Seka et al., 2001c). 

 

It has been reported that the addition of small talc particles (PE841) improved settling 

properties of activated sludge, while not affecting the biological activity in activated sludge 

system (Eikelboom et al., 1998b).  As a disadvantage, solid production and polyelectrolyte 

consumption for dewatering may increase and scum may be formed at the beginning.  Seka et 

al. (2001b) tested the effect of a combined additive composed of synthetic polymer, talc 

powder, and a quaternary ammonium compound.  The results showed that this combined 

additive was suitable in long term control of bulking.  

 

2.1.6. Quantification, Image Analysis and Rheological Studies 

a) Quantification and Image Analysis  

The first attempts to quantify filaments in activated sludge were performed by Finstein and 

Heukelekian (1967) in which SVI was correlated to the total filament length per floc.  Sezgin 
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et al. (1978) developed a method to measure the filamentous level, where the SVI was 

correlated to the Total Extended Filament Length (TEFL). 

  

In situ quantifications of microorganism by using FISH were performed for foaming causing 

filamentous organisms (Hernandez et al., 1994; de los Reyes et al., 1998)  and bulking 

causing filamentous (Liao et al., 2004) organisms which allowed species specific 

quantification.  FISH with confocal laser microscopy has been used for effective 

quantification of the filaments (Guan et al., 2003).  Microautoradiography has been used for 

the quantification of filaments utilizing a specific organic substrate under distinct electron 

acceptor (Nielsen et al., 2002).  

 

The systematic quantification of filamentous bacteria can potentially improve the monitoring 

of WWTPs (da Motta et al., 2001).  Digital image analysis allows systematic quantification 

of flocs and filamentous bacteria using fast image processing.  This method provides online 

detectable parameters like floc size, structure of the flocs, shape of the flocs, the ratio of 

microflocs and filaments (Heine et al., 2002), and can act as an early warning system for 

potential bulking problems (Cenens et al., 2002a; Heine et al., 2002).  The image is captured 

and processed in a way so that the resulting binary image can discriminate between flocs, 

filaments, and small debris based on their size (Dagot et al., 2001; da Motta et al., 2001).  To 

identify flocs and filaments, it is necessary to calculate five parameters (aspect ratio, form 

factor, roundness, fractal dimension, reduced radius of gyration).  For each parameter, the 

best discriminating level, the value that determines if an object is classified as a floc or as a 

filament, is determined.  This is done by selecting different discriminating values for each 
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parameter and computing for each value the percentage of wrongly classified objects (Cenens 

et al., 2002a).  The form factor was found to be the least suitable, while the reduced radius of 

gyration was found to be the most suitable shape parameter in classifying flocs and filaments 

(Cenens et al. 2002a).  

 

da Motta et al. (2001) reported six filamentous bulking events detected by the information 

obtained using image analysis.  In another study da Motta et al. (2002) confirmed that the 

bulking events could be detected easily by examination of the morphology parameters with 

the observation of corresponding increase of the sludge volume index and decrease of the 

settling velocity.  Jenne et al. (2003) reported that during bulking, the shape of the floc 

boundary roughness and elongation increased, and therefore these parameters can be used to 

monitor the bulking.  These results were found to be consistent with SVI.  

 

The combination of confocal laser scanning microscopy and image analysis provided 

valuable information on floc volume, heterogeneity factors, and population structure (Schmid 

et al., 2003). 

 

Pandolfi and Pons (2004) developed an automated image analysis method for the monitoring 

of the Gram staining characteristics of filamentous bacteria. They found a good correlation 

between manual assessments and automated analysis.   
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b)Rheology 

Rheology, describing the deformation of a body under the influence of a stress (Tixier et al., 

2003), can help characterize the sludge ability to settle (Dagot et al., 2001).  A relation 

between sludge settling and sludge viscosity helped to determine the presence of filamentous 

bacteria.  It has been shown that under certain conditions, filamentous bulking imparts 

properties of thixotropy (a property of certain gels to liquefy when subjected to vibratory 

forces like simple shaking, and then solidify again when left standing) to the activated sludge 

(Dagot et al., 2001). 

 

Dagot et al. (2001) related the decrease in thixotropy to a reduction of either number or the 

size of filamentous bacteria.  Biggs et al. (2000) reported that shear stress not only affects the 

steady state floc sizes but also the structure of the aggregates. Increasing the shear stress 

resulted in denser and more compact aggregates.  The change in structure for different shear 

rates was quantified in terms of fractal dimension.  Tixier et al. (2003) used two parameters 

to characterize the sludge characteristics: limit viscosity and hysteresis area.  A filamentous 

sludge showed a high hysteresis area even at low TSS concentration whereas a low 

filamentous sludge showed a low hysteresis area value. 

 
2.1.7. Description of Some Filamentous Organisms 

a) Sphaerotilus natans 

Being a member of the beta-1 sub-division of the Proteobacteria, S. natans is a long, smooth, 

sheathed filament.  It gives Gram and Neisser negative reactions (Jenkins et al., 1993; 

Pellegrin et al., 1999).  It is a common filamentous bacterium observed in activated sludge 
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systems, flowing water, and sewage. S. natans is found usually together with Beggiatoa and 

Thiothrix (Waitz et al., 1959).  The dominance of this organism was related to the presence 

of readily available substrates, low DO, and long mean cell residence time (Tsai et al., 1998; 

Pellegrin et al., 1999).  Sugars, alcohols, organic acids, and amino acids were reported to 

favor S. natans growth (Mulder et al., 1963; Kaempfer et al., 1998).  A number of pure 

culture studies have been conducted to test the effect of the carbon sources on their growth.  

Mulder et al. (1963) found that glucose, fructose, sucrose, and lactate favored S. natans 

growth.  Gaudy and Wolfe (1961) reported that fructose, sucrose and maltose favored growth 

more than glucose and mannose did, while high peptone concentrations inhibit filamentous 

growth.  Kaempfer et al. (1995) tested the growth requirements of some filamentous bacteria 

and found that D-glucose, D-fructose, and acetate allowed the growth of S. natans.  Early 

research suggested that S. natans can accumulate iron in the form if iron oxide along the 

sheath wall.  However Waitz et al. (1959) reported that growth was inhibited by the presence 

of iron while sulfur containing amino acids favored the growth of S. natans.   They suggested 

that this organism is much closer to the sulfur bacteria rather than to iron bacteria.  Recent 

studies showed that S. natans may be a good organism for use in heavy metal removal 

(Solisio et al., 2000; Esposito et al., 2001). 

 

Determining kinetic parameters, like maximum specific growth rate (µmax), half saturation 

constant (Ks), true growth yield (Y), biomass maintenance coefficient (ms), endogenous 

decay coefficient (kd) are important in the characterization of the organisms.  Richard et al. 

(1985) reported the following kinetic parameters for S. natans when glucose was supplied as 

sole carbon source: µmax=0.27 h-1, Ks=10.7 mg COD/L, Y=0.50 mg VSS/ mg COD, kd=0.003 
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h1.  Contreras et al. (2000) determined the following kinetic parameters for S. natans when 

the citric acid was used as sole carbon source: µmax=0.301 h-1, Ks=4.6 mg COD/L, Y=0.490 

mg VSS/ mg COD, ms=0.022, kd=0.011 h-1. Contreras et al. (2002) determined the same 

parameters for S. natans and Acinetobacter anitratus strain E932 with citrate as the limiting 

carbon source.  They determined the parameters as: µmax=0.458 h-1, Ks=54 mg COD/L, 

Y=0.575 mg VSS/ mg COD, ms =0.018, kd=0.01 h-1for S. natans and µmax=1.037 h-1, Ks=118 

mg COD/L, Y=0.642 mg VSS/ mg COD, ms =0.125, kd=0.08 h-1for strain E932.  

 

S. natans is a sheathed organism.  The role of the sheath is to protect the organism from 

infection and provide attachment.  This sheath acts also as a shield to lysozyme and 

detergents.  It is composed of polysaccharide, protein, and lipid.  The surface of the sheath is 

hydroscopic, so the water content of a floc increases with increasing bulk of surface.  This 

may be related to bulking (Takeda et al., 1998).  It was reported that the organism, 

Paenibacillus spp. strain TB could degrade the sheath of the S. natans (Takeda et al., 2002).  

Suzuki et al. (2002) reported the presence of a sheath-forming gene, sthA, in S. natans and 

the inhibition of the gene could temporarily inhibit filamentous bulking before S. natans 

population reaches bulking level.   

 

b) Thiothrix: 

There are two types of Thiothrix characterized morphologically.  Type 1 is 1.4 to 2.5 µm in 

width, and 100 to 500 µm in length.  Type 2 is 0.7 to 1.4 µm wide, and 50 to 200 µm long.   

This organism gives Gram and Neisser negative reactions, but may contain Neisser positive 

granules (Jenkins et al., 1993).  Thiothrix is usually related to the presence of sulfides in the 
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system.  The ability to use reduced sulfur compounds gives Thiothrix an advantage in 

bacterial competition (Tomei et al., 1999).  Thiothrix is considered as obligate mixotrophic, 

but there are also some that are heterotrophic (Nielsen et al., 2000).  Thiothrix was found to 

be the dominant organism in pulp and paper WWTP (Fourest et al., 2004; Bergeron and 

Pelletier, 2004).  Bergeron and Pelletier (2004) observed that Thiothrix proliferated under 

conditions with low F/M ratios, nutrient deficiency, and the presence of low molecular 

weight organic compounds and sulfide or thiosulfide. 

 

Tandoi et al. (1994) reported that Thiothrix strain CT3 is a versatile filamentous bacterium 

that can grow as a mixotroph utilizing acetate and thiosulfate simultaneously, as a facultative 

heterotroph that can grow with acetate alone without any reduced sulfur compound, and as a 

facultative autotroph that can grow on thiosulfate alone without any added carbon source.  

Strain CT3 can reduce nitrate to nitrite, and can use only some short chain organic acids like 

acetate, pyruvate, succinate, and lactate.  The growth of this strain was not observed when 

sugar, alcohol, or long chain compounds were present.  Rossetti et al. (2003) confirmed the 

growth of this strain with succinate, and lactate, and also reported that malate, oxaloacetate, 

sucrose, fructose, propionate, mannose, Tween80, trehalose, phenol, n-butyrate, n-amyl 

alcohol, oleate, benzoate, and buthanol did not support the growth.  Other studies (Williams 

and Unz, 1989) reported that, T. fructosivorans strain I and Q grew on malate, succinate, 

lactate, sucrose, fructose and propionate, but not mannose, Tween80, trehalose, phenol, n-

butyrate, and n-amyl alcohol.  Strains T1 and T2 of T. ramose grew (Odintosova 1992; 1993) 

with malate, oxaloacetate, succinate, and lactate but not on sucrose, benzoate, buthanol.  T. 

nivea, (Larkin, 1983), grew on malate, and oxaloacetate, but not on succinate, lactate, 
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sucrose, fructose, propionate, or mannose.  Thiothrix strains A1 and A3 are supported only 

by acetate, lactate, propionate, pyruvate, succinate, fumarate, and oxalacetate; strain TH1 

used glucose and other simple and complex sugars.  Two different strains of TNI were also 

reported by Williams and Unz (1989) that requires an organic carbon source (acetate, malate, 

pyruvate, or oxalacatete) and thiosulfate or sulfide for growth.   

 

The studies of Larkin and Strohl (1983) suggested that only a few carbon sources supported 

the growth of Thiothrix and among them acetate was the best compound.  The presence of 

sulfide or thiosulfate was found to be necessary for growth.  Nielsen et al. (2000) tested 

glucose and acetate uptake with microautoradiography and fluorescent in situ hybridization 

(MAR-FISH).  Their results indicated that while acetate was consumed, glucose was not 

taken in by Thiothrix spp.   T. nivea was suggested to be an obligate mixotroph that requires 

both a reduced sulfur compound and an organic substrate for growth (Larkin and 

Shinabarger, 1983). 

 

Aruga et al. (2002) described two novel Thiothrix species, T. flexilis and T. disciformis. T. 

flexilis utilized glucose, fructose, mannose, sucrose, maltose, trehalose, acetate, mannitol, 

lactate, propionate, succinate, pyruvate, malate, hydroybutyrate, glutamate, and aspartate as 

sole carbon sources. Almost all strains used citrate and alanine, but no growth occurred with 

glycerol, butyrate, benzoate, xylose, erthyrol, galactose, lactose, melibiose, raffinose, 

arabinose, rhamnose, ethanol, 1-propanol, sorbitol, formate, gelatin, or starch.  T. disciformis 

used glucose, fructose, mannose, sucrose, maltose, trehalose, mannitol, succinate, pyruvate, 

acetate, maltate, butyrate, hydroxybuturate, gluatamate, glycerol, and aspartete as sole carbon 
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source.  Almost all strains used citrate, and alanine.  No growth occurred with lactate, 

benzoate, xylose, erythritol, galactose, lactose, melibiose, raffinose, arabinose, rhamnose, 

ethanol, 1-propanol, sorbitol, formate, gelatin or starch.  T. eikelboomii showed growth with 

mannose, glycerol, xylose, propionate, aspartate, and alanine, some showed slight growth 

with melibiose, raffinose, sorbitol.  

 

It was reported that there is a correlation between the growth of Thiothrix and the time in 

which sludge remains in clarifier (Pernelle et al., 1998).  To control Thiothrix growth, anoxic 

selectors may be used, whereas the use of anaerobic selector could be problematic due to the 

potential sulfide production when high sulfate concentrations are present (Tomei et al., 

1999). 

 

c) Nostocoida limicola: 

N. limicola I, II, III are bent and irregularly coiled filaments. N. limicola I is 0.6 to 0.8 µm 

wide, 100 to 200 µm long, Gram and Neisser positive, and are found in floc or freely 

dispersed.  N. limicola II is 1.2 to 1.4 µm wide, 100 to 200 µm long, and mostly found in the 

flocs.  Gram and Neisser staining reactions are variable, being mostly Gram negative and 

Neisser positive, though according to Eikelboom (1981) N. limicola II is Gram and Neisser 

positive.  N. limicola III is 1.6 to 2 µm wide, 200 to 300 µm long. Usually it is Gram and 

Neisser positive but sometimes it can be Gram negative (Jenkins et al., 1993).  

