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SHEDDING LIGHT ON DECAY KINETICS 

OF CRITICAL WASTEWATER BACTERIA 

WITH MOLECULAR TOOLS 

Mark J. Mazzochette 

ABSTRACT 

Decay kinetics of bacteria in biological wastewater treatment systems are vital to efficient design 

and operation of treatment plants.  Of special concern are decay characteristics of fecal indicator 

organisms, which can aid design of wastewater treatment processes to eliminate fecal pathogens.  

This study focuses on characterizing the decay of three strains of the key fecal indicator 

bacterium, Escherichia coli, and comparing microbial techniques for quantifying decay rates.  

Traditional metrics for monitoring decay include volatile solids and plate counts, which may not 

provide the full picture of specific decay dynamics. In particular, the viable-but-not-culturable 

growth phase is challenging to assay.  Recently, more specific molecular techniques have been 

developed, such as DNA and RNA extraction with qPCR and RT-qPCR, ATP assays and 

live/dead cell-staining.  However, these assays have not been widely accepted or bench-marked 

against traditional techniques.  It is expected that molecular assays will generate kinetic constants 

that better reflect the viability and activity of the bacteria as they decay, generating a more 

integrated understanding of the decay process.  Cells grown in pure culture were spiked into 

microreactors and subjected to a variety of time/temperature treatments in both buffered pure 

culture and sludge matrices.  These scenarios were intended to mimic on a small scale typical 

waste treatment processes, more specifically pasteurization, thermophilic digestion and land 

application.  Results indicate decay curves similar to traditional curves but with constants that 

vary with respect to the strains and the characterization methods used.  The foundation laid by 

this work can be utilized in further studies involving other organisms in a variety of 

environmental scenarios. 
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1. DECAY KINETICS OF FECAL INDICATORS: BACKGROUND AND 

LITERATURE REVIEW 

A major function of wastewater treatment facilities is the reduction of pathogens. Pathogen 

reduction is critical in order to reduce release to receiving streams, or agricultural lands where 

biosolids are applied.  A portion of wasted sludge is frequently incinerated, but a significant 

component has an environmental disposal endpoint such as land application (see Figure 1-1 

below).  Typically pathogen reduction is accomplished through seasonal disinfection of 

secondary effluent with chlorination or an ultraviolet light treatment, or a time and temperature 

treatment of settled sludge (Buhr  and Andrews, 1976;  Ahmed & Sorensen, 1995).  In the latter 

method, anaerobic conditions are often experienced, and temperatures may be experienced 

ranging from 37°C (mesophilic digestion) to 53°C (thermophilic digestion) and 70°C 

(pasteurization).  The United States 

Environmental Protection Agency 

(US EPA) has set regulations on the 

allowable concentration of disease-

causing organisms per weight of dry 

solids in sludge prior to 

environmental disposal, and this 

was mandated  through the Clean 

Water Act of 1979 and its 

subsequent revisions (EPA, 2007).  

The law states that “[e]ither the 

density of fecal coliform in the 

sewage sludge shall be less than 

1000 Most Probable Number per 

gram of total solids (dry weight 

basis), or the density of Salmonella 

sp. bacteria in the sewage sludge 

shall be less than three Most 

Probable Number per four grams of Figure 1-1: The disposal fate of sludge in typical (a) 1-10 MGD plants and 

(b) >10 MGD plants (Bitton, 2005). 
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total solids (dry weight basis) at the time the sewage sludge is used or disposed.”  This level of 

pathogen removal is commonly accomplished through the aforementioned thermal treatment of 

sludge, and previous work has shown further reduction in coliform numbers following the land 

application of sewage sludge (Lang et al., 2003; Lang & Smith, 2008).  Such treating of sludge is 

energy intensive, requiring significant heat for higher temperature treatments, especially in cold 

climates.  Because minimizing the amount of time the sludge must be in the high temperature 

environment to achieve adequate inactivation of pathogens is of great interest to stakeholders in 

municipal WWTPs, how quickly these pathogens decay is important to designing engineers and 

WWTP operators.  A multitude of efforts have been made recently to tap into the energy 

supplied by the waste itself, mainly in the form of biogas (e.g. methane), but decay kinetics of 

these pathogens and how they behave in high temperature sludge environments are important in 

any digestion situation.  

1.1 Pathogen indicator behavior in WWT scenarios 

Pathogens existing in WWTPs experience a diverse environment in which chemical, physical 

and biological attributes are constantly in flux, and a multitude of conditions and parameters 

affect their decay.  As stated in the aforementioned text from the regulations resulting from the 

Clean Water Act, certain microbial species serve as fecal indicator organisms whose existence in 

sludge serve as an indication that pathogenicity exists to the same degree.  Therefore, in this 

study the species of focus for modeling pathogenic decay in wastewater environments is the fecal 

indicator Escherichia coli (E. coli), which has traditionally been used as the standard indicator of 

pathogens in water environments (Edberg et al., 2000). 

1.1.1 Indicator origins 

Strains of E. coli naturally exist in the gastrointestinal tracts of humans and are released in high 

numbers in human feces (Kabler et al., 1964).  In waste streams coliforms are typically found at 

levels much higher than other pathogens (Scott et al., 2002).  They persist in raw sewage from 

domiciles to treatment facilities, and are typically removed in primary and secondary 

sedimentation with subsequent digestion.  The inactivation of an organism such as E. coli, which 

exists in high concentration in raw sludge, is seen to assure the inactivation of fecal pathogens 

also susceptible to such treatment.  This organism therefore has been broadly applied as an 
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indicator of the potential presence of fecal pathogens in the sampled water.  However, there 

exists strains of E. coli which are resistant to the thermal treatment and have been shown to be 

reactivated post-treatment (Higgins et al., 2007), and these pose a problem to WWTP operators 

and designers, particularly when methods for monitoring them are beyond the scope of EPA 

standard methods. 

1.1.2 Antibiotic and thermal resistance in E. coli 

Many organisms in the environment are resistant to stresses which would otherwise destroy 

other, more susceptible microorganisms.  One such resistance that is gaining knowledge and 

becoming increasingly more of an environmental and public health issue is resistance to 

antibiotic drugs (Levy, 2002).  These antibiotic resistant bacteria (ARB) take advantage of 

environments with a significant concentration of antibiotics in which competitive inhibition is 

reduced.  ARB are able to proliferate in such environments and laterally transfer their antibiotic 

resistant genes (ARGs) to other organisms, thereby spreading antibiotic resistance.  Ways in 

which microorganisms achieve antibiotic resistance have been widely studied and involve a 

Figure 1-2: Biochemical pathways in which microorganisms accomplish antibiotic resistance (Arias & Murray, 2012). 
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complex variety of biochemical and physical pathways in which the antibiotic itself is rendered 

inactive (Benveniste & Davies, 1973) – see Figure 1-2 for a summary of such pathways.  These 

organisms are of great concern to public health officials, pharmaceutical companies and medical 

personnel, but in WWT scenarios ARB are usually inactivated through digestion processes.  

A second type of resistance is of concern to treatment plants in which a primary objective is the 

inactivation of fecal indicators via thermal treatment.  Resistance to such treatment is common 

among both bacteria and bacteriophages (Mocé-Llivina et al., 2003) and presents a problem to 

those monitoring treatment facilities.  It is believed that certain strains of E. coli enter a viable-

but-not-culturable (VBNC) state in which cells are still alive but will not grow on culture media 

(Chen et al., 2006).  This could be due to an action similar to that of Giardia lamblia where cysts 

are formed to protect the organism from an environmental threat (Linden et al., 2002).  For 

Giardia the threat may be disinfection via chemical oxidation in a drinking water treatment plant 

(Li et al., 2004), while for a VBNC strain of E. coli the stress may be the elevated temperature of 

an anaerobic digester in a WWTP (Oliver, 2005).  The existence of such a resistance could lead 

to sludge analyses that give false negatives (E. coli is undetected by standard methods but are 

still viable) or false positives (detectable, thermal resistant E. coli are still at a level out of 

compliance, but pathogenicity has in fact been reduced below a harmful level).  This resistance 

presents a problem potentially solvable by more direct and quantitative assays beyond standard 

culturing and Most Probable Number (MPN) methods.  Another primary reason that E. coli has 

been used traditionally as an indicator organism, and that regulations have been written using E. 

coli concentration as a benchmark for pathogenicity, is because of its detectability in 

environmental solutions.  Simple, cost-effective methods are available to quantify these bacteria, 

but once more direct, microbial methods are more practical and cost-effective, specific pathogen 

levels can be assayed rather than utilizing indirect, indicator-based methods. 

1.1.3 Fate of indicators in various scenarios 

The three WWT-related decay scenarios investigated in this study are pasteurization, 

thermophilic digestion and land application.  During heat treatment, cells undergo hydrolysis in 

addition to simple membrane disruption that results in cell death.  In land application competitive 

inhibition is a main cause for decay.  E. coli grow and thrive at temperatures at and around 

human body temperature, so in the mesophilic range (approximately 37°C) the indicator would 
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be expected to survive well and perhaps grow.  In each of the three conditions imposed in this 

study, multiple-log10 reduction is seen in E. coli based upon standard culturing and MPN 

methods.  The higher the temperature, the less time is necessary in that environment to achieve 

such reduction, and in theory a curve of the concentration of E. coli cells per milliliter of sludge 

should resemble one of first-order decay.  Another scenario to be considered is in pure culture, 

when all that exists in the environment are the cells of interest and no external stimuli are 

employed other than a constant elevated temperature.  When comparing the nature of the decay 

seen in pure culture to that in sludge, it is to be expected that at temperatures lower than those at 

which hydrolysis and membrane degradation would be seen (e.g., room temperature), 

competitive inhibition and predation would cause E. coli cells in sludge to decay faster than in 

pure culture.  E. coli strains have been shown to persist in soil, water and manure after land 

application of biosolids (Van Elsas et al., 2011), as have their DNA (Viau & Peccia, 2009). 

1.1.4 Definition and forms of decay 

Microbial decay is seen in the environment in a variety of ways and encompasses the general 

reduction of the number of cells in a community of interest (Hao et al., 2010).  That community 

could be a number of cells from one species or the biomass as a whole, and mechanisms include 

those which appear in Figure 1-3. Predation, endogenous decay (related to the amounts of energy 

and substrate a cell must spend to sustain itself; Droste, 1998), toxicity (e.g., disinfection by 

chemical oxidation) and the uptake of microbial remnants by other microorganisms after death 

 

Figure 1-3: Pathways for microbial decay in environmental scenarios. 



 

    6 

 

and lysis (exogenous decay) are primary mechanisms by which biomass decays. 

Microorganisms decay in WWT scenarios via all of these pathways, and which contributes most 

significantly to that decay depends heavily on the environment (temperature, pH, moisture 

content, etc.).  At a lower temperature, one would not expect hydrolysis and abrupt cell lysis due 

to an extreme stress (like heat) to occur as the primary driver of decay, but rather predation, any 

toxicity and endogenous decay would drive microbial decay.  The inverse would be true for 

elevated temperatures and higher stress environments. 

1.2 Characterization of decay kinetics 

The monitoring of the decay of general biomass and individual species is complicated and 

quantification is challenging, but decay constants derived from the modeling of detectable 

bacteria or general biomass with time using first-order decay equations has been done (Parkin & 

Owen, 1986).  The methods used to determine those constants and their usefulness of the results 

are elaborated upon below.  

1.2.1 Standard methods 

Methods traditionally employed by wastewater analysts and operators for monitoring indicator 

presence include culturing, MPN/dry weight, and solids analysis.  Aseptic culturing and 

enumerating colony-forming units (CFUs) after incubation delivers quantitative data on 

culturable organisms.  This is done in both pure culture and in sludge, with the latter requiring 

selective media and an EPA Clean Water Act-compliant method (Standard Method 9222G; 

APHA, 1995).  Calculating MPN/dry weight of solids is a statistics-based method for 

enumerating E. coli cells, but CFUs were relied upon in this study as a standard method for 

monitoring E. coli.  To monitor biomass as a whole, a total solids (TS)/volatile solids (VS) 

method has been used (APHA, Standard Method 2540-G).  This involved drying sludge and 

volatilizing any constituents with calculating dry, volatile and fixed weights.  This latter method 

is more general and is a rough indication of the biomass weight.  Data generated from such 

methods is plotted log-linearly with time to ascertain first-order decay constants, and those are 

utilized in the design and operation of WWTPs. 
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1.2.2 Use of decay 

constants in design 

Presented below in 

Figure 1-4 are 

examples of data from 

prior work from which 

decay constants have 

been derived, and these 

are useful for the 

design and operation of 

WWTPs.  They are 

also of interest to 

stakeholders in those 

plants because the 

precise application of 

kinetic parameters to 

appropriately design 

and operate plants can 

be financially, 

environmentally and 

resource efficient.  

