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ABSTRACT AND BENEFITS 

Abstract: 
Recent testing at several utilities has shown that counts of fecal coliforms (FCs) are very 

low or nondetectable after thermophilic anaerobic digestion. However, immediately after 
digested solids are dewatered using high-solids centrifuges, the counts increase by up to six 
orders of magnitude. An increase was also observed for mesophilic anaerobic digestion. The 
principal investigators of this project hypothesized that the bacteria entered a viable but non-
culturable (VBNC) state during digestion. This meant that the bacteria would not grow on 
standard culturing media, and therefore standard culturing methods (SCMs) would underestimate 
the actual viable concentration of indicator organisms. However, the bacteria would still be 
viable and could be reactivated. Once reactivated, additional growth of these reactivated cells 
would contribute to added numbers of organisms measured. For this research, bacteria are 
defined in the VBNC state as simply being bacteria that are not cultured and therefore are not 
enumerated by SCMs. Furthermore, reactivation or resuscitation is defined as the change in 
culturability of the bacteria, with the bacteria changing from VBNC to culturable by SCMs. 

To examine reactivation and the VBNC hypothesis, the project team examined if an 
inducer-like substance was being released and was acting as a signal for growth. A series of 
experiments was performed in which filter sterilized dewatering centrate obtained from a facility 
showing reactivation during centrifuge dewatering, was mixed with un-dewatered liquid digester 
effluent that previously had low or non-detectable FC counts. The raw sludges before and after 
thickening contained 105 FC/g DS, and after the thermophilic digester (TD) the FCs were below 
the detection limit. When the filter sterilized centrate was added to the TD sample, the FCs 
increased by at least two orders of magnitude, and addition of the centrate plus cationic polymer 
resulted in an increase of at least four orders of magnitude. Since the centrate was filter sterilized 
prior to addition to the TD sample, rather than through FC reseeding, this rapid increase in FC 
was likely due to induction by a signaling substance present and released into the centrate during 
the dewatering step. The induction suggested that the mechanical dewatering step released a 
chemical signal that subsequently resulted in FC becoming culturable.  

Subsequent to this mechanistic study, a competitive polymerase chain reaction (cPCR) 
method was used to enumerate E. coli (an FC bacteria and indicator organism) in biosolids 
samples to verify the VBNC hypothesis. This method quantified E. coli based on the number of 
their DNA copies which is independent of their culturability. Seven full-scale facilities were 
sampled using both standard culturing methods and cPCR. The sampling sites included facilities 
with mesophilic digestion, thermophilic digestion, and temperature-phased anaerobic digestion 
(TPAD).  

The results confirmed the VBNC hypothesis at four facilities: one thermophilic, two 
mesophilic, and one TPAD. The cPCR enumeration demonstrated that the E. coli counts were 
very similar before and after dewatering, but the E. coli were not completely enumerated by 
SCMs before dewatering. The results suggest that SCMs used to quantify FCs (which include E. 
coli) can produce false negative results when the bacteria are in the VBNC state.  

Three of the facilities that were sampled—one with thermophilic digestion, one with 
TPAD, and one mesophilic—did not appear to have VBNC bacteria that could be resuscitated 
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after high solids centrifugation. The research was not able to clearly identify the specific 
conditions that caused some plants to have VBNC bacteria while others did not.  

The research determined a two-step reaction. The dewatering process by high-solids 
centrifugation resulted in reactivation of the E. coli, which made them culturable again resulting 
in an increase in culturable counts. After reactivation, the indicator organisms could grow 
quickly and increased by several orders of magnitude (up to 108 cells/g DS) within several days 
of storage. It is this combination of events, a rapid reactivation followed by a slower regrowth 
that resulted in FC counts increasing to levels sometimes beyond regulatory target levels. 

Benefits: 

Demonstrates that some wastewater treatment facilities that use anaerobic digestion can 
get a more accurate E. coli count by using a competitive polymerase chain reaction 
(cPCR) method based on E. coli DNA. 

♦ 

♦ 

♦ 

♦ 

Demonstrates that E. coli which become VBNC state after some anaerobic digestion 
processes can be culturable after centrifuge dewatering, leading further regrowth during 
storage. 

Explains results from utilities that have reported high concentrations of indicator 
organisms after dewatering despite low or non-detect counts just prior to dewatering. 

Implies a need for evaluating: current mesophilic, thermophilic, and temperature-phased 
anaerobic digestion processes; E. coli quantification methods; and processes and 
techniques for further fecal coliform destruction. 

Keywords: E. coli, fecal coliforms, mesophilic, thermophilic, temperature-phased, anaerobic, 
digestion, viable but non-culturable (VBNC), indicator organisms, reactivation, resuscitation, 
competitive polymerase chain reaction (cPCR) 
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EXECUTIVE SUMMARY 

Recent testing at several utilities has shown that counts of fecal coliforms in dewatered 
solids are rapidly increasing after treatment at facilities using anaerobic digestion and high-solids 
centrifuges for dewatering. Immediately after centrifugation or solids conveyance, fecal coliform 
counts are rising from very low or nondetectable levels by up to six orders of magnitude. This 
increase was also observed for mesophilic anaerobic digestion.  

The increase in coliform counts occurred rapidly over relatively short periods of time—
often within 20 minutes. Under ideal conditions, these microbes take 20-30 minutes to double in 
population. As a result, the researchers suspected that some bacteria, including indicator 
organisms such as fecal coliforms, are entering a viable but non-culturable (VBNC) state during 
anaerobic digestion. Standard culturing methods (SCMs) are unable to measure bacteria when 
they are in VBNC state, and so significantly underestimate their concentrations. The reason for 
the bacteria becoming non-culturable during digestion is currently unknown. Several possibilities 
include the presence of an inhibitor or transition into a survival state that reduces their 
culturability. Once exposed to high solids centrifuges used for dewatering, however, the bacteria 
can become culturable again, and are then enumerated by the standard culturing methods. The 
process by which the bacteria become culturable is often called resuscitation or reactivation. For 
this research, bacteria are defined in the VBNC state as simply being bacteria that are not 
cultured and therefore are not enumerated by SCMs. Furthermore, reactivation or resuscitation is 
defined as the change in culturability of the bacteria, with the bacteria changing from VBNC to 
culturable by SCMs. 

Researchers first conducted mechanistic tests at one plant to examine the VBNC and 
reactivation hypothesis and subsequently a verification study at seven full-scale facilities to 
determine whether or not bacteria are in the VBNC state after anaerobic digestion and are 
reactivated during high-solids centrifugation. The sampling sites included facilities with 
mesophilic digestion, thermophilic digestion, and temperature-phased anaerobic digestion 
(TPAD).  

The results confirmed the reactivation hypothesis at four facilities: one thermophilic, two 
mesophilic, and one TPAD. Three of the facilities that were sampled—one with thermophilic 
digestion, one with TPAD, and one mesophilic—did not appear to have VBNC bacteria that 
could be resuscitated after high solids centrifugation. The research was not able to clearly 
identify the specific conditions that caused some plants to have VBNC bacteria while others did 
not.  

Testing the Reactivation, Regrowth Hypothesis 
To examine reactivation and the VBNC hypothesis, the project team examined if an 

inducer-like substance was being released and was acting as a signal for growth. A series of 
experiments was performed in which filter sterilized dewatering centrate obtained from a facility 
showing reactivation during centrifuge dewatering, was mixed with un-dewatered liquid digester 
effluent that previously had low or non-detectable FC counts. The raw sludges before and after 
thickening contained 105 FC/g DS, and after the thermophilic digester (TD) the FCs were below 
the detection limit. When the filter sterilized centrate was added to the TD sample, the FCs 
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increased by at least two orders of magnitude, and addition of the centrate plus cationic polymer 
resulted in an increase of at least four orders of magnitude. Since the centrate was filter sterilized 
prior to addition to the TD sample, rather than through FC reseeding, this rapid increase in FC 
was likely due to induction by a signaling substance present and released into the centrate during 
the dewatering step. These mechanistic tests suggested that some agent was released during 
mechanical dewatering that reactivated the fecal coliform and E. coli, which allowed them to be 
enumerated by standard culturing methods. This agent could include nutrients, substrate, or 
autoinducers. 

Subsequent to this mechanistic study, seven sites were field-sampled, multiple times. The 
sites included facilities with mesophilic, thermophilic, and temperature-phased anaerobic 
digestion (TPAD). Researchers analyzed the samples using standard culturing methods for fecal 
coliforms, E. coli and heterotrophic plate counts. In addition, a competitive polymerase chain 
reaction (cPCR) method was used to enumerate E. coli based on the numbers of copies of their 
DNA in the samples. The cPCR method did not rely on the bacteria being culturable, therefore 
cPCR could enumerate E. coli that were viable but non-culturable as well as E. coli that were 
culturable. 

Results from the sampling showed E. coli in the VBNC state during digestion at four of 
the facilities (one thermophilic, one TPAD, and two mesophilic), and were therefore not 
enumerated correctly by the standard culturing method in samples after digestion. Interestingly, 
for these cases, the E. coli counts measured by cPCR before and after dewatering often were 
equivalent, but the counts by standard culturing methods showed lower numbers prior to 
dewatering and higher numbers after dewatering. These results support the mechanistic study 
and the hypothesis that bacteria can become VBNC during digestion, and that they then can be 
reactivated during certain dewatering processes.  

After dewatering, results for E. coli numbers using the cPCR and standard culturing 
method were in agreement, suggesting that most of the E. coli after dewatering were culturable. 
Using the cPCR method, most facilities had about 105 to 106 E. coli/g DS before and after 
dewatering. After the dewatering induced reactivation, additional regrowth was observed. The E. 
coli counts increased to approximately 108 cells/g DS within several days of cake storage. Thus, 
the conditions for rapid growth exist in the cake after centrifuge dewatering.  

Three of the plants that were sampled did not appear to have VBNC bacteria that could 
be resuscitated after high solids centrifugation. This included one plant with thermophilic 
digestion, one plant with TPAD, and one mesophilic plant. The research was not able to clearly 
identify the conditions that caused some plants to have VBNC bacteria while others did not. The 
results did suggest that thermophilic digestion using completely mixed reactors in series was able 
to adequately destroy fecal coliforms, suggesting reactor hydraulics are an important component 
of digestion.  

The mechanisms by which the VBNC are resuscitated are not yet well understood. A 
second phase of this research is focused on these issues as well as on developing an 
understanding of how processes achieve reduction in VBNC coliforms and minimize 
resuscitation.  

Current Research Findings and Next Steps 
One important conclusion of this work is that standard culturing methods currently in use 

can significantly underestimate the numbers of indicator organisms in biosolids samples if these 
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organisms are in a VBNC state. The results do provide some insight into possible mitigation 
strategies. For example, the multi-stage thermophilic process was able to completely destroy the 
fecal coliform and E. coli, suggesting that reactors in series or in more general terms, reactor 
hydraulics, may be an important component in attaining desired reductions of indicator 
organisms. In addition, there may be some simple chemical additions, such as low-dose lime 
addition to the cake, which could be used to control subsequent regrowth. 

Longer-term storage also could be a strategy to reduce culturable fecal coliforms to 
desired levels. Although standard culturing methods underestimated VBNC fecal coliforms and 
E. coli in digester effluents, the cPCR results generally showed that the E. coli densities after 
mesophilic digestion were able to meet Class B biosolids as defined by the U.S. EPA, assuming 
the E. coli were the major fecal coliform in the samples. However, subsequent to reactivation, 
centrifuge dewatering led to additional regrowth of these organisms. The regrowth during 
storage increased these numbers by several orders of magnitude to exceed U.S. EPA targets at 
times. 

Significant additional research is needed to better understand how and why bacteria enter 
the VBNC state. Research is needed to better establish the relationship between design 
parameters such as SRT and reactor hydraulics and the actual destruction of indicator organisms. 
In addition, the development of future design criteria for digestion needs to incorporate analysis 
of indicator organisms in the VBNC state to fully understand the relationship among time, 
temperature, and microbial destruction. This research is partly being undertaken in a second 
phase of WERF supported research. 
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CHAPTER 1.0 
 

INTRODUCTION, HYPOTHESES, AND OBJECTIVES 

1.1 Introduction 
Recent reports indicate that several wastewater treatment agencies that use anaerobic 

digestion and high-solids centrifuges for dewatering have experienced large increases in fecal 
coliforms (FCs) immediately after centrifugation and/or solids conveyance (Iranpour et al., 2003, 
Cheung et al., 2003, Monteleone et al., 2004, Erdal et al., 2004, Qi et al., 2004). Suggestions are 
that this phenomenon is a result of regrowth of the indicator organisms (Qi et al., 2004) or of floc 
disintegration during dewatering that allows the indicator organisms to be better cultured 
compared with before dewatering (Monteleone et al., 2004 and Cheung et al., 2003).  

An analysis of this phenomenon suggests this increase in FC is too great to be accounted 
for by FC regrowth in most cases, because even under ideal conditions, the doubling time for 
these bacteria is 20-30 minutes. The typical residence time in a dewatering centrifuge is about 10 
to 25 minutes, so orders of magnitude increases should not occur. In addition, regarding the floc 
breakup hypothesis, it seems flocs actually are aggregated during dewatering rather than broken 
apart. This suggests other mechanisms may explain these regrowth findings. The hypotheses 
developed for this research to explain high FC after dewatering are provided below. 

1.2 Hypotheses 
The researchers developed several key hypotheses to explain the high concentration of 

indicator bacteria in biosolids cake despite very low concentration being found in the liquid 
digest just prior to dewatering. 

1.2.1 Hypothesis 1 – Bacteria are Viable but Nonculturable 
A number of researchers have reported results supporting the hypothesis that under 

certain conditions, bacterial cells can be viable but nonculturable (VBNC) (Oliver, 1995, 
Rahman et al., 1996, Reissbrodt et al., 2000 and 2002). When exposed to stress, bacteria are not 
culturable by standard culturing methods (SCMs) with in vitro tests, but the bacteria remain 
viable. Often, the cells can be induced to grow in the presence of certain growth promoters or 
enriched media, and this process is called “resuscitation” or “reactivation” (Rockabrand et al., 
1999, Makino et al., 2000, Reissbrodt et al., 2002).  

Bacteria that have been found in the VBNC state include many gram-negative enteric 
pathogens of concern in biosolids such as strains of E. coli (including O157:H7), Enterococcus 
faecalis, Shigella dysenteriae, Vibrio cholerae, and Salmonella sp.  

An interesting question is whether the bacteria are VBNC purposefully as a survival 
mechanism or whether they are simply sub-lethally injured such that they can no longer grow 
using the standard, selective culturing media for their enumeration. Numerous researchers in the 
1970s and 1980s have shown that under stress that can cause sub-lethal injury, some bacteria 
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become non-culturable when growth is attempted using selective media and especially selective 
media specified in standard culturing methods. But if the media are amended or non-selective, 
culturability is greatly enhanced (Lin et al., 1976, Martin et al., 1976, Green et al., 1977, Stuart et 
al., 1977, LeChavallier et al., 1982, McFeters et al., 1982, McDonald et al., 1983, McFeters et 
al., 1986).  

The sensitivity to selective media has been attributed to peroxide concentrations, 
deoxycholate, or more non-specific stress associated with selective media (Barry et al., 1956, 
Martin et al., 1976, McFeters et al., 1982). For example, Martin et al. (1976) demonstrated that 
addition of catalase (which can degrade hydrogen peroxide) to selective media increased the 
culturability of several different bacteria. Similarly, other quenchers of hydrogen peroxide such 
as pyruvate have been shown to increase recoveries of injured bacteria in both selective and non-
selective media (McDonald et al., 1983, Mizunoe et al., 1999).  

Researchers also have shown that changes in the media formulation or cultivation 
temperature regimes also can improve recoveries (Lin, 1976, Stuart et al., 1977, Green et al., 
1977, LeChavallier et al., 1982, McFetters et al., 1982). For example, LeChavallier et al. (1982) 
developed a medium, termed m-T7, that recovered about three times more coliforms from 
drinking water compared with the standard m-Endo agar. McFeters et al. (1986) reported that the 
use of m-T7 agar increased the recovery of coliforms by a factor of eight to 38 times the results 
from m-Endo agar.  

These researchers clearly show that the standard methods that use selective media for 
enumerating certain types of bacteria (such as coliforms) can significantly underestimate the 
concentration present in samples. Since recovery can occur with the use of enhanced culturing 
conditions, these injured bacteria can still be considered viable. Development of a selective 
media that can enumerate all coliforms remains a challenge today. 