 

Nowak and Brown (1990) reported that pure culture of N. limicola grew well on glucose, 

lactose, sucrose, mannitol, glycerol, acetate, citrate, succinate, and Tween 80, if peptone, 
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casitone, yeast, or typtone were added to the culture media.  They also reported that N. 

limicola grew well in a plug flow system without an anoxic zone and in a step feed system 

during periods of low F/M ratios and sludge retention times of 6 to 8 days. 

 

Andreasen and Nielsen (1997) used MAR to test substrate utilization of filamentous 

organisms.  They found that N. limicola showed high uptake of glucose, oleic acid, and a 

minor uptake of acetate, glycine, and leucine. 

 

Blackall et al. (2000) isolated N. limicola morphotype II.  Their carbon substrate utilization 

test on a mineral salt, vitamin medium indicated that most N. limicola strains could grow on 

sucrose, and could use nitrite as nitrogen source, whereas most strain could not use ethanol.   

All strains could grow on acetate, pyruvate, propionate, glucose, fructose, mannose, lactose, 

Tween 80, peptone, glycerol as sole carbon sources. None of the strains could grow on 

citrate, succinate, lactate, oleic acid, or propanol as sole carbon source. 

 

Liu et al. (2001) isolated five N. limicola III strains.  SR2A agar (R2A agar with made up in 

filtered effluent water from the secondary clarifier of the local activated sludge plant and 

either autoclaved or membrane filtered) supported the growth of this organism.  They added 

glucose, lactose, and L-arabonisase to this medium but only L-arabonise supported good 

growth. 

 

Liu and Seviour (2001) designed and applied oligonucleotide probes for FISH of N. limicola 

morphotypes.  Based on their FISH results they suggested that N. limicola I and N. limicola 
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II described by Eikelboom and Jenkins, were the same organisms with different cell 

dimensions under different conditions.  The FISH probe for N. limicola II detected a thinner 

filament.  Their survey results with these probes suggested that N. limicola II was the more 

common morphotype than other two.  They also pointed out that their N. limicola I and II 

probes designed against isolates from Australian plants, responded positively to the filaments 

in other countries, suggesting that the same or very similar morphotypes were distributed 

globally.  

 

Seviour et al. (2002) and Schade et al. (2002) suggested that these three N. limicola types are 

actually phylogenetically different organisms.  The results of Seviour et al. (2002) showed 

that N. limicola I was a Gram positive low mol GC bacterium that belongs to two different 

genera.  N. limicola II belongs to a single genus in the Gram positive high mol G+C bacteria.  

N. limicola III is a member of planctomycetales, closest to Isosphaera pallida.  They 

confirmed the results by FISH probes for these three morhpotypes.  Snaidr et al. (2002) 

investigated the phylogeny of N. limicola like organisms by isolating the strain EU24, which 

was Gram negative, and weakly Neisser positive, having a diameter of 1-1.5µm and 

composed of round disc cells. They found that the filament belongs to the alpha subdivision 

of the Proteobacteria and represents a new genus. The proposed name for this genus is 

Alisphaera (Tandoi et al., in prep.), and the EU24 strain has been proposed to be named 

Alisphaera europa.  
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2.2. MOLECULAR METHODS  

2.2.1. Introduction 

Although Eikelboom has identified 26 filamentous bacteria in activated sludge according to 

their morphology and staining reactions, this approach still suffers from limitations.  Under 

different environmental conditions, the morphology and staining reactions can vary (Wagner 

et al., 1994).  It is reported that some filamentous organisms like S .natans, H. hydrossis, and 

M. parvicella may grow in non-filamentous form and show variable Gram staining results 

(Wagner et al., 1994).  It is difficult to analyze the populations because of the inappropriate 

culturing conditions, difficulty of growing some organisms in the laboratory, and 

misidentification of strains (Nuebel et al., 1997).  Therefore, there is a need to use alternative 

methods, which are more reliable than the traditional methods above.   A fluorescent 

antibody method was used to identify S. natans (Graham et al., 1988) and Thiothrix  

(Brighmon et al., 1995) in activated sludge.  The drawback of this technique, however, is that 

the extra-cellular polymeric substances limit the penetration of antibody into the cells 

(Kaempfer, 1997).  

 

Molecular techniques have been a reliable alternative to the methods described above.  

Techniques based on ribosomal RNA (rRNA) analysis and polymerase chain reaction (PCR) 

amplification have been increasingly used to gain more insight into microbial communities 

(Amann et al, 1992; Boon et al., 2001; Beer et al., 2002).  Molecular methods have been used 

to analyze environmental samples as they are less time consuming than the cultivation based 

methods (Amann et al., 1992).  The rRNA approach is advantageous because the rRNA 

molecules are functionally conserved molecules present in all organisms, and the primary 
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structures of 16S rRNA and 23S rRNA molecules are composed of sequence regions of 

higher and lower evolutionary conservation.  16S rRNA sequences have already been 

determined for a large fraction of the validly described bacterial species and their natural 

amplification with high copy numbers per cell greatly increases the sensitivity of rRNA 

targeted probes (Amann et al., 1995b).  The rRNA approach also has some limitations, which 

are especially introduced during DNA extraction, PCR amplification, and cloning (Wagner et 

al., 2002). 

 

2.2.2. Polymerase Chain Reaction (PCR) 

PCR allows the amplification of a specific deoxyribonucleic acid (DNA) region that lies 

between two regions of known DNA sequence.  The PCR solution contains oligonucleotide 

primers, template DNA, dNTPs, DNA polymerase, and buffer composed of Tris-HCl, KCl, 

and MgCl2.  Oligonucleotide primers are short single stranded DNA molecules, 

complementary to the sequence of template DNA.  The function of DNA polymerase is to 

extend the primers and to synthesize new DNA strands with the dNTPs present in the 

solution.  A PCR cycle consists of three main repetitive steps: denaturing, annealing, 

elongation.  During denaturing, double stranded DNA opens up to two single stranded DNA 

under elevated temperatures.  In annealing, the primers attach to the complementary regions 

in the DNA template at lower temperatures. During elongation, the DNA polymerase 

synthesizes the complementary strand (Newton, 1994).  

 

The problems associated with PCR are: the inhibition of the Taq DNA polymerase due to 

humic acids and other contamination, insufficient DNA template, presence of GC rich 
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sequences, and preferential amplification of some sequences.  Even though increasing the 

number of cycles and DNA concentration can help to increase yield, this can cause additional 

biases like chimera formation, and increasing DNA concentration may not work due to 

inhibitory contaminants in the sample (Amann et al., 1995a; Ishii et al., 2001; Dahlloef et al., 

2002). 

  

In general, large PCR volumes require lower annealing temperature or longer annealing time 

(Ishii et al., 2001).  It is also reported that annealing time is the most important parameter in 

PCR since longer annealing time increases the probability of the primers finding the right site 

on the single stranded DNA, which results in higher yield.  The performance of Taq 

polymerase is higher at longer extension times because it allows inhibitors to be overcome 

(Dahlloef et al., 2002). 

 

2.2.3. Denaturing Gradient Gel Electrophoresis (DGGE) 

DGGE is a common molecular method applied to observe microbial diversity changes.   

DGGE is based on electrophoresis of PCR amplified 16S rDNA fragments in polyacrylamide 

gels containing a linearly increasing gradient of denaturants.   DGGE generates a community 

fingerprint pattern, and each band in this pattern indicates the presence and abundance of a 

specific ribotype in the community (Govoreanu et al., 2003; Schauer et al., 2000).  

 

DGGE separation occurs at a particular position where the melting domain reaches its 

melting temperature and migration stops. The fact that different sequences have different 

melting temperatures enables the separation of bands, and allows community.  The use of GC 
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rich sequences helps to modify the melting of the fragments.  For optimal separation, a 40 

base pair GC rich sequence should be added to the 5’ end of the primer (Muyzer et al., 1993). 

 

The advantages of DGGE are: there is an immediate display of the microbial population 

analyzed, and it is less time consuming and laborious.  The next step after DGGE is the 

excision of the bands, reamplifying and sequencing, if further characterization is desired. 

(Muyzer et al., 1993) 

 

Although DGGE is a powerful tool to analyze the microbial diversity in complex 

environments, biases are possible.  There may be some artifactual bands produced due to the 

particular combinations of the target gene fragment and primers.  The formation of double 

bands could be explained by the formation of secondary product during each PCR cycle due 

to prematurely halted elongation.  During PCR, extended incubation at a high temperature 

could disrupt secondary structures and at the same time allow the enzyme to complete 

elongation (Janse et al., 2004).  Other drawbacks include: single bands in a DGGE gel may 

represent more than one organism (Jackson et al., 2000; Sekiguchi et al., 2001; O’Callaghan 

et al., 2003,), and for the same organism there may be multiple bands in the gel (O’Callaghan 

et al., 2003).  Using a small gradient in the gel may overcome the bias from single bands, 

which represent more than one organism.  However for the environmental samples, which 

have high microbial diversity, this may eliminate organisms that are out of the gradient 

range.  In addition, the use of smaller gradient tends to reduce the clarity of the bands, 

thereby making the analysis difficult (Jackson et al., 2000).  Even after purification, the 

single band may represent multiple organisms, which may be due to the miscorporation or 
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misreading during PCR and sequencing, or due to the faint bands, which overlap the target 

band (Sekiguchi et al., 2001b).  

 

Another limitation of DGGE is that it only detects the dominant microorganisms in the 

environment.  However there may be some potentially important minority in the 

environmental sample.  To overcome this limitation, Holben et al. (2004) used a novel 

method by combining GC fractionation and DGGE.  First, GC fractionation was performed 

enabling the division of the community according to their GC content, and making the 

analysis less complex.  Then, DGGE was applied for the fractions.  

 

2.2.4. Fluorescence In Situ Hybridization 

In fluorescence in situ hybridization (FISH), the desired organism in a complex environment 

is detected with the use of fluorescently labeled DNA probes targeting the rRNA specific to 

the organism (Amann et al., 1992).  FISH has been used to study filaments in activated 

sludge microbial community by many researchers (Onuki et al., 2000; Beer et al. 2002; 

Blackall et al., 1998; Kanagawa et al., 2000; Wagner et al., 1993; Nielsen et al., 1999).  

 

In FISH, cells have to be fixed to allow the fluorescently labeled probe to penetrate in to the 

cells and to stabilize the cells to maintain their morphology during hybridization.  Cells are 

fixed with paraformaldehyde and/or ethanol or methanol.  Hybridization is performed by 

covering the fixed cells with hybridization buffer containing fluorescently labeled probe. 

(Amann et al., 1992) The hybridization conditions, such as hybridization and washing 
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temperatures, concentrations of monovalent cations, and denaturing agents, determine the 

specificity and sensitivity of probes (Amann et al., 1995 b). 

  

Biases may be introduced by permeabilization, low cellular ribosome content of target 

organisms, probe specificity, higher order structure of target or probe, background 

fluorescence, and photo-bleaching (Amann et al., 1992; 1995b; 1995a; Moter et al., 2000; 

Daims et al., 1999).   

 

If there are no or not enough cells there will be no signal to detect the desired organism.  

Since there is correlation between growth rate and cellular rRNA content, slowly growing 

organisms may not be detected easily. Indirect labeling, the use of alternative labels, or 

multiple labeling may be applied to increase the sensitivity of whole cell hybridization 

(Amann et al., 1995a).  Paraformaldeyhde solution has been used to fix Gram negative 

bacteria, however it has been shown that is not effective for Gram positive bacteria (Amann 

et al., 1995a).  Even though permeabilization of Gram positive bacteria is problematic, the 

use of direct microscopy and dioxygenin (DIG) labeled rRNA targeted oligonucleotides and 

anti-DIG antibody fragments labeled with fluorescent dyes or enzymes allow the 

identification of these organisms (Amann et al., 1992).  Pretreatment methods, like standard 

PFA treatment, diethyl ester, xylene, hydrochloric acid, lipase, and mutanolysin applications, 

have been used to increase permeabilization (Meier et al, 1999; Erhart et al.; 1997,Schuppler 

et al., 1998; Davenport et al., 2000).  Table 2.2.1 shows the probes targeting the filamentous 

organisms, as well as some relevant bacterial subgroups. (FA= Formamide) 
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Probe 

Name Sequence Target Site Target Organism 

FA 
 Con. 
% 
 

Reference 

EUB338 S-D-Bact-0338-a-A-18 GCTGCCTCCCGTAGGAGT 338-355 Most Bacteria 0-50 Amann et 
EUB338 II S-*-BactP-0338-a-A-18 GCAGCCACCCGTAGGTGT 338-355 Planctomycetales 0-50 Daims et al. 
EUB338 III S-*-BactV-0338-a-A-18 GCTGCCACCCGTAGGTGT 338-355 Verrucomicrobiales 0-50 Daims et al. 

SNA S-S-S.nat-0656-a-A-18 CATCCCCCTCTACCGTAC 656-673 S. natans 45 Wagner et 
al. (1994) 

TNI S-S-T.niv-0652-a-A-18 CTCCTCTCCCACATTCTA 652-669 Thiothrix nivea  45 Wagner et 

G123T S-G-Thio-697-a-A-18 CCTTCCGATCTCTATGCA 697 - 714 

Thiothrix eikelboomii, T. 
nivea, T. unzii, 
T. fructosivorans, 
T. defluvii, Eikelboom 
type 021N group I, II, III 

40 Kanagawa 
et al. (2000) 

G1B S-*-021Ng1-1029-a-A-18 TGTGTTCGAGTTCCTTGC 1029 - 1046 
Eikelboom type 021N 
group I  
 

30 Kanagawa 
et al. (2000) 

G2M S-*-021Ng2-0842-a-A-18 GCACCACCGACCCCTTAG 842 - 859 Eikelboom type 021N 
group II 35 Kanagawa 

et al. (2000) 

G3M S-*-021Ng3-0996-a-A-18 CTCAGGGATTCCTGCCAT 996 – 1013 Eikelboom type 021N 
group III 30 Kanagawa 

et al. (2000) 

GAM42a L-C-gProt-1027-a-A-17 GCCTTCCCACATCGTTT 1027 – 1043 
 Gammaproteobacteria 35 Manz et al. 