These constants are 

applied primarily when designing digester size and flowrate, for if a sludge can spend less time 

in a digester to achieve a pathogen reduction that complies with National Pollutant Discharge 

Elimination System (NPDES) regulations, flowrate can be increased and/or digester size 

decreased.  Such a system is beneficial to all stakeholders, but the opposite outcome could result 

from a finely tuned decay constant.  Flowrate may need to be decreased or digester size 

increased to accommodate for a longer thermal treatment to generate sludge with compliant 

pathogenicity. 

  

Figure 1-4: Decay curves from prior work.  Figure 1-4(a) shows data from Parkin and 

Owen (1986)  demonstrating the behavior of the volatile solids content with time in 

digestor simulating land application, and in Figure 1-4(b) E. coli colony counts were 

monitored at 55ºC in tryptone soya broth (left) and centrifuged liquid raw sludge 

supernatant (right ) in work by Lang and Smith (2008). 

(a) 

 

 

 

 

 

 

 

 

(b) 
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1.2.3 Usefulness of decay constants in WWT scenarios 

Traditional tools for assessing decay (culturing and solids analysis) do not paint a comprehensive 

picture of indicator activity in WWT scenarios.  Culturing only delivers information concerning 

culturable bacteria, an issue outlined above in the case of indicator strains that enter a VBNC 

state.  Culturing can be selective when the proper media is chosen, but if one were hoping to 

investigate other strains beyond those that are culturable then this method would be ineffective.  

Furthermore, to adhere to the standard method, analytical replicates are necessary, as are 

repetitive dilution and a 24-hour wait period, rendering this method time consuming while still 

resulting in a high deviation in results.  The TS/VS method captures a broad range of 

microorganisms, but due to that fact it non-specifically incorporates biomass into its metric.  The 

decay of the entire biomass is indirectly measured when only the decay of pathogens and their 

indicators are relevant for wastewater design and operation.  Therefore, the decay constants 

generated in such manners as outlined above are employed without targeting organisms of 

interest.  These decay constants are still useful and are employed today, but a more precise 

measurement of the decay of pathogens and their indicators can be of use to WWTP designers, 

operators and other stakeholders to optimize fecal pathogen reduction.  

1.2.4 Microbial tools and their use in wastewater analysis 

The protocols derived from Standard Methods and traditionally utilized to monitor indicator 

organisms in wastewater have their limitations.  Other traditional assays exist such as 

respirometry, five-day biochemical oxygen demand (BOD5) and nutrient concentrations, but 

these are also indirect measurements of microbial activity.  Advances in microbial ecology and 

tools for biological analysis have generated informative assays that can be utilized to quantify 

and characterize bacteria in complex environmental matrices.  These tools have yet to be 

incorporated into standard municipal wastewater monitoring procedures, but they are widely 

employed in research settings to analyze environmental samples.  Fecal indicators are the focus 

of this study, and prior work with a focus on enumerating coliforms in drinking water has shed 

light on the multitude of information that can be gathered using molecular tools (Rompré et al., 

2002).   

Tools like nucleic acid (DNA and RNA) extraction, purification and isolation with subsequent 
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quantitative polymerase chain reaction (qPCR) make it possible to amplify segments of DNA 

specific to an organism of interest through primer design.  During one cycle of the PCR reaction, 

the temperature of the reaction is raised and double-stranded DNA denatures into two single-

stranded molecules.  The temperature is then lowered so that oligonucleotide sequences specific 

to the target sequence called primers bind to their desired locations. A thermally-resistant DNA 

polymerase then creates double stranded DNA from the two single strands and two copies of the 

target sequence have been made.  This cycle is repeated 35-40 times, generating billions of 

copies of the target gene.  PCR can be made quantitative with the use of a fluorescence 

oligonucleotide and detection device (qPCR machine), and with the use of standards one can 

directly quantify the concentration of a sequence of DNA.  With the reverse transcription of 

RNA into DNA and subsequent PCR analysis, RNA concentrations can also be measured.  The 

ability to measure nucleic acid concentrations of a specific gene permits the targeting of a certain 

species.  Targeting RNA requires additional steps, but doing so is desirable since the 

transcription of RNA indicates an active, living cell of the species of interest.  Another 

biomolecule highly informative of cell activity is adenosine triphosphate (ATP).  ATP is the 

currency of energy in all living cells and can be measured using a bioluminescence-based assay.  

ATP monitoring has been used in prior work to asses viable biomass in wastewater (Jørgensen, 

1992). 

Table 1-1: Molecular tools for measuring microorganisms in environmental samples, the methods used to execute each 

assay, and strengths and weaknesses. 

Assay Methods Strengths Weaknesses 

DNA DNA extraction, qPCR Quantify gene of interest, 

DNA is relatively stable 

Measures DNA from dead 

cells 

RNA RNA extraction, isolation, 

reverse transcription, 

qPCR 

Quantify gene of interest, 

indication of 

activity/vitality 

Costly, RNA molecule 

unstable 

ATP ATP extraction, dilution, 

bioluminescence assay 

Indication of 

activity/vitality, simple 

execution 

Costly, non-specific 

Live/Dead Cell staining, slide 

preparation, microscopy, 

image analysis 

Indication of 

activity/vitality, 

quantitative 

Non-specific, high 

detection limit 

These methods have their shortcomings, such as in DNA quantification where the assay also 

detects the DNA from dead cells.  Results therefore would overestimate levels of active cells.  

This limitation could be accounted for with RNA monitoring bur the RNA molecule is unstable 
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and can experience significant degradation during processing.  The ATP assay, while user-

friendly and measures biomass activity, lacks the specificity provided by the DNA/RNA 

methods.  Therefore, combining assays that distinguish living cells from those that are dead or 

decaying (such as a live/dead staining and fluorescence microscopy technique) may provide an 

integrative picture of cell death and decay.   

Beyond these are methods that characterize the microbial community such as denaturing gradient 

gel electrophoresis (DGGE), fluorescence in-situ hybridization (FISH), flow cytometry and 

pyrosequencing.  DGGE separates genes in a community based on the degree of DNA 

denaturation.  FISH is a cell-staining technique that employs a variety of oligonucleotide probes 

that stain cells different colors prior to viewing under a fluorescence microscope.  Cells are also 

stained during flow cytometry, a cell counting technique in which stained cells are passed 

through a microfluidic channel.  Multiple lasers and filters are employed to detect morphologies 

and count cells.  Finally, in pyrosequencing thousands of sequences are generated from one 

sample to generate a genetic profile of the microbial community.  Each of these varies in the 

extent of quantitative data generated and is subject to various limitations, particularly in the areas 

of cost, practicality, time, and access to equipment.  However, the knowledge generated from 

individual assays can be combined to shed much light on something as complex as the change in 

microbial community or a specific organism in an environmental sample. 

Advanced molecular tools have been used in prior work to study environmental samples in 

surface water and groundwater (De Roda Husman et al., 2009), to monitor the decay of fecal 

indicators in fresh water spiked with human waste (Dick et al., 2010) and investigate the 

prevalence of fecal organisms in an urban harbor (Newton, et al., 2011).  Few studies have 

focused on decay using these microbial tools.  Therefore the purpose of this study was to 

compare results from a variety of advanced and traditional assays monitoring the same 

environmental process and use that combined knowledge to gain a more fundamental 

understanding of fecal indicator decay during key waste treatment processes. 

1.3 Motivation and objectives for research  

The purpose of this research is to assess the performance of molecular tools for monitoring the 

decay of pathogen indicators in WWT scenarios and to benchmark them against traditional tools.  
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It is hoped that a more precise estimate of decay will help optimize pathogen destruction 

processes in WWTPs.  Therefore the motivation for this research is to generate knowledge and 

broaden our understanding of the behavior and fate of bacteria in WWT processes, which is 

essential knowledge as we grow to understand the nature of the microbial world.  The objectives 

of this work are twofold:  

1. to assess a series of advanced molecular methods to shed light on the decay of indicator 

organisms in a wastewater environment to compare against traditional methods; and  

2. to employ those methods on multiple wastewater processes to reexamine decay constants 

and broaden our understanding of microbial decay behavior.   

A final motivation for this research is that the results from this work can be further employed to 

monitor the decay of other organisms, particularly ones which are of special importance (such as 

ARB and nitrifying bacteria) and cannot be measured with traditional methods. 

1.3.1 Objective 1: Develop protocols for molecular monitoring of critical wastewater species 

The first objective of this research is to identify and establish a range of molecular tools to be 

used to monitor the decay of indicator organisms in WWT scenarios.  Those tools include assays 

which target biochemicals in cells that serve as indicators of activity and total number of cells, as 

well as the ratio of living cells to those which undergo decay.  These individual assays are 

employed widely in the scientific literature, but rarely have they been used to monitor microbial 

decay in environmental samples.  As a whole they will likely yield a more accurate 

representation of decay than traditional techniques, but perhaps not all of that information can be 

used to model first-order decay. 

1.3.2 Objective 2: Employ protocols to broaden knowledge of indicator decay and reevaluate 

decay constants 

Once the methods outlined above are developed and tested, they will be used to monitor the 

decay of standard, MDR and thermotolerant strains of E. coli undergoing three different 

temperature treatments in both pure culture and sludge matrices.  The results from this second 

half of the work will allow the scope of the developed methods to be evaluated and determine 

what information, if any, can be extruded from the gathered data.   
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1.4 Collaborative research contributions 

A number of parties contributed to the development and execution of this project.  In the 

Acknowledgements section a number of these contributions are outlined, but specific 

contributions are listed here. 

 Dr. Sudhir Murthy, DC WATER: support through advisory guidance and student 

fellowship 

 Jennifer Miller, Virginia Tech:  

1. Experiment design: Reviewed literature sources and spoke with Dr. Matthew Higgins 

about possible experimental design options. Ultimately settled on the disposable 

culture tubes containing a pathogen spike in PBS or digested sludge (with no raw 

sludge component). 

2. Method development for the live/dead stain, including optimizing stain 

concentrations, mounting methods, determined filtering concentrations/dilutions 

required for countable fields of view, and wrote the macro for automated batch 

counting of filtered and sludge images in ImageJ freeware (from NIH). 

3. Method development for E. coli plate/agar culturing with input from Dr. Higgins. 

4. Maintained digesters that provided all the digested sludge for experiments. 

5. Collected CFU, Live/Dead and DNA/RNA data for MDR E. coli SMS-3-5 

thermophilic digestion in PBS and sludge experiments 

 Dr. Matthew Higgins, Bucknell University: advised J. Miller concerning  experimental 

design, supplied the thermotolerant E. coli strain 

2. EXPERIMENTAL DESIGN AND DEVELOPMENT 

A significant portion of this project was devoted to developing an experimental protocol for 

simulating microbial decay processes in a manner suitable to a laboratory environment and 

which will generate data that accurately and appropriately reflects the decay of the indicator 

species.  Primarily, it was required that the analytical methods were researched, tested and fine-

tuned for accuracy, repeatability, and reliability prior to generating species- and environment-

specific data .  Because of this, a number of methods were attempted for the enlisted assays, and 
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a few of those attempts are presented here.  Before testing the array of assays, however, it was 

necessary to construct the laboratory simulation of a WWTP environment.  

2.1 Simulating WWT scenarios 

An objective of this research was to model decay of specific strains of indicator organisms using 

molecular tools, so it was necessary to introduce pure cultures of E. coli strains into digested 

sludge.  In doing so, it could be assumed that all E. coli cells that were analyzed were of the 

spiked strain.  Decay was also simulated in a pure culture environment to provide insight as to 

how indicators decay independent of the matrix effect of sludge and act as a control against 

which to compare the results from the sludge matrix.  This pure culture environment had to be 

amenable to the cells, neither promoting nor prohibiting decay, and the matrix chosen was an 

autoclaved phosphate-buffered saline (PBS) solution.  The sludge matrix utilized in these 

experiments was digested sludge sampled from a thermophilic digester with enough time after 

feeding to ensure elimination of indicator organisms to a level at or below minimum detection. 

