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ABSTRACT 

 

 

 

ASSESSING ENERGY REGIME EFFECTS ON PATHOGEN-PARTICLE 

INTERACTIONS LINKING WATER QUALITY TO ECOSYSTEMS AND 

PUBLIC HEALTH 

 

 

 

Sandra M. Tirado.        Advisors: 

University of Guelph , 2012      Dr. S.N. Liss 

         Dr. I.G. Droppo 

         Dr. S.M. Glasauer 

         Dr. M. Habash 

 

 

Floc-pathogen interactions are important determinants of the fate of pathogens in aquatic 

systems. The dissociation of bacteria from particles due to shear stress can significantly 

increase the presence of free-floating pathogenic bacteria in the aqueous phase. This has 

implications for pathogen transport and water quality. This study evaluated the 

interactions of water-borne pathogens with particles in selected aquatic ecosystems. 

Three experimental chapters and one concluding chapter is presented. Chapter 3 assesses 

the strength of the floc-microorganism association under different energy levels in 

relation to the physico-chemical properties and the bioorganic content of flocs from six 

different aquatic environments (SB, CSO, RF, AG, ML, MN); Chapter 4 evaluates how 

energy dissociates bacteria and affects microbial diversity in free-floating and particle-

associated fractions in cohesive bed sediments (BedS) and suspended flocs (SusF) of 

three sites (SB, CSO, RF). Chapter 5 studies the diversity and succession among free-

floating and particle-associated bacteria at different energy levels and the abundance of 

antibiotic resistance genes and Class 1 integrons (intI1) as a result 



 

 

of ecosystem perturbation in the six initial sites. Different strategies, such as standard 

laboratory analytical methods, as well as techniques based on analytical chemistry, 

biochemistry and molecular biology were used to accomplish these objectives. The 

bioorganic and physico-chemical properties of flocs and sediments, and the energy 

effects these structures are exposed to, play a role in the assessment of pathogen risk in 

water systems. Molecular approaches showed a significant difference in the composition 

of free-floating and particle-associated assemblages after simulated flow conditions and 

detected earlier differences in the dissociation of bacteria, compared to plating 

techniques. The analysis of integrons provided evidence for horizontal gene transfer 

events. Free-floating and particle-associated bacterial assemblages are potential genetic 

reservoirs for antibiotic resistance genes. This research shows that particles act as 

reservoirs for microorganisms, providing an early warning for potential indicators of 

human health risk in water systems and could determine the presence of future clinically 

relevant antibiotic resistance mechanisms and/or pathogenic microbial gene transfer in 

sediments, demonstrating the need to improve the existing protocols and methodologies 

that assess water quality. 
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CHAPTER 1 

 

INTRODUCTION 

 

 

1.1 BACKGROUND 

Water is critical for sustaining life, support agriculture, develop businesses and 

industries, and provide recreation. Despite these essential needs, individuals, 

municipalities, industries, commercial establishments, and agriculture continue to pollute 

water suppliers. As more and more aquatic systems become stressed by human activities, 

the risk assessment of human pathogens become critical. Outbreaks of waterborne 

diseases via public water supplies are often reported, with health problems relating to 

water pollution estimated to cost $300 million per year in Canada (WHO Library 

Cataloguing-in-Publication Data 2004). As almost 9% (891 163 km
2
) of Canada is 

covered by fresh water, there is an increased awareness of pathogen contaminate risk to 

aquatic and human health (WHO Library Cataloguing-in-Publication Data 2004).  

 

Pathogens generally enter the aquatic environment from either runoff originating 

from the surrounding catchment or from effluent discharged directly into watercourses 

(i.e., through land application of livestock manure, runoff from feedlots, direct access to 

watercourses, runoff from manure storage facilities and barnyards, pastures used by 

grazing animals as well as from combined sewage outfall and water treatment plants) 

(Unc and Goss 2004, Charles et al. 2008, Muniesa et al. 2006, Lafolie 2005, Sharma et al. 

2003, Bing-Mu Hsu et al. 2008). Wild animals can also serve as 
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infectious agents or as mechanical carriers of pathogens (Kümmerer 2004, Bichai et al. 

2008). 

 

 The persistence of pathogens in the aquatic environment is a function of both 

survival and transport (Brookes et al. 2004). The fate of pathogens is determined by loss 

processes including settling and inactivation by temperature, salinity, pH, pressure, solar 

radiation (visible, UV) and predation by organisms higher in the food chain (Charles et 

al. 2008, Jamieson et al. 2004, Searcy et al. 2005). 

 

In current microbial monitoring policies, pathogens are generally identified based on 

metabolic reactions which have a variety of disadvantages, like no correlation to many 

waterborne pathogens and no valid identification of the pathogen (Fraga et al. 2007). 

These studies do not provide a satisfactory indication of risk to human health (Sharma et 

al. 2003, Brookes et al. 2004, Kohler and Wiley 1997). The reasons for these are diverse: 

first, precise detection, identification, and quantification of microorganisms in water is 

difficult and only possible with a combination of classical and molecular methods; 

second, virulence of waterborne pathogens varies greatly depending on environmental 

conditions and treatment of the source water; and third, transmission of waterborne 

infections to humans via drinking water is a complex process depending on the type of 

pathogen, infectious dose immune status of human, and a multitude of other factors. 

 

While water-borne pathogenic microorganisms represent a significant health risk if 

exposure is above an infectious dose, the degree of risk is uncertain with the knowledge 
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that pathogens can be associated with sediment compartments (suspended and bed 

sediment) (Droppo et al. 1997). Therefore, to obtain a more accurate assessment of the 

overall pathogen risk, it is necessary to understand their fate and distribution within 

aquatic environments.  

 

The process of dispersion, dilution, horizontal and vertical transport of sediments also 

contributes to the distribution of pathogens in aquatic ecosystems (Johnson et al.1990). 

Dispersion describes both, the turbulent dispersion of particles and shear dispersion due 

to the presence of a horizontal or vertical shear. Turbulence is generated by the exchange 

of energy and momentum through fluid boundaries. This concept encompasses the 

transfer of energy and momentum from the near-bottom flow to the sediments (Johnson 

et al. 1990). Biologically important aspects of particle interactions and transport which 

are affected by benthic boundary layer characteristics are: (1) cycles of resuspension and 

deposition, (2) near-bed gradients in seston (particulate matter suspended in bodies of 

water such as lakes and seas; it includes plankton, organic detritus, and inorganic 

material) concentration and composition, and (3) the fate of water column aggregates as 

they enter the stronger shear zone near the bed (Brookes et al. 2004, Jamieson et al. 2004, 

Johnson et al. 1990, Liu et al. 2006).  

 

Modeling of contaminant transport is designed according to particle sizes; as 

aggregated particles are larger and will settle faster than the smaller ones, which will 

travel with their associated contaminant further within the system (Allen et al. 2005). 

Petticrew and Droppo (2000) observed that bound flocs and compact aggregates 
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exhibited different size ranges. They differentiated flocs and aggregates by visual 

evaluation. Flocs were characterized as irregularly shaped and porous, while aggregates 

appear opaque and compact. Later on, Petticrew (2005) showed that the compact particles 

are generally smaller than the floc particles. The compact particles being <760m and 

exhibited the fastest settling rates.  

 

 While progress has been made in understanding the dynamics of suspended 

particles in natural waters (Lafolie 2005, Brookes et al. 2004, Jamieson et al. 2004, 

Kohler and Wiley 1997, Allen et al. 2005, Bianchi and Argyrou 1997, Middelburg and 

Herman 2007, Petticrew 2005), there is much research that remains. The conditions of 

natural waters can be described by a number of variable factors including: energy 

regimes, chemical compositions, biological activities, and particle compositions. 

Therefore, to develop a correct understanding of the interactions of these variables with 

suspended particles future research should examine the nature of the chemical 

interactions and kinetics of natural organic surface films, including bacterial films and 

how these properties influence aggregation and disaggregation in natural waters.  

  

 This thesis discusses and analyses the known associations between microorganisms 

and particles in natural and engineered environmental systems and presents a critical 

analysis of research needs, with a specific focus on the effects of energy effects on 

pathogen-particle interactions. 

  

1.2 OBJECTIVES 
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The overall goal of this thesis was to understand the interactions of water-borne 

pathogens with particles in aquatic ecosystems. Different energy levels (G=83 s
-1

 to 878 

s
-1

) were applied to sediments from diverse aquatic ecosystems to determine the 

dynamics, relations and functions of particles with waterborne pathogens. These 

interactions have generated considerable research interest since there is a linkage 

amongst ecosystem health, public health and water quality. Subsequent, the links between 

environmental water quality and particle associated pathogens can help expand and 

promote research, policies and practices that contribute to the realization of water 

security and sustainable water resources management. 

 

A mixture of strategies that combine standard laboratory analytical methods, 

techniques of analytical chemistry, biochemistry and molecular biology were used to 

accomplish this goal.  

 

Specific objectives were to: 

 

Objective 1. Determine the characteristics of the natural sediments exposed to high 

human activities (peaks in recreation, municipal and industrial 

discharges).   
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Objective 2. Determine in vitro (batch experiments) the effect of shear stress on 

particle mobilization, distribution, particle structure and strength 

using a shear-cell/flow-cell.  

 

Objective 3. Assess how the physical-chemical properties of flocs influence the 

strength of the floc-microorganism association. 

 

Objective 4. Assess bacterial adhesion, aggregation and mobilization using green 

fluorescent protein (GFP) during different shear stress.  

 

Objective 5. Analyze and correlate the microbial community structure for 

different shear levels of the different sites studied; 

 a) Compare the diversity and succession among free-floating and 

particle-associated bacteria during different energy effects using 

DGGE 

 b) Identify mobile genetic elements by DNA sequencing of PCR 

fragments 

 c) Determine the presence of antibiotic gene transfer between bacteria 
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CHAPTER 2 

 

LITERATURE REVIEW 

 

2.1 PARTICLES IN WATER SYSTEMS: SOURCES, PROPERTIES, 

STRUCTURE AND FATE 

 

 Natural Water Systems 

  

 Particulate matter (organic and inorganic) can enter aquatic systems (e.g., rivers, 

lakes, reservoirs, estuaries, and continental shelf areas) through erosional, atmospheric 

deposition (wet, dry), and through biological processing of organic and inorganic 

material (Middelburg and Herman 2007, Kalnejais et al. 2007). Dissolved organic matter 

(DOM) is often adsorbed onto organic and inorganic surfaces forming a coating that can 

serve as a nutrient source for the microbial compartments and facilitates microbial 

attachment and flocculation (Middelburg and Herman 2007).  

  

 Middelburg and Heman (2007) investigated the distribution and the elemental and 

isotopic composition of organic matter. They examined the transfer of particulate matter 

in river and seas in nine tidal estuaries along the Atlantic coast of Europe. Their results 

showed that riverine organic matter is extensively modified in tidal estuaries before it is 

transferred to the sea. They showed that the pools of dissolved and particulate organic 

matter appear to be involved in dynamic exchange reactions with their partitioning 
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mainly governed by suspended particulate matter (SPM) concentration. The interaction of 

tidally induced cycles of deposition and erosion with this repartitioning of organic matter 

between dissolved and particulate pools due to changes in SPM concentration can be 

viewed as a chemical reactor with optimal solid–liquid exchange.  

 

 The transport of inorganic matter to stream channels and sediment routing within 

water systems has been documented by geologists and engineers, but the same processes 

that move inorganic particles into stream channels also move particulate organic matter 

(POM) (Middelburg and Herman 2007, Prasad and Ramanathan 2008). Understanding 

the transport dynamics of particles is, therefore, important for describing the flux of 

organic matter to and from the bed sediments in aquatic systems.  

 

 The major source of particulate organic carbon (POC) in natural lake systems is 

autochthonous primary production by phytoplankton and littoral flora (Ward et al. 1990). 

The suspended particulate matter in water systems is a mixture of riverine-derived 

particles as well as particles derived from plankton. As reported by Bianchi and Argyrou 

(1997) these particles are not distributed equally in the water system. Bianchi and 

Argyrou studied the spatial and temporal distribution of POC in the Lake Pontchartrain 

estuary, along with changes in freshwater and nutrient inputs. Their results showed that 

the input of POC of the phytoplankton was limited by light and nitrogen. The high 

carbon/chlorophyll ratios obtained suggested that much of the POC contained low 

concentrations of chlorophyll that had degraded during its transport from adjacent 
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wetlands. High C/N ratios (7.4 to 30.6) further suggested that allochtonous inputs of 

organic carbon from terrigenous sources were important. 

 

 The sources of particulate inputs can be substantially altered in size and chemical 

composition by processes occurring within the receiving system. A substantial portion of 

the fine particulate organic matter is derived from the decomposition and fragmentation 

of coarse particle inputs (Leon-Morales et al. 2004, Sutherland  2001, Weber et al. 2007, 

Williams et al. 1996). 

 

 In situ formation of inorganic particles within aquatic systems can result from 

changes in solubility through increases in ion concentration, pH changes, redox shifts and 

by biological production of inorganic particulates, chiefly CaCO3 or SiO2 (Johnson et al. 

1990, Ward et al. 1990). Rarely are the particles completely inorganic, but also 

incorporate measurable organic matter often as surface coatings absorbed to the mineral 

phases (Leon-Morales et al. 2004, Sutherland  2001, Weber et al. 2007, Williams et al. 

1996). 

 

 Any incorporation of material into the particles results in an increase in size since 

size distributions studies of the aggregated particles have shown a size variation from 

submicron up to several thousand microns (Allen et al. 2005); particles sizes are 

subdivided according to the organic material or the substratum at which they originate. At 

the simplest, this classification is presented in Table 2.1; but it should be noted that there 

have been some differentiations in the literature when classifying the smallest particles. It 
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is also important that because of the ubiquitous presence of aggregates, or flocs, in 

natural suspensions it is necessary to specify whether a given size distribution discussed 

represents the in-situ size distribution; i.e., the size configuration into which the 

particulate matter has aggregated and is transported as in the suspension, or whether it 

represents the constituent disaggregated grain distribution. Each poses different problems 

in analysis and interpretation. Aggregated particles act differently than the disaggregated 

ones (e.g., different settling velocity, strength, flocculation properties, microbial 

community, and organic content). 
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Size category 

 

Size range 

(diameter) 

Associated 

Organism 

(size/group) 

Volume 

Distribution* 

(unit/volume, %) 

 

References 

Organic  

CPOM-Coarse organic 

material  

 

FPOM- Fine particulate 

organic material  

 

DOM-Dissolved organic 

material 

 

 

> 1 mm 

 

 

< 1mm but > 

0.45m 

 

 

< 0.4m 

 

 

m and above 

Bacteria, Fungi, 

macroplakton 

 

 

0.01-1.1 m 

Bacteria, Virus, 

picoplakton 

 

> 1.45 x 10
9 
ml

-1
 

 

 

 

> 4.2 x 10
6
 m

3
 

 

 

4.2 x 10
3
 m

3
 to 

4.2 

 

 

(Ward et al. 1990, 

Fischer et al. 2005, 

Limber et al. 2008, 

Sigee 2005, Tham and 

Zuraimi 2005) 

Inorganic  

Boulder 

Cobble 

Pebble 

Gravel 

Very coarse sand 

Coarse sand 

Medium sand 

Fine sand 

 

Very fine sand 

Silt 

Clay 

(mm) 

> 256  

64-256  

16-64 

2-16 

1-2 

0.5-1 

0.25-0.5 

0.125-0.25 

 

0.0625-0.125 

0.0039-0.0625 

< 0.0039 

 

 

 

m and above 

Bacteria, Fungi, 

macroplakton 

 

 

 

 

2.1-4.7 m 

Bacteria, Virus, 

nanoplakton 

 

N/BR 

| 

| 

| 

| 

| 

N/BR 

80-100% 

 

70-100% 

10-40% 

< 10% 

 

(Prasad and 

Ramanathan 2008, 

Ward et al. 1990, 

Limber et al. 2008, 

Sigee 2005, Tham and 

Zuraimi 2005, Doeglas 

1968, Droppo and 

Ongley 1994, Solomon 

and Sioutas 2008) 

 

* Data is based according to their presence in water systems. For particle size distribution and concentration refer to Johnson et al., 1990. Flocculated 

particles represent more than 90% of the total volume of sediment transported (Droppo and Ongley 1994). 

N/BR Non-Biologically relevant in this context 
 

Table 2.1. Classification of particles by type and size in aquatic systems 

 1
1
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 Many of the methods developed and/or tested for particle analysis are capable of 

resolving particulate matter sizes and composition quickly (hourly or shorter), but had not 

been thoroughly evaluated or previously deployed in regulatory monitoring networks. 

The need to develop monitors that measure particle properties in short time intervals is 

important for improving our understanding of adverse health impacts, atmospheric 

chemistry, and sources of  particulate matter (PM). Sources, meteorology, and 

atmospheric processes of PM pollutants often vary on time scales substantially shorter 

than 24 hr. The daily averaging times used in many current networks tend to smooth out 

this variability, which limits an understanding of the factors influencing PM 

accumulation in water and exposures that result in the adverse impact of PM. Attempting 

to routinely obtain a better time resolution for water particle concentrations for large 

monitoring networks is presently impractical with the traditional time-integrated 

measurements that are based on field sampling and subsequent laboratory analysis of 

particle mass or chemical composition. 

  

The chemical composition of PM, found in the literature, is shown in Table 2.2. 

However, the source of PM is reflected in its elemental composition, taking into 

consideration chemical reactions that may change the composition. For example, the 

sorption of uncharged organic chemicals to natural particles is dominated by the 

hydrophobic interactions and depends primarily on a chemical’s affinity for water and the 

organic carbon content of the solid sorbent phase (O'melia 1989). 

 

 

 

 



13 

 

 

Particle Composition References 

Organic  

Extracellular polymeric substances (15-

33%) 

Carbohydrates and polysaccharides (5-

40%) 

Protein (20-80%) 

Lipids (13-89%) 

DNA (1-10% 

Humic substances (0-40%) 

Inorganic salts and particles (10-30%) 

 

 

(Liss 2002a, 

Manahan 2005) 

Inorganic  

* Materials form by atmospheric 

reactions: 

NO3
-
, H2O, NH4

+
, SO4

2
-, SO3

2-
 

 

*Elements introduce by anthropogenic 

activities: 

Br, Cu, Mn, Ba, Zn, Mg, Pb, Fe, Ca, V, 

Ti, Be 

 

*Elements from natural sources: 

Al, K, I, Na, Si, Fe, Cl, Ti 

 

 

(Manahan 

2005) 

 

Table 2.2 Chemical composition of particulate matter 

 

  

Engineered Water Systems 

 The majority of engineered water systems are designed to treat water through particle 

removal. The main difference of the engineered water system particles and the natural 

system particles is the amount of organic matter present, which usually surpasses those in 

natural systems. This characteristic is essential in water quality because is an indication 

of the presence of microbial community and thus can be used to develop management 

practices. 
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 Most particles of the water systems are coated with microbial cells.  However, the 

particles of engineered systems contain a greater quantity. Cells engaged in this behavior 

become physically associated with each other through extracellular polymeric substances 

(EPS) secreted by at least a portion of the aggregated microbial community (Sutherland  

2001). When the aggregation takes place on a surface; it often leads to the formation of 

biofilms (Weber et al. 2007). The aggregation of cells in aqueous suspensions results in 

the formation of flocs (Sutherland  2001).  

 

 In industrial processes, flocculants (multivalent cations such as aluminum, iron, 

calcium or magnesium) are used to increase inter-particle contact. In wastewater systems 

flocculation is monitored frequently. For example, Rasteiro et al. (2008) evaluated the 

floc resistance and reflocculation of precipitated calcium carbonate (PCC) induced by 

cationic polyacrylamides, when different types of shear forces were applied. Using LDS 

(Laser Diffraction Spectroscopy, a technique that can supply information on floc size, 

structure and kinetics) showed that the study of flocculation and defloculation processes 

is essential to evaluate the performance of polymeric substances, which can be correlated 

to contaminant transport and settling.  

 

 Similarly Liao et al. (2002) studied the stability of sludge flocs at different solid 

retention times (SRT) while varying pH, ionic strength, cation valence, urea and 

ethylenediaminetetraacetate. Their results showed that ionic interactions and hydrogen 

bonds held flocs together. However, other features such as physical enmeshment and van 

der Waals forces are important in controlling the stability of the floc. Earlier on, Liss et 
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al. (1996) showed that floc particles are generally physically unstable and demonstrated 

that the characterization of the flocs from the engineered and natural systems revealed 

similar associations of structural entities, particularly with respect to the exopolymeric 

fibrils which were shown to represent the physical bridging mechanism between organic 

and inorganic components. The floc structure, size and morphology has been studied in 

the literature (Allen et al. 2005, Sutherland 2001, Liss 2002a, Leppard and Droppo 2005, 

Liao et al. 2006, Liss et al. 1996, Liu et al. 2006). Floc size distribution can be compared 

based on the whole distribution, the median floc size, the mean floc size and the mode 

(Liao et al. 2006). On the other hand, microbial interactions and the variability in floc 

size and morphology with respect to the environmental and operating conditions have not 

been well studied. 

  

2.2 WATER-BORNE PATHOGENS IN WATER SYSTEMS 

 

Identifying and understanding the sources of pathogens in aquatic systems are 

essential for estimating possible peaks in pathogen occurrence, and for implementing the 

appropriate control measures. Pathogens can be deposited into water courses through land 

application of livestock manure, runoff from feedlots, direct access to watercourses, 

runoff from manure storage facilities and barnyards, as well as from pasture used by 

grazing animals (Unc and Goss 2004). Another important source of pathogenic 

microorganisms is the discharge of waters from municipal wastewater treatment plants 

(Liss et al. 1996, Gerardi and Zimmerman 2005, Kadam et al. 2008, Manti et al. 2008, 
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Molleda et al. 2008). Wild animals can also serve as infectious agents or as mechanical 

carriers of pathogens (Kümmerer 2004, Bichai et al. 2008). 

 

The literature has a wide range of studies that have examined the effects, 

characteristics, dynamics, sources, persistence, viability, changes and outbreaks by water 

borne pathogens. Biotic and abiotic factors influence the survival of allochotonus 

microorganisms in aquatic systems. One of the primary biotic factors in pathogen 

survival in natural or engineered systems is grazing by predatory protozoa, although the 

protozoa may also be a vector for transmission (Bing-Mu Hsu et al. 2008, Molleda et al. 

2008). Other environmental conditions may enhance the survival of some 

microorganisms such as the attachment to particles or the presence of biofilms. However, 

the understanding of this mechanisms and interactions has not been well established in 

the literature. 

 

Bacteria 

In the 19
th

 century, Vibrio cholera and Salmonella enterica serovar Typhi were the 

first waterborne pathogens to be recognized, and they have been responsible for 

significant morbidity and mortality worldwide (Sharma et al. 2003). Waterborne enteric 

bacteria include both human-associated and zoonotic species. Some data on the 

occurrence of pathogenic bacteria in water have been summarized by Emde et al. (1992). 

 

 Bacteria can occur in both planktonic (free-floating) and benthic (attached to the 

substratum) forms. In benthic systems, bacteria (i.e, Proteobacteria)  can survive longer; 
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for example Jamieson et al. (2004) reported a survival for up to 6 weeks of a tracer-

bacteria within a stream bed. The survival time of bacteria in water is a function of many 

environmental influences and there is no number (time period) that applies to all water 

bodies, or even to all times of the year for a single body of water. Regulations by 

organizations and governments that manage water quality frequently use bacterial 

indicator organism presence and abundance in surface waters as a surrogate for the risk of 

contamination by actual pathogenic microorganisms. This is due to the ease and low-cost 

of measurement. However, this method assumes that all microorganisms are planktonic 

and ignores the significant number and association of organisms with particles (Droppo et 

al. 2009a). 

 

 During past decade researchers have examined the survival of enteric bacteria in 

freshwater under diverse conditions. Conditions such as temperature (Brookes et al. 

2004), light (Bianchi and Argyrou 1997), pH (Jamieson et al. 2004), availability of 

nutrients (Banning 2003), and the presence of predators (Bichai et al. 2008) influence 

their survival. However, most studies focused on temperature and sunlight as the primary 

limiting factors for bacterial survival times. Few studies investigated bacterial survival 

rates as a function of interaction with the suspended particles (Fries et al. 2006, Hipsey et 

al. 2006). 

 

 The majority of bacterial pathogens are removed or inactivated by standard water 

treatment practices (Manti et al. 2008, Bourgeois et al. 2004). Despite the vast amount of 

research on waterborne bacterial pathogens, general quantitative relationships linking 
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survival to pertinent parameters (i.e, resuspension, attachment, energy and microbial 

interactions within a floc) have yet to be developed. There are concerns as to the 

applicability of bacterial indicators. The usefulness of indicators is questionable if the 

sedimentation processes and the absorption dynamics differ significantly from the actual 

microorganisms they are surrogate for. 

 

 Bacteria can attach to particles and quantification in the water interface can be 

underestimated. Additionally they enter a state of low metabolic activity and do not 

divide, but are alive. Therefore, it is necessary to evaluate other techniques that can 

enumerate cells (free-floating, particle-associated, live, dead, and viable but not 

culturable [VBNC]). The partitioning of free-floating and particle-associated bacteria can 

be performed by filtering techniques and then, the subsequent enumeration of the bacteria 

either by culture-based methods or molecular methods can be performed. The VBNC 

cells are potentially pathogenic and infective and cannot be enumerated using culture-

based methods, which leada to an underestimation of total counts. These VBNC cells can 

be quantified in qPCR by using chemicals such as Propidium iodide monoazide (PMA) 

(Varma et al. 2009, Nocker and Camper 2006). Briefly, the chemical penetrates 

compromised membranes and upon intercalation in the DNA of dead cells, the photo-

inducible azide group allows PMA to be covalently cross-linked by exposure to bright 

light.  

 

 

 



19 

 

Virus 

 Viruses are the most abundant non-living biological entities in aquatic 

environments, typically exceeding the abundance of bacteria by an order of magnitude 

(Patel et al. 2007). The most environmentally significant viruses are the enteric viruses, 

including the hepatitis viruses. There are over 100 enteric viruses that are pathogenic to 

humans at a low infectious dose (Gerardi and Zimmerman 2005). Significant enteric 

viruses include coxsackieviruses and echoviruses (Charles et al. 2008). In addition to 

these groups, there are several emerging viruses of interest (Sharma et al. 2003). These 

viruses tend to be more persistent in the aquatic environment than most enteric bacteria. 

However, their survival depends on numerous physical, chemical and microbiological 

characteristics of the water as well as the virus type. 

 

  As demonstrated by some researchers, one significant problem when studying 

viruses is the extraction procedure. Fischer et al. (2005) optimized a procedure for the 

extraction of virus from silty freshwater sediments for subsequent enumeration. They 

showed that viral abundance in sediment systems is 10-to-1000-fold higher than in the 

overlying water column. An added complication in the enumeration and study of 

naturally occurring benthic viral populations is the uncertainty as to whether differences 

in extractability of virus among different sediment types exist. It would be useful to test 

the existing protocols and methodologies in different systems to optimize the 

enumeration of viruses in sediments. 
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Protozoa 

 Protozoa, especially amoebae, are recognized as both reservoirs and vehicles of 

pathogenic microorganisms (Bichai et al. 2008). The ability of protozoa to form cysts or 

oocysts that can be resistant to disinfection is one of the main reasons why these 

organisms are of concern in water quality (King et al. 2008). Oocysts generally occur in a 

free-floating form, but oocysts typically enter natural aquatic systems with large 

quantities of suspended matter to which they can attach. Oocysts can enter surface water 

systems through runoff from areas with dense animal populations, including agricultural 

and wildlife populations, and from human populations via wastewater treatment facilities 

(Brookes et al. 2004). In particular, Cryptosporidium parvum oocysts are small (4- to 6 

m diameter) and have a low specific gravity (1.05 g/cm
3
), so their movement in surface 

waters is generally not considered to be influenced by gravitational settling (Searcy et al. 

2005). They are of concern when surfaces become colonized. Karim et al. (2008) 

investigated the interactions of protozoan parasites and viruses with two contrasting 

biofilms. They showed that attachment to a drinking water biofilm occurs within 1 h and 

that a transfer of viable parasites and viruses from the biofilm to the water phase can take 

place after an increase in flow velocity. These results showed that attachment and 

resuspension of pathogens is a potential source of contamination. Then again, general 

quantitative relationships linking survival to resuspension and attachment have yet to be 

developed. 
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2.3 ASSOCIATIONS OF WATER-BORNE PATHOGENS WITH PARTICLES: 

TRANSPORT, FATE AND SURVIVAL  

 

 Microorganisms exist in an environment independently, but in aquatic 

environments they proliferate more effectively by interacting and forming niches (Davey 

et al. 2000). The colonization of flocs by microorganisms, enhances cell-cell interaction 

as well as the sedimentation rate of cells. When attached, the bacteria are positioned on 

the matrix, forming communities and obtaining an additional advantage, the versatility of 

their neighbors. Therefore, a floc lifestyle is ubiquitous, and a critical characteristic for 

persistence of the pathogenic bacteria (Jamieson et al. 2004, Banning 2003, Fries et al. 

2006). 

 

  The interactions of pathogens with particles have predominantly been a concern 

in man-made water systems and in particular, drinking water distribution systems 

(Banning 2003). One of the first aquatic environment studies related to interactions of 

pathogen and particles was made by Pekdeger and Matthess (1983). They measure 

dispersion, absorption and biological elimination of bacterial and virus transport in 

groundwater and found that microorganisms are reversibly (undone by physico-chemical 

forces) adsorbed on underground particles, which causes a retardation of their transport 

velocity with respect to groundwater flow velocity. Pekdeger and Matthess (1983) 

demonstrated that water flow and turbulence (generated by exchange of energy and 

momentum through fluid boundaries) occurring at the proximity of the surface or the 
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bottom influences the associations and interactions of waterborne pathogens due to the 

closeness of the communities.  

 

Pathogen attachment 

 A critical factor in determining human health risk is the partitioning of pathogenic 

organisms between particle-associated and free-floating cells in the water column. 

Particle-associated bacteria are generally less mobile in the environment, settle faster, and 

may have different rates of mortality than their free phase counterparts. Attachment and 

adsorption of pathogenic microorganisms to suspended particles occurs by a variety of 

mechanisms (Table 2.3). 

 

 Three types of adsorption can be described: physical, chemical and exchange 

adsorption. 1) Physical adsorption is a result of van der Waal forces. These are weak 

interactions that exist between molecules of the same substance. van der Waal forces 

include: dipole-dipole (occur in polar molecules, that is, molecules that have an unequal 

sharing of electrons), dispersion forces (exist between nonpolar molecules when electrons 

are equally shared and are not dominant on one side of the molecule), and hydrogen 

bonding (is a strong dipole-dipole force due to the ability of H to loose electrons). 2) 

Chemical adsorption occurs when the adsorbate undergoes a chemical interaction, which 

is an attraction between atoms that allows the formation of chemical substances that 

contain two or more atoms. These include: covalent bond (characterized by the sharing of 

pairs of electrons between atoms), and ionic bond (formed through an electrostatic 

attraction between two oppositely charged ions). 3) Exchange adsorption occurs when 
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ions of one substance concentrate at a surface as a result of electrostatic attraction of 

charged sites at the surface (Corapcioglu and Haridas 1984). Bacterial adsorption is not, 

however, always a consequence of ionic or anionic charges, even though bacterial cells 

are negatively charged and adsorbed by anionic adsorbents (Corapcioglu and Haridas 

1984) and their adsorption to solid organic and inorganic soil surfaces is reversible 

(Pekdeger and Matthess 1983). Bacteria have the ability to persist and attach almost 

anywhere, due, in part, to their unequaled metabolic versatility and phenotypic plasticity 

(Davey and O'Toole 2000). 

Mode Mechanism References 

 

Physical 

 

Brownian motion 

Differential settling 

Fluid shear 

 

(Corapcioglu and Haridas 1984) 

(Droppo et al. 2009a, Obst and Schwartz 

2007) 

(Johnson et al. 1990, Droppo et al. 2008) 

 

Adsorption 

 

Physical (van der 

Waal) 

Chemical 

(interactions) 

Exchange ([ion]) 

 

(Johnson et al. 1990)  

(Obst and Schwartz 2007) 

(Corapcioglu and Haridas 1984) 

 

Metabolic 

 

Niches 

Flagella motility 

Surface translocation 

Synthesis of 

compounds 

 

(Davey and O'Toole 2000) 

(Christensen-Dalsgaard and Fenchel 2003) 

(Davey and O'Toole 2000) 

(Sutherland 2001)  

Table 2.3. Attachment mechanisms of aquatic borne pathogens with particles in water 

systems. 

 

 A key element of their attachment is their ability to position themselves in niches 

that are suitable for propagation. The most common positioning mechanism is flagellar 

motility and different methods of surface translocation, including twitching, gliding, 
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darting, and sliding (Davey and O'Toole 2000). Others synthesize compounds forming 

fibrous pellicles (Sutherland 2001). 

 

 Researchers have shown that regardless of how the attachment takes place, 

pathogens that had colonized particles behave differently than their free-floating 

counterparts modifying the risk of infection. For example, Helmi et al. (2008) observed 

that a conglomerate of pathogens (Cryptosporidium parvum, Giardia lamblia and 

Poliovirus) attached to a surface persisted longer than free living organisms. Their results 

showed a transfer of viable parasites and viruses, within 34 days, from the biofilm to the 

water phase after an increase in flow velocity. Similarly Fries et al. (2006) observed that 

the partitioning of Enterococcus spp and E. coli between particle attached and free living 

exhibited an overall average of 38% of bacteria associated with particles capable of 

settling out of the water column.  

 

 Searcy et al. (2005) observed a ubiquitous association of C. parvum oocysts with 

suspended particles which enhances the sedimentation of oocysts in natural waters. Their 

results showed the rate of oocyst sedimentation depended primarily on the type of 

sediment with which the oocysts were mixed. These studies are useful to determine the 

concentration and longevity of pathogens through the water column.  Further research is 

needed in order to correlate viable pathogen resuspension and microbial mobilization 

with different energy regimes. Studies should also consider the interactions between the 

type of particle and the type of pathogen to determine and predict “migration” of 

pathogens in the environment. 
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Particle and pathogen dynamics  

 In natural water systems, pathogen occurrence is often correlated with rain events 

and riverine inflow, which is considered to be a major mobilizing mechanism of 

pathogens (Brookes et al. 2004, Garneau et al. 2009). The behavior of these inflows is of 

particular significance in determining pathogen transport and distribution. The transport 

of pathogenic bacteria, viruses and protozoa may be described by the general transport 

equation considering dispersion, adsorption and biological elimination (Pekdeger and 

Matthess 1983):  

CgradC
R

gradC
R

D
div

t

C

dd






  









 **  

Where 

D = coefficient of hydrodynamic dispersion = ed DDD '   

D’ = coefficient of hydromechanic dispersion 

Dd = diffusion coefficient 

De = coefficient of active mobility of bacteria 

gradC = concentration gradient 

= average groundwater velocity 

Rd = retardation factor 

 = elimination constant 

 

 The transport equation is affected by temperature and the hydrodynamic 

coefficient (D) depends on flow velocity. Microorganism transport may be limited by the 
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pore size and the size of the microorganism. The calculations cannot be considered 

accurat. 

 

 Some studies assessed the transport and fate mechanisms of pathogens in natural 

and engineered water systems. For example, Jamieson et al. (2004) studied the survival 

dynamics of tracer-bacteria (Total coliforms) within stream bed and water columns in 

alluvial streams demonstrating that the fate of bed sediment tracer-bacteria concentrations 

can be stable for the first 24 h and then exhibit classical first order disappearance. 

However, Jamieson and his coworkers (2004) showed that the organic nature of the 

sediments can enhance the cohesive and adsorptive properties of the bed. 