(1992) 

UNIV1390 S-*-Univ-1390-a-A-18 GACGGGCGGTGTGTACAA 1390 - 1407 Most Organisms 0 Zheng et al. 
(1996) 

UNIVER S-*-Univ-0515-a-A-23 CCGTMTTACCGCGGCTGCTGG 
CA 515 - 537 Most Bacteria  

 not det. Rudi et al. 
(2000) 

BETA42a L-C-bProt-1027-a-A-17 GCCTTCCCACTTCGTTT  
1027 - 1043 Betaproteobacteria 35 Manz et al. 

(1992). 

PS1  GATTGCTCCTCTACCGT 
 - 

Leptothrix spp., 
Sphaerotilus natans 
ATCC 29329 

not det. Siering et 
al. (1997) 

BONE23A S-C-bProt-0663-a-A-17 GAATTCCATCCCCCTCT 
 663 - 679 Beta1-group of 

Betaproteobacteria 35 Amann et 
al. (1996) 

Table 2.2.1. Probes targeting filamentous bacteria, and bacterial subgroups 
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G.am1-439 S-*-G.am1-0439-a-A-19 TCGCGCTTCGTCCCTGGTG 
 439 - 457 Gordonia amarae group 

1 strains not det. 
de los 
Reyes et al. 
(1998) 

G.am205 S-S-G.am-0205-a-A-19 CATCCCTGACCGCAAAAGC 
 205 - 223 Gordonia amarae not det. 

de los 
Reyes et al. 
(1998) 

G.am2-439 S-*-G.am2-0439-a-A-19 CGAAGCTTCGTCCCTGGCG 
 439 - 457 Gordonia amarae group 

2 strains not det. 
de los 
Reyes et al. 
(1998) 

GLP1 S-G-Gor-0174-a-A-20 ATGCAGTGGAAGGTAATATC 
 174 - 193 

Gordonia sp. SMKN27, 
Gordonia sp. SMKN12, 
Gordonia sp. SMKN17, 
Gordonia sp. SMKN14, 
(nocardioform 
actinomycetes) 

not det. Schuppler 
et al. (1998) 

GLP2 S-G-Gor-0178-a-A-20 AAGGGCAGGTCATATCCGGT 
 178 - 197 

Gordonia sp. SMKN29, 
Gordonia sp. SMKN15, 
(nocardioform 
actinomycetes) 

45 Schuppler 
et al. (1998) 

GLP3 S-G-Gor-0182-a-A-21 CCAACCATGCAGTCAGAGGTC 
 182 - 202 nocardioform 

actinomycete sp. not det. Schuppler 
et al. (1998) 

Gam192 S-S-G.am-0192-a-A-18 CACCCACCCCCATGCAGG 192 - 209 Gordonia amarae 30 de los 
Gor596 S-G-Gor-0596-a-A-22 TGCAGAATTTCACAGACG 596 - 617 Gordonia (Gordona) 20 de los 
HGC69A L-P-Grps-1901-a-A-18 TATAGTTACCACCGCCGT 1901 - 1918 Actinobacteria (high 25 Roller et al. 
LMU S-S-L.muc-0652-a-A-18 CCCCTC CC AAACTCTA 652 - 669 Leucothrix mucor 35 Wagner et 
HHY S-S-H.hyd-0655-a-A-18 GCCTACCTCAACCTGATT 655 - 672 Haliscomenobacter 20 Wagner et 

21N S-S-ty21-0652-a-A-18 TCCCTCTCCCAAATTCTA 
 652 - 669 Eikelboom type 021N 

strain II-26 35 Wagner et 
al. (1994) 

MPA60 S-S-M.par-0060-a-A-18 GGATGGCCGCGTTCGACT 60-77 M.parvicella 20 Erhart et al. 
MPA223 S-S-M.par-0223-a-A-18 GCCGCGAGACCCTCCTAG 223-240 M.parvicella 20 Erhart et al. 

MPA645 S-S-M.par-0645-a-A-18 CCGGACTCTAGTCAGAGC 645-661 M.parvicella 20 Erhart et al. 
(1997) 

NLI-265    N.limicola  

Seviour et 
al. 
unpublishe
d (van der 
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aarde et al., 
2002) 

EU17-648    Curtunema variabilis  

Tandoi et 
al. in prep. 
(van der 
Waarde et 
al., 2002) 

EU12-654    Megathrix tenacis  

Tandoi et 
al. in prep. 
(van der 
Waarde et 
al. 

EU23-645    Leptothrix discophora  

Tandoi et 
al. in prep. 
(van der 
Waarde et 
al. 

EU26-653    Megathrix sidereus  

Tandoi et 
al. in prep. 
(van der 
Waarde et 
al. 

EU2-845    Thiothrix sp.  

Tandoi et 
al. in prep. 
(van der 
Waarde et 
al. 

EU3-219    Bactothrix amylovord  

Tandoi et 
al. in prep. 
(van der 
Waarde et 
al. 

Noli 644    Alisphaera europea  
Snaidr et al 
(2002) 
 

PPX3-1428    Alisphaera PPx3  
Snaidr et al 
(2002) 
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CHL 1851 S-F-t1851-0592-a-A-20 AATTCCACGAACCTCTGCCA 
 592-611 Type 1851 not det. Beer et al. 

(2002) 

NLIMI 91 S-G-N.limI-0091-a-A-18 CGCCACATCTTCTCCGT 91 - 108 Nostocoida limicola I 20 
Liu J. R. 
and Seviour 
R. J. (2001) 

NLIMII 
175 S-S-N.limII-0175-a-A-18 GGCTCCGTCTCGTATCCG 175 - 192 

Nostocoida limicola II 
strains except strain Ben 
70 

40 
Liu J. R. 
and Seviour 
R. J. (2001) 

NLIMII 
192 S-S-N.limII-0192-a-A-18 AGACTTTCCAGA AGGAG 192 - 209 

Nostocoida limicola II 
strain Ben 70  
 

20 
Liu J. R. 
and Seviour 
R. J. (2001) 

NLIMIII 
301 S-S-N.limIII-0301-a-A-18 CCCAGTGTGCCGGGCCAC 301 - 318 Nostocoida limicola III 

strains 20 
Liu J. R. 
and Seviour 
R. J. (2001) 

NLIMIII 
729 S-S-N.limIII-0729-a-A-18 AGCATCCAGAACCTCGCT 729 - 746 

Nostocoida limicola III 
strain Ben 220  
 

20 
Liu J. R. 
and Seviour 
R. J. (2001) 

NLIMIII 
830 S-S-N.limIII-0830-a-A-18 CCATCGGCGAGCCCCCTA 830 - 847 Nostocoida limicola III 

strains except Ben 220 20 
Liu J. R. 
and Seviour 
R. J. (2001) 
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2.3. SUMMARY 
 
There have been many studies conducted on bulking and the role of filamentous organisms.  

Mechanistic explanations, such as kinetic selection and diffusion limitation were developed 

to explain the competitive growth of filamentous bacteria in activated sludge.  The effects of 

many parameters, such as operation type, DO level, wastewater composition, temperature, 

etc. on the proliferation of specific filamentous bacteria have been studied.  Most of those 

studies were on pure cultures.  First attempts to identify and characterize these organisms 

were made using the microscopic and simple culturing tools.  With the introduction of 

molecular tools, valuable information is obtained about the desired organisms while 

overcoming the biases of traditional methods.  However, there are also biases associated with 

molecular techniques.  Combining traditional methods with modern methods is effective for 

the microbial analysis.  
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3. Testing the Effect of Carbon Sources and Inocula on Filamentous Growth 

3.1. Introduction   

Overgrowth of filamentous bacteria in activated sludge can decrease the settleability of flocs 

(sludge bulking) or cause foaming (Wagner et al., 2002; Eikelboom 1975).  Filamentous 

bacteria have been identified and characterized according to their morphology and staining 

reactions using simple microscopy (Eikelboom, 1975; Jenkins et al., 1993).  Molecular 

techniques based on ribosomal RNA (rRNA) analysis and polymerase chain reaction (PCR) 

amplification have been increasingly used to gain more insight into microbial communities 

(Boon et al., 2001; Beer et al., 2002).   

 

Filamentous growth is stimulated by different conditions, such as wastewater composition, 

operation type, climate, dissolved oxygen level, SRT, F/M. Most filamentous organisms are 

able to grow well on fairly simple, soluble, readily biodegradable organic substrates.  These 

are Sphaerotilus natans, type 021N, Thiothrix, Haliscomenobacter hydrossis, Nostocoida 

limicola, type 1851.  The following are associated with slowly degradable substrates: types 

0041, 0675, 0092, and Microthrix parvicella. (Jenkins et al., 1993) 

 

A variety of carbon sources such as sugars, alcohols, volatile fatty acids, amino acids have 

been tested to see the effects on the growth of filamentous microorganisms (Kaempfer et al., 

1998; Mulder et al., 1963; Gaudy and Wolfe, 1961; Kaempfer et al., 1995; Rosetti  et al., 

2003; Williams and Unz, 1989; Tandoi et al., 1994; Nielsen et al., 2000; Aruga et al., 2002; 

Liu et al., 2001; Larkin and Strohl, 1983; Nowak and Brown, 1990; Andreasen and Nielsen, 
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1997).   Most of these substrate utilization studies involved pure cultures and the analyses 

were performed generally using traditional methods only. 

 

In this study we attempted to determine the types of filaments that are selected by different 

carbon sources and inocula in the mixed liquor environment.  The hypothesis is that the 

activated sludge mixed liquor from different full scale WWTPs have different microbial 

community structures, and that certain filamentous organisms will outcompete others under 

different carbon source conditions.  Thus, the combination of initial microbial community 

structure and type of substrate will determine the dominant filaments when grown under 

conditions conducive to bulking such as in completely mixed systems.  The secondary goal 

of this study was to compare the molecular and traditional methods in the analysis of 

microbial diversity changes.  DGGE, FISH, and Gram and Neisser staining were used to 

track changes in microbial communities.  The microbial population changes were related to 

sludge volume index (SVI) measurements.   
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3.2. MATERIALS AND METHODS 

3.2.1. Carbon and Inocula Sources 

Eight types of substrates were each used in individual reactor runs: glucose, acetate, sucrose, 

propionate, pyruvate, ethanol, ethanol, and formate were supplied as carbon sources to the 

sequencing batch reactors (SBR).  The SBRs were inoculated with aeration basin mixed 

liquor obtained from the North Cary Wastewater Treatment Plant (WWTP), the South Cary 

WWTP, and the Neuse River WWTP.  The inoculation dates are given in Appendix-5.1.  

 

3.2.2. Reactors and Wastewater Composition 

Three sequencing batch reactors (each 8 L) were operated as follows: Hydraulic Residence 

Time (HRT) = 12 hr, Mean Cell Residence Time (MCRT) = 16 days, 3 cycles/day, Feed 

Time= 2 hr, Reaction Time = 3 hr, Settling Time= 1.5 hr, Decant Time = 1 hr, Idle Time = 

0.5 hr.  A relatively high feed:cycle time ratio (0.25) was used to induce bulking (Martins et 

al., 2003; Liao et al., 2004).  Synthetic wastewater with a COD concentration of 500 mg/L 

was supplied to the reactors.  The synthetic wastewater was composed of (per liter), 150 mg 

of yeast extract, 50 mg of MgSO4.7H2O, 5 mg of MnSO4.7H2O, 2.2 mg of FeSO4.7H2O, 7 

mg of KCl, 150 mg of NH4Cl, 196.4 mg of KH2PO4, 555.6 mg of NaHCO3, and 3.8 mg of 

CaCl2 and appropriate amount of carbon source resulting in a final COD of 500 mg/L.  In 

addition to daily cleaning of the reactor walls to prevent biofilm formation, the reactors were 

cleaned and tubings were replaced with the new ones every two weeks for the next run. 
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3.2.3. Sampling 

Samples were collected every two days from the lab scale reactors for sludge volume index 

(SVI) measurements, solids measurements, Gram staining, and Neisser staining, DNA 

extraction, FISH,. SVI and mixed liquor suspended solids (MLSS) tests were performed 

according to the Standard Methods (APHA, 1992).  For DNA extraction 14-ml samples were 

centrifuged at 2000 x g and cell pellets were stored at -80°C until DNA extraction.  For 

FISH, 3-ml samples were fixed in 9 ml 4% (w:v) paraformaldehyde for 2 hours at 4oC and 

stored in phosphate buffered saline/ethanol (1:1, v:v) at -20oC until hybridization (Stahl and 

Amann, 1991; de los Reyes et al., 1997).   

 

3.2.4. Microscopy 

Filaments were classified according to their morphology.  Gram staining and Neisser staining 

were performed as described by Jenkins et al. (1993).  Filament abundance was scored from 

0 to 1 according to Jenkins et al. (1993). 

   

3.2.5. Nucleic Acid Extraction and PCR 

DNA was extracted using a soil DNA extraction kit (MoBio Power Soil Extraction Kit, CA, 

USA) following the manufacturer’s instructions.  The extracted products were visualized on 

1% agarose gel.  Extracted DNA was amplified in a PCR Cycler (Eppendorf Master Cycler 

Gradient, Hamburg, Germany) using 341f, 341f-GC and 926r primer sets (341f: 5'-CCT 

ACG  GGA GGC AGC AG-3'; GC-clamp: 5'-CGC CCG CCG CGC GCG GCG GGC GGG 

GCG GGG GCA CGG GGG G-3', 926r: 5′-CCG TCA ATT CCT TTG AGT TT-3′) (Muyzer 
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et al., 1996; Nagashima et al., 2003). Hot-Start PCR technique was applied to minimize the 

nonspecific binding of primers to non-target DNA as described by Muyzer et al. (1993) in 

which the Taq DNA polymerase (Fail Safe, Epicentre) was added at 80oC, after 5 minutes of 

first denaturing period.  This was followed by 29 cycles of 1 minute annealing at 62oC, 3 

minutes extension at 72oC, and 1 minute denaturing at 94oC for each cycle.  The 

amplification was completed after a final extension at 72oC for 30 minutes.  The amplified 

products were visualized on 1% agarose gel stained with ethidium bromide (Muyzer et al., 

1993).   