Three strains of E. coli were chosen for this experiment and are listed below in Table 2-1. The 

wastewater-derived strain (Chen et al., 2006; Boczek et al., 2010) was supplied by Professor 

Matthew Higgins at Bucknell University that survived a pre-pasteurization treatment and is 

considered thermally resistant (EC-WW).  The experimental model of this work was to culture, 

wash, and resuspend these three strains as pure cultures and then spike them into the 

experimental matrix at temperature to simulate in a controlled manner the decay of a 

concentrated sample of indicator organisms.  In prior work (Lang & Smith, 2008) similar 

experiments were done to inactivate organisms and measure the decay.  Present work is aimed at 

building upon that knowledge with more advanced quantitative and qualitative tools. 

Table 2-1: E. coli strains chosen for this study. 

Strain Characteristic Strain Name/ Pseudonym ATCC # 

Baseline K5808 53832 

Multi-Drug Resistant (MDR) SMS-3-5 BAA-1743 

Wastewater derived, thermally resistant EC-WW N/A 

The WWT scenario was simulated with 15ml culture tubes placed in a water bath set at 70°C or 

53°C to mimic pasteurization and thermophilic digestion, respectively, or the tubes were 

prepared and stored at room temperature (20°C), simulating land application.  This method was 
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decided upon for practicality, repeatability and control.  Simulations were conducted in 

experimental triplicates, and analytical replication was done in the subsequent sample processing 

as outlined below.  Cultures were also grown in triplicate to carry through experimental 

replication from the onset, and all three strains of E. coli grew in Luria-Bertani (LB) broth at 

37°C and 200 rpm.  Below in Table 2-2 is the layout of the experimental conditions employed in 

this study.  The three E. coli strains listed above were subjected to the time and temperature 

treatment listed below, and each was to be done in pure culture and sludge matrices. 

Table 2-2: Experimental conditions imposed on three strains of E. coli in both PBS and digested sludge matrices. 

Temperature Critical Time Purpose 

70⁰C 10 minutes Simulate pasteurization 

53⁰C 60 minutes Simulate thermophilic digestion 

20⁰C 30-60 days Simulate decay following land application 

2.2 Assays – traditional and molecular 

A significant portion of the experimental design for this work was the selecting and developing 

of assays to monitor microbial decay.  Minimal development was needed for traditional, standard 

methods – it was only necessary to select the most appropriate materials and procedures for the 

situations at hand.  However, for the molecular assays multiple methods were tried at times, and 

optimization was necessary to generate consistent and reliable results.  Culturing and solids 

analyses are outlined first with molecular tools to follow. 

2.2.1 Colony-forming units 

One of the traditional methods utilized was the culturing and enumerating of CFUs.  Pure 

cultures of all three of these strains grow on LB agar plates just as in LB broth, and the spread-

plate method with the proper dilution of cells yields a plate with distinct, countable colonies.  

These strains of E. coli grow on LB agar plates at 37°C in approximately 24 hours and can 

subsequently be viewed with imaging equipment and counted either manually or with counting 

software.   

This method delivers results accurately for a single strain of E. coli when a pure culture of the 

bacteria is used.  In this work it was also necessary to culture E. coli from sludge, which required 

a selective media.  APHA Standard Method (SM) 9222-G was available and employed to 

accomplish this, and this method required sludge dilution, filtration, and the mounting of the 
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filter on a selective agar, membrane fecal coliform (m-FC), for selecting for fecal coliforms in 

sludge or environmental samples.  After the colonies grew on the m-FC plates for 24 hours at 

45°C and were imaged, the filter would be transferred to a second plate containing an agar for E. 

coli containing 4-Methylumbelliferyl β-D-Glucuronide (EC-MUG).  After another 24 hour 

incubation period at 45°C, the plates were placed on a viewing stage which passed UV light 

through the plates.  Colonies of E. coli would glow in that light and be counted manually.  One 

other culturing option that was considered for selecting for E. coli in sludge was EPA Method 

1603: “Escherichia coli (E. coli) in Water by Membrane Filtration Using Modified membrane-

Thermotolerant Escherichia coli Agar (Modified mTEC).”  The m-FC/EC-MUG method, 

although more time consuming, was preferred due to cost and availability. 

2.2.2 Volatile solids/total solids  

Like culturing, measuring the solids content of a sludge sample has been used traditionally to 

monitor the biomass in wastewater and has a standard method (Standard Method 2540-G; 

APHA, 1995).  Volatile solids are measured by transferring a particular volume of sludge sample 

to a pre-weighed pan, weighed, dried at 105°C, reweighed and then ignited at 550°C prior to a 

final weighing.  From those measurements, total water, dry mass, the mass of the volatilized 

content and that of the fixed solids can be calculated.  Volatile solids degradation with time is 

typically displayed as percent volatile solids, such as in Parkin and Owen (1986) whose figure is 

reproduced above in Figure 1-4a.  If the sludge in question is more dilute, as in activated sludge, 

the sample can be filtered onto a glass microfiber filter and then transferred to the weighing pan.  

SM 2540-G is fairly simple but approximates biomass weight as that of the volatile content of 

the sludge.  It is non-selective and yields an estimate of the decay of all microbial species, and 

other dissolved organics also contribute to the volatile solids content, adding a layer of over-

estimation of biomass weight.  Because of the lack of selectivity of this assay and the 

uncultivability of most microorganisms, assays for particular species and chemicals that focus on 

the microbial and molecular scales are desirable to generate more knowledge about the decay of 

microbes of interest. 

2.2.3 Adenosine triphosphate 

The first of these methods targets adenosine triphosphate (ATP).  ATP is essential to the survival 

of every living being: it is the molecule whose transformation from ATP to adenosine 
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diphosphate (ADP) and adenosine monophosphate (AMP) by losing successive phosphate 

groups results in a release of energy for cells to use to carry out their functions.  The molecule is 

ubiquitous in cells and the presence of ATP indicates cellular activity, which is a further 

indication of biomass health and viability.  Like solids analysis, assaying for ATP is non-

selective but adds a layer of knowledge about cellular decay: by investigating cellular activity 

and how that activity changes with time in environmental samples, one may infer a change in the 

levels of living cells. 

The main way ATP is assayed in laboratories is through a biochemical luciferase reaction and 

measurement of biological light generation, or bioluminescence, on a luminometer.  The 

luciferase enzyme is typically harvested from members of the family “Lampyridae,” or fireflies, 

which produce this enzyme in order to generate light for the purposes of attracting mates.  The 

enzyme reacts with ATP to produce light (Mortazavi et al., 2008), and the quantity of ATP is 

directly proportional to the light output when excess of enzyme is available (see Figure 2-1).  By 

measuring that light output on a luminometer and comparing sample results with standards of 

known concentration of ATP, sample ATP concentration can be calculated. 

Two methods were considered for this assay provided by separate vendors.  The Promega 

Corporation markets the Bactiter-Glo Microbial Viability Assay (Promega cat. # G8230).  The 

use of the product requires the mixing of two reagents and addition of that mixture to samples in 

an opaque 96-well plate prior to insertion in a luminometer such as Molecular Devices, LLC.’s 

Spectramax L luminometer (ser. # SMP500-17063-MH5Q).  Recommendations from prior work 

Figure 2-1: (Left) General reaction of ATP with luciferase to generate light.  From LuminUltra 

Technologies, Ltd., NB, Canada.  (Right) Detailed chemical reaction for generating light using ATP, luciferin 

from beetles and recombinant firefly luciferase.  From the Promega Corporation, Madison, WI. 
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were used when developing and testing this procedure (Hammes et al., 2010).  ATP for 

generating a standard curve was purchased separately, and the reagent lyses cells to liberate any 

ATP contained therein for luminescence measurement.  This method generated a reliable 

standard curve and the ATP of cells in pure culture was easily and repeatable assayed.  However, 

once the sludge matrix was introduced to the procedure, much troubleshooting was necessary, 

including filtration, autoclaving, and matrix spiking, yielding inconsistent results.   

The second method investigated involved a pair of kits from LuminUltra, Ltd. (Fredericton, NB, 

Canada).  One kit is designed for the analysis of wastewater samples, Quench-Gone21 

Wastewater (QG21-W) and the other was more appropriate for pure culture samples, Quench-

Gone Aqueous (QGA).  The wastewater kit involves cell lysis and dilution for a total ATP 

measurement and dilution only for a dissolved ATP measurement.  The diluted samples are 

added to an assay tube, and measured on a luminometer after adding the luminescence enzyme.  

Pure culture samples are filtered and the cells on the filter are lysed to free the cellular ATP prior 

to dilution and measurement.  Sample preparation is simple, and matrix affects are much lower 

due to sample dilution.  One drawback is that the check standard included in the kit is only one 

concentration of ATP; to check for linearity a number of orders of magnitude both above and 

below the concentration of the check standard, it would have been necessary to acquire a 

Luminometer Standardization Kit.  This was not employed consistently in this study but the 

luminometer and reagents were initially tested with an individual set of standards to demonstrate 

the linearity of the assay.  Therefore, due to its simplicity and the need to optimize the Bactiter-

Glo protocol, kits from LuminUltra, Ltd. were chosen for this investigation. 

2.2.4 Deoxyribonucleic acid 

It has become standard in many biology labs to assay microbial samples for nucleic acid content.  

Identifying and quantifying the copies of specific genes can shed much light on the population of 

the microbial community, especially the levels of a microorganism of interest.  The 

concentration of a gene that is contained only on one particular organism, such as E. coli, is 

proportional to how many cells of that organism are present, depending on the number of gene 

copies per genome.  Therefore, DNA extraction followed by qPCR is central to this study, but its 

limitations must also be acknowledged.  As organisms die, their DNA is released into the 

external environment where it can remain intact after cell death.  DNA in environmental samples 
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has been seen to only experience a tenfold reduction after two days at ambient temperature while 

cells decay faster (Bae & Wuertz, 2012).  Therefore, qPCR data includes that DNA which 

remains in solution along with DNA that is still contained by cells.  That data can be used to 

understand the microbial community as it relates to the targeted gene, but viability cannot be 

directly measured by qPCR, though there may be a relationship under some circumstances.  To 

gain more specific knowledge on viability and activity, RNA concentrations are also measured 

here, and that will be discussed in §2.2.5.   

The E. coli-specific gene targeted in this study is the gadAB gene on the lac operon.  This gene, 

which encodes for glutamate decarboxylase synthesis, has been shown to be prevalent in and 

specific to E. coli strains of interest (Grant et al., 2001) and has been the target in prior work 

involving the enumeration of E. coli in sludge (Chen et al, 2006 and Chen et al., 2011).  To be 

able to use this gene, qPCR standards were made and a qPCR protocol was optimized.  This was 

done by conducting colony PCR on a colony derived from a plate supplied by the Higgins Group 

at Bucknell University using gadAB primers (forward: 5’–GCG TTG CGT AAA TAT GGT 

TGC CGA–3’ (gadrt-1), and reverse : 5’–CGT CAC AGG CTTCAA TCA TGC GTT–3’ (gadrt-

2); Chen et al., 2006) from Integrated DNA Technologies.  That PCR product was then ligated 

into a vector and cloned with a commercially available kit (TOPO TA Cloning Kit for 

Sequencing with One Shot TOP10 Chemically Competent E. coli, Life Technologies 

Corporation cat. # K457501).  Clones were spread on an LB agar plate containing an antibiotic to 

remove any cells that did not take up the vector containing the PCR product thereby activating 

antibiotic resistance.  Once colonies grew, 25 colonies were selected for M13 Sanger sequencing 

to verify that the sequence of interest, gadAB, was ligated into the vector.  From the sequencing 

results, 100% specificity of the gene was verified using the Basic Local Alignment Search Tool 

(BLAST) program provided by the National Institutes of Health (NIH), and colony PCR was 

again conducted on a few cloned colonies to generate a large amount of PCR product to serve as 

qPCR standards.  Gel electrophoresis on a 3% agarose gel was run on these final products and 

their concentrations quantified with Quantity One® software using a BioRad ChemiDoc
TM

 XRS 

imaging platform.  The standard was then diluted ten-fold to produce standards that spanned 7 

orders of magnitude, and these standards were used for all qPCR assays.  A qPCR protocol was 

then optimized for annealing temperature, and that temperature came out to 60ºC through melt 

curve analysis.   
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2.2.5 Ribonucleic acid 

As mentioned above, monitoring RNA concentration with time yields information on the 

viability and activity of microorganisms.  If cells are spending energy to transcribe RNA, they 

are assumed to be living.  RNA work presents difficulties, however, because RNA is much less 

stable than DNA, particularly in a heated, sludge environment.  Therefore, measures were taken 

to increase RNA stability prior to storage and extraction.  These measures included the addition 

of a stabilizing reagent, RNAlater
TM

 (Life Technologies Corp., cat. # AM7020) which is an 

RNase inhibitor, along with snap freezing in a dry ice-ethanol bath prior to storage at -80°C.  