 

 The majority of the studies correlate pathogen presence with the “biochemical” 

(i.e, nutrient availability, presence of compounds, temperature and light) characteristics 

of the water system and physical characteristics (i.e, energy regimes) are generally not as 

well represented. However, few researchers agree that flow rate can be the most 

important factor for pathogen risk assessment. For example, Fries et al. (2006) studied the 

changes in particle concentration, particulate organic carbon and nitrogen and the 

densities of indicator bacteria Enterococcus sp. and E. coli, in the surface and bottom 

water samples during dry weather and storm events in recreational waters of North 

Carolina. Their results showed an increase of the indicator bacteria with an increase of 

particle suspension. Similarly Charles et al. (2008) identified virus fate and transport 

mechanisms at the laboratory scale for comparisons with field experiments on a mound 
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system; their results showed that the pH and the flow rate are the primary causes of 

reduction in some bacteriophages.  

 

 Despite the importance of these studies, only a few aim to determine the 

difference in mobility and transport directly related to particles. One such study was 

performed by Leon-Morales et al. (2004). They evaluated the impact of different ionic 

strengths on the mobility of a synthethic clay mineral (laponite), using Pseudomonas 

aeruginosa and a bacterial biofilm within sand-packed columns. The reduction in ionic 

strength resulted in a lower mobility for P.aeruginosa. Under conditions favorable to 

laponite retention and biofilm stability laponite suspensions remobilized a portion of the 

attach bacterial biomass. In another study, Hipsey et al. (2006) showed an association of 

bacteria with fine suspended particles (3.2-4.5m). These types of results are important 

guidelines to prove that enteric bacteria can survive longer, and grow, within bottom 

sediments. Nevertheless, it is important to understand the relationship between 

hydrodynamics and the strength of the pathogen-particle interaction over time. 

 

Protection of waterborne pathogens 

 

 Higher organisms play a major role in harboring the protection of waterborne 

pathogens (Bichai et al. 2008). According to Wotton and Malmqvist (2001), feeding 

animals transform organic matter into fecal pellets; these pellets, or organic particles, 

contain many phages, oocysts and pathogenic bacteria. Before excretion, the organic 

particles move along the entire digestive tract conferring resistance to any pathogen that 
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is attached to the particle. These fecal pellets, when excreted in/nearby water systems, 

can result in floc particles containing great amounts of organic matter and offering 

protection to waterborne pathogens already present in the water.  

 

 When living within particles bacteria experience a degree of refuge and 

equilibrium. One of the key components of this microniche is the surrounding 

extrapolymeric substance matrix. Extracellular polymeric substances (EPS) contain 

proteins, nucleic acids, carbohydrates, lipids and other compounds (Davey et al. 2000). 

Most bacteria produce polysaccharides, either as capsules or EPS (Sutherland I.W. 2001). 

Moreover, EPS may exhibit different roles in similar microbial communities under 

different environmental conditions. For example, Ge et al. (2006) extracted EPS from 

four different activated sludges and observed that the extracted EPS yields ranged from 

5.8-8.6% of the sludge volatile suspended solids, and mainly consisted of protein, 

polysaccharides and small amounts of DNA. Their results also showed that the amount of 

DNA was 27 times higher in pellets than that in the EPS. Likewise, Liss et al. (2002) 

studied EPS configuration on activated sludges and found that the EPS layers appear to 

decrease the floc surface roughness. Based on these experiments and other reports (Liu et 

al. 2006, Liao et al. 2000), these authors concludedt the EPS matrix in flocs may protect 

the interior cells from disruption by changes in the external environment.  

 

 Another potential advantage of the EPS matrix is the ability to physically avoid 

contact of certain antimicrobial agents into the particle by operating as an ion exchanger, 

thus restricting diffusion of compounds from the boundary milieu into the particle. 
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According to Thien-Fah et al. (2001), there are a variety of mechanisms that account for 

bacterial resistance to antimicrobial agents, including heterogeneity (might promote the 

formation of a heterogeneous population of cells, such that different levels of resistance 

can be expressed throughout the community), failure of the antimicrobial to penetrate the 

matrix (EPS acting as a barrier), slow growth and stress response (transition from 

exponential to slow growth is generally accompanied by an increase in resistance), 

general stress response (stress responses resulting in physiological changes that act to 

protect the cell from various environmental stresses), quorum sensing (system of stimulus 

and response correlated to population density that may coordinate gene expression), and 

induction of a biofilm phenotype (a biofilm-specific phenotype is induced in a 

subpopulation of the community that results in the expression of active mechanisms to 

combat the detrimental effects of antimicrobial agents). EPS has also been reported to 

provide protection from a variety of environmental stresses, such as UV radiation, pH 

shifts, osmotic shock and desiccation (Kümmerer 2004, Davey and O'Toole 2000, Gilbert 

et al. 1997, Mah and O'Toole 2001). 

 

  Studies of the exact interactions and protections of organisms within the 

polymeric matrix of particles are still to be developed. In addition, a correlation of these 

interactions with energy regimes in the studied sites has not been developed. To our 

knowledge there are no studies that had covered these questions possibly due to a lack of 

effective techniques. The techniques used to date are sometimes expensive and difficult 

to interpret (i.e., PLFA, GC, PLEL, HPLC, Correlative microscopy, FTIR, X ray-

diffraction) (Green and Scow 2000, Rüttersa et al. 2002, Kennedy et al. 2008). A 
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potential technique is Nuclear Magnetic resonance (NMR). NMR offers the opportunity 

to quantify the coupling of microbial biomass and flow velocity distribution in opaque 

porous media in a non-invasive manner. The use of NMR for molecular studies relies on 

the observation of spectral properties in distinct NMR lines that can be correlated with 

intramolecular motional processes (Simpson et al. 2001).  

 

 Even though the identification and understanding of microbial communities 

within the particles in water systems is a starting point for risk assessment, there are some 

studies that explain the metabolic activity and viability of pathogens and their 

associations within particles (Searcy et al. 2005, Fries et al. 2006, Hipsey et al. 2006, 

Garneau et al. 2009, Yanbo et al. 2005, Harvey and Young 1980). Future studies should 

assess the interactions and associations of microbial communities within the particles to 

suggest possible management practices that may help prevent pathogen risk. 

 

Genetic traits, horizontal gene transfer  

 

 The closeness of the microbial communities within the particles offers a potential 

acquisition of new genetic traits; these genetic traits are often acquired by horizontal gene 

transfer (HGT). HGT is a process in which an organism incorporates genetic material 

from another organism without being the offspring of that organism. In bacteria, three 

mechanisms have been identified: transformation (incorporation of naked DNA), 

conjugation (cell contact dependent DNA), and transduction (host DNA is encapsulated 

into a bacteriophage which acts as a vector) (Davison 1999). HGT is important for the 
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evolution and genetic diversity of natural microbial communities. During the past few 

decades this characteristic has been studied to prevent the emergence of multiresistant 

bacteria (Kümmerer 2004, Blasco et al. 2008, Agerso et al. 2007, Stepanauskas et al. 

2006, Schwartz et al. 2003, Costerton et al. 1995) and the increased usage of modified 

organisms in industrial processes (Allen et al. 2005). Gene transfer is central to microbial 

activities and influence both our health and the environment. 

 

 The study of HGT in situ has typically been carried out by identifying plasmid-

encoded phenotypes following the introduction of donor strains (Sorensen et al. 2004). 

Such approaches can be studied by microscopy or by culturable methods. Direct 

microscopic observations are valuable for the study of pathogenic organisms (Patel et al. 

2007, Chae et al. 2008). These techniques have been used to reveal the phenotypic 

changes that bacteria experience when they adhere to surfaces. For example, Liu et al. 

(2006) evaluated the effects of limiting phosphorus in activated sludge. They used 

correlative microscopy to reveal the alterations in the system and found significant 

changes in open reading frames (ORF) and intergenic regions in E.coli, which may lead 

to gene transferability. In natural water systems, the usage of green fluorescence protein 

(GFP) offers great advantage to track HGT. In 1998, Dahlberg and his coworkers, 

showed the transferability of the conjugative plasmid pBF1 from Pseudomonas putida to 

indigenous bacteria in sea water.  

 

 Within particles, Muniesa et al. (2006) isolated infectious stx-phages (carrier of 

genes encoding Shiga toxin) in different water systems and observed the high persistence 



32 

 

of the phages suggested a contribution to the spread of stx genes, as they are likely to be 

subjected to horizontal gene transfer between species or serotypes. Additionally, 

Rosewarne et al. (2010) quantified the abundance and structure of intI1 (integrase gene 

that mediates site specific recombination events in the insertion or excision of small 

mobile DNA) in benthic bacterial communities of fresh water systems and observed that 

the abundance of these elements is highly associated with human discharges into natural 

waters. 

  

 Furthermore, detection of HGT in aquatic ecosystems that are associated with 

functional transposition modules should be further studied due to their increase 

propagation and the importance in antibiotic resistance. To our knowledge, there is no 

information with regard to the association of HGT in benthic and planktonic communities 

that may confer pathogenicity and antibiotic resistance in water systems, making HGT a 

health risk. 

 

2.4 CURRENT ASSESMENT OF WATER QUALITY AND POLICY 

DEVELOPMENT 

 

 Regulations by organizations and governments that manage water quality can be 

divided into two categories; a direct regulation and a market-based mechanism (Pharino 

2007). The direct regulation (command and-control mechanism) governs the management 

of pollutants entering waters, is the most predominant and has been preferred by officials 
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since the start of water policies. A selected chronological list of titles and federal laws 

dealing with water pollution-control policy are listed in Table 2.4.  

  

  Researchers apply direct regulations which typically use several indicators related 

to sanitary quality, ability to sustain life, ecosystem productivity and aesthetics. The most 

common markers (physical, chemical or biological) to determine water quality include: 

dissolved oxygen (DO), biochemical oxygen demand (BOD), pH, alkalinity, total and 

fecal coliform, chlorophyll-a (chla), light transparency, turbidity, nutrients (nitrogen and 

phosphorus), and temperature (Pharino 2007, Asano et al. 2006). However, current 

regulatory policies lack of associations between analyses and, in cases, omits some 

critical variables in water systems demonstrating that direct regulations appear to fail to 

generate reliable and practical policy. It is important to take into account that future 

research and future policies associate these and other variables in order to overcome 

water pollution. Figure 2.1 lists the variables that should be taken into consideration for 

the overall quality assessment of a natural system.  
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Title 

Year  of 

enactment 

Country 

The Refuse Act 

Water Pollution Control Act 

Water Pollution Control Act-Amendments 

Water Quality Act 

Pollution of Surface water Act 

Water Pollution Control Law 

Cooperation Principle 

Federal Water Pollution Control Act 

The Water Act 

Pollution of Sea water Act 

Clean Water Act 

Municipal Wastewater Treatment Construction grant 

amendments. 

The Water Act, Amendments 

Navigable Waters Protection Act 

Canada Water Act 

Fisheries Act 

Artics Waters Pollution Prevention Act 

Dominion Water Act 

Water Quality Act 

Federal Water Policy 

The Urban Waste Water Treatment Directive 

Canadian Environmental Assessment Act 

Water Pollution Control Law, amendments 

Water management system Act 

The Drinking Water Directive 

Canadian Environmental Protection Act (CEPA) 

The water framework directive 

Federal Water pollution Control Act 

 

1899 

1948 

1956 

1965 

1970 

1970 

1971 

1972 

1973 

1975 

1977 

 

1981 

1983 

1985 

1985 

1985 

1985 

1985 

1987 

1987 

1991 

1992 

1995 

1997 

1998 

1999 

2000 

2008 

U.S.A 

U.S.A 

U.S.A 

U.S.A 

Holland 

Japan 

Germany 

U.S.A 

England 

Holland 

U.S.A 

 

U.S.A 

England 

Canada 

Canada 

Canada 

Canada 

Canada 

U.S.A 

Canada 

E.U 

Canada 

Japan 

Brazil 

E.U 

Canada 

E.U 

Canada 

 

Table 2.4 Selected federal water pollution control laws in various countries. (Pharino 

2007) 
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*Markers currently used in water policy 

 

Figure 2.1 Variables for water quality assessment in natural systems 

 

 

 According to Novotny and Olem (1994) water quality can be defined as the ability 

of a water body to support all appropriate beneficial uses. Certainly this concept is 

misused as water suitable for irrigation may not meet drinking water guidelines. There is 

no single universal parameter that adequately describes water quality. The quality of 

water for industrial or agricultural practices is lower than that needed for drinking, 

recreation, fishing and aquatic habitat. Therefore, water policy regulations are sometimes 

difficult to implement efficiently; hence, the importance of research that can overcome 

these irregularities leading to an adequate assessment of pathogens linking water quality 

to ecosystem and public health.  
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Dissolved oxygen * 

Turbidity * 
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Flocculation 
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Chla * 

Nutrient concentration * 

Ionic concentration 

Heavy metals* 

pH 

Redox 
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Flocs 

POM 

DOM 

DOC 

BOD* 

Micro-

organisms* 
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2.5 CONCLUDING REMARKS: IMPACTS ON WATER QUALITY AND 

PUBLIC HEALTH. 

 

 Despite the value of water, the pollution of water resources is increasing and can 

threaten aquatic and human health. Contaminants include nutrients, heavy metals, organic 

compounds, minerals and microorganisms. In particular, microorganisms that are able to 

conglomerate and form niches, often in association with flocculated sediments, can be up 

to 1,000-fold more resistant to antibiotic treatment than the same organism grown 

planktonically (Gilbert et al. 1997, Mah and O'Toole 2001). How and why this happens is 

still being researched and debated. The study of particles as reservoirs of organisms could 

provide an early warning system for future clinically relevant antibiotic resistance 

mechanisms. Such studies can also be used as potential indicators of human risk in water 

systems. 

 

 Presently, the literature focuses separately on pathogens as indicators of risk and 

flocculation of particles for treatment purposes. Given the ubiquitous nature of flocs in 

both natural and engineered systems and their apparent link to pathogens, there is a need 

to investigate these two areas concurrently to better assess water quality. With new and 

sophisticated techniques, research should move towards the in situ study of pathogen and 

particle dynamics, and trophic interactions. Conversely, with the information acquired 

treatments and solutions can be developed that are simple, practical and applied within a 

standard water supply protocol for the assessment of the aquatic and human health risk. 

The application of feasible practices will be a necessary step if progress is to be made in 
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improving the quality of life for the billions of people now without access to a 

dependable supply of potable water or systems for wastewater treatment. 
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CHAPTER 3 

 

BIOORGANIC CONTENT AND THE RELATIONSHIP BETWEEN ENERGY 

EFFECTS AND PHYSICO-CHEMICAL PROPERTIES OF FLOCS ON 

INDICATOR ORGANISM ASSOCIATIONS 

 

3.1 ABSTRACT 

 

Floc-pathogen interactions are important determinants of the fate of pathogens in 

aquatic systems. This study assessed the strength of floc-microorganism associations 

under different energy levels in relation to the physico-chemical properties and the 

bioorganic content of cohesive sediment samples (BedS flocs) from five different aquatic 

environments. Sediments, suspended particles, and water from the sites, were analyzed 

for microbiological (coliforms counts, correlative microscopy and qPCR) and physico-

chemical properties (extracellular polymeric substances [EPS], surface charge, relative 

hydrophobicity and particle size). Simulated flow conditions from baffled jar tests 

showed a significant increase (ANOVA: p = 0.05) in the free-floating culturable total 

coliform counts in two highly impacted sites (urban and combine sewer) with gradient 

velocities higher than 478s
-1

. For culturable and non-culturable E.coli these differences 

were observed at lower velocities (169 s
-1

) suggesting detachment of bacteria from the 

flocs. The impact of energy input on the release of indicator organisms was verified using 

a tracer organism (P.aeruginosa). Greater bacterial retention was observed for flocs that 

had greater EPS content. Additionally, particles possessing a greater net negative surface 



39 

 

charge facilitate bacterial associations. The bioorganic (microbial composition) and 

physico-chemical properties of flocs and sediments, and the energy effects these 

structures are exposed to, play a key role for the assessment of pathogen risk in water 

systems.  

Keywords: microbial floc, sediments, water quality, indicator organisms, pathogens, 

extracellular polymeric substances (EPS). 

 

3.2 INTRODUCTION 

 

 In aquatic environments, microorganisms, including human pathogens occur 

planktonically (free-floating), attached to flocs in suspension, or in the bed sediment 

(particle-associated). Microbes in suspension are often associated with flocs as they 

represent a place for communal attachment, a nutrient source (i.e., particulate and 

dissolved organic compounds [POC, DOC]) and protection from environmental stressors 

(Flemming et al. 2007). Flocs are particles arising from a mixture of physical weathering 

of upland rock and soil as well as particulate organic carbon derived from primary 

production by phytoplankton and littoral flora (Middelburg and Herman 2007, Ward et al. 

1990). The ubiquitous presence of flocs in the environment has implications for the 

spatial distribution, composition and productivity of microbial communities (Garneau et 

al. 2009). Therefore, flocs may be an important aspect to be considered when assessing 

microbial impacts on human and environmental risk to pathogenic organisms (Brookes et 

al. 2004, Banning 2003, Helmi et al. 2008). 
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 The strength of the microbe/floc association influences the fate, transport, and 

concentration of microbial pathogens in aquatic environments. Floc breakage can result 

in an increase microbial dislodgment and further microbial transport in water, if these 

microbes include human pathogens a negative impact on water quality and human health 

can result (Jamieson et al. 2004, Banning 2003, Fries et al. 2006). The complex interplay 

between the composition, the structure of the particles and the hydrodynamics of the 

system dictates floc formation and breakage. Solid-particle surfaces develop electrical 

charges which have strong inter-particle forces (Wang et al. 1997), and along with 

gravitational and hydrodynamic interactions they are involved in controlling floc 

formation (Liss 2002a). In addition, the presence of microbial communities in a floc is 

intertwined in a network of extracellular polymeric substances (EPS) (Liss 2002a). The 

EPS are microbially-produced biopolymers (polysaccharides, proteins, nucleic acids) that 

provide an advantageous stable environment in which microbial communities are 

embedded (Davey and O'Toole 2000, Costerton et al. 1995). The highly cohesive nature 

of EPS also results in floc building by binding together other constituents including clays, 

silts, and POC, forming a complex floc architecture. Generally, the link between the 

particles, their physico-chemical properties, and the aquatic environment are not fully 

considered in determining the risks associated with pathogens in the environment 

(Droppo et al. 2010). 

 

 This research assesses different aquatic ecosystems to determine the bioorganic 

content and the relationships between energy effects and physico-chemical properties of 

floc from cohesive bed sediments (BedS) as a basis for determining the strength of the 
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association of indicator organisms with suspended particulate matter. A greater emphasis 

on microbial interfaces as a determinant for fate and transport of indicator 

microorganisms and pathogens in aquatic systems is an important step towards 

addressing questions in water quality. This should be of value in formulating policy and 

practices that govern water security and sustainable water resource management.   

 

3.3. MATERIALS AND METHODS 

3.3.1 Sites and sampling  

Five distinct sites were sampled during summer 2009 (Site location identifiers and 

characteristics are provided in Table 3.1; for additional characteristics see Appendix B). 

The Sunnyside Beach (SB) is located in the district of Toronto, Ontario, Canada, and 

contains a beach and a park area along Lake Ontario’s Humber Bay. Sampling 

coordinates were:  43°38′13.94″N 79°27′20″W. The mining site (MN) located in the 

Moose lake in Sudbury, Ontario, Canada. Has a history of gold, iron and granite mining. 

Sampling coordinates were: 46°39′2.25″N 81°18′39.35″W. The reference site (RF) is 

located in the Algonquin Provincial Park located between Georgian Bay and the Ottawa 

River in Central Ontario, Canada. Sampling coordinates 45°51′16.62″N 78°49′36.84″W. 

The Agricultural Runoff (AG) at the Swan Creek in Elora, Ontario, Canada is located 

between a tile drainage and Wellington Rd 7. Sampling coordinates were 43°39′24.69″N 

80°24′5.60″W. Kenilworth Combine Sewage Outfall (CSO) is located at the 

ArcelorMittal Steel Company in Hamilton, Ontario, Canada. It receives discharges from a 

mixed urban land use and sewershed covering an area of 265.5 ha (Toronto and Region 

Remedial Action Plan 2009). Sampling coordinates were: 43° 15' 43.30"N 79° 48’ 
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02.68"W. At each location, water and two layers of vertically stratified sediment samples 

(mid and top cores) were collected.  

 

In each location three, 500ml sterile polypropylene flasks were used to collect 

water samples from the epilimnion using a Van dorn water sampler; while samples for 

AG and CSO where collected at mid depth (average depth 0.5m). Samples were stored in 

a cooler from sampling site to the laboratory and analyses were performed within one day 

of sampling according to the distance of the site. All top bed sediment samples were wet 

sieved (63m) with respective site water to ensure only the flocculating sediment (BedS) 

was assessed for floc-indicator microorganisms associations. Three, 20g of each core (top 

and mid) was subsampled from a soil core sampler and composite for subsequent 

analysis. A variation of a Kajak-Brinkhurst sediment core sampler was used to penetrate 

the sediment providing a cross-sectional slice of the sediment layers. This consisted of 

tubes that enter the sediment by free falling. Alternatively, if soft sediments were 

encountered, the weight of the core sampler was sufficient to penetrate the sediments 

without allowing it to free fall. A valve at the top of the sampler closes by a messenger, 

creating a vacuum seal that prevents the sediments from washing out. 

 

Field samples were collected during summer 2009 a month apart to facilitate 

sampling analysis. Suspended flocs (SusF) from the SB were collected by pumping water 

> 2000 L one meter above the bed sediment through a continuous flow centrifuge (GEA 

Westfalia Separator Group, Northvale, New Jersey, USA) operated at 6 L/min and 

rotating at 9470rpm. The concentration of particulate matter was measured at the site by 
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standard gravimetric analysis using a Millipore™ filter of 0.45 m. Water, suspended 

floc (SusF) and sediment samples in SB were taken on two consecutive days, before a 

storm (SB-BS) and during a storm (SB-DS) (collected in May13 and 14 respectively); 

followed by MN (June 16), RF (July 18), AG (August 11) and CSO (September 29). 

Samples were stored in a cooler from sampling site to the laboratory and analyses were 

performed within one day of sampling according to the distance of the site. 

 

 

 

Site  

Identi

fier  

Sample 

date 

Organic 

content
1
 

(%) 

DOC
2 

mg/L 

pH
3
 SSC

4
 

mg/L 

Large Urban City   

SunnySide Beach, Lake Erie 

Toronto, ON, Canada 

SB 05-13/14 M-0.97±0.11
* 

T-0.95±0.08
*
 

0.96±0.07
**

 

2.63±0.30
*
 7.9 286±20 

Mining Site  

Moose Lake 

Sudbury, ON, Canada. 

MN 06/16 M-9.92±0.26 

T-8.79±4.41 

9.35±5.43
**

 

1.87±0.06 7.9 351±15 

Reference Site 

Algonquin Park 

Cold Spring Lake, ON, 

Canada 

RF 08/19 M-1.22±0.27 

T-21.80±0.07 

11.51±12.24
**

 

7.23±0.72 5.7 480±14 

Agricultural Runoff  

Swan Creek, 

Elora, ON, Canada 

AG 09/01 M-6.08±3.85 

T-13.40±3.18 

9.74±6.70
**

 

1.88±0.06 8.2 1765±7 

Combine Sewage Outfall 

Dofasco, Inc. 

Hamilton, ON, Canada 

CSO 09/29 M-N/A 

T-6.15±3.38 

 

1.87±0.06 8.2 631±15 

1
Organic content, M-Mid Core, T-Top Core, 

2
Dissolved organic matter, 

3 
Data acquired with a 

hydrolab datasonde, 
4
Suspended Solid Concentration in reactor after 63m sieving. 

* 
Average 

from two days, N/A- not analyzed, M/D- Missing data. (±SD). ** Average of cores 

 

 

Table 3.1 Sample sites and characteristics. 
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3.3.2 Simulated flow conditions (SFC) 

 

A combination of shear-cell/ flow-cell (Droppo et al. 2008) and a jar test 

(Bridgeman et al. 2008) were used to generate hydrodynamic energy regimes simulating 

laminar and turbulent flows (Table 3.2) to assess their effects on floc stability for the 

cohesive bed sediment (BedS). The jar tester consisted of a 6 blade turbine (75mm 

diameter, 10mm height, 11mm thickness) fixed 25mm above the base of a four liter 

cylindrical vessel (diameter 19cm, water depth 20cm) with four baffles (20.5cm height, 

1.5 cm wide).  

 

RPM w (radsec
-1

) Q (Lsec
-1

) G (s
-1

) Rei* Type of Flow 

125 13.09 35 83 8.35E+01 Laminar 

200 20.94 56 169 1.69E+02 Turbulent 

400 41.89 113 478 4.78E+02 Turbulent 

600 62.83 169 878 8.78E+02 Turbulent 

w- Angular Velocity, Q- Volumetric Flow, G- Velocity Gradient, Rei- Impeller Reynolds 

number,  *Assume density ~1gcm
3 
for all sites. 

 

 

Table 3.2. Energy equivalents in the simulated flow condition experiments 

 

The vessel was filled with water from each site and wet core cohesive sediment 

(BedS). The obscuration was adjusted to a similar level range (26-28%) for all the 

sites/samples by adding or diluting the BedS, as determined by laser diffraction (Cilas® 

930, Orleans, France). Laser diffraction based particle size analysis relies on the fact that 

particles passing through a laser beam will scatter light at an angle that is directly related 
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to their size. As particle sizes decrease, the observed scattering angle increases 

logarithmically. Scattering intensity is also dependent on particle size, diminishing with 

particle volume. Large particles scatter light at narrow angles with high intensity whereas 

small particles scatter at wider angles but with low intensity. Finer samples cause greater 

obscuration and therefore require a smaller sediment sample size. 

 

The starting condition for the hydrodynamic tests involved agitating the sample at 

125 rpm at room temperature (~20°C) overnight to create equilibrium between floc size 

and microbial association. Subsequently, the samples were exposed to increasing 

agitation speed, each for one hour (200, 400, 600 and a final of 125rpm). Flocculation 

and/or breakage processes were examined during the last 10 minutes of each agitation 

period, by recirculating sample to the laser diffraction instrument to measure floc size. 

Concurrently, three- 50 ml samples were collected for microbial plate counts, physico-

chemical characterization and correlative microscopy. Initial and final samples were 

stored at 4°C for settling velocity, density and porosity analysis. 

 

3.3.3 Analyses 

3.3.3.1 Organic matter 

Composite sediment samples (three, 20g wet weight) were used to gravimetrically 

determine the gross organic matter (Tirado and Michel 2010). Three 500ml water 

samples were filtered (0.45m) and analyzed for dissolved organic carbon (DOC), 

particulate organic carbon (POC), and total organic carbon (TOC) at the National 

Laboratory for Environmental Testing of Environment Canada using a UV persulfate 
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TOC analyzer (Phoenix 8000
TM

, Markham, ON, Canada). Briefly, this method combines 

the sample with an acid, lowering the sample pH to 2.0. This process converts inorganic 

carbon to dissolved CO2, which is then purged from the sample. A persulfate reagent is 

then added to the sample and the remaining carbon is oxidized by UV radiation to form 

CO2, which can be detected by the NDIR sensor and directly correlated to total organic 

carbon (TOC) content. 

 

3.3.3.2 Microbial counts (MC) 

McConkey Sorbitol (Difco®; Mississauga, ON, Canada), differential coliform 

(DC) media (Oxoid, St Louis, USA) and yeast extract agars were used to perform a 

spread plate technique to estimate the number of E.coli counts, total coliforms and 

heterotrophic plate count (HPC) in sediment, water and flocs (SusF of SB). For the 

estimation of detached bacteria during the SFC analysis a standard spread plate technique 

was used at the end of each agitation time and incubated at 37 °C for 48 h. Counts were 

calculated as indicated in the Standard Methods for the Examination of Water and 

Wastewater (American Public Health Association, American Water Work Association, 

Water Environment Federation 1995) and reported in CFU/wet weight. 

 

3.3.3.3 Addition of Pseudomonas sp. strain CTO7::gfp-2 as a tracer microorganism 

A green fluorescent protein (GFP) tagged environmental Pseudomonas sp. [strain 

CTO7::gfp-2 (GenBank Accession No. DQ 777 633)] was used to follow the partitioning 

of free-floating and floc-associated bacteria affected by shear stress in CSO and SB. The 

site-specific insertion of GFP is described in (Droppo et al. 2010, Sousa 2010).  
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Pseudomonas sp. strain CTO7::gfp-2 was grown in 250ml of sterile 3g/L tryptic 

soy broth (EMD Biosciences) for 15 hours in a tabletop shaking incubator at 30ºC. Total 

cells were calculated by spread plating technique (TSA medium 3%) and necessary 

dilutions were made so that the added number of cells was about the same as the number 

of indigenous free-floating bacteria in each site (Appendix B). Inoculum was added to a 4 

L jar tests containing fresh cohesive bed sediment (BedS) and water from each site; 

sample was then agitated at room temperature (~20°C) at a low speed (125rpm for 73 

hours) to create equilibrium between floc size and microbial association and then exposed 

to increasing agitation speeds (200, 400, 600 and a final of 125rpm). Every 30 minutes 

for the first three hours and every 24 hours three- 15ml samples were collected for 

particle size analysis and Pseudomonas sp. CTO7::gfp-2 plate counts to follow 

attachment of bacteria. To ensure that fluorescent colonies represented only the test 

strain, time zero was plated and epifluorescence microscopy was performed in each 

sample before the experiment. The detachment of bacteria was followed in each agitation 

speed. 

  

Samples were subjected to serial dilutions in sterile buffered saline (PBS) and 

triplicates were spread plated on 3% tryptic soy agar (TSA) and incubated at 30°C for 

24h for enumeration of test strain. Colony visualization and quantitation was performed 

in a darkroom with a “Blue Light Black” lamp (Philips, cat. no. 73411). It was necessary 

to verify there was no significant growth by Pseudomonas sp. strain CTO7::gfp-2 in each 

site. Therefore an additional 4L jar containing sterile 1X PBS and the cohesive sediment 

for each site were used as a control. 
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3.3.3.4 DNA extraction and real time quantitative PCR for detection of total E.coli 

Replicates from water samples, sediment cores and BedS particles were 

composited and DNA was extracted on the sampling day and during agitation 

experiments. This pseudoreplication allowed the amplification of a wider bacterial 

community and a larger amount of organisms. DNA was extracted using the Ultraclean 

soil DNA isolation kit (MoBio Laboratories Montréal, QC, Canada). The genomic DNA 

was quantified using PicoGreen ® dsDNA Quantitation reagent (Invitrogen, Burlington, 

ON, Canada) using lambda DNA (component C) as positive standard. DNA 

concentrations were adjusted to 2 ng/μl so that equivalent amounts of DNA were used as 

templates in PCR reactions. In addition, before qPCR amplification, DNA extracts were 

diluted (up to 10
-4

) with sterile double-distilled water to overcome the effects of PCR 

inhibitors extracted from the environmental samples. Diluting samples, however, can 

underestimate results as some relevant DNA may have been diluted out. 

 

A plasmid containing the target gene was constructed for use as a control for the 

real time PCR assays. An overnight culture of E.coli ATCC 35218 was lysed and used as 

a template for standard PCR using an E.coli species-specific assay derived from the distal 

and proximal conserved flanking regions of the 16S rRNA gene, the internal transcribed 

spacer (ITS) region, and the 23S rRNA gene targeted primers IEC-UP (5’ CAA TTT 

TCG TGT CCC CTT CG 3’) and IEC-DN (5’ GTT AAT GAT AGT GTG TCG AAA C 

3’) (Khan et al. 2007). The PCR product was cloned into a pGEM T-easy vector 

(Promega corporation). Plasmid DNA was extracted from one positive clone using the 

Wizard SV Gel and PCR cleanup kit (Promega Corporation) and absorbance (260/280) 
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were taken to determine plasmid purity. Circular plasmid was sent to AAC Genomics 

Facility at the University of Guelph for sequencing to verify insert. Plasmid was 

linearized with restriction enzyme ApaI (Fermentas) in a total reaction volume of 20l 

following manufactures’ protocol. Digested plasmid was quantified using a PicoGreen 

assay (lambda DNA was used as positive control) and copy numbers were calculated 

based on the assumption that the average weight of a base pair (bp) is 650 Daltons. 

 

Real-time PCR analysis was performed using the IEC-UP and IEC-DN primers. 

The amplification reaction was performed using SsoFast™ EvaGreen® Supermix (Bio-

Rad, USA). The reaction mixture (20l) consisted of a varying amount of genomic DNA 

template, 10l of 2X master mix, 5% final concentration of DMSO, 0.5g/ul of BSA 

and 0.2 M of the forward and reverse primers. The volume was adjusted using nanopure 

water to achieve 20 l. PCR cycling was done in a MyiQ
TM

 2 Bio-Rad  thermocycler, 

using an initial activation step of 2 min at 98°C, 40 cycles of 5 sec at 98°C, 1 min at 56°C 

and a final extension at 72°C for 30 sec. To check the quality of amplification, a melting 

profile was generated for the amplicon over a temperature range of 65°C to 95°C. Data 

was analyzed using LinRegPCR (ver 12.6) and copy numbers were determined using a 

Ct-based relative quantification with efficiency correction (Ruijter et al. 2009, Ramakers 

et al. 2003). 

 

3.3.3.5 Extraction of extracellular polymeric substances (EPS) 

From composite samples, the EPS of both cores (mid and top) were chemically extracted 

with EDTA as described by Liu and Fang (2002). The carbohydrate content in EPS was 

http://www.bio-rad.com/prd/en/US/adirect/biorad;jsessionid=PgRJM3qfN3Lbf3v1w52qn3JzhQpfyC9vB4SgLy0q22Zs1YvGL95v!259986365?cmd=BRCatDisplayStyle&catKey=202701&vertical=LSR&country=US&lang=en
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measured by the phenol-sulfuric acid method (Masuko et al. 2005). This technique 

measures total polysaccharides (neutral sugars such as D-galactose, L-arabinose and D-

xylose). The protein content and humic substances in EPS were measured by the 

modified Lowry method (Frolund et al. 1996) using bovine serum albumin and humic 

acid as the representative standards. The DNA contents were measured using NanoDrop
®
 

ND-1000 (spectrophotometric method) using E.coli as a control. Blanks (Nanopure 

water) with respective extracting reagents but with no sample were performed and treated 

as control.  

 

3.3.3.6 Correlative microscopy 

As described by Droppo et al. (1996), BedS flocs were embedded in a 1% low 

melting point agarose (Sigma-Aldrich; Oakville, ON, Canada); and divided into three 

sections for correlative microscopy: 1) conventional optical microscopy (COM) to assess 

gross floc morphology; 2) confocal laser scanning microscopy (CLSM) to assess the 

internal compositional network (e.g., microbe and EPS networks) and 3) transmission 

electron microscopy (TEM) to assess the internal micro structure and relationships within 

the flocs (Liss et al. 1996). 

 

Gross characteristics of BedS flocs were observed by conventional optical 

microscopy (COM) using phase contrast. Twenty fields were observed per sample and 

images were captured with the video camera module included in Cilas® 930 (type Vs 

920) with a magnification of 10X. 
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For the analysis of the internal structure (CLSM), samples were stained with 

fluorescein isothiocyanate (FITC) (Sigma-Aldrich; Oakville, ON, Canada) (2mg/ml of 

10mM Tris-HCL, pH 10.0) and 4',6-diamidino-2-phenylindole (DAPI) (Invitrogen; 

Burlington, ON, Canada) as previously described in (Liss et al. 1996) and (Nosyk et al. 

2008). Twenty fields were observed per sample and images of the stained floc were 

obtained using a Leica DM 6000B microscope connected to a Leica TCS SP5 system 

(Leica; Richmond Hill, ON, Canada) with 8 visible laser excitations and additionally a 

Radius 405 nm laser and a Chameleon Ultra Infrared Laser (consisting of modulated 

infrared beam ranging from 690-1040 nm). The system also contains the Leica LAS AF 

Imaging software and FLIM, as well as allied software. For these samples the CLSM was 

equipped with an argon laser (emission lines 418 and 514nm) and a fluorescent filter 

(emission lines 461nm). Samples for study by TEM (Philips CM10) were freeze-

substituted under control temperatures as described by Hunter and Beveridge (2005). The 

Philips CM10 contains top mount SIS/Olympus Morada 11 megapixel CCD camera that 

offers a wide field of view for imaging. 