 

3.2.6. DGGE and Sequencing 

DGGE was performed using a BioRad electrophoresis kit (BioRad, Hamburg, Germany).   

The PCR products were loaded onto the 6% polyacrylamide gel with 25% to 60 % 

denaturing concentrations in 1x TAE buffer as described previously (Muyzer et al.,1996; 

BioRad Manual).  Electrophoresis was performed at 80 V and at 60 oC for 17 hours.  After 

electrophoresis the gel was stained with SYBR-Gold nucleic acid dye.  The stained gel was 

visualized with a Dark Reader transilluminator (Clare Chemical Research).  The bands were 

excised from the DGGE gel using needles, suspended overnight in 12.5 µL sterile water and 

PCR amplified.  5 µL of the amplified products were purified with 2 µL SAP, 1µL EXO. 

0.5µL of purified products were mixed with 0.5µL primers and 11 µL sterile water, and sent 

for sequencing to Duke University Hospital DNA Analysis Facility.  The sequences obtained 

were compared with the sequences in BLAST/NCBI database 

(http://www.ncbi.nlm.nih.gov/BLAST). 
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3.2.7. FISH 

The oligonucleotide probes with the specified formamide (FA) concentrations in Table-3.2.1 

were used in hybridization experiments.  FISH was performed as previously described (de los 

Reyes et al., 1998; Wagner et al. 1994).  The images were captured using a Photometrics 

Sensys CCD camera mounted on a Nikon Optiphot II fluorescence microscope.  For the 

samples showing the possible presence of the Gram positive filament, N. limicola, 

pretreatments were applied with lysozyme and mutanolsyisn to increase permeability of the 

probes into the cells as described (Meier et al., 1999; Erhart et al., 1997; Schuppler et al, 

1998; Davenport et al., 2000).   

 
Table 3.2.1. Oligonucleotide Probes used in FISH 

Probe Name Name Target 
Organism Sequence ( 5’-3’) FA 

Con. 

S-S-T.niv-0652-a-A-18 TNI T. nivea  CTC CTC TCC CAC ATT CTA 45 
S-S-S.nat-0656-a-A-18 SNA S. natans CAT CCC CCT CTA CCG TAC 45 

S-G-Thio-0697-a-A-18 G123T Thiothrix 
Type 021N CCT TCC GAT CTC TAT GCA 40 

S-G-N.limI-0091-a-A-18 NLIMI 91 N. limicola I CGC CAC TAT CTT CTC CGT 20 
S-S-N.limII-0175-a-A-18 NLIMII 175 N. limicola II GGC TCC GTC TCG TAT CCG 40 
S-S-N.limIII-0301-a-A-18 NLIMIII 301 N. limicola III CCC AGT GTG CCG GGC CAC 20 
S-D-Bact-0338-a-A-18 EUB338 Bacteria Domain GCT GCC TCC CGT AGG AGT 0 
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3.3. RESULTS 

3.3.1. Monitoring Bulking in the Reactors and Microscopy 

Figures 3.3.1.1 to 3.3.1.6 show the changes in SVI and MLSS in different reactor runs.  All 

the images in the first, second, and third rows in Figure 3.3.2.1 to 3.3.2.20 correspond to the 

first, middle (day 6-8), and the last days of the reactor runs, respectively, unless otherwise 

stated.  Images in the left column correspond to Gram stained samples and the images in the 

right column stand for Neisser stained samples.   

 

a) North Cary WWTP Inocula 

Figure 3.3.1.1.a shows the sludge volume index (SVI) and mixed liquor suspended solids 

(MLSS) for the glucose fed reactor.  According to the SVI level, sludge was bulking (SVI > 

150 ml/g) since the first day.  Throughout the operation of the reactors, SVI increased as the  

MLSS increased.  The graph shows a decrease in the MLSS concentration at the end of the 

two weeks when SVI increased.  This sudden increase could be explained by washout of the 

microorganisms due to severe bulking.  (There is no stained sample available for this run) 

 

Figure 3.3.1.1.b (acetate fed reactor) shows there was bulking since the first day of operation.  

Until the seventh day of operation, SVI and MLSS increased together, whereas after that day,  

SVI increased up to around 1000 ml/g, indicating severe bulking.  MLSS decreased to 300 

mg/L at the end of the run due to the washout of the organisms.  (There is no stained sample 

available for this run) 
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Figure 3.3.1.1.c (propionate fed reactor) shows that bulking started on the second day.  At the 

beginning there was a decrease in MLSS level with an increase in SVI.  On the ninth day, 

there was a sharp increase in SVI when the MLSS concentration was minimum.  After that 

point MLSS started to increase while SVI decreased to 150 ml/g.  In Figure 3.3.2.1 “a, b, d” 

and “e”, there were two types of filaments.  Both were Gram and Neisser negative, and were 

tentatively identified as S. natans and Thiothrix.  In image “c” the number of possible 

Thiothrix spp. increased.  For this sample, staining results indicate only the last week of the 

operation period.  

 

Figure 3.3.1.1.d (pyruvate fed reactor) shows bulking since the first day.  At the beginning 

the MLSS concentration was around 2500 mg/L and SVI was around 300 ml/g.  There was a 

sudden decrease in both SVI and MLSS on the second day.  The MLSS decreased to 1500 

mg/L and SVI fluctuated between 100-200 ml/g.  The images in Figure 3.3.2.2 “a “and “d”, 

show that there were Gram negative and Neisser negative (possibly S. natans), and Gram 

positive and Neisser negative, branched filaments (possibly Gordonia amarae).  In images 

“b” and “e”, the flocs became more compact and S. natans were present.  Images “c” and “f” 

show that there were a few filaments, S. natans, inside the flocs.  Amorphous Zooglea 

structures were also observed.  The lower SVI values were consistent with the decrease in 

filament level as shown in the images. 

 

Figure 3.3.1.2.a (methanol fed reactor) shows bulking on the first day with an SVI of 200 

ml/g and MLSS of 800 mg/L.  The MLSS concentration increased up to around 1000 mg/L.  

After the fifth day, SVI sharply increased to around 300 ml/g.  In Figure 3.3.2.3 ”a” and “d”, 
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there were a few filaments and the flocs were small.  Images “b” and “e” show that the 

filaments were common inside the flocs, being Gram positive and negative, possibly S. 

natans and G. amarae, respectively.  Both filaments were Neisser negative. In images “c” 

and “f”, the filament level was abundant.  Gram and Neisser negative filaments, possibly S. 

natans, were observed.  The increase in SVI was consistent with the changes in filament 

levels shown in the images. 

 

Figure 3.3.1.2.b (ethanol fed reactor) shows bulking on the first day with an SVI of 150 ml/g.  

After the first day, SVI level fluctuated between 205-300 ml/g.  MLSS was around 1000 

mg/L, though at the end the MLSS concentration decreased.  Figure 3.3.2.4 ”a” and “d” show 

a few filaments extending outside the floc.  Gram positive, G. amarae, and Gram negative, S. 

natans, filaments were observed.  Both filaments were Neisser negative.  Images “b” and “e” 

show that flocs were bigger and the number of filamentous organisms increased.  They were 

mostly in the flocs, being Gram and Neisser negative.  In images “c” and “f”, the filament 

level decreased.  Only a few Gram and Neisser negative filaments were observed.  SVI 

values were always higher than the bulking level, even though in the images there were not 

so many filaments that can cause bulking. 

  

Figure 3.3.1.2.c (sucrose fed reactor) shows bulking on first day with SVI being 150 to 200 

ml/g.  Throughout the operation, SVI was very high and MLSS was very low, indicating 

washout due to severe bulking. 
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Figure 3.3.1.2.d (formate fed reactor) shows bulking on the first day, however, after the first 

day, SVI dropped below 100 ml/g, while MLSS increased up to 2000 mg/L, indicating no 

bulking.  Figure 3.3.2.5 “a” and “d” show that there were Gram and Neisser negative 

filaments present in abundant number.  In images “b” and “e”, almost the same pattern as in 

the first row images was observed.  Images “c” and “f” show that the flocs became compact 

and there were almost no filaments.  The decrease in SVI was consistent with the changes in 

the observed in the images.  

 

b) South Cary WWTP Inocula 

Figure 3.3.1.3.a (glucose fed reactor) shows bulking started on the third day.  SVI increased 

throughout the operation of the reactor, with a peak of 1500 ml/g on the ninth day.  MLSS 

was stable around 1500 mg/L, then decreased at the end, possibly due to severe bulking.  

Figure 3.3.2.6 ”a” and “d” show that there were small flocs without filaments.  In images “b” 

and “e”, the number of filaments was excessive and the filaments extended outside the flocs.   

These filaments gave Gram and Neisser negative reactions, and were identified as S. natans.  

Images “c” and “f” showed even denser populations of the same filament.  The increasing 

SVI was consistent with the increasing levels of filaments as shown. 

  

Figure 3.3.1.3.b (acetate fed reactor) shows bulking started on the third day.  Throughout the 

run, SVI increased from 100 to 1000 ml/g, while MLSS was mostly around 1500 mg/L in the 

first half of the run and decreased to around 500 mg/L, due to the severe bulking.  Figure-

3.3.2.7, “a” and “d” show that there were only small flocs, without filaments.  In images “b” 

and “e”, there was excessive amount of Gram and Neisser negative filaments, which were 
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identified as S. natans.  Images “c” and “f” showed an even denser population of the same 

filament.  The increasing SVI was consistent with the increasing levels of filaments as 

shown. 

 

Figure 3.3.1.3.c (propionate fed reactor) shows bulking at first day.  SVI increased up to 

around 1000 ml/g on day 9, and after that decreased to 250 ml/g.  MLSS was fluctuating 

between 700 and 1500 mg/L.  Figure 3.3.2.8, “a” and “d” show almost no floc formation and 

two types of filaments, one being Gram positive and thicker than the other Gram negative 

filament, which was tentatively identified as S. natans.  They were both Neisser negative.  In 

images “b” and “e”, the level of possible S. natans was excessive, whereas there was also a 

few of the thicker, Gram and Neisser negative filament, which was tentatively identified as  

Thiothrix.  In images “c” and “f”, large flocs were formed, and the filament level decreased.  

For this sample, staining results indicate only the last week of the operation period.  The 

decrease in SVI towards the latter part of the run was consistent with the decrease in filament 

levels.  

 

Figure 3.3.1.3.d (pyruvate fed reactor) shows bulking at the second day. Throughout the 

operation, SVI mostly fluctuated between 100 and 200, with a peak of 500 ml/g in the middle 

of the run.  MLSS fluctuated around 1000 mg/L, and at the end it decreased.  Figure 3.3.2.9, 

“a” and “d” show the branched, Gram positive and Neisser negative filament G. amarae.  It 

also shows another filament in low number that is Gram and Neisser negative.  In images “b” 

and “e”, the number of Gram and Neisser negative filaments, tentatively identified as S. 

natans, was abundant.  In “c” and “f” images, the level of filaments decreased.  Another 
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Gram and Neisser negative filament, possibly Thiothrix, which was thicker than the others, 

was also observed.  The decrease in SVI towards the end of the run was consistent with the 

decrease in filament levels.  

 

Figure 3.3.1.4.a (methanol fed reactor) shows bulking on the fifth day.  SVI mostly 

fluctuated between 100 and 200 ml/g, showing no sign of significant bulking.  MLSS 

concentration was around 1000 mg/L throughout the run.  Figure 3.3.2.10 “a” and “d” show 

that there are some filaments inside the flocs.  Images “b” and “e” show compact flocs and 

very few filaments inside the flocs.  In images “c” and “f’, there was filamentous growth, 

possibly S. natans, a Gram and Neisser negative bacteria.  The slight increase in SVI was 

consistent with the level of filaments observed in the last few days of the run. 

 

Figure 3.3.1.4.b (ethanol fed reactor) shows bulking on the fourth day.  SVI was mostly 

around 200 ml/g until day 10, after which it increased to 250 ml/g.  MLSS dropped to 500 

mg/L in the first four days, and then increased up to 1000 mg/L.  Figure 3.3.2.11, “a” and “d” 

show some filaments inside the flocs.  Images “b” and “e” show almost the same pattern as in 

“a” and “d”.  In images “c” and “f”, there was filamentous growth.  The filaments seemed to 

be Gram and Neisser negative, and possibly being S. natans.  The increase in SVI towards 

the end of the run was consistent with the increase in the filament level. 

 

Figure 3.3.1.4.c (sucrose fed reactor) shows bulking on the third day. After day 4, there was a 

sharp increase in the SVI level up to 2500 ml/g, which was accompanied with a sudden 

decrease in MLSS, possibly due to severe bulking. 
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Figure 3.3.1.4.d (formate fed reactor) shows no bulking.  SVI was steady around 100 ml/g, 

whereas MLSS fluctuated between 600-800 mg/L.  Figure 3.3.2.12, “a” and “d” show Gram 

positive, Neisser negative and branched filaments, tentatively identified as G. amarae.  In 

images “b” and “e”, the flocs became smaller and there was no filamentous growth.  In 

images “c” and “f” the flocs were getting bigger but there was still no filamentous growth.   

The low SVI was consistent with the floc morphology and lack of filaments extending 

outside the flocs.  

 

c) Neuse River WWTP Inocula 

Figure 3.3.1.5.a (glucose fed reactor) shows bulking on the fourth day.  Throughout the 

operation, SVI increased up to 1000 mL/g, and the MLSS decreased from 2000 to 1000 mg/L 

due to severe bulking.  Figure 3.3.2.13, “a” and “d” show compact flocs with few filaments.  

In images “b” and “e”, two filaments were observed to be abundant, one being Gram and 

Neisser negative, possibly S. natans, and the other being a coiled filament with positive 

Gram and Neisser reactions, possibly N. limicola. Images “c” and “f” show excessive number 

of filaments.  The increase in SVI was consistent with the changes in the levels of filaments 

observed in images “b”, “c”, “e”, and “f”.  