The VBNC theory leans more toward the concept that bacteria enter this state 
purposefully as a survival mechanism rather than as a response to sub-lethal injury that reduces 
their capability to grow on selective media. Most of the evidence for a VBNC state is similar to 
that for the sub-lethal injury state. During exposure to stress, the bacteria become non-culturable 
on typical media, but analysis using non-culturing-dependent methods reveals the viable counts 
are relatively constant or remain significantly greater than the culturable counts (Colwell et al., 
1985, Byrd et al., 1991, Pommepuy et al., 1996, Whitesides and Oliver, 1997, Lleo et al., 1998, 
Mizunoe et al., 1999, Grey and Steck, 2001, Adams et al., 2003, Chaveerach et al., 2003).  

As with the sub-lethal injury results, VBNC bacteria can be resuscitated under specific 
conditions such as using enhanced media and/or temperature shifts during culturing (Whitesides 
and Oliver, 1997, Mizunoe et al., 1999, Reissbrodt et al., 2000, Haro-Kudo, 2000, Grey and 
Steck, 2001, Reissbrodt et al., 2002, Gupte et al., 2003). Researchers also have attributed 
physiological changes that are observed in bacteria after exposure to stress and entrance into the 
VBNC state as evidence of a survival mechanism (Baker et al., 1983, Tholozan et al., 1999, 
Signoretto et al., 2000, Heim et al., 2002). For example, based on proteome analysis, Heim et al. 
(2002) concluded that the VBNC state for Enterococcus faecalis was a defined physiological 
stage that the bacteria would enter as a response to stress.  

It seems critical that, to support the survival mechanism theory, the physiological changes 
must enhance survival during exposure to different stressors. This has been shown to be true in 
some cases (Berlin et al., 1999, Signoretto et al., 2000, Heim et al., 2002). 

 



The potential viability and virulence of the organisms during and after they achieve a 
VBNC state also is important to understand. The VBNC theory posits that, by definition, the 
bacteria are viable and therefore are capable of causing infection. The ability of the microbes to 
be resuscitated is generally considered a direct indication of viability, and the ability of 
pathogens to retain virulence factors in the VBNC state has been demonstrated (Rahman et al., 
1996, Chaiyanan, et al., 2001). It is thought that the bacteria that are VBNC remain viable and 
also can cause infection in vivo, even when they are nonculturable by standard methods (Makino 
et al., 2000, Rahman et al., 1996). This hypothesis has been debated in the literature; however, 
some evidence supports the concept that VBNC bacteria can cause infection in vivo (Colwell et 
al., 1985, Colwell et al., 1996, Pommepuy et al., 1996, Bogosian et al., 1998, Cappelier et al., 
1999, Chaveerach et al., 2003). In contrast to these results, several researchers have reported that 
VBNC bacteria are not capable of causing infection (Caro et al, 1999, and Kolling and 
Matthews, 2001). Much additional research is needed to better understand the potential virulence 
of VBNC bacteria, and the public health significance of this phenomenon. 

Very little research has been performed to study VBNC bacteria in biosolids. The 
researchers have proposed that indicator bacteria, such as fecal coliforms, and potential 
pathogens in anaerobic digesters are exposed to prolonged stress such as low substrate and 
nutrient concentrations, which results in the cells becoming VBNC. As a result, standard 
culturing methods are unable to enumerate these microbes adequately in the liquid digester 
effluent. The EPA regulations stipulate that Standard Method 9221E or 9222D be used to 
quantify fecal coliform (APHA, 1998) and these methods are not able to resuscitate VBNC fecal 
coliforms. However, the researchers posit, non-culturable cells remain viable with potential for 
resuscitation or reactivation.  

For this research, bacteria are defined in the VBNC state as simply being bacteria that are 
not cultured and therefore are not enumerated by SCMs. This is a broad definition, which would 
include both sub-lethally injured bacteria and VBNC bacteria. The intent of this project was not 
to distinguish between these reasons for non-culturability, but to understand the cause of high 
fecal coliforms counts in dewatered biosolids where, prior to dewatering, the counts were 
significantly lower.  

1.2.2 Hypothesis 2 – Dewatering Equipment Creates Conditions that Result in 
Bacteria Becoming Culturable (Reactivation) 
The researchers proposed that after passing through some types of dewatering equipment, 

such as a high-solids centrifuge, environmental conditions change that result in an increase in the 
numbers of bacteria that are culturable. The conditions may include increased substrate 
availability, changes in iron availability, or release of certain growth auto-inducers.  

All of these factors have been shown to result in increased culturability of bacteria that 
were not previously culturable (Kolling and Matthews, 2001; Reissbrodt et al., 2000 and 2002). 
This would explain results that showed high concentrations of bacteria in cake samples even 
though very low concentrations were measured in the liquid samples just prior to dewatering. 
This resuscitation of VBNC cells would account for the large increase in a relatively short 
period. For this research, resuscitation is defined as the change in culturability of the bacteria, 
with the bacteria changing from VBNC to culturable by SCMs. The term reactivation is used 
interchangeably with resuscitation in this report. 
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1.2.3 Hypothesis 3 – The Presence of Substrate Supports Additional Growth After 
Reactivation 
After centrifugation, cells become culturable because of the presence of some induction 

factor, as discussed above, which would increase culturable numbers. In addition, growth of 
these reactivated cells also would contribute to greater numbers of organisms measured. Growth 
will occur as long as sufficient substrate is available.  

Recent research has shown that biosolids cake has a significant quantity of bio-available 
substrate, such as protein and carbohydrates, which did not appear to be available until after 
centrifugation (Higgins et al., 2005). This substrate would be available for growth of bacteria and 
would increase FC counts further. In addition, high-solids centrifuges have been shown to 
decrease methanogenic activity, which would decrease competition for substrate and further 
support the growth of bacteria (Higgins et al., 2005). 

1.3 Research Objectives and Scope 
The objectives of this research were to prove or disprove these hypotheses. To achieve 

these objectives, a systematic sampling of full-scale treatment processes was performed and 
indicator organisms were quantified using standard culturing techniques. In addition, molecular 
methods were used to enumerate indicator organisms without relying on SCMs, but instead 
would be based on the presence of their DNA. Several mechanistic studies were performed to 
investigate these hypotheses and better understand these phenomena. Finally, several 
experiments also were performed to examine the growth of indicator organism after resuscitation 
during cake storage. 

 



CHAPTER 2.0 
 

METHODS AND MATERIALS 

2.1 Overview 
Seven full-scale treatment processes were sampled, and several of these sites were 

sampled multiple times. The sites included two facilities with thermophilic digestion, three 
facilities with mesophilic digestion, and two facilities with temperature phased anaerobic 
digestion (TPAD). The TPAD process uses thermophilic digestion followed by mesophilic 
digestion. A summary of the facilities sampled and the sampling dates is provided in Table 2-1. 
Four of the facilities were sampled multiple times.  

The sampling typically included influent and effluent from the digester, and the 
dewatered cake. After collection, samples were split and shipped under appropriate conditions to 
the appropriate labs. Samples were analyzed using SCMs to quantify FCs, E. coli and 
heterotropic plate counts (HPCs), and for most sites, the samples were analyzed for the presence 
of E. coli 0157:H7 and Salmonella by Hoosier Microbiological Laboratory, Inc. (HML). 
Epifluorescence was used to quantify total microbial counts (TMCs). In addition, samples were 
analyzed by the Bucknell University Environmental Engineering and Science Lab using 
molecular methods to enumerate E. coli.  

At several sites, an initial screening was performed to evaluate the site and in some cases 
to test different analytical methods under development. As a result, not all tests were performed 
for each sampling event and each location. The detailed methods and method development 
activities are provided in the following sections. 

  Table 2-1. Summary of Sampling Locations and Dates. 

Field Site Digestion Type Sampling Dates 

TPAD - 1 TPAD December 16, 2003 
January 26, 2004 
March 22, 2004 
November 17, 2004 

TPAD -2 TPAD April 12, 2004 

Thermo-1 Thermophilic – Four- Stage January 27, 2004 
May 15, 2004 

Thermo-2 Thermophilic Single-Stage January 27, 2004 
May 15, 2004 

Meso-1 Mesophilic – Single Stage June 15, 2004 
September 20, 2004 

Meso-2 Mesophilic – Single Stage May 15, 2004 

Meso-3 Mesophilic – Single Stage October 26, 2004 
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2.2 Microbial Quantification Methods 

2.2.1 Sample Collection 
Biosolids samples were collected aseptically in sterile containers. Samples generally 

included digester influent and effluent as well as the dewatered cake sample. It should be noted 
that the digester effluent was the feed to the high-solids centrifuge. Samples to be analyzed using 
standard culturing techniques were immediately put on ice in a cooler, and transported by 
overnight shipping for testing to begin within 24 hours of collection. The samples to be used for 
molecular methods were placed in dry ice and then shipped using overnight shipping. 

2.2.2 Enumeration of FC, E. coli, and HPC by Culturing Methods 
Sample processing. Samples were processed according to Standard Methods (1998). A 

Waring blender was used for processing the samples. The blender containers were 500 mL 
Nalgene blender vessels with lids, and they were sterilized by autoclaving for 15 minutes at 15 
psi. Thirty grams of the sample were aseptically weighed and added to the blender containers 
containing 270 mL of sterile phosphate buffered water according to Standard Method 9050C 
(SM9050C). Samples were blended for two minutes at 18,000 rpm. 

Fecal coliform analyses. The FC (MF) analyses were conducted according to SM9222D 
using m-FC media incubated at 44.5 + 0.2oC for 24 hours. The FC MPN procedure (SM9221E) 
also was used for enumerating fecal coliform. 

E. coli analysis. E. coli were enumerated using the procedures described in SM9221F. 

Heterotrophic plate count. The heterotrophic (culturable) bacterial count was conducted 
in accordance with pour plate method (SM9215B) using standard methods agar incubated for 48 
+ 3 hours at 35 + 0.5oC. 

Salmonella. The Salmonella analysis was conducted according to EPA/625/R-92/013 
method. 

Escherichia coli 0157:H7 and Salmonella. These were confirmed with enzyme-linked 
fluorescent immunoassays (ELFAs) by the mini vidas system and the analysis was performed to 
determine simply a presence or absence of the organisms.. 

2.2.3 Molecular Methods for DNA and E. coli Quantification 
2.2.3.1 Overview 

A quantitative polymerase chain reaction (PCR) method was used to quantify bacteria 
that were VBNC, and therefore were not quantifiable by standard culturing methods. 
Quantitative PCR can enumerate specific bacteria by measuring the number of copies of their 
DNAs in the sample. Specific bacteria can be enumerated by targeting a DNA sequence that is 
specific to the bacteria that is to be quantified.  

For this research, E. coli were chosen as the target bacteria since they generally compose 
a significant proportion of the microbes measured in the FC test and they have been shown to 
enter the VBNC state. The DNA sequence that was targeted was for the gene that encodes the E. 

 



coli-specific enzyme, glutamate decarboxylase (gadA/B) (Grant et al., 2001, McDaniels et al., 
1996) 

In general, the sampling procedure entailed collecting at least three to five replicates of 
the appropriate samples, such as digester influent and effluent, and cake, and processing the 
sample according to the following steps: 

1. Extract and purify the total DNA in the five replicate samples 

2. Quantify the total amounts of DNA in the replicates 

3. Enumerate E. coli using competitive PCR (cPCR) 

4. Compare the results to culturing methods 

By using these methods, the bacteria can be quantified without relying on culturing 
techniques and on whether the bacteria are actually culturable.  

The following sections describe the development of the specific molecular methods for 
these analyses and results from some preliminary tests to evaluate the method. It should be noted 
that during the initial phase of the research, these molecular methods were in the development 
stage, and changed during the first six months until the best methods for each analysis had been 
developed. Several of the full-scale sampling events were performed to test the analytical 
protocols under development during this period, and some of the results are presented in report. 

2.2.3.2 Quantification through Competitive Polymerase Chain Reaction (cPCR) 
The gadA/B gene, a gene encoding glutamate decarboxylase, is used as the indicator for 

E. coli enumeration, which consequently indicates the abundance of coliforms in the biosolids. 
The gadA/B gene was chosen over the other commonly used uidA gene (coding for β-D-
glucuronidase) for its better specificity and sensitivity (McDaniels et al., 1996). Two DNA 
quantification methods, DNA/DNA hybridization and competitive polymerase chain reaction, 
were evaluated, and it was determined that competitive PCR yields more sensitive results than 
direct hybridization. Therefore, E. coli enumeration through quantification of the gadA/B gene 
using competitive PCR was adopted. 

Total DNA Extraction. Previously, a commercial DNA extraction kit, FastDNA® Spin 
Kit for Soil from QBIOgene (Carlsbad, CA), which was reported to have high DNA recovery for 
complex environmental samples, was used for DNA extraction in this research. However, recent 
literature indicated extremely low recovery of DNA using the kit even though it was among the 
best in the industry. Therefore, several DNA recovery tests were performed with dewatered 
biosolids as the target material, and unsatisfactory results were observed. Since the main goal of 
the method is to quantify the amount of E. coli in biosolids, a good recovery of DNA from the 
sample is crucial to achieving quality results. As a result the researchers developed a modified 
DNA extraction method, which provided approximately 80% of DNA recovery from biosolids 
for use in this research. 

Exactly 100 mg of wet dewatered biosolids was weighed directly into a Lysing Matrix E 
tube (QBIOgene, Carlsbad, CA), and 750 μL of lysis buffer (100 mM Tris-HCl, 100 mM 
Sodium EDTA, 1.5 M NaCl, and 1% hexadecylmethylammonium bromide (CTAB), pH 8) was 
added. For liquid sludge, samples were first centrifuged at 14,000 xg for 5 minutes, and 200 mg 
of the wet pellet, which has similar dry weight to the 100 mg wet dewatered biosolids, were used 
as the starting material. Bacterial cells then were homogenized with a FastPrep® Instrument at 
5.5 speed for 30 seconds. Five μL of 20 mg/mL protease K was added and the sample mixture 
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was incubated at 55oC for 30 minutes, then 200 μL of 20% SDS was added and incubated at 
65oC for 2 hours during which the samples were completely mixed every 30 minutes.  

After incubation, the samples were centrifuged at 14,000 xg for 10 minutes and the 
supernatant was placed in a clean 5 mL microtube. The remaining pellets then were re-extracted 
twice with 500 μL of lysis buffer, homogenized, incubated at 65oC for 10 minutes, and 
centrifuged. All supernatants of the three serial extractions were combined and subjected to 
further purification. 

DNA was purified through two phenol/chloroform/isoamyl alcohol extractions, followed 
by one chloroform extraction. Approximately 0.6 volumes of isopropanol was then added and 
DNA was precipitated overnight at 4oC. The precipitated DNA was pelleted by centrifuging at 
16,000 xg, 4oC, for 10 minutes, and followed by two 70% alcohol washes, air drying, and re-
dissolving in 100 μL of TE or DNase and RNase free water. If necessary, the DNA extract was 
further purified using the DNeasy Tissue Kit to remove humic substances following the 
instruction manual (Qiagen, Valencia, CA). All extracted DNA was stored at -80oC to prevent 
degradation until analyses were performed.  

Recoveries of the current DNA extraction method were tested for both centrifuge feed 
and dewatered cake samples by spiking a known amount of calf thymus DNA. The commercial 
DNA extraction kit, FastDNA spin kit for soil (Qbiogen), also was evaluated based on the 
recommended protocol, with minor modifications to enhance DNA extraction efficiency, 
including longer DNA binding time, using a pH 8 elution buffer, and double elution under 50oC.  

The results showed 78.4% and 84.3% recoveries for dewatered cake and centrifuge feed 
samples, respectively, with the modified extraction protocol. Among the extracted DNA, 70% 
was recovered during the first cell lysis and extraction, while 20% and 10% were recovered from 
the second and third extraction, respectively. As a comparison, 41.5% and 24.1% recoveries for 
dewatered cake and centrifuge feed were obtained with the commercial kit. 

A quick agarose gel run of the extracted genomic DNA showed that the DNA in all three 
fractions of extract retained their integrity. In addition, cPCR was performed to quantify E. coli 
in the three fractions and results indicated that the third fraction contained less than 1% of the 
overall recovered E. coli, which suggested three extractions were enough to extract the majority 
of E. coli DNA. The results indicated a higher and similar level of DNA extraction for both 
centrifuge feed and dewatered cake by using the newly modified extraction method, which was 
suitable for this research. 

The low DNA recovery of the unmodified commercial kit was probably due to the failure 
of complete cell lysis with only one lysis cycle, and to low DNA binding efficiency by the DNA 
binding matrix. A plate count of resuspended cell pellets after extraction was performed and a 
significant amount of microbial growth still existed with the commercial kit. The modified 
method, with three series of lysis, did not show any microbial activity.  