 

  

 

In parallel, correlative microscopy was used to assess the effects of the agitation 

speeds on gross structure, internal floc matrix and the ultrastructure of the floc. 

Additionally, Pseudomonas sp. strain CTO7::gfp-2 was used as a control in all 

microscopic analysis. In COM was used to assess the floc architecture, in CLSM to 

determine the presence of EPS components and in TEM to identify cells and EPS. 
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3.3.3.7 Floc Settling velocity, density and porosity 

From the initial and final replicates of the SFC experiments, floc settling velocity 

was determined by digitally recording settling flocs within a column (50 x 11.5 x 8 cm) 

as in Droppo et al. (2008). The densities of the flocs were estimated from the settling 

experiments using Stokes’ law. There is no simple equation relating the settling velocity 

of flocs to their size. Stokes’ law or modified Stokes’ law best describes the settling 

velocity of particles that approach a perfect sphere. Despite the limitations, estimations of 

other floc properties (e.g.; density) derived from Stokes’ law have proven useful in floc 

research (Allen et al. 2005). The modified Stokes’ law is an equation relating the terminal 

settling velocity of a smooth, rigid sphere in a viscous fluid of known density and 

viscosity to the diameter of the sphere when subjected to a known force field. It is used in 

the particle-size analysis of soils by the pipette, hydrometer, or centrifuge methods. The 

equation is:  

 

v= 1 g*d
2
 (f- w) 



 

where:

 

 

v = terminal settling velocity (cm sec-¹), 

g = acceleration of gravity (cm sec-²), 

d = "equivalent" diameter of particle (cm), 

f = density of particle (g cm -³), 

w = density of medium (g cm-³), and 
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µ = viscosity of medium (dyne sec cm-²). 

 

The porosity was calculated from each replicate and a mean was reported. The 

porosity was determined using a mass balance equation, assuming that the flocs consist of 

water and solids (Li and Ganczarczyk 1987). The floc porosity  could be expressed by 

the following: 

ws

fs









  

Where: 

s = density of solid material in the flocs (constant value of 1.4g ml
-1

) 

f = wet density of the floc (calculated through Stokes`equation) 

w = density of water (g ml
-1

) 

 

 3.3.3.8. Surface charge and hydrophobicity 

Relative hydrophobicity was determined by the microbial adhesion to 

hydrocarbons method (MATH) (Rosenberg et al. 1980). Replicates of sediments were 

resuspended in deionized water and sonicated for 30 sec until the absorbance measured of 

the dispersed suspension reached 1.5±0.2 (measured at 400nm), for an estimated MLSS 

of 2g/L. After sonication 10ml of the sample was mixed with 1ml hexadecane and the 

phases were left to separate for 10 min. The absorbance of the aqueous phase was 

measured at 400nm and the relative hydrophobicity was calculated by the percent 

difference of the initial and final absorbance.  
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The surface charges of each replicate of sediments were determined by colloid 

titration as described by Morgan (1990) and reported as averages. Briefly, Polybren and 

polyvinyl sulphate (PVSK) were used as the standard cationic and anionic colloids. A 

known volume of the sample was diluted in distilled water and mixed with excess 0.001 

N Polybren then titrated against 0.001 N PVSK until electrical neutrality was reached. A 

few drops of Toluidine blue added before titrations were used to indicate this end point; a 

subtle colour change from blue to pink/purple. Equal volumes of Polybren in distilled 

water were used as blanks. The colloid charge expressed as milliequivalents per litre of 

positive or negative colloid charge can then be determined from the expression: 

 

Charge (mequiv/l) = A –B N (1000) 

    V 

 

Where: 

A= ml of PVSK added to the sample 

N= normality of PVSK 

B= ml PVSK added to blank 

V= ml sample used 

 

Blanks (Nanopure water) with respective extracting reagents but with no sample 

were performed and treated as control. 

 

3.3.3.9 Elemental composition of BedS flocs 
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The structural information is supplemented by element composition analysis on a 

“per individual structure” basis by Energy Dispersive Spectroscopy (EDS). In this 

manner, individual metals are spatially related to individual floc structure. All electron 

micrographs were taken of 20 fields using a Philips CM10 that includes an Edax Sapphire 

X-ray detector for performing spot elemental analyses collected over 100 s (live counts) 

using a spot size of 5-7 and a beam current of 80kV. All pictures were acquired with a 

top mount SIS/Olympus Morada 11 megapixel CCD camera. 

 

3.3.4 Statistical Analysis 

All statistical analyses for the particle analysis was performed using MINITAB 

(ver 15.1) from MINITAB, Inc. The differences in particle size distribution at all 

agitation levels were assessed with the D90/D10 percentile ratio and skewness 

expression.  Standard one way analysis of variance was used to determine differences in 

treatments, while mean comparisons among treatments and sites was performed using 

Fisher’s protected least significance difference test (5% level).  All correlations between 

variables were performed using Spearman Rank correlation coefficients. Microbial 

counts were converted into decimal logarithms to normalize their frequency distribution. 

Pseudoreplication was used to test for treatment effects in molecular analysis. Computer 

assisted analysis was performed for the molecular techniques (qRT-PCR); data was 

analyzed using LinRegPCR (ver 12.6) and copy numbers were determined using a Ct-

based relative quantification with efficiency correction (Ruijter et al. 2009, Ramakers et 

al. 2003). All values are reported in averages ± 1 SD. 
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3.4. RESULTS AND DISCUSSION  

 

The physicochemical and hydrodynamic characteristics of flocs are key 

parameters in modelling depositional processes in sedimentation analysis, suspended 

sediment transport (along with associated pathogens), and morphodynamics. For 

cohesive particles, the size, organic matter, density, and settling velocity all important 

factors which depend on the local-history of flow, ion concentrations, and sediment 

conditions. For non-cohesive particles (sands and gravels), settling velocity is depended 

on sediment size, specific gravity and particle shape, but is independent of local flow 

conditions and salinity levels (Kumar et al. 2010). In this chapter, the bioorganic content 

(gross organic matter and microbial community) and the relationships between physico-

chemical properties of cohesive bed sediments (BedS) were used to assess energy effects. 

In addition, suspended flocs (SusF) were collected at the sites by pumping water through 

a continuous flow centrifuge. SusF aquatic particles often exist in suspension as floc 

aggregates (particles that consistof silt-and-clay-sized mineral grains, plankton, and 

biogenic debris in a matrix of mucus or in which the components appear to be bound 

together by such material and are cohesive) that can grow or decay in size due to the 

presence of bed cohesive sediment (BedS). The collection of SusF particles was used to 

demonstrate the importance of sampling suspended and settled particles when assessing 

water quality (indicator organisms). 
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3.4.1 Site Characteristics, Bioorganic Content 

 Microscopic analysis and/or determination of the bioorganic content in bed 

sediments flocs (BedS) from the various sample sites revealed differences in the spatial 

distribution of organic matter (Figure 3.1). The gross morphological features as observed 

by COM of unstained BedS flocs are typical of a porous floc structure. BedS flocs with 

higher organic matter content were associated with larger particles (Spearman Rank: r > 

0.6, p <0.05). Organic matter is essentially synthesized from mineral carbon (CO2) by 

autotroph organisms; it can be subdivided into two categories based on molecular size: 

discrete small molecules, like monosaccharides or low molar mass organic acids; and 

macromolecules, which are treated as classes in terms of their general structural 

properties and reactivity. These macromolecules consist of polymers; which is consider 

to be a major factor responsible for flocculation since it can adhere to particles modifying 

their surface charge. Long polymers (i.e, cellulose) may adhere to two different particles 

by bridging mechanisms. An increase of the OM can lead, therefore, to an increase of the 

floc size. CLSM of BedS shows the presence of two organic components (protein, 

bacteria) and indicates an abundant amount for CSO site compared to the other sites. The 

floc matrix and in particular of RF and SB, contained EPS fibrils as indicated by TEM 

(Figure 3.1). The EPS fibrils themselves are very fine and form dense porous networks 

within the floc. These fibrils facilitate further nutrient and contaminant adsorption 

(further bacterial nutrient source) due to their large surface area and the small pores will 

result in the trapping of water (Droppo 2003).  
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From left to right. Conventional optical microscopy (COM) micrograph (10× magnification) of 

typical porous microbial flocs. Note that larger particles (CSO) are observed in those sites with 

higher organic matter. Length of scale bar = 80 μm. In the center transmission electron 

microscopy (TEM) micrographs (200X primary magnification) of BedS floc showing EPS 

matrix. Length of scale bar = 2 μm. Arrows indicate EPS fibrils. Right side confocal laser 

scanning microscopy (CLSM) showing an EPS component (protein -green) and bacteria (blue) in 

BedS. Length of scale bar= 35m. Twenty field images for each microcopy analysis were 

examined and representative images were selected. 

 

Figure 3.1 Correlative microscopy of three cohesive sediment samples (BedS) from 

representative sites (RF, SB and CSO) 

 

The highest gross organic matter of the sediments was 21.8± 0.07% in the TOP 

core of the RF. The lower organic content in the sediments was found in the TOP core of 

the SB site (0.95±0.08%). Conversely, the concentration of dissolved organic carbon 

(DOC) in the bulk water of SB surpassed those from AG, CSO and MN (Table 3.1). 

These results may be explained by the nature of the sites. For example, the low organic 
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matter in cores of SB may be caused by the top core of the bed sediment mass which is 

90% sand; the higher DOC may be due to the impact by pollution from the Humber 

River, bird fecal matter, combined sewer overflows and stormwater discharges (Toronto 

and Region Remedial Action Plan 2009). Receiving a greater amount of allochthonous 

particulate organic carbon thus increases the concentrations of organic particles; and as 

such, a part of the DOC may be utilized by microorganisms and contribute to floc 

growth.   

 

EDS-TEM results generated by the primary electron beam and originating from 

the sample provided a spectrum that reveal the elemental composition around and in 

proximity to the EPS matrix. EPS are complex mixtures of compounds consisting of 

more than one type of biopolymer. The different constituent polymers might have 

different binding affinities, as well as different relative hydrophobic propensities that 

work together to affect their overall particle-reactive properties, interactions with other 

compounds and mobilities in aquatic environments. Though, it is difficult to establish a 

connection with individual compounds present in the EPS and its effects on the properties 

of the particle. In this study, energy dispersive spectra (EDS) showed a variety of 

oxidizing agents such as F, S, Na, Os and O (For EDS spectra see appendix A). The 

attachment of an oxidizing agent to a polymer can be carried out through two different 

means. A ligand can be bonded to the polymer and the oxidizing agent bound by 

electrostatic forces, or by covalent attachment of the oxidizing agent (Taylor 1986). The 

peaks of Al, Si, Fe and Mg suggest the presence of aluminosilicate clays. Clays typically 

have a net negative charge so they will attract positively charged metal cations that could 
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explain some of the other elements (Wang et al. 1997). Divalent cations (Mg
2+

, Fe
2+

, 

Ca
2+

, S
2-

) were also observed; these are considered to be important bridging agents 

between negatively charged exopolymers and bacteria. Ca
2+

 seems to be the most 

important cation involved in flocculation in activated sludge (Zita and Hermansson 

1994). It adsorbs to the sludge surface and causes alterations in the bound-water content 

of the sludge (Foster and Lewin 1972). The absorption of other metal ions occurs in 

different bacteria when extracellular matrixes are formed, but the metal-polymer 

interactions are not totally understood. However, it is apparent these absorptions affect 

the behaviour (i.e, settling velocity, density, porosity) of the floc (Foster and Lewin 

1972). Divalent cations promote flocculation while monovalent cations hinder 

flocculation (reduce the strength of the bonds that leads to a loose structure). 

 

In addition to entrapment of microorganisms in flocs, the role of flocs in the 

sequestration of metals, and the speciation that occurs across the floc structure, is an 

important parameter to take into account as sediments have become large repositories of 

contaminant metals. Several researchers (Stepanauskas et al. 2006, Rosewarne et al. 

2010) have found a link between bacterial resistance to diverse metals and antibiotics, 

suggesting that exposure to toxic metals may select strains resistant to antibiotics and 

vice versa. 
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3.4.2 Surface properties  

 

It is recognized that EPS, surface properties, floc size distribution and density 

influence the structure and behaviour of flocs; however, these can differ substantially as a 

result of differences in the environment. In this study, five diverse sites were analyzed 

and a positive correlation between median BedS floc size (D50) and EPS (Spearman 

Rank: = 0.05, r= >0.6) was observed verifying this assertion. These support earlier 

indications that an increase in EPS production by freshwater bacteria after attachment, 

results in an increase in average floc size (Long et al. 2009). Moreover, as portions of 

EPS molecules may be hydrophobic they may provide the foci for development of larger 

aggregates (Zita and Hermansson 1997, van Loosdrecht et al. 1990). This can be 

confirmed by hydrophobicity measurements of flocs. It is important to note that the 

relative hydrophobicity of the flocs determined in this study is an average of the 

hydrophobicity of polymeric compounds and bacterial cells.  

 

Liu et al (2005) showed that the size of sludge flocs increased with the increase of 

cell surface hydrophobicity and extracellular polysaccharides. Generally, hydrophilic 

molecules are polar or charged while hydrophobic molecules are non-polar. Since non-

polar molecules less readily mix in water, they contribute to the binding together of the 

flocs increasing its size. In this study, the hydrophobicity was measured based on 

microbial adhesion to hydrocarbons and is represented by the % bacteria adhered to the 

hydrocarbon interface by measuring the difference in turbidity of the aqueous suspension 

before and after mixing with hexadecane. Despite the importance of hydrophobicity in 
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microbial adhesion to surfaces, including to hydrocarbon droplets as in MATH, adhesion 

is determined by a interplay between hydrophobicity, Van der Waals forces and 

electrostatic interactions (Rosenberg 1980). Since it has recently been shown that 

hexadecane droplets in aqueous suspensions are highly negatively charged, presumably 

due to anionic ion adsorption, it appears likely that the outcome of MATH not only 

reflects the microbial cell surface hydrophobicity, but up to varying extents, also the 

electrical surface charge properties. 

 

The hydrophobicity of the cores (mid and top) in the SB site were 45.18±3.18% 

and 39.24±1.99% respectively; and the total EPS was 53.56±1.95mg/g, 49.92±6.85mg/g 

(dry weight) (Table 3.3 and 3.4) decreasing with the decrease of hydrophobicity 

(Spearman Rank r= 0.62). A similar trend also was observed for the RF, AG and MN. 

Similar results were reported by Wang et al. (2005), who showed that a higher 

concentration of EPS (e.g.; cellulose and chitin) results in higher hydrophobicity. High 

hydrophobicity would result in a strong cell-to-cell interaction which leads to a greater 

microbial density and therefore, greater particle size.  

SITE Carbohydrates Proteins Humic Acids DNA Total EPS 

    mg/g* mg/g* mg/g* g/g* mg/g* 

SB
1
 Mid 0.10±0.13 11.95±1.74 41.11±0.01 0.41±0.07 53.56±1.95 

 Top 0.18±0.28 15.64±6.52 33.76±0.02 0.35±0.03 49.92±6.85 

MN Mid 0.17±0.01 3.76±0.11 59.55±0.03 3.05±0.09 66.53±0.05 

  Top 0.15±0.03 3.75±0.08 65.76±0.05 2.62±0.03 72.28±0.02 

RF Mid 0.09±0.03 2.94±0.02 67.50±0.03 1.04±0.42 71.57±0.20 

 Top 0.14±0.05 5.10±0.03 118.50±0.04 0.23±0.34 123.97±0.15 

AG Mid 0.01±0.03 0.01±0.01 1.02±0.01 0.16±0.02 1.20±0.01 

 Top 0.01±0.03 0.01±0.01 1.05±0.02 0.13±0.00 1.20±0.01 

CSO Top 0.01±0.02 0.06±0.02 2.40±0.04 0.11±0.01 2.58±0.01 

Mid and Top represent vertically stratified sediment. 
1
 Average of two days, * dry weight. Values 

are averages of replicates from each core ± SD. 

 

Table 3.3. EPS Composition and Content in Core Samples. 
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Van Loosdrecht et al. (1987) indicated that attachment increased as both negative 

charge (electrophoretic mobility) and hydrophobicity (contact angle) increased. In this 

study, all top sediments samples presented negative surface charges (Table 3.4). As flocs, 

microbial cells and EPS carry negative charges due to the ionization of anionic functional 

groups, such as carboxylic and phosphate, thus the surface charge properties of particles 

and microorganisms further facilitate the attachment of particles and microorganisms. 

However, the presence of a net negative charge on floc surfaces may create repulsive 

electrostatic interactions which may prevent close contact. A high value of negative 

surface charge indicates there may be more free negative charges and less electrostatic 

binding cations on the surface of the flocs.  

 

According to the Derjaguin and Landau, Verwey and Overbeek (DLVO) theory, 

the interaction between colloidal particles is governed by surface potential and on the 

thickness of the electrical double layer surrounding the particles (van Loosdrecht et al. 

1990). The double layer thickness is inversely proportional to the square root of the ionic 

strength (Jin et al. 2003). This indicates that, if the electrolyte concentration is high or if 

there are polyvalent counterions present (Note the presence of ions in EDS results, 

Appendix A), the electrostatic repulsion is reduced and the floc components can adhere to 

each other. Barber and Veenstra (1986) reported that if the surface charge itself is 

important as a repelling force, it could only be significant in cases of truly non-

filamentous flocs. Otherwise; the filaments themselves would act as a physical bridge 

between flocs and overcome the electrostatic repulsion. In this study the existence of 

filamentous bacteria was not assessed; however, the COM images indicate the presence 
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of filaments components for the AG and RF and to a lesser extent in the CSO, MN and 

SB samples (Figure 3.2). Additionally, TEM images (Figure 3.1) showed significant 

network of EPS fibrils in RF and SB floc matrices. 

SITE Surface Charge Hydrophobicity 

    Meq/g MLSS (%) 

SB
1
 Mid 0.005±0.04 45.18±3.18 

 Top -0.35±0.47 39.24±1.99 

MN Mid 0.08±0.08 33.65±11.3 

  Top -0.15±0.05 31.13±5.01 

RF Mid -0.23±0.15 35.83±6.43 

 Top -0.13±0.16 37.74±3.09 

AG Mid 0.2±0.02 24.46±7.22 

 Top -0.02±0.01 26.14±0.83 

CSO Top -0.07±0.06 30.10±2.40 

ML Floc -0.17±0.03 51.10±1.99 

Mid and Top represent vertically stratified sediment. 
1
 Average of two days,  Meq/g - 

milliequivalents of charge per 100 g of dry weight. MLSS-Mixed Liquor suspended solids. 

Values are averages of replicates ± SD. 
  

Table 3.4 Surface charge and hydrophobicity for core samples 

 

   

 

 

 

 

 

 

 

Figure 3.2 Representative conventional optical microscopy images derived from 

shear indicating the presence of filamentous components (Filaments were observed in 

17/20 fields). Length of scale bar 80m. 

 

AG RF 

CSO MN SB 
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The elemental compositions from the EDS results demonstrate the heterogeneity 

of the samples and show that possible microenvironments are present within and 

surrounding the cells in the EPS network of the particles. For example, Figure 3.3 shows 

the chemical composition of a ‘spot’ surrounding a cell that contains EPS from the AG 

site. The findings of various elements suggest the presence of microenvironments in the 

floc. For example, the O, P, S elements suggest the existence of simple anions such as 

oxide and oxoanions, such as phosphate and sulphate. The presence of anions and 

oxoanions indicate a negative charge. The presence of Al, Ca, Cu, Fe, and Mg indicate a 

positive charge. In addition to the microenvironments within a floc; according to Plach et 

al. (2011) the linkages between floc organics (EPS) and Fe entrapment affects metal 

uptake; hence, varying element concentrations and specific element affinities resulting in 

a change of electric charge. According to the DLVO theory, the electrostatic repulsion 

between surfaces increases as the surface charge increases. Increased concentrations of 

EPS in the floc would therefore increase the negative charge of the floc surfaces and 

therefore also the repulsive forces between the polymers chains of the EPS. 
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Arrow indicate spot composition. Image is representative of 20 fields observed. 

Figure 3.3 Elemental composition analysis on a “per individual structure” basis by 

Energy Dispersive Spectroscopy (EDS) of AG site.  

 

  

As mentioned before, sediments are repositories of contaminant metals (Plach et 

al. 2011). In this study, EDS results (Figure 3.3 and appendix A) of BedS flocs showed 

the presence of transition metals (Fe, Cu, Ni, Co, Zn), alkali metals (Na, P), and earth 

metals (Mg, Ca). As BedS can resuspend, due to shallow water depths and bottom stress 

induced by waves and currents, the particulate-phase metals may not be permanently 

sequestered in the bottom sediments, therefore, affecting the entire system. Yet again, the 

results obtained in this study cannot be used to determine the release of metals to the 

water system; however, the role of floc in the sequestration of metals and the speciation 

that occurs across the floc structure has been well established within the literature 

(Kalnejais et al. 2007, Taylor 1986, Jin et al. 2003, Cantwell et al. 2002, Leppard et al. 

2003, Eggleton and Thomas 2004, Diz 2005, Boughriet et al. 2007, Birch and O'Hea 

2007, Cantwell et al. 2008, Plach et al. 2011) and the elemental composition obtained 
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from the EDS results help to demonstrate the potential risk of the flocs for metal 

sequestration and possible release. Several observations were found with respect to 

compartmentalization of metals. The elemental composition around and in proximity to 

the EPS matrix showed the presence of Fe in all sites. In sediments with an oxic or 

suboxic layer, cycling of Fe (and Mn) can concentrate trace metals near the sediment-

water interface. Iron oxyhydroxides and manganese oxides present in this zone can 

scavenge trace metals (Burdige 1993), and erosion can resuspend enriched particles. 

Additionally, Zn and Cu were present in all sites. Some authors have shown an inverse 

relationship between the dissolved fraction of Zn and Cu (Wendelborn 2008, He et al. 

2006). He et al. (2006) demonstrated the release of Zn from soils with a larger proportion 

of exchangeable Zn was enhanced by increased concentrations of Ca, K, Na, or NH4 in 

the soil solution; therefore, affecting the transport of heavy metals from land (or 

sediments) to water bodies. Their results showed that an increase Ca concentration in soil 

solution decreased Cu release, but the reverse was true with Na. Another element found 

that can imply risk was Uranium. U was only present in the AG site; uranium (VI) forms 

highly soluble carbonate complexes at alkaline pH. This leads to an increase in mobility 

and availability of uranium to groundwater and soil from wastes which leads to health 

hazards. In this thesis, the presence of these compounds in the EDS results indicates that 

the elemental composition of flocs and their speciation is essential for determining metal 

release. 

 

The release of metals due to resuspension is affected not only by the composition 

of the sediment but also by the diagenetic processes in the sediments (Kalnejais et al. 
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2007) and the level of turbulence (i.e, floc breakage). Various authors have addressed the 

resuspension of sediments and their associated metals (Kalnejais et al. 2007, Cantwell et 

al. 2008, Plach et al. 2011). For example, Kalnejais et al. (2007) investigated the metal 

release over a range of shear stresses to quantify the role of resuspension as a source of 

contaminants and found considerable variation in the metal content over the range of 

shear stresses for different metals, indicating that as erosion progresses; sediment 

particles with different levels of metal enrichment are eroded. 

  

Overall, since surface properties determine particle interactions with 

microorganisms, these characteristics can significantly affect floc-pathogen dynamics as 

the attraction/repulsion of new molecules will increase/decrease the size of the floc 

therefore affecting its settling velocity and further mobilization within the water system. 

 

3.4.3 Distribution of Indicator Bacteria in field experiments 

 

 In addition to the importance of organic matter and elemental composition, the 

resuspension of BedS due to wind and/or flow induced erosion in aquatic systems plays a 

key role in mass exchange (Caulliez et al. 2007). This mass exchange may promote floc 

breakage and pathogen dissociation with concomitant implications to human health risk. 

Sampling at SB provided the opportunity to examine microbe-sediment dynamics as 

influenced by natural shear transitions due to wave energy. Cores, water and suspended 

flocs (SusF) samples were collected in all sites to determine the distribution of indicator 

organisms. SusF are aquatic particles that exist in suspension as floc aggregates which 
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can grow or decay in size due to energy effects and the presence of bed cohesive 

sediment [BedS] (BedS was used for SFC). In the SB site, samples before a storm (May 

13, 2009; wind speed range 18-20kph) (SB-BS) and during a storm (May 14, 2009; winds 

65kph) (SB-DS) were collected.  

 

The results show higher counts of total coliforms in the mid core before the storm 

(BS) event (0.56 ± 0.01 log CFU/g) compared to the counts during the storm (DS). The 

heterotroph count in the top core (4.53 ± 0.23 log CFU/g) and the bulk water (3.45 ± 0.12 

log CFU/ml) of the DS day were slightly higher than the BS day (4.51 ± 0.07 and 2.28 ± 

0.01 log CFU/g-ml respectively). E. coli culturable counts were significantly higher 

(ANOVA: p = 0.001) in the bulk water on DS (3.11 log CFU/ml) compared to BS (0.48 

log CFU/ml) (Table 3.5).  

 

Quantitation of culturable and non-culturable E. coli obtained by qPCR were 

significantly lower (ANOVA: p < 0.005) in the mid core on BS (6.15 ± 0.23 log CFU/g) 

compared to DS (6.68 ± 0.11 log CFU/g). A possible mechanism for the mobilization of 

these organisms upwards in the sediment is due to the pressure pumping and erosion 

mechanisms associated with wave action (Droppo et al. 2007). The location of the 

sampling, based on depth, allowed wave action to result in mobilization of BedS upward 

into the water column. Additionally, E.coli in the SusF was significantly lower DS (6.37 

±0.03 log CFU/g) than BS (6.66±0.08 log CFU/g) (ANOVA: p > 0.05). It is necessary to 

note here that a biological difference cannot be stated based on the qPCR data, as this 

assay enumerates all cells (live, dead and viable but not culturable [VBNC]) therefore it 
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is suggested that future experiments include this differentiation. VBNC cells are 

potentially pathogenic and infective and cannot be easily enumerated using culture-based 

methods, which may lead to underestimation of total counts. These VBNC cells can be 

quantified by qPCR by using chemicals such as Propidium monoazide (PMA) (Varma et 

al. 2009, Nocker and Camper 2006). Briefly, the chemical penetrates cell compromised 

membranes and upon intercalation in the DNA of dead cells, the photo-inducible azide 

group allows PMA to be covalently cross-linked by exposure to bright light. Furthermore, 

if enumeration of pathogenic E. coli is necessary, alternative primer sets [determination 

of E. coli O:H groups and virulence genes such as stx2e, faeG, fanA, fedA, est-II, among 

others (Schierack et al. 2006, Saïda et al. 2006)] should be considered to determine the 

presence of pathogenic E. coli human strains in these different water compartments. 

  

 In addition, in this thesis, the study of indicator organisms was based mainly on 

gram negative organisms since water borne disease is usually spread through fecal 

contamination of water supplies (coliforms are gram negative). However, the study and 

identification of gram positive indicator microorganisms such as Enterococcus, 

Streptococcus, Clostridia, Bifidobacteria are being investigated as important pollution 

indicator bacteria (Shannon et al. 2007, Talebi et al. 2008) and can be used as a surrogate 

of fecal contamination in water bodies.  

 

It is important also to note that many members of the total coliform group and 

some so-called faecal coliforms (e.g. species of Klebsiella and Enterobacter) are not 

specific to faeces, and even E. coli has been shown to grow in some natural aquatic 
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environments (Ashbolt et al. 1997). Hence, the primary targets representing faecal 

contamination in temperate waters are now considered to be E. coli and enterococci. For 

tropical waters/soils, where E. coli and enterococci may grow, alternative indicators such 

as Clostridium perfringens may be preferable. 

 

In this study, the field experiments show that the floc, mid and top fractions 

contained significantly higher counts of E.coli than the water fraction in the qPCR assay 

(Table 3.5) for AG, RF, MN and CSO sites. This can significantly impact microbial 

counts during mobilization of the microorganisms in the different fractions; therefore, the 

assessments of fractions are an important aspect to take into account when sampling. 

Additionally, across all sites E.coli qPCR data was significantly higher in all fractions 

relative to the culturable counts, between 10
2
-10

7
 fold higher indicating that the culture 

based methods did not quantify all E.coli present. Quantitative real time polymerase 

chain reactions have proven to be sensitive in terms of detecting both culturable and non-

culturable bacteria (Roszak and Colwell 1987). 
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Culture based test 

Log CFU/ml or g (wet) 
qPCR 

Log CFU/ml or g (wet) 

SITE HPC* TCC** E.coli E.coli 

SB-BS MID 3.43±0.01 0.56±0.01 BDL 6.15±0.23 

  TOP 4.51±0.07 1.36±0.09 0.96±0.02 6.34±0.19 

  SusF 4.62±0.20 3.18±0.07 4.78±0.04 6.66±0.08 

  Water 2.28±0.01 1.08±0.05 0.48±0.10 4.25±0.12 

SB-DS MID 3.52±0.09 BDL BDL 6.68±0.11 

  TOP 4.53±0.23 1.58±0.00 0.56±0.08 6.46±0.05 

  SusF 4.90±0.07 4.04±0.04 5.09±0.09 6.37±0.02 

  Water 3.45±0.12 3.30±0.06 3.11±0.03 4.39±0.01 

MN MID 3.68±0.05 BDL BDL 7.24±0.04 

  TOP 4.62±0.34 BDL BDL 7.16±0.49 

  SusF 4.28±0.41 3.62±0.21 BDL 7.70±0.44 

  Water 3.18±0.11 0.78±0.13 BDL 4.16±0.09 

RF MID 2.85±0.09 BDL BDL 4.89±0.08 

  TOP 4.13±0.04 1.18±0.03 0.87±0.05 4.86±0.01 

  SusF 5.26±0.07  4.86±0.11 BDL M/D 

  Water 2.04±0.04 1.65±0.03 BDL 1.66±0.02 

AG MID 4.96±0.09 BDL BDL 6.54±0.47 

  TOP 5.27±0.02 3.38±0.06 3.38±0.07 6.64±0.08 

  SusF 5.48±0.11  5.32±0.61 3.38±0.12 7.15±0.06 

  Water 3.29±0.21 0.26±0.03 0.39±0.08 3.80±0.12 

CSO TOP 6.98±0.21 4.38±0.14 4.97±0.09 7.64±0.16 

  SusF 5.75±0.13 5.72±0.12 2.48±0.06 8.18±0.16 

  Water 5.26±0.42 4.97±0.10 4.63±0.07 6.20±0.79 

 

* Heterotrophic Plate Count, ** Total Coliform Count, M/D- Missing Data. BDL-Below 

detection limit (One colony forming unit (CFU) of coliform bacteria or E. coli per 100-mL of 

sample). BS-Before Storm, DS-During Storm. 
1
 SusF: Suspended Floc. Values are averages of 

replicates ± SD. 

 

Table 3.5. Mobilization of microorganisms in field experiments (Non-normal counts, 

normalization of microbial counts was performed using decimal logarithms) 

 

 

Field results served to demonstrated that qPCR is an appropriate means for rapid 

detection as well as quantitation of E. coli during calm events (results show significantly 

higher E.coli counts in qPCR compared to plating technique). However, it is important to 

note that the plating assay can be used to enumerate indicator bacteria at a suitable time 
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(storm events) as our results indicate significantly higher counts for a highly impacted 

site (SB). Mobilization of microorganisms appears to be driven by the sediment structure 

(both BedS and SusF) and by the physical energy regimes they reside in. Therefore, to 

assess the dynamic interaction between floc structure and energy and its impact on 

microbial dissociation, the BedS floc samples from five sites (Table 3.1) were collected 

and subjected to simulated flow conditions (SFC). 

 

 It is important to note that the high counts of E.coli may have been the result of 

false-positives. As reported by Maheux et al. (2009), the primer set tested by Khan et al. 

(2007) targeting the conserved flanking regions of the 16S rRNA gene, the internal 

transcribed spacer region (ITS) and the 23 rRNA gene, amplified 27 of 192 non-E. 

coli/Shigella strains tested thereby showing a poor specificity of 85.9%. This limitation, 

however, shows the relatively close similarity of E. coli/Shigella that belongs to the 

Enterobacteriaceae family. Studies recognize that is practically impossible to distinguish 

E.coli and Shigella on the basis of their DNA sequence. Indeed, all simplex E.coli PCR 

assays already published also amplify; at least, one Shigella species (Maheux et al. 2009). 

However, for future research it is recommended that a more specific primer set is used 

(i.e, as those listed in Maheux et al. 2009). 

  

3.4.4 Simulated flow conditions (SFC) and particle size distribution (PSD) 

  

Within the literature PSD can be presented in different ways: as differential size 

distributions (shows the relative amount at each size), or as cumulative distributions 
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(shows the relative amount at or below a particular size). The amount can be presented by 

any: number, surface area, volume, mass and intensity of scattered light (Merkus 2009). 

In this study, the increasing flow significantly influenced the BedS particle size 

distributions (PSD) (ANOVA, p≤ 0.05); however, the median particle size (D50 by 

volume) did not show a significant difference in all sites, therefore, differences in PSD 

(and not particle size itself) were assessed with the D90/D10 percentile ratio and the 

skewness expression at all agitation levels (Table 3.6). The advantage of using D90/D10 

ratios is that the PSD width is expressed in only one parameter, which can then be related 

to the behavior of the floc during SFC (Merkus 2009). 

 

 The results in this study showed a positive correlation (Spearman Rank: = 0.05, 

r ≥ 0.58) between the D90/D10 and agitation. As the agitation increased, the D90/D10 

ratio increased indicating BedS floc breakage (Table 3.6) (D10, D90 data is shown in 

Table 3.6b). Larger particles broke (D90) and the amount of smaller particles (D10) 

increased, therefore increasing the D90/D10 ratio (note the differences in sizes for each 

diameter in every energy applied). Values of D10, D50 and D90 reported in Table 3.6b 

demonstrate the breakage of the particle, as there is a significant decrease in particle sizes 

for all diameters (ANOVA: p < 0.05). In addition, the skewness represented the 

asymmetry of the distribution. The more the skewness value departs from 0.00, the 

greater the degree of asymmetry; that is, the greater the differences in particle sizes. In 

this study, sample SB, MN, RF, and AG showed the lowest variability in skew values 

(Table 3.6) indicating a ‘relatively’ evenly distributed particle size as shear increased 

(both small and large particles were breaking apart as the energy increased). For the CSO 
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site the variability of the skew coefficients was higher as the relative amount of larger to 

smaller particles was higher (shear seem to have a greater effect on particle size). Further 

the BedS floc breakage resulted in a decrease in particle density for the SB and CSO and 

an increase for RF and AG (Appendix B). Porosity was observed to increase for SB and 

CSO but decrease for RF and AG. BedS flocs from SB, and CSO were exposed to 

mechanical forces higher than those holding these structures together; with consequent 

breakage and increased porosity (due to propensity of pores to trap water). This 

observation is unusual as porosity increases with decreasing particle size (Droppo et al. 

2008). However, a possible explanation for this finding is that the RF and AG BedS flocs 

appeared to reach a 'stable floc size' with no further breakage. Additionally, because of 

the large presence of filamentous organisms (Figure 3.2) in the AG and RF site, it was 

hypothesized that these filamentous organisms act as a physical bridge between flocs, 

therefore increasing the porosity (and decreasing density) (Gonçalves et al. 2006). 