 

Figure 3.3.1.5.b (acetate fed reactor) shows bulking started on the second day.  SVI was 

increasing with decreasing MLSS.  There was severe bulking.  Figure 3.3.2.14, “a” and “d” 

show small flocs, open structure and very few filaments inside the flocs.  In images “b” and 

“e”, filamentous bacteria grew abundantly, giving Gram and Neisser negative reactions, 

possibly S. natans.  In images “c” and “f”, small flocs and some filaments were freely 
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present.  The increase in SVI in the latter half of the run was consistent with the increase in 

filaments as shown in the images. 

 

Figure 3.3.1.5.c (propionate fed reactor) shows bulking started in second day and SVI 

continued to rise up to 600 ml/g, while MLSS concentration fluctuated between 1700-1200 

mg/L.  Figure 3.3.2.15, “a” and “d” show some filaments inside small flocs.  The  images, 

”b” and “e” show bigger flocs with two different filaments, one being Gram and Neisser 

negative, possibly S. natans, and the other being coiled, Gram and Neisser positive, possibly 

N. limicola.  In images “c” and “f” both of filaments grew excessively.  The steadily 

increasing SVI was consistent with the steady increase in filament levels as shown in the 

figures. 

 

Figure 3.3.1.5.d (pyruvate fed reactor) shows bulking since the first day.  Throughout the 

operation SVI increased, especially up to 2500 mL/g in the last days, when MLSS dropped 

under 1000 mg/L, due to washout caused by bulking.  In Figure 3.3.2.16, “a” and “d”, 

filaments were very common mostly inside the flocs, with some extending outside the flocs.  

The filaments gave Gram and Neisser negative reactions, and were tentatively identified as S. 

natans.  In images “b” and “e”, the filament level became abundant. In images “c” and “f”, 

the level of same filaments became excessive.  The increase in SVI especially in the last days 

was consistent with the changes in the filament levels. 

 

Figure 3.3.1.6.a (methanol fed reactor) shows bulking started on the eighth day.  At the end 

of the run, SVI approached to 150 ml/g level while MLSS was around 1500-2000 mg/L.  
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Figure-3.3.2.17, “a” and “d” show that there were small flocs with a few filaments inside.  In 

images “b’ and “e”, the flocs got bigger, and some Gram positive and negative and Neisser 

negative and positive filaments were observed.  In images “c” and ”f”, the flocs became to 

bigger with the increasing level of the Gram and Neisser negative (S. natans) filaments 

inside.  The Gram and Neisser negative (N. limicola) filaments were also present.  SVI 

changes were consistent with the images, where there the filament level was low and after the 

second half filament level increased, as the SVI reached to bulking level.  

 

Figure-3.3.1.6.b (ethanol fed reactor) shows bulking started on second day.  SVI increased 

only up to 200 ml/g after the eight days.  MLSS also increased from 1200 to 1700 mg/L.  

Figure-3.3.2.18, “a” and “d” show a few filaments inside the flocs.  In images “b” and “e”, 

Gram and Neisser negative filaments, possibly S. natans, became common and started to 

extend outside the flocs.  In images “c” and “f”, the same filament became abundant and 

extended out of the floc, while there grew few Gram and Neisser positive filaments, possibly 

N. limicola.  SVI was consistent with the images, as it was steady around 150 ml/g till the 

eigth day, where there were some filaments.  At the end, SVI started to increase when the 

level of filaments increased as shown in the figures. 

  

Figure-3.3.1.6.c (sucrose fed reactor) shows bulking started on the second day.  SVI 

continued to increase up to 500 ml/g until the seventh day and then decrease to 200 ml/g.  

MLSS concentration was around 1000 mg/L.  Figure-3.3.2.19, “a” and “d” show Gram and 

Neisser negative filaments inside the flocs.  In images “b” and “e”, the number of the same 

filament increased.  In images “c” and “f”, there were two types of filaments extending 
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outside the floc, one being Gram and Neisser negative, possibly S. natans, and the other 

being coiled, Gram and Neisser positive, possibly N. limicola.  SVI increased as the filament 

level increased till the seventh day.  At the end, where SVI decreased, the filament level 

outside the flocs seemed to be decreased. 

 

Figure-3.3.1.6.d (formate fed reactor) SVI never reached bulking level.  MLSS concentration 

fluctuated around 1000-1500g/L.  Figure-3.3.2.20, “a” and “d” show some filaments mostly 

inside the flocs with some of them extending out of the floc. In images “b” and “e”, the 

number of filaments and flocs increased.  In images “c” and “f”, there was no filament, the 

flocs became compact.  At the end, the low SVI was consistent with the floc morphology and 

lack of filaments extending outside the flocs. 



 47

 

 
Figure 3.3.1.1. SVI, MLSS vs. Time for NC WWTP inoculum:  

a) Glucose b) Acetate c) Propionate d) Pyruvate 
 
 

 
Figure 3.3.1.2. SVI, MLSS vs. Time for NC WWTP inoculum:  

a) Methanol b) Ethanol c) Sucrose d) Formate 
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Figure 3.3.1.3. SVI, MLSS vs. Time for SC WWTP inoculum:  

a) Glucose b) Acetate c) Propionate d) Pyruvate 
 
 
 

Figure 3.3.1.4. SVI, MLSS
a) Methanol b) Eth

Sucrose-SC

0
500

1000
1500
2000
2500
3000

0 2 4 6 8 10 12 14

Time (day)

S
V

I(m
l/g

)

0

20

40

60

80

10

SVI (ml/g) MLSS (mg/L)

Methanol-SC

0

50

100

150

200

250

0 5 10 15

Time(day)

S
V

I(m
l/g

)

0

500

1000

1500

2000

M
LS

S
 (m

g/
L)

SVI (ml/g) MLSS (mg/L)

Ethanol-SC

0
50

100
150
200
250
300

0 2 4 6 8 10 12 14

Time(day)

S
V

I(m
l/g

)

0

500

1000

1500

M
LS

S
 (m

g/
L)

SVI (ml/g) MLSS (mg/L) b

Glucose-SC

0

500

1000

1500

0 2 4 6 8 10 12

Time (day)

S
V

I (
m

l/g
)

0

500

1000

1500

2000

M
LS

S
 (m

g/
L)

SVI (ml/g) MLSS (mg/L) a

Acetate-SC

0

500

1000

1500

0 2 4 6 8 10 12

Time (day)

S
V

I (
m

l/g
)

0

500

1000

1500

2000

M
LS

S
 (m

g/
L)

SVI (ml/g) MLSS (mg/L) b

Propionate-SC

0

500

1000

1500

0 2 4 6 8 10 12 14 16

Time (day)

S
V

I (
m

l/g
)

0

500

1000

1500

2000

SVI (ml/g) MLSS (mg/L) c

Pyruvate-SC

0
100
200
300
400
500
600

0 2 4 6 8 10 12 14

Time (day)
S

V
I (

m
l/g

)

0

500

1000

1500

M
LS

S
 (m

g/
L)

SVI (ml/g) MLSS (mg/L) d
a

48

 
 vs. Time for SC WWTP inoculum:  
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Figure 3.3.1.5. SVI, MLSS vs. Time for NR WWTP inoculum:  

a) Glucose b) Acetate c) Propionate d) Pyruvate  
 
 
 

 
Figure 3.3.1.6. SVI, MLSS vs. Time for NR WWTP inoculum:  

a) Methanol b) Ethanol c) Sucrose d) Formate 
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Figure 3.3.2.1. Gram (a, b, c) and Neisser (d, e, f) Staining  

 for propionate fed NC WWTP inoculated reactor: 
 a & d) PR1,  b & e) PR2,  c & f ) PR3, bar=100 µm 
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Figure 3.3.2.2. Gram (a, b, c) and Neisser (d, e, f) Staining  

 for pyruvate fed NC WWTP inoculated reactor: 
 a & d) PY1,  b & e) PY2,  c & f ) PY3, bar=100 µm 
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Figure 3.3.2.3. Gram (a, b, c) and Neisser (d, e, f) Staining  

 for methanol  fed NC WWTP inoculated reactor: 
 a & d) M1,  b & e) M2,  c & f ) M3, bar=100 µm 
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Figure 3.3.2.4. Gram (a, b, c) and Neisser (d, e, f) Staining  

 for ethanol fed NC WWTP inoculated reactor: 
 a & d) E1,  b & e) E2,  c & f ) E3, bar=100 µm 
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Figure 3.3.2.5. Gram (a, b, c) and Neisser (d, e, f) Staining  
 for formate fed NC WWTP inoculated reactor: 
 a & d) F1,  b & e) F2,  c & f ) F3,  bar=100 µm 
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Figure 3.3.2.6. Gram (a, b, c) and Neisser (d, e, f) Staining  
 for glucose fed SC WWTP inoculated reactor: 

 a & d) G1,  b & e) G2,  c & f ) G3, bar=100 µm 
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Figure 3.3.2.7. Gram (a, b, c) and Neisser (d, e, f) Staining  

 for acetate fed SC WWTP inoculated reactor: 
 a & d) A1,  b & e) A2,  c & f ) A3, bar=100 µm 
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Figure 3.3.2.8. Gram (a, b, c) and Neisser (d, e, f) Staining  
 for propionate fed SC WWTP inoculated reactor: 

 a & d) PR1,  b & e) PR2,  c & f ) PR3, bar=100 µm 
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Figure 3.3.2.9. Gram (a, b, c) and Neisser (d, e, f) Staining  
 for pyruvate fed SC WWTP inoculated reactor: 

 a & d) PY1,  b & e) PY2,  c & f ) PY3, bar=100 µm 
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Figure 3.3.2.10. Gram (a, b, c) and Neisser (d, e, f) Staining  
 for methanol fed SC WWTP inoculated reactor: 
 a & d) M1,  b & e) M2,  c & f ) M3, bar=100 µm 
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Figure 3.3.2.11. Gram (a, b, c) and Neisser (d, e, f) Staining  
 for ethanol fed SC WWTP inoculated reactor: 
 a & d) E1,  b & e) E2,  c & f ) E3, bar=100 µm 



 61

 
 

 

 

 

 

 
Figure 3.3.2.12. Gram (a, b, c) and Neisser (d, e, f) Staining  

 for formate fed SC WWTP inoculated reactor: 
 a & d) F1,  b & e) F2,  c & f ) F3, bar=100 µm 
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Figure 3.3.2.13. Gram (a, b, c) and Neisser (d, e, f) Staining  

 for glucose fed NR WWTP inoculated reactor: 
 a & d) G1,  b & e) G2,  c & f ) G3, bar=100 µm 
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Figure 3.3.2.14. Gram (a, b, c) and Neisser (d, e, f) Staining  

 for acetate fed NR WWTP inoculated reactor: 
 a & d) A1,  b & e) A2,  c & f ) A3, bar=100 µm 
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Figure 3.3.2.15. Gram (a, b, c) and Neisser (d, e, f) Staining 

for propionate fed NR WWTP inoculated reactor: 
a & d) PR1,  b & e) PR2,  c & f ) PR3, bar=100 µm 
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Figure 3.3.2.16. Gram (a, b, c) and Neisser (d, e, f) Staining  

 for pyruvate fed NR WWTP inoculated reactor: 
 a & d) PY1,  b & e) PY2,  c & f ) PY3, bar=100 µm 
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Figure 3.3.2.17. Gram (a, b, c) and Neisser (d, e, f) Staining  
 for methanol fed NR WWTP inoculated reactor: 
 a & d) M1,  b & e) M2,  c & f ) M3, bar=100 µm 
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Figure 3.3.2.18. Gram (a, b, c) and Neisser (d, e, f) Staining  

 for ethanol fed NR WWTP inoculated reactor: 
 a & d) E1,  b & e) E2,  c & f ) E3, bar=100 µm 
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Figure 3.3.2.19. Gram (a, b, c) and Neisser (d, e, f) Staining 
for sucrose fed NR WWTP inoculated reactor: 

a & d) S1,  b & e) S2,  c & f ) S3, bar=100 µm 
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Figure 3.3.2.20. Gram (a, b, c) and Neisser (d, e, f) Staining  
 for formate fed NR WWTP inoculated reactor: 
 a & d) F1,  b & e) F2,  c & f ) F3, bar=100 µm 

 



 

3.3.2. Molecular Work   

3.3.2.1. DNA Extraction  

The samples for which DNAs were extracted are given in Table 5.1.2 in Appendix-5.1.  

 

Extracted DNAs were checked on 1% agarose gel.  As the agarose gel images in Figure 

3.3.3.1 to 3.3.3.5 show, the extraction was successful and allowed PCR amplification in the 

next step.  (Image not available for glucose, acetate, propionate, and pyruvate of SC WWTP 

samples) 

 

 

 
Figure 3.3.3.1. Extracted DNA of NCWTTP inoculated samples on agarose gel 
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.3.2. Extracted DNA of NCWTTP inoculated samples on agarose gel 
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.3.3. Extracted DNA of SCWTTP inoculated samples on agarose gel 

 

 

 
.3.4. Extracted DNA of NRWTTP inoculated samples on agarose gel 

 

 

 
.3.5. Extracted DNA of NRWTTP inoculated samples on agarose gel 
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3.3.2.2. PCR  

Extracted DNAs were amplified by PCR.  The PCR products were checked on 1% agarose 

gel.  As Figure 3.3.3.6 to 3.3.3.11 show the amplification was successful, i.e., products have 

the correct size and high yield. 