The commercial kit uses a DNA-binding matrix to selectively bind soluble DNA for 
purification. However, the sample DNA could exceed the binding capacity of the matrix if a 
large amount of DNA is extracted (which is typical for biosolids samples). Biosolids samples, 
both centrifuge feed and dewatered cake, contained literally all biological cells, and therefore 
high DNA concentrations were expected. Hence, another explanation for the low recovery of the 
commercial kit is the failure of complete DNA binding. 

 



This analysis of recoveries validated the conclusion that the modified DNA extraction 
method (with approximately 80% recovery) was a better choice for this research project. 

Total DNA Quantification. A fluorescence-based DNA quantification method using 
PicoGreen® dsDNA Quantitation Reagent (Molecular Probe, Eugene, OR) was used for total 
DNA quantification (Ahn et al., 1996). Equal amounts of the PicoGreen reagent and sample were 
mixed and the fluorescence response was measured in a Turner TBS-380 Mini-Fluorometer 
(Turner BioSystems Inc, Sunnyvale, CA). The DNA concentration was determined by 
comparison to a known Calf Thymus DNA standard (Sigma-Aldrich Co, St. Louis, MO). 

Target DNA selection. PCR amplification with the primers produces a 670 bp fragment 
of the gadA/B gene (307-976). E. coli (ATCC® 11229) was first cultured in nutrient broth and 
total DNA was extracted using the aforementioned method, followed by PCR amplification of 
the gadA/B gene in the following mixture: 0.5 μM primers, 1X buffer, 2 μM MgCl2, 0.8 mM 
dNTPs, 0.1% BSA, 1 unit of Taq polymerase, and approximately 5 to 10 ng DNA template. The 
primers used included a forward sequence (gadA/BF) 5’ ACC TGC GTT GCG TAA ATA 3’, 
and a reverse sequence (gadA/BR) 5’ GGG CGG GAG AAG TTG ATG 3’ (McDaniels et al., 
1996).  

The PCR was run on a Flexigene thermocycler (Techne Inc, Princeton, NJ) and a touch-
down PCR program was chosen to remove non-specific bands while providing the best 
sensitivity. The thermal cycle program included an initial denaturation at 95oC for 5 minutes 
followed by one cycle each of denaturation at 94oC for 1 minute, 65oC with 0.5oC decrease per 
cycle for 45 seconds, and extension at 72oC for 40 seconds. The cycles were increased to two 
each when annealing temperatures reached 60oC, and were completed with 30 additional cycles 
when annealing temperatures reached 57oC. A final extension at 72oC for 15 minutes was 
included at the end of cycles before holding at 4oC. PCR products are checked on 1% agarose gel 
with a DNA ladder to ensure correct amplification.  

Construction of Competitive DNA Fragment. The competitor DNA fragment was 
constructed using a modified gadA/BF reverse primer and the identical gadA/BR primer based on 
McDaniels et al. (1996). The modified reverse primer, cGAD-B, developed in this project, had 
the following sequences attached to its 3’ end: 5’ GCA CTG ATC GAT TTC ACA 3’. Using this 
set of primers, a competitor DNA fragment of 544 bp with complementary sequences on both 
ends to the two original primers was constructed through a two-step PCR cycle. The composition 
of the PCR mixture was the same as described earlier except with primers cGAD-B and 
gadA/BF.  

The PCR was run on a Flexigene thermocycler (Techne Inc, Princeton, NJ) with an initial 
denaturation at 95oC for 5 minutes followed by 15 cycles of denaturation at 94oC, annealing at 
48oC, and extension at 70oC for 1 minute each. This program with low annealing temperature 
allowed production of the competitive DNA fragments, which served as templates for the 
following more stringent annealing temperatures: 25 cycles of denaturation at 94oC, annealing at 
58oC, and extension at 72oC for 1 minute each, and a final extension at 72oC for 15 minutes. 
PCR products were checked on 1% agarose gel with a DNA ladder to ensure correct 
amplification. The amplified DNA fragments then were purified using the MinElute Gel 
Extraction Kit (Qiagen, Valencia, CA). The purified competitive DNA fragments then were 
quantified, equivalent copies of DNA were estimated, and they were used for quantifying the 
DNA. 
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DNA Quantification Through Competitive PCR Assay. The competitive PCR 
incorporates an internal DNA standard in the PCR reaction to account for potential biases 
produced among different PCRs (Wang et al., 1989). Although PCRs have been used in 
identifying E. coli for their sensitivity and specificity (Rompre et al., 2002), it is not until 
recently that competitive PCRs were applied to enumerate E. coli in soil samples (Rose et al., 
2003). 

The PCR mixture was prepared in the same way as described for the 670 bp gadA/B gene 
fragment, except that 2 μL of DNA template and an additional 2 μL of serially diluted competitor 
DNA ranging from 5 to 50,000 copies were added. Both the 670 bp gadA/B fragment and the 
544 bp competitor fragment were amplified at different levels depending on the amount of 
competitor fragment added. Since both target and competitor DNA compete for primer binding 
during PCR cycles, the more competitor DNA present, the less 670 bp fragment is produced. The 
unknown DNA target then can be determined when the PCR products of the two fragments are 
identical where they have identical starting template concentrations.  

The same touch-down thermal program was used in the competitive PCR assay. The 
resulting PCR products were mixed with 5 μL of loading buffer, and 5 μL of the mixture was 
loaded in 1% agarose gel and run with 1x TBE buffer. The UVP imaging system (UVP Inc., 
Upland, CA) was used to obtain gel images, and band intensities were analyzed with the 
LabWorks Imaging and Analysis software. Figure 2-1 shows a typical cPCR assay profile with 
both 670 bp target and 544 bp competitive bands. DNA concentration was determined by 
plotting log (competitive band intensity/target band intensity) against log (number of competitive 
fragment copies). This ratio is in unity when its logarithm is zero (Figure 2-2). The abscissa at 
this point yields the estimated E. coli number.  

 

670 bp target 
544 bp competitive 

Figure 2-1. Typical Competitive PCR Assay of gadA/B Gene. 
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Figure 2-2. Calculation of Target DNA Copy Numbers Through Competitive PCR Band Intensities and 
Competitor Copy Number. 
 

Modification and Validation of the Competitive PCR Assay. A further modification of 
the competitive PCR protocol was developed because of concern for potential biases of the 
method, as indicated by Raeymaekers (1993; 1995). There were two major biases that could 
occur: 1) differential amplification rates between target and competitor; 2) differential 
amplification rates for both target and competitor. Although both issues are rarely addressed in 
cPCR analysis, to ensure valid data is collected, it was critical to verify the potential problems, 
especially when a touchdown protocol was used in this research. Recent research also has 
adopted the competitive touchdown PCR to enumerate E. coli in soil samples. However, the 
theoretical slope, indicating constant amplification efficiency, was not obeyed (Rose et al., 
2003). 

Different amplification rates between the target and competitor causes the final number to 
shift by the factor of the rate differences. However, this problem can be easily verified and 
adjusted when running a known E. coli DNA sample against the same serially diluted 
competitors.  

In previous work, the researchers had adjusted their values based on a cPCR run with the 
known E. coli DNA target. In addition, they had corrected this problem by employing a reverse 
competitive PCR method that used a fixed amount of competitors against a serially diluted 
known target DNA (Zachar et al., 1993), creating a standard curve for future unknown sample 
analysis. In this way, competitors only served as the intermediate conversion element between 
known E. coli standards and unknown samples. This method also provided an easier way to 
handle large routine cPCR analysis, in which no serially diluted sample runs were required as a 
standard curve was constructed.  

Therefore, the protocol using reverse cPCR was used for this research and several fixed 
numbers of competitor fragments were evaluated to construct standard curves of all ranges. 
Standard curves with competitor fragments ranging from 40-40,000 copies were tested for this 
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purpose (Figure 2-3). All results showed linear relations with serially diluted known E. coli over 
a broad range, among which 40 and 405 copies provided the best detection sensitivity (down to 
seven copies). 

The second problem, if it occurred, had no available method to correct the level of 
differences between the estimated number and the true value. However, the existence of this 
problem could be revealed by observing the slope of the standard curve (Raeymaekers, 1993; 
1995). Based on the theoretical calculations of competitive PCR, the slope of the regression 
curve should be close to 1 (-1 for reverse cPCR) for non-differential amplification. That is to say, 
if the slope of the data was close to this theoretical value, there probably was no differential 
amplification.  

Among all standard curves developed, competitor fragments with 40 and 405 copies 
showed slopes near negative one even when running with 50 ng of P. putida DNA serving as 
background DNA, and 405 copies provided low variability. For example, using 405 copies 
resulted in a slope of -1.0076 and a correlation coefficient of 0.98. Therefore, 405 copies of 
competitive fragments were chosen as the fixed standard for E. coli ranges from seven to 40,000 
copies when loading 10 ng of template, or 7-119 when loading 50 ng of template. These two 
curves were sufficient for E. coli sample ranges that are typical for wastewater samples. The 
enumeration under high background DNA provided higher sensitivity of the protocol in which 
more DNA load was permitted in each PCR analysis.  

The modified protocol also required the gel run to be performed with 5% TBE 
apolyacrylamide gel and with longer exposure time during imaging analysis to provide both 
accuracy and sensitivity. 

PCR inhibitors, such as humic acids, co-extracted with DNA can inhibit or even 
terminate PCR reactions. Therefore, the existence of PCR inhibitors can underestimate 
enumerations or report false-negative data. Three sets of template samples were analyzed for 
potential PCR inhibitors: 1) biosolids DNA, 2) E. coli DNA, and 3) biosolids plus E. coli DNA. 
T-test comparison of “biosolids DNA” and “(biosolids plus E. coli DNA) – (E. coli DNA)” was 
used to evaluate the significance of PCR inhibitors. It was observed that when 50 ng of biosolids 
DNA was used as a template, no significant PCR inhibition was observed for digester feed, but a 
slight inhibition was observed for both centrifuge feed and dewatered cake. The increase of PCR 
inhibitors in centrifuge feed and cake samples was probably due to formation of humic 
substances during anaerobic digestion.  

Typically, a DNA clean-up kit is used to further purify DNA and remove PCR inhibitors. 
However, because of the low recovery of the tested commercial clean-up kits, the dilution 
approach was used as an alternative. Dilution of DNA template reduces the amount of PCR 
inhibitors in a PCR reaction and can avoid their effect. The test has shown that when only 10 ng 
of biosolids DNA is used, no significant PCR inhibition is observed even for centrifuge feed and 
dewatered cake DNA. The drawback of using less template DNA is the increase in the detection 
limit. 

In summary, the modified protocol included three replications of cPCR with each 
reaction containing 405 copies of competitive fragments and 50 ng or 10 ng of DNA template. 
The same touchdown thermocycle program was used for DNA amplification. Five μL of each 
PCR products was loaded on a 5% TBE polyacrylamide gel and electrophoresized at 100V for 

 



60 minutes. Gels then were stained with SYBR green for 15 minutes, followed by imaging 
analysis with the UVP biosystem.  
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Figure 2-3. Standard Curves of Reverse Competitive PCR. 
 

2.3 Methods for Mechanistic Studies 

2.3.1 Procedure for Centrate and Polymer Testing of Biosolids 
Several mechanistic studies were performed to examine whether the centrate or polymer 

could reactivate FC or E. coli in the VBNC state. In these experiments, 30 g of biosolids were 
aseptically weighed and placed in a sterile container. For centrate testing, 10 mL of filter 
sterilized centrate was added to the 30 g of sample in the sterile container. For polymer testing, 
0.5 mL of polymer solution obtained from the facility was added to the 30 g of sample in the 
sterile container. The samples were incubated at room temperature for 24 hours, and sterile 
phosphate buffer was added to bring the sample volume to 270 mL. The samples then were 
blended on low speed for 2 minutes, and then analyzed for FC, E. coli, and other bacteria as 
described previously. 

2.4 Storage Experiments 
During the storage experiments, biosolids were stored at the given temperature in sealed 

sterile containers. The temperatures used during incubation included room temperature (22°C) 
and 37°C. At the prescribed time intervals, typically days 1, 2, 3, and 7, sub-samples of biosolids 
were asceptically removed from the container and processed with the different analytical 
methods as described previously. 

2.5 Statistical Analysis of Data 
Statistical analyses of the data were performed, including one-way ANOVA to evaluate 

differences among all three samples, and both LSD (least significant difference) and Tukey 
methods were used to further compare differences between each pair of samples at p=0.05. For 
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correct statistical analysis, all data were log-transformed to obtain constant variances and a test 
of homogeneity of variance was performed to verify this quality.  

 

 



CHAPTER 3.0  
 

RESULTS FROM FIELD SAMPLING 

3.1 Field Testing 

3.1.1 Overview 
Seven sites were sampled, which included three facilities with mesophilic digestion, two 

facilities with thermophilic digestion, and two facilities with TPAD processes. Every facility that 
was sampled used high-solids centrifugation for dewatering. A summary of the different 
treatment facilities and an overview of the processes is provided in Table 3-1. Sites were named 
with a prefix that describes the digestion type and a number. These names are used throughout 
this document to denote each facility. 

    Table 3-1. Summary of Full-Scale Processes Sampled. 

Field Site Digestion Type Digestion SRT (d) 
and temperature Digestion VSR (%) Cake Solids 

Content 

TPAD - 1 TPAD 15 d at 58°C and  
21 d at 37°C 60% 30% 

TPAD -2 TPAD 8 d at 55°C and  
20-25 d 43°C 40-45% 27-29% 

Thermo-1 Thermophilic – Four-Stage Total 22 d at 56°C 60-62% 30-32% 

Thermo-2 Thermophilic – Single-
Stage 

15-20 d  
at 55°C 65% 35% 

Meso-1 Mesophilic – Single Stage 21 d at 37°C 40-45% 21% 

Meso-2 Mesophilic – Single Stage 30-35 d at 37°C 50-60% 22-24% 

Meso-3 Mesophilic – Single Stage 22 d at 36°C 45-58% 30-33% 

 

Several of the sites were sampled multiple times, and the results for each individual site 
are provided in the following sections. At the end of these sections, a summary of the site data is 
provided followed by the results from the mechanistic testing. 

3.1.2 Results from Temperature-Phased Anaerobic Digestion Processes 
3.1.2.1 Results for TPAD-1 

TPAD-1 had reported problems with high FCs in solids samples after dewatering, but low 
counts in solids samples prior to dewatering. This treatment process uses centrifuge thickening of 
primary and secondary sludges, and the thickener effluent undergoes thermophilic digestion 
followed by mesophilic digestion. After digestion, the solids are stored in a holding tank and the 
effluent from the holding tank is then dewatered. Dewatering is performed on a high-speed 
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centrifuge. The complete process flow diagram is shown in Figure 3-1. In addition, the specific 
process operation information is provided in Table 3-2.  

Headworks 
Screening 

Grit Removal 

Primary 
Clarifiers 

Aeration 
Tanks 

Secondary 
Clarifiers Disinfection 

WAS 
Thickening 

Primary Sludge 
Thickening 

Temperature 
Phased Digestion 

Plus Storage 

Centrifuge 
Dewatering 

Cake 
Storage 

Cake 
Trucked 
Offsite 

Primary Sludge 

Waste Secondary Sludge 

Figure 3-1. Process Flow Diagram for TPAD-1. 
 

  Table 3-2. Summary of Facility Operation Information for TPAD-1. 

Process Equipment Chemicals Operation Notes 

Primary Thickening Centrifuge —1 — — 

Secondary 
Thickening 

Centrifuge — — — 

Thermophilic 
Anaerobic Digestion 

Fixed cover — 57-60°C 
15+ day SRT, 

— 

Mesophilic 
Anaerobic Digestion 

Fixed cover — 20+ day SRT 60% VSR in TPAD 
system 

Storage — — — Unmixed, 
unheated 

Dewatering — — 30% solids — 
1  A dash (—) means no data are available. 

TPAD-1 has been sampled four times as part of this study; the sampling dates were: 

December 16, 2003 ♦ 

♦ January 26, 2004 

 



March 22, 2004 ♦ 

♦ 

♦ 
♦ 
♦ 
♦ 
♦ 
♦ 

November 17, 2004 

The first two dates were sampled and the samples were analyzed using culturing and 
other techniques by HML to quantify FCs, TMC, and HPCs and to determine the presence of E. 
coli 0157:H7 and Salmonella. The third date combined these analyses with the molecular 
methods under development at Bucknell University (BU). The analyses were performed to 
establish the presence of VBNC bacteria and reactivation as well as to examine the mechanism. 
Results for the specific mechanistic studies are provided in Chapter 4.0. The results from testing 
at this facility on the three dates are provided below. 