Another possible explanation for the dichotomy in porosity and density within the sites 

may be due to the exposure of EPS components after an increase in shear. The proteins 

were exposed at the surface of the floc after an increase in shear (Figure 3.4), affecting 

the P:C ratio which is essential in surface charge and therefore attraction of bacteria to 

particles. And, since biopolymers have high negative charged groups they have a high 

affinity for cations. Cations bound on the floc surfaces partially neutralize the negative 

charged groups and affect the surface charge. Thus, the decrease in porosity could be due 

to bridge binding interactions occurring between negatively charged polymeric groups 

and cationic ions and/or surface charge reduction due to binding to negatively charged 

sites on the floc surface. As well, increased concentrations of the multivalent cations Ca, 
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Mg, Fe and Al (Figure 3.3 and Appendix A) in the flocs contributed to improve 

compressibility and therefore reduced porosity. 

 

As described previously the amount of EPS is associated with the net negative 

charge. Increased concentrations of EPS in the floc would therefore increase the negative 

charge of the surface and therefore the repulsive forces between the polymer chains of the 

EPS. Since EPS are gel-like biopolymers and highly charged, they take up water to 

reduce the osmotic pressure difference between the biological aggregate and the 

surrounding liquid therefore affecting the porosity and density. 

 

The total EPS content in all sites correlated with particle size and organic matter 

(Spearman Rank: = 0.05, r ≥ 0.6). EPS production may be more prolific under attached 

conditions, and attachment to solid surfaces may stimulate polymeric synthesis as 

suggested by Vandevivere and Kirchman (1993). It has been shown that freshwater 

bacteria only synthesized significant amounts of EPS after attachment (Sutherland 2001), 

although it is possible that even relatively small quantities of EPS from the planktonic 

cells assist in adhesion (Flemming et al 2007, Long et al. 2009, van Loosdrecht et al. 

1990, Liu and Fang 2003). 

 

The organic content in flocs and flow conditions, influence floc stability and 

therefore the strength of the floc-pathogen relationship. BedS floc breakage results in a 

significant (ANOVA: p≤ 0.05, = 0.05) decrease in particle settling velocity (Appendix 

B). Consequently, this will play a key role for the assessment of pathogen risk in water 
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systems. Flocs with lower settling velocities will remain in suspension longer (with its 

associated pathogen) and as a result travel further away within the system with potential 

detrimental human health impact. Furthermore, the higher organic content promotes 

larger flocs, increasing the potential for attachment and incorporation of pathogenic or 

indicator organisms. 
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Energy 

SB 

 

MN 

 

RF 

 

AG 

 

CSO 

 

G (s
-1

) D90/D10 Skew D90/D10 Skew D90/D10 Skew D90/D10 Skew D90/D10 Skew 

83 7.17±0.23 0.61 12.20±0.31 1.03 6.04±0.04 0.43 7.63±0.21 0.59 4.18±0.18 0.28 

169 7.46±0.10 0.66 13.57±0.41 1.10 6.10±0.02 0.45 7.87±0.13 0.64 4.25±0.11 0.29 

478 7.53±0.28 0.67 12.91±0.19 1.09 6.13±0.01 0.45 8.09±0.22 0.68 4.69±0.03 0.41 

878 7.73±0.10 0.72 13.70±1.06 1.14 6.22±0.05 0.48 8.46±0.11 0.71 5.77±0.02 0.65 

83* 7.66±0.12 0.71 11.63±0.15 1.00 6.11±0.02 0.46 8.39±0.07 0.70 5.80±0.13 0.48 

* Final agitation;. Skewness value and the D90/D10 percentile ratio were calculated to determine the asymmetry of the particle size distribution 

during the different agitation speeds. SB-Sunny side beach, MN-Minning site, RF-Reference site, AG-Agricultural site, CSO-Combine sewage 

outfall. All values are averages of replicates ± SD. 

  

Table 3.6 Particle Size Distribution after different agitation speeds.  

 

 

7
8
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  Energy (G=s
-1

) 

Site Size 83 169 478 878 83* 

SB D10 7.14±0.26 6.88±0.17 6.61±0.36 6.35±0.11 6.24±0.13 

 D50 23.07±0.41 22.61±0.46 21.93±0.72 21.03±0.22 20.61±0.30 

 D90 50.94±0.33 51.37±1.74 49.82±0.88 49.11±0.20 47.85±0.24 

MN D10 2.45±0.06 2.48±0.06 2.65±0.03 2.52±0.11 2.44±0.04 

 D50 9.83±0.09 10.29±0.19 10.67±0.07 10.38±0.23 9.70±0.09 

 D90 29.83±0.06 33.77±1.97 34.29±0.54 34.61±2.11 28.44±0.10 

RF D10 9.60±0.11 9.33±0.08 9.23±0.04 8.98±0.02 8.88±0.04 

 D50 29.38±0.37 28.56±0.24 28.32±0.14 27.62±0.06 27.12±0.12 

 D90 58.02±0.36 56.92±0.34 56.61±0.24 55.87±0.41 54.26±0.12 

AG D10 6.86±0.25 6.45±0.19 6.03±0.24 5.77±0.04 5.85±0.05 

 D50 23.80±0.60 22.44±0.51 21.11±0.61 20.73±0.13 20.92±0.10 

 D90 52.36±0.48 50.75±0.68 48.73±0.63 48.82±0.36 49.10±0.08 

CSO D10 22.06±2.39 18.69±1.06 12.74±0.11 8.52±0.05 10.10±0.78 

 D50 52.80±4.20 45.29±1.74 32.15±0.17 23.18±0.09 29.37±2.61 

 D90 91.80±5.93 79.31±2.43 59.77±0.18 49.16±0.09 58.51±3.28 

* Final agitation; All values are averages of replicates ± SD. 

Table 3.6b Particle size distribution after different agitation speeds (D10, D50, D90)  

 

3.4.5 Simulated flow conditions and microbial mobilization of culturable 

microorganisms 

  

COM and CLSM observations show that the gross characteristics of the BedS 

flocs (i.e., morphology and distribution) changed with increasing agitation. The COM 

images corroborated the breakage of the BedS flocs (Figure 3.4a-b) and CLSM showed 

an increase in bacterial exposure due to increased surface area from BedS floc breakage 

(Figure 3.4c-d) (Jarvis et al. 2005). Faster flows bring more cells into contact with the 

floc surface due to better mixing but the attaching efficiency may be reduced because of 

higher shear. In a turbulent flow, the cell attachment rate is lower because of the 

dissociation, which occurs relatively faster with respect to bacterial growth (Droppo et al. 

2008, Jarvis et al. 2005). 
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a) COM image of unstained SB BedS at equilibrium state (125rpm overnight), b) COM image of 

unstained SB BedS at 600rpm, c) CSLM image of SB BedS in equilibrium state showing floc 

components, protein (green) and bacteria (blue), and d) CLSM image of SB BedS at 600rpm 

showing rearrangement of bacteria.  Length of scale bar 30m (a, b), 20m (c, d). Images are 

representative of 20 observed fields. 

Figure 3.4. COM and CLSM of SB BedS prior to and following agitation showing 

effects of SFC in size (a,b) and EPS components (c,d). 

 

In general, particle associated bacteria survive longer than planktonic 

microorganisms due to the advantage that a floc life style can provide (Costerton et al. 

1995). When storms, tides, or strong winds cause turbulence, bacteria may re-suspend 

and/or detach, resulting in higher levels of bacteria in the water column. This was 

examined using a GFP-marked test strain that provided insight to the potential attachment 

and release of floc-associated Pseudomonas sp. strain CTO7::gfp-2 under conditions of 

increasing shear using SB and CSO site BedS floc samples. Figure 3.5 shows a 

significant increase in floc-associated Pseudomonas sp. between 3 and 72 hours with the 

SB sample and a corresponding decrease in the free-floating counts indicating an 

attachment followed by detachment after agitation analysis between 73 – 76 hours 

(Sterile 1X phosphate buffer solution was used to track microbial growth in the reactors 

and did not show any detectable growth – Appendix C). Attachment of the Pseudomonas 

sp. to CSO BedS flocs can be observed almost immediately reaching an equilibrium state 

after 0.5 hrs. This may be explained by the lower protein to carbohydrate (P:C) ratio of 

c d a b 
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CSO (2.31) compared to SB (5.42). The P:C ratio is essential in surface charge and 

therefore attraction of bacteria to particles. Anionic groups in EPS may be carboxyl, 

sulfate or phosphate groups and are responsible for the negative charge of 

polysaccharides in the EPS. Proteins can also contribute to the anionic properties of EPS 

and the negative charge of proteins is due to the presence of dibasic amino acids such as 

aspartic and glutamic acid (Liu and Fang 2003, Paterson and Underwood 1995). As 

shown by Zita and Hermansson (1997), differences in the levels of adhesion within the 

sites of the test strain cannot be attributed to a specific combination of surface structures 

but rather can be attributed to overall hydrophobicity (as cell surface hydrophobicity may 

play an important role in attachment; CSO site was less hydrophobic than SB). 

 

 

 

 

 

 

Agitation analysis were applied increasingly every hour (G= 169, 478, 878, 83s-1) at time 73-

76h. * Arithmetic zero. Values are average of three replicates +/- SD. 

Figure 3.5. Enumeration of BedS particle-associated and free-floating Pseudomonas sp. 

strain CTO7::gfp-2 in SB and CSO over time 

 

   The SFC experiments for all sites were used to estimate the amount of microbial 

detachment in relation to the specific energy effects and site properties. Results showed 

that with each agitation, decreases in particle size distribution correlates (Spearman Rank: 

SB CSO 

Free-floating Particle-associatedFree-floating Particle-associated

Time (h) 
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= 0.05, r≤   -0.5) with increases in planktonic microbial counts (MC) (Figure 3.6). 

Several studies have found that bacteria are typically associated with fine, or cohesive, 

sediment particles (<60 μm) in aquatic environments (Droppo et al. 2007, Auer and 

Niehaus 1993). Fries et al. (2006) partitioned particle attached and free-floating cells and 

observed that bacteria associated with particles (average of 38%) are capable of settling 

out of the water column. Similar resuspension and detachment were observed in this 

study; the cohesive sediment (or BedS) from SB, RF and CSO showed a significant 

increase (ANOVA = 0.05, p = 0.001) in culturable total coliform counts when 

volumetric flows were higher than 113 Lsec
-1

 (478 s
-1

) compared to 35 and 56 Lsec
-1

 (83 

and 169 s
-1

) (Figure 3.7). When BedS flocs were broken by sufficiently strong shear 

stress, bacteria dissociated and smaller particles remained longer in suspension, thereby 

increasing microbial counts in the water. Only AG showed no significant (ANOVA: = 

0.05, p= 0.08) increase in culturable heterotroph and coliform counts in the water with 

the increase of flow (Coliform counts in Figure 3.7). It is possible that these differences 

may be explained by the great variability within the velocity gradients (note larger 

standard deviation error). The prediction interval for the AG site (z score) shows that 

43.4% of the samples lie below 1.5SD from the mean. It is possible that a more numerous 

sampling during each agitation (more than three samples) may have shown a more robust 

quantitation due to the fact that data generated from other experimental procedures did 

indicate a significant difference between SFC (Culturable E.coli and qPCR).  

 

The agitation analysis showed that relatively low energy inputs (laminar flow of 

G= 83s
-1

) produced statistically significant changes (ANOVA: p < 0.001, = 0.05) in the 
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particle size distribution but did not affect total planktonic coliform counts. Higher 

gradient velocities (G= 478s
-1

) resulted in increased total suspended coliform counts, 

reduced floc size and settling velocity, thereby keeping planktonic coliform longer in 

suspension (Figure 3.6), and thus potentially causing a higher risk for infection in the 

case of recreational waters.  

 

 

 

 

 

 

 

 

 

Microbial counts were converted into decimal logarithms to normalize their frequency 

distribution (Bars are average of counts ± 1 SD). Raw qPCR data was used to calculate gene 

copies (converted into decimal logarithms to normalize their frequency distribution). Baseline 

correction was carried out with a baseline trend using LinRegPCR software (Ruijter et al. 2009). 

All counts/copies are considered loosely associated bacteria. Values are average of three 

replicates +/- SD 

Figure 3.6.  Total Coliform, E.coli counts and E.coli copies after different agitation 

speeds in SB and CSO in relation with D90/D10 Ratio. 
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Microbial counts were converted into decimal logarithms to normalize their frequency 

distribution. * Arithmetic zero. Values are average of three replicates +/- SD 

Figure 3.7. Culturable Total Coliform counts after different agitation speeds in all sites 

 

3.4.6 Detection and quantification of culturable and non-culturable E. coli 

 

The genomic DNA obtained from the water during the agitation experiments was 

considered as originating from single cells of small clusters in the planktonic phase (free-

floating); and the genomic DNA extracted from the BedS flocs was considered as 

originating from tightly floc-bound bacteria (particle-associated). The qPCR assays 

revealed significantly higher numbers of E. coli in water and sediment samples (Table 

3.5) than the culture based estimations, since qPCR provides a total count (internal 

controls as well as standard curves were performed to provide a level of confidence in the 

quantitative data) of E. coli present in the samples, including live, dead, and VBNC cells 

(Figure 3.8). Agitation analysis showed a significant increase of E.coli (qPCR) in the 
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water of SB and CSO with gradient velocities higher than G= 169s
-1

 (Figure 3.8). These 

differences were observed at earlier energies in the qPCR assay than the plating assay due 

to the inability to enumerate VBNC in the standard method (plating); furthermore, 

gradient velocities of 478s
-1 

or higher can detach significantly more culturable organisms 

than lower flows allowing quantitation in the plates. Figure 3.8 shows the difference 

between free-floating and particle-associated bacteria and demonstrates that particle-

associated bacteria are being released from the floc by the increase of energy impact. It is 

important to note that in the CSO plating assay the TCC counts increase abruptly at 478s
-

1
 (ANOVA: p<0.05) (Figure 3.6) but did not show a markedly increase in the qPCR 

assays (Figure 3.6 and 3.8). These differences suggest that agitation releases some 

nutrients that the cells can use and results in a greater proportion of them been 

resuscitated out of a VBNC state, therefore obtaining an increase in the plating counts. 

 

Overall, these results have to be carefully considered as the presence of E. coli is 

widely recognized to indicate the contamination of water sources with human or animal 

fecal wastes. With low volumetric flows, not all culturable E. coli can be quantified, thus 

underestimating values resulting in possible erroneous management decision. 
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Raw qPCR data was used to calculate gene copies (converted into decimal logarithms to 

normalize their frequency distribution). Baseline correction was carried out with a baseline trend 

using LinRegPCR software (Ruijter et al. 2009).The copies calculated from the water during the 

agitation speeds were considered as loosely associated bacteria (free-floating), copies from 

suspended particles were considered as tightly bound bacteria (particle-associated). (Bars are 

average of copies ± 1 SD). * Arithmetic zero. 

 

 

Figure 3.8. E.coli copies after different agitation speeds in SB and CSO 

 

3.5 SUMMARY AND CONCLUSION 

 

 The role of the physico-chemical properties and the bioorganic content of flocs in 

microbial cell-floc associations were assessed in this study. Results showed that an 

increase in the proportion of inorganic material decreases the strength of flocs. The 

different energy regimes applied in this study did not appear to have a great impact on 

heterotrophic plate counts for all sites but showed a statistically significant increase ( 

ANOVA p = 0.05) in the free-floating culturable total coliform counts in two highly 

impacted sites (SB, CSO) with gradient velocities higher than 478s
-1

. However, qPCR 

assays revealed significantly higher numbers of E. coli in water and sediment samples 

than the culture based estimations at earlier energies (G= 169s
-1

) since qPCR provides a 
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total count (includes live, dead, and VBNC cells). The results of this study indicate that 

due to the association of microorganisms and particles the use of planktonic indicator 

organisms within whole water samples in monitoring practices is not an adequate 

indication of environmental conditions due to the association, and consequent attenuation 

of pathogens with sediment compartments in calm systems. However, according to the 

results presented in this chapter, free-floating counts can be used as indicators of 

contamination when the energy impact (turbulent events) is sufficient to break flocs apart 

(only then) and when the marker for contamination are indicator organisms (TCC, HPC, 

E.coli). According to the results presented here, the plating assay enumerates indicator 

organisms that have been released from particles. 
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CONNECTING PARAGRAPH 

 

In the previous chapter, cohesive bed sediment samples (BedS) were used to 

assess the strength of the floc-microorganism association under different energy levels in 

relation to the physico-chemical properties and the bioorganic content. Though the BedS 

can affect the microbial dynamics within a system, they are not the only particles that can 

do so. Therefore, the next chapter is focused on the microbial detachment and changes in 

diversity with energy effects and the associated shifts in proportion of free-floating and 

particle-associated microbial communities from both, suspended particles (SusF) and 

BedS during simulated flow conditions. Such knowledge aids in the understanding of 

bacterial dissociation and its implications to human health risk. 
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CHAPTER 4 

 

DISSOCIATION OF BACTERIA AND INFLUENCES ON MICROBIAL 

DIVERSITY BY ENERGY EFFECTS IN COHESIVE BED SEDIMENT AND 

SUSPENDED FLOCS: IMPLICATIONS TO HUMAN HEALTH RISK 

 

4.1 ABSTRACT 

 

The dissociation of bacteria from particles due to shear stress can significantly 

increase the presence of free-floating pathogenic bacteria in the aqueous phase. This has 

implications with respect to microbial transport, water quality and human health risks.  

This chapter discusses how the aquatic energy regimes can influence; 1) bacteria 

dissociation from suspended floc and 2) the microbial diversity within cohesive bed 

sediments (BedS) and suspended flocs (SusF) from three distinct sites: urban beach (SB), 

combine sewage (CSO), and reference site (RF). Simulated flow conditions (SFC) using 

a baffled jar test assessed the strength of the floc-microorganism association, while 

plating techniques (total coliforms, heterotrophic colonies and E.coli) and real time PCR 

(E.coli copies) were used to determine the percentage of release/attachment from each 

fraction. Denaturant Gradient Gel Electrophoresis (DGGE) was used to track the shifts of 

microbial diversity during shear stress. Results showed that floc strength was higher for 

SusF compared to BedS in RF and SB; in contrast, the site was characterized by a high 

organic content (CSO) was less stable, and more susceptible to bacterial release. There 

was no significant difference (ANOVA p= > 0.05, =0.05) in microbial counts between 
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free-floating and particle-associated bacteria during energy regimes for all sites. 

Nevertheless there was a significant difference between free-floating and particle-

associated E.coli copies (qPCR) in SB (SusF, BedS), CSO (BedS) and RF on laminar 

speeds (< 169 s
-1

). DGGE dendograms based on similarity analyses showed high 

resemblances between the composition of free-floating and particle-associated fractions 

for both BedS and SusF in all sites prior to SFC; however, there was a significant 

difference in the composition of free-floating and particle-associated assemblages after 

SFC. Overall, this study shows the importance of assessing particle-pathogen interactions 

for water quality issues and for the assessment of human health risk. 

Keywords: cohesive bed sediment, suspended floc, bacterial dissociation, energy impact. 

 

4.2 INTRODUCTION 

 

Cohesive bed sediment (BedS) in lacustrine and riverine systems is a mixture of 

soil separates (clay particles, silt, fine sand) and organic material. This sediment mixture 

has cohesive properties because of the low permeability and electrochemical attraction of 

clay particles and organic material. Suspended flocs (SusF) form when BedS and other 

particles come into contact and aggregate through various physico-chemical and 

biological processes. Flocs behave as individual microecosystems and are in continuous 

interaction with their aquatic surroundings, which provide the floc with further building 

materials, energy, nutrients, and chemicals for biological growth, chemical reactions, and 

morphological development (Droppo 2001a). 
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As flocs form and increase in size, the settling velocity increases. However, 

settling depends on bulk density (wet) or water content of sediments, particle size, 

mineralogy, and organic content. The bulk density is primarily related to the water 

content of the sediment and can be highly variable as the water content of the sediment 

changes due to deposition and subsequent compaction. When BedS suspends, the bulk 

density decreases because the pore waters are incorporated from the surface to the 

sediment (Jepsen et al. 1997). 

 

On the bed, several elements including grain size, composition, and the activity of 

benthic organisms, regulate the sediments’ cohesive strength and therefore their potential 

for erosion (Kalnejais et al. 2007). When the critical bed shear stress is surpassed, erosion 

occurs (Fukuda and Wilbert 1980). Different mixtures of organic and inorganic sediments 

have different settling and suspending behaviour (Teisson et al. 1993, Mitchener and 

Torfs 1996). For example, an increasing proportion of inorganic material decreases the 

strength of flocs as discussed in Chapter 3 making them easier to break and therefore 

decreasing the settling velocity. The inorganic and organic materials affect the floc due to 

various aspects: physically, in how it is transported and settles; chemically, in how it 

adsorbs and transforms contaminants and nutrients; and biologically, in how it develops a 

diverse microhabitat (Droppo et al. 1997).  

 

Once BedS is eroded, microorganisms are mobilized into the water column where 

they can be transported, dissociated from flocs, reflocculated, and/or deposited in 

association with floc. Dissociation of microorganisms (including pathogens) is primarily 
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controlled by the floc composition and strength and by the energy imparted onto the floc. 

Resuspension, and/or complete microbial disassociation into the planktonic phase 

increases transport potential and may decrease overall water quality as determined by 

standard methods with possible detrimental aquatic and human health effects.  

 

Emphasis on research into microbial interfaces as a determinant for fate and 

transport of indicator organisms in aquatic systems is an important step towards 

addressing key questions in water quality. This study assesses the microbial detachment 

and changes in diversity with energy effects and the associated shifts in proportion of 

free-floating and particle-associated microbial communities on eroded BedS and SusF of 

three different aquatic ecosystems. The cohesive bed sediment (BedS) refers to bed 

sediment samples (top core) that were wet sieved (63m) with respective site water to 

ensure only the flocculating-cohesive sediment was assessed. The suspended flocs (SusF) 

are aquatic particles that exist in suspension as floc aggregates which can grow or decay 

in size due to the complex interactions of physical, chemical and biological factors as 

described in chapter 3. 

 

4.3 MATERIALS AND METHODS  

4.3.1 Sites and sampling  

 

 Two human impacted sites, a beach area often closed due to high indicator 

organism counts (SB), and a combine sewage outfall (CSO) were sampled along with a 

reference site (RF) during the summer (2010). Site characteristics and detailed sampling 
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are provided in Chapter 3. In each location, 20 L of water (using a sterile polypropylene 

bucket) and about 5 kg of bed sediment (using an ethanol clean shovel) were collected. 

Bed sediment (BedS) samples were wet sieved (63m) with respective site water to 

ensure only the cohesive sediment was assessed. Suspended flocs (SusF) were collected 

at each site by pumping water > 2000 L one meter above the bed sediment for SB and 

RF, and at mid depth for CSO through a continuous flow centrifuge (GEA Westfalia 

Separator Group, Northvale, New Jersey, USA) operated at 6L/min and rotating at 9470 

rpm. The concentration of particulate matter was measured by standard gravimetric 

analysis using a Millipore filter of 0.45 m. Samples were stored in a cooler from 

sampling site to the laboratory and analyses were performed within one day of sampling 

according to the distance of the site. 

 

4.3.2 Simulated flow conditions (SFC) 

 

A combination of shear-cell/ flow-cell (Droppo et al. 2008) and a jar test 

(Bridgeman et al. 2008) were used to generate incremental changes in energy regimes (in 

both laminar and turbulent modes) and used to assess floc strength, examine floc 

interactions and determine the changes of hydrodynamic conditions on floc stability, 

microbial dissociation and diversity. The jar tests are described in more detail in Chapter 

3, page 44. 
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4.3.3 Microbiological Analysis 

4.3.3.1 Microbial Counts (MC) 

 

McConkey Sorbitol (Difco®; Mississauga, ON, Canada), Differential coliform 

(DC) media (Oxoid, St Louis, USA), and yeast extract agars were used to perform a 

spread plate technique to estimate the number of E.coli counts, total coliforms and 

heterotrophic plate count (HPC) in sediment and in water. For the estimation of detached 

bacteria during the SFC analysis a standard spread plate technique was used at the end of 

each agitation time and incubated at 37 °C for 48 h. Counts were calculated as indicated 

in the Standard Methods for the Examination of Water and Waste-Water (American 

Water Works Association- AWWA 2006) and reported in CFU/wet weight. 

 

4.3.3.2 Real time quantitative PCR for detection of total E.coli 

DNA was extracted as indicated in Chapter 3 (section 3.3.3.4). Extracts were 

diluted with sterile double-distilled water to overcome PCR inhibition by traces of humic 

acids and other substances that are found in environmental samples. Diluting samples, 

however, can underestimate results as some relevant DNA may have been diluted out. 

DNA samples were amplified with the primer pair as described by Khan et al. 2007 

(Chapter 3, page 48). 

 

4.3.3.3 Denaturing Gradient Gel Electrophoresis (DGGE) of 16s DNA 

DNA was extracted from water (20-500ml), and suspended particles (0.5-2g) on 

the sampling day and during agitation experiments. During agitation experiments, 100 ml 
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of water was taken at the last 5 minutes of every agitation time. ‘Free-floating’ bacteria 

were extracted using 50ml of water from the reactor and using a stacking-filter technique; 

with pore size ranges of 3m - 1m – 0.45m. This layering will filter out particles and 

allow the 0.45m filter to trap ‘free-floating’ microorganisms. The layered filter system 

was washed with sterile water or sterile phosphate buffer to wash some of the trapped 

microorganisms on the larger pore size filters. After washing, the filters were placed in a 

bead tube using the Ultraclean soil DNA isolation kit (MoBio Laboratories Montréal, 

QC, Canada) and the protocol proceeded as per the manufacture’s instructions. Particles 

were collected from an additional 50 ml of the previous collection following 

centrifugation at 3400 rpm. The supernatant was discarded, and settled particles were 

used for DNA extraction of ‘particle-associated’ microorganisms following the 

manufacture’s protocol (MoBio Laboratories Montréal, QC, Canada). 

 

The genomic DNA was quantified using PicoGreen ® dsDNA Quantitation 

reagent (Invitrogen, Burlington, ON, Canada). DNA concentration was adjusted to 2 

ng/μl so that equivalent amounts of DNA were used as templates in PCR reactions. A 

standard curve with E.coli was used to estimate concentrations. 

 

Differences in bacterial community structure were evaluated by DGGE profiles of 

PCR-amplified 16S rDNA from sediment, water, and ‘free-floating’, and ‘particle-

associated’ fractions. Bacterial 16S rDNA was amplified by PCR using primer pair F-

341GC and R-907 (Green et al. 2004). PCR reactions (50l) contained 1X PCR Buffer 

(Platinum, PCR SuperMix) (Invitrogen, Burlington, ON, Canada), 0.2 M of 341GC, 
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0.35 M of 907, and 20ng of DNA template (Sterile water and E.coli were used as 

controls). PCR cycling was done in a C1000 Bio-Rad thermocycler, using an initial 

denaturation of 30 sec at 94˚C, 30 cycles of 30 sec at 94˚C, 1 min at 55 ˚C and extension 

of 68 ˚C for 1 min. Duplicate PCR reactions were pooled and purified using Wizard SV 

gel-Clean DNA kit (Promega, ON, Canada). The genomic DNA was quantified a using 

NanoDrop 8000 spectrophotometer (Thermo Scientific, Canada); E.coli and water were 

used as controls in Nanodrop. 2000 ng of DNA per sample was loaded on an 8% 

polyacrylamide gel (acrylamide: N, N’-methylenebisacrilamide 37:1) containing a 

denaturant gradient of 20-70%, top to bottom (100% is 7M urea and 40%v/v formamide). 

Electrophoresis was performed with a DCode
TM

 Universal Mutation System (Bio-Rad, 

Hercules, CA, USA), using a 1X TAE running buffer at 60˚C for 18h at 100V. Gels were 

stained for 30 min in SYBR safe (1X dilution; Invitrogen, Canada) and photographed 

using a UV transilluminator. A DNA mixture of 500 ng (each) of E.coli, Listeria 

monocitogenes and Pseudomonas aeuroginosa were used as positive controls in banding 

patterns; a negative PCR reaction (nanopure water) was used as negative control. 

Dendograms were constructed from DGGE banding patterns by Gene Tool software 

(Syngene, USA) using Dice coefficient and UPGMA cluster analysis (unweighted 

pairgroup method using arithmetic average). Shannon-Weaver index of diversity was 

calculated in SAS v.9.2 (SAS Institute In, USA) 

 

4.3.4 Statistical Analysis 

All statistical analyses for the particle analysis was performed using MINITAB 

(ver 15.1) from MINITAB, Inc. The differences in particle size distribution at all 
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agitation levels were assessed with the D90/D10 percentile ratio and skewness 

expression.  Standard one way analysis of variance was used to determine differences in 

treatments, while mean comparisons among treatments and sites was performed using 

Fisher’s protected least significance difference test (5% level).  All correlations between 

variables were performed using Spearman Rank correlation coefficients. Microbial 

counts were converted into decimal logarithms to normalize their frequency distribution. 

Pseudoreplication was used to test for treatment effects in molecular analysis. Computer 

assisted analysis was performed for the molecular techniques (qRT-PCR); data was 

analyzed using LinRegPCR (ver 12.6) and copy numbers were determined using a Ct-

based relative quantification with efficiency correction (Ruijter et al. 2009, Ramakers et 

al. 2003). Pairwise comparisons were carried out to evaluate the similarity of microbial 

communities between sites. Normalization and analysis of fragment sizes (DGGE) were 

performed using Gene Tool software (Syngene, USA). The normalized banding patters 

were used to generate dendograms by calculating the Pearson product moment 

correlation coefficient and by UPGMA clustering.  All values are reported in averages ± 

1 SD. 

 

4.4 RESULTS AND DISCUSSION  

 

 The dissociation of bacteria is strongly correlated with floc stability/strength. 

Currently, the understanding of what determines the floc strength is limited. However, it 

is generally accepted that commonly recognized intermolecular interactions contribute to 

the binding of the various floc components such as DLVO-type interactions (Zita and 
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Hermansson 1994, van Loosdrecht et al. 1990), cationic bridging of EPS (Liu and Fang 

2003), and hydrophobic interactions between EPS molecules and/ or cell surface (see 

Chapter 3) (Zita and Hermansson 1997). In this chapter, two types of particles (flocs) that 

differ in physicochemical characteristics are used (BedS and SusF) to assess the 

microbial detachment and changes in diversity with energy effects and the associated 

shifts in proportion of free-floating and particle-associated microbial communities. Thus, 

it is important to recall the differentiation between these two types of flocs. The cohesive 

bed sediment (BedS) refers to bed sediment samples (top core) used to represent what is 

resuspended from the bed; these were wet sieved (63m) with respective site water to 

ensure only the flocculating-cohesive sediment was assessed. The suspended flocs (SusF) 

refers to aquatic particles that are held in suspension at base flow; these were collected 

via centrifuge by pumping water > 2000 L one meter above the bed sediment. 

 

4.4.1 Particle characteristics 

 

According to Jarvis et al. (2005), floc strength is dependent upon the inter-particle 

bonds between the components of the aggregate. A floc will break if the stress applied at 

its surface is greater than the bonding strength within the floc. There are two fundamental 

approaches to measuring floc strength: microscopic and macroscopic (Jarvis et al. 2005). 

The microscopic approach measures the inter-particle forces within individual flocs, and 

the macroscopic approach measures the energy required in a system for floc breakage. In 

the current study, a floc strength factor (y-intercept) was calculated as the empirical 

relationship between the log of the velocity gradient and log of floc size. The floc size 
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was measured with a laser diffraction instrument (Cilas®) then exposed to increased 

levels of shear at a controllable rate within the vessel, and the ratio of the floc size before 

and after breakage was compared. 

 

As shown in figure 4.1(B), the floc strength (y-intercept) was noticeably higher 

(ANOVA: p <0.05) for SusF than BedS in RF and SB, with values of 1.94 and 1.88 

respectively for SusF and 1.77 and 1.79 for BedS. The total organic matter (Loss of 

Ignition) for SusF of SB and RF was 17.4±0.30% and 70.44±17.47%; for the BedS it was 

2.71±0.22% and 36.22±1.36% respectively. These results are similar to those reported by 

Jarvis et al. (2004) as their results showed that flocs (higher in organic content) are most 

resistant to breakage. However, the flocs from CSO seem to behave differently as the 

strongest floc was observed for the BedS which had lower organic matter content 

(10.6±0.6% for BedS and 85.1±7.8 % for SusF). Lau and Droppo (2000) and Droppo et 

al. (2001b) showed that the shear stress at which a sediment is deposited, biostabilization, 

and the surface fine-grained laminae (SFGL) floc structure and strength have a strong 

influence on the stability of the SFGL. The fact that the CSO site has a greater human 

impact could be an influence on the strength of the particle. Human impact provides a 

constant physico-chemical supply (frequent flow and input of foreign materials), and as a 

result, flocs may not continue to grow throughout the flocculation stage, but rather may 

reach a limiting size beyond which breakage avoids further overall growth (Johnson et al. 

1990). The flocculation process, and therefore the limitation in size, is governed by the 

physico-chemical conditions and by the shear conditions (Bridgeman et al. 2009). 

Additionally the particle size (D50-median volumetric equivalent diameter) for the SusF 
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in CSO was observed to be small relative to that of the BedS (76.96±2.83 m and 

65.61±0.86 m for BedS and SusF respectively). After an equilibrium state is reached 

(low energy level applied), BedS aggregates are larger, denser and of lower water content 

than the SusF. While contrary to the observations of Droppo et al. (2001c), these larger 

denser flocs are likely a result of the compaction attained during development and final 

erosion from the bed sediment (See chapter 3).  

 

 

 

 

 

 

 

 

 

Figure 4.1 A) Determination of floc strength parameters for SuF and BedS in CSO, SB 

and RF; B) Linear trendline of all shears (the strength is the y-intercept). (Jarvis et al. 

2005). Particle size (D50) are averages or three replicates, linear tredline data points are 

the same as graph A. 

 

 

Pearson's median or second skewness coefficients were calculated in order to 

determine how asymmetrical a sample was and to evaluate the correlation of particle size 

and amount of microorganisms released from flocs. Table 4.1 shows the D90/D10 

percentile ratios and the Skew coefficients (a Skew of zero value indicates that the values 

are relatively evenly distributed on both sides of the mean [i.e., normal distribution], the 
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higher the coefficient the less asymmetrical the distribution). The exposure of the 

particles to higher shears resulted in an increase of skew coefficient for all the sites and 

samples. Skewness correlates with specific curve shapes (Merkus 2009; McCave et al. 

2007). Figure 4.2 illustrates the histogram (%) of various particle sizes for each energy 

level in SB, RF, and CSO; a skew closer to zero is characterized by a symmetrical 

distribution; an increase in the skew suggests an increased amount of particles in the 

smaller range size. On the other hand, a reduction in skew shows a longer right tail; the 

majority of the particles are concentrated at the right of the figure (larger particles). It is 

important to note that the different values of D90/D10 ratios and skew coefficients 

presented in this chapter differ from those in Chapter 3 due to the sampling period (one 

year apart). The BedS samples from 2009 and 2010 cannot be compared due to likely 

differences in climatic, physical (hydrodynamics), chemical and biological characteristics 

between sample years.  

 

When particles break apart (becoming smaller) the number of dissociated bacteria 

from the sediments increase; therefore, one can use the energy applied and the particle 

size to determine the exposure/presence of bacteria. The negative correlation found 

(Speraman rank: r= -0.246, p= 0.05) between PSD and the release of bacteria can support 

this assertion, as the higher shear, the higher the release of bacteria (Figure 4.3) and the 

smaller the particle size (Figure 4.2-4.3). For the negative microbial release (increase in 

attachment) for the RF site after an increase in shear (Figure 4.3); it is hypothesized that 

this is due to the exposure of different ionic strengths after the breakage of the floc, 

therefore changing the surface properties of the floc attracting bacteria that were 
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previously release from the initial floc. The RF site showed one of the highest amounts 

for EPS content and a low surface charge (See Chapter 3 page 64). As shown by Liu et al. 