 

 
Figure 3.3.3.6.  PCR products of NC WTTP inoculated samples on agarose gel 

 

 

 
Figure 3.3.3.7.  PCR products of NC WTTP inoculated samples on agarose gel 

 

 

 
Figure 3.3.3.8.  PCR products of SC WTTP inoculated samples on agarose gel 

 

500 bp 

500 bp 

500 bp 



 73

 
Figure 3.3.3.9.  PCR products of SC WTTP inoculated samples on agarose gel 

 

 

 
Figure 3.3.3.10.  PCR products of NR WTTP inoculated samples on agarose gel 

 

 

 
Figure 3.3.3.11.  PCR products of NR WTTP inoculated samples on agarose gel 
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3.3.2.3. DGGE and Sequencing Results 

Figure 3.3.3.12 to 3.3.3.17 show the DGGE gels of the samples from the reactors inoculated 

with NCWTTP, SCWWTP, and NRWWTP inocula, respectively.  Each gel included reactor 

samples fed with glucose (G1, G2, G3), acetate (A1, A2, A3), propionate (Pr1, Pr2, Pr3), 

pyruvate (Py1, Py2, Py3), methanol (M1, M2, M3), ethanol (E1, E2, E3), sucrose (S1, S2, 

S3), and formate (F1, F2, F3) where the numbers 1, 2, 3 correspond to the first, middle, and 

last days of the operations.  DGGE results showed that there was a change in diversity and 

abundance of the bacterial populations throughout the operation of the reactors.  The bands 

changing in numbers and intensity represent the changes in microbial diversity and 

concentration of the bacteria.  The bands excised from the DGGE gels are shown in Figure 

3.3.3.12 to 3.3.3.17 with the numbers and also listed in Table 5.1.3 given in Appendix-5.1.  

(All the bands detected with DGGE were numbered from top to bottom of the gel, however; 

only the excised bands were labeled here)   

  

The excised bands were amplified and run in DGGE gels to check the single bands.  The 

amplified single bands that were sequenced are listed in Table 5.1.4 in Appendix-5.1.  

  

The sequencing results in Table 3.3.3.7 to 3.3.3.9 list the possible organisms with their 

percent DNA sequence similarity.  The bands showing high DNA similarity were labeled as 

shown in Figure 3.3.3.12 to 3.3.3.17.  The bands that were not sequenced were also labeled 

with the assumption that the bands migrating to the same point on the DGGE gel are the 

same species. 
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For NC WWTP inoculated samples, the sequencing results indicate a possible growth of  

Sphaerotilus natans for acetate and sucrose (with 100%,and 96%  DNA sequence similarity ) 

in Figure 3.3.3.12  and Figure 3.3.3.13.  Figure 3.3.3.12 shows possible growth of S. natans 

for glucose, because the band is located at the same position with the bands for acetate. 

 

For SC WWTP inoculated samples, the sequencing results indicate a possible growth of 

Sphaerotilus natans for acetate and sucrose (with 100%, and 96% DNA sequence similarity) 

in Figure 3.3.3.14 and Figure 3.3.3.15.  For propionate, the possible filamentous bacteria 

were indicated as Thiothrix eikelboomii with 91% DNA similarity in Figure 3.3.3.15.   Figure 

3.3.3.14 shows possible growth of S. natans for glucose, because the band is located at the 

same position with the bands for acetate.  In a similar way, Figure 3.3.3.14 shows possible 

growth of Thiothrix eikelboomii for pyruvate. 

 

For Neuse River WWTP inoculated samples, the sequencing results indicate a possible 

growth of Sphaerotilus natans for acetate, pyruvate, and sucrose (with 92%, 92% and 99% 

DNA sequence similarity) in Figure 3.3.3.16 and Figure 3.3.3.17.  For acetate, there is a 

possible growth of   Thiothrix spp. with 83% DNA similarity in Figure 3.3.3.16.  Figure 

3.3.3.16 shows possible growth of S. natans for glucose and propionate because the bands are 

located at the same position with the bands for acetate and pyruvate.  In a similar way, Figure 

3.3.3.16 shows possible growth of Thiothrix spp. for glucose. 
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The sequencing results showed that there is no filamentous growth in the reactors fed with 

pyruvate and propionate for the NCWWTP inoculum, and in the reactors fed with methanol, 

ethanol, and formate regardless of the inoculum source.  

 

As the bands representing S. natans and Thiothrix became stronger, the SVI increased, 

indicating that these two organisms were the probable bulking causing agent in the SBRs.  

 

Table 3.3.3.7. Sequencing Results for NC WWTP inoculated reactors 
Band Name Possible Organism % Similarity 

Uncultured bacterium 92 
G3-1-NC 

Ralstonia sp. 89 
Uncultured bacterium 98 

G1-6-NC 
Acidovorax sp. 97 
Flavobacterium 79 
Aquatic bacterium 79 A1-1-NC 
Chryseobacterium 79 

A3-7-NC S. natans 100 
A3-8-NC Leucobacter komagatae 83 

Uncultured bacterium 96 
PR3-6-NC 

Comamonas sp. 94 
M3-1-NC Uncultured Bacterium 92 
S2-2-NC S. .natans 96 
S3-2-NC Acidovorax spp. 97 
F1-0-NC Uncultured Bacterium 91 
F1-1-NC Uncultured Bacterium 85 
F2-2-NC Comamonas testosteroni 93 
F3-2-NC Uncultured Bacterium 89 
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Table 3.3.3.8. Sequencing Results for SC WWTP inoculated reactors 
Band Name Possible Organism % similarity 
A3-4-SC S. natans 100 

Uncultured bacterium 89 
PR3-1-SC 

Tuberborchii symbiont 88 
PR3-6-SC Thiothrix ekeilboomi 91 
S2-2-SC Sphaerotilus sp. 96 
S3-4-SC Leucobacter 96 
F2-2-SC Geobacillus 90 

Uncultured Bacterium 98 
F3-1-SC 

Flavobacterium 92 
F3-4-SC Comamonas testosteroni 98 

 

 

Table 3.3.3.9. Sequencing Results for NR WWTP inoculated reactors 
Band Name Possible Organism % similarity 
G1-1-NEU Uncultured Bacterium 75 
G1-2-NEU Marine psychrophile 86 
G1-3-NEU Flavobacterium 88 

Marine Eubacterial sp. 83 
G1-6-NEU 

Uncultured Bacterium 83 
A1-7-NEU Comamonas testosteroni 92 
A2-4-NEU Thiothrix 83 
A3-10-NEU S. natans 92 

Uncultured Bacterium 88 
PR3-7-NEU  

Agricultural soil bacteria 87 
PY3-2-NEU S. natans 92 

Uncultured Bacterium 93 
M1-1-NEU 

Marine Eubacterial sp. 87 
M2-1-NEU Methylophilus 99 
M3-1-NEU Methylophilus 96 

Uncultured Bacterium 80 
E1-1-NEU 

Marine bacterium 80 
S2-1-NEU S. natans 99 
S3-2-NEU S. natans 99 
S3-3-NEU Uncultured bacterium 85 
F2-1-NEU Exiguobacterium sp. 99 
F3-2-NEU Cytophaga sp. 92 

Uncultured sludge 97 
F3-3-NEU 

Zooglea  resiniphila 95 
F3-6-NEU Nitrosomonas sp. 92 
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Figure 3.3.3.12. DGGE gel for the NC WWTP inoculated reactors  

  

 

 
Figure 3.3.3.13. DGGE gel for the NC WWTP inoculated reactors 
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Figure 3.3.3.14.  DGGE gel for the SC WWTP inoculated reactors 

 

 

 
Figure 3.3.3.15.  DGGE gel for the SC WWTP inoculated reactors 
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Figure 3.3.3.16. DGGE gel for the NR WWTP inoculated reactors 

 

 

 
Figure 3.3.3.17. DGGE gel for the NR WWTP inoculated reactors 
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3.3.2.4. FISH  

FISH was performed to confirm the presence of the filamentous bacteria detected either by 

staining or DGGE. S. natans, T. nivea, N. limicola I, II and, III species were checked with 

FISH.  

 

As Figure 3.3.3.18 to 3.3.3.27 show FISH images of S. natans in the reactors fed with 

glucose, acetate, and sucrose for all the inocula, and for the reactors fed with propionate and 

pyruvate seeded with Neuse River WWTP inoculum.  Figure 3.3.3.28 and Figure 3.3.3.29 

show T. nivea in the reactors fed with the propionate and pyruvate, and seeded with SC 

WWTP inoculum.  However, for glucose and acetate fed reactors inoculated with NR 

WWTP sludge, the TNI probe did not detect T. nivea, even tough the sequencing results 

indicated possible growth of Thiothrix spp.  The samples analyzed with TNI probe were also 

checked with G123T probe, but there was no hybridization in any case.  Bacterial probe was 

used as a positive control in all FISH experiments.   

  

The figures show that on the first day of the runs, there was minimal or no filamentous 

growth.  Succeeding FISH show that S. natans grew mostly outside the floc, consistent with 

the SVI changes.  T. nivea seem to be mostly inside the flocs. 
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Figure 3.3.3.18. FISH image for S.natans in glucose fed NC WWTP inoculated reactor:  a) 

G1 b) G2 c) G3, bar=50 µm 
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Figure-3.3.3.19. FISH image for S.natans in acetate fed NC WWTP inoculated reactor:  

 a) A1 b) A2 c) A3, bar=50 µm 
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Figure 3.3.3.20. FISH image for S.natans in sucrose fed NC WWTP inoculated reactor:  

 a) S1 b) S2 c) S3, bar=50 µm 
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Figure 3.3.3.21. FISH image for S.natans in glucose fed SC WWTP inoculated reactor:  
 a) G1 b) G2 c) G3, bar=50 µm 
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Figure 3.3.3.22. FISH image for S.natans in acetate fed SC WWTP inoculated reactor:   

a) A1 b) A2 c) A3, bar=50 µm 
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Figure 3.3.3.23. FISH image for S.natans in sucrose fed SC WWTP inoculated reactor:  

 a) S1 b) S2 c) S3, bar=50 µm 



 88

 
Figure 3.3.3.24. FISH image for S.natans in glucose fed NR WWTP inoculated reactor:   

a) G1 b) G2 c) G3, bar=50 µm 



 89

 
Figure 3.3.3.25. FISH image for S.natans in acetate fed NR WWTP inoculated reactor:  

 a) A1 b) A2 c) A3, bar=50 µm 
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Figure 3.3.3.26. FISH image for S.natans in propionate fed NR WWTP inoculated reactor:   

a) PR1 b) PR2 c) PR3, bar=50 µm 



 91

 
Figure 3.3.3.27. FISH image for S.natans in pyruvate fed NR WWTP inoculated reactor:   

a) PY1 b) PY2 c) PY3, bar=50 µm 
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Figure 3.3.3.28. FISH image for T.nivea in propionate fed SC WWTP inoculated reactor:  

 a) PR1 b) PR2 c) PR3, bar=50 µm 
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Figure 3.3.3.29. FISH image for T.nivea in pyruvatee fed NC WWTP inoculated reactor:  

a) PY1 b) PY2 c) PY3, bar=50 µm
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3.4. DISCUSSION 

Three microbial analysis techniques were used to examine the effects of carbon sources and 

inocula on filamentous growth.  The results showed that the SVI and DGGE results were 

consistent and often indicated the dominant filamentous species that most likely caused 

bulking.  Microscopic analysis using Gram staining and Neisser staining yielded information 

on the morphology and abundance of the filamentous organisms.  FISH results were used as 

a confirmation for the presence and abundance of the filaments detected with DGGE.  The 

reactor studies resulted in the growth of three bulking-causing filaments: Sphaerotilus 

natans, Thiothrix, and Nostocoida limicola. 

 

S. natans is favored by readily degradable substances.  Glucose (Gaudy and Wolfe, 1961; 

Mulder et al., 1963; Kaempfer et al., 1998), acetate (Kaempfer et al., 1998; Contreas et al., 

2000) and sucrose (Gaudy and Wolfe, 1961; Mulder et al., 1963) were reported to favor the 

growth of S. natans.  These previous findings are consistent with the results in this study 

since S. natans was found to be the dominant filament in the reactors treating glucose, 

acetate, and sucrose. 

 

Studies conducted for Thiothrix indicated that depending on the strain and species, the ability 

of the organism to grow differs with the carbon source supplied. When glucose was supplied, 

strain TH1 (Williams and Unz, 1989), T. flexilis, and T. disciformis grew (Aruga et al., 

2002), whereas Nielsen et al. (2000) did not observe any growth of Thiothrix on glucose.  

Strain CT3 (Tandoi et al., 1994), strains A1 and A3, T. nivea, (Williams and Unz, 1989), and 

Thiothrix spp. (Larkin and Strohl, 1983; Nielsen et al., 2000) grew well with acetate.  The 
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DGGE results in our study indicated possible growth of Thiothrix with glucose and acetate, 

though Thiothrix was not detected with FISH when probes targeting T. nivea and the genus 

Thiothrix were used.  When sucrose was supplied as carbon source, T. fructosivorans strains 

I and Q (Williams and Unz, 1989), T. flexilis, and T. disciformis (Aruga et al., 2002) grew, 

whereas strain CT3, T. nivea (Rosetti et al., 2003), and strains T1 and T2 of T. ramose 

(Odintsova et al., 1993) did not grow.  The results of our study also did not indicate any 

growth of Thiothrix on sucrose.  Propionate was reported to favor the growth of T. 

fructosivorans strains Q, and I strains A1 and A3, (Williams and Unz, 1989), T. flexilis, and 

T. eikelboomi (Aruga et al., 2002) but not T. nivea (Rosetti et al., 2003).  In our study, 

however, FISH indicated the growth of T. nivea when propionate was supplied in the reactor 

inoculated with the SC WWTP sludge.  For pyruvate, it was reported that strains A1 and A3, 

T. nivea (Williams and Unz, 1989), T. flexilis, and T. disciformis (Aruga et al., 2002) could 

grow.  In the current study we observed growth of T. nivea when pyruvate was supplied to 

the reactor inoculated with the SC WWTP sludge.  Aruga et al (2002) reported that they did 

not observe growth of T. flexilis and T. disciformis when ethanol and formate were supplied.  

This was consistent with the results in this study, since Thiothrix growth was not observed. 

 

Growth of N. limicola has been observed with glucose (Nowak and Brown, 1990; Andreasen 

and Nielsen, 1997; Blackall et al., 2000; Liu et al., 2001) and acetate (Nowak and Brown, 

1990; Andreasen and Nielsen, 1997; Blackall et al., 2000).  Blackall et al. (2000) observed N. 

limicola growth when sucrose, propionate, pyruvate, and ethanol were supplied.  These 

findings are consistent with the results in this study except that N. limicola growth was not 

observed when pyruvate was supplied. 
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The abundance of filaments was also related to the SVI level for each inoculum source.  