TPAD-1, December 16, 2003 Sampling. On this sampling date, the following samples 
were collected: 

Thickener influent 
Thickener effluent 
Thermophilic effluent 
Centrifuge cake 
Centrate from the centrifuge 
Polymer 

A summary of results from this sampling event is provided in Table 3-3. After 
thermophilic digestion, the densities of FCs were below the detection limit and were reduced by 
at least five orders of magnitude during digestion, and the HPCs were reduced by two orders of 
magnitude compared with counts in the influent to the digester. However, sampling immediately 
after the centrifuges showed a significant increase in the FCs and HPCs, demonstrating that some 
type of reactivation of these microbes occurred as a result of the dewatering process. The total 
microbial counts (TMCs) by epifluorescence showed a modest increase in microbial counts 
compared to the FCs and HPCs results.  

The researchers surmised that the reactivation was a result of released cellular 
components that signaled the microorganisms to grow. Data presented in Chapter 4.0 support 
this hypothesis. 

Table 3-3. Summary of Test Results for TPAD-1. 
December 16, 2003 Sample Date 

Sample FC  

(cfu/g DS) 

HPC  

(cfu/g DS) 

TMC 

(cells/g DS) 

E. coli 0157:H7 

Thickener influent 2.14x105 1.30x106 1.35x108 Negative 

Thickener effluent 3.44x105 1.30x106 1.67 x108 Positive 

Thermophilic Effluent <7 5.10x104 1.03 x108 Negative 

Cake 1.71x105 4.00x107 2.21 x108 Negative 

 

TPAD-1, January 26, 2004 Sampling. A second set of samples was collected from this 
facility on this date to test several methods being developed at Bucknell University, namely the 
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DNA and RNA extraction and quantification methods. At the same time, samples were collected 
and split for analysis by HML. On this date, the following samples were collected and analyzed: 

Thermophilic effluent ♦ 
♦ 
♦ 

Centrifuge cake 
Centrifuge centrate 

The facility personnel collected the samples in sterile containers, and overnight-shipped 
one set to HML and one set to BU. Therefore, the samples had been stored on ice for 24 hours, 
which could have affected the DNA and RNA results. The results from the sampling are 
presented in Table 3-4.  

This sampling event also showed significantly greater FC densities in the cake compared 
with those from the digester, as well as much greater HPC counts. As in the previous trial, the 
total microbial counts (TMC) did not increase nearly as much as the FCs and HPCs did. 
Therefore, the results suggested a reactivation of microbes that were measured by the FC and 
HPC methods, although they might not have been a significant portion of the total microbial 
population measured by the TMC method.  

Interestingly, the total DNA decreased by a factor of approximately three. The reduction 
in DNA could have been from the 24-hour shipping time, when DNA-degrading enzymes would 
still be active and degrade the DNA that could have become available from cell lysis. Therefore, 
the results suggested that DNA extraction had to be done immediately after sampling collection, 
and the sample had to be processed to the point that it was stable and no degradation would 
occur. Additional testing showed that after the sample with the first DNA extraction reagents 
was processed initially, little degradation or loss of DNA was measured after 24 hours of storage 
at room temperature. As a result, the molecular testing protocol required on-site sample 
processing immediately after collection, followed by overnight shipping to the lab on dry ice for 
the remainder of the extraction, purification, and quantification procedures within 24 hours. 

Despite these problems, it was interesting to note that if the FC, HPCs and TMCs were 
actually regrowing, a significant increase in DNA would be expected. However, if the microbes 
were reactivated, then the increase in DNA would not be expected to be as great.  

Table 3-4. Summary of Test Results for TPAD-1. 
January 26, 2004 Sample Date 

Sample FC-MF  
(cfu/g DS) 

HPC  
(cfu/g DS) 

TMC 
(cells/g DS) 

E. coli 
0157:H7 

Total DNA 
(μg/g DS) 

Thermophilic 
Effluent 

<5 3.90x104 5.40x107 Negative 525 

Cake 1.15x105 2.40x107 6.21x107 Positive 172 

Centrate <90 <1 NT1 Negative NT 
1 NT = not tested. 

TPAD-1, March 22, 2004 Sampling. The third sampling event was aimed at comparing 
the quantification of E. coli using hybridization and competitive PCR (cPCR) with the results 
obtained using standard culturing techniques at HML. For this sampling, Dr. Yen-Chih Chen 
went to the site, and immediately after sample collections, processed them with the extraction 

 



reagents to minimize degradation and loss of DNA. After processing, the samples were shipped 
to BU for the remainder of the analyses. As with the prior sampling event, a set of split samples 
also were sent to HML for analysis. The results from these tests are provided Table 3-5.  

 

  Table 3-5. Summary of Test Results for TPAD-1. 
   January 26, 2004 Sample Date 

Sample FC 
(MPN/g DS) 

HPC 
(cfu/g DS) 

TMC 
(cells/g DS) 

E. coli 
0157:H7 

Thermo Effluent <13 5.40x104 5.40x107 Negative 

Centrifuge Feed <5.1 7.60x105 4.59x107 Negative 

Cake 7.4 4.00x107 NT Positive 
1 NT = not tested. 

For this sampling event, no significant increase of FCs or E. coli was measured, contrary 
to previous testing results at this facility. The reason for this is unknown since this facility 
historically had had reactivation and all previous sampling results had shown increased FCs after 
dewatering. The hybridization results are shown in Figure 3-2, and this test also was unable to 
quantify any E. coli, as shown by a lack of “dots” on the hybridized membrane lanes with the 
samples in them. Similarly, the cPCR showed no measurable quantities of E. coli in the samples.  

These results point to the conclusion that the numbers of FC and E. coli were actually 
low during this sampling time, although the reason for this is unknown. The sampling occurred 
on a Monday morning, and the centrifuge had to be turned on prior to sampling, so it was 
possible the storage of the sludge in the piping system may have played a role, although the 
centrifuge was run for one hour prior to sampling.  

Despite the lack of increased FCs and E. coli after dewatering, some interesting results 
did emerge. For example, the HPC concentration increased significantly (by two orders of 
magnitude), suggesting a reactivation of these microbes, and the TMC remained basically 
constant before and after dewatering.  
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TPAD-1 
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E. coli Dewatered 
Cake 

Digested 
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Figure 3-2. Dot-Blot Hybridization Results for Samples First Lane is E. coli Standard, Second Lane is TPAD-1 Dewatered 
Cake, and Lane 3 is the Digested Sludge From TPAD-1. 
 

3.1.2.2 Results for TPAD-2 
TPAD-2 also uses temperature-phased anaerobic digestion to stabilize both primary and 

secondary residuals as shown in Figure 3-3. A description of the operational parameters is 
provided in Table 3-6. TPAD-2 has a significant pulp and paper inflow into the facility, and the 
overall facility capacity is about 45 MGD. TPAD-2 was sampled on April 12, 2004 as discussed 
below. 
 
 

Figure 3-3. Process Flow Diagram for TPAD-2. 
 

 

 



   Table 3-6. Summary of Facility Operation Information for TPAD-2. 

Process Equipment Chemicals Operation Notes 

Secondary Thickening DAF Ciba Zetag 7692  
4 g/kg polymer 

5-6.5% solids  

1st Stage of 
Thermophilic 
Anaerobic Digestion  

Fixed cover FeCl3 added to 
digester 

55°C 
7-9 day SRT 

 

2nd Stage of 
Mesophilic Anaerobic 
Digestion 

Fixed cover  38-48°C 
20-25 day SRT 

40-45% VSR overall 

Digested Biosolids 
Storage 

Covered, 
pump mixed 

  

2-3 day SRT 

 

Dewatering High solids 
Sharples DS 

Ciba Zetag 8818 
12-20 g/kg 

27-29% solids  

Cake Conveyance Screw conveyor 
belt 

 10 meters 
80 meters 

 

 

TPAD-2 Sampling, April 12th, 2004. TPAD-2 was sampled to assess the facility for 
potential reactivation of FCs. The results from the testing are provided in Table 3-7. Unlike the 
other field samples, the feed to the digester had very low (<19,000) FC and E. coli density, and 
also low counts in the feed and cake. The reason for this was unclear, but it may be related to the 
lack of primary sludge as well as the pure oxygen system and possibly the high percentage of 
industrial wastewater input to the facility. The results did show some reactivation of HPCs after 
dewatering, as noted by an increase of two orders of magnitude compared with centrifuge feed 
counts. Based on these findings, no cPCR was performed at this facility since the E. coli 
numbers were so low. 

  Table 3-7. Summary of TPAD-2 Test Results. 

Sample FC - HML 
(cfu/g DS) 

E. coli - HML 
(cfu/g DS) 

HPC - HML 
(cfu/g DS) 

TMC 
(cells/g DS) 

Digester 
Feed <18,868 <18,868 1.09x109 1.92x108

Centrifuge 
Feed <31,250 <31,250 4.30x104 1.08x108

Cake <4,082 <4,082 5.00x106 1.73x108

 

A second set of samples was collected to determine if the centrifuge torque played a role 
in reactivation. In this trial, the centrifuge torque was set at 40, 50, 65, and 80%, and the 
optimum polymer dose was determined for each setting. At the optimum polymer dose, cake 
samples were obtained and analyzed for microbial counts. No significant differences were 
measured in any of the microbial count measures for the different torque values (data are not 
shown). 
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3.1.3 Results from Thermophilic Digestion Processes 
3.1.3.1 Results for Thermo-1 

The process flow diagram for Thermo-1 is shown in Figure 3-4. The facility uses four 
stages of thermophilic digestion to achieve Class A biosolids. The specific operation parameters 
are provided in Table 3-8. This facility has a fairly high overall SRT at thermophilic 
temperatures (the highest of the study), with approximately 23 days. 

 Figure 3-4. Process Flow Diagram for Thermo-1. 
 

   Table 3-8. Summary of Facility Operation Information for Thermo-1. 

Process Equipment Chemicals Operation Notes 

Primary Thickening Gravity None 4% solids  

Secondary 
Thickening 

DAF 1 g/kg polymer 4.5% solids  

1st Stage of 
Thermophilic 
Anaerobic Digestion 

Fixed cover  56°C 

16-19 day SRT,  

 

2nd, 3rd, 4th Stage of 
Thermophilic 
Anaerobic Digestion  

Fixed cover  56°C 
1-2 day SRT for each 
(about 5 days total) 

60-62% VSR 
overall 

Digested Biosolids 
Storage 

  42-52°C 
≈1 day SRT 

Unmixed,  
Unheated 

Dewatering High-solids Sharples 
DSX 706 

10 g/kg 30-32% solids  

Cake Conveyance Screw conveyor and 
cake pumps 

 3 meters 
30 meters 

 

 

Thermo-1 was sampled two times during the study. The first sampling was used to collect 
preliminary information and determine if reactivation might be occurring. The second sampling 

 



was collected to quantify microbes with both standard culturing techniques and molecular 
methods. 

Thermo-1 Sampling Results, January 27, 2004. Facility testing was conducted on this 
date to investigate if FC reactivation could be occurring and therefore if this site could warrant 
additional investigation. The sample collection included the digester effluent (feed to the 
centrifuge) and the dewatered cake samples. The samples were shipped to HML for FC, HPC 
and TMC analysis. The results from this trial are summarized in Table 3-9.  

No increased FC in solids were measured at this site, although the HPC counts were 
higher in the cake compared with those from the digester. The TMC doubled in solids after 
dewatering compared with the digester values. The results from this testing did not show any 
measurable reactivation of fecal coliforms after dewatering, and possible a slight reactivation of 
HPCs. As a result, this facility was a good control site for analysis using molecular methods to 
quantify E. coli. 

  Table 3-9. Summary of Results from Thermo-1. 
   January 27, 2004 Sample Date 

Sample FC  
(MPN/g DS) 

HPC  
(cfu/g DS) 

TMC 
(cells/g DS) 

Thermophilic 
Effluent 

<90 1.80x104 4.05x107

Cake <3,236 4.50x105 9.18x107

 

Thermo-1 Sampling Results, May 15, 2004. A second sample set was taken on this date 
to better test the molecular methods for quantifying E. coli at a facility that did not have 
reactivation. The results from the testing are provided in Table 3-10. The culturing results 
showed a significant decrease in the FC and E. coli density after digestion, and no reactivation 
after dewatering. The cPCR results confirmed that the E. coli were, in fact, not present in 
significant quantities in the digester effluent, nor in the cake. The results suggested that this 
facility had effective digestion that significantly killed the FCs rather than have them survive in 
the VBNC state possibly be reactivated after dewatering. 

    Table 3-10. Summary of Results for Thermo-1. 
     May 15, 2004 Sample Date 

Sample FC – HML 
(cfu/g DS) 

E. coli – HML
(cfu/g DS) 

Avg. E. coli 
by cPCR 

(cells/g DS) 

Std. Dev. E. coli 
by cPCR  

(cells/g DS) 
HPC – HM 
(cfu/g DS) 

TMC 
(cells/g DS) 

Digester 
Feed 

3.45x108 2.40x107 3.26x107 4.03x106 5.00x107 1.65x108

Centrifuge 
Feed 

2.00x101 2.00x101 Non-detect Non-detect 2.20x105 7.29x107

Cake <1 <1 Non-detect Non-detect 3.80x105 2.57x108
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3.1.3.2 Results for Thermo-2 
The process flow diagram for Thermo-2 is shown in Figure 3-5, and a summary of the 

operational parameters is provided in Table 3-11. This process does not have biological 
treatment of the liquid stream, and uses one-stage thermophilic digestion of primary sludge. 

Thermo-2 was sampled two times. The first sampling on January 27, 2004 was used to 
screen for facilities with and without possible reactivation, using only standard culturing 
methods. A second sampling was performed on May 15, 2004, using both culturing and 
molecular techniques. 

 
Figure 3-5. Process Flow Diagram for Thermo-2. 
 

   Table 3-11. Summary of Plant Operation Information for Thermo-2. 

Process Equipment Chemicals Operation Notes 

Primary Thickening Gravity None 4% solids  

Thermophilic 
Anaerobic Digestion 

Fixed Cover  55 °C 
15-20 day SRT 
65% VSR  

 

Dewatering High Solids Sharples 
DS 705 

 35% solids  

Cake Conveyance    No cake conveyance 

 

Thermo-2 Sampling Results, January 27, 2004. Sampling at this site was conducted as a 
screening to identify facilities with a potential reactivation/regrowth problem. This facility also 
uses thermophilic digestion followed by high speed centrifugation. Samples were collected from 
the influent of the digester, the digester effluent, and after dewatering. The samples were 
analyzed by HML for FC, HPC, TMC, as well as for the presence of E. coli 0157:H7 and 
Salmonella. The results are summarized in Table 3-12.  

 



The FC and HPC counts increased by three orders of magnitude after dewatering, 
although the TMC counts actually decreased after dewatering. Also, E. coli 0157:H7 was 
measured in all three samples. The digester effluent did not test positive for Salmonella but the 
dewatered cake did. These results suggest that reactivation was likely occurring at this site, and 
the microbes that were reactivating included FCs, HPCs, and Salmonella. As a result, a second 
sampling was performed to combine both molecular and culturing quantification of microbes as 
discussed below. 

 

 

   Table 3-12. Summary of Test Results for Thermo-2. 
    January 27, 2004 Sample Date 

Sample FC 
(cfu/g DS) 

HPC 
(cfu/g DS) 

TMC 
(cells/g DS) 

E. coli 
0157:H7 Salmonella 

Digester 
Influent 

1.19x106 2.40x107 1.03x108 Positive Positive 

Digester 
Effluent 

4.60x101 1.30x105 1.24x108 Positive Negative 

Cake 7.32x104 1.09x108 2.16x107 Positive Positive 

 

Thermo-2 Sampling Results, May 15, 2004. A second sample set was collected on this 
date to further investigate reactivation of VBNC indicator organisms at Thermo-2. A summary of 
the results is provided in Tables 3-13 and 3-14. The standard culturing methods found both FCs 
and E. coli were relatively high in the feed to digestion: approximately 108 and 107 cfu/g DS, 
respectively. But the counts were greatly reduced during digestion, and only 101 to 102 cfu/g DS 
were measured coming out of the digester. Immediately after centrifugation, the density 
increased by two to five orders of magnitude. For example, the FC measured by standard 
culturing methods increased from 101 to 106 cfu/g DS, a significant increase in a very short 
period of time.  

Interestingly, the quantification of E. coli using cPCR showed that the counts of E. coli in 
the digester feed were very similar to the counts measured by standard culturing technique, both 
107. However, after digestion, the E. coli by cPCR was 105 cells/g DS versus 101 cfu/g DS for 
the culturing method. This strongly suggested that the E. coli were largely present after 
digestion, but were not culturable by the standard methods. Hence the data supported the 
hypothesis that digestion could cause the bacteria to enter the VBNC state.  