(2005) higher cell surface hydrophobicity is observed at higher shear strength. The 

change of cell surface properties would lead to a favourable condition for attachment of 

microbial cells. Additionally, an increase in bacteria might be due to the EPS 

consumption of free-floating bacteria. Wang et al. (2005) studied the distribution of 

extracellular polysaccharides (EPS) and hydrophobicity and demonstrated that the outer 

shell of aerobic granule was composed of poorly soluble and noneasily biodegradable 

EPS, whereas its core part was filled with readily soluble and biodegradable EPS. In this 

study the SFC broke the floc uncovering biodegradable EPS that might have been 

consumed by the recently exposed bacteria, therefore increasing microbial counts.  

 

Brookes et al. (2005) assessed the value of PSD as a surrogate indicator for 

pathogens in lakes and reservoirs, and found a correlation between indicator organisms 

and particle size. A similar approach was used by Pronk et al. (2007), who suggested that 

PSD can be an indicator for fecal bacteria contamination in drinking water. Pronk and his 

coworkers study the origin, transport, and behavior of particles and fecal bacteria in karst 

groundwater flow systems and demonstrated that the monitoring of PSD makes it 

possible to distinguish between turbidity resulting from the resuspension of sediments 

inside the aquifer and turbidity derived from the land surface. It is feasible, that if the size 

of the particle and microorganism aggregate is known, then the distribution of particles 

may well be a useful alternative for the surrogate of microbial transport/presence. 
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However, it does not account for viability of the cells, therefore, it is important to 

evaluate the microbial content and the associations with particles. 

 

  SB CSO 

Energy BedS SusF BedS SusF 

 G (s
-1

) D90/D10 Skew D90/D10 Skew D90/D10 Skew D90/D10 Skew 

83 3.94±0.33 0.21  7.58±0.61 1.31  3.32±.0.07 0.27 4.58±0.08 0.01 

169 3.83±0.00 0.14  6.92±0.24 1.30  3.45±0.03 0.14  5.04±0.03 0.13 

478 5.25±0.05 0.33  11.46±0.19 1.36  4.60±0.15 0.22  5.13±0.02 0.45 

878 6.58±0.26 0.52  15.26±0.87 1.39  5.73±0.03 0.46  5.90±0.36 0.57 

83* 4.24±0.13 0.16  6.57±0.24 1.18  4.13±0.19 0.12  5.29±0.04 0.11 

 
 

Energy 

G (s
-1

) 

RF 

BedS SusF 

D90/D10 Skew D90/D10 Skew 

83  3.99±0.03 0.02  9.29±0.35 0.39 

169  4.53±0.10 0.05  9.97±0.13 0.30 

478  5.48±0.07 0.22  11.34±0.08 0.53 

878  6.47±0.01 0.32  12.50±0.20 0.78 

83*  5.44±0.12 0.06  12.08±0.10 0.28 

 

* Final agitation. Values are averages of three replicates ± SD. 

 

Table 4.1. Particle size distribution after different agitation speeds 
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Each line represent the energy level (G=s
-1

). Curves are one replicate for each site 

 

Figure 4.2 Histogram of particle size distribution based on real time data (v/v) for each 

energy level in CSO, RF an SB. 
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Figure 4.3 Release of E.coli (%) and floc size reduction (D50) with Energy impact in 

CSO, RF and SB. Left Side- Release of E.coli as determined by recovery of viable cells 

on DC media, Right Side- Release of  total E.coli as determined by estimation of copies 

by qPCR. Bars are percentages from average of counts. Lines are averages of three 

replicates from D50 size. 
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4.4.2 Factors that affect particle and microbial transport 

 

Sediment transport is a key physical process that further influences microbial 

dynamics. The resuspension, transport, and deposition of sediments are controlled by the 

fluid hydrodynamics and the characteristics of the sediment. For example, hydrophobicity 

and surface charge are two physicochemical properties that are recognized to exert an 

important influence on the extent of microbial adsorption in aqueous systems; they 

pertain to the counteracting interactions of hydrophobic attraction and electrostatic 

repulsion, respectively (van Oss 2006). These properties often vary with floc size (Chi-

cheng Chiu et al. 2009, Godawat et al. 2009, Mittal and Hummer 2008, Athawale et al. 

2009, Ashbaugh and Paulaitis 2001).  

 

In this study, the surface charge and hydrophobicity of SB, CSO and RF showed 

that the SusF hydrophobicity was highest for SB (33.34±6.28%) followed by RF 

(20.76±1.61%) and CSO (12.82±5.05%). BedS hydrophobicity was higher for RF 

(37.74±3.09) followed by SB (37.09±8.11) and CSO (30.1±2.4). Hydrophobicity showed 

a direct correlation with particle size, as hydrophobicity increases D50 seemed to 

increase (Spearman rank: r = 0.54, p= 0.05). Hydrophobic particles tend to aggregate and 

hydrophilic particles tend to disperse in water; if flow conditions (in situ, before SFC) 

were such that no floc breakage or building occurred, then, it is hypothesized that small 

particles should aggregate until they reach some critical size, at which point the 

aggregate-water interface becomes hydrophilic due to its decreased curvature and stops 

growing. Chiu et al. (2009) found that the curvature-dependent 
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hydrophobicity/hydrophilicity dictates the shape of colloidal aggregates. When they 

restricted the shape by assuming spherically coalesced aggregates, they found a critical 

size beyond which colloidal (applicable to flocs) stability was achieved.  

 

 A non-linear relationship between hydrophobicity and particle strength (Spearman 

rank: r=-0.472, p= 0.05) corroborates that hydrophobicity is an important affinity force in 

the cell attachment as it reveals a pattern in the dissociation/detachment of bacteria within 

SusF and BedS. High cell surface hydrophobicity would result in a stronger cell-to-cell 

interaction which leads to a dense microbial structure (Liu et al. 2005).  

 

Liu et al. (2005) showed that cell surface hydrophobicity in flocs and production 

of exopolysacharides are strongly related to the agitation rate applied. Their results 

showed that an increase of agitation rate (laminar flow) increased particle size (almost 

double), accompanied by an increase in both cell surface hydrophobicity and extracellular 

polysaccharide production. It can be considered that, the relationship found in the current 

study between particle strength and hydrophobicity is due to the increase/release of 

microorganisms due to breakage. Additionally, a lower dissociation of bacteria is seen in 

stronger flocs (high strength factor). The lower the value of strength factor, the more 

sensitive the flocs are to breakage. If flocs are not broken apart further within the system 

the percentage of released bacteria detached from the floc reduces (Figure 4.3). The 

highest floc strength was found in RF(SusF), followed by SB(SusF), CSO(BedS), 

SB(BedS), CSO(SusF), RF(BedS) (Figure 4.1). The higher strength in SusF shows, once 

again, that the organic flocs (except CSO) had the most resistance to breakage across a 
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whole range of shears. Although the sensitivity (strength) is shear dependent, the 

breakage may promote pathogen dissociation with concomitant implications to human 

health risk. 

 

4.4.3 Microbial dissemination 

  

In order to determine how the microbial aggregates, can be a source for pathogen 

dissemination, free-floating and particle-associated bacteria were quantified in SusF and 

BedS. A critical factor in determining human health risk is the partitioning of particle-

associated and free-floating cells within pathogenic organisms in the water column. 

Particle-associated bacteria are generally less mobile in the environment, settle faster, and 

may have different rates of mortality than their free phase counterparts (Christensen-

Dalsgaard and Fenchel 2003, Iribar et al. 2008, Chang et al. 2007, Maugeri et al. 2004, 

Lehman and O'Connell 2002, Riemann and Winding 2001). The results in this study 

showed no significant difference (ANOVA: p= > 0.05, =0.05) between energy effects in 

free-floating and particle associated bacteria for SB and CSO flocs (BedS and SusF) on 

heterotrophic plate counts and E.coli counts; however, total coliform counts showed a 

significant difference in counts of CSO-BedS flocs, compared to those of CSO-SusF 

(Figure 4.4), with energy effects higher than 169s
-1

 (ANOVA: p< 0.032, =0.05). This 

can be explained due to the higher particle strength of SusF compared to BedS. Bacteria 

are released when the exposed mechanical forces (shear stress) are higher than those 

holding them together. Furthermore, there was a significant difference (ANOVA: p = 

0.03) in total coliform free-floating counts in CSO-BedS flocs compared to CSO-SusF 
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with turbulent speeds (878s
-1

), again suggesting a dissociation of bacteria from the flocs. 

For the free-floating fraction of RF-BedS, the differences were observed as soon as the 

energy was applied onto the system (G=83s
-1

) (ANOVA: p=0.05, =0.05). The BedS and 

SusF of RF showed a significant difference in HPC counts between both fractions with 

high energy effects (G=878s
-1

) (ANOVA: p< 0.016, = 0.05). As shown in Figure 4.2 the 

lowest strength was observed for the RF(BedS) and, therefore the higher the release of 

bacteria to the aqueous phase from the floc (For a complete list of p values see Appendix 

D). Coliforms were released to a greater extent compared to HPC may be due to the 

amount present in the samples and group features that can affect the attachment/release 

from the particles (i,e., cell wall hydrophobicity, ionic strength). Edberg and Smith 

(1989) examined and related the presence of either heterotrophs or total coliforms from 

drinking water and treatment plants and found that the presence of HPC had a low 

correlation coefficient with TC, as determined by hits-and-misses and numerical 

comparisons. The enumeration of one group was found to be independent of the other, 

therefore the amount present/released in each sample is due to the concentration of 

individual group of microorganisms.  

 

With the purpose of estimating the amount of E.coli copies, in both BedS and 

SusF, and to determine the differences in E.coli dissociation/release after SFC, qPCR 

assays were used. These results showed a significant difference between free-floating and 

particle-associated E.coli in SB (SusF, BedS), CSO (BedS) and RF (SusF, BedS) on 

speeds higher than 169 s
-1

.
 
The early detection of a significant difference compared to the 

plating techniques, can be explained due to the ability of real time PCR to enumerate all 
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cells (live, dead and viable but not culturable [VBNC]). VBNC cells are potentially 

pathogenic and infective and cannot be enumerated using culture-based methods 

underestimating total counts. The counts (HPC, TCC, E.coli) between the BedS and the 

SusF for all sites showed a significant difference for all microorganisms evaluated 

(ANOVA: p= <0.015, =0.05). Sediment is therefore, an important substance that needs 

to be taken into account, as current sampling techniques are based solely on the 

acquisition of samples above the bed surface, and assumes that all bacteria are in 

planktonic phase. These techniques also do not take into consideration the potential 

resuspension of bed sediment particles (if sampling is performed before a resuspension) 

and their possible- associated release of organisms with shear (Chapter 3). 

 

It is important to note that according to the results presented in Chapters 3 and 4, 

free-floating counts can be used as markers of contamination (after terrigenous and 

human inputs) when energy effects (turbulent events) are sufficient to break flocs apart 

(both SusF and BedS) and when indicator organisms are to be used. As shown, BedS and 

SusF follow the same trend within the years sampled; therefore, the assessment of total 

planktonic counts (coliforms) can be performed to assess water quality at the appropriate 

time. However, this can only be performed in a timely matter as re-flocculation 

(association with particles) occurs (note decrease in counts after a decrease in shear 

Chap3); and because it is difficult to know when to sample, given that energy and floc 

dynamics are challenging to predict in the environment and are very site specific (i.e, 

varies between sites) it is recommended that a variety of variables are evaluated before 

determining the degree of microbial contamination.   
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Figure 4.4 Total Coliform counts (TCC) and Heterotrophic Plate counts (HPC) of RF 

and CSO samples after exposure to different energy regimes in relation with D90/D10 

Ratio. Microbial counts were converted into decimal logarithms to normalize their 

frequency distribution (Bars are average of counts ± 1 SD).  
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4.4.4 Free-floating and particle-associated microbial diversity  

 

The abundance and diversity of free-floating and particle-associated bacteria in 

both SusF and BedS was assessed by examining the DGGE profiles of PCR amplified 

bacterial 16S rDNA fragments (Figure 4.5). It is important to take into account that these 

assessments are based on an analysis of roughly 15% of the 16S rDNA gene (relative to 

the microorganisms of interest in this study this is sufficient) due to the primer set and the 

fragment size that was used. In order to obtain a complete diversity array of bacteria, 

different primer sets need to be evaluated that amplify a nearly full-length 16S rDNA 

from many bacterial genera such as those described by (Weisburg et al. 1991); however, 

the denaturation of larger size fragments may result in low non-reproducible resolutions.  

 

In general, profiles from the two samples (BedS and SusF) were very similar in 

appearance (diversity). Calculations of Shannon’s Diversity index showed that the 

highest richness (more communities) was found for the particle-associated fraction of the 

BedS of RF with a value of 2.73±0.03 followed by the particle-associated fraction of the 

BedS of CSO (2.57±0.14). Higher diversity in bacterial community composition of the 

particle-associated fraction was observed particularly in the BedS. The differences in the 

Shannon index between the fractions (free-floating vs particle-associated) in BedS and 

SusF for all sites were always smaller than the differences between treatments (energy 

effects), suggesting a dissociation of bacteria from the floc to the water (Table 4.2). 

Additionally, as observed by Riemman et al. (2001) and Hollibaugh et al. (2000), the 

community richness was higher for the free-floating fraction, both for SB and RF (BedS 
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and SusF); however, this was the opposite for CSO. One possible explanation was the 

amount of fecal matter present in the SusF of CSO, which contains nearly 20% of 

bacteria from the solid matter present in feces (Vaahtovuo et al. 2005). This can also be 

observed with the dendogram analysis. 

 

As shown in the dendograms, there were strong similarities between the 

composition of free-floating and particle-associated fractions (Figure 4.5) for both BedS 

and SusF in all sites, as many bands present in the particle-associated fraction were also 

present in the free-floating fraction. The dendograms, based on similarity analyses of 

DGGE profiles, showed that there was a significant difference in the composition of free-

floating and the particle-associated assemblages following SFC; however, this was 

caused mainly by the larger number of unique phylotypes in the particle-associated 

fraction. If it is presumed that noticeable DGGE bands represent the prominent, 

amplifiable phylotypes, then the predominant particle associated phylotypes were also 

important members of the free-floating bacterial assemblage. Thus, bacteria colonizing 

particles originated from prominent members of the free-floating assemblage and/or there 

was a substantial release of cells from the particles to the surrounding water. However, in 

this context, it should be emphasized that the conclusion relies on the key differences 

between the two fractions (free-floating and particle-associated), which were the 

position/migration of the bands (particle-associated and free-floating fractions had 

different migrations). Therefore, taking into consideration that DGGE bands with the 

same migration distance are considered to be identical sequences (Muyzer et al. 2004); 

this finding indicates that the stacking filter technique and the additional washing steps 
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were appropriate, and not responsible for the similarities between the fractions; these 

similarities suggest either the particle environment is similar to the bulk phase water, or 

there is relatively rapid exchange between particle-associated and free-floating 

communities after an energy is applied. 

 

The analyses of the free-floating and particle-associated communities of 

microorganisms in these samples, suggest that these two fractions function as one 

ecological and biogeochemical unit with relatively rapid exchange between them. The 

differentiation between SusF and BedS may depend on the availability in the particle 

microenvironment of organic matter, which in natural waters is related to terrigenous 

inputs, and in sewage sites, to human inputs (Middelburg and Herman 2007, Droppo et 

al. 2002). 

 

As more water quality issues emerge, a wider knowledge is needed in order to 

optimize existing techniques for water quality assessment and suggest ways to minimize 

water pollution. The results of this study indicate that even though standardized methods 

for the assessment of pathogen contamination have been implemented for years, it is 

recommended for water practitioners to assess the presence of microorganisms in flocs in 

order to determine their ability to release bacteria after an increase in shear. 

 

Figure 4.5 (Next page) UPGMA dendogram generated from bacterial DGGE profiles during the 

course of the simulated flow conditions based on Pearson similarity correlation   

Bacterial community composition profiles for a) for Sunny-Side Beach (SB); b) Reference Site 

(RF); c1) BedS of Combine Sewage Outfall (CSO); c2) SusF of CSO. Numbers indicate energy 

equivalents in G (s
-1

). a=particle associated fraction, f= free-floating fraction; sed=cohesive bed 

sediment no energy applied, Floc= suspended floc no energy applied, Wat=Water no energy 

applied. Patterns are resuts from composite samples of replicates. 
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Figure 4.5 Continuation…  UPGMA dendogram generated from bacterial DGGE profiles during the course of the simulated flow 

conditions based on Pearson similarity correlation   
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Energy SB RF CSO 

Level BedS SusF BedS SusF BedS SusF 

G (s
-1

) H' EH H' EH H' EH H' EH H' EH H' EH 

83i_f 2.23 0.90 2.13 0.93 N/D N/D 2.14 0.84 N/D N/D 2.62 0.95 

169f 2.26 0.91 N/D N/D N/D N/D 2.24 0.83 2.27 0.82 1.74 0.97 

478f 1.76 0.90 1.99 0.91 N/D N/D 2.37 0.90 2.53 0.89 2.76 0.94 

878f 2.39 0.88 2.14 0.93 N/D N/D 2.51 0.89 2.49 0.84 2.84 0.93 

83f_f 2.39 0.91 N/D N/D 2.72 0.94 2.49 0.88 2.80 0.95 2.68 0.95 

Average 2.21 0.90 2.09 0.92     2.35 0.87 2.52 0.88 2.53 0.95 

Stdev 0.26 0.01 0.08 0.01     0.16 0.03 0.22 0.06 0.45 0.02 

83i_a N/D N/D 2.30 0.85 2.69 0.93 1.96 0.71 2.57 0.86 2.70 0.90 

169a N/D N/D 1.26 0.48 2.75 0.95 1.99 0.72 2.78 0.88 2.59 0.90 

478a N/D N/D 2.11 0.92 2.75 0.95 2.08 0.73 2.57 0.84 2.47 0.87 

878a N/D N/D N/D N/D 2.72 0.94 1.88 0.68 2.50 0.83 2.42 0.84 

83f_a N/D N/D N/D N/D N/D N/D 1.80 0.68 2.42 0.89 2.56 0.87 

Average     1.89 0.75 2.73 0.94 1.94 0.70 2.57 0.86 2.55 0.87 

Stdev     0.55 0.24 0.03 0.01 0.11 0.02 0.14 0.02 0.11 0.03 

Water 2.05±0.08 0.79±0.01 2.49 0.92 N/D N/D N/D N/D 1.71 0.62 N/D N/D 

Sed 2.29 0.87     2.64±0.02 0.94±0.00     2.62 0.91     

Floc     2.72 0.94     1.78 0.61     2.43±0.12 0.81±0.03 

H’ = Shannon’s Diversity Index, EH= Shannon’s Eveness index; N/D- Not determined, i_f: initial free, i_a: initial particle associated, 

f: free-floating, a: particle associated. Values are results from composite samples. 

 

Table 4.2. Shannon’s Diversity Index of BedS and SusF for RF, CSO and SB for different energy levels 

1
1
7
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4.5 SUMMARY AND CONCLUSION 

 

The exposure of the particles to higher shears resulted in an increase of skew 

coefficient for all the sites and samples; an increase in the skew suggests an increased 

amount of particles in the smaller range size. When particles broke apart (becoming 

smaller) the number of dissociated bacteria from the sediments increased. It is feasible, 

that if the size of the particle and microorganism aggregate is known, then the 

distribution of particles may well be a useful alternative for the surrogate of microbial 

transport/presence. The different energy regimes applied in this study, did not appear to 

have a great impact on Total Coliform Counts, Heterotroph counts, and E.coli counts in 

free-floating and particle associated fractions (ANOVA: p > 0.05) for both BedS and 

SusF; however, real time PCR analysis showed a significant difference between fractions 

after the increase of energy effects. These differences are primarily related to the ability 

of qPCR to enumerate all cells (live, dead and VBNC bacteria). A non-linear relationship 

between hydrophobicity and particle strength (Spearman rank: r=-0.472, p= 0.05) 

corroborates that hydrophobicity is an important affinity force in the cell attachment as it 

reveals a pattern in the dissociation/detachment of bacteria within SusF and BedS. Higher 

diversity in bacterial community composition of the particle-associated fraction was 

observed particularly in the BedS. The differences in the Shannon index between the 

fractions (free-floating vs particle-associated) in BedS and SusF for all sites were always 

smaller than the differences between treatments (energy effects). These effects on 

microbial community indicate a potential release of particle-associated microorganisms 

to the aqueous phase due to the increase in energy effects. Overall, the differences 
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between sites and samples were due to likely differences in climatic, physical 

(hydrodynamics), chemical and biological characteristics between sample years. Results 

in this study, indicate the importance of assessing microbial communities in aquatic 

particles (both suspended and bed sediment) and correlate physico-chemical variables in 

order to better assess aquatic and human health risk from waterborne pathogens. 
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CONNECTING PARAGRAPH 

 

In the previous two chapters BedS and SusF were used to assess the microbial 

detachment and the changes in floc structure and microbial diversity along with energy 

effects and the associated shifts in proportion of free-floating and particle-associated 

microbial communities. Because free-floating and particle-associated bacterial 

assemblages are metabolically and phylogenetically distinct [human-impacted 

ecosystems have drastic effects on the microbial communities (Moura et al. 2007)], and 

because the dispersion of antimicrobial resistance genes throughout human-impacted 

ecosystems has created a world-wide crisis in controlling infectious diseases (Moura et 

al. 2007, Moura et al. 2010, Luo et al. 2010, Gillings et al. 2008b, Fonseca et al. 2006, 

Stokes et al. 2006); a comparison of the diversity and succession among free-floating and 

particle-associated bacteria within flocs (BedS and SusF) at different energy levels is 

necessary. In the following chapter the abundance of antibiotic resistance genes and Class 

1 integrons (intI1), and the distribution and abundance of these genes as a result of 

ecosystem disturbance is investigated. 
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CHAPTER 5 

 

ASSESSMENT OF COMMUNITY DYNAMICS OF FREE-FLOATING AND 

PARTICLE-ASSOCIATED BACTERIAL ASSEMBLAGES AND ABUNDANCE 

OF CLASS 1 INTEGRONS IN HUMAN IMPACTED SITES 

 

5.1 ABSTRACT 

 

The diversity and succession among free-floating and particle-associated bacteria 

at different energy levels and the abundance of antibiotic resistance genes and Class 1 

integrons (intI1) as a result of ecosystem perturbation were assessed. Total community 

DNA was obtained from six diverse sites, and bacterial community structure was 

evaluated by DGGE analysis of 16s rDNA gene fragments. Detection of mobile elements 

(class 1 integrons) that contribute to lateral gene transfer was carried out by PCR 

mapping. Isolates cultured in McConkey and yeast extract agars were identified by 

BLAST, and expression of resistant genes determined by Identibac® microarray. 

Analysis of DGGE profiles showed the community dynamics of free-floating and particle 

associated bacterial assemblages and demonstrated the detrimental impact of energy 

regimes in microbial communities. A total of 17 different cassette arrays were found in 

the environmental samples, containing genes encoding resistance to aminoglycosides 

(aadA), quaternary ammonium compounds (qac), erythromycin (ereA) and glyoxylase 

(Bpro), among others. Recombination sites (attc, aatI) and promoters (Pc) were found in 

higher frequency in those samples that were exposed to high energy levels. Isolate 
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identification confirmed the presence of resistant pathogenic organisms and microarray 

results corroborated the expression of some resistant genes. The combination of 

community DGGE analysis with the analysis of integrons constitutes a valuable tool for 

evaluating the complexity of bacterial communities and the microbial shifts during 

shears, providing evidence that antibiotic resistance genes are present within sediments 

(bed and floc). 

Keywords: integron, particle-associated bacteria, free-floating bacteria, gene cassettes, 

energy regimes 

 

5.2 INTRODUCTION 

 

Free-floating and particle-associated bacterial assemblages are metabolically and 

phylogenetically distinct (Riemann and Winding 2001). Moreover, human-impacted 

ecosystems have drastic effects on the microbial communities inhabiting the water and 

sediment. Human impact affects the composition of the environment and therefore, 

microbial activities and transfers (Lafolie 2005).  Nowadays, the dispersion of 

antimicrobial resistance genes throughout human-impacted ecosystems has created a 

world-wide crisis in controlling infectious diseases (Davies 2007). The increasing 

incidence of resistance to a wide range of antibiotic agents by a variety of organisms is a 

major concern. Microbial resistance has been found in environmental samples unaffected 

by any human activities, suggesting that these genes were mobilized before the 

introduction of antibiotics (Gillings et al. 2008b), and that these elements have a more 

general role to play in bacterial adaptation beyond encoding antibiotic resistance 
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(Gillings et al. 2009a). This is sustained by the finding of novel class1 integrons in the 

environment that have both intI1 sequence diversity and gene cassettes encoding novel 

proteins not related with drug resistance (Stokes et al. 2006, Gillings et al. 2008a). Class 

1 integron genes can reveal substantial sequence diversity in natural environments (97% 

DNA homology) (Gillings et al. 2008b, Gillings et al. 2008a). A large number of 

environmental samples that carry gene integrases encode resistance to quaternary 

ammonium compounds (qac) (Gillings et al. 2009a). 

 

These integrons are mobile elements that carry an integrase enzyme (intI), which 

inserts circular gene(s) cassettes at an integron-associated recombination site (attI, attC) 

and then drives their expression with an adjacent promoter (Pc) (Stokes and Hall 1989, 

Hall et al. 1991). Integron integrases catalyse the integration of cassettes by recombining 

the attC sites with the attI, while dispersing cassettes by recombining attC sites. Integrons 

contain two conserved sequences (5’ and 3’) separated by a variable region which 

includes the cassettes.  

 

 The resistance cassettes of microorganisms to antimicrobial agents can be divided 

into two general categories: intrinsic (refers to inherent or natural), and acquired 

(develops over time). Acquired resistance may arise as a result of the occurrence of 

mutations or the acquisition of DNA. Although antimicrobial resistance has been found 

in clinical isolates for some decades, until recently, existence of these genes in the 

environment was accorded very little attention. In surface waters (i.e., rivers, lakes), 

ground water, drinking water, and sediments, resistant bacteria may be present due to a 
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variety of different reasons: waste water disposal (antibiotics used in medicine for the 

treatment of infections can be released non-metabolized into the environment via waste 

water), application of antibiotics in fish, and leaching from fields fertilized with animal 

slurry (Kümmerer 2004). 

 

According to Murray (1997), the transfer as well as the emergence of new 

combinations of resistance genes will happen most frequently in compartments with high 

bacterial density (i.e., biofilms, flocs). Flocs in water systems provide an advantageous 

heterogeneous environment, represented by diverse and adaptable communities which 

may provide phenotypic versatility. The objective of this study is to compare diversity 

and succession among free-floating and particle-associated bacteria within flocs at 

different energy levels, to monitor the abundance of antibiotic resistance genes and Class 

1 integrons (intI1), and to assess the distribution and abundance of these genes as a result 

of ecosystem disturbance. The obtained information should provide an understanding of 

the effects of shear stress in the reservoirs of antibiotic resistant genes present in natural 

aquatic environments. 

 

5.3 MATERIALS AND METHODS 

5.3.1 Sampling and extraction of DNA from Environmental Samples 

 

Five diverse sites were sampled during 2009 and 2010. A beach area often closed 

due to high indicator organisms (SB), and agricultural impacted river (AG), a mining 

impacted lake (MN), a combine sewage outfall (CSO), mixed liquor from a waste water 
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treatment plant (ML), and a reference site not influenced by any anthropogenic activities 

(RF) (Site location, detailed sample procedures and characteristics are provided in 

Chapter 3 and 4). 

 

As mention in Chapter 3, samples were subjected to energy regimes simulating 

laminar and turbulent flows to assess floc strength and measure community dynamics. 

DNA was extracted from water (100-500ml), and suspended particles (0.5-2g) on the 

sampling day and during agitation experiments. During agitation experiments, 100 ml of 

water was taken at the last 5 minutes of every agitation time. ‘Free-floating’ bacteria 

were extracted using 50ml of water from the reactor using a stacking-filter technique; 

ranging in pore sized of  3m - 1m – 0.45m. This layering will filter out particles and 

allow the 0.45m filter to trap ‘free-floating’ microorganisms. The layered filter system 

was washed with sterile water or sterile phosphate buffer to knock down some of the 

trapped microorganisms on the larger pore size filters. After washing, the filters were 

placed in a bead tube using the Ultraclean soil DNA isolation kit (MoBio Laboratories 

Montréal, QC, Canada) and the protocol proceeded as per the manufactures instructions. 

The additional 50 ml of the previous collection was centrifuged at a low speed to settle 

down particles. The supernatant was discarded, and settled particles were used for DNA 

extraction of ‘particle-associated’ microorganisms following the manufacture’s protocol 

(MoBio Laboratories Montréal, QC, Canada). 

 

The genomic DNA was quantified using PicoGreen ® dsDNA Quantitation 

reagent (Invitrogen, Burlington, ON, Canada). DNA concentration was adjusted to 2 



126 

 

ng/μl so that equivalent amounts of DNA were used as templates in PCR reactions. E.coli 

was used as positive control in standard curves to estimate the amount of DNA in the 

samples. 

 

5.3.2 DGGE Analysis of PCR amplified 16S rDNA  

 

Differences in bacterial community structure were evaluated by DGGE profiles of 

PCR-amplified 16S rDNA from sediment, water, and ‘free-floating’ and ‘particle-

associated’ fractions. Bacterial 16S rDNA was amplified by PCR using primer pair R-

341GC and F-907 (Green et al. 2004). PCR reactions (50l) contained 1X PCR Buffer 

(Platinum, PCR SuperMix) (Invitrogen, Burlington, ON, Canada), 0.2 M of 341GC, 

0.35M of 907, and 20ng of DNA template (sterile water and E.coli were used as 

controls) . PCR cycling was done in a C1000 Bio-Rad thermocycler, using an initial 

denaturation of 30 sec at 94˚C, 30 cycles of 30 sec at 94˚C, 1 min at 55 ˚C and extension 

of 68 ˚C for 1 min. Duplicate PCR reactions were pooled and purified using Wizard SV 

Gel-Clean DNA kit (Promega, ON, Canada). The genomic DNA was quantified using a 

NanoDrop 8000 spectrophotometer (Thermo Scientific, Canada) (sterile water and E.coli 

were used as controls), and 2000ng of DNA was loaded on an 8% polyacrylamide Gel 

(acrylamide: N, N’-methylenebisacrilamide 37:1) containing a denaturant gradient of 20-

70%, top to bottom (100% is 7M urea and 40%v/v formamide). Electrophoresis was 

performed with a DCode
TM

 Universal Mutation System (Bio-Rad, Hercules, CA, USA) 

using a 1X TAE running buffer at 60˚C for 18h at 100 V. Gels were stained for 30 min in 

SYBR safe (1X dilution; Invitrogen, Canada) and photographed with UV transiluminator. 
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A DNA mixture of 500 ng (each) of E.coli, Listeria monocitogenes and Pseudomonas 

aeuroginosa were used as positive controls in banding patterns; a negative PCR reaction 

(nanopure water) was used as negative control. Dendograms were constructed from 

DGGE banding patterns by Gene Tool software (Syngene, USA) using Dice coefficient 

and UPGMA cluster analysis (unweighted pairgroup method using arithmetic average). 

Shannon-Weaver index of diversity was calculated in SAS v.9.2 (SAS Institute In, USA). 

 

5.3.3 Screening and sequencing of Class I integrons 

 5.3.3.1 Microbial Plating and extraction of total DNA.  

 

McConkey Sorbitol (Difco®; Mississauga, ON, Canada) and yeast extract agars 

were used to perform a spread plate for DNA extraction to identify possible antimicrobial 

viable microorganisms in flocs samples (Chapter 3). DNA was extracted from individual 

isolates picked from the plates, restreaked isolates, and from total growth scraped from 

plates. DNA was prepared using a DNeasy Blood and Tissue Kit (Qiagen, Toronto, ON, 

Canada). For individual isolates, a 1.5kb fragment of the 16S rRNA was amplified using 

primers F27 and R1492 (Heuer et al. 1997) (sterile water and E.coli were used as 

controls). Sequencing was performed by MOBIX Lab (McMaster University, Hamilton, 

ON, Canada). The isolates were identified based on the closest match from BLAST 

searches of the 16S sequences. 

 

A DNA microarray (Identibac, Germany) was used to detect antimicrobial 

resistance in genomic DNA isolates. Various concentrations of genomic DNA were used 
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as a template for Identibac analysis. DNA was processed for AMR-ve (DNA array for the 

simultaneous detection of resistance genes in Gram-negative bacterial isolates) and EC 

(DNA array for the detection of virulence genes in Escherichia coli isolates) arrays as 

described elsewhere (Batchelor et al. 2008, Anjum et al. 2007). Despite the fact that the 

Identibac kit is designed to be used for a single strain and genes are only considered 

present if the signal is high; the designations of low (0.05-0.2), moderate (0.2-0.4), and 

high (>0.4) signals were described when the gDNA used originated from a pool of strains 

growth in the media. Low signals might be true signals with low copy number in the 

sample (results obtained with increasing concentrations of DNA validate this approach). 

 

Additionally, the pooled DNA of strains was used to amplify aacC, aadA (Hujer 

et al. 2006), blaACT (Lasergene software was used to aid in primer design. Aligning 7 

blaACT sequences) and tetC (Fonseca et al. 2006) genes. Amplifications were carried out 

in a 50l reaction containing 200M dNTPs, 1X iProof buffer (Biorad, Hamilton, ON, 

Canada), 1.6M of each primer, 3% of DMSO, 500M of MgCl2 and 1U of iPROOF 

polymerase (BioRad, Canada) and 100ng of DNA template. PCR cycling used an initial 

activation step of 30 sec at 98˚C, 30 cycles of 10 sec at 98˚C, 30 sec at 60˚C (sul2), 64˚C 

(aacC1), 63˚C (blaACT), 62˚C (aadA1), 55˚C (tetC); 15 sec at 72˚C and a final extension 

at 72˚C for 7 min. Products were separated on a 1% agarose gel in Tris–acetate-EDTA 

buffer and visualized using SYBR® Safe DNA gel stain (Invitrogen, Canada). Bands of 

the expected size were excised and extracted using a QIAquick Gel Extraction Kit 

(Qiagen, Toronto, ON, Canada) and cloned into Zero Blunt® TOPO® (Invitrogen, 

Canada). Plasmid DNA was isolated from several colonies from each reaction using a 
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QIAprep Spin Miniprep Kit (Qiagen, Toronto, ON, Canada).  Plasmids were digested 

following manufactures protocol, with EcoRI (FastDigest, Fermentas, Burlington, ON, 

Canada) and separated on a 1% agarose gel. Constructs showing a dropout of the size 

expected were subjected to a second digest designed to cut both vector and gene. 

Restriction enzymes used for these digests were aacC1 – EcoRV (FastDigest, Fermentas, 

Burlington, ON, Canada), aadA1 – XmnI, HindIII (New England Biolabs, Pickering, ON, 

Canada), blaACT – KpnI (FastDigest, Fermentas, Burlington, ON, Canada); no second 

digest was performed for expected sul2 and tetC constructs.  Plasmids showing the 

correct band sizes were sent for sequencing (MOBIX Lab, McMaster University, 

Hamilton, ON, Canada). 

 

 5.3.3.2 Genomic DNA from Environmental Samples 

DNA extracted from water, suspended floc (SusF), and bed sediment (BedS) on 

the sampling day and during agitation experiments were used to amplify bacterial 

integrons by PCR using primer set 5’CS (5’ GGC ATC CAA GCA GCA AG 3’) and 

3’CS (5’ AAG CAG ACT TGA CCT GA) (Levesque et al. 1995). Positive controls used, 

contain the pVS1 plasmid (without cassette in the variable region of class 1 integrons; 

amplicons of 100 bp), the R538 plasmid (with the aadA1 cassette: amplicons of 1.0kb), 

and two P. aeruginosa strains (PA3 and PA4) containing integrons characterized by 

variable regions of 3.8kb (aadB+aac(6')29c+cmlA4+oxa45) and 2.8kb 

(oxa2+aac(6')IId+aacA7+orfD) respectively. Controls were provided by the laboratory of 

Dr. Paul H. Roy at the Infectious Disease Research, Université Laval, Québec, Canada. 