Filament abundance was assessed using the scoring system of Jenkins et al. (1993).  In 

Figure 3.4.1, at a SVI of 150 mL/g, the abundance of S. natans was “3” and “5”.  When the 

SVI level was above 150 mL/g, the abundance scores ranged from “2” to “5”.  When the SVI 

was 200 mL/g, Thiothrix abundance was “6”.  The abundance of the Thiothrix decreased to 

“3” as the SVI increased.  In Figure 3.4.2, when SVI was around 150 mL/g, the abundance of 

S. natans ranged from “1” to “5”.  Above a SVI of 150 mL/g, S. natans abundance was “5” 

and “6”.  During this period, Thiothrix abundance was “3”.    In Figure 3.4.3 when SVI was 

150 ml/g, the abundance of the S. natans was “4”, “5”, and “6”, and the N. limicola 

abundance was “2” and “4”.  Beyond that point, S. natans abundance became “6” as the SVI 

increased, and then dropped to “4” towards the end of the run.  In the same period, N. 

limicola abundance was “4” and “6”.  For each figure, SVI values were measured when both 

of the filaments were in the system, which complicates the identification of the bulking-

causative filament.  However, in each case, it is likely that S. natans was the primary bulking 

agent in the reactors, as this filament appeared more frequent, and had higher abundance 

levels than the other filaments. 
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Figure 3.4.1. Relationship between filament level and SVI for NC WWTP inoculum 
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Figure 3.4.2. Relationship between filament level and SVI for SCWWTP inoculum 
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Figure 3.4.3. Relationship between filament level and SVI for NRWWTP inoculum 

 

 

Table 3.4.1 summarizes the results of staining, DGGE, and FISH.  The table is constructed 

based on the assumption that in a DGGE gel, the bands that migrated to the same position 

represent the same ribotypes.  

 

As seen in Table 3.4.1, for the given carbon sources, S. natans and Thiothrix grew in the 

reactors inoculated with all three sludges.  However, N. limicola growth was observed by 

microscopy only in the reactors inoculated with Neuse River WWTP sludge.  This suggests 

that the origin of the inoculum plays an important role in the selection of specific filamentous 

organisms due to the microbial composition at the time of inoculation.  
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Table 3.4.1. Summary of Results 

DETECTION METHOD INOCULUM 

SOURCE

CARBON 
SOURCE 

DETECTED
FILAMENT STAINING DGGE FISH 

Glucose S. natans N/A   
Sucrose S. natans N/A   

Acetate S. natans N/A   

Pyruvate S. natans ?   N/A 

Thiothrix ?   N/A 
Propionate 

S. natans ?   N/A 
Methanol S. natans ?   N/A 

Ethanol S. natans ?   N/A 

N
O

R
TH

 C
A

R
Y

 W
W

TP
 

Formate    N/A 

Glucose S. natans    
Sucrose S. natans N/A   

Acetate S. natans    

Thiothrix    
Pyruvate 

S. natans ?   N/A 

Thiothrix    
Propionate 

S. natans ?   N/A 

Methanol S. natans ?   N/A 

Ethanol S. natans ?   N/A SO
U

TH
 C

A
R

Y
 W

W
TP

 

Formate    N/A 

S. natans    
N. limicola    Glucose 
Thiothrix    

S. natans    
Sucrose 

N. limicola    

S. natans    
Acetate 

Thiothrix    

Pyruvate S. natans    

S. natans    
Propionate 

N. limicola    

N. limicola    
Methanol 

S. natans ?   N/A 

N. limicola    
Ethanol 

S. natans ?   N/A 

N
EU

SE
 R

IV
ER

 W
W

TP
 

Formate    N/A 

(“  “Present, “? ” Possibly present, “ ”, Not present, “N/A” Not applied) 
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In Table 3.4.1, staining, DGGE, and FISH results are consistent in indicating the growth of S. 

natans in glucose (SCWWTP and NRWWTP), acetate (SCWWTP and NRWWTP), 

propionate (NRWWTP), and pyruvate (NRWWTP) fed reactors.  Similarly, the presence of 

Thiothrix was shown by these three methods in pyruvate (SCWWTP) and propionate 

(SCWWTP) fed reactors.  FISH showed that the Thiothrix species grown in pyruvate 

(SCWWTP) and propionate (SCWWTP) fed reactors was T. nivea. 

 

Since the staining was not performed for glucose (NCWWTP), acetate (NCWWTP), and 

sucrose (NCWWTP and SCWWTP), the comparison of the methods only included DGGE 

and FISH.  Both DGGE and FISH results indicated the growth of S. natans.  

 

DGGE indicated possible growth of a Thiothrix relative in glucose and acetate fed reactors 

inoculated with NRWWTP.  However, neither staining nor FISH detected the presence of 

any Thiothrix species for these samples.  A DNA similarity of 97 % or higher between 

sequences indicates close relationships.  Since the sequencing results for this sample showed 

a similarity of 83% to the sequence of Thiothrix, and staining and FISH did not detect 

Thiothrix, this organism was probably not a member of Thiothrix species. 

 

Another interesting point is that S. natans in sucrose (NRWWTP) fed reactor was detected 

with staining and DGGE, but not with FISH.  FISH was performed twice.  As a positive 

control, probes targeting the domain Bacteria were used to ensure hybridization was 

successful. Even though the hybridizations were successful, the S. natans probes did not 

hybridize with the putative S. natans cells.  This may be due to the presence of a different S. 
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natans strain which was not targeted by the FISH probe since the sequence of the probe and 

the sequence obtained form DGGE gel did not match.   

 

Another important observation was that the staining and FISH abundance results were not 

exactly the same for T. nivea in the propionate and pyruvate reactors inoculated with 

SCWWTP sludge.  Qualitative assessments of FISH micrographs showed excessive amounts 

of T. nivea in the flocs, whereas staining results showed that is the level is “common”.  For 

the propionate fed reactor, this discrepancy may be due to the fact FISH and staining were 

performed at different times. Stained samples belong to the second half of the run, whereas 

FISH samples belong to the whole run period.  It is important to note that Gram negative 

filaments such as Thiothrix are difficult to visualize if they are in the flocs, because the flocs 

are mostly composed of Gram negative bacteria.  FISH, which allows visualization of 

filaments even within flocs, would likely reveal the true filament abundance, while staining 

may underestimate abundance of Gram negative filaments.   

 

The presence of N. limicola was only indicated by staining analysis in NRWWTP inoculated 

reactors fed with glucose, propionate, methanol, and ethanol.  FISH was not able to detect N. 

limicola species possibly because of permeabilization problems.  N. limicola is a Gram 

positive filament. The fixation procedure for Gram positive bacteria is different from the one 

used for Gram negative bacteria.  To address possible permeabilization problems, we 

performed pretreatment with lysozyme and mutanolysin (Meier et al., 1999; Erhart et al., 

1997; Schuppler et al., 1998; Davenport et al., 2000).   However, these procedures did not 

result in permeabilization, since the Bacterial probe did not hybridize to these filaments, 
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while there was hybridization signal for other bacterial species.  These differences in cell 

wall compositions (Gram positive and negative) may also affect the performance of DNA 

extraction, which eventually affects the performance of DGGE analysis.  This may be 

another reason why N. limicola was not detected with DGGE, while the Gram negative 

filaments, S. natans and Thiothrix, were detected.  

 

DGGE did not detect any filaments in the reactors fed with pyruvate (NCWWTP and 

SCWWTP), propionate (NCWWTP and SCWWTP), methanol (NCWWTP, SCWWTP, and 

NRWWTP), and ethanol (NCWWTP, SCWWTP, and NRWWTP) and FISH was not applied 

to these samples.  Only staining results indicated possible growth of S. natans in these 

reactors.  Similarly, only staining results indicated a possible growth of Thiothrix in the 

propionate (NCWWTP) fed reactor.  One may ask why DGGE could not detect N. limicola, 

S. natans, and Thiothrix, even though staining results indicated the presence of this filament.  

Is there a minimum threshold level of these filaments that is needed to be detected by 

DGGE?  If so, what is this level for each filament?  To answer that question, the S. natans 

abundance was related to the intensity of the bands in DGGE as shown in Figure 3.4.4.  The 

band intensities in DGGE gel were ranked as “0, 1, 2, and 3” for “no band, low, medium, and 

high” intensities, respectively.  Figure 3.4.1 shows that one low intensity band was observed 

when S. natans abundance was scored as “2”.  The medium and high intensity bands were 

observed where S. natans abundance was scored as “4” to "6”.  It is seen that most of the 

bands detected by DGGE had abundance levels of “4”, “5” or “6”.  Therefore, we can 

suggest that in order to be detected with DGGE, the abundance of S. natans should be higher 

than “4”, and should be mostly around “5” or “6”.  The abundance of N. limicola was scored 
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as “6” only once, and scored as “4” for a few times.  The rest of the N. limicola scores ranged 

from “0” to “2”.    The lower abundance levels of N. limicola may be the reason that it could 

not be detected by DGGE.  To increase the chance of detection with less abundant 

microorganisms we may apply GC fractionation together with DGGE (Holben et al., 2004).   

(The abundance levels were given in Table 5.1.5 in Appendix 5.1) 
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Figure 3.4.4. Relationship between band intensities and level of abundance for S. natans 

 
 

Conclusion: 

This study showed that readily biodegradable substances such as glucose, acetate, favored the 

growth of S. natans, T. nivea, and N. limicola in a mixed liquor environment.  The origin of 

inoculum was also selective for the filamentous bacteria as N. limicola was only observed in 

the reactors inoculated with NRWWTP sludge. This study showed that simultaneous 

application of traditional and molecular methods was effective in the analyses, and 

highlighted the advantages and limitations of each method.   The detection level of DGGE 

analysis increased when the abundance levels of the filaments were high. 
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Future suggestions:  

☯ Since reactors were operated for two weeks, our results only reflect the short term 

effects of carbon and inoculum sources on the filamentous population.  Thus, this study 

only looked at the fastest growing filaments.  A longer study will show how filaments 

may be acclimated to some substances over a longer time period.  

 

☯ A seasonal change could be taken into account, because the inocula for the reactors 

were obtained at different times during the year, and may involve different potential 

filaments in the WWTP.  This may eventually affect which filaments grow under what 

conditions in lab scale reactors. 

 

☯ As this study showed consistency with pure culture studies in terms of the carbon 

utilization, we can continue to work with pure cultures to obtain the growth parameters 

for specific filaments that have not been isolated yet.  The development of new 

isolation techniques or increasing the efforts to isolate the filaments into pure cultures 

will provide the basis to study the growth parameters of filamentous bacteria.  This will 

allow more accurate modeling and predictions of which filaments will grow under 

which conditions.  Eventually, knowledge of specific growth conditions will help to 

develop control mechanisms for bulking. 

 

☯ The relation between band intensity in DGGE gels and filament abundance can be 

modeled.  The use of imaging tools to do more accurate analysis of the band intensity 

and increasing data points may allow developing useful models.  
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5.1. ADDITIONAL TABLES 
 

Table-5.1.1. Inoculation Dates 

CARBON SOURCE NCWWTP SCWWTP NRWWTP 

Glucose 1/8/2004 8/3/2004 7/4/2004 
Acetate 2/7/2004 8/3/2004 7/4/2004 
Propionate 3/11/2004 3/11/2004 7/20/2004 
Pyruvate 3/26/2004 3/26/2004 7/4/2004 
Methanol 4/17/2004 4/17/2004 7/20/2004 
Ethanol 5/4/2004 5/4/2004 7/20/2004 
Sucrose 2/25/2004 2/25/2004 8/17/2004 
Formate 8/17/2004 9/14/2004 8/17/2004 

 
 

Table-5.1.2. DNA Extracted samples  
 NORTH CARY WWTP SOUTH CART WWTP NEUSE RIVER WWTP

Carbon 
Source Name Sampling 

Date Name Sampling 
Date Name Sampling 

Date 
G1-NC 1/8/04 G1-SC 8/3/04 G1-NEU 7/4/04 
G2-NC 1/14/04 G2-SC 8/9/04 G2-NEU 7/9/04 GLUCOSE 
G3-NC 1/19/04 G3-SC 8/13/04 G3-NEU 7/14/04 
A1-NC 2/7/04 A1-SC 8/3/04 A1-NEU 7/4/04 
A2-NC 2/13/04 A2-SC 8/9/04 A2-NEU 7/9/04 ACETATE 
A3-NC 2/16/04 A3-SC 8/13/04 A3-NEU 7/12/04 
PY1-NC 3/26/04 PY1-SC 3/26/04 PY1-NEU 7/4/04 
PY2-NC 4/2/04 PY2-SC 4/2/04 PY2-NEU 7/9/04 PYRUVATE 
PY3-NC 4/7/04 PY3-SC 4/7/04 PY3-NEU 7/14/04 
PR1-NC 3/11/04 PR1-SC 3/11/04 PR1-NEU 7/20/04 
PR2-NC 3/17/04 PR2-SC 3/15/04 PR2-NEU 7/26/04 PROPIONATE 
PR3-NC 3/22/04 PR3-SC 3/22/04 PR3-NEU 7/30/04 
M1-NC 4/17/04 M1-SC 4/17/04 M1-NEU 7/20/04 
M2-NC 4/21/04 M2-SC 4/23/04 M2-NEU 7/23/04 METHANOL 
M3-NC 4/28/04 M3-SC 4/28/04 M3-NEU 7/28/04 
E1-NC 5/4/04 E1-SC 5/4/04 E1-NEU 7/20/04 
E2-NC 5/10/04 E2-SC 5/10/04 E2-NEU 7/23/04 ETHANOL 
E3-NC 5/14/04 E3-SC 5/14/04 E3-NEU 7/28/04 
S1-NC 2/25/04 S1-SC 2/25/04 S1-NEU 8/17/04 
S2-NC 3/1/04 S2-SC 3/3/04 S2-NEU 8/20/04 SUCROSE 
S3-NC 3/7/04 S3-SC 3/8/04 S3-NEU 8/25/04 
F1-NC 8/17/04 F1-SC 9/14/04 F1-NEU 8/17/04 
F2-NC 8/20/04 F2-SC 9/17/04 F2-NEU 8/20/04 FORMATE 
F3-NC 8/25/04 F3-SC 9/22/04 F3-NEU 8/25/04 
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Table 5.1.3. Excised Bands from DGGE Gels 
NC WWTP SC WWTP NR WWTP 