In addition, immediately after centrifugation, the E. coli counts measured by culturing 
were 104 cfu/g DS. However, the cPCR method showed the same counts, 105 cells/g DS, as 
before dewatering. Therefore, dewatering reactivated a large portion of the E. coli such that they 
became culturable, and the overall numbers of the E. coli as measured by the presence of their 
DNA (cPCR method) did not change before or after dewatering. These results clearly supported 
the VBNC/reactivation hypothesis.  

Also of great interest was that, according to the cPCR results, thermophilic digestion only 
reduced E. coli by two orders of magnitude, whereas the standard method culturing technique 
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suggested a reduction of six orders of magnitude. The results for HPC and TMC are shown in 
Table 3-14.  

   Table 3-13. Summary of FC and E. coli Test Results for Thermo-2. 
     May 15, 2004 Sample Date 

Sample Avg. FC  
(cfu/g DS) 

Std. Dev. FC
(cfu/g DS) 

Avg. E. coli
(cfu/g DS) 

Std. Dev. E. 
coli 

(cfu/g DS) 

Avg. E. coli by 
cPCR  
(cells/g DS  

Std. Dev. E. 
coli by cPCR 
(cells/g DS) 

Digester 
Feed 1.60x108 2.24x108 1.45x107 ID1 2.37x107 1.51x107

Centrifuge 
Feed 1.11x102 1.31x102 1.80x101 ID 6.80x105 2.75x105

Cake 2.94x106 4.94x106 2.08x104 2.11x104 2.20x105 8.49x104

1 ID = insufficient data. 

Table 3-14. Summary of HPC and TMC Test Results for Thermo-2. 
  May 15, 2004 Sample Date 

Sample HPC 
(cfu/g DS) 

 TMC  
(cells/g DS) 

Digester Feed 7.30x108 7.29x107

Centrifuge Feed 3.50x104 8.64x107

Cake 5.90x105 9.72x107

 

3.1.4 Results from Mesophilic Digestion Processes 
3.1.4.1 Results for Meso-1 

Meso-1 had previously reported reactivation/regrowth of fecal coliforms and was 
therefore sampled, on June 15, 2004. The process flow diagram for Meso-1 is shown in Figure 
3-6. The facility uses mesophilic, anaerobic digestion of primary and secondary sludges, with an 
average SRT of 21 days. A summary of the process operational parameters is provided in Table 
3-15. 

 



Figure 3-6. Process Flow Diagram for Meso-1. 
 

        Table 3-15. Summary of Facility Operation Information for Meso-1. 

Process Equipment Chemicals Operation Notes 

Primary Thickening Gravity/clarifiers  4.5% solids  

Secondary 
Thickening 

Sharples PM 95000 
Centrifuge 

Cytec Superfloc 
SD 2061 

4.5% solids  

Anaerobic Digestion Mesophilic, single 
stage 

 37°C 
21 day SRT 
40-45% VSR 

 

Storage 30-33°C  5 day SRT No mixing 

Dewatering High Solids Sharples 
DS 906 

Cytec Superfloc 
SD 2061 
12 g/kg 

21% solids  

Cake Conveyance Screw  ≈40 meters 3°C temp. increase 
during conveyance 

 

Meso-1 Sampling Results, June 15, 2004. The samples collected from Meso-1 included 
the digester feed, the digester effluent/centrifuge feed, the cake immediately after dewatering, 
and the cake after lime addition. Meso-1 had been using lime addition to control reactivation of 
coliforms after dewatering. The results are summarized in Table 3-16. The results from the 
culturing method showed relatively high counts of FCs and E. coli in the digester feed, both 107. 
However, after digestion, the counts were less than 104 cfu/g DS according to the culturing 
method. The actual value was not known since not enough dilutions were performed to 
determine the value. Immediately after dewatering, the cake had a significant increase in FCs and 
E. coli, up to 106 cfu/g DS, suggesting that a reactivation occurred.  

The results, based on quantifying E. coli cells with cPCR, showed that the E. coli counts 
were very similar in the digester feed, the digester effluent, and immediately after dewatering. In 
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other words, the digester had little impact on reducing the E. coli counts. However, digestion 
caused the cells to enter the VBNC state, which rendered the cells non-culturable. Immediately 
after dewatering, the E. coli were reactivated, allowing them to be quantified accurately using the 
culturing method.  

It was interesting to note that the cPCR results agreed well with the culturing method 
before digestion and after dewatering, the two cases where the cells were not VBNC. The cPCR 
method had much greater counts compared with those from the culture method for the sample 
collected after digestion. These results further supported the VBNC/reactivation hypothesis, and 
suggested that standard methods are inadequate for accurately quantifying FCs when they are in 
the VBNC state.  

    Table 3-16. Summary of Test Results for Meso-1. 
     June 15, 2004 Sample Date 

Sample FC - HML 
(cfu/g DS) 

E. coli – HML
(cfu/g DS) 

Avg. E. coli by 
cPCR  

(cells/g DS) 

Std. Dev. E. 
coli by cPCR 
(cells/g DS) 

 HPC – HML 
(cfu/g DS ) 

TMC 
(cells/g DS) 

TPS 1.88x107 1.00x107 NDC1 NDC 1.59x108 2.51x108

TWAS 1.58x107 4.65x106 4.39x106 2.69x106 3.00x108 3.46x108

Centrifuge Feed <45,454 <45,454 5.00x106 1.05x106 3.50x106 2.40x108

Cake 4.57x106 2.89x106 5.36x106 4.95x105 5.70x107 3.54x108

Cake + Lime 
Addition NDC 2.09x104 4.21x106

NDC 
NDC NDC 

1 NDC = No data collected. 

The addition of lime to the cake is used to prevent reactivation and regrowth of the FCs. 
As shown in Table 3-16, the addition of low dosages of lime reduced the culturable E. coli from 
approximately 3 million to about 20,000 cfu/g DS. However, the E. coli measured by cPCR 
remained relatively constant after lime addition, see Table 3-16. This could suggest that the E. 
coli were put back into a VBNC state and could become non-culturable after lime addition rather 
than being killed. However, additional research would need to confirm this. For example, it is 
possible the E. coli were killed, yet their DNA had not yet degraded. A possible experiment 
would be to monitor E. coli during longer term storage after lime addition using both culturing 
and cPCR quantification. 

Meso-1 Sampling Results, September 20, 2004. Meso-1 was sampled again on this date, 
and the results for this sampling event are shown in Table 3-17. These results are similar to those 
of the previous sampling, although the digester effluent or centrifuge feed had slightly greater 
counts of FC and E. coli by the SCM method, and the cake had lower counts. Replicate analysis 
for SCM and cPCR was performed for statistical analysis. Unfortunately, the FC data for the 
centrifuge feed only had one readable value for the culturing method, thus no standard deviation 
could be calculated for this sample. A graph comparing the SCM and cPCR results is shown in 
Figure 3-7. The results show a similar profile indicative of bacteria entering the VBNC state after 
digestion, followed by reactivation during dewatering. 

 



  Table 3-17. Summary of FC and E. coli Enumeration by SCM and cPCR. 
    September 20, 2004 Sample Date 

Sample 
Avg. FC - 

HML  
(cfu/g DS) 

Std. Dev. FC 
- HML  

(cfu/g DS) 

Avg. E. coli - 
HML  

(cfu/g DS) 

Std. Dev. E. 
coli – HML 
(cfu/g DS) 

Avg. E. coli 
by cPCR 

(cells/g DS) 

Std. Dev. E. 
coli by cPCR 
(cells/g DS) 

Digester 
Feed 2.59x107 2.30x107 1.92x107 3.09x107 7.65x106 1.94x106

Centrifuge 
Feed 6.44x104 ID1 4.46x104 1.87x104 4.42x105 2.00x105

Cake 1.24x106 5.41x105 4.55x105 2.74x105 1.44x105 3.84x104

1 ID = insufficient data to calculate  
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Figure 3-7. Comparison of E. coli Enumeration Results for SCM and cPCR at Meso-1. 
 

3.1.4.2 Results for Meso-2 
The facility at Meso-2 has a treatment capacity of 18 MGD, and 95% of the flow is 

municipal. The solids treatment consists of a single-stage mesophilic anaerobic digester followed 
by dewatering on a high solids centrifuge. A schematic of the process flow diagram is provided 
in Figure 3-8. The typical operational parameters are summarized in Table 3-18. 
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Meso-2 was sampled on May 15, 2004, and the testing including both standard culturing 
methods and cPCR. 

Figure 3-8. Process Flow Diagram for Meso-2. 
 

  Table 3-18. Summary of Plant Operation Information for Meso-2. 

Process Equipment Chemicals Operation 

Primary Thickening Clarifiers  3.5-4% solids 

Secondary 
Thickening 

DAF Polymer 1 g/kg 3.5-4% solids 

Anaerobic Digestion Mesophilic, single 
stage 

 37-38 °C 
30-35 day SRT 
50-60% VSR  

Storage Pump mixed  ≈ 1 day SRT 

Dewatering Humbolt/Bird? Polymer 
10-12 g/kg 

22-24% solids 

Cake Conveyance Cake Pumps  ≈25-30 meters 

 

Meso-2 Sampling Results, May 15, 2004. The microbial quantification results from 
sampling at Meso-2 are summarized in Table 3-19. The samples included the digester feed, 
digester effluent/centrifuge feed, and dewatered cake. Interestingly, the digestion process at this 
plant reduced the FCs and E. coli densities by two orders of magnitude, and the bacteria did not 
appear to enter the VBNC state during digestion. For example, the E. coli counts by both the 
culturing and cPCR were approximately equivalent in the digester feed, the centrifuge feed, and 
the cake. Therefore, no reactivation could occur since the cells did not enter the VBNC state. 
These results were interesting in that the plant may provide insight into the factors that cause 
cells to enter or not enter the VBNC state.  

 



    Table 3-19. Summary of Test Results for Meso-2. 
     May 15, 2004 Sample Date 

 

Sample FC – HML 
(cfu/g DS) 

E. coli – 
HML 

(cfu/g DS) 
E. coli – BU 
(cfu/g DS) 

 

E. coli by cPCR
 (cells/g DS) 

HPC – HML 
(cfu/g DS) 

 

TMC 
(cells/g DS) 

Digester 
Feed 5.41x107 1.62x107

NT1

1.89x107 5.90x108 9.18x107

Centrifuge 
Feed 2.35x105 4.12x105

NT 
1.60x105 9.00x105 1.51x108

Cake 8.00x105 4.44x104 4.76x105 7.26x105 1.13x107 4.35x108

1 NT = not tested. 

3.1.4.3 Results for Meso-3 
Meso-3 uses a conventional secondary activated sludge process, and mixed primary and 

secondary solids are digested by mesophilic digestion. The typical flow of the facility is 190 
MGD. The digested solids are dewatered on a combination of high- and medium-solids 
centrifuges. A schematic of the facility is shown in Figure 3-9, and a summary of operational 
parameters are provided in Table 3-20. This site was sampled one time on October 26, 2004.  

WAS WAS 
Thickening 

Primary 
Sludge-1 

Primary 
Sludge-2 

Anaerobic 
Digestion 

Digested 
Solids Storage 

Tanks 

High Solids 
Dewatering 
Centrifuges 

Normal 
Dewatering 
Centrifuges 

Figure 3-9. Process Flow Diagram for Meso-3. 
 
  Table 3-20. Summary of Facility Operation Information for Meso-2. 

Process Equipment Chemicals Operation 

Primary Thickening Clarifiers  3.5-4% solids 

Secondary Thickening   4-5% solids 

Anaerobic Digestion Mesophilic, single stage   

Storage No mixing  ≈ 1 day SRT 

Dewatering Humbolt and Bird 
Centrifuges 

Polymer 
10-12 g/kg 

24-33% solids 

Cake Conveyance Belt conveyor  ≈30-40 meters 

 

Meso-3 Sampling Results, October 26, 2004. Samples were obtained from the high-
solids centrifuge and were analyzed using both the standard culturing methods and cPCR. The 
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results from this testing are provided in Table 3-21. All three samples also tested positive for E. 
coli O157:H7, and only the digester feed tested positive for Salmonella.  

    Table 3-21. Summary of Test Results for Meso-3. 
     October 26, 2004 Sample Date 

Sample Avg. FC – 
HML 

(cfu/g DS) 

Std. Dev. FC 
– HML 

(cfu/g DS) 

Avg. E. coli – 
HML 

(cfu/g DS) 

Std. Dev. E. 
coli – HML 
(cfu/g DS) 

Avg. E. coli 
by cPCR 

(cells/g DS) 

Std. Dev. E. 
coli by cPCR
(cells/g DS) 

Digester 
Feed 5.85x107 4.93x107 2.18x107 8.87x106 3.01x107 1.13x106

Centrifuge 
Feed 4.76x104 ID1 <47619 ID 2.54x105 5.67x104

Cake 2.24x105 1.83x105 1.76x105 7.68x104 3.45x105 2.12x105

1 ID = insufficient data to calculate. 

For comparison, the results for E. coli measured by cPCR and SCMs are presented in 
Figure 3-10. As shown in the graph, the cPCR and SCM numbers agreed well for the digester 
feed samples, and no statistical difference was measured (p<0.05). However, the cPCR results 
were significantly higher than the SCM results for the digester effluent sample. It should be 
noted that the E. coli counts using the SCM were below the dilution values used, and were 
reported as less than 47,619. For graphing, a value of 20,000 cfu/g DS was used for this data 
point.  

The results indicated that cells were in the VBNC state, and therefore, the SCM produced 
results that were lower than the total number of E. coli present. After centrifugation, the E. coli 
numbers increased by at least two orders of magnitude according to the SCM, but remained 
basically constant according to the cPCR results. No statistical difference was calculated 
between the digester effluent and the cake E. coli numbers for the cPCR results, which suggested 
that cells were present in the same concentrations before and after dewatering. However the 
SCM did not measure the majority of the cells after digestion since they were in the VBNC state. 
Interestingly, the SCM and cPCR results agreed much better in the cake samples. These results 
supported the hypothesis that the bacteria entered the VBNC state during digestion and were then 
reactivated during dewatering. 
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Figure 3-10. Comparison of E. coli Enumeration Results for SCM and cPCR at Meso-3. 
 

3.2 Discussion and Implications of Results 
For this research, bacteria are defined in the VBNC state as simply being bacteria that are 

not cultured and therefore are not enumerated by SCMs. Furthermore, reactivation or 
resuscitation is defined as the change in culturability of the bacteria, with the bacteria changing 
from VBNC to culturable by SCMs. The results of this research support the hypotheses that 
indicator organisms can be VBNC after digestion, and that reactivation or resuscitation can occur 
after centrifuge dewatering. The cPCR method is able to quantify E. coli that are VBNC and are 
not enumerated by standard culturing techniques. For example, a plot of the data from Thermo-2 
is shown in Figure 3-11. The culturing method shows a significant decrease (six orders of 
magnitude) in the E. coli density as a result of digestion. However, the cPCR results only show a 
decrease of two orders of magnitude. Immediately after dewatering, the culturing method 
enumerated 104 E. coli, and the cPCR method was still 105, the same order of magnitude as 
before dewatering. 

The results support the hypothesis that bacteria are VBNC after digestion, and therefore 
are not enumerated correctly by standard culturing techniques. This can result in a significant 
underestimation of the viable bacterial counts. The immediate conclusion from these results is 
that standard culturing techniques may be inadequate for enumerating bacteria after anaerobic 
digestion if they are VBNC.  
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Figure 3-11. E. coli in Samples from Thermo-1 as Measured by cPCR and Standard Culturing Methods. 
 

It is interesting to note that the facilities sampled included three mesophilic facilities, two 
TPAD facilities, and two thermophilic facilities, and at least one of each type exhibited 
reactivation, and one did not. The logical question was: Why did some facilities exhibit 
reactivation and others did not? A summary of the VBNC/reactivation results for each field site 
is presented in Table 3-22 along with some of the facility operation data to compare what factors 
may have contributed to reactivation. All the facilities used high-solids centrifuges for 
dewatering, though different models were used. 

The data presented in Table 3-22 provide no clear-cut relationship between operational 
variables and the occurrence of VBNC bacteria. Comparing TPAD-1 and 2, which both used 
TPAD, TPAD-1 had reactivation and TPAD-2 did not. However, TPAD-2 did not have any 
significant amounts of FC entering digestion and it seemed to be a result of the very high 
industrial (pulp and paper) inflow into the facility. This made a comparison between the two 
facilities difficult.  