Using RNAlater to stabilize RNA has been shown to improve RNA yield (Medeiros et al., 2003), 

and snap freezing with RNAlater can improve RNA yield either separately or together (Cohen et 

al., 2002).  When followed by a total nucleic acid extraction kit, a treatment with DNase to 

remove DNA, and reverse transcription to provide cDNA for qPCR analysis, RNA quantification 

is completed while keeping molecules intact. 

Another measure taken to improve results from RNA analysis was the induction of the synthesis 

of the gadAB gene.  To ensure that all living E. coli cells were transcribing this gene and 

therefore affirming their viability and activity, an inducing chemical, isopropyl β-D-1-

thiogalactopyranoside (IPTG) was added to growing cell cultures mid-log phase.  In addition to 

improved storage and treatment methods, this yielded measureable RNA results in many of the 

decay experiments. 

2.2.6 Live/dead 

The final assay employed in this study to develop knowledge of microbial decay in wastewater 

was Invitrogen’s Live/Dead® BacLight™ Bacterial Viability Kit, for microscopy (cat. # L-

7012).  The outline of the method is to stain a sample with two chemicals, SYTO® 9 (excitation 

at 485nm, emission at 530nm) and propidium iodide (excitation at 485nm, emission at 630nm).  

These stain the cells green and red, respectively, depending on whether the cells are alive (green) 

or dead (red).  The SYTO 9 stain penetrates the cell walls of all cells while the propidium iodide 

stain penetrates only the walls of cells whose membranes are compromised (Zamai et al., 2001).  

Therefore, the circumstance by which cells are considered “dead” is the condition of their 

membranes – if membranes are compromised to the degree such that the propidium iodide stain 

can enter, the cell is dead.  After staining, samples can be mounted on microscope slides, viewed 
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with an epifluorescence microscope and imaged with computer software.  A platform supplied 

by Carl Zeiss, AG includes such a microscope (Axioskop) and image capturing and processing 

software (Axiovision 8.1).  Some method development was necessary to adapt a protocol from 

UC Berkeley’s College of Natural Resources (nature.berkeley.edu/soilmicro/methods/live 

_dead.PDF) for use with sludge matrices, and this method development included identifying an 

optimal dilution for cells in both pure culture and sludge situations and verifying the 

recommended ration of stains.  Lastly, a program through image processing software, ImageJ 

(http://rsb.info.nih.gov/ij/), was developed to count cells in the pictures captured by the 

microscope software. 

3. METHODS AND MATERIALS 

After method development was complete, the protocols were employed to assess the decay of 

three strains of E. coli in both pure culture and sludge matrices at 70°C, 53°C and 20°C.  All 

experiments were conducted in triplicate, and analytical replicates were done when appropriate.  

The two higher temperatures simulating pasteurization and thermophilic digestion were 

considered “short term” because the longest time point analyzed was about one hour, while the 

land application simulation was monitored over the span of seven weeks and thus designated as 

“long term.”  The short term experiments will be outlined first as an overall experimental model, 

with modifications for the long term experiment to follow. 

3.1 Pasteurization and thermophilic digestion – short term 

3.1.1 Cell Preparation 

Figure 3-1 is a schematic of the experimental procedure utilized for the short term experiments.  

To grow up the E. coli cells, pure cultures were retrieved as 1mL freezer stocks of cultures 

grown to mid-log phase and stored as a 20% glycerol solution.  Strains K5808 and SMS-3-5 

were purchased and freezer stocks made while the thermotolerant E. coli was acquired from the 

Higgins Group at Bucknell from a single colony on an agar plate grown up in 100mL of LB 

broth.  Colonies from this plate were also used to generate the gadAB standards mentioned 

above.  These freezer stocks were introduced to 100mL of autoclaved LB broth and grown at 

37°C on a shaker table set at 200 rpm.  Thermotolerant and MDR E. coli cells grew to upper log 
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phase under these conditions in 3.5-4 hours, while the baseline E. coli required 7-8 hours.  At the 

midpoint of the exponential phase (about two hours for the thermotolerant and MDR E. coli and 

four hours for the baseline E. coli) 500 µL of 0.2M IPTG added to stimulate expression of 

gadAB RNA genes.  Once the culture had grown past the exponential phase, cells were washed 

three times with a sterilized 1X PBS solution. Cells were centrifuged at 5000 rpm for 10 minutes, 

the supernatant was removed, and new wash solution was added.  The cells were resuspended via 

shaking and vortexing and the procedure was repeated.  Finally, the cells were resuspended in 

5mL of PBS and the absorbance of a tenfold dilution of that solution was measured on a 

Spectronic 20 analog spectrophotometer from Milton Roy Global.  When the optical density of 

the cells at a 600nm wavelength transmitted light (OD600) generated an absorbance reading of 

1.0, the cells were estimated to be at a concentration of about 1x10
8
 cells/mL.  This guideline 

was used to approximate starting cellular concentration of cell spikes, which, accounting for the 

dilution, came to 1x10
9
 cells/mL. 

3.1.2 Decay experiment and storage 

Once the cells were resuspended in PBS, they were ready to be spiked into microreactors 

containing heated matrix.  That matrix was 4.5mL of either autoclaved PBS or recently sampled 

Figure 3-1: Experimental procedure for short term experiments. 
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thermophilically digested sludge.  Storage tubes containing 500µL RNAlater were prepared 

prior to spike, as were an ice-water bath for reaction quenching and a dry ice-ethanol bath for 

snap freezing of nucleic acid samples.  The dry ice-ethanol bath was prepared by filling a 1L 

dewar flask halfway with 100% ethanol and adding dry ice as needed.  After the experimental 

preparation was complete, 500µL of cells were spiked into the hot matrix and a timer was 

initiated.  Time points for thermophilic digestion at 53°C were 0, 4, 8, 16, 32 and 64 minutes, 

and those for pasteurization at 70°C were 0, 0.5, 1, 2, 5 and 10 minutes.  Once time points 

elapsed, as quickly as possible 100µL of sample was transferred to a tube containing RNAlater 

and that tube was immediately immersed in the dry ice-ethanol bath.  The microreactor was 

placed into the ice-water bath for five minutes to quench the heat reaction.  Once the nucleic acid 

storage tubes were frozen, they were stored in a -80ºC freezer.  Afterward the microreactors were 

placed at room temperature until further processing. 

3.1.3 Sample processing: plating 

Once all time points elapsed and decay reactions were quenched, samples were collected under a 

Biosafety Level 2-certified biological safety cabinet from Thermo Scientific (1300 Series A2).  

There proper dilutions were made aseptically in autoclaved PBS based upon previous 

preliminary decay runs where multiple dilutions were made for each time point.  The objective 

was to grow on the plates the proper amount of cells to allow for accurate counting, and the 

range for cells on LB plates was 25-250 cells/plate while for cells on mFC plates the range was 

20-80 cells/plate. For pure samples in PBS the spread-plate method was employed, pipetting 

100µL of the appropriate diluted cells onto a 100mm Petri dish containing LB agar and 

spreading with a sterilized glass spreader until dry.  Plates were then incubated at 37°C for 24 

hours.  Images were taken on the ChemiDoc imaging platform with Quantity One software, 

using white epiluminescence to illuminate the plates and auto-exposure to capture the images.  

Colonies were then counted either manually or via the colony counting tool in the software. 

For samples in sludge, 500µL of the appropriate dilution was diluted to 5mL with PBS and then 

filtered on a 47mm, 0.45µM Millipore
®
 S-pak membrane filter (cat. # HAWG0475S6).  That 

filter was then placed on a 60mm Petri dish containing mFC agar.  mFC plates were incubated at 

45°C for 24 hours, and after images were taken as previously described for LB plates, the filter 

was transferred aseptically to a 60mm plate containing EC-MUG agar.  Those plates were again 
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incubated at 45°C for 24 hours before they were viewed with a UV light to illuminate colonies 

that were specifically E. coli.  Those colonies would appear to glow a light yellow around their 

edges, and they were counted manually as they were viewed.  All data was recorded and entered 

into Microsoft
®
 Excel

TM
 for subsequent data processing.3.1.4 Sample processing: ATP 

The second assay that was implemented on the same day of the experiment was the ATP assay.  

Kits from LuminUltra, Ltd. were implemented.  The wastewater kit, QG21W, involved two 

separate assays, one for total ATP (tATP) and one for dissolved ATP (dATP) – see Figure 3-2 

for an outline of the QG21W procedure.  Once values for both were determined, the difference 

between them would be cellular ATP (cATP).  In the tATP assay, 1mL of sample was mixed 

with 2mL of an extraction reagent in a 15mL tube.  That mixture was allowed to sit for one 

minute and then mixed with a dilution tube containing 8mL of a diluent and resin beads which 

bound molecules and particulates that would interfere with the assay reaction.  One hundred 

microliters of that mixture was added to an assay tube, and finally 300µL of LuminaseW
TM 

was 

added to the assay tube.  The tube was manually mixed and inserted into a Kikkoman
®
 C-100N 

luminometer (cat. # 890494).  An integration stage was performed by the luminometer where 

light output was continuously integrated over ten seconds.  The output was a relative 

luminescence unit (RLU) value, and that value was compared to that of a check standard 

(LuminUltra’s UltraCheck) and converted through dilutions to obtain a tATP concentration in 

ng/mL for the original sample. 

A similar procedure was conducted for the dATP assay.  One hundred microliters of original 

sample was added to a dilution tube and 100µL of that tube was added to an assay tube.  Again, 

300µL of LuminaseW
TM

 was added to the assay tube and the tube was manually mixed and 

inserted into the luminometer.  An integration stage again took place, and the RLU value was 

recorded.  Conversion to original sample concentration and comparison to the check sample 

yielded a dATP value in ng/mL, and the difference between that concentration and the tATP 

concentration was considered the cATP concentration.  
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This same method was attempted for samples of pure cultures in PBS for the purpose of 

maintaining consistency, but this yielded unreasonable results: doing so resulted in higher dATP 

values than those for tATP.  Therefore, the QGA kit which is formulated for more dilute systems 

such as drinking water or secondary effluent was utilized.  In this method, outlined below in 

Figure 3-3, 1mL of sample was filtered through a convoluted 0.7µm syringe filter supplied by 

LuminUltra.  One milliliter of a lysing reagent, UltraLyse, was subsequently pushed through the 

Figure 3-2: Outline of protocol for LuminUltra's QG21W kit.  Supplied by LuminUltra, Ltd., 2012. 
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filter.  This reagent lysed the cells trapped by the filter and released the cATP bound within.  

That solution was eluted into a sterile 15mL culture tube, and 9mL of a diluent (UltraLute) was 

added to dilute the concentrated cATP.  One hundred microliters was then transferred to an assay 

tube where 100µL of Luminase
TM

 was added prior to measurement on the luminometer.  RLU 

values were generated and recorded and converted to units of ng cATP/mL using the formula 

provided by LuminUltra (Figure 3-3).  RLU values are usually lower for typical samples 

measured by the QGA kit and the LuminUltra conversion delivers ATP concentrations in pg/mL.  

For these concentrated pure cultures, however, only 1mL delivered values which were 

reasonably delivered in units of ng/mL, so that final conversion was made beyond the 

LuminUltra output. 

3.1.5 Sample processing: live/dead 

The final sample processing step completed on the day of the experiment was the Live/Dead 

Figure 3-3: Outline of protocol for LuminUltra's QGA kit.  Supplied by LuminUltra, Ltd., 2012. 
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assay.  The first step was to prepare the stain mixture: a 200X dilution of both stains in PBS was 

made by adding, for example, 10µL of the SYTO 9 and 10µL of the propidium iodide dyes 

provided in the Baclight
TM

 kit to 1980µL autoclaved PBS.  This stain is light sensitive so all 

procedures involving this stain were conducted in a dark room to avoid light saturation and 

deactivation of the stain.   