G1-NC 4, 6 G1-SC 3, 4, 5 G1-NEU 1, 2, 3, 4, 6 
G2-NC 0, 1, 3, 4, 5, G2-SC 3, 4, 5, 6 G2-NEU 3, 6 

G3-NC 1, 4 G3-SC  G3-NEU 9 

A1-NC 1 A1-SC 3 A1-NEU 5, 7 

A2-NC 1, 2, 5, 6, 7 A2-SC 0, 3 A2-NEU 4, 8 

A3-NC 7, 8 A3-SC 4 A3-NEU 10 

M1-NC  M1-SC 1 M1-NEU 1, 2 

M2-NC 1 M2-SC  M2-NEU 1 

M3-NC 1 M3-SC  M3-NEU 1 

E1-NC 1 E1-SC  E1-NEU 1, 2 

E2-NC  E2-SC  E2-NEU 1 

E3-NC  E3-SC 1 E3-NEU 2 

PR1-NC 1, 7 PR1-SC 3 PR1-NEU 6 

PR2-NC 5, 6, 7 PR2-SC  PR2-NEU 7 

PR3-NC 2, 6  PR3-SC 1, 6 PR3-NEU 6, 7 

PY1-NC 5 PY1-SC  PY1-NEU 6 

PY2-NC 1, 2, 7 PY2-SC 1 PY2-NEU  

PY3-NC 5 PY3-SC 4, 5, 6 PY3-NEU 2 

S1-NC  S1-SC  S1-NEU  

S2-NC 1, 2 S2-SC 2 S2-NEU 1 

S3-NC 1, 2 S3-SC 3, 4 S3-NEU 1, 2, 3 

F1-NC 0, 1 F1-SC  F1-NEU 3 

F2-NC 0, 1, 2 F2-SC 1, 2 F2-NEU 1 

F3-NC 1, 2, 6, 7, 8 F3-SC 1, 4 F3-NEU 1, 2, 3, 6, 7 

 

Table-5.1.4. Sequenced Bands 

WWTP SEQUENCED BANDS 

NC WWTP G3-1, A1-1, A3-7, PR3-6, G1-6, A3-8, S3-2, M3-1, F3-2, 
F2-2, F1-0, S2-2, F1-1 

SC WWTP PR3-6, PR3-1, A3-4, F1-2, F3-4, S2-2, S3-4, F3-1, F1-1, E3-
1, M1-1 

NR WWTP 
G1-1, G1-2, G1-3, G1-6, A1-7, A2-4, A3-10, PR3-7, PY3-2, 
S2-1, F3-2, F3-3, M3-1, M2-1, M1-1, F2-1, S3-2, S3-3, F3-
6, E1-1 
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Table- 5.1.5. SVI and Filament Abundance 
 

NCWWTP 
 

 
SCWWTP 

 

 
NRWWTP 

 

SVI Thiothrix S. natans SVI Thiothrix S. natans SVI S. natans N. limicola
429 3 4 100 - 0 102 2 2
278 4 5 563 - 6 198 5 4
221 6 4 853 - 6 707 6 6
222 -  5 108 - 1 102 2 - 
189 -  3 595 - 6 203 6 - 
220 -  2 1405 - 6 1157 4 - 
196 -  2 1032 - 3 94 2 0
221 -  4 920 - 5 212 2 2
306 -  5 244 - 4 435 6 4
143 -  3 112 4 4 182 4 - 
254 -  3 556 3 6 292 5 - 
321 -  2 162 2 5 598 6 - 
196 -  5 132 - 1 104 4 0
159 -  5 195 - 3 242 5 0
103 -  0 165 - 4 224 5 4

-  -  -  86 - 2 88 3 0
 - -  -  213 - 2 102 4 2
 - -  -  206 - 4 170 4 2
 - -  -  84 - 4 95 3 0
 - -  -  100 - 0 152 4 0
 - -  -  94 - 0 160 6 4
 - -  -  -  - - 100 4 - 
 - -  -  -  - - 122 4 - 
 - -  -  -  - - 109 2 - 
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5.2. PROTOCOLS 
 
 
1. Neisser Staining 
 

Reagents should be prepared every 3-6 months. 

Solution 1: It is the mixture of the solution A and B 

Solution A and B should be prepared and stored separately. 

Solution A:  

• Methylene Blue 0.1 g 

• Ethanol, 95%  5 mL 

• Acetic acid, glacial 5 mL 

• Distilled water  100mL 

Solution B: 

• Crystal Violet (10% w/v in 95% ethanol)  3.3 mL 

• Ethanol, 95%   6.7 mL 

• Distilled water   100 mL 

 

2 volume of solution A and 1 volume of solution B are mixed. 

 

Solution 2:   

• Bismarck Brown, C18H18N8 (1 % w/v aqueous)    33.3 ml 

• Distilled water   66.7 mL 

Procedure: 

1. The sample to be tested is put on the glass slide and air dried. 



 121

2. Stain 30 sec with solution 1, rinse with water 

3. Stain 1 minute with solution 2,rinse with water,blot dry 

4. Examine with direct illumination: blue /violet is positive, yellow/brown is 

negative 

 

2. DNA Extraction 
 

1. Remove activated sludge samples from -80 oC freezer. 

2. Add 250-µl sample into 2 ml bead solution consisting of Guanidine 

Thiocyanate and inert particles. Vortex 10 seconds 

3. Add 60 µl of solution 1consisting of sodium dodocyl sulfate and proprietary 

salts and invert several times to mix. 

4. Secure bead tubes horizontally on the vortex and vortex at maximum speed 

for 10 minutes. 

5. Centrifuge tubes at 10000 x g for 30 seconds. 

6.  Transfer the new supernatant to new microcentrifuge tubes 

7. Add 250 µl solution 2 containing acetate proprietary salts and vortex 5 

seconds. Place in 4oC refrigerator fro 5 minutes 

8. Centrifuge tubes for 1 minute at 10000x g. 

9. Avoiding the pellet, transfer 500 µl of supernatant to clean microcentrifuge 

tubes. 

10. Add 200 µl solutions 3 containing proprietary. Vortex briefly. Incubate at 4oC 

for 5 minutes. 

11. Centrifuge tubes for 1 minute at 10000x g. 
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12. Transfer 750 µl of the supernatant into the new microcentrifuge tubes. 

13. Add 1200 µl of Guanidine HCl, Isopropanol, and proprietary solution into the 

tubes. 

14. Load 675 µl mixture onto spin filters. Centrifuge 1 minute at 10000 x g. 

Discard flow through. Do the same things for the remaining of the mixture 

15. Add 500 µl solution 5 containing ethyl alcohol and proprietary salts and 

Centrifuge 30 seconds at 10000x g. Discard flow through. 

16. Centrifuge spin filters again for 1 minute. 

17. Carefully place spin filter in a new microcentrifuge tube, keeping solution 5 

from splashing up on the filter. 

18. Add 100 µl solution 6 containing Tris aminomethane to the center of each 

spin filter. Centrifuge 30 seconds.  

19. Discard flow through. Remove spin filter. 

20. DNA is stable in solution 5 in the microcentrifuge tube. Store at –20-80oC. 

 
 
 

3. Agarose Gel 
 

Gel Preparation: 

1. Put 75 ml 1xTAE+EtBr in Erlenmeyer  

2. Weigh 0.6-0.8 gram of agarose 

3. Add agarose to the buffer. Do not mix until all the agarose is hydrated. 

4. Dissolve it  
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Running the Gel: 

1. Mix 2 µl loading dye and 4 µl sample  

2. Load it into the wells  

3. Set the voltage and time to 100V and 1 hour, respectively 

4. Remove the gel from aquarium and slide it carefully on to the UV illuminator.  

5. Make a picture of the gel 

 

4. PCR 

PCR Mixture: 

For a 50 µl mixture, add the followings: 

 25 µl 2xbuffer  

 25 µl sterile water 

 0.5 µl Taq DNA polymerase 

 1 µl Forward Primer 

 1 µl Reverse Primer 

 250 ng DNA template 

Hot Start: 

 Add all the constituents other than Taq DNA polymerase listed above 

 Start the PCR cycle with initial denaturing at 94 oC for 5 minutes 

 Decrease the temperature to 80 oC and add the Taq DNA polymerase during 

this period 

 Continue with annealing, extension, and denaturing cycles. 

 The hot start program used is given below: 
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1. 94 oC for 5 min denaturing 

2. 80 oC for 1 min. (Taq addition) 

3. 59 oC for 1 min. annealing 

4. 72 oC for 3 min extension 

5. 94 oC for 1 min denaturing 

6. 62 oC for 1 min annealing 

7. 72 oC for 3 min extension 

8. Last three steps were repeated for 28 cycles 

9. 94 oC for 1 min denaturing 

10. 62 oC for 1 min annealing 

11. 72 oC for 40 min final extension 

  

 

5. DGGE 

Preparation: 

1. Clean glass plates with detergent and ethanol. Grease from prior runs should be 

removed completely.  

2. Place spacers between glass plates.  

3. Place the glass plates and spacers together with the sandwich clamps in the casting 

stand in which a rubber strip is placed at the bottom to prevent leakage.  

4. Attach a 22G1 ½ size needle at the outlet tube to the top middle of the gel chamber 

with tape. 
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   Preparation of Gel Solutions: 

1. 0%  and 100% acrylamide, APS, and TEMED are needed to prepare the gel solution 

2. Mix 0% and 100% acrylamide in the proper amount so that the highest denaturant 

concentration and lowest denaturant concentration will be %60 and 25%, 

respectively. 

3. Add 40 µl of APS and 40 µl TEMED to the high and low concentration solutions. 

Mix them well. 

  

Casting the Gel: 

1. Suck the solutions in the syringes provided. 

2. Attach the syringes to the gradient maker wheel. 

3. Flow the solutions slowly between the glass plates prepared before 

4. Stop the flow when the acyrlamide is approximately 0.5 cm below the comb level 

5. Empty the syringes and flush with dH2O 

 

Buthanol Layer: 

1. Immediately after pouring, put a few ml of water-saturated buthanol on top to obtain 

a straight surface. 

2. Let the gel polymerize for at least 60 minutes.  

3. After polymerization flush the space between the glasses with 1xTAE buffer to get 

rid of the buthanol.  

4. Carefully dry the space between the glass plates with Whatman paper. 
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Stacking gel and comb: 

1. Place the comb and fill up the gel chamber with a mixture of 5 ml acryl 0%, 20 µl 

TEMED and  APS   

2. Allow the stacking gel to polymerize for at least 15 minutes. 

 

Running the Gel: 

1. Place the core and tank into the aquarium which is filled up to run level with 1x TAE 

buffer. (Renew this buffer after each run) 

2. Start circulation (60°) to warm up to 60°C 

 

Before Loading the Samples: 

1. Remove the comb from the gel and flush the slots with 1xTAE buffer  

2. Fill the slots with buffer.  

 

Loading samples:  

1. Mix the samples to be loaded with DGGE loading dye. 

2. Start to load the each well with each of the sample-dye mix. 

 

Start run: 

1. Restart and check the circulation. The flow into the upper compartment should be 

small and gentle. Make sure the upper compartment fills up and overflows (via the 

holes).  
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2. Close the lid while paying attention to configuration of negative and positive 

electrode.  

3. Check if buffer overflows from both sides of the tank into the aquarium.  

4. Set the voltage and time to 60 V and 17 hours, respectively. 

 

End run: 

1. Stop pump and power.  

2. Remove gel from gel chamber by removing the clamps and one glass plate leaving 

the gel on the other  

3. Incubate gel in 1 x TAE/SYBR-Gold nucleic acid dye solution for 60 min, shaking 

slowly. 

4.  Remove the gel from solution by sliding it off carefully onto the Dark reader. 

 

6.FISH 

Preparation of Fixative: 

1. Have 33 mL ddH2O stirring in a150 mL Erlenmeyer flask at 60 oC 

2. Add 1 drop of 10 M NaOH. Use 0.5µL of NaOHfor 50 mL of fixative. Final pH 7.2 

3. Add 2 gram of Paraformaldehyde and stir it until it dissolved. Do not overheat. 

4. Add 16.5 mL of 3xPBS and adjust the pH to 7.2 with HCl. 

5. Filter through 0.45 µm filter 

6. Store on ice until use. Use it within 24 hours 

 

3xPBS Buffer: 39mM NaCl in 30mM NaPO4 buffer adjusted to pH 8 
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Fixation of Samples: 

1. Add 3 volumes of 4% ice cold PFA to 1volume if sample 

2. Fix for 1 minute upto 12 hours at 4 oC. Typical fixation for Gram negatives is 2 hours 

3. Centrifuge the PFA-sample mixture 

4. Decant until ¼ remains 

5. Wash twice with 1xPBS by centrifugation at 2000 rpm for 5 minutes 

6. Decant the samples 

7. Add 1:1 1xPBS /ethanol and pure it into 2 mL snapcap tube 

8. Store it at -20 oC until hybridization 

 

Application of FISH samples to slides: 

1. Apply 2 µL of samples to the wells of slides. Let dry 

2. Dehydrate samples by successive dipping into 50%, 80%, and 96% ethanol in 

staining jars (3 minutes each step).  Air dry. 

3. In situ hybridization buffer:  

• 360 µL 5 M NaCl 

• 40µL 1M Tris-HCl, pH 8 

• X µL formamide deionized depending on the %FA 

• Fill to 2 mL with MQ H2O 

• Add 2 µL 10% SDS 

4. Apply 8 µL buffer per hybridization well 

5. Add 1µL each fluorescently labeled probe (50ng/µL) 

6. Hybridize in a moisture chamber for 60-120 min at 46 oC. 
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7. Wash for 20 minutes in a waterbath at 48 oC.  

8. Wash buffer: 

• Y mL 5 M NaCl depending on the %FA 

• 1 mL 1M Tris-HCl, pH 8 

• appropriate amount of 0.5 M EDTA 

• Fill to 50 mL with MQ H2O 

• Add 50 µL 10% SDS 
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