Thermo-1 and Thermo-2 each used thermophilic digestion, but only Thermo-2 exhibited 
reactivation. The main difference between the two facilities was that Thermo-1 had a four-stage 
digestion process with an estimated SRT of 22 d, whereas Thermo-1 had single-stage digestion 
with estimated SRT between 15-20 d. Therefore, Thermo-1 had a longer SRT that may have 
resulted in better kill rates during digestion. In addition, use of a four-stage process better 
simulates a plug-flow reactor, which is much more efficient and less likely to exhibit short-
circuiting compared with a single-stage completely mixed reactor. This, too, may have 
contributed to better E. coli destruction rates at Thermo-1.  

 



An interesting study would be to collect effluent samples from each of the four stages 
from Thermo-1 to determine the E. coli destruction rate of each stage. The first stage may have 
been similar to Thermo-2. This study is planned for Phase 2 of the research.  

Finally, Meso-1, 2 and 3 used mesophilic digestion. Meso 1 and 3 showed the patter for 
bacteria entering the VBNC state followed by reactivation after centrifuge dewatering. However, 
the digestion process of Meso-2 did not decrease the FCs and E. coli, and the E. coli did not enter 
the VBNC state during digestion. It was not clear why this occurred since the SRT for the 
digestion process was quite high.  

  Table 3-22. Summary of Field Site Operation Data and VBNC/Reactivation Results. 

Field Site Reactivation 
of E. coli Digestion Type Digestion SRT  

(d) 
Digestion VSR  

(%) 
Cake 

Solids Comments 

TPAD -1 Confirmed TPAD 15 at 58°C and 21 
d at 37°C 60% 30% Longest overall 

SRT 

TPAD-2 Negative TPAD 8 d at 55°C and 20-
25 d 43 °C  40-45% 27-29% 

No FCs into 
digestion, Major 
industrial flow 

Thermo-1 Negative Thermophilic – 
four-stage 22 d at 56°C 60-62% 30-32% Long SRT, 4-

stages 

Thermo-2 Confirmed Thermophilic 
single-stage 15-20 d at 55°C 65% 35%  

Meso-1 Confirmed Mesophilic – 
single-stage 21 d at 37°C 40-45% 21% 

Two holding 
tanks after 
digestion 

Meso-2 Negative Mesophilic – 
single-stage 30-35 d at 37°C 50-60% 22-24% No reactivation 

or VBNC 

Meso-3 Confirmed Mesophilic – 
single-stage 22 d at 36°C 45-58% 30-33% Reactivation 

 

The results seem to indicate that bacteria transition from a culturable state to a VBNC 
state during digestion, and extended digestion will kill the bacteria.  

The data for average total DNA extracted from each sample at each facility are shown in 
Table 3-23. Although not shown in the table, the results are all from at least three replicates, and 
the relative standard deviations were all less than 5% of the mean value. Very similar trends 
were found for most facilities, and the total DNA values showed similar trends as those of the 
FCs and E. coli. The digester feeds had relatively high DNA concentrations, from 3,100 to 
10,500 μg/g DS, and these values were reduced during digestion generally by 50% or more for 
most facilities. However, Meso-2 only had a reduction of about 17% during digestion, the lowest 
of all the facilities. Meso-2 also had the lowest reduction in E. coli counts because of digestion, 
and the E. coli did not enter the VBNC state, but remained culturable.  

The VS reduction generally was less than the DNA reduction, suggesting that DNA was 
readily degraded in the digester, likely after release from dead microorganisms. The cake 
samples contained approximately equivalent DNA concentrations compared with those in the 
centrifuge feed, similar to the cPCR results for E. coli. The cPCR results for E. coli also are 
summarized in Table 3-24 for comparison. It is interesting to note that the cPCR results showed 
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that the mesophilic digestion facilities had E. coli counts that were generally close to the EPA 
Class B requirements of less than two million FCs. Although the measurement was for E. coli, 
the main group of FCs is typically E. coli.  

   Table 3-23. Total DNA Concentrations in Sampling, Units in μg/g DS. 

Sample Location TPAD-1 Thermo-1 Thermo-2 Meso-1 
“9/04 

Meso-1 
6/04 Meso-2 Meso-3 

Digester Feed 3609 4682 3113 10467 6366 5563 7525 

Thermo 832 ND1 ND ND ND ND ND 

Meso 626  ND ND ND ND ND 

Centrifuge Feed 761 1444 1846 4804 2621 4590 3126 

Cake 797 1404 983 4558 3181 3825 2785 
1ND=no data 

   Table 3-24. Summary of E. coli cPCR Results for Each Plant. 

Sample Location Thermo-1 Thermo-2 Meso-1 
6/04 

Meso-1 
9/04 Meso-2 Meso-3 

Digester Feed 3.26x107 2.37x107 4.39x106 7.65x106 1.89x107 3.01x107

Centrifuge Feed Non-detect 6.80x105 5.00x106 4.42x105 1.60x105 2.54x105

Cake Non-detect 2.20x105 5.36x106 1.44x105 7.26x105 3.45x105

 

 



CHAPTER 4.0 
 

MECHANISTIC AND REGROWTH RESULTS 

4.1 Introduction 
A series of mechanistic experiments was performed to support or refute the Hypotheses 2 

and 3 discussed in Chapter 1.0. Hypothesis 2 theorized that some type of inducer is released 
during centrifuge dewatering that resuscitated bacteria, enabling them to become culturable. 
Hypothesis 3 stated that after resuscitation, conditions in the cake, such as nutrient and substrate 
availability, were favorable for growth. The results from experiments to examine these 
hypotheses are provided in the following sections. 

4.2 Examining Centrate for Induction Properties/Autoinducer Activity 
Based on the research hypothesis, it was believed that VBNC microbes could be 

reactivated given the proper signal. For example, research has shown that the presence of 
molecules termed “autoinducers” (AI) can be a signal for microbes to grow after being in the 
VBNC state. This signaling mechanism has been shown to occur for a number of different 
microbes including E. coli and Salmonella. The hypothesis in this research was that high solids 
centrifuges could cause the release of AIs into solution, thereby providing the signal for 
microbes to grow. After this induction, the microbes also could become culturable by standard 
techniques and they could also grow during cake storage. The resuscitating or inducing agent 
could also simply be the presence of some key nutrient or substrate that becomes available 
during centrifuge dewatering. In addition, it is possible that a change in environmental conditions 
such as redox could result in greater culturability. 

To examine the possibility that an inducer-like substance was being released and was 
acting as a signal for growth, a series of experiments was performed in which the centrate from a 
facility showing reactivation was mixed with the un-dewatered digester effluent that previously 
had low or non-detectable FC counts. The results from the first set of experiments with TPAD-1 
are shown in Figure 4-1. 

The raw sludges before and after thickening contained 105 FC/g DS, and after the 
thermophilic digester (TD) the FCs were below the detection limit. When the centrate was added 
to the TD sample, the FCs increased by at least two orders of magnitude, and addition of the 
centrate plus the polymer resulted in an increase of at least four orders of magnitude. The 
centrate was filtered and sterilized prior to addition to the TD sample. The FC densities after 
centrate and polymer addition were the same order of magnitude as the counts measured in the 
cake. These results strongly suggest that the centrate contained a substance that could induce the 
microbes to become culturable. The polymer enhanced this effect.  

It was not clear why the polymer enhanced the induction of the microbes, but additional 
testing is planned in Phase 2 to understand the impact of polymer on inducing the microbes to 
become culturable. The addition of the fluid extracted from the cake did not result in any 

Examination of Reactivation and Regrowth of Fecal Coliforms in Centrifuge Dewatered, 4-1 
Anaerobically Digested Sludges 



 

4-2 

increased FC counts. This was perhaps because the inducers had already been taken up by the 
microbes and none was available for further reactivation of the microbes. Comparing the FC 
counts in the sample prior to digestion to that in the cake showed that they were approximately 
equal. This suggested that the digester did not kill the FCs, but instead rendered them VBNC. 
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Figure 4-1. FC Counts for Different Samples and Additions.  
TD = Thermophilic Digester 
 

A similar set of experiments was performed with the Thermo-1 samples. The digester 
samples were spiked with the centrate and/or polymer from TPAD-1 since it was believed that 
TPAD-1 had AI-type activity. The initial testing of Thermo-1 did not show any reactivation of 
FCs or E. coli, but HPC counts were much greater in the cake compared with those from the 
digester. Therefore, HPCs showed the ability to reactivate. The results from these experiments 
are shown in Figure 4-2.  

The addition of the centrate to the thermophilic digester (TD) sample increased the HPC 
counts by three orders of magnitude, but did not impact FCs. The polymer did not have any 
significant additional effect as was found for TPAD-1. As in the previous trial, the counts after 
centrate addition were close to the counts prior to digestion, suggesting the microbes were 
present and became reactivated. In addition, the total microbial counts (TMC) were 
approximately equivalent for all the samples, suggesting the microbes were present in all the 
samples at roughly equal concentrations. However, they were not culturable in the digester 
sample.  

The results supported the hypothesis that inducer-type activity was being released during 
centrifugation, and this compound could induce the microbes to become culturable. In addition, 

 



the results also supported the hypothesis that the microbes were viable but not culturable in the 
digester. 
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Figure 4-2. Heterotrophic Plate Counts and Total Microbial Counts for Thermo-1 Digester Sample with Centrate and/or 
Polymer Addition. 
TD = Thermophilic Digester 
 

The centrate addition study also was performed on Thermo-2 samples. The centrate and 
polymer from TPAD-1 was added to the thermophilic digester sample to determine if the 
centrate and/or polymer could induce the microbes to become culturable. The results from these 
tests are shown in Figure 4-3. In these tests, the FC counts did not increase due to centrate and/or 
polymer addition, but the HPC counts did. As with Thermo-1, the TMCs remained relatively 
constant, suggesting the microbes were present, but were not culturable in the digester sample. 
The addition of the centrate and/or the polymer resulted in the microbes becoming culturable. 
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Figure 4-3. Heterotrophic Plate Counts and Total Microbial Counts for Thermo-2 Digester Sample with Centrate and/or 
Polymer Addition. 
TD = Thermophilic Digester 
 

4.3 Impact of Storage Time on Reactivation 
Several studies were performed to examine the impact of storage time on microbial 

densities and activity. For TPAD-1, the samples were analyzed after four and 24 hours of storage 
after the addition of centrate and/or polymer to the un-dewatered effluent from the thermophilic 
digester (TD). Only FCs and HPCs were measured in these tests. The HPC results from TPAD-1 
are shown in Figure 4-4. The FC counts did not show reactivation in these experiments, so the 
data are not shown for clarity. Storage for 24 hours compared with four hours resulted in much 
greater HPCs. This could be caused by a regrowth during storage or by reactivation.  

To investigate this further, a second experiment was performed (on a different date), in 
which the digester and cake samples were analyzed for total DNA and RNA. The results from 
this testing are shown in Figure 4-5. Interestingly, the total DNA in the digester and the cake 
remained fairly constant (within the same order of magnitude).  

Immediately after dewatering, the RNA was significantly reduced when compared with 
that from the digester sample. This could be because of a loss of methanogenic activity as 
discussed previously. However, the RNA increased by two orders of magnitude during storage. It 
was likely that the total number of microbes remained relatively constant, but the increased RNA 
was likely caused by increased activity of the surviving and reactivated microbes. RNA is 

 



produced by active microbes for the synthesis of proteins, and unlike DNA, many copies of RNA 
can be produced by microbes, therefore, increased RNA after storage was indicative of increased 
microbial activity.  
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Figure 4-4. Effect of Storage time on HPC Counts for TPAD-1. 
TD = Thermophilic Digester 
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Figure 4-5. Effect of Storage Time Total DNA and RNA for TPAD-1. 
 

Examination of Reactivation and Regrowth of Fecal Coliforms in Centrifuge Dewatered, 4-5 
Anaerobically Digested Sludges 



 

4-6 

4.4 Regrowth after Reactivation and VBNC during Cake Storage 
The cake samples from Thermo-2 were stored, and during storage they were sampled for 

bacterial enumeration. The results from this storage experiment are shown in Figure 4-6. It 
should be noted that the cPCR results showed the centrifuge feed contained E. coli counts of 
6.35x105 cell/g DS (from Table 3-13), which was very similar to those of the cake sample at time 
zero. Also, the cPCR results matched well with the culturing method values for the cake.  

The E. coli counts increased several orders of magnitude during the first one to two days 
of storage as measured by both the culturing methods and cPCR method, although some 
differences were measured between the two data sets from the two labs. After eight days of 
storage, the E. coli counts began to decrease to approximately 4.62x106 cfu/g DS according to 
the culturing method. However, the cPCR method showed a relatively stable count not very 
different from the day-two sample, about 4.62x107 cells/g DS.  

This could be explained by two mechanisms. First, it was possible the E. coli began to 
enter the VBNC state due to a lack of substrate, and as a result they were still present as shown 
by the cPCR results, but they were becoming non-culturable. A second possibility was that the E. 
coli were in fact beginning to die, but their DNA remained intact for this period, resulting in an 
overestimate by the cPCR method.  

Additional testing is needed to better understand the fate of E. coli during storage. If the 
mechanism was a re-entrance of E. coli into the VBNC state, is it possible then that they could 
again be reactivated? Also, at what point do E. coli actually die during storage? These questions 
will be investigated in the second phase of the research. 
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Figure 4-6. E. coli as Measured by Culturing Techniques by Two Labs and by cPCR During Storage. 
 

 



The results, shown in Figure 4-6, also supported the validity of cPCR for quantifying E. 
coli and distinguishing between regrowth and reactivation. The graph shows proportional 
increases in both the cPCR counts and the counts from the culturing methods. This is indicative 
of regrowth. In contrast, after digestion when the ratio of the cPCR counts to culturing counts is 
high, this indicates the microbes are in the VBNC state. After dewatering, if this ratio decreases 
substantially, such that the cPCR and culture counts are approximately equivalent, this is 
indicative of reactivation. 

 

 

Examination of Reactivation and Regrowth of Fecal Coliforms in Centrifuge Dewatered, 4-7 
Anaerobically Digested Sludges 



 

4-8  



CHAPTER 5.0 
 

CONCLUSIONS AND RECOMMENDATIONS 

5.1 Conclusions 
Seven full-scale facilities were sampled to determine if indicator organisms could 

become VBNC after digestion and then be reactivated after high-solids centrifugation. A 
molecular method was developed to enumerate E. coli based on the number of copies of their 
DNA, and these results were compared with standard culturing methods. Based on these results, 
the following conclusions could be drawn: 

Solids from digestion facilities at four sites contained E. coli in viable but non-
culturable state, and these bacteria were reactivated during dewatering. The digestion 
processes that resulted in VBNC bacteria included mesophilic, thermophilic, and 
TPAD processes. 

♦ 

♦ 

♦ 

♦ 

♦ 

♦ 

♦ 

Digestion at three other field sites resulted in no apparent VBNC E. coli. The 
digestion process included mesophilic, thermophilic, and TPAD processes. 
No single operational parameter (such as digestion SRT or temperature) seemed to 
determine whether a process would cause VBNC conditions and reactivation, and 
additional research is needed to better understand the conditions that result in VBNC 
bacteria. 
Reactivation or resuscitation after centrifugation appears to occur through the release 
of some type of inducer compounds that renders the VBNC bacteria culturable. 
After reactivation, the indicator organisms were able to regrow rapidly and increase 
by three to four orders of magnitude during the first one to two days of storage. 
Quantitative PCR appears to be a good method to quantify VBNC bacteria since these 
bacteria were not enumerated by standard culturing techniques, but they could be 
enumerated by determining the number of DNA copies for the specific bacteria. 
Standard culturing methods have the potential to significantly underestimate the 
concentration of indicator organisms that are VBNC following anaerobic digestion. 

The results do provide some insight into possible mitigation strategies. For example, the 
multi-stage thermophilic process was able to completely destroy the FC and E. coli, suggesting that 
reactors in series or in more general terms, reactor hydraulics, may be an important method to attain 
desired reductions of indicator organisms. In addition, there may be some simple chemical 
additions, such as low-dose lime addition to the cake, which could be used to control reactivation 
and regrowth. Longer-term storage also could be a strategy to reduce FCs to desired levels. 

5.2 Recommendations 
Additional research is needed to better understand how and why bacteria enter the VBNC 

state. Research is needed to better establish the relationship between design parameters such as 
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SRT and reactor hydraulics and the actual destruction of indicator organisms. In addition, the 
development of future design criteria for digestion needs to incorporate analysis of indicator 
organisms in the VBNC state to fully understand the relationship among time, temperature, and 
FC destruction rates. Otherwise, relying solely on standard culturing methods as done in the past 
may lead to designs that do not actually achieve the desired results.  