Like the two previously mentioned methods, there were two separate but related procedures for 

preparing the samples for this assay.  When the experimental matrix was PBS, cells were diluted 

1:100 in PBS to achieve a cellular concentration of about 50 cells/field of view (FOV) and 

500µL of that dilution was mixed with 120µL of prepared stain.  The stained cells were then 

incubated at room temperature in darkness for 15 minutes.  After incubation, the cells were 

diluted with 5-10mL of PBS and filtered through a filter apparatus.  That apparatus consisted of a 

15mL glass column above an Erlenmeyer flask with a stopper-and-filter mount assembly.  The 

filter used was a 25mm diameter, 0.2µm pore size black polycarbonate membrane (Whatman 

Nucleopore cat # 110656).  A vacuum tube was connected to the flask, and once the column was 

filled with the diluted, stained sample the vacuum was created to draw the sample through the 

filter and capture the stained cells.  The filter was then removed and placed on a microscope 

slide.  A drop of Backlight mounting oil was placed on the filter and then covered with a 

coverslip.  Slides were kept in the dark throughout, and were stored in a -20ºC freezer until 

fluorescence microscopy. 

Samples in sludge were prepared differently primarily because the solutions could not be filtered 

through the 0.2µm membranes mentioned above.  The sludge was diluted 1:10 in PBS and the 

same ratio of stain to sample was employed as above but with tenfold less volume to save 

reagents.  This was allowable because after incubation for 15 minutes at room temperature, only 

5µL of stained sample was pipetted onto a microscope slide and subsequently covered with a 

cover slip.  To prevent the sample from drying out, clear nail polish was applied to the edges of 

the coverslip prior to storage in the dark at -20ºC.   

Slides containing stained cells were viewed under a Carl Zeiss
®
 AxioSkop 2 Plus microscope 

(cat. # 202591), using a 100X objective a joystick-controlled stage.  The microscope was 

equipped with a halogen bulb (Zeiss HAL 100, cat. # 447291) for standard light microscopy and 

mercury-arc-lamp for fluorescence microscopy that emits the necessary 485 nm wavelength 
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(Zeiss HBO 100, cat. # 1007-980).  Two filters were used for fluorescence microscopy, both of 

which allow the 485nm light to pass, with a green fluorescence filter allowing green light to pass 

back through and a rhodamine filter allowing the passage of red light.  The slides could be 

viewed manually through the microscope’s eyepieces, but the light could also be redirected to a 

camera (Zeiss AxioCam MRm, cat. # 0445-554) which captures the image and transmits it to a 

computer.  A software module (Zeiss AxioVision 4.8.2, ©2010) receives the image and stores it 

as a green or red image, while pairing the two and superimposing them to the one image.  

Therefore, for each FOV three pictures are available for further processing.  It was necessary 

within the software to adjust exposure times and intensities for each stain, and between FOVs or 

samples.   

The procedure for viewing the slides was as follows: the microscope was configured for 

brightfield microscopy and light from the halogen lamp was blocked.  Then the sample was 

placed on the stage and a drop of immersion oil (Immersol 518 F fluorescence free, Carl Zeiss 

cat. # 444960) was placed on the coverslip of the slide.  The 100X objective was then rotated 

into place and the stage was raised until the objective was immersed in the immersion oil.  The 

green filter was selected and the cells were viewed through the eyepieces.  Once the cells were in 

focus, the image channel was switched to the computer, and once the exposure parameters were 

adjusted the image was captured and stored with the green channel.  Then the microscope filter 

was switched to red and the new image on the computer was captured with the red channel after 

exposure times and intensities were adjusted.  These two images were saved together, and this 

was repeated to generate 20 FOVs per sample. 

Once all images were captured they were converted to jpeg files and exported for cell counting.  

An online freeware program, ImageJ, was utilized to manipulate the image and count the cells.  

A macros script was written to process multiple images at once, and the code for that program is 

included in Appendix 9.2.4.  The script prompted the user for a directory from which to choose 

the images to be processed.  Then it converted all of the pictures to 16 bit and subtracted any 

background noise up to a set parameter.  An intensity threshold interval was set, below and 

above which the program would remove any pixels and convert the image to a black and white 

copy.  The “watershed” function was then imposed where “cells” which had been close enough 

together to be implied by the previous steps to be one cell were split into two.  A final step was 

to count the individual clusters of dark pixels above a certain pixel size.  The final output of 
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interest was that count, and this was done for all three images for one FOV: green, red, and the 

superimposition of the two.  Because SYTO 9 stains all cells and propidium iodide only stains 

those that are dead, the count for cells that were considered “dead” was that count delivered for 

the red image, while the count for cells considered “alive” was the count for the superimposed 

images subtracted by that of the red image.   

3.1.6 Total nucleic acid extraction, RNA treatment and qPCR 

Previously outlined assays were conducted on the same day of the experiment, but sample 

portions stored in RNAlater and subsequently snap frozen were able to be processed and 

analyzed for nucleic acid content at a later date.  A number of kits were employed for this 

purpose: the MagMax Total Nucleic Acid Extraction Kit from Ambion (Life Technologies 

Corp., cat. # AM1840), the Turbo DNase Away kit, also from Ambion (Life Technologies Corp., 

cat. # AM1907), and a cDNA synthesis kit from BioRad (cat. #170-8891).  The purposes of these 

kits were to efficiently extract both DNA and RNA, to remove from a subsample of that 

extraction all DNA, and to reverse transcribe the remaining RNA from that sample into cDNA, 

respectively.  Protocols were supplied with these kits and they were followed closely and in a 

time efficient manner to minimize RNA degradation.  For detailed steps of these protocols as 

they were adapted to this project, please see Appendix 9.2.1-9.2.3. 

An advantage of using the MagMax kit was that it simultaneously extracted both DNA and RNA 

from the samples.  Since only a small portion of the elution was treated for RNA isolation and 

reverse transcription, volume was available for DNA analysis via qPCR as well.  A 1:50 dilution 

was applied to the eluted sample for qPCR analysis, targeting the DNA in the sample.  Through 

cDNA, 
diluted 70X 

25µL eluted DNA 
and RNA 

10µL cDNA synthesis 
reagents 

DNase treatment and 
incubation at 37°C 

10µL sample for 
cDNA synthesis 

DNase inactivation and 
incubation at RT 

1µL sample for RNA 
processing 

Figure 3-4: RNA treatment process, from eluted RNA, to treatment with DNase to remove DNA, and a final stage of 

cDNA synthesis. 
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DNase treatment and cDNA synthesis, a 1:70 dilution was applied so no further dilution was 

made.  All samples were quantified via the aforementioned gadAB qPCR protocol using 

SsoFast™ EvaGreen® Supermix (BioRad cat. #172-5204) and primers gadrt-1 and gadrt-2.  The 

qPCR platform utilized was a BioRad CFx RT system with a C1000 thermal cycler.  All data 

was transferred to and compiled in the complimentary BioRad qPCR analysis software, and data 

was exported to Microsoft
®

 Excel for treatment. 

3.2 Modification for land application – long term 

It was necessary to alter the protocol outlined for assessing decay of E. coli when simulating land 

application.  The desired temperature for this experiment was 20ºC, and for microorganisms to 

decay significantly it was expected to take weeks or months.  Therefore, the overarching protocol 

was altered slightly to accommodate for the longer duration of this experiment.  All simulations 

were initiated at the same time – all three strains were cultured, resuspended and spiked at the 

same time into the same matrix (either digested sludge or PBS).  An unspiked control of PBS and 

sludge was also monitored, and each week sacrificial bottles were sampled and all of the assays 

were run as previously outlined.  Sampling day involved more bottles and a mixture of both pure 

culture- and sludge-based assays, and this was completed over a span of seven weeks.   

3.3 Solids decay assessment 

Measurement for decay via total and volatile solids in all three time-temperature situations was 

performed as separate experiments.  Solids measurements were not performed on pure cultures 

nor were E. coli spiked into sludge matrix.  This was because the amount of E. coli being spiked 

into the microreactors, about 1 billion cells, weighs less than 1 mg, which is below the detection 

limit of a traditional scale used to measure solids content.  Therefore, solids analysis was done on 

unspiked, thermophilically digested sludge at the time-temperature set points listed above for the 

simulation of pasteurization, thermophilic digestion and land application.  Five milliliters of 

sludge was pipetted into 15mL sterile culture tubes and placed in the thermal environment.  

Samples were pulled out at the desired time point, the thermal reaction was quenched in an ice-

water bath, and the sample was poured into a pre-weighed aluminum pan prior to the first 

weighing.  The “wet weight” was recorded and the pans were placed in an oven set at 105ºC to 
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dry the samples.  This was usually done overnight, and the pans were re-weighed after drying for 

the “dry weight.”  Lastly, pans were placed in an oven set at 550ºC for at least 1 hour to remove 

any volatile solids, after which the final weight was recorded. 

3.4 Data treatment 

All raw data was entered into Microsoft
®
 Excel spreadsheets. Dilutions were taken into account 

to obtain original sample concentrations.  Samples of those dilution calculations are available in 

Appendix 9.1.  For plating, raw data were reported as CFU/100µL or CFU/500µL for pure 

culture and sludge samples, respectively.  Dilution factors were used to convert to CFU/mL 

units.  For ATP, an Excel
®

 spreadsheet was supplied by LuminUltra, Ltd. for conversions from 

RLU values to cATP concentrations in ng/mL.  This spreadsheet employed empirical equations 

developed by LuminUltra, and the necessary input was the RLU values for samples and for the 

UltraCheck, along with filtered volume for the QGA kit (always 1mL).  Live/Dead results were 

reported as cells/FOV. Equation 3.1 below was used to obtain original sample concentrations 

(cells/mL) for samples in pure culture: 

               

  
 
     

   
 

        

             
 
               

               
   Eq. 3.1  

With samples in sludge, one plane could not be held in focus in that there was a depth to the still-

liquefied sample.  Therefore, an approximation of the depth of the FOV was made based on the 

average length of an E. coli cell (about 2µm, from Trueba & Woldringh, 1980).  Thus a volume 

could be calculated with the depth and area of the FOV, and cell count per that volume in mL 

with accounting for any dilution gave, again, the original sample concentration in cells/mL.  

qPCR data, reported as gadAB gene copies/uL, was converted to gadAB gene copies/mL due to 

inhibition reduction and extraction.  Finally, TS/VS data was entered in grams and manipulated 

to deliver %VS values.  All experimental replicates were averaged and their standard deviations 

calculated.  Standard error was also calculated by dividing the standard deviation by √(n) where 

n=3 for experimental triplicates.  All data was then transferred to Sigmaplot (v. 11.0.0.75; © 

2008, Systat Software, Inc.) for graphical representation. 
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4. RESULTS 

4.1 Summary of results 

In Figure 4-1 and are images of the Live/Dead assay and culture plates, respectively, taken 

during sample processing.  Cells or CFUs in these images were either counted manually or with 

the ImageJ image processing program.  The following sections contain graphs representing  

(a)               (b) 

           (c)                      (d) 

Figure 3-1: Representative images from the Live/Dead and culturing assays for the thermotolerant E. coli strain.  Figure 4-1(a) is an 

image cells in pure culture on a filter paper; Figure 4-1(b) of cells in sludge.  Figure 4-1(c) is a pure culture grown on a 100mm LB plate; 

Figure 4-1d() is a diluted sludge sample of the same strain filtered and grown on EC-MUG agar. 
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Figure 4-2: Results for pasteurization in PBS experiments.  All CFU levels drop, as do those for cATP but the latter 

experiences spikes at times.  RNA and DNA levels stay consistent, and in general live counts decrease while those for dead 

cells decrease.  Note that all vertical axes are scaled logarithmically except that for cATP (linearly).  

ImageJ output and all other data gathered in this study, including plate counts, RNA and DNA 

concentrations, Live/Dead cell counts, ATP concentrations, and volatile solids percentages.  All 

graphs are labeled with experimental conditions, such as simulation type, strain, and matrix.  All  
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Figure 4-3: Results for pasteurization in sludge experiments.  Activity shown by cATP levels declines for all three strains 

as do CFU levels, and all nucleic acid curves trend similarly.  Of interest in this figure is that the baseline strain maintains 

a high level of live cell counts relative to dead cells. 

y-axes are scaled logarithmically except for that for cATP which is linear.  The figures are 

arranged by simulation type and matrix, including all assays on each strain with two graphs per 

strain. 

Pasteurization of the three strains of E. coli was conducted at 70ºC in both PBS and sludge.  