Amplifications were carried out in a 50 l reactions containing 0.2M dNTPs, 1X 
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thermoPol reaction buffer (NEB, Canada), 0.25M of each primer, and 0.05 U/ul of Taq 

Polymerase (NEB, Canada) and DNA template. PCR cycling was done in a C1000 Bio-

Rad thermocycler, using an initial activation step of 30 sec at 95˚C, 30 cycles of 30 sec at 

95˚C, 1 min at 54.4˚C, 1 min at 68˚C and a final extension at 68˚C for 5 min. Products 

were separated on 1.5% agarose gels in a 1% Tris-borate-EDTA buffer visualized by 

ethidium bromide staining and bands were excised and further cleaned with GeneJet Gel 

extraction kit (Fermentas, Burlington, ON, Canada). Pure excised bands were sent to 

AAC Genomics Facility at the University of Guelph for sequencing. Putative ORFs were 

identified using gene locator and interpolated Markov ModelER (GLIMMER v.3.02)   

(http://www.ncbi.nlm.nih.gov/genomes/MICROBES/glimmer_3.cgi). Functions were 

assigned to each ORF after performing BLASTX and TBLASTN searches 

(http://blast.ncbi.nlm.nih.gov/). Gene cassettes and their associated attC, attI and Pc sites 

were identified using INTEGRALL database (http://integrall.bio.ua.pt/?) (Moura et al. 

2009). 

 

5.3.4 Statistical analysis 

All statistical analyses for the particle analysis was performed using MINITAB 

(ver 15.1) from MINITAB, Inc. Standard one way analysis of variance was used to 

determine differences in treatments, while mean comparisons among treatments and sites 

was performed using Fisher’s protected least significance difference test (5% level).  All 

correlations between variables were performed using Spearman Rank correlation 

coefficients. Microbial counts were converted into decimal logarithms to normalize their 

frequency distribution. Pseudoreplication was used to test for treatment effects in 
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molecular analysis. Pairwise comparisons were carried out to evaluate the similarity of 

microbial communities between sites. Normalization and analysis of fragment sizes 

(DGGE) were performed using Gene Tool software (Syngene, USA). The normalized 

banding patters were used to generate dendograms by calculating the Pearson product 

moment correlation coefficient and by UPGMA clustering.  All values are reported in 

averages ± 1 SD. 

 

5.4 RESULTS AND DISCUSSION 

 

The aim of this work was to compare the diversity and succession among free-

floating and particle-associated bacteria at different energy levels, to monitor the 

abundance of antibiotic resistant genes and Class 1 integrons (intI1) and to assess the 

distribution and abundance of these genes as a result of ecosystem disturbance. Six 

diverse sites were sampled to assess the microbial distribution and increase of intI1 genes 

as a result of disturbances by different energy levels. The CSO and SB sites serve large 

cities and receive waters where released bacteria can reside presumably for longer and 

more variable periods in nutrient-diluted water suspensions, thereby increasing pathogen 

loads. On the other hand the AG and RF sites may be a pool for bacterial adaptation as 

families of cassettes conferring resistance to quaternary ammonium compounds (qac) are 

found on class 1 integrons identical to those from clinical contexts, on sequence variants 

of class 1 integrons only known from natural environments, and on other diverse classes 

of integrons only known from the chromosomes of soil and freshwater Proteobacteria 

(Gillings et al. 2009a) . 



132 

 

Table 5.1 shows the amount of total organic matter and EPS of all sites. The gross 

organic matter and the EPS content for CSO suspended floc was higher compared to RF, 

AG, and SB, suggesting CSO a highly stable site regarding microbial diversity due to 

availability of nutrients. It was hypothesized that because pools of dissolved and 

particulate organic matter appear to be involved in dynamic exchange reactions, then the 

diversity of microbial sediment communities were influenced by the trophic state 

(amount of organic matter content) (Wobus et al. 2003). In this study, to assess the 

microbial diversity, Shannon’s diversity index was calculated for all the sites and was 

dependent upon the community eveness and richness. Shannon’s Evenness index 

represents the relative abundance of different species; the higher the value, the more 

evenly distributed is the community. Shannon’s Richness measures the number of species 

present; the higher the value, the more species. It is important to take into consideration 

two potential sources of bias that influence this general diversity index. The species 

diversity might be higher, since sequences (Wobus et al. 2003) with a similarity of the 

gene fragment of >97% can belong to different bacterial species (Wobus et al. 2003). 

Moreover, the frequency of sequences amplified by PCR probably does not reflect the 

abundance of the corresponding bacterial species in a community because of PCR drift 

and selection (Chandler et al. 1997) as preferential amplification can occur. 

 

Figure 5.1 shows Shannon’s Diversity index (bottom Evenness, top Richness), for 

‘free-floating’ and ‘particle-associated’ communities revealed by DGGE analysis during 

different agitation speeds. Community diversity varied with the energy impact due to the 

breakage of particles, and therefore the release of particle-associated microorganisms. In 
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addition the distribution of the species varied (ANOVA: p < 0.05) in regards to previous 

shears. These mathematical indices suggest that the MN site bacterial community has 

weaker diversity and a dominant structure (greater concentration of microorganisms), in 

contrast to the CSO and SB that show more diversity. As for the energy regimes, the 

diversity of ML, SB and AG sites seemed to have been significantly affected (ANOVA: p 

< 0.05) compared to RF and MN. For CSO, ML and AG as the richness of the particle-

associated fraction decreased, the free-floating richness increased; indicating once again 

that relatively low energy effects affected the floc-microorganism association releasing 

microorganisms into the water for those samples. Additionally, similarity dendograms 

showed that the particle-associated bacteria had an increase in similarity to the free-

floating fraction after an increase in energy level (Highlighted in figure 5.2). In the AG 

site, the community associated with the particle extracted at the 83s
-1

 energy level was 

36%, similar to that of the free-floating fraction of 169s
-1

, but this similarity increased to 

60% (478s
-1

) and then 67% (878s
-1

) after a higher energy level was applied to the system. 

A similar trend was observed for the SB site, which increased from 40% (169s
-1

) to 48% 

in 478s
-1

 to 76% at 878s
-1

. The MN showed high similarities between particle-associated 

and free-floating fractions (75%) during laminar flows (83-169s
-1

); however, there was an 

even higher increase of similarity in both fractions at 478s
-1

 (91%). CSO and RF sites 

showed an increase in similarity only with the highest speeds applied (878s
-1

). For CSO, 

the similarity increased from 47% to 60%, and for RF from 30% to 60% (highlighted in 

figure 5.2). This indicates that the particle-associated community was released to the 

aqueous phase, increasing the diversity of the free-floating fraction. Overall the MN, AG, 

and SB particle-associated bacteria had an increase in similarity (> 60%) to the free-
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floating fraction after an increase of energy impact (highlighted in Figure 5.2). However, 

for the ML, RF, and CSO sites, the increase in similarities was lower due to the 

resemblance of the particle-associated and free-floating fraction before any energy level 

was applied (compared fractions were water, floc and cores), the resemblance surpassed 

60% in these sites (for SB, MN, AG was <50%). 

 

Site  Identifier Organic 

content
1
 

(%) 

DOC
2 

mg/L 

Total 

EPS
3
 

mg/g 

Large Urban City   

SunnySide Beach, Lake Erie 

Toronto, ON, Canada 

SB B-0.95±0.08
*
 

S-20.08±2.69
* 

 

2.63±0.30
*
 38.50±0.69 

Mining Site  

Moose Lake 

Sudbury, ON, Canada. 

MN B-8.79±4.41 

S- M/D 

 

1.87±0.06 M/D 

Reference Site 

Algonquin Park 

Cold Spring Lake, ON, 

Canada 

RF B-21.80±0.07 

S-56.25±3.45 

 

7.23±0.72 38.25±0.08 

Agricultural Runoff  

Swan Creek, 

Elora, ON, Canada 

AG B-13.40±3.18 

S-46.81±5.23 

 

1.88±0.06 23.37±0.09 

Combine Sewage Outfall 

Dofasco, Inc. 

Hamilton, ON, Canada 

CSO B-6.15±3.38 

S-65.65±3.26 

1.87±0.06 73.65±0.54 

Mixed Liquor 

Wastewater Technology 

Centre (WTC) 

Burlington, ON, Canada 

ML N/A
**

 N/A
**

 36.99±0.07 

1
Organic Content, B-BedS, S-SusF, 

2
Dissolved Organic matter, 

3 
Total EPS composition of SusF, 

(for BedS see table 3.3), 
* 
Average from two days, N/A- not analyzed, M/D- Missing Data

*
 
*
 

Total Organic Carbon 72.8mg/L.  Values are averages of three replicates ±SD. 

 

Table 5.1 Organic matter content in sampling sites 
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Figure 5.1 Differences between diversity and eveness indices in free-floating and 

particle-associated fractions for all sites across a number of energy regimes. Data points 

are results from composite samples.  
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1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 

RF169a (1) 1.00 0.95 0.78 0.82 0.73 0.74 0.58 0.69 0.69 0.67 0.48 0.55 0.42 0.42 0.74 0.30 0.21 

RF 83i_f (2) 0.95 1.00 0.82 0.86 0.76 0.77 0.61 0.64 0.72 0.69 0.50 0.57 0.43 0.43 0.78 0.32 0.22 

RF 478a (3) 0.78 0.82 1.00 0.87 0.78 0.71 0.72 0.59 0.67 0.57 0.55 0.43 0.56 0.56 0.60 0.38 0.20 

RF 83i_a (4) 0.82 0.86 0.87 1.00 0.82 0.74 0.50 0.77 0.69 0.67 0.57 0.64 0.42 0.58 0.63 0.20 0.21 

RF 169f (5) 0.73 0.76 0.78 0.82 1.00 0.74 0.58 0.62 0.62 0.52 0.29 0.55 0.42 0.50 0.42 0.20 0.11 

RF Top2 (6) 0.74 0.77 0.71 0.74 0.74 1.00 0.83 0.65 0.77 0.69 0.62 0.30 0.55 0.48 0.58 0.40 0.42 

RF Top1 (7) 0.58 0.61 0.72 0.50 0.58 0.83 1.00 0.43 0.57 0.55 0.61 0.42 0.54 0.38 0.57 0.36 0.38 

RF Water (8) 0.69 0.64 0.59 0.77 0.62 0.65 0.43 1.00 0.87 0.65 0.40 0.46 0.43 0.50 0.43 0.33 0.43 

RF Water1 (9) 0.69 0.72 0.67 0.69 0.62 0.77 0.57 0.87 1.00 0.65 0.48 0.31 0.50 0.57 0.43 0.33 0.26 

RF 83f_a (10) 0.67 0.69 0.57 0.67 0.52 0.69 0.55 0.65 0.65 1.00 0.46 0.44 0.34 0.41 0.58 0.32 0.42 

RF Mid (11) 0.48 0.50 0.55 0.57 0.29 0.62 0.61 0.40 0.48 0.46 1.00 0.48 0.43 0.43 0.44 0.53 0.44 

RF 878a (12) 0.55 0.57 0.43 0.64 0.55 0.30 0.42 0.46 0.31 0.44 0.48 1.00 0.50 0.50 0.42 0.40 0.21 

RF Floc2 (13) 0.42 0.43 0.56 0.42 0.42 0.55 0.54 0.43 0.50 0.34 0.43 0.50 1.00 0.77 0.48 0.27 0.29 

RF Floc1 (14) 0.42 0.43 0.56 0.58 0.50 0.48 0.38 0.50 0.57 0.41 0.43 0.50 0.77 1.00 0.38 0.27 0.29 

RF 878f (15) 0.74 0.78 0.60 0.63 0.42 0.58 0.57 0.43 0.43 0.58 0.44 0.42 0.48 0.38 1.00 0.59 0.38 

RF 478f (16) 0.30 0.32 0.38 0.20 0.20 0.40 0.36 0.33 0.33 0.32 0.53 0.40 0.27 0.27 0.59 1.00 0.47 

RF 83f_f (17) 0.21 0.22 0.20 0.21 0.11 0.42 0.38 0.43 0.26 0.42 0.44 0.21 0.29 0.29 0.38 0.47 1.00 

 
 
 
 

 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 

CSO 478a (1) 1.00 1.00 0.90 0.95 0.67 0.64 0.60 0.47 0.56 0.47 0.53 0.50 0.53 0.50 

CSO 169a (2) 1.00 1.00 0.90 0.95 0.67 0.56 0.60 0.47 0.44 0.47 0.53 0.50 0.53 0.50 

CSO 878a (3) 0.90 0.90 1.00 0.95 0.78 0.74 0.73 0.63 0.60 0.63 0.59 0.45 0.48 0.55 

CSO 83i_a (4) 0.95 0.95 0.95 1.00 0.73 0.54 0.76 0.56 0.63 0.56 0.50 0.48 0.50 0.57 

CSO Floc (5) 0.67 0.67 0.78 0.73 1.00 0.71 0.70 0.70 0.67 0.60 0.44 0.61 0.64 0.70 

CSO 83f_a (6) 0.64 0.56 0.74 0.54 0.71 1.00 0.74 0.58 0.48 0.58 0.45 0.74 0.54 0.52 

CSO 878f (7) 0.60 0.60 0.73 0.76 0.70 0.74 1.00 0.63 0.60 0.74 0.71 0.55 0.48 0.45 

CSO 83f_f (8) 0.47 0.47 0.63 0.56 0.70 0.58 0.63 1.00 0.94 0.75 0.57 0.53 0.33 0.42 

CSO 83i_f (9) 0.56 0.44 0.60 0.63 0.67 0.48 0.60 0.94 1.00 0.71 0.67 0.50 0.32 0.50 

CSO 478f (10) 0.47 0.47 0.63 0.56 0.60 0.58 0.74 0.75 0.71 1.00 0.86 0.42 0.44 0.32 

CSO 169f (11) 0.53 0.53 0.59 0.50 0.44 0.45 0.71 0.57 0.67 0.86 1.00 0.47 0.38 0.24 

CSO Top2 (12) 0.50 0.50 0.45 0.48 0.61 0.74 0.55 0.53 0.50 0.42 0.47 1.00 0.76 0.45 

CSO Top1 (13) 0.53 0.53 0.48 0.50 0.64 0.54 0.48 0.33 0.32 0.44 0.38 0.76 1.00 0.48 

CSO Water (14) 0.50 0.50 0.55 0.57 0.70 0.52 0.45 0.42 0.50 0.32 0.24 0.45 0.48 1.00 

 

Figure 5.2 UPGMA dendograms generated from bacterial DGGE profiles based on Pearson similarity correlation.  
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Figure 5.2 Continuation… UPGMA dendograms generated from bacterial DGGE profiles based on Pearson similarity correlation. 

 
 

 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 

MN Water2 (1) 1.00 1.00 0.46 0.18 0.00 0.13 0.14 0.31 0.50 0.50 0.43 0.33 0.40 0.42 0.29 0.40 0.38 0.10 

MN Water1 (2) 1.00 1.00 0.46 0.00 0.00 0.00 0.14 0.46 0.50 0.50 0.43 0.33 0.40 0.42 0.43 0.40 0.38 0.10 

MN 878f (3) 0.46 0.46 1.00 0.50 0.44 0.33 0.55 0.20 0.22 0.22 0.36 0.00 0.24 0.25 0.00 0.00 0.11 0.12 

MN 83f_a (4) 0.18 0.00 0.50 1.00 0.86 0.60 0.67 0.75 0.57 0.00 0.67 0.29 0.13 0.14 0.00 0.00 0.25 0.13 

MN 83f_f (5) 0.00 0.00 0.44 0.86 1.00 0.55 0.60 0.67 0.25 0.00 0.60 0.25 0.13 0.13 0.00 0.00 0.24 0.25 

MN 878a (6) 0.13 0.00 0.33 0.60 0.55 1.00 0.77 0.83 0.18 0.18 0.62 0.55 0.21 0.22 0.15 0.14 0.30 0.21 

MN 478a (7) 0.14 0.14 0.55 0.67 0.60 0.77 1.00 0.91 0.60 0.00 0.67 0.20 0.33 0.24 0.00 0.00 0.32 0.44 

MN 478f (8) 0.31 0.46 0.20 0.75 0.67 0.83 0.91 1.00 0.67 0.22 0.91 0.67 0.24 0.13 0.18 0.17 0.44 0.12 

MN 83i_a (9) 0.50 0.50 0.22 0.57 0.25 0.18 0.60 0.67 1.00 0.50 0.60 0.50 0.38 0.40 0.20 0.36 0.35 0.13 

MN 83i_f (10) 0.50 0.50 0.22 0.00 0.00 0.18 0.00 0.22 0.50 1.00 0.60 0.75 0.38 0.27 0.40 0.36 0.24 0.13 

MN 169a (11) 0.43 0.43 0.36 0.67 0.60 0.62 0.67 0.91 0.60 0.60 1.00 0.80 0.33 0.47 0.33 0.46 0.42 0.22 

MN 169f (12) 0.33 0.33 0.00 0.29 0.25 0.55 0.20 0.67 0.50 0.75 0.80 1.00 0.25 0.40 0.40 0.36 0.24 0.13 

MN Mid2 (13) 0.40 0.40 0.24 0.13 0.13 0.21 0.33 0.24 0.38 0.38 0.33 0.25 1.00 0.96 0.56 0.74 0.56 0.50 

MN Mid1 (14) 0.42 0.42 0.25 0.14 0.13 0.22 0.24 0.13 0.40 0.27 0.47 0.40 0.96 1.00 0.71 0.78 0.50 0.52 

MN Top2 (15) 0.29 0.43 0.00 0.00 0.00 0.15 0.00 0.18 0.20 0.40 0.33 0.40 0.56 0.71 1.00 0.92 0.32 0.22 

MN Top1 (16) 0.40 0.40 0.00 0.00 0.00 0.14 0.00 0.17 0.36 0.36 0.46 0.36 0.74 0.78 0.92 1.00 0.30 0.21 

MN Floc1 (17) 0.38 0.38 0.11 0.25 0.24 0.30 0.32 0.44 0.35 0.24 0.42 0.24 0.56 0.50 0.32 0.30 1.00 0.64 

MN Floc2 (18) 0.10 0.10 0.12 0.13 0.25 0.21 0.44 0.12 0.13 0.13 0.22 0.13 0.50 0.52 0.22 0.21 0.64 1.00 

 
 
 

 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 

SB 478a (1) 1.00 0.88 0.58 0.45 0.76 0.76 0.40 0.43 0.42 0.43 0.24 0.25 0.55 0.52 0.50 0.40 0.30 

SB 169a (2) 0.88 1.00 0.72 0.52 0.36 0.36 0.46 0.17 0.40 0.50 0.38 0.32 0.61 0.50 0.56 0.48 0.48 

SB 83i_a (3) 0.58 0.72 1.00 0.27 0.29 0.57 0.32 0.35 0.50 0.43 0.32 0.42 0.55 0.52 0.42 0.40 0.40 

SB 83f_f (4) 0.45 0.52 0.27 1.00 0.63 0.53 0.35 0.48 0.36 0.29 0.35 0.45 0.40 0.38 0.18 0.11 0.11 

SB 878a (5) 0.76 0.36 0.29 0.63 1.00 0.78 0.45 0.70 0.57 0.50 0.36 0.29 0.42 0.50 0.57 0.35 0.12 

SB 878f (6) 0.76 0.36 0.57 0.53 0.78 1.00 0.18 0.50 0.38 0.40 0.36 0.38 0.42 0.60 0.48 0.47 0.35 

SB Floc (7) 0.40 0.46 0.32 0.35 0.45 0.18 1.00 0.33 0.56 0.42 0.38 0.40 0.26 0.25 0.32 0.29 0.29 

SB 83f_a (8) 0.43 0.17 0.35 0.48 0.70 0.50 0.33 1.00 0.61 0.64 0.50 0.43 0.38 0.36 0.52 0.42 0.21 

SB Top2 (9) 0.42 0.40 0.50 0.36 0.57 0.38 0.56 0.61 1.00 0.87 0.48 0.33 0.36 0.35 0.58 0.40 0.40 

SB Top1 (10) 0.43 0.50 0.43 0.29 0.50 0.40 0.42 0.64 0.87 1.00 0.58 0.52 0.29 0.45 0.61 0.53 0.42 

SB Mid2 (11) 0.24 0.38 0.32 0.35 0.36 0.36 0.38 0.50 0.48 0.58 1.00 0.88 0.52 0.67 0.64 0.48 0.48 

SB Mid1 (12) 0.25 0.32 0.42 0.45 0.29 0.38 0.40 0.43 0.33 0.52 0.88 1.00 0.45 0.52 0.58 0.40 0.30 

SB 83i_f (13) 0.55 0.61 0.55 0.40 0.42 0.42 0.26 0.38 0.36 0.29 0.52 0.45 1.00 0.67 0.55 0.56 0.67 

SB Water2 (14) 0.52 0.50 0.52 0.38 0.50 0.60 0.25 0.36 0.35 0.45 0.67 0.52 0.67 1.00 0.87 0.74 0.53 

SB Water1 (15) 0.50 0.56 0.42 0.18 0.57 0.48 0.32 0.52 0.58 0.61 0.64 0.58 0.55 0.87 1.00 0.60 0.60 

SB 478f (16) 0.40 0.48 0.40 0.11 0.35 0.47 0.29 0.42 0.40 0.53 0.48 0.40 0.56 0.74 0.60 1.00 0.75 

SB 169f (17) 0.30 0.48 0.40 0.11 0.12 0.35 0.29 0.21 0.40 0.42 0.48 0.30 0.67 0.53 0.60 0.75 1.00 

10092857770625547403225

10094888276706458524640
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Figure 5.2 Continuation... UPGMA dendograms generated from bacterial DGGE profiles based on Pearson similarity correlation.  
 
 
 

 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 

AG 878a (1) 1.00 1.00 0.75 0.67 0.75 0.67 0.50 0.50 0.22 0.44 0.25 0.57 0.00 0.00 0.22 0.22 0.00 0.00 

AG 478a (2) 1.00 1.00 0.75 0.67 0.50 0.67 0.50 0.50 0.44 0.44 0.25 0.57 0.00 0.00 0.22 0.22 0.20 0.00 

AG 169a (3) 0.75 0.75 1.00 0.73 0.60 0.73 0.60 0.60 0.55 0.55 0.60 0.67 0.18 0.00 0.55 0.55 0.50 0.18 

AG 83i_a (4) 0.67 0.67 0.73 1.00 0.55 0.50 0.36 0.36 0.50 0.50 0.18 0.40 0.17 0.17 0.33 0.33 0.31 0.33 

AG 83f_a (5) 0.75 0.50 0.60 0.55 1.00 0.36 0.20 0.40 0.18 0.36 0.40 0.44 0.18 0.18 0.55 0.55 0.17 0.36 

AG 878f (6) 0.67 0.67 0.73 0.50 0.36 1.00 0.91 0.91 0.67 0.67 0.55 0.60 0.17 0.33 0.67 0.50 0.46 0.33 

AG 478f (7) 0.50 0.50 0.60 0.36 0.20 0.91 1.00 1.00 0.73 0.73 0.80 0.89 0.55 0.18 0.55 0.55 0.50 0.36 

AG 169f (8) 0.50 0.50 0.60 0.36 0.40 0.91 1.00 1.00 0.73 0.73 0.60 0.44 0.36 0.36 0.36 0.55 0.50 0.36 

AG Water2 (9) 0.22 0.44 0.55 0.50 0.18 0.67 0.73 0.73 1.00 1.00 0.55 0.80 0.33 0.50 0.50 0.33 0.46 0.50 

AG Water1 (10) 0.44 0.44 0.55 0.50 0.36 0.67 0.73 0.73 1.00 1.00 0.73 0.80 0.33 0.50 0.50 0.33 0.46 0.50 

AG 83f_f (11) 0.25 0.25 0.60 0.18 0.40 0.55 0.80 0.60 0.55 0.73 1.00 0.89 0.73 0.55 0.18 0.36 0.33 0.36 

AG 83i_f (12) 0.57 0.57 0.67 0.40 0.44 0.60 0.89 0.44 0.80 0.80 0.89 1.00 0.20 0.20 0.40 0.20 0.36 0.20 

AG Floc2 (13) 0.00 0.00 0.18 0.17 0.18 0.17 0.55 0.36 0.33 0.33 0.73 0.20 1.00 1.00 0.33 0.33 0.31 0.67 

AG Floc1 (14) 0.00 0.00 0.00 0.17 0.18 0.33 0.18 0.36 0.50 0.50 0.55 0.20 1.00 1.00 0.17 0.33 0.46 0.33 

AG Mid2 (15) 0.22 0.22 0.55 0.33 0.55 0.67 0.55 0.36 0.50 0.50 0.18 0.40 0.33 0.17 1.00 1.00 0.46 0.67 

AG Mid1 (16) 0.22 0.22 0.55 0.33 0.55 0.50 0.55 0.55 0.33 0.33 0.36 0.20 0.33 0.33 1.00 1.00 0.46 0.67 

AG Top2 (17) 0.00 0.20 0.50 0.31 0.17 0.46 0.50 0.50 0.46 0.46 0.33 0.36 0.31 0.46 0.46 0.46 1.00 0.92 

AG Top1 (18) 0.00 0.00 0.18 0.33 0.36 0.33 0.36 0.36 0.50 0.50 0.36 0.20 0.67 0.33 0.67 0.67 0.92 1.00 

 
 
 
 

 

1 2 3 4 5 6 7 8 9 

ML 478a (1) 1.00 1.00 0.70 0.61 0.48 0.61 0.52 0.53 0.47 

ML 169a (2) 1.00 1.00 0.70 0.61 0.57 0.61 0.61 0.53 0.47 

ML 878a (3) 0.70 0.70 1.00 0.52 0.48 0.61 0.61 0.53 0.47 

ML 478f (4) 0.61 0.61 0.52 1.00 0.83 0.62 0.77 0.55 0.60 

ML 83i_a (5) 0.48 0.57 0.48 0.83 1.00 0.58 0.75 0.70 0.56 

ML 83f_a (6) 0.61 0.61 0.61 0.62 0.58 1.00 0.77 0.45 0.50 

ML 83f_f (7) 0.52 0.61 0.61 0.77 0.75 0.77 1.00 0.55 0.60 

ML 83i_f (8) 0.53 0.53 0.53 0.55 0.70 0.45 0.55 1.00 0.38 

ML 878f (9) 0.47 0.47 0.47 0.60 0.56 0.50 0.60 0.38 1.00 

 

 
Numbers in sample column represent the Gradient velocity (G=s

-1
) applied to the sample (Chapter 3). f-free-floating, a-particle-associated 

fractions.Values are results of composite samples 

10093878073666053464033
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These results can also be observed in the field experiments, as the SB site samples 

were taken on two consecutive days, before a storm (BS) and during a storm (DS). Figure 

5.3a shows how the increase in energy changes the distribution of the bacteria in the 

vertically stratified cores. The richness of the mid and top core samples (bar) is 

statistically significantly lower (ANOVA: p < 0.05) during the storm than before the 

storm, suggesting a dissociation of these bacteria to the water as the richness of the water 

sample increases during the storm. Additionally, there was a decrease in floc diversity 

during the storm compared to the fraction before the storm; and an increase in the 

diversity of the water fraction during the storm suggesting a potential transfer from floc 

to water. Additionally, the evenness of the communities seems to be higher before the 

storm for the mid and top samples; whereas it is the opposite for the floc and water 

samples. 

 

Figure 5.3(b) shows the Pearson similarity correlation, and demonstrates that 

before a storm there is a higher similarity of microbial community (74%) within the cores 

than during a storm (67%). Additionally, before the storm, the floc microbial fraction was 

only 33% similar to the water, after the storm the similarity increased to 50%. In regards 

to the transfer from the cores and floc to the water, results showed a decrease in similarity 

between the mid and the top fractions (from 73 to 66%), and between the top and water 

fraction (53 to 46%) before the storm compared to during the storm. These decreases in 

similarity suggests a disruption of diversity within the particles and a subsequent 

exposure of microorganisms located in the inner part of the flocs, indicating once again, 
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the dissociation of microorganisms from the cores and the floc to the water revealing how 

easily bacteria can be transported from one fraction to the next. 

 

It is also known that the presence of particles in water, as well as high bacterial 

densities, promotes floc formation and the occurrence of horizontal gene transfer (HGT) 

(Moura et al. 2010). Furthermore, as shown by the diversity indices, the breakage of 

particles will release communities. For these reasons a great number of integrase genes in 

samples at high energy levels and from highly impacted sites were expected (CSO, SB, 

AG). 

 

Integrons are capable of capturing and mobilizing gene cassettes. The cassettes 

include a gene (an antibiotic resistant gene, for example), and an integrase-specific 

recombination site (Mascaretti 2003). The gene cassettes found in this study are listed in 

Table 5.2. In this study, PCR mapping of integrons was used as way of understanding the 

dissemination of antibiotic resistant genes in environmental samples. By using 

oligonucleotide probes, the frequency of the presence of the conserved segments of 

integrons was determined and a number of resistance genes were observed. In order to 

determine if either the energy impact or the nature of the site affected the presence of 

genetic characters important for the genomic integration and expression of genes present 

in integrons (i.e, recombination sites, promoters, gene cassettes, and integrase genes) 

identification by sequencing was performed.  Additionally, a microarray was used from 

culturable floc isolates to identify antimicrobial gene expression (Data provided by G. 
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Mid and Top represent cores as sampled in Chapter 3. Values and dendograms are results 

of composite DNA samples. 

 

Figure 5.3 (a) Shannon’s Diversity Index in SB during (DS) and before (BS) a storm 

event. Bars indicate Richness, Evenness is represented by the black line. (b)UPGMA 

dendogram generated from an average of three bacterial DGGE profiles based on Pearson 

similarity correlation 
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Gene Product Function: 

aacA aminoglycoside 6'-N-acetyltransferase 

resistance to amikacin, dibekacin, 

isepamicin, netilmicin, sisomicin and 

tobramycin 

aacC aminoglycoside 3'-N-acetyltransferase 

resistance to aminoglycosides (dibekacin, 

gentamicin, kanamycin, lividomycin, 

neomycin, paromomycin, sisomicin and 

tobramycin) 

aadA aminoglycoside 3'-adenyltransferase 

resistance to streptomycin and 

spectinomycin 

aadA (3'9) 

streptomycin/spectinomycin 3' 

adenyltransferase resistance to streptomycin 

aadA1 aminoglycoside 3" adenyltransferase streptomycin  

aadA11b putative aminoglycoside adenyltransferase resistance to spectinomycin 

aadA5 streptomycin 3''-O-adenylyltransferase streptomycin/spectinomycin resistance 

ant2la*  adenylyltransferase streptomycin and spectinomycin 

APH2-lc* phosphotransferase 

kanamycin A, gentamicin, tobramycin 

resistance 

bla  beta-lactamase  beta-lactam antibiotics  

Bpro Glyoxalase Glyoxalase/bleomycin resistance 

cat-86* Chloramphenicol Acetyltransferase Chloramphenicol resistance 

dnaE*  DNA polymerase III  control probe 

dfr dihydrofolate reductase trimethoprim resistance 

drfA12 dihydrofolate reductase  resistance to trimethoprim  

ereA2 erythromycin esterase resistance to erythromycin 

ermX* erythromycin esterase resistance to erythromycin 

hemL* 

glutamate 1-semialdehyde 

aminotransferase  control probe 

gapA* 

glyceraldehyde-3-phosphate 

dehydrogenase  control probe 

lef*  lethal factor, B. anthracis   

mef*  major facilitator 

resistance to macrolides but not to 

lincosamides or streptogramin
 
B 

ihfA*  integration host factor alpha-subunit  control probe 

ORFD hyphothetical protein unknown function 

qac quaternary ammonium compound  quaternary ammonium compounds 

sat4* streptothricin acetyltransferase streptothricin resistance 

sulI 

sulphonamide resistant dihydropteroate 

synthase resistance to sulphonamides 

tetT*  ribosomal protection tetracycline resistance 

vatC* Acetyltransferase  streptogramin A resistance 

 

* Gene identified from Identibac® array, all others were amplified with primer pair 

5CS&3CS conserved region. 

 

Table 5.2 Mobile gene cassettes found in this study 
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Individual isolates identified from McConkey agar and Yeast extract agars of 

SusF floc samples showed that the predominant phylum of bacteria was Proteobacteria 

followed by Firmicutes and Actinobacteria. Only a few indicator organisms were 

identified from the plates including Klebsiella terrigena (AG) (according to Podschun et 

al. [2000] K.terrigena and K.pneumonia are indistinguishable with respect to the 

expression of virulence factors), Klebsiella pneumonia (CSO), Klebsiella oxytoca (CSO), 

Enterobacter agglomerans (AG), Enterobacter cancerogenus (CSO), and E. coli (CSO). 

Unlike results shown in Chapter 3 and 4 the sequence identity-plating assay detected only 

E.coli in the CSO floc, possibly due to the inability of plating techniques to detect all 

microorganisms (VBNC). Additionally, unlike in Chapter 3 and 4, the greater amount of 

different culturable isolates, both Gram negative and heterotrophic, were observed in the 

floc from AG and SB sites followed by CSO. In Chapter 4, the highest richness (more 

members, i.e. species) was found for the particle-associated fraction of the BedS of RF 

followed by the particle-associated fraction of the BedS of CSO. Higher diversity in 

bacterial community composition of the particle-associated fraction was observed 

particularly in the BedS. These diversity differences from the culturable to the genomic 

DNA can be attributed to the fact that only Gram-negative culturable bacteria were 

identified in the plating assay whereas the genomic DNA (DGGE results found in 

Chapter 4) included all bacteria present (gram positive, gram negative, VBNC and dead). 

The finding of greater microbial diversity can be a starting point for examining microbial 

horizontal gene transfer in water and sediment samples.   
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An increase in diversity increases the probability of the presence of potentially 

pathogenic bacteria that can be impacted by HGT. Sediment and floc microbial 

communities contain phylogenetically diverse organisms living in an array of niches that 

present an ideal environment to investigate HGT. Nowadays, molecular techniques, 

typified by 16S rRNA gene analysis, have revolutionized environmental microbiology 

and provide the tools necessary to explore microbial communities without the lack of 

knowledge associated with cultivation (i.e, optimal growth conditions). Genes acquired 

through HGT can often be recognized by their distinctive phenotypic properties or 

atypical sequence characteristics and restricted phylogenetic distribution in specific 

lineages (Holmes et al. 2003, Rosser and Young 1999). If a gene is confined to one taxon 

or species, it is more likely to have been lost independently from multiple lineages. 

However, one cannot rule out the possibility that a particular phenotypic trait such as 

resistance to a certain antibiotic has evolved independently in diverse lineages though 

point mutations in existing genes (Gillings et al. 2008b, Gillings et al. 2008a). Hence, it 

may not always be possible to distinguish between convergent evolution and horizontal 

transfer on the basis of phylogenetic analysis alone. 