 



REFERENCES 

Adams, B.L., Bates, T.C., and Oliver, J.D. 2003. Survival of Helicobacter pylori in a Natural 
Freshwater Environment. Appl. Environ. Microbiol., 69, 7462-7466. 
 
Ahn S.J., Costa J., and Emanuel J.R. 1996. PicoGreen Quantitation of DNA: Effective 
Evaluation of Samples Pre- or Post-PCR. Nucleic Acids Res., 24, 2623-2625. 
 
American Public Health Association. 1998. Standard Methods for Examination of Water and 
Wastewater; 20th Edition. Eds. L.S. Clesceri, A.E. Greenberg, and A.D. Eaton. American Public 
Health Association, Washington, D.C. 
 
Asakura, H., Watarai, M., Shirahata, T., and Makino, S. 2002. Viable but Nonculturable 
Salmonella Species Recovery and Systemic Infection in Morphine-Treated Mice. J. Infect. Dis., 
186, 1526-1529. 
 
Barry, V.C., Conalty, M.L., Denneny, J.M., and Winder, F. 1956. Peroxide Formation in 
Bacteriological Media. Nature, 178, 596-597.  
 
Baker, R.M., Singleton, F.L., Hood, M.A. 1983. Effects of Nutrient Deprivation on Vibrio 
cholerae. Appl. Environ. Microbiol., 46, 930-940. 
 
Berlin, D.L., Herson, D.S., Hicks, D.T., and Hoover, D.G. 1999. Response of Pathogenic Vibrio 
Species to High Hydrostatic Pressure. Appl. Environ. Microbiol., 65, 2776-2780. 
 
Bogosian, G., Morris, P.J.L., and O’Neil, J.P. 1998. A Mixed Culture Recovery Method 
Indicates that Enteric Bacteria Do Not Enter the Viable but Nonculturable State. Appl. Environ. 
Microbiol., 64, 1736-1742. 
 
Bogosian, G., Aardema, N.D., Bourneuf, E.V., Morris, P.J.L., and O’Neil, J.P. 2000. Recovery 
of Hydrogen Peroxide-Sensitive Culturable Cells of Vibrio vulnificus Gives the Appearance of 
Resuscitation from a Viable but Nonculturable State. Appl. Environ. Microbiol., 182, 5070-5075. 
 
Burge, W.D., Millner, P.D., and Enkiri, N.K. 1986. Regrowth of Salmonellae in Composted 
Sewage Sludge. U.S. EPA Report No. EPA/600/2-86/106. 
 
Byrd, J.J., Xu, H., and Colwell, R.R. 1991. Viable but Nonculturable Bacteria in Drinking Water. 
Appl. Environ. Microbiol., 57, 875-878. 
 
Cappelier, J.M., Minet, J., Magras, C., Colwell, R.R., and Federighi, M. 1999. Recovery in 
Embryonated Eggs of Viable but Nonculturable Campylobacter jejuni Cells and Maintenance of 
Ability To Adhere to HeLa Cells after Resuscitation. Appl. Environ. Microbiol., 65, 5154-5157. 
 

Examination of Reactivation and Regrowth of Fecal Coliforms in Centrifuge Dewatered, R-1 
Anaerobically Digested Sludges  



 

R-2 

Caro, A., Got, P., Lesne, J., Binard, S., and Baleux, B. 1999. Viability and Virulence of 
Experimentally Stressed Nonculturable Salmonella typhimurium. Appl. Environ. Microbiol., 65, 
3229-3232. 
 
Chaiyanan, S., Chaiyanan, S., Huq, A., Maugel, T., and Colwell, R.R. 2001. Viability of the 
Nonculturable Vibrio cholerae O1 and O139. System. Appl. Microbiol., 24, 331-341. 
 
Chaveerach, P., ter Huurne, A.A.H.M., Lipman, L.J.A., van Knapen, F. 2003. Survival and 
Resuscitation of Ten Strains of Campylobacter jejuni and Campylobacter coli under Acid 
Conditions. Appl. Environ. Microbiol., 69, 711-714. 
 
Colwell, R.R., Brayton, P.R., Grimes, D.J., Roszak, D.B., Huq, S.A., and Palmer, L.M. 1985. 
Viable but Non-Culturable Vibrio cholerae And Related Pathogens in the Environment: 
Implications for Release of Genetically Engineered Microorganisms. Biotechnol., 3, 817-820. 
 
Colwell, R.R., Brayton, P., Herrington, D., Tall, B., Huq, A., and Levine, M.M. 1996. Viable but 
Non-Culturable Vbrio cholerae O1 Revert to A Cultivable State in the Human Intestine. World J. 
Microbiol. Biotechnol., 12, 28-31. 
 
Cheung, K.H.M., Lang, N.L. and Smith, S.R. 2003. The effects of centrifugation dewatering on 
Escherichia coli numbers in digested sewage sludge. Proceeding of the Joint CIWEM Aqua 
Enviro Technology Transfer 8th European Biosolids and Organic Residuals Conference, 24-26 
November, Wakefield. 
 
Erdal, Z.K., Wagoner, D.L., Mendenhall, T.C., Neely, S.K., and Quigley, C. 2004. Maintaining 
Class B Biosolids Post-Dewatering Through Low-Level Lime Dosing. Proceedings of WEFTEC 
2004, New Orleans, LA. 
 
Grant, M.A., Weagant, S.D., and Feng, P. 2001. Glutamate Decarboxylase Genes as a 
Prescreening Marker for Detection of Pathogenic Escherichia coli Groups. Appl. Environ. 
Microbiol., 67, 3110-3114. 
 
Green, B.L., Clausen, E.M., and Litsky, W. 1977. Two-Temperature Membrane Filter Method 
for Enumerating Fecal Coliform Bacteria from Chlorinated Effluents. Appl. Environ. Microbiol., 
33, 1259-1264. 
 
Grey, B. and Steck, T.R. 2001. Concentrations of Copper Thought To Be Toxic to Escherichia 
coli Can Induce the Viable but Nonculturable Condition. Appl. Environ. Microbiol., 67, 5325-
5327. 
 
Gupte, A.R., de Rezende, C.L.E., Joseph, S.W. 2003. Induction and Resuscitation of Viable but 
Nonculturable Salmonella enterica Serovar Typhimurium DT104. Appl. Environ. Microbiol., 69, 
6669-6675. 
 
 
 

 



Hara-Kudo, Y., Ikedo, M., Kodaka, H., Nakagawa, H., Goto, K., Masuda, T., Konuma, H., 
Kojima, T., and Kumagai, S. 2000. Selective Enrichment with a Resuscitation Step for Isolation 
of Freeze-Injured Escherichia coli O157:H7 from Foods. Appl. Environ. Microbiol., 66, 2866-
2872. 
 
Heim, S., Lleò, M.D.M., Bonato, B., Guzman, C.A., and Canepari, P. 2002. The Viable but 
Nonculturable State and Starvation Are Different Stress Responses of Enterococcus faecalis, as 
Determined by Proteome Analysis. J. Bacterioil., 184, 6739-6745. 
 
Higgins, M.J., Yarosz, D.P., Chen, Y.C., Murthy, S.N., Maas, N., and Cooney, J. 2003. 
Mechanisms of Volatile Sulfur Production in Digested Biosolids. Proceedings of Water Env. 
Federation and AWWA Annual Biosolids and Residuals Conference. 2003, Baltimore, MD. 
 
Iranpour, R., Cox, H.H.J., Hernandez, G, Redd, K., Fan, S., Moghaddam, O, Abkian, V., 
Mundine, J., Haug, R.T., and Kearney, R.J. 2003. Production of EQ Biosolids at Hyperion 
Treatment Plant: Problems and Solutions for Reactivation/Growth of Fecal Coliforms. 
Proceedings of WEFTEC 2003, Los Angeles. 
 
Kolling, G. and Matthews, K.R. 2001. Examination of Recovery In Vitro and In Vivo of 
Nonculturable Escherichia coli O157:H7. Appl. Environ. Microbiol., 67, 3928-3933. 
 
LeChevallier, M.W., Cameron, S.C., and McFeters, G.A. 1983. New Medium for Improved 
Recovery of Coliform Bacteria from Drinking Water. Appl. Environ. Microbiol., 45, 484-492. 
 
LeChevallier, M.W., Singh, A., Schiemann, D.A., and McFeters, G.A. 1985. Changes in 
Virulence of Waterborne Enteropathogens with Chlorine injury. Appl. Environ. Microbiol., 50, 
412-419. 
 
Lin, S.D. 1976. Membrane Filter Method for Recovery of Fecal Coliforms in Chlorinated 
Sewage Effluents. Appl. Environ. Microbiol., 32, 547-552. 
 
Lleò, M.D.M., Tafi, M.C., and Canepari, P. 1998. Nonculturable Enterococcus faecalis Cells Are 
Metabolically Active and Capable of Resuming Active Growth. System. Appl. Microbiol., 21, 
333-339. 
 
Makino, S., Kii, T., Asakura, H., Shirahata, T., Ikeda, T., Takeshi, K., and Itoh, K. 2000. Does 
Enterohemorrhagic Escherichia coli O157:H7 Enter the Viable but Nonculturable State in Salted 
Salmon Roe? Appl. Environ. Microbiol., 66, 5536-5539. 
 
Martin, S.E., Flowers, R.S., and Ordal, Z.J. 1976. Catalase: Its Effect on Microbial Enumeration. 
Appl. Environ. Microbiol., 32, 731-734. 
 
McDaniels A.E., Rice, E.W., Reyes, A.L., Johnson, C.H., Haugland, R.A., and Stelma, G.N., Jr. 
1996. Confirmational identification of Escherichia coli, a comparison of genotypic and 
phenotypic assays for glutamate decarboxylase and beta-D- glucuronidase. Appl. Environ. 
Microbiol., 62, 3350-3354. 
 

Examination of Reactivation and Regrowth of Fecal Coliforms in Centrifuge Dewatered, R-3 
Anaerobically Digested Sludges 



 

R-4 

McDonald, L.C., Hackney, C.R., and Ray, B. 1983. Enhanced Recovery of Injured Escherichia 
coli by Compounds That Degrade Hydrogen Peroxide or Block Its Formation. Appl. Environ. 
Microbiol., 45, 360-365. 
 
McFeters, G.A., Cameron, S.C., and LeChevallier, M.W. 1982. Influence of Diluents, Media, 
and Membrane Filters on Detection of Injured Waterborne Coliform Bacteria. Appl. Environ. 
Microbiol., 43, 97-103. 
 
McFeters, G.A., Kippin, J.S., and LeChevallier, M.W. 1986. Injured Coliforms in Drinking 
Water. Appl. Environ. Microbiol., 51, 1-5. 
 
Mizunoe, Y., Wai, S.N., Takade, A., and Yoshida, S. 1999. Restoration of Culturability of 
Starvation-Stressed and Low-Temperature-Stressed Escherichia coli O157 Cells by Using H2O2-
Degrading Compounds. Arch Microbiol., 172, 63-67. 
 
Molloy, M.P., Herbert, B.R., Slade, M.B., Rabilloud, T., Nouwens, A.S., Williams, K.L., and 
Gooley, A.A. 2000. Proteomic Analysis of the Escherichia coli Outer Membrane. Eur. J. 
Biochem., 267, 2871-2881. 
 
Monteleone, M.C., Furness, D., Jefferson, B., and Cartmell, E. 2004. Fate of E. coli Across 
Mechanical Dewatering Processes. Env. Technol., 25, 825-831. 
 
Oliver, J.D. 1995. The Viable but Non-Culturable State in the Human Pathogen Vibrio 
vulnificus. FEMS Microbiol. Lett., 133, 203-208. 
 
Pommepuy, M., Butin, M., Derrien, A., Gourmelon, M., Colwell, R.R., and Cormier, M. 1996. 
Retention of Enteropathogenicity by Viable but Nonculturable Escherichia coli Exposed to 
Seawater and Sunlight. Appl. Environ. Microbiol., 62, 4621-4626. 
 
Qi, Y.N., Gillow, S., Herson, D.S., Dentel, S.K. 2004. Reactivation and/ or growth of fecal 
coliform bacteria during centrifugal dewatering of anaerobically digested biosolids. Wat. Sci. 
Technol., 50, 115-120. 
 
Raeymaekers, L. 1993. Quantitative PCR: theoretical considerations with practical implications. 
Anal. Biochem., 214, 582-585. 
 
Raeymaekers, L. 1995. A commentary on the practical applications of competitive PCR. Genome 
Res., 5, 91-94. 
 
Rahman, I., Shahamat, M., and Chowdhury, M.A.R. 1996. Potential Virulence of Viable but 
Nonculturable Shigella dysenteriae Type 1. Appl. Environ. Microbiol., 62, 115-120. 
 
Reissbrodt, R., Heier, H., Tschäpe, H., Kingsley, R.A., and Williams, P.H. 2000. Resuscitation 
by Ferrioxamine E of Stressed Salmonella enterica Serovar Typhimurium from Soil and Water 
Microcosms. Appl. Environ. Microbiol., 66, 4128-4130. 
 

 



Reissbrodt, R., Rienaecker, I., Romanova, J.M., Freestone, P.P.E., Haigh, R.D., Lyte, M., 
Tschäpe, H., and Williams, P.H. 2002. Resuscitation of Salmonella enterica Serovar 
Typhimurium and Enterohemorrhagic Escherichia coli from the Viable but Nonculturable State 
by Heat Stable Enterobacterial Autoinducer. Appl. Environ. Microbiol., 68, 4788-4794. 
 
Rockabrand, D., Austin, T., Kaiser, r., and Blum, P. 1999. Bacterial Growth State Distinguished 
by Single-Cell Protein Profiling: Does Chlorination Kill Coliforms in Municipal Effluent? Appl. 
Environ. Microbiol., 65, 4181-4188. 
 
Romprè A., Servais, P., Baudart, J., de-Roubin, M., and Laurent, P. 2002. Detection and 
enumeration of coliforms in drinking water: current methods and emerging approaches. J. 
Microbiol. Methods, 49, 31-54. 
 
Ronchi, E. and Wald, S. 1999. New Molecular Technologies for Safe Drinking Water. Observer, 
215. 
 
Rose, P., Harkin, J.M, and Hickey, W.J. 2003. Competitive touchdown PCR for estimation of 
Escherichia coli DNA recovery in soil DNA extraction. J. Microbiol. Methods, 52, 29-38. 
 
Signoretto, C., Lleò, M.D.M., Tafi, M.C., and Canepari, P., 2000. Cell Wall Chemical 
Composition of Enterococcus faecalis in the Viable but Nonculturable State. Appl. Environ. 
Microbiol., 66, 1953-1959. 
 
Stuart, D.G., McFeters, G.A., and Schillinger, J.E. 1977. Membrane Filter Technique for the 
Quantification of Stressed Fecal Coliforms in the Aquatic Environment. Appl. Environ. 
Microbiol., 34, 42-46. 
 
Tholozan, J.L., Cappelier, J.M., Tissier, J.P., Delattre, G., and Federighi, M. 1999. Physiological 
Characterization of Viable-but-Nonculturable Campylobacter jejuni Cells. Appl. Environ. 
Microbiol., 65, 1110-1116. 
 
Wang, A.M., Doyle, M.V., and Mark, D.F. 1989. Quantitation of mRNA by the polymerase 
chain reaction. Proc. Natl. Acad. Sci. U.S.A., 86, 9717-9721. 
 
Whitesides, M.D., and Oliver, J.D. 1997. Resuscitation of Vibrio vulnificus from the Viable but 
Nonculturable State. Appl. Environ. Microbiol., 63, 1002-1005. 
 
Zachar, V., Thomas, R.A., and Goustin, A.S. 1993. Absolute quantification of target DNA: a 
simple competitive PCR for efficient analysis of multiple samples. Nucleic Acids Res., 21: 2017-
2018. 
 