Significant reduction of CFUs/mL was observed in all three strains in PBS (Figure 4-2), but 
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Figure 4-4 Results from the thermophilic digestion simulation in PBS matrix.  Plate counts decline as expected, but cATP 

curves increase at the onset of digestion and then decrease.  Again, DNA and RNA curves seem to parallel each other 

except in the baseline strain where RNA levels drop substantially as DNA levels decline more gradually.  

counts for live and dead cells remained relatively constant.  The same is true for DNA and RNA 

trends, but cATP seemed to decline within 5 minutes in most cases, with some fluctuation in 

earlier time points suggesting a potential stress response in the cells as they were abruptly 
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Figure 4-5: Results from the thermophilic digestion simulation in digested sludge matrix.  cATP levels persist in this 

experiment because thermophilic microorganisms thrive in this matrix.  This also explains the high levels of live and dead 

cells.  Plate counts decline rapidly, however, as does RNA in all cases except that of the baseline strain. 

introduced to a stress-inducing environment.  Some targeted data points could not be captured 

due to a variety of reasons such as the output being below detection or failing to capture the ideal 

dilution range when plating cells.  Lines connecting data points are not an indication of a trend. 

RNA levels are higher than those of DNA for the baseline and thermotolerant strains, and dead 
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Figure 4-6: Results from the land application simulation in PBS matrix.  cATP curves seem to resemble that of  a first-

order decay curve, but plate counts do not reduce below about 107CFUs/mL in all cases.  Starvation conditions at ambient 

temperature for weeks accounts for this effect, and lack of regular IPTG stimulation while in exponential growth reduces 

or eliminates RNA detectability. 

cell counts surpass those of live cells by 0.5 minutes in each case.  Figure 4-3 is similar, except 

the data represented is that for pasteurization experiments in sludge.  Note the significantly 

higher concentrations of all parameters when using the sludge matrix.  This is to be expected 

because in thermophilically digested sludge there may be a low E. coli cell count but there will 

be high concentrations of thermophiles.  This fact explains high values for Live/Dead cell counts.  
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Figure 4-7: Results from land application simulation in sludge matrix.  Initial cATP levels spike in all samples, indicating an 

increase in activity of microorganisms in the background matrix.  Baseline E. coli CFUs were undetectable by week 1, and 

DNA/RNA curves are similar to those in Figure 4-8, indicating a lack of matrix effect.  Live/dead levels are similar to those of 

Figure 4-7, inferring a lack of temperature effect on sludge microorganism decay at those temperatures. 
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Cellular activity is diminished as reflected by depreciated cATP levels, and here RNA and DNA 

values trend as expected, but in the MDR strain RNA levels increase steadily with pasteurization 

time.  In Figure 4-4 are the results from thermophilic digestion in PBS experiments.  With a 

longer digestion period at a lower temperature, CFUs/mL decline more gradually than at the 

pasteurization temperature while cATP levels seem to experience a spike initially but eventually 

decline.  Live/Dead cell counts remain high and consistent, with the MDR strainmaintaining 

higher levels of live cells.  Both RNA and DNA levels decline with time in log-linear fashion in 

all instances save baseline E. coli RNA.  In Figure 4-5 are the results from thermophilic digestion 

in sludge experiments where high levels of Live/Dead cell counts are seen due to the matrix 

used.  They remain high because the cells were maintained in an environment in which they 

thrived.  This concept can also account for the increase seen in cATP levels, but a reduction in 

plate counts and RNA levels reflect E. coli decay.  The results from longer term decay 

experiments in PBS are presented in Figure 4-6.  In this situation cells in pure culture 

experienced starvation over weeks, and reduced cATP values reflect low cell activity during this 

experiment.  Plate counts level off at approximately 10
7
CFUs/mL and live cells for all three 

strains end at a higher level than dead cells.  DNA and RNA levels remain relatively constant, 

but RNA was unable to be detected at times, most likely due to a lack of lac operon stimulus 
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Figure 4-8: Results of solids assessment of thermophilically 

digested sludge at three time/temperature setpoints.  Little 

to no trend is apparent during the 70ºC treatment, a 

positive trend seems apparent during thermophilic 

digestion, and volatile solids levels fluctuate over a ~1.5 

month duration at room temperature. 



 

    39 

 

Table 4-1: Summary of statistical analysis of the results.  Decay constants are calculated from best fit exponential lines, namely      
   where k is generally negative 

in the case of decay.  At times, k returned positive, indicating an increasing trend.  R2 values are also included to indicate the “goodness” of the fit, and in boldface type 

represent fits whose R2 values are greater than 0.7.  Statistical results were not available from the CFU curve for K5808 in sludge at 20ºC due to lack of data. 

  Assay: CFU Live Dead cATP DNA RNA 

Strain Temp. Matrix k R
2
 k R

2
 k R

2
 k R

2
 k R

2
 k R

2
 

SMS-3-5 70°C PBS -0.904 0.381 0.064 0.229 0.040 0.121 -0.193 0.433 0.160 0.332 0.087 0.087 

(MDR)  Sludge -0.782 0.274 -0.111 0.129 -0.006 0.008 -0.040 0.131 0.007 0.001 0.376 0.545 

 53°C PBS -0.144 0.273 0.008 0.060 -0.004 0.017 -0.058 0.107 -0.082 0.826 -0.035 0.327 

  Sludge -1.235 0.992 0.032 0.110 0.003 0.005 0.004 0.059 -0.046 0.890 -0.036 0.739 

 20°C PBS -0.052 0.646 0.048 0.503 0.002 0.001 -0.038 0.709 -0.054 0.356 -0.026 0.266 

  Sludge -0.253 0.604 0.027 0.331 0.015 0.147 -0.010 0.044 -0.129 0.701 -0.104 0.831 

EC-WW 70°C PBS -1.467 0.335 0.004 0.000 0.077 0.161 -0.111 0.144 0.019 0.026 -0.014 0.004 

(Thermo-  Sludge -0.527 0.186 0.017 0.004 -0.006 0.001 -0.003 0.003 -0.012 0.001 -0.040 0.076 

tolerant) 53°C PBS -0.213 0.610 -0.003 0.012 0.007 0.119 -0.225 0.605 -0.022 0.556 -0.031 0.232 

  Sludge -0.207 0.816 -0.001 0.001 0.003 0.066 0.006 0.179 -0.002 0.006 -0.030 0.078 

 20°C PBS -0.090 0.899 0.021 0.306 0.020 0.143 -0.040 0.709 -0.051 0.437 -0.045 0.710 

  Sludge -0.277 0.852 0.015 0.140 0.004 0.029 -0.017 0.410 -0.085 0.756 -0.037 0.117 

K5808 70°C PBS -0.914 0.560 0.036 0.048 -0.043 0.126 0.008 0.001 -0.044 0.042 0.033 0.037 

(baseline)  Sludge -0.279 0.233 0.074 0.186 0.006 0.009 -0.021 0.066 0.027 0.008 0.044 0.074 

 53°C PBS -0.207 0.816 0.008 0.123 -0.016 0.639 -0.137 0.357 0.004 0.010 -0.123 0.276 

  Sludge -0.822 0.847 0.005 0.082 -0.005 0.111 -0.001 0.011 -0.018 0.203 -0.004 0.133 

 20°C PBS -0.041 0.026 0.053 0.686 0.004 0.009 -0.038 0.635 -0.038 0.189 -0.030 0.383 

  Sludge ----- ----- 0.022 0.360 0.007 0.036 -0.011 0.111 -0.094 0.534 -0.033 0.131 

with IPTG.  Results from the final digestion experiment, land application in sludge, are presented in Figure 4-7.  Included with these 

graphs are results from a digestion of the background sludge with no cells added.  In all graphs cATP levels initially increase before 

they decay, indicating active biomass primarily in the background matrix.  Like the long term experiments in PBS, RNA detection was 

not consistent potentially due to lack of IPTG induction.  Live/dead cell counts remain at a consistent order of magnitude.  Baseline E. 

coli plate counts diminish quickly but CFUs for the other two strains persisted for a number of weeks.  The final data gathered in this
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 study was TS/VS data, reflected in Figure 4-8 as % volatile solids with time for each 

experimental simulation.  The microreactors used in these experiments had no pure culture 

spikes and the sludge was sampled from a thermophilic digester.  At the pasteurization and land 

application temperatures, no trend is apparent, but in the thermophilic digestion scenario volatile 

solids percentages seem to increase.  In Table 4-1 a number of statistical comparisons are 

presented where a least-squares regression was performed using an exponential fit of the form 

     
  .  The constant k denotes exponential growth or decay depending on a positive or 

negative sign, respectively.  To consider the data as resembling exponential decay a negative 

constant is necessary, and bolded in the table are data whose fits resemble decay through a 

resulting R
2
 value greater than 0.7 and a negative decay constant.  Other statistical results are 

also included here to demonstrate the efficacy and inefficacy of attempting to derive decay 

constants from the results of the various combinations of assays, matrices and experimental 

temperatures. 

4.2  Detection limits 

Plate counts were considered valid only if, after spreading 100µL of diluted sample on 100mm 

plates, colonies were in the range of 25-250 CFUs (Maturin & Peeler, 2001) or, on 60mm plates, 

20-80 CFUs (SM 9222-G).  Therefore, detection limits for plating were 250 CFUs/mL for pure 

culture samples or 40 CFUs/mL for samples in sludge.  In the pure culture Live/Dead assay, only 

20 FOVs were viewed, which is only 0.068% of the filtered area.  Detecting one cell in that 

fraction of the total area is the lowest possible cell count this protocol can deliver, so the 

detection limit here was 2.95x10
5
 cells/mL.  For samples in sludge, the same principles apply but 

the ratio in question is that of volume.  The volume pipetted onto the slide was 5µL, and the 

volume of the FOV was assumed to be 1.2x10
-5

µL, 0.00024% of the total pipetted volume.  

Therefore, the detection limit for samples in sludge was 4.17x10
7
 cells/mL.  The Kikkoman 

Lumitester used to measure RLU values for LuminUltra’s ATP assays had a lower limit of 10 

RLU based upon background noise generation, translating to a cATP value of, with a typical 

UltraCheck RLU value, 12 pg/mL with the QGA kit and 6 ng/mL with the QG21W kit.  The 

lower end of the qPCR standard curve set the lowest point in linear range of calibration, i.e. the 

“limit of quantification.”  One hundred gene copies/µL was the lowest that would amplify using 

this protocol – a lower standard could not be detected within the 40 cycles applied.  The 
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detection limit of this assay, however, was determined by averaging the background signal and 

assuming three times the background signal as the detection limit.  Therefore, with dilution 

factors taken into account, for DNA the detection limit was 1.53x10
7
 gene copies/mL 

experimental matrix and for RNA it was 5.35x10
8
 gene copies/mL experimental matrix.  A 

summary of these detection limits are presented below in Table 4-2. 

Table 4-2: Summary of detection limits for the various assays. 

Assay Matrix Detection Limit Sample Units Limiting Factors 

Plate counts Pure culture 250 CFUs/mL Accurate counting on plates 

 Sludge 40   

Live/dead Pure culture 2.95x10
5
  cells/mL Ratio of FOV area/volume  

 Sludge 4.17x10
7
   to filter area/volume 

ATP Pure culture 12 pg/mL Detection limit of luminometer 

 Sludge 6 ng/mL  

DNA Both 1.53x10
7
 gene copies/mL Strength of background signal 

RNA Both 5.35x10
8
 gene copies/mL  

5. DISCUSSION 

How the results presented above relate to the objectives of developing valid protocols for 

assessing microbial decay in WWT scenarios is discussed here.  Also discussed is knowledge 

generated by these results and how that knowledge might be employed and expanded upon.  

First, the methods used are compared using empirical results as supporting evidence.  Then, the 

behavior of each strain is explored with the motivation to draw conclusions on enumeration and 

treatment techniques.  Finally, the methods used in this study are critiqued along with the results 

they generated. 

5.1 Method comparison 

The comprehensive results presented above provide opportunities to infer much about the decay 

behavior of fecal indicators.  Most of the data does not resemble first order decay, and potential 

causes are discussed here.  The relative trends in DNA, RNA, ATP and cell vitality shed much 

light on the biomass behavior at the molecular level.  We begin this discussion with a 

comparison of the methods used, highlighting similar methods in both matrices. 

5.1.1 CFU v. live/dead 
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The two techniques involving enumeration of cells or colonies from images, CFU and live/dead, 

yielded conflicting results in many cases.  Culturability in all cases declined with time, an effect 

which is to be expected given former definitions of decay and methods of decay quantification.  

No such trend was seen universally in the live/dead assay.  It was not expected that a high level 

of dead cells would be seen in pure culture situations, highlighting that even as cells are in an 

exponential growth phase they experience a substantial amount of death and decay.  The 

live/dead assay reveals much through the pure culture experiments, particularly as the ratio 

between the two changes.  In almost all pasteurization and thermophilic digestion experiments 

the live/dead ratio decreased from greater than 1 to less than 1, indicating live cell diminishment.  