 

 Pathogenic bacteria were found in the majority of the sites in the individual 

isolate identification (Genus Proteobacteria, Firmicutes and Actinobacteria). A clearer 

representation of how HGT may occur can be explained with the field experiments 

(gDNA from environmental samples). A total of 17 cassettes, representing 5 different 

cassette types (Table 5.3) were identified in SB-storm samples containing genes encoding 

resistance to streptomycin/spectinomycin (aadA), aminoglycosyges (aacC), 
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trimetrophrim (drfA), sulfonamide resistance (sul1), and glyoxalase/bleomycin resistance 

(BprO). Only one of these cassettes was recovered more than once, and one PCR sample 

contained 2 cassettes (floc- SB-DS). Multiple cassette insertions can occur, and integrons 

containing several cassettes have been found in the wild (Gillings et al. 2009a, Holmes et 

al. 2003). Several features of the recovered cassettes are noticeable, for example, only 

one fraction before the storm contained the promoter (top3), suggesting the associated 

antibiotic resistance gene had a potential to be expressed. However, samples collected 

during the storm were found to have greater numbers of promoter sequences (4 out of 15) 

suggesting the greater potential for expression of the associated antimicrobial resistance 

genes (Table 5.3). This can be supported with the culture isolate identification, as during 

the storm a multiresistant bacterium was identified (Acinetobacter lwoffii). Acinetobacter 

species are innately resistant to many classes of antibiotics, including penicillin, 

chloramphenicol, and often aminoglycosides and have been identified as contributors to 

HGT of antimicrobial resistance genes (Rahal 2006). Additionally, the total DNA 

isolated from the cultured bacteria grown in McConkey used in Identibac showed low 

signals (0.05 to 0.2) of beta-lactamase resistance (blaOXA7) before the storm. While 

during the storm the blaOXA7 showed a strong (>0.4), blaMOX and sul1 showed 

moderate signals (0.2-0.4), and blaTEM1 showed a weak signal. The bacteria grown in 

yeast extract agar showed stronger signals for mef, sat4 and vatC during the storm than 

before the storm. Stronger signals may have been a result of greater diversity. These 

results serve to demonstrate the potential HGT in water systems and show the latent 

increase of antimicrobial resistant bacteria after storm events.  
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Similarly, a higher presence of promoters in highly impacted samples (high 

energy levels) in the CSO (Table 5.3) was observed. From 20 identified cassettes (7 

different cassettes), three of these (aadA, aaC, qac) were retrieved more than once, and 2 

promoter sites were found in highly impacted samples (high shear). Flocs were ruptured 

due to the energy applied; therefore different communities were exposed, facilitating the 

identification of genes by sequencing analysis.  

 

In addition to the presence of these features in the CSO and SB site, samples MN 

and ML obtained 5 and 3 different gene cassettes, respectively, followed by AG and RF 

(2 gene cassettes) (Appendix E). Comparison of the cassettes found in the RF and AG 

site (qac) with sequences downloaded from databases (NCBI and EMBL), showed no 

similarity with clinical isolates. Gillings et al. (2009a) demonstrated that qac gene 

cassettes had been exchanged among a broad guild of soil and freshwater Proteobacteria 

and had been shown to be present in more than 50% of class 1 integrons from 

environmental samples (Gillings et al. 2009b). 
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Sample Site Promoter Cassette Possible microorganism 

SB-BS Mid1     aadA Salmonella enterica 

  Mid2     aadA Escherichia coli 

  Top1     aadA1c Vibrio cholera 

  Top2 attI   aadA Escherichia coli 

  Top3    X aadA1 Vibrio cholera 

  Floc1 attc   aaC(6')    

  Water 1     aadA 

Salmonella enterica subsp. enterica serovar 

Paratyphi C 

  Water2     Bpro CP000316.1 Polaromonas sp. JS666 

SB-DS Mid1 attc X aadA Vibrio cholera 

  Mid2 attI     Uncultured bacterium clone  

  Mid3 attI   aadA Vibrio cholera 

  Mid4 attI     Uncultured bacterium clone  

  Top1 attl X aadA1 Vibrio cholera 

  Top2 attl     Uncultured bacterium clone  

  Top3      aadA1 Escherichia coli 

  Top4     aadA1   

  Top5 attI     Escherichia coli 

  Floc1 

attI, 

resP X 

aadA2, 

drfA12 Uncultured bacterium  

  Floc2 res,attI       

  Floc3 attc X aadA1 Vibrio cholera 

  Floc4 attc   aadA1 FJ621588.1 Escherichia coli strain AR060302  

  Water1 attc   aadA1 Uncultured bacterium  

  Water2     sulI   

 

SB-BS=Sunny Side Before Storm, SB-DS- Sunny side During a strom. Mid and Top represent 

cores as sampled in Chapter 3. Numbers in each sample core represent different samples and or 

cassettes. Results are from composite DNA samples. 

 

 

Table 5.3 Environmental samples containing integrase gene (intI1) and cassette gene 

products with Database matches for SB and CSO sites.  
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Table 5.3 Continuation... Environmental samples containing integrase gene (intI1) and 

cassette gene products with Database matches for SB and CSO sites.  

 

 

Sample Site Promoter Cassette Possible microorganism 

CSO Floc1 attI   

aadA2, 

qacE 

U622038.1 Klebsiella pneumoniae strain 

Kp1206 plasmid  

  Floc2     aadA2 

FM877485.1 Aeromonas sobria partial class I 

integron, 

  Top1 attI   drfA5 

GQ924768.1 Escherichia coli strain K-202 

class I integron, 

  Top2 attI   

ereA2, 

aaC(6') 

GU067641.1 Salmonella enterica strain 

H_SAL_02519 

  Water1 attI   

aadA 

(3'9) 

AY522431.4 Escherichia coli plasmid 

pMUR050, 

  Water3 attI   qacG 

FJ172414.1 Uncultured bacterium clone 

BF23_H5 

  Water5     aadA2 FN821089.1 Pseudomonas sp. Tik3 

  83(p)1     aadA2 

AY522431.4 Escherichia coli plasmid 

pMUR050 

  83(p)2 attI   aadA2 83352.1 Salmonella enterica subsp. enterica 

  169(p)1 attI   aadA2 

FN821089.1 Pseudomonas sp. Tik3 chromate 

resistance 

  479(p)1 attI X aacA4 AY878717.1 Escherichia coli plasmid pKO97 

  879(f)1 attI X aadA2 

EU436855.2 Vibrio cholerae strain VC627 

class I 

  879(f)2 attI     AB061794.1 Escherichia coli 

  879(p)1 

attI, 

attc   aadA2 FJ820142.1 Uncultured bacterium clone  

  83f(f)1     aadA2 FM179328.1 Uncultured bacterium partial 

  83f(p)1 attc   sulI 

D43625.1 Pseudomonas aeruginosa plasmid 

pSA1700 

  83f(p)2     aadA2b 

D43625.1 Pseudomonas aeruginosa plasmid 

pSA1700 

  83f(p)3 attc,attI   qacG 

FJ172399.1 Uncultured bacterium clone 

BF3_B9 

  83f(p)4     qacG 

FJ817423.1 Pseudomonas aeruginosa strain 

PA466 

 
Gradient velocity (G=s

-1
) applied to the sample (83, 169,478,879) (See Chapter 3). f-free-floating, 

p-particle-associated fractions. Numbers in each sample core represent different samples and or 

cassettes. Results are from composite DNA samples. 

 

 

In a survey of 3000 Gram-negative bacteria isolated from estuarine environments, 

the incidence of class 1 integrons with a complete array (attC, Pc, intI, and a cassette) 

was ~3.6% (Rosser and Young 1999). However, a great number was found to lack 
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integrated gene cassettes. This frequent identification of ‘empty’ integrons may support 

the view that antibiotic selective pressures play a significant role in promoting the 

incorporation and maintenance of gene cassettes in the variable region of integrons and in 

the absence of sustained antibiotic pressures, resistance gene cassettes are excised from 

the integron. 

 

Most of the integrons studied to date have been identified in clinical isolates, 

where they contribute significantly to the prevalence and dissemination of antibiotic 

resistant genes. In the Leverstein-Van Hall (2002) study, up to 48 % hospital enteric 

isolates were found to carry the intI1 gene (complete array), which encodes the integrase 

of class 1 integrons, as well as 13% of community isolates from patients just entering 

hospital (the majority of these isolates were E. coli). Of E. coli strains isolated from 

healthy people, 11% carried class 1 integrons (Skurnik et al. 2005). Among E. coli 

isolates from livestock fed with antibiotics, where nearly all (97%) were resistant to 

sulfamethoxazole, 73% of the strains carried the intI1 gene (Goldstein et al. 2001). 

However, amongst E. coli strains isolated from irrigation water and sediments at the Rio 

Grande river, only 1% (13% of the 10% multi-resistant isolates) had class 1 integrons 

(Roe et al. 2003).  

 

 The amplification of medically relevant genes (aadA, blaCT, tetC and sul) from 

the culturable isolates revealed the presence of genes conferring resistance to 

streptomycin [ant(3’)] in SB, RF and CSO. The aminoglycoside antibiotics are frequently 

used in hospitals due to their rapid and potent bactericidal activity, long-lasting 
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postantibiotic effect (defined as the continued suppression of bacterial growth after the 

microorganism is no longer in contact with the antibiotic), and synergy with other 

antibiotics (Mascaretti 2003).  

 

Two sites (RF and CSO) contained genes resistant to sulphonamides (sul), and 

only RF contained resistant to -lactam (blaCT) (no resistance was found in the isolates 

for tetC). The presence of antibiotic resistant genes in CSO and SB may be due to the fact 

that sulphonamides, amyloglycosides and -lactam antibiotics have been used in medical 

practice for a long period of time; therefore, many microorganisms developed resistance 

to the majority of these drugs. While these results on the occurrence and fates of 

antibiotic resistance genes in the CSO and SB provide fundamental data for proper risk 

assessment and environmental management because they serve as reservoirs of clinical 

resistance genes that may provide a source of transferable traits for emerging pathogens, 

the occurrence of these genes in RF may be a medium for the spread and evolution of 

resistance genes and their vectors (Davison 1999, Gillings et al. 2008b, Boucher et al. 

2007). 

 

5.5 SUMMARY AND CONCLUSION 

 

The findings in this study have implications for human health. It is evident that 

the classes of integrons present in human clinical and commensal bacteria might have 

ready access to the gene cassettes carried by bacteria in soil and freshwater ecosystems. 

Clearly, these ecosystems intersect and so there is ample opportunity for any horizontal 
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gene transfer events that do occur to enter human commensal or pathogenic bacteria. In 

addition, the combination of community DGGE analysis with the analysis of integrons 

constitutes a valuable tool for evaluating the complexity of bacterial communities and the 

microbial shifts during energy levels, providing evidence that distinct bacterial 

communities may share a common pool of integrons. 

 

Although this study provided only a glimpse of the complex genetic reservoir 

present in these environments, it shows that energy levels promote the release of bacterial 

communities that may bring mobile genetic elements that will adversely affect human 

health. 
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CONNECTING PARAGRAPH 

 

 

Previous chapters demonstrated the importance of using particles (BedS and 

SusF) to assess the microbial detachment and the changes in microbial diversity during 

relatively low energy effects, and showed that free-floating and particle-associated 

bacterial assemblages interconnect and so there is ample opportunity for any horizontal 

gene transfer events; therefore, free-floating and particle-associated bacterial assemblages 

are potential genetic reservoirs for antibiotic resistance genes. In the following chapter, a 

summary of the significance of studying and analysing flocs to assess water quality, and a 

synopsis of the ability of flocs to carry nutrients, attach bacteria, and transport 

contaminants and nutrients is briefly outlined; followed by recommendations for future 

research and water quality development. Thus, indicating that the use of plantktonic 

organisms, to assay contaminant risk, should be carefully considered.  
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CHAPTER 6 

 

ENVIRONMENTAL SIGNIFICANCE 

 

The use of microorganisms can be a valuable and powerful tool in assessing 

contaminant risk, but a number of factors must be considered if meaningful results are to 

be obtained. In many instances coliform bacteria (Citrobacter, Enterobacter, Hafnia, 

Klebsiella, Serratia, E.coli) are preferred to other pathogenic bacteria as test systems and 

are used without associating other variables. When possible, more than one measure of 

activity or viability should be used. As demonstrated in this thesis, particles play a 

critical role in microbial dynamics.  

 

Overall, this thesis shows the importance of assessing and linking physical, 

chemical and biological factors for contaminant risk assessment. Currently, researchers 

use direct regulations (governs the management of pollutants entering waters and has 

been preferred by officials since the start of water policies) for risk assessment, which 

typically use several markers related to sanitary quality, ability to sustain life, ecosystem 

productivity and aesthetics. The most common markers (physical, chemical or biological) 

to determine water quality include dissolved oxygen (DO), biochemical oxygen demand 

(BOD), pH, alkalinity, total and fecal coliform levels, chlorophyll-a (chla), light 

transparency, turbidity, nutrients (nitrogen and phosphorus), and temperature (Pharino 

2007, Asano et al. 2006). However, the current regulatory water policies lack of 

associations between markers and, in some cases, omit some critical variables in water 
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systems demonstrating that direct regulations appear to fail to generate reliable and 

practical policies that will help overcome water pollution. The best and safest strategy for 

risk assessment of any given pathogen in water systems is to sample and analyze for the 

target organism in a systematic way, while taking into account the biological, physical, 

and chemical factors that control transport, distribution, and inactivation in waters.  

 

In the following paragraphs the environmental significance of this thesis and the 

relative importance of flocs in natural and engineered water systems and the variables 

that affect the ability of flocs to carry nutrients, attach bacteria, and transport 

contaminants will be summarized.   

  

 As it is understood floc dynamics can influence pathogen dynamics and vice versa 

(chap 3,4), an assessment of the direct role of the bacteria on floc properties should be 

determined, and therefore, several questions must be answered: how do the bacterial 

species affect floc properties?, what kinds of bacteria are dominant?, is the bacteria 

strongly attached?, how does shear affect the bacterial community?, is a floc-associated 

microbe capable of transmitting more risks than its free-floating counterpart?, how are 

pathogens/microorganisms agglomerated in flocs?, what is the 

compound/component/substance that keeps this union together? Answers to these and 

several other questions are important if we want to understand the hydrodynamic 

behaviour of flocs and therefore pathogens, and if we want to control and optimize water 

quality.  Figure 6.1 illustrates the importance of understanding the relationships between 

variables that affect pathogen-particle dynamics. 
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Figure 6.1. Relationships and variables that affect pathogen-particle dynamics   

WATER COLUMN 

SEDIMENT WATER INTERFACE 

BED SEDIMENT (cohesive and non-cohesive) 

Organic Content 

Is the organic 

carbon assimilable? 

NO 

YES 

Microbial Activity 

Particle Interactions 

Are microbes 

associated with floc? 

YES 

NO 

Planktonic phase 

Greater particle size 

Settling 

Is the particle settling 

towards the bed? 

YES 

Long Range Transport 

Eventual reattachment due 

to flocculation or 

scavenging during settling 

Energy Regimes 
Is the bed shear critical? NO 

YES 

Planktonic phase 

Floc and microbial 

resuspension 

Further consolidation 

and microbial 

association 

Sorption of organic 

chemicals 

YES 

Floc breakage 

BedS 

Energy regime 

Is the shear 

critical on floc? 
NO SusF 

Long Range Transport 

NO 

1
5
5
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In this research, the interactions of water-borne pathogens with particles in 

aquatic ecosystems were evaluated. Chapter 3 showed that relatively low energy effects 

can break the association between BedS flocs and microorganisms in human impacted 

sites (SB, CSO, RF, AG, ML, MN), and thus potentially causing a higher risk for 

pathogen infection. Chapter 4 demonstrated that a molecular approach shows earlier 

differences in the dissociation of bacteria compared to the plating technique; and proves 

that energy affects microbial diversity in free-floating and particle-associated fractions in 

cohesive bed sediments (BedS) and suspended flocs (SusF) of three sites (SB, CSO, RF). 

Chapter 5 indicated that free-floating and particle-associated bacterial assemblages 

interconnect and so there is ample opportunity for horizontal gene transfer events; 

therefore, free-floating and particle-associated bacterial assemblages are potential genetic 

reservoirs for antibiotic resistance genes. 

 

As demonstrated in figure 6.1, there are four main questions to be address before 

assessing water quality: 1) organic content, 2) association of pathogen-particle, 3) the 

settling behaviour and, 4) the energy regime in the system. The interactions of these 

constituents and their functional processes can result in the modification of floc’s 

behaviour and therefore pathogen source, fate and effect. 

 

In this research, it was observed that the various sites (AG, CSO, ML, MN, RF 

and SB) possess different characteristics in terms of floc formation and bacterial 

communities, which determine floc structure and stability and thus floc and associated 

bacteria behaviour (e.g., transport and settling). The relatively low energy levels used 
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showed the different phenomenological features of the flocs and how these retain and 

mobilize possible pathogens in different water environments. Figure 6.1 shows how these 

results can be used to explain the potential pathogen risk of particles in water systems. 

 

In a stable water system the bed sediment (BedS) lays virtually ‘untouched’ and it 

only re-suspends when high turbulence is present. The highly organic and porous 

material, called SusF, can remain in suspension, reaching an equilibrium as it rarely 

settles due to the fact that sedimentation of SusF occurs only when local boundary shear 

stress is below a critical value (Maa et al. 1998). The critical shear stress for erosion of 

BedS is the factor for particle entrainment from the bed surface (Fukuda and Wilbert 

1980). 

 

Overall, there are two forces that govern particle-pathogen dynamics that should 

be taking into account when sampling: physical (turbulence) and chemical (electric 

charge of particles and biological adhesion). In figure 6.1, the physical forces are 

addressed by energy regime and settling behaviour and the chemical forces are associated 

with the organic content and the particle interactions as they pertain to the connections 

between electrically charged molecules. In figure 6.2 the physical and chemical forces are 

associated with repulsion and/or attraction of particles and microorganisms. As shown in 

Figure 6.1 and 6.2 an increase in physical forces can release the bacteria associated with 

particles favouring the exposure of possible pathogenic bacteria and the release of genes 

captured by integrons. For this reason, it is important to take into account when the 

sampling of water should be taken, as the turbulence affects the dynamics of the bacteria, 
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increasing the potential risk of contamination. Another important aspect to take into 

account is the amount of organic matter present in the water and the EPS that is secreted 

by the bacteria. EPS affects how the particles and the bacteria are attracted to each other 

and, therefore, play an important role in gene transfer, protection, and dynamics (Figure 

6.2). 

 

The attraction/adhesion of particles, and therefore flocculation, is highly 

influenced by the chemical energy (electro-chemical and biological adhesion) of each 

particle, either SusF or BedS. The chemical energy of each particle is governed by the 

electrostatic stabilization of the particles; this is the mechanism in which the attraction 

van der Waals forces are counterbalanced by the repulsive coulomb forces acting 

between the negatively charged particles. The electric double layer that surrounds the 

particle and includes the ions adsorbed on the particle surface are affected by the ions of 

the diffuse layer and the ionic strength of the water. Therefore, any compound in the 

water that contains free ions or reacts to release ions (i.e, Na
+
, K

+
, Ca

2+
, Mg

2+
, Cl

-
) affects 

how the particles are attracted to each other. This is one of the reasons why, in this study, 

those sites that contain a greater amount of DOM contain larger particles. Larger 

particles, and its associated microbial community, will settle faster; and if a limited water 

quality test (a test with insufficient correlation between variables) is performed the 

particle-associated microbial diversity and/or microbial counts are underestimated 

(Figure 6.2). 
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Figure 6.2 Schematic diagram of the forces that affect particle and pathogen dynamics. 
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6.1 Recommendations for future research and water quality assessment  

 

 There are only a few studies that assess the interaction of pathogens with particles 

and correlate these interactions with energy regimes [e.g.,(Jamieson et al. 2005)]. 

Additionally, there are no studies that determine the protection of organisms within the 

polymeric matrix (associated with energy regimes); and there is no information with 

regard to the association of HGT in benthic and planktonic communities that may confer 

pathogenicity and resistance in water systems, making HGT a health risk. Therefore, the 

study of particles as reservoirs of organisms could provide an early warning for potential 

indicators of human risk in water systems and could determine the presence of future 

clinically relevant antibiotic resistance mechanisms and/or of pathogenic gene transfer. 

 

The results obtained in this study provide insights into future research. For 

example, the E.coli (qPCR) counts stayed relatively constant across all the speeds and 

culturable counts increase with increasing agitation; even though the total counts were 

not significantly different, it appears that increasing agitation does not affect the total E. 

coli counts as much as the culturable counts. This suggests that agitation releases some 

nutrients that the cells can use and results in a greater proportion of them been 

resuscitated out of a VBNC state.  For future studies, it would be beneficial to determine 

DOC or nutrient measurements during the SFC tests and then, perhaps some correlation 

to the presence of nutrients in the bulk water can help explain the rise in culturable 

counts. 
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Another important consideration for this increase in culturable counts is the 

ability of bacteria to be adsorbed to the floc. Bacterial adhesion is frequently described by 

thermodynamic approaches which consider the surface free energy of the interacting 

surfaces, while neglecting electric charges, receptor-ligand and steric interactions 

(Olofsson et al. 1998). Therefore, it is also important to consider the surface properties of 

the bacteria themselves and not only the particle at which they will potentially attach. In 

this project, Pseudomonas sp. strain CTO7::gfp-2 (hydrophobic) was used to provide an 

insight to the potential attachment and release of floc-associated microorganisms under 

conditions of increasing shear. The use of both hydrophilic and hydrophobic cells would 

be useful to determine the absolute adhesion of different strains. Cell surface 

hydrophobicity is considered an important factor for bacterial adhesion in many different 

systems; and, as indicated by Olofsson et al. (1998) there is considerable potential for 

adhesion of hydrophobic bacteria within the floc structure, which would increase the 

potential of the floc to clear free-floating cells from the water. In addition, during the 

determination of hydrophobicity, it is important to take into account the type of analysis. 

As mentioned in Pembrey et al. (1999), the type of washing or resuspension medium used 

during the analysis has a strong influence on the values of cell surface parameters. 

Therefore, the method used to prepare cells for cell surface analysis needs to be critically 

investigated for each microorganism so that the final results obtained reflect the nature of 

the in situ microbial cell surface as closely as possible. 

 

In this context, detailed investigation of EPS components in each energy level 

should provide a better understanding on how the community is disrupted by shear and 
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how the attachment of bacteria takes place after a disturbance. Even though the 

composition of EPS is complex and depends greatly on the bacterial species and the 

growth conditions, a detailed characterization of polysaccharides, lipids, proteins and 

extracellular DNA (eDNA) can be used to determine the effects in a floc by the changes 

in the external environment. The role of each component can provide a better 

understanding on how flocs behave in the environment; for example, Dominiak et al. 

(2010) found that the structural role of eDNA in activated sludge flocs seems to be an 

important component involved in forming strong flocs, resistant to shear forces present in 

wastewater treatment plants. Extracellular DNA can serve as nutrient source (Finkel and 

Kolter 2001), can affect surface attachment (Steinberger 2002) and biofilm strengthening 

(Dominiak et al. 2010), and can be a source of genes in the horizontal gene transfer 

(Molin and Tolker-Nielsen 2003). Therefore, a detailed characterization of the EPS 

components may help clarify how the different flocs (BedS and SusF) interact, and how 

they are affected by their surroundings.  

 

One approach for an in depth study of EPS components is to use Nuclear 

magnetic resonance (NMR). NMR offers the opportunity to quantify the coupling of 

microbial biomass and flow velocity distribution in opaque porous media in a non-

invasive manner. The use of NMR for molecular studies relies on the observation of 

spectral properties in distinct NMR lines that can be correlated with intramolecular 

motional processes. High Resolution magnetic angle spinning (HR-MAS-NMR) allows 

the application of solution state NMR experiments to samples that are not fully soluble 

and contain solids. An identification and assignment of the spectra of the EPS, the floc 
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and the pathogens can be used to determine the intramolecular motions which can be 

attributed to specific locations in the molecular structure, thus providing a map of the 

internal mobility across the molecule. The use of nuclear overhauser effects (NOE) 

determines the distance between nuclear spins located in the different interactive 

molecules; therefore one can identify the specific site where the interaction is happening. 

The spectra of the standards (2D 1H-13C HR-MAS hetero-nuclear single quantum 

coherence (HSQC) spectra) can then be compared with the samples of different water 

systems and provide the information required: how are pathogens/microorganisms 

agglomerated in flocs?, what is the compound/component/substance that keeps this union 

together?, can one identify intermolecular interactions that may lead to gene transfer with 

the usage of NMR?. 

 

NMR techniques, however, can be expensive and difficult to interpret; therefore, 

horizontal gene transfer (HGT) can be studied in different ways. Other molecular 

experiments (i.e., PCR, sequencing) can identify the genes that have been transferred 

horizontally. These identifications include the following: First, sequence analysis of the 

host genome may reveal areas with GC content or codon usage patterns atypical for it. 

Second, if a sequence is found in only one organism and is absent from all other closely 

related organisms, it is more likely to have been introduced horizontally into that 

organisms rather than deleted from all others. Third, the comparison of a morphology-

based species tree or molecular tree based on a molecule that is assumed to be refractory 

to HGT (e.g., 16S rRNA or 23S rRNA) against a phylogeny of an observed gene built for 
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the same set of species may reveal topological conflicts that can be explained by HGT. 

For all the previous analyses an identification of each strain in the floc is needed. 

 

It is also important to note that the development of many bacterial sequencing 

projects reinforces the idea that while conducting phylogenetic analysis one also has to 

take into account the mechanisms of evolution: homologous recombination, HGT, 

ancient gene duplication followed by gene loss, and gene convergence.  

 

Because HGT as well as the emergence of a new combination of resistance genes 

happen most frequently in compartments with high bacterial density (i.e.,biofilms,flocs) 

(Murray 1997) it is important to have a greater understanding of the microbial diversity 

of flocs. In this thesis, integrons found in flocs and water were sequenced and the 

components of a site-specific recombination system capable of capturing and mobilizing 

genes were identified. Some future studies can originate from this section of the project, 

which can help determine the abundance in vivo of mobile gene cassettes and integrons, 

in different flocs (SusF, BedS) and in populations of microorganisms within flocs. For 

the determination of how the properties of different flocs and how different energy levels 

may affect HGT, a donor strain (such as those used in the positive controls of the 

molecular studies, that contain known integrons characterized by variable regions) and a 

recipient strain can be added to a pre-sterile floc (either SusF or BedS). After SFC, the 

donor strain and the recipient strain need to be quantitatively tested for antimicrobial 

susceptibility (according to the resistance of the donor strain). The transfer of the plasmid 

can be confirmed by plasmid characterization, PCR, pulse field gel electrophoresis 



165 

 

(PFGE), and hybridization. (For detailed experimental procedures see (van Essen-

Zandbergen et al. 2009).) The acquired results can reveal how the characteristics (i.e., 

surface charge, organic content) of the different flocs affect HGT. 

 

The addition of a strain to a population of microorganisms within a floc (non-

sterile floc) has to be labelled in order to track its dynamics. To confirm that the bacteria 

are the same as those administered to the chamber or flow, a definitive marker had to be 

established in the bacteria. Previous studies have used enteral radioisotope-labeled 

bacteria, as well as fluorescein-labeled bacteria (Banning 2003, Olofsson et al. 1998, 

Dahlberg et al. 1998). A popular method for labeling microbes is using green fluorescent 

protein (GFP). GFP-labeled bacteria have been used in monitoring either single cells or a 

cell population in aquatic environments. GFP can be detected easily by fluorescence 

colony counting under long wavelength UV light, epifluorescence microscopy, laser 

confocal microscopy, and flow cytometry for individual cells or direct fluorescence 

measurement. Furthermore, the GFP phenotypes are detectable in all growth phases of 

bacteria, even under starvation conditions and in the viable but nonculturable state (Leff 

and Leff 1996). After the identification of bacteria; (Nosyk et al. 2008) hybridisation 

analyses, using the integron-specific gene cassette arrays as templates, and labelled 

plasmid-DNA preparations from bacteria can reveal that bacteria containing integron-

specific sequences on plasmids are released into the environment by energy (For detailed 

experimental procedures see (Tennstedt et al. 2003). 
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Overall, Assessing energy regime effects on pathogen-particle interactions linking 

water quality to ecosystems and public health reveals that: 

 

1. Relatively low energy effects can break the association between flocs and 

pathogens, and thus potentially cause a higher risk for pathogen infection as 

free-floating bacteria may be more susceptible to ingestion than particle-

associated bacteria which will settle out faster.  

 

2. Molecular approaches detect earlier differences in the dissociation of bacteria 

compared to the plating technique; and provide evidence that energy may 

affect microbial diversity in free-floating and particle-associated fractions in 

cohesive bed sediments (BedS) and suspended flocs (SusF). This is an 

important finding because it demonstrates that current regulatory practices 

underestimate microbial counts. 

 

3.   Free-floating and particle-associated bacterial assemblages interconnect and, 

as such, there is ample opportunity for horizontal gene transfer to occur. 

Therefore, free-floating and particle-associated bacterial assemblages are 

potential genetic reservoirs for antibiotic resistance genes. This is an 

important finding because it shows that energy levels promote the release of 

bacterial communities that may bring mobile genetic elements that will 

adversely affect human health. 
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These major findings can be used for water quality assessment for the protection of 

human health, given that, the study of particles as reservoirs of organisms could 

provide an early warning for potential indicators of human risk in water systems 

and could determine the presence of future clinically relevant antibiotic resistance 

mechanisms and/or of pathogenic gene transfer.  
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APPENDIX A 

EDS SPECTRA FOR SB, CSO, RF, MN, AG AND ML 
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APPENDIX B 

 

SUMMARY TABLE OF ANALYSIS OF SB, CSO, RF, MN and AG. 

(2009-BedS) 
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2009 Microbial Counts      EPS Characteristics  

SITE HPC TCC E.coli 
E.coli-
qPCR 

Total [DNA] Carboh Protein Humic [DNA] Total 

    CFU/g-ml CFU/g-ml CFU/g-ml CFU/g-ml ug/ul mg/g mg/g mg/g mg/g     

SB-BS MID 2.70E+03 3.60E+00 <3.00E+00 8.11E+05 31.3 5.8 0.25 0.08 13.18 2.40 0.70 0.08 0.37 0.20 14.50 1.14 
  TOP 3.20E+04 2.30E+01 9.20E+00 2.34E+06 64 5.8 0.50 0.06 20.25 1.02 1.20 0.00 0.35 0.40 22.30 0.47 
  Floc 4.17E+04 1.51E+03 6.07E+04 4.59E+06 141.17 59.20 0.04 0.01 0.89 0.05 31.73 0.02 0.05 0.01 32.71 0.02 
  Water 1.90E+02 2.00E+03 3.00E+00 4.41E+03 32.71 8.03                     

SB-DS MID 3.30E+03 <3.00E+00 <3.00E+00 1.41E+06 95.26 39.50 0.03 0.06 10.72 1.52 0.60 0.20 0.37 0.10 11.72 0.70 
  TOP 3.40E+04 3.80E+01 3.60E+00 2.91E+06 78.03 12.30 0.01 0.05 11.03 4.83 0.60 0.03 0.31 0.30 11.94 2.35 
  Floc 1.10E+04 8.00E+04 1.23E+05 2.33E+06 140.45 0.00 0.10 0.01 0.05 0.01 5.12 0.00 0.11 0.03 5.28 0.01 
  Water 3.50E+03 1.20E+01 1.28E+03 2.43E+04 45.67 0.28                     

SB MID 7.30E+03 <3.00E+00 <3.00E+00 4.66E+06 7.03 1.76 0.01 0.00 1.74 0.08 41.11 0.01 0.49 3.30 43.35 1.64 
  TOP 1.70E+04 2.30E+01 9.20E+00 8.25E+06 11.61 1.90 0.02 0.02 1.46 0.04 33.76 0.02 0.38 7.09 35.62 3.53 
  Floc 6.10E+03 1.70E+05 5.10E+04 9.72E+06 15.08 19.40 0.12 0.09 0.98 0.04 37.86 0.02 0.10 0.01 39.06 0.03 
  Water >300 2.40E+02 5.70E+01 2.40E+03 5.75 1.80                     

MN MID 4.80E+03 <3.00E+00 <3.00E+00 1.75E+07 13.89 5.15 0.17 0.01 3.76 0.11 59.55 0.03 3.05 0.09 66.53 0.05 
  TOP 4.20E+04 <3.00E+00 <3.00E+00 1.99E+07 8.06 0.83 0.15 0.03 3.75 0.08 65.76 0.05 2.62 0.03 72.28 0.02 
  Floc 1.92E+04 4.20E+03 <3.00E+00 6.75E+07 64.12 29.00                     
  Water 1.51E+03 6.00E+00 <3.00E+00 1.48E+04 0.67 0.50                     

RF MID 7.00E+02 <3.00E+00 <3.00E+00 7.82E+03 7.83 3.31 0.09 0.03 2.94 0.02 67.50 0.03 1.04 0.42 71.57 0.20 
  TOP 1.35E+04 1.50E+01 7.40E+00 7.31E+03 26.59 11.07 0.14 0.05 5.10 0.03 118.50 0.04 0.23 0.34 123.97 0.15 
  Floc 7.33E+04 1.81E+05 <1.00E+00 <1.00E+00 36.72 12.01 0.13 0.19 0.97 0.08 36.89 0.04 0.26 0.00 38.25 0.08 
  Water 1.10E+02 4.50E+01 <1.00E+00 4.60E+01 3.81 0.16                     

AG MID 9.10E+04 <3.00E+00 <3.00E+00 5.06E+06 10.09 1.38 0.01 0.03 0.01 0.01 1.02 0.01 0.16 0.02 1.20 0.01 
  TOP 1.88E+0.5 2.40E+03 2.40E+03 4.40E+06 19.03 9.33 0.01 0.03 0.01 0.01 1.05 0.02 0.13 0.00 1.20 0.01 
  Floc 2.10E+05 3.00E+05 2.40E+03 1.43E+07 32.31 0.13 0.26 0.21 0.52 0.06 21.97 0.01 0.62 0.00 23.37 0.09 
  Water 1.96E+03 1.80E+00 2.45E+00 6.46E+03 17.32 3.52                     

CSO TOP 9.60E+06 2.40E+04 9.30E+04 4.55E+07 17.11 1.34 0.01 0.02 0.06 0.02 2.40 0.04 0.11 0.01 2.58 0.01 
  Floc 5.6E+05 5.3E+05 >3.00E+00 1.60E+08 14.35 0.28 0.36 0.16 0.83 0.14 34.34 0.11 1.46 0.01 36.99 0.07 
  Water 1.80E+05 9.30E+04 4.30E+04 5.53E+06 7.52 0.8                     
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2009 Surface Properties Site characteristic  Particle Size Distribution ( non-sieved)  

SITE Hydrophobicity Surface Charge DO pH Temp Depth D50 (volume) Settl Veloc Porosity Density 
    % stdev meq/g MLSS stdev %   C m um mm/s % g/cm3 

SB-BS MID 16.67 1.5 0.08 0.13                         
  TOP 28.12 2.1 0.02 0.16                         
  Floc 39.76 6.09 

 
                          

  Water         115.1 7.9 10.74 1.1 12.9 3.96 3.47 4.08 87.58 5.63 1.08 0.03 

SB-DS MID 71.96 4.79 -0.02 0.2                         
  TOP 43.91 0.98 -0.02 0.06                         
  Floc 32.65 2.5 

 
                          

  Water         128 7.36 9.98 1 34.2 17.7 6.08 5.41 92.3 2.34 1.05 0.02 

SB MID 45.18 3.18 0.03 0.03                         
  TOP 39.24 1.99 -0.68                           
  Floc 28.95 3.5 

 
                          

  Water         125 7.94 4.19 14 105.5 23.3 5.54 9.93 77.21 17.5 1.14 0.11 

MN MID 33.65 11.26 0.08 0.08                         
  TOP 31.13 5.01 -0.15 0.05                         
  Floc                                 
  Water         7.7 7.94 13.95 1 7.87 2.7 4.82 3.83 90.39 4.84 1.06 0.03 

RF MID 35.83 6.43 -0.23 0.15                         
  TOP 37.74 3.09 0 0                         
  Floc 20.76 1.61 

 
                          

  Water         42.1 5.75 19.71 3.5 27.1 4.67 5.14 3.39 94.06 3.07 1.03 0.02 

AG MID 24.46 7.22 0.2 0.2                         
  TOP 26.14 0.83 -0.02 0.1                         
  Floc 22.33 3.48 

 
                          

  Water         116.1 8.24 11.62 <1 33.25 3.32 4.53 3.82 93.28 4.28 1.04 0.02 

CSO TOP 30.1 2.4 -0.17 0.03                         
  Floc 12.82 5.05 

 
                          