Examination of Reactivation and Regrowth of Fecal Coliforms in Centrifuge Dewatered, R-5 
Anaerobically Digested Sludges 



 

R-6 

 
 

 



A l a b a m a
Montgomery Water Works &

Sanitary Sewer Board

A l a s k a
Anchorage Water &

Wastewater Utility
A r i z o n a
Gila Resources
Glendale, City of,

Utilities Department
Mesa, City of
Peoria, City of
Phoenix Water Services

Department
Pima County Wastewater

Management
A r k a n s a s
Little Rock Wastewater Utility

C a l i f o rn i a
Calaveras County Water District
Central Contra Costa

Sanitary District
Corona, City of
Crestline Sanitation District
Delta Diablo

Sanitation District
Dublin San Ramon Services

District
East Bay Dischargers

Authority
East Bay Municipal

Utility District
E a s t e rn Municipal Water District
El Dorado Irrigation District
Fairfield-Suisun Sewer District
Fresno Department of Public

Utilities
Inland Empire Utilities Agency
Irvine Ranch Water District
Las Virgenes Municipal

Water District
Livermore, City of
Lodi, City of
Los Angeles, City of
Napa Sanitation District
Orange County Sanitation

District
Palo Alto, City of
Riverside, City of 
Sacramento Regional County

Sanitation District
San Diego Metropolitan

Wastewater Depart m e n t ,
City of

San Francisco, City & County of
Sanitation Districts of

Los Angeles County
San Jose, City of
Santa Barbara, City of
Santa Cruz, City of
Santa Rosa, City of
South Bayside System

Authority
South Coast Water District

South Orange County
Wastewater Authority

Stege Sanitary District
Sunnyvale, City of
Union Sanitary District
West Valley Sanitation District
C o l o r a d o
Aurora, City of
Boulder, City of
Colorado Springs Utilities
Greeley, City of
Littleton/Englewood Water

Pollution Control Plant
Metro Wastewater

Reclamation District, Denver
C o n n e c t i c u t
The Mattabassett District
Greater New Haven WPCA
District of Columbia
District of Columbia Water &

Sewer Authority
F l o r i d a
Broward, County of
Fort Lauderdale, City of
JEA
Miami-Dade Water &

Sewer Authority
Orange County Utilities

Department
Reedy Creek Improvement

D i s t r i c t
Seminole County

Environmental Services
St. Petersburg, City of
Stuart Public Utilities 
Tallahassee, City of
Tampa, City of
Toho Water Authority
West Palm Beach, City of

G e o rg i a
Atlanta Department of

Watershed Management
Augusta, City of 
Clayton County Water

Authority 
Cobb County Water System
Columbus Water Works
Fulton County 
Gwinnett County Department

of Public Utilities
Savannah, City of

H a w a i i
Honolulu, City & County of

I d a h o
Boise, City of

I l l i n o i s
American Bottoms

Wastewater Treatment Plant
Greater Peoria

Sanitary District
Kankakee River Metropolitan

Agency
Metropolitan Water

Reclamation District of
Greater Chicago

Wheaton Sanitary District

I o w a
Ames, City of
Cedar Rapids Wa s t e w a t e r

F a c i l i t y
Des Moines, City of
Iowa City

K a n s a s
Johnson County Unified

Wastewater Districts
Unified Government of

Wyandotte County/
Kansas City, City of

K e n t u c k y
Louisville & Jefferson County

Metropolitan Sewer District 

L o u i s i a n a
Sewerage & Water Board

of New Orleans

M a i n e
Bangor, City of
Portland Water District

M a ry l a n d
Anne Arundel County Bureau

of Utility Operations
Hagerstown, City of
Howard County Department

of Public Works
Washington Suburban

Sanitary Commission
M a s s a c h u s e t t s
Boston Water & Sewer

Commission
Upper Blackstone Water

Pollution Abatement District

M i c h i g a n
Ann Arbor, City of
Detroit, City of
Holland Board of

Public Works
Lansing, City of
Saginaw, City of
Wayne County Department of

Environment
Wyoming, City of
M i n n e s o t a
Rochester, City of
Western Lake Superior

Sanitary District 
M i s s o u r i
Independence, City of
Kansas City Missouri Water

Services Department
Little Blue Valley Sewer District
Metropolitan St. Louis

Sewer District

N e b r a s k a
Lincoln Wastewater System

N e v a d a
Henderson, City of
Reno, City of

New Jersey
Bergen County Utilities

A u t h o r i t y

Ocean, County of
Passaic Valley Sewerage

Commissioners

New Yo r k
New York City Department of

Environmental Protection

N o rth Caro l i n a
Charlotte/Mecklenburg

Utilities
Durham, City of
Metropolitan Sewerage

District of Buncombe County
Orange Water & Sewer

A u t h o r i t y

O h i o
Akron, City of
Butler County Department of

Environmental Services
Columbus, City of
Metropolitan Sewer District of

Greater Cincinnati
Northeast Ohio Regional

Sewer District
Summit, County of

O k l a h o m a
Tulsa, City of
O re g o n
Clean Water Services
Eugene/Springfield Water

Pollution Control
Water Environment Services

Pennsylvania 
Philadelphia, City of
University Area Joint Authority

South Caro l i n a
Charleston Commissioners of

Public Works
Mount Pleasant Waterworks &

Sewer Commission
S p a rtanburg Sanitary Sewer

D i s t r i c t
Te n n e s s e e
Cleveland, City of
Knoxville Utilities Board
Murfreesboro Water & Sewer

Department
Nashville Metro Wa t e r

S e rv i c e s
Te x a s
Austin, City of
Dallas Water Utilities
Denton, City of 
El Paso Water Utilities
Fort Worth, City of
Gulf Coast Waste Disposal

A u t h o r i t y
Houston, City of
San Antonio Water System
Trinity River Authority

U t a h
Salt Lake City Corporation 

Vi rg i n i a
Alexandria Sanitation

Authority

WA S T E WATER UTILITY



Arlington, County of
Fairfax County
Hampton Roads Sanitation

District
Henrico, County of
Hopewell Regional

Wastewater Treatment
Facility

Loudoun County Sanitation
Authority

Lynchburg Regional WWTP
Prince William County

Service Authority
Richmond, City of
Rivanna Water & Sewer

Authority

Wa s h i n g t o n
Everett, City of
King County Department of

Natural Resources
Seattle Public Utilities
Sunnyside, Port of 
Yakima, City of

Wi s c o n s i n
Green Bay Metro

Sewerage District
Kenosha Water Utility
Madison Metropolitan

Sewerage District
Milwaukee Metropolitan

Sewerage District
Racine, City of
Sheboygan Regional

Wastewater Treatment
Wausau Water Works

A u s t r a l i a
South Australian Water

Corporation
Sydney Water Corporation
Water Corporation of

Western Australia

C a n a d a
Greater Vancouver

Regional District
Regina, City of,

Saskatchewan
Toronto, City of, Ontario
Winnipeg, City of, Manitoba

New Zealand
Watercare Services Limited

United Kingdom
Yorkshire Water Serv i c e s

L i m i t e d

C a l i f o rn i a
Los Angeles, City of,

Department of Public Works
Monterey, City of
San Francisco, City & County of

Santa Rosa, City of

C o l o r a d o
Aurora, City of
Boulder, City of

G e o rg i a
Griffin, City of

I o w a
Cedar Rapids Wa s t e w a t e r

F a c i l i t y
Des Moines, City of

K a n s a s
Overland Park, City of

M a i n e
Portland Water District

M i n n e s o t a
Western Lake Superior

Sanitary District 

N o rth Caro l i n a
Charlotte, City of,

Stormwater Services 

P e n n s y l v a n i a
Philadelphia, City of

Te n n e s s e e
Chattanooga Stormwater

Management

Wa s h i n g t o n
Bellevue Utilities Department
Seattle Public Utilities

Arkansas Department of
Environmental Quality

Fresno Metropolitan Flood
Control District

Kansas Department of Health
& Environment

Kentucky Department of
Environmental Protection

Ohio River Valley Sanitation
Commission

Urban Drainage & Flood
Control District, CO

Abt. Associates
ADS Environmental Services
Alan Plummer & Associates
Alden Research Laboratory Inc.
American Water
Aqua-Aerobic Systems Inc.
Aquateam–Norwegian Water

Technology Centre A/S
ARCADIS
Associated Engineering
Black & Veatch

Blasland, Bouck & Lee Inc.
Boyle Engineering

Corporation
Brown & Caldwell 
Burns & McDonnell
CABE Associates Inc.
The Cadmus Group
Camp Dresser & McKee Inc.
Carollo Engineers Inc.
Carpenter Environmental

Associates Inc. 
CDS Technologies Inc.
Chemtrac Systems Inc.
CH2M HILL
Construction & Environmental

Consulting, Inc.
D&B/Guarino Engineers, LLC
Damon S. Williams

Associates, LLC
Dewling Associates Inc.
Earth Tech Inc.
Ecovation
EMA Inc.
Environ/The ADVENT Group,

Inc.
The Eshelman Company Inc.
EWT Holdings Corporation
F a y, Spofford, & Thorndike Inc.
Freese & Nichols Inc.
ftn Associates Inc.
Fuss & O’Neill Inc.
Gannett Fleming Inc.
Geosyntec Consultants
GHD
Golder Associates Ltd.
Greeley and Hansen LLC
Hazen & Sawyer, P.C.
HDR Engineering Inc.
HNTB Corporation
HydroQual Inc.
Infilco Degremont Inc.
Jacobson Helgoth Consultants

I n c .
Jason Consultants LLC Inc.
Jordan, Jones, & Goulding Inc.
KCI Technologies Inc.
Kelly & Weaver, P.C.
Kennedy/Jenks Consultants
KMK Consultants
Komline Sanderson

Engineering Corporation
Lawler, Matusky & Skelly

Engineers, LLP
Limno-Tech Inc.
Lombardo Associates Inc. 
Malcolm Pirnie Inc.
Material Matters
McKim & Creed
MEC Analytical Systems Inc.
Metcalf & Eddy Inc.
MPR Engineering

Corporation, Inc.

MWH
New England Organics
O’Brien & Gere Engineers Inc.
Odor & Corrosion Technology

Consultants Inc.
Oswald Green, LLC
PA Government Services Inc.
Parametrix Inc.
Parsons
Post, Buckley, Schuh & Jern i g a n
R&D Engineering/Conestoga

Rover & Associates
RMC Inc.
R.M. Towill Corporation 
Ross & Associates Ltd.
Rothberg, Tamburini &

Windsor, Inc.
Royce Technologies
Stantec Consulting Inc.
Stearns & Wheler, LLC
Stone Environmental Inc.
Stormwater360
Stratus Consulting Inc. 
Synagro Technologies Inc.
Tetra Tech Inc.
Trojan Technologies Inc.
Trussell Technologies, Inc.
URS Corporation
USfilter
Wade-Trim Inc.
Westin Engineering Inc.
Weston Solutions Inc.
Woodard & Curran
WRc/D&B, LLC
WWETCO, LLC
Zenon Environmental Inc.
Zoeller Pump Company

American Electric Power
C h e v r o n Texaco Energy

Research & Te c h n o l o g y
C o m p a n y

The Coca-Cola Company
Dow Chemical Company
DuPont Company
Eastman Chemical Company
Eastman Kodak Company
Eli Lilly & Company
Merck & Company Inc.
Premier Chemicals LLC
Procter & Gamble Company
RWE Thames Water Plc
Severn Trent Services Inc.
Suez Environnment
United Water Services LLC

C O R P O R AT E

S T O R M WATER UTILITY

S TAT E

I N D U S T RY

Note: List as of 4/1/06



C h a i r
Vernon D. Lucy
Infilco Degremont Inc.

Vi c e - C h a i r
Dennis M. Diemer, P.E. 
East Bay Municipal Utility 

D i s t r i c t

S e c re t a ry
William J. Bertera
Water Environment 

Federation

Tre a s u re r
James M. Tarpy, J.D.
Metro Water Services

Mary E. Buzby, Ph.D.
Merck & Company Inc.

Mohamed F. Dahab, Ph.D.
University of Nebraska, 

Lincoln

Glen T. Daigger, Ph.D.
CH2M HILL

Robert W. Hite, J.D.
Metro Wastewater 

Reclamation District

Jerry N. Johnson
District of Columbia Water 

& Sewer Authority

Richard D. Kuchenrither, Ph.D.
Black & Veatch Corporation

Alfonso R. Lopez, P.E.
New York City 

Department of 
Environmental Protection

Richard G. Luthy, Ph.D.
Stanford University

Lynn H. Orphan, P.E.
Kennedy/Jenks Consultants

Murli Tolaney, P.E., DEE
MWH

Alan H. Vi c o ry, Jr., P.E., DEE
Ohio River Valley Water

Sanitation Commission

Executive Dire c t o r
Glenn Reinhardt

WERF Board of Directors

WERF Research Council

C h a i r
Glen T. Daigger, Ph.D.
CH2M HILL

Vi c e - C h a i r
Peter J. Ruffier
Eugene/Springfield Water 

Pollution Control

Christine F. Andersen, P.E.
City of Long Beach, 

California

Gail B. Boyd 
URS Corporation

William C. Boyle, Ph.D.
University of Wisconsin

William L. Cairns, Ph.D.
Trojan Technologies Inc.

Robbin W. Finch
Boise City Public Works

Ephraim S. King
U.S. EPA

Mary A. Lappin, P.E.
Kansas City Water 

Services Department

Keith J. Linn
Northeast Ohio Regional 

Sewer District

Brian G. Marengo, P.E.
City of Philadelphia Water 

D e p a rt m e n t

Drew C. McAvoy, Ph.D.
The Procter & Gamble 

C o m p a n y

Margaret H. Nellor, P.E.
Nellor Environmental 

Associates, Inc.

Karen L. Pallansch
Alexandria Sanitation 

Authority

Steven M. Rogowski, P.E.
Metro Wastewater 

Reclamation District
of Denver

Michael W. Sweeney, Ph.D.
EMA Inc.

George Tc h o b a n o g l o u s ,
P h . D .
Tchobanoglous Consulting

Gary Toranzos, Ph.D.
University of Puerto Rico

Ben Urbonas, P.E.
Urban Drainage and

Flood Control District

James Wheeler, P.E.
U.S. EPA





As a benefit of joining the Water Environment Research Foundation, subscribers are entitled to receive one complimentary c o py of all final
r e p o rts and other products.Additional copies are ava i l a ble at cost (usually $10).To order your complimentary c o py of a report, please wri t e
“ f r e e ” in the unit price column.WERF keeps tra ck of all orders.If the charge differs from what is shown here, we will call to confirm the total
b e fore processing.

________________________________________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

Name Title

Organization

Address

City State Zip Code Country

Phone Fax Email

Method of Payment: (All orders must be prepaid.)

q C h e ck or Money Order Enclosed

q V i s a q M a s t e r c a r d q A m e rican Express

______________________________________________________

______________________________________________________

To Order (Subscribers Only):

To Order (Non-Subscribers):

S h i p p i n g & H a n d l i n g :

Amount of Order        United States    Canada & Mexico    All Others

* m i n i mum amount for all orders

Stock #    P r o d u c t Quantity    Unit Price     To t a l

Postage &
Handling

VA Residents Add
4.5% Sales Tax

Canadian Residents
Add 7% GST

Up to but not more than:

More than $200.00

Add:

Add 20% of order

Add:

Add 20% of order

$5.00

5.50

6.00

6.50

7.00

8.00

10.00

12.50

15.00

$8.00

8.00

8.00

14.00

14.00

14.00

21.00

28.00

35.00

Add:

50% of amount

40% of amount

*$20.00

30.00

40.00

50.00

60.00

80.00

100.00

150.00

200.00

W E R F P r o d u c t O r d e r F o r m

Account No. Exp. Date

Signature

TOTAL

Log on to www. we r f.org and click
on the “Product Catalog.”

P h o n e : (703) 684-2470 
Fa x : (703) 299-0742.

WERF
Attn: Subscriber Services
635 Slaters Lane
Alexandria, VA 22314-1177

Non-subscribers may be able to order
WERF publications either through
WEF (www.wef.org) or IWAP
(www.iwapublishing.com).Visit WERF’ s
website at www.werf.org for details.N o t e : Please make checks paya ble to the Water Environment Research Fo u n d a t i o n .

(

7





Water Environment Research Foundation
635 Slaters Lane, Suite 300   Alexandria, VA 22314-1177

Phone: 703-684-2470   Fax: 703-299-0742   Email: werf @ w e rf . o r g
www.werf.org

WERF Stock No. 03CTS13T

June 06

Co-published by

IWA Publishing
Alliance House, 12 Caxton Street
London SW1H 0QS
United Kingdom
Phone: +44 (0)20 7654 5500
Fax: +44 (0)20 7654  5555
Email: publications@iwap.co.uk
Web: www.iwapublishing.com
IWAP ISBN: 1-84339-736-6

03-CTS-13T.qxd  6/2/06  10:57 AM  Page 1 (1,1)


	ACKNOWLEDGMENTS
	ABSTRACT AND BENEFITS
	TABLE OF CONTENTS
	LIST OF TABLES
	LIST OF FIGURES
	LIST OF ACRONYMS
	EXECUTIVE SUMMARY
	CHAPTER 1.0
	CHAPTER 2.0
	CHAPTER 3.0
	CHAPTER 4.0
	CHAPTER 5.0
	REFERENCES