In land application simulations, live cell counts surpass those of the dead cells, indicating either a 

regrowth of cells through uptake of decaying cell matter, or a further breakdown of dead cell 

bodies to debris that was unable to be detected by this assay.  The regrowth or “stabilizing” of 

the population may be confirmed through CFU counts in that populations seem to stabilize with 

only a 2-log reduction over 7 weeks.   

This comparison changes when discussing the sludge matrix.  The live/dead assay is less useful 

for drawing conclusions about a certain species when applied to a diverse microbial community.  

Because all cells are indiscriminately stained by the SYTO
®
 9 and propidium iodide stains there 

is only information available about all living/dead cells.  Results show that all experiments 

initially exhibited higher levels of live cells versus dead, save for two of the pasteurization 

experiments.  This is to be expected in the thermophilic digestion experiment because 

thermophilically digested sludge was used as the sludge matrix and thermophiles in that matrix 

thrive at 53ºC.  The decay of the thermotolerant and MDR strains during pasteurization as 

exhibited by the live/dead trends supports the trends generated by CFU counts, but this is the 

only case in sludge for which this is true.  In general, for sludge experiments there is a loss in E. 

coli CFU counts with stabilization in total microbial community through live/dead trends. 

These two methods are not ideal for assaying decay, a number of reasons which are discussed 

below in Section 5.3.  It was expected that culturability would decrease with time for all 

experiments, and this effect was seen in all cases except the pure culture land application 

experiments where only a 2-log reduction was seen in CFU counts over 7 weeks.  It was also 

expected that live cell counts would decrease for the baseline and MDR strains while they would 

be sustained for the thermotolerant strain.  This was not the case in the pure culture situations 
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from which we can draw conclusions about particular species.  It is possible that the 

thermotolerant strain had developed a mutation that enabled it to survive heat treatment only in a 

sludge matrix but still rendered it susceptible in pure culture.  More results discussed below shed 

light on the behavior of this strain in both pure culture and sludge environments. 

5.1.2 RNA v. DNA 

The assays that target genetic material deliver information about E. coli in particular and its 

activity.  Theoretical differences in the two applications are that targeting DNA gives 

information about general levels of the organism whose genome contains the gene of interest, 

while assaying for RNA yields information relating to species activity and expression of the 

targeted gene.  For RNA, IPTG stimulation of gadAB gene facilitated detection of higher levels 

of gadAB RNA for thermophilic digestion and pasteurization but was less effective for the long 

term studies.  This was likely due to cells not being in the exponential growth phase at the time 

of IPTG addition.  Rather cells were experiencing starvation in PBS or various forms of decay in 

the sludge matrix.  Therefore, conclusions about decay from RNA data are only made from 

thermophilic digestion and pasteurization data.  

In all experiments except pasteurization in PBS, DNA levels were initially higher than those for 

RNA, and in most RNA remained lower with time.  In sludge, this is most likely due to the 

persistence of E. coli DNA from previously decaying cells of that species.  In PBS that initial 

difference is generally not as large but still exists.  This implies that either the ratio of DNA gene 

copies to RNA gene copies in cells is orders of magnitude larger, or, and this is the more likely 

case, cell decay is rampant in pure culture samples and DNA from decaying cells that are not 

transcribing RNA is being released into solution.   

It was expected that in pure culture experiments significant log reductions would occur for RNA 

and that DNA levels would decrease less severely.  In many cases RNA levels trend with DNA, 

indicating that the persistence of DNA in these samples correlates with a loss of E. coli vitality, 

assuming that the detection of RNA in a digested sludge sample indicates live, active cells.  Pure 

culture DNA and RNA curves also appear log-linear, indicating first-order decay.  This is the 

case in thermophilic digestion and pasteurization in PBS, and in land application in PBS DNA 

declines less rapidly.  Sludge experiments yielded similar results and DNA curves seemed to 

have a less negative slope than those in pure culture.  RNA levels increased at times, and both of 
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these results were not predicted.  In sludge it was expected that cells would die more quickly 

than in PBS.  If this were the case DNA would also decay more quickly due to rapid degradation 

in a harsh environment and uptake by other organisms.  However, the persistence of DNA and 

increase in RNA with time implies viability and activity among the cells.  The thermotolerant 

strain did not seem to behave differently than others in most cases. 

5.1.3 ATP v. CFU 

ATP levels and CFU counts trend similarly in many instances.  Specific exceptions include 

thermophilic digestion and land application in sludge.  These both make sense in that pure 

culture E. coli cells would decay with time in a harsh environment while thermophiles and other 

microorganisms from the sludge matrix thrived.  While cATP levels are listed above in the 

Results on a linear axis, their curves behave in a first-order decay fashion, particularly with cells 

in PBS.  There are occasional spikes in curves from both ATP values and CFU counts, and they 

seem to occur at corresponding times.  This correlation between ATP production and 

culturability for the pure culture experiments indicates that culturability is tied to how active the 

cells are.  When cells undergo starvation and are sustaining their population by recycling cellular 

fragments, ATP levels are understandably reduced as seen in the land application in PBS 

experiments.  Like the live/dead assay and CFU comparison, the most useful and applicable 

conclusions can be drawn by comparing CFU levels with ATP concentrations in pure culture 

scenarios.  These two assays are useful independently in sludge scenarios but do not support each 

other’s conclusions.  ATP results are similar to those of the live/dead assay in both matrices in 

that they are both non-specific assays that target viability.  However, ATP curves decay more 

noticeably and have a lower detection limit than live cell trends. 

5.1.4 Volatile solids v. ATP and live/dead in sludge 

One final comparison to be made is among the non-specific metrics: TS/VS, ATP and 

Live/Dead.  In the digested sludge matrix, none can target a certain species but give indication of 

the vitality and activity of the entire microbial community.  The results show that the volatile 

solids levels do not change under pasteurization or land application conditions and increase 

during thermophilic temperatures.  Thermophiles growing at those temperatures thrive and may 

increase in volatile organics due to higher carbon fixation into biomass.  During pasteurization, 

cATP and live cell levels tend to decrease while at room temperature ATP values experience an 
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initial spike followed by decay with living cells remaining constant.  Some discrepancy is seen 

among the strains at thermophilic temperatures in that ATP values fall for two strains and 

recover while for the MDR strain no decrease is seen.  Live cells remain constant here as well, 

while one would expect, from the TS/VS results, that living cell concentrations would increase. 

5.2 Strain comparison 

The cells in this study were subjected to stresses from both heat and a sludge environment to 

assess decay in such scenarios.  Of the three strains, the thermotolerant, wastewater-derived E. 

coli cells were expected to exhibit the least signs of decay and show the most resistance to the 

effects of thermal treatment in a wastewater environment.  Conversely, the baseline and MDR 

strains were expected to show more drastic signs of decay, and the two strains themselves would 

not exhibit substantial difference in their respective decay behavior.  Discussed here are the 

similarities and differences among the strains employed in this work, and comparisons are made 

between the baseline and thermotolerant strains as well as the baseline and MDR strains.  From 

discussion comparing the strains, conclusions can be made most confidently with appropriate 

pure culture assays and species-targeting methods such as culturing, DNA and RNA.  In Table 

5.1 is a summary of the behavior of each strain as exhibited in each matrix and temperature. 

5.2.1 Baseline v. thermotolerant 

In PBS these two strains behave similarly in most cases with curves exhibiting no substantial 

differences.  Orders of magnitude vary but log reductions from initial values correlate.  Save 

some potential outliers generating skewed averages and large errors, it could be said that these 

two strains experience similar decay in PBS matrix at the experimental temperatures.  When 

these cells are introduced to the sludge matrix, a similar conclusion can be reached after 

comparing DNA, RNA and culturing curves.  One major difference is that the thermotolerant 

strain remains culturable far longer than the baseline strain during the land application in sludge 

simulation.  Nevertheless, the baseline E. coli strain exhibits essentially the same decay behavior 

as the thermotolerant strain as measured by these methods.  This could be explained by the 

thermotolerant cells experiencing a stress-response associated with the extreme environment.  

All RNA and ATP production could slow down, culturability would cease, and although cells 

would still be alive they would have entered this protective, seemingly dead state.  Further 
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analysis of this strain using molecular tools after cells were allowed to reactivate from this stress 

response could shed light on the survival of this strain. 

5.2.2 Baseline v. MDR 

There is less consistency when comparing the baseline strain to the MDR strain.   For pure 

Table 5-1: Summary of effects seen on each strain during pasteurization, thermophilic digestion and land application. 

Temp. 

(ºC) 

Matrix Baseline Thermotolerant MDR 

70 PBS cATP and CFUs 

decrease, stable DNA, 

RNA and live/dead 

levels 

cATP and CFUSs 

decrease, stable DNA, 

RNA and live/dead 

levels 

Lower RNA levels, 

dead cell counts exceed 

live, cATP has early 

spike 

 Sludge Live cells persist, cATP 

and CFUs decrease, 

DNA and RNA levels 

consistent 

Dead cells exceed live, 

cATP and colonies 

decrease, DNA and 

RNA levels consistent 

RNA levels rise at end, 

dead cells exceed live, 

cATP and CFUs 

decrease 

53 PBS cATP has initial spike, 

CFUs and DNA decline, 

dead cells initially 

higher, RNA behavior 

inexplicable 

Initial cATP spike, DNA 

and RNA trend 

similarly, CFUs 

decrease, dead cells 

surpass live 

CFUs and cATP spike, 

RNA declines more 

slowly than DNA, live 

cells remain higher than 

dead 

 Sludge Live cells remain higher 

than dead, CFUs 

decline, cATP 

experiences dip and 

recovery, RNA and 

DNA trend together 

Live cells remain higher 

than dead, CFUs 

decline, cATP 

experiences dip and 

recovery, RNA and 

DNA trend together 

cATP has net increase, 

RNA data incomplete, 

live cells remain higher 

than dead, DNA 

declines 

20 PBS cATP  and CFUs 

decrease, live cells 

overtake dead, RNA 

data incomplete, 1-log 

reduction in DNA 

cATP  and CFUs 

decrease, live cells 

overtake dead, RNA 

data incomplete, 1-log 

reduction in DNA 

cATP  and CFUs 

decrease (but less 

rapidly than other 

strains), live cells 

overtake dead, RNA 

data incomplete, 1-log 

reduction in DNA 

 Sludge cATP spikes and decays 

(background sludge 

effect), CFUs decline 

most rapidly, live cells 

remain high, RNA and 

DNA trend similarly 

cATP spikes and decays 

(background sludge 

effect), CFUs decline, 

live cells remain high, 

RNA and DNA trend 

similarly 

cATP spikes and decays 

(background sludge 

effect), CFUs decline, 

live cells remain high, 

RNA and DNA trend 

similarly 

culture experiments, spikes in cATP values do not line up temporally between the strains while 

live/dead and RNA curves also demonstrate differences.  Similarities are seen in DNA and 
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culturing curves, implying that there are differences in the activities of these cells while overall 

decay characteristics may be similar.  In sludge, like the thermotolerant strain, the MDR E. coli 

retains culturability in sludge at room temperature.  Another major difference is in the activity of 

the MDR strain via cATP levels.  Concentrations with this strain in sludge increase while those 

for the other two decrease with time.  A final interesting note is that RNA values during 

pasteurization in sludge increase as well.  It is possible that as these strains of E. coli decay they 

are exhibiting stress responses through higher ATP and RNA production. 

5.3 Benefits and limitations of each assay 

To interpret these results, one must take into account the limitations of each assay, along with the 

knowledge it provides.  Using CFU and VS data to monitor decay has been done traditionally 

and associated limitations are known.  The former delivers information concerning levels of 

culturable organisms, which make up a small percentage of species in environmental samples 

and whose cultivability can be compromised with stress from the environment.  There are 

benefits to using these methods: there are standard methods that govern their use in 

environmental situations, they are simple and cost-effective, and their use has been well 

documented in literature.  Decay constants based upon a VS measurement with time are a rough 

estimate of the total biomass, do not select for species of interest, and detect volatile compounds 

beyond what is fixed in the biomass (e.g. dissolved organics).  Neither of these target species of 

interest (unless that species is, at the time of spreading, culturable), nor are they direct 

measurements of indicator decay.  Plate counts contribute more information about target species 

if it is assumed that all organisms of interest are able to grow on agar plates.  Herein lies the 

motivation for this study, but the advanced molecular tools also have their limitations. 