  Water         28.2 8.2 19.66 <1 10.5 2.26 3.89 4.4 94.3 3.02 1.03 0.01 
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2009 Particle Size Distribution (sieved)     Properties  

SITE D50 (volume) Settl Veloc Porosity Density LOI DIC DOC POC PON SS 
    um mm/s % g/cm3 % mg/L mg/L mg/L mg/L mg/L 

SB-
BS 

MID             0.97 0.10 1.05 0.62                     

  TOP             0.95 0.08 1.01 0.21                     
  Floc             20.1 2.69 18.18                     
  Water 12.9 3.96 3.47 4.08 87.6 5.6 1.08 0.0     23.1 0.4 2.57 0.06 0.258 0.02 0.022 0.01 1.67 0.22 

SB-
DS 

MID                 0.9 0.47                     

  TOP                 0.89 0.37                     
  Floc                 21.99                     
  Water 34.2 17.6 6.08 5.41 92.3 2.3 1.05 0.01     23 0.4 2.36 0.06 0.235 0.03 0.023 0.00 101 13 

SB MID                 0.31 0.06                     
  TOP                 0.77 0.11                     
  Floc                 35.71                     
  Water 23.0 0.41 3.62 3.7 79.9 19 1.13 0.12     23.5 0.3 2.97 0.38 0.26 0.02 0.022 0.01 1.38 0.05 

MN MID                 9.92 0.26                     
  TOP                 8.79 4.41                     
  Floc                                         
  Water 7.32 0.84 1.79 1.48 58.7 24 1.26 0.15     1.03 0.1 1.87 0.06 0.26 0.02 0.022 0.01 0.561 0.2 

RF MID                 1.22 0.27                     
  TOP                 21.8 0.07                     
  Floc                 56.25                     
  Water 29.3 0.37 1.92 1.04 97.1 2.3 1.01 0.01     1.7 0.1 7.23 0.72 0.26 0.02 0.022 0.01 3.07 0.03 

AG MID                 6.08 3.85                     
  TOP                 13.4 3.18                     
  Floc                 46.81                     
  Water 23.8 0.6 1.65 0.68 92.2 6.9 1.05 0.044     1.03 0.1 1.87 0.06 0.26 0.02 0.022 0.01 2.4 0.2 

CSO TOP                 6.15 3.38                     
  Floc                 65.65                     
  Water 52.8 4.2 1.59 0.91 91.4 9.7 1.06 0.06     1.03 0.1 1.87 0.06 0.26 0.02 0.022 0.01 32.9 0.61 
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2009 Microbial Counts  Genomic DNA EPS Characteristics (mg/ml)  

SITE HPC TCC E.coli Total Total Carboh Protein Humic A [DNA] Total 

  
 

    
  

  free-float parti-assoc   
 

  
 

  
  

mg/g  

  (rpm) CFU/g-ml CFU/g-ml CFU/g-ml ng/ul ng/ul       
 

SB Initial                   0.80 0.34 0.00 0.00 23.37 0.05 0.03 24.20 0.18 

  125           11.39 0.51 37.47 0.17 0.85 0.13 1.56 0.06 25.36 0.06 0.02 27.79 0.04 

  200           12.99 0.15 40.29 1.26 0.97 0.02 1.83 0.06 31.31 0.06 0.03 34.13 0.02 

  400           10.10 4.90 18.14 0.80 1.00 0.17 1.52 0.06 24.74 0.06 0.02 27.28 0.07 

  600           12.58 0.10 12.67 0.38 0.99 0.42 1.59 0.06 25.47 0.15 0.02 28.07 0.19 

  125f                                     

SB Initial                                     

(replic) 125 >300   4.6E+04   3.0E+02 12.53 0.08 39.60 0.30                   

  200 >300   4.0E+04   3.6E+03 1.48 0.32 25.00 8.00                   

  400 >300   4.3E+04   7.0E+03 1.29 0.32 22.80 1.30                   

  600 >300   5.3E+04   1.1E+04 1.47 1.02 10.20 0.50                   

  125f >300   3.2E+04   9.1E+02 1.61 0.07 31.90 0.60                   

MN Initial           8.06       0.02 0.01 1.77 0.01 31.06 0.03 0.00 32.85 0.23 

  125           24.20 0.04 18.42 0.03                   

  200           15.10 0.00 13.52 0.00                   

  400           18.23 0.06 12.47 0.05                   

  600           10.39 0.26 15.01 0.10                   

  125f               10.16 0.02 0.02 0.00 1.72 0.00 33.65 0.02 0.09 35.48 0.59 

RF Initial 2.97E+02 11.6 2.33E+01 2.5 ND -0.36 0.47 27.70 0.62                   

  125 1.52E+03 11.1 3.40E+02 22.5 
 

12.47 0.55 36.58 1.22                   

  200 >300   4.63E+02 26.3 
 

12.82 0.66 33.35 0.34                   

  400     8.03E+02 27.0 
 

11.87 0.09 31.75 0.34                   

  600 4.56E+03 114.0 8.60E+02 14.2 
 

13.20 0.13 37.24 0.81                   

  125f 5.57E+03 24.0 1.03E+03 28.3   11.92 0.10 32.55 1.08                   
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2009 SSC Surface Properties  PSD Properties  

SITE mg/L Hydrop Surf cha Density VSS (LOI) DIC DOC POC PON 

  
   

    meq/g MLSS g/cm3 (%) mg/L mg/L mg/L mg/L 

  (rpm) 
 

stdev %   stdev 
 

stdev   stdev 
 

stdev 
 

stdev 
 

stdev 
 

stdev 

SB Initial 286.66 20.81         1.09 0.13 0.48 0.06                 

  125                                     

  200                                     

  400                                     

  600                                     

  125f                                     

SB Initial 730 84 53.63 3.9 -0.08 0.28 1.13 0.12 0.77 0.11                 

(replic) 125                     
  

    
  

    

  200                     
  

    
  

    

  400                     
  

    
  

    

  600                     
  

    
  

    

  125f             1.03 0.03     23.5 0.25 2.97 0.38 0.26 0.02 0.022 0.01 

MN Initial 351.66 15.27 31.13 5.01 -0.15 0.05     8.79 4.41                 

  125                     
  

    
  

    

  200                     
  

    
  

    

  400                     
  

    
  

    

  600                     
  

    
  

    

  125f             1.26 0.15                     

RF Initial 480 14.14 30.92 3.52 -0.13 0.16 1.01 0.01 21.8 0.07                 

  125                     
  

    
  

    

  200                     
  

    
  

    

  400                     
  

    
  

    

  600                     
  

    
  

    

  125f             1.02 0.01     1.7 0.14 7.23 0.72 0.26 0.02 0.022 0.01 
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2009 Microbial Counts  Genomic DNA EPS Characteristics (mg/ml) 

SITE HPC TC E.coli Total - free Total - attach Carb Prot Humic A [DNA] Total 

  
CFU/g-ml CFU/g-ml CFU/g-ml ng/ul ng/ul 

    
mg/g stdev 

AG Initial 7.80E+02 2.09E+03 9.33E+01 11.37 0.47 50.98 0.56 0.02 2.05 2.23 2.11 6.41 0.82 

 
125 1.64E+03 1.20E+03 1.83E+02 12.37 0.75 43.38 1.85             

 
200 1.20E+03 1.96E+03 1.25E+02 11.26 0.53 26.95 0.95             

 
400 >300 3.15E+03 3.00E+01 9.62 0.61 18.95 2.68             

 
600 2.61E+03 2.64E+03 8.33E+01 16.92 0.91 37.71 3.10             

 
125f 1.92E+03 2.10E+03 1.20E+02 14.36 0.72 28.88 1.07             

AG Initial Sp 1.34E+03 ND 16.26 0.58 170.42 4.54 0.00 0.18 7.08 0.18 7.43 0.07 

2 125 7.43E+02 5.80E+02 
 

16.95 0.60 194.68 6.61             

 
200 5.70E+02 8.73E+02 

 
11.17 0.12 188.84 1.69             

 
400 1.09E+03 1.02E+03 

 
11.90 2.15 163.02 2.18             

 
600 3.95E+02 5.00E+02 

 
17.85 1.96 142.97 1.16             

 
125f 

 
8.07E+02 

 
11.27 0.15 169.99 0.52 0.00 0.17 5.28 0.17 5.63 0.15 

CSO Initial >700 >700 ND 
  

20.86 12.47 0.00 0.13 3.64 0.13 3.89 0.3 

 
125 4.28E+03 3.27E+03 

 
17.24 0.24 29.76 24.41             

 
200 5.65E+03 3.73E+03 

 
21.80 0.75 19.24 0.62             

 
400 >700 >700 

 
16.97 0.82 31.72 3.70             

 
600 >700 >700 

 
37.23 12.60 26.03 0.86             

 
750 >700 >700 

 
19.24 2.80 24.43 1.39             

 
125f >700 >700 

 
59.48 1.44 25.44 0.96 0.00 0.14 3.38 0.14 3.65 0.17 

ML Initial 6.50E+03 3.69E+03 1.50E+03 19.78 0.32 14.74 0.98 3.70 34.30 35.51 0.14 73.65 0.54 

 
125 5.40E+03 3.31E+03 

 
12.82 1.39 24.37 1.10 0.01 0.14 5.52       

 
200 1.14E+04 4.74E+03 

 
30.05 0.93 25.62 0.86             

 
400 >300 7.72E+03 

 
30.88 5.20 27.82 2.85             

 
600 >300 8.76E+03 

 
25.27 8.75 27.92 1.84             

 
750 >300 4.95E+04 

 
18.53 2.23 20.89 0.38             

 
125f 2.21E+04 2.63E+04 

 
8.83 0.25 22.44 0.23 0.05 15.10 25.97 0.15 41.27 0.07 
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2009 Surface Properties  PSD Properties  

SITE SSC Hydroph Surface Charge Settl Veloc Porosity Density VSS (LOI) DIC DOC 

  
mg/L % meq/g MLSS stdev mm/s stdev % stdev g/cm3 stdev % stdev mg/L mg/L 

AG Initial 965 7.10 
  

-0.02 0.12 2.74 1.4 91.15 8.25 1.05 0.05 1.36 0.46     

 
125                         

  
    

 
200                         

  
    

 
400                         

  
    

 
600                         

  
    

 
125f             3.24 1.45 84.44 13.39 1.1 0.08 

  
    

AG Initial 1765 7.07 30.64 3.99 -0.02 0.1 1.65 0.68 92.16 6.88 1.05 0.04 13.4 3.18 
  2 125                         

    

 
200                         

    

 
400                         

    

 
600                         

    

 
125f             1.3 0.7 90.25 8.23 1.06 0.05 

  
1.03 1.87 

CSO Initial 631 15.50 37.82 1.13 -0.07 0.06 1.59 0.91 91.43 9.65 1.05 0.06 6.15 3.38 
  

 
125                         

    

 
200                         

    

 
400                         

    

 
600                         

    

 
750                         

    

 
125f             1.66 0.57 93.72 5.51 1.04 0.03 

  
1.03 1.87 

ML Initial 420 17.32 51.1 1.99 -0.17 0.03 2.03 0.97 94.59 5.79 1.03 0.03 Total C= 72.8 65.6 7.21 

 
125                         

    

 
200                         

    

 
400                         

    

 
600                         

    

 
750                         

    

 
125f             0.88 0.41 99.03 1.29 1 0.008 
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APPENDIX B2 

 

SUMMARY TABLE OF ANALYSIS OF SB, CSO and RF. 

(2010-BedS and SusF) 
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2010 Microbial Counts  

SITE HPC (particle asso) 
TCC (free-
floating) 

TCC (particle-
associat) TCC(free-floating) 

E.coli (particle-
ass) E.coli(free-floati) 

  
CFU/g CFU/ 100ml CFU/g CFU/ 100ml CFU/g CFU/ 100ml 

SB Sedim 4.35E+04 1.06     2.52E+02 2.90     5.90E+01 2.26     

BedS Water 3.80E+02 3.00     1.00E+03 0.00     1.35E+01 2.12     

 
Initial >1.10E+07   >1.10E+07   1.00E+01 0 3.33E+01 0 2.46.E+02   1.60.E+02 0.00 

 
125 >1.10E+07   >1.10E+07   8.29E+01 1.92 5.93E+01 3.39 1.87.E+02 3.43 1.03.E+02 5.15 

 
200 >1.10E+07   >1.10E+07   2.00E+02 2.30 3.57E+01 1.72 9.51.E+02 1.91 1.71.E+02 0.00 

 
400 >1.10E+07   >1.10E+07   1.00E+01 0.00 4.66E+01 2.24 1.00E+01 0.00 6.25.E+01 1.02 

 
600 >1.10E+07   >1.10E+07   4.87E+01 0.00 5.62E+01 1.9 2.92.E+02 0.62 2.14.E+02 0.81 

  125f >1.10E+07   >1.10E+07   1.01E+02 0.00 4.29E+01 1.9 1.00E+01 0.00 5.71.E+01 0.81 

SB Sedim                         

SusF Water 5.10E+02 1.41     2.00E+03 0.00     1.00E+03 0.00     

 
Floc 9.82E+05 13.00     1.25E+03 1.63     1.28E+02 1.59     

 
Initial >1.10E+07   >1.10E+07           5.06.E+03 0.00 1.75.E+03 0.00 

 
125 >1.10E+07   >1.10E+07       6.67E+01 0.00 4.05.E+03 0.00 1.53.E+03 0.00 

 
200 >1.10E+07   >1.10E+07           5.09.E+03 0.00 1.79.E+03 0.00 

 
400 >1.10E+07   >1.10E+07   8.66E+00 0     7.65.E+03 0.00 2.58.E+03 0.00 

 
600 >1.10E+07   >1.10E+07           4.00.E+03 0.00 3.80.E+03 0.2 

  125f >1.10E+07   >1.10E+07           4.38.E+03 0.06 2.70.E+03 0.06 

CSO Sedim 5.62E+06 5.9     9.80E+03 7.3     4.73E+03 6.4     

BedS Water 1.24E+06       1.55E+05 3.2     9.85E+03 3.5     

 
Initial >1.10E+07   >1.10E+07   >1.10E+07   >1.10E+07   >1.10E+07   >1.10E+07   

 
125 4.43E+04 0.65 5.75E+05   2.26E+04 0.11 1.32E+03 3.85 2.57E+04 0.51 2.43E+05 0.08 

 
200 6.77E+04 0.04 2.68E+05 0.33 1.03E+04 3.91 1.37E+03 0.21 2.83E+04 0.19 2.88E+05 0.05 

 
400 5.20E+04 0.32 2.91E+05 0.25 1.57E+04 0.32 1.09E+03 3.03 2.19E+04 0.76 3.62E+05 0.10 

 
600 4.38E+04 0.18 3.76E+05 0.20 3.08E+03   >1.10E+07   1.65E+04 0.19 3.77E+05 0.09 

  125f 5.76E+04 0.36 3.17E+05 0.24 1.26E+04 2.64 1.59E+03 0.37 4.99E+04 0.40 2.59E+05 0.32 

 

 

2
0
9
 

 



210 

 

2010 Microbial Counts PSD     Properties 

SITE E.coli (qPCR)-Att E.coli (qPCR)-free 
D50 
(volume) LOI DIC DOC POC SS 

  
CFU/g stdev CFU/100 ml stdev um stdev % stdev mg/L stdev mg/L stdev mg/L stdev mg/L stdev 

SB Sedim 7.80E+07 1.22         2.71 0.22                 
BedS Water 8.53E+05 2.33             21.2 0.57 2.87 0.46 1.48 0.41     

 
Initial         70.96 2.83                 370 50 

 
125 3.37E+08 2.94 4.43E+06   80.50 1.80                     

 
200 5.11E+08 5.23 2.33E+06   66.83 0.43                     

 
400 2.02E+07 0.33 1.79E+07   37.90 0.62                     

 
600 6.75E+07 3.78 6.59E+04   27.54 0.21                     

  125f 1.88E+07 0.47 4.84E+05   66.59 2.22                     

SB Sedim 8.18E+06 3.17                             
SusF Water     19018800.2 0.84         21.2 0.07 2.73 0.06 1.42 0.19     

 
Floc 2.39E+07           17.40 0.30                 

 
Initial         61.92 2.80                 346 60 

 
125 2.81E+06 4.36 2.20E+06   75.89 1.37                     

 
200 4.67E+06 4.58 3.83E+06   65.75 0.68                     

 
400 2.57E+06 2.21 1.26E+07   50.43 0.46                     

 
600 4.61E+06 3.61 1.35E+07   43.64 0.91                     

  125f 7.53E+06   6.64E+06   61.13 0.35                     

CSO Sedim 1.00E+07 1.59         10.6 0.6                 
BedS Water     2.87E+09 2.50         45.9 0.45 15.7 1.02     590 40 

 
Initial         58.63 0.81 68.8 8.8                 

 
125 6.58E+08 4.02 1.92E+06 0.22 76.05 1.73                     

 
200 3.38E+07 2.06 4.43E+06 4.51 61.53 0.46                     

 
400 2.37E+09 1.49 1.16E+06   38.24 0.31                     

 
600 8.99E+08 2.92 8.34E+06 0.78 29.05 0.08                     

  125f 1.75E+08 1.22 7.00E+06 1.65 57.64 2.44                     
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2010 Microbial Counts  

SITE 
HPC (particle 
asso) TCC (free-floating) 

TCC (particle-
associat) 

TCC(free-
floating) 

E.coli (particle-
ass) E.coli(free-floati) 

  
CFU/g CFU/ 100ml CFU/g CFU/ 100ml CFU/g CFU/ 100ml 

CSO Floc 6.80E+08       >1.10E+07       2.10E+06       

SusF Initial 7.89E+06 2.11 >1.10E+07   >1.10E+07       7.56E+06 2.70 >1.10E+07   

 
125 5.54E+06 3.37 7.12E+04   >1.10E+07       3.02E+07   3.81E+05   

 
200 1.87E+06 1.10 5.69E+04 0.74 >1.10E+07       1.53E+07 0.03 5.12E+05 0.33 

 
400 8.94E+05 1.43 7.69E+04 3.80 3.11E+05 0.88 1.95E+04   1.28E+07 0.04 6.51E+05 0.39 

 
600 9.19E+05 0.21 7.50E+04 0.71 2.26E+05 0.25 2.36E+04   8.74E+06 0.54 8.48E+05   

  125f 9.49E+05 0.21 4.50E+04 0.52 1.04E+05   1.64E+04   1.83E+07   3.96E+05   

RF Sedim 6.50E+03 3.54     <3.00E-01       <3.00E-01       

BedS Water 7.50E+01       <1.00E+00       <1.00E+00       

 
Initial 3.05E+02   8.79E+03 0.64 5.64E+00   2.59E+01 0.71 2.09.E+01   5.69.E-01   

 
125 5.86E+02 0.56 1.62E+04 0.14 1.38E+02 0.45 8.48E+01 0.74 <3.00E-01   <3.00E-01   

 
200 1.97E+02 0.20 2.23E+04 0.18 1.58E+02 0.25 4.28E+01 0.74 <3.00E-01   <3.00E-01   

 
400 2.28E+02 0.31 2.55E+04 0.19 1.91E+02 0.39 4.00E+00 1.89 <3.00E-01   3.33.E-01   

 
600 3.65E+02 0.10 3.08E+04 0.20 1.90E+02 0.30 1.30E+01 0.85 <3.00E-01   <3.00E-01   

  125f 2.42E+02 0.50 2.46E+04 0.04 1.23E+02 0.08 6.33E+00 4.11 5.01.E+01   <3.00E-01   

RF Floc 3.60E+04       2.40E+03       2.40E+02       

SusF Initial 8.92E+01 4.27 1.80E+03 0.11 2.06E+01 0.33 8.67E+00 4.06 1.63.E+01   <3.00E-01   

 
125 1.43E+03 0.39 1.80E+04 0.12 1.73E+02 0.29 8.47E+01 1.90 <3.00E-01   <3.00E-01   

 
200 8.59E+02 0.23 2.49E+04 0.34 7.38E+01 3.59 5.47E+01 3.16 2.36.E+01   <3.00E-01   

 
400 5.54E+02 0.36 3.33E+04 0.81 3.42E+02 1.66 8.80E+01 1.80 <3.00E-01   <3.00E-01   

 
600 8.04E+02 3.46 3.73E+04 0.41 5.06E+02 1.47 1.69E+01 0.74 2.83.E+01   <3.00E-01   

  125f 3.13E+03 0.17 1.26E+04 0.20 8.18E+01 1.01 3.10E+01 0.21 <3.00E-01   <3.00E-01   
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2010 Microbial Counts PSD     Properties  

SITE E.coli (qPCR)-Att E.coli (qPCR)-free 
D50 
(volume) LOI DIC DOC POC SS 

  
CFU/g stdev CFU/100 ml stdev um stdev % stdev mg/L stdev mg/L stdev mg/L stdev mg/L stdev 

CSO Floc 8.04E+08 1.22         85.2 7.8                 

SusF Initial         21.65   68.8 8.8 45.9 0.45 15.7 1.02     540 80 

 
125 1.84E+09 0.95 2.41E+06 0.51 65.61 0.86                     

 
200 2.37E+08 1.38 1.38E+07 0.04 55.87 0.27                     

 
400 3.16E+09 4.05 3.95E+07 0.03 25.63 0.12                     

 
600 4.32E+08 4.05 4.25E+06 0.83 16.78 0.19                     

  125f 3.85E+08 1.47 9.64E+06 0.09 54.52 0.89                     

RF Sedim 5.01E+07           36.22 1.36                 

BedS Water     4.77E+04 1.83         6.7 0.17 8.1 0.06 1.73 0.16     

 
Initial         52.17 1.06 16.07 7.78             515 40 

 
125 1.16E+06 2.00 2.38E+04 0.21 57.46 0.87                     

 
200 1.32E+06 1.94 2.35E+04 1.58 47.59 0.61                     

 
400 2.33E+07 3.30 6.98E+04   32.04 0.13                     

 
600 1.20E+07 0.13 2.13E+04 1.27 27.63 0.31                     

  125f 7.23E+06 1.03 2.31E+04 0.39 39.36 2.22                     

RF Floc 5.32E+06 3.61         70.44 17.47                 

SusF Initial         86.79 4.30 50 0 6.7 0.17 8.1 0.06 1.73 0.16 485 50 

 
125 8.93E+05 4.60 5.42E+03   84.27 1.22                     

 
200 6.58E+05 1.30 2.20E+04 1.82 63.28 0.74                     

 
400 1.41E+06 1.41 6.15E+05 0.56 35.15 0.22                     

 
600 5.86E+06 3.23 2.49E+04 0.86 21.79 0.23                     

  125f 1.32E+06 5.15 2.69E+04 1.29 47.77 2.70                     
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APPENDIX C 

Pseudomonas spp. GROWTH IN STERILE 1X PHOSPHATE BUFFER SOLUTION 
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APPENDIX D 

 

Microbial dissociation p-values in cultured E.coli and qPCR E.coli. A-Cohesive Bed 

Sediment, B-Suspended Floc 
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Plating-E.coli qPCR- E.coli 

  
qPCR vs Plat (Part) qPCR vs Plat (free) 

 
Range Free Particle F vs P Free Particle F vs P   A vs A B vs B A vs A B vs B 

SB(BedS) 125-200 0.423 0.095 0.014 * 0.591 0.058 125 0.006 0.001 0.002 * 

 

200-400 0.423 * 0 * 0.202 0.161 200 0.002 0.029 * * 

 

400-600 0.423 0.008 0.001 * 1.000 0.001 400 0.001 0.02 0.001 * 

 

600-125 * 0.008 0 * 0.293 0.001 600 0.003 0.038 * * 

 

All 0.114 0 0 * 0.136 0.001 125f 0.001 0.073 * * 

SB(SusF) 125-200 * * * * 0.826 0.646 125         

 

200-400 * * * * 0.599 0.32 200         

 

400-600 * * * * 0.789 0.089 400         

 

600-125 * * * * 0.440 0.101 600         

 

All * * * * 0.77 0.149 125f         

CSO(BedS) 125-200 0 * * * 0.555 0.002 125 0 0.121 * * 

 

200-400 0 * * 1 0.898 0.003 200 0 0.086 * 0.038 

 

400-600 0 * * 0.312 0.034 0.006 400 0 0.158 0.075 * 

 

600-125 0 * * 0.423 0.158 0.04 600 0 0.219 0.003 * 

 

All 0 * * 0.112 0.01 0 125f 0 0.13 * * 

CSO(SusF) 125-200 0.667 * * * 0.555 0.008 125         

 

200-400 0.423 * * * 0.484 0.058 200         

 

400-600 * * * * 0.574 0.414 400         

 

600-125 * * * * 0.43 0.057 600         

 

All 0.498 * * * 0.386 0.002 125f         

RF(BedS) 125-200 * * * 1 1 0.044 125 0 * * * 

 

200-400 * * * 0.667 0.089 0.028 200 0 0.052 0.001 0.001 

 

400-600 * * * 0.333 0.272 0 400 0 0 * 0.003 

 

600-125 * * * 0.423 0.272 0 600 * 0 0 * 

 

All * * * 0.684 0.018 0 125f 0.044 0 * 0 

RF(SusF) 125-200 * * * 0.454 0.423 0.027 125         

 

200-400 * * * 0.465 0.698 0.247 200         

 

400-600 * * * 0.423 0.155 0.06 400         

 

600-125 * * * 0.423 0.106 0.001 600         

 

All * * * 0.466 0.083 0.003 125f         

 2
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Plating-HPC Plating-TCC 

 
Range Free Particle F vs P Free Particle F vs P 

SB(BedS) 125-200 * * * 0.423 0.13 0.054 

 

200-400 * * * 0.423 0 * 

 

400-600 * * * 1 * * 

 

600-125 * * * 0.423 * 0.019 

 

All * * * 0.689 0 0.003 

SB(SusF) 125-200 * * * * * * 

 

200-400 * * * * * * 

 

400-600 * * * * * * 

 

600-125 * * * * * * 

 

All * * * * * * 

CSO(BedS) 125-200 * 0.272 0 0.007 0.374 0 

 

200-400 0.495 * 0 0.047 0.374 0 

 

400-600 0.116 0.116 0 0.032 0 0.003 

 

600-125 0.272 0.219 0 0.691 0 0.246 

 

All 0.272 0.195 0 0.086 0 0 

CSO(SusF) 125-200 0.219 0.021 0 * * * 

 

200-400 0.423 0.116 0 * * * 

 

400-600 1 0.495 0 * * * 

 

600-125 0.239 * 0 * * * 

 

All 0.319 0.001 0 * * * 

RF(BedS) 125-200 0.116 0.002 0 0.053 0.789 0.002 

 

200-400 * 0.374 0 0.003 0.789 0 

 

400-600 * 0.116 0 0.016 0.374 0 

 

600-125 * * * 0.067 * 0 

 

All 0 0.001 0 0 0.931 0 

RF(SusF) 125-200 0.239 0.016 0 0.789 0.116 0.02 

 

200-400 0.519 * 0 0.789 0.016 0.003 

 

400-600 0.495 * 0 0.035 0.116 0 

 

600-125 0.012 * 0 0.678 0 0 

 

All 0.008 0 0 0.012 0 0 
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APPENDIX E 

 

Environmental samples containing integrase gene (intI1) and cassette gene 

products with Database matches for MN, ML, RF and AG sites 
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Sample Site Promoter Cassette Posible microorganism 

MN Floc 1       YP_285507.1 hypothetical protein Daro_2301 [Dechloromonas aromatica RCB] 

          YP_285507.1 hypothetical protein Daro_2301 [Dechloromonas aromatica RCB 

          YP_002982060.1 hypothetical protein Rpic12D_2111 [Ralstonia pickettii 12D] 

  Floc 2       YP_285507.1 hypothetical protein Daro_2301 [Dechloromonas aromatica RCB] 

  Floc 3 attI   aacA4 FN554979.1 Pseudomonas aeruginosa 

  Mid 1 attc X aadA M86913.1 Shigella sonnei transposon Tn2426 

  Mid 2 attI   ORFD GU060317.1 Uncultured bacterium clone 

  169(f) attI     Pseudomonas aeruginosa 39016 

  169(p) attI       

   879(f) attI       

  879(p) attI   dfrA7 AJ419170.1 Escherichia coli 

  83f(f) attI   

aadA12, 

qac GU060317.1 Uncultured bacterium clone WF14clone12 

RF Floc 1 attI     CP000690.1 Acidiphilium cryptum 

  Mid 1 attI   qacE GU060317.1 Uncultured bacterium 

  Mid 2 attI   qacE GU060317.1 Uncultured bacterium clone WF14clone12 

  Top 1 attI   qacE FJ820134.1 Uncultured bacterium clone BF11C11HS298MRG288 

  Top 2 attI   qacE GU060317.1 Uncultured bacterium clone WF14clone12  

  Wat 1 attI   qacE GU122165.1 Pseudomonas aeruginosa strain Pae1-2 

  Wat 2 attI     U060317.1 Uncultured bacterium clone WF14clone12  

  83(f)  attI   qacE AEZR01000021.1 Escherichia coli 99.074 

  83(p)  attI   qacE GU060317.1 Uncultured bacterium clone WF14clone12 

  479(f)   attI   qacE GU060317.1 Uncultured bacterium clone WF14clone12 

  479(p)      blaIMP-9 GU122165.1 Pseudomonas aeruginosa strain Pae1-2 

  83F(f)  attI   qacE GU060317.1 Uncultured bacterium clone WF14clone12 

  83F(p)  attI   qacE GU060317.1 Uncultured bacterium clone WF14clone12 

 

Wat-Water, Mid and Top represent cores as sampled in Chapter 3.  
Numbers in sample column represent the Gradient velocity (G=s

-1
) applied to the sample (Chapter 3). f-free-floating, p-particle-associated 

fractions 
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Sample Site Promoter Cassette Posible microorganism 

 

AG Floc 1 attI, attc   qacG FJ172393.1 Uncultured bacterium clone RRA26_C1  

  Floc 2 attc, attI   drfA1 U354325.1 Pseudomonas aeruginosa strain W37 

  Floc 3 attc, attI   qacE FJ172393.1 Uncultured bacterium clone RRA26_C1 

  Floc 4 attI   qacE U060317.1 Uncultured bacterium clone WF14clone12 

  Top 1 attI X qacE GU165830.1 Serratia rubidaea plasmid pLC108 class 1 

  Top 2 attI     GU060317.1 Uncultured bacterium clone WF14clone12 

  Wat 1 attI     HM175862.1 Escherichia coli strain NF603825 class I 

  Wat 2 attI, attc   qacE FJ820134.1 Uncultured bacterium clone BF11C11HS298MRG288 

  169(f)  attI   qacE GU060317.1 Uncultured bacterium clone WF14clone12 

  169(p)  attI   qacE GU060317.1 Uncultured bacterium clone WF14clone12  

  479(f)  attI   qacE GU060317.1 Uncultured bacterium clone WF14clone12  

  479(p)  attI   qacE GU060317.1 Uncultured bacterium clone WF14clone12  

  879(f)  attI   qacE GU060317.1 Uncultured bacterium clone WF14clone12  

ML 83(f) attI   qacE U060317.1 Uncultured bacterium clone WF14clone12 integron QacE 

  83(p) attI     GU060317.1 Uncultured bacterium clone WF14clone12 

  169(p)1 attI   aadA FN821089.1 Pseudomonas sp. Tik3 

  169(p)2     ORFD FJ752628.1 Pseudomonas aeruginosa strain Pa31  

  169(p)3 attI   aadA GU060317.1 Uncultured bacterium clone WF14clone12 

  479(p)1     aadA Q779006.1 Uncultured bacterium clone B4-17ML  

  479(p)2     aadA GU122165.1 Pseudomonas aeruginosa strain Pae1-2  

  879(p)1     aadA11b EU434612.1 Bacillus endophyticus strain b26 

  879(p)2 attI   aadA AJ567827.1 Escherichia coli aadA11  

  879(p)3     ORFD FN823041.1 Pseudomonas aeruginosa partial class I integron 

  879(p)4 attI     FJ820134.1 Uncultured bacterium clone 

  169(p)1     aadA22 HQ880276.1 Escherichia coli strain NF08-2776 class I 

  169(p)2     aadA11b DQ074759.1 Alcaligenes faecalis class I integron  

  169(p)3     ORFD FJ752628.1 Pseudomonas aeruginosa strain Pa31 

  169(p)4 attI     J820134.1 Uncultured bacterium clone BF11C11HS298MRG288  

Mid and Top represent cores as sampled in (Chapter 3). Numbers in sample column represent the Gradient velocity (G=s
-1

) applied to the sample  

(Chapter 3). f-free-floating, p-particle-associated fractions. 
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APPENDIX F 

Identibac (microarray) data provided by G. Wright group from McMaster University 
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Identibac AMR+ve Arrays 

Floc collected in 2009; growth was scraped from plates and gDNA isolated for aerobic 

count plates metagenomic floc gDNA was used as a template for amplification with class 

I integron primers.  

Each gene is represented by two different probes; only genes for which both proves gave 

some signal are included. 

          

 
HPC Isolates 

 
gDNA 

 
SB RF AG CSO 

 
RF AG CSO 

 
DS BS       

 
      

aadK           
 

      

ant3-Ia           
 

      

APH2-Ic           
 

      

cat-86           
 

      

ermF           
 

      

ermX           
 

      

lef           
 

      

mef           
 

      

sat4           
 

      

tetT           
 

      

vatC           
 

      

Controls: 
         16S_Sther           

 
      

16S_Llacti
s           

 
      

16S_Ljohn           
 

      

16S_Blacti
s           

 
      

16S_ctrl1           
 

      

           

 

  strong signal for both probes 

  strong/moderate signals 

  strong/weak signals 

  moderate signal for both probes 

  moderate/weak signals 

  weak signal for both probes 
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Identibac AMR-ve Arrays – floc aerobic count plates 

Floc collected in 2009; growth was scraped from plates and gDNA isolated samples 

labeled “pool” are gDNA from individual isolated, pooled the amount of gDNA used 

when running the arrays is listed. If a gene appears on the list twice, it indicates that there 

are two different probes. 

 
                            

                             

                             

                            

                          

                                  

 

Toronto Beaches - 

urban site 
                                                               

 

B

S  DS  21 July                           

 

Ma

cCo

nke
y 

 MacConkey  
MacCo

nk 
Yeast 

Yeast 

pool 
                          

µg DNA 2  5  0.1 2 2                           

blaACT1                strong signal                       

blaCMY                moderate signal                       

blaFOX                weak signal                       

blaOXA2                                       

dfr12                                       

dfrA15                                       

ereB                                       

qnrS                                       

sul1                                       

tetE                                       

                                  

dnaE                                       

dnaE                                       

hemL                                       

hemL                                       

gapA                                       

ihfA                                       
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Coldspring - 

pristine site 

Elora -

agricultural 

site                           

                                  

 19 August  1 September                            

 MacCon Yeast  Yeast                            

µg DNA 1.3 2 20  2 20                            

blaACC2                                       

blaACT1                                       

blaCMY                                       

blaMOX-

CMY9                                       

blaOXA9                                       

blaTEM1                                       

catB8                                       

ereB                                       

Qnr                                       

strB                                       

sul2                                       

                                  

dnaE                                       

dnaE                                       

hemL                                       

gapA                                       

ihfA                                       
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Hamilton - CSO site 

    
       29 September 

MacConkey 
MacConkey 

pool 
Yeast 

Yeas
t 

pool 

2 20 5.7 2 2 21 2 µg DNA 

              aac3Ia_1 

              aadA1 

              aadA2 

              blaACT1 

              blaCMY 

              
blaMOX-

CMY9 

              
blaMOX-

CMY9 

              blaOXA2 

              blaOXA7 

              blaSHV1 

              blaTEM1 

              catB8 

              catIII 

              dfr12 

              dfrA1 

              dfrA1 

              dfrA17 

              dfrV 

              ereB 

              intI1 

              intI2 

              qnrS 

              strA 

              strB 

              sul1 

              sul2 

              tetA 

              tetB 

              tetC 

              tetE 

       

 

 

 