The ATP assay is similar to the TS/VS metric in that it does not discriminate from which cells it 

measures ATP.  For the pure culture samples in this study, one can deduce the microbial activity 

under starvation conditions for individual species; however, once those pure cultures are spiked 

into sludge that specificity is lost.  The ATP assay delivers more information than the TS/VS 

assay through its focus on cell activity and can give information about species in pure cultures, 

neither of which can be inferred from the TS/VS measurement. The live/dead assay has similar 

characteristics to the ATP assay in that it is non-selective and generates more information than 
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the TS/VS measurement.  It also gives a ratio of living to dead or decaying organisms, 

knowledge beyond that which the ATP assay generates.  The ATP assay could be used further in 

sludge to measure floc-bound ATP, or in pure culture to measure AMP concentrations.  These 

were not employed in this study, but these additional metrics could generate more knowledge 

about the decay of these strains of E. coli.  

The final metrics to discuss are the DNA and RNA assays.  For these gene-based methods, one 

main advantage is that E. coli can be targeted in either pure culture or sludge matrices with 

appropriate primer design.  The kits for these assays, while expensive, have been used 

thoroughly in prior work and have been highly characterized.  One limitation of using DNA to 

monitor decay is that DNA is a more stable molecule that will persist in solution after a cell has 

died.  Therefore, DNA values derived with these experiments are most likely an over-estimation 

of the DNA of living cells.  This is why RNA measurements were included in this study, to 

target molecules whose existence indicate active, living cells of the species of interest.  A major 

drawback of working with RNA is that the molecule degrades quickly – due to its single-

stranded nature it is less stable and is more quickly degraded by RNases.  Also, stimulation is 

necessary to ensure adequate expression of target genes and in this study that stimulation was 

only possible for the short-term experiments.  For a summary of the benefits and limitations of 

these assays, see Table 5-2. 

5.3 General observations and recommendations 

From the analysis above, RNA monitoring emerges as the assay that, when executed with proper 

safeguards to ensure accurate results, provides knowledge concerning the viability and activity of 

the target species.  There were RNA-based decay constants (k) in Table 4-1 that had high 

corresponding R
2
 values, indicating that the exponential decay fit was a good estimation of RNA 

concentration with time.  DNA levels experienced similar statistical results, but elevated raw 

values indicate an overestimation that is consistent with expected results.   

The other methods employed in this work also further our knowledge of microbial decay in these 

scenarios but there were instances in which each assay was limited or compromised.  This is 

reflected in the remaining results in Table 4-1 – Live/Dead graphs at times generated positive k-

values and low coefficients of determination (R
2
).  While positive k-values would be expected  
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Table 5-2: Benefits and limitations of each assay. 

Assay Benefit(s) Limitation(s) 

Culturing Standard method, simple, cost-effective, 

can select for certain species with agar 

Only targets cultivable species 

TS/VS Standard method, simple, cost-effective Rough estimate of biomass 

Live/Dead Direct enumeration of cells, assay for 

viability 

Difficult in sludge samples, subject to 

error because only small fraction 

counted 

ATP Simple and rapid method, quantification 

of cell activity 

Costly, subject to inconsistency, not 

species specific 

DNA Direct quantification of genetic 

material, robust and well-documented, 

highly specific 

DNA of dead organisms detected,  

RNA Direct quantification of genetic material 

and cellular activity/vitality, highly 

specific 

RNA degrades quickly, frequent non-

detects, expensive method, RNA 

stimulation necessary 

for dead cell levels, R
2
 values never exceeded 0.15 for the Dead counts.  cATP only exhibited 

high R
2
 in the cases of land application in PBS.  Regression of CFU data partially resulted in 

accurate approximations, namely in lower temperature environments involving the 

thermotolerant strain.  By analyzing the results statistically one cannot pinpoint a method that 

stands out as accurately and consistently monitoring microbial decay as organisms exponentially 

decay for all conditions imposed in this work.  However, theoretically the RNA assay should 

deliver results that reflect the viability and activity of a target species.  In pure culture, decay 

constants derived using methods such as the Live/Dead and ATP assays can be applicable to 

design.  More selective methods such as DNA, RNA, and plating generate data that are better 

approximations of how an organism decays in sludge.  Therefore, when monitoring an 

environmental system with decay, one must design the experiment based on the system’s 

conditions and the desired results. 

While the RNA method may theoretically be the most specific assay for monitoring the decay of 

a particular species in sludge, it is not a “silver bullet” in that it can also be compromised, such 

as in the instance of inadequate RNA synthesis.  Conceptually, the RNA assay is most 

appropriate for monitoring the decay of a species in sludge but measures must be taken to ensure 

that it is performed accurately and can generate meaningful results.  Although RNA data are at 

times fragmented, trends resemble log-linear decay and curves can be fit to generate decay 

constants.  The same may be attempted for other data when appropriate, but the primary 
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usefulness of the data in this work is qualitative knowledge about both the assays and the nature 

of the decay of E. coli.  All of these assays have their limitations, but when combined they can 

shed significant light on microbial decay.  For example, one may compare ATP and live/dead 

results to DNA curves, especially in pure culture, to demonstrate the activity of the cells as 

compared to the amount of genetic material present.  It is the belief of this researcher that these 

methods can be built upon and used further to investigate the decay of microorganisms in 

environmental samples.  Applications can also extend to growth in natural habitats, various 

forms of water and wastewater environments, and other microorganisms that vary greatly in their 

respective forms and functions.  Redefinition of decay constants is not appropriate yet with the 

use of microbial tools, but this work establishes a foundation for the use of these tools to 

accomplish that goal.  The future of the monitoring of environmental samples will be founded on 

these microbial tools once future generations of the technologies are more cost-effective, user-

friendly and available to municipalities and laboratories.   

6.  CONCLUSION AND FUTURE WORK 

The knowledge generated by the experimental results in this work was at times contradictory to 

what was expected, particularly in the behavior of the thermotolerant E. coli strain.  Its behavior 

in a harsh environment was not substantially different from that of the baseline strain in most 

instances as exhibited by the metrics used in this work.  Additionally, much was learned about 

the capabilities and limitations of each assay employed.  While conceptually RNA analysis 

would lead to the most accurate representation of the decay of an individual species within an 

environmental sample, it was shown that this high-end method was not useful when the 

stimulation of RNA synthesis was not adequate.  Qualitative insight, along with the developed 

protocols, is the main products of this work, and they both lay groundwork for further method 

optimization and investigation into microbial decay.  In the near future, molecular tools rather 

than current Standard Methods may be used to monitor both entire communities and species of 

interest in wastewater processes.  Standard Methods for monitoring sludge and effluent 

pathogenicity may incorporate microbial tools in the near future.  This work and others like it lay 

groundwork for the development of those methods and shed light on how regulations can be 

written and met in the future.   
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Analysis of the microbial community may also be able to target pathogens as opposed to their 

indicators. Methods that target the microbial community can be the next stage of this work.  To 

monitor decay of pathogen indicators and assess community dynamics during decay, methods 

such as pyrosequencing and flow cytometry can be applied to these same simulations.  

Hindrances to these methods include cost, availability and expertise, but those hurdles are 

lowering with time as community-based microbial assays are becoming increasingly relevant and 

useful for environmental analysis.  Therefore, work to build on this study includes further 

optimization of the methods, broader application to other microorganisms and environmental 

samples, and the application of community-based methods to decay simulations. 
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APPENDIX A 

A-1 Sample equations for data conversion 

Conversion for Live/Dead assay from cells per FOV to cells/mL in sample.  Pure culture. 

               

  
 
     

   
 

        

             
 
               

               
 

Conversion for Live/Dead assay from cells per FOV to cells/mL in sample.  Sludge matrix. 

               

  
 

     

          
                 

A-2 Protocols  

A-2.1 MagMAX® total nucleic acid isolation procedure 

1. Warm up water bath to 65°C and place elution buffer in bath once warm 

2. Reagent Preparation 

a. Prepare Wash Solutions 

i. Add 12mL 100% isopropanol to the “Wash Solution 1 Concentrate” solution 

ii. Add 32mL 100% ethanol to the “Wash Solution 2 Concentrate” solution 

iii. Make labels to indicate that the solutions are complete and date them 

iv. Store wash solutions at room temperature 

b. Prepare Lysis/Binding Solution – can store for one month 

i. Lysis/Binding Solution Concentrate 232uL/rxn 

Carrier NA (1ug/sample)  3uL/rxn 

ii. Store at room temperature (not at 4°C to prevent precipitate) 

iii. Mix by inverting tube several times 

c. Prepare Bead Mix – prepare on day used 

i. NA Binding Beads   10ul/rxn 

Lysis Binding Enhancer  10ul/rxn 

ii. Vortex at moderate speed 

iii. Place on ice or in fridge until use  

3. Sample disruption 

a. Add 235ul Lysis/Binding Solution to a bead tube 

b. Add 175ul sample and bead beat for 15min on a vortex mixer; or homogenize on the 

Fast Prep instrument at 6.5m/s for 1min, allow at least 2 min rest and then repeat 
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i.  if testing sludge sample, sample can be drawn from precipitated/concentrated 

biomass  

c. Pellet the zirconia beads by centrifuging at 16,000g for 3 min (unused supernatant can 

be stored at RT for up to 5 days) 

4. Nucleic Acid Purification 

a. Transfer 115ul sample to the well of the processing plate 

b. Add 65ul 100% isopropanol to each sample in the processing plate, shake the plate 

for 1 minute 

c. Add 20ul Bead Mix, shake the plate for 5min 

d. Move the plate to the magnetic stand to capture the NA Binding Beads 

e. Leave the plate on the magnetic stand for 3-5min 

f. Carefully discard the supernatant using pipette 

g. Remove the plate from the magnetic stand and add 150ul Wash Solution 1 to each 

sample and shake the plate for 1min 

h. Capture the NA Binding Beads on a magnetic stand for ~1min or until the mixture 

becomes clear and remove the supernatant 

i. Repeat steps (g) and (h) 

j. Remove the plate from the magnetic stand and add 150ul Wash Solution 2, shake for 

1min, capture the beads and discard the supernatant 

k. Repeat step (j) 

l. Move the processing plate off the magnetic stand and shake for 2min allowing any 

remaining alcohol from the Wash Solution 2 to evaporate 

m. Inspect the wells and if there is residual solution, shake the plate for another minute 

or two but do not exceed 5min 

n. Add 20-50ul 65°C elution buffer to each sample and shake vigorously for 3min; make 

sure the magnetic beads are uniformly resuspended in the elution buffer; if there are 

aggregates pipette up and down ~10 times and then shake for 1 more minute 

o. Capture the NA Binding Beads using magnetic stand 

p. Transfer the supernatant to a storage tube and store at -20°C or immediately move to 

DNase treatment and reverse transcription prior to storage 

A-2.2 DNase treatment (Ambion® Turbo DNase kit): 

1. Per reaction, mix 29uL nuclease-free water, 3 uL 10X buffer and 1.5uL Turbo DNase 

2. Add 1uL sample and incubate at 37°C for 30 minutes 

3. Add 3uL DNase inactivation reagent and incubate at room temperature for 5 min 

A-2.3 Reverse transcription (Bio-Rad® iScript cDNA synthesis kit) 

1. Per reaction, mix 5uL water, 4uL reaction mix and 1uL reverse transcriptase 

2. Add 10uL of unmixed, DNase-treated sample – do not mix; pull clear sample off top of 

volume in the tube (white inactivation reagent will have settled to the bottom) 
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3. Run program on thermal cycler - Incubate complete reaction mix: 

a. 5 minutes at 25ºC  

b. 30 minutes at 42ºC 

c. 5 minutes at 85ºC 

d. Hold at 4ºC (optional) 

4. Store in -20°C freezer for qPCR 

A-2.4 ImageJ macros for counting live/dead cells (provided by J. Miller) 

      dir = getDirectory("Choose a Directory "); 

      list = getFileList(dir); 

      setBatchMode(true); 

      for (i=0; i<list.length; i++) { 

          path = dir+list[i]; 

          open(path); 

          run("16-bit"); 

run("Subtract Background...", "rolling=50 sliding"); 

setAutoThreshold("Default dark"); 

//run("Threshold..."); 

setThreshold(15, 174); 

run("Convert to Mask"); 

run("Watershed"); 

run("Analyze Particles...", "size=25-Infinity circularity=0.00-1.00 show=Outlines display 

summarize"); 

          dotIndex = lastIndexOf(path, "."); 

          if (dotIndex!=-1) 

              path = substring(path, 0, dotIndex); // remove extension 

          save(path+"-bin.tif"); 

          close(); 

selectWindow("Summary"); 

      } 


