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ABSTRACT

SELECTIVE QUANTIFICATION OF VIABLE ESCHERICHIA COLI CELLS
IN BIOSOLIDS UPON PROPIDIUM MONOAZIDE TREATMENT BY
QUANTITATIVE PCR

Taskin, Bilgin
Ph. D., Department of Biotechnology
Supervisor: Assoc. Prof. Dr. Ayse Giil Gézen
Co-Supervisor: Assoc. Prof. Dr. Metin Duran

February 2011, 81 pages

Density of fecal coliforms (FC) such as Escherichia coli is the most commonly used
indicator of fecal pathogen content of biosolids. When biosolids are disposed off or
used for soil amendment, they pose public health risks. So far anaerobic digesters
have been considered to be an effective treatment option for pathogen and FC
reduction in biosolids. However, recent studies revealed that there is a significant re-
growth and reactivation of indicator organisms in biosolids upon dewatering by
centrifugation. Although the exact mechanism of FC reactivation is yet to be
understood, a few extensive recent studies strongly suggest that FC go into a viable

but non-culturable (VBNC) state during anaerobic digestion.

Therefore, quantitative detection of live cells among the total in biosolids samples,
without using culturing-based approaches, is highly critical from a public health risk
assessment perspective. Since recent investigations proved the significant re-growth
and reactivation of indicator organisms. Persistence of DNA in the environment after
cell death in the range of days to weeks limits the application of DNA-based

approaches for the detection of live bacteria. Using selective nucleic acid
v



intercalating dyes such as ethidium monoazide (EMA) and propidium monoazide
(PMA) is one of the alternative approaches to detect and quantify the viable cells by
quantitative PCR. These compounds have the ability to penetrate only into dead cells
with compromised membrane integrity. They intercalate in the DNA via photo-
inducible azide groups and in turn inhibit DNA amplification during PCR reactions.
PMA has been successfully used in different studies and microorganisms but it has
not been evaluated sufficiently for the complex environmental samples such as
biosolids. In this study Escherichia coli ATCC 25922 and uidA gene were used as
model organism and as target sequence respectively in absolute quantification
method with real-time PCR. Experiments with the known quantities of live and dead
cell mixtures showed that PMA treatment inhibits PCR amplification from dead cells
with over 99% efficiency. The results of this study conclusively demonstrated that
PMA-modified PCR could be successfully applied to the biosolids when total
suspended solid (TSS) concentration is 2000 mg/L or below.

Keywords: Anacrobic digester, biosolids, Escherichia coli, fecal coliforms,
propidium monoazide, quantitative polymerase chain reaction, total suspended solid,

viable but non-culturable cells (VBNC).
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BiYOKATILARDAKI CANLI ESCHERICHIA COLI MIKTARININ
PROPIDYUM MONOAZID iSLEMI ILE KANTITATIF POLIMERAZ
ZINCIR REAKSIYON (QPCR) YONTEMI KULLANILARAK
BELIRLENMESI

Taskin, Bilgin
Doktora, Biyoteknoloji Boliimii
Tez Yoneticisi: Dog. Dr. Ayse Giil Gozen
Ortak Tez Yoneticisi: Dog. Dr. Metin Duran

Subat 2011, 81 sayfa

Escherichia coli gibi fekal koliformlar atik yada giibre olarak kullanilan
biyokatilarda bulunan ve halk sagligi agisindan 6nem tasiyan diskiya ait patojen
miktarini belirlemede olduk¢a sik kullanilan indikatér mikroorganizmalardir. Yakin
zamana kadar anaerobik 6gilitmenin patojen ve fekal koliform sayisini azaltmakta
kullanilan en etkili yontemlerden biri oldugu diisiiniiliiyordu. Fakat son zamanlardaki
calismalar, c¢ogalabilme yetilerini kaybetmis fakat canli olan indikator
mikroorganizmalarin yliksek hizli santrifiij yontemi ile susuzlastirilan biyokati

orneklerinde yeniden ¢ogalabilme ve aktiflesme sathasina girdigini gostermistir.

Bu nedenle biyokati 6rneklerindeki canli indikatoér mikroorganizmalarin klasik kiiltiir
yontemi kullanilmaksizin 6lii olanlarindan ayirt edilebilmesi ve miktarlarinin
belirlenmesi halk saglig1 acgisindan biiyiik 6nem tagimaktadir. DNA yapisinin hiicre
Olimiinii takiben giinlerce hatta haftalarca bozulmamasi DNA-bazli teknikleri canli
hiicreleri yansitmakta yetersiz birakmaktadir. Ethidiyum monoazid (EMA™) ve
propidyum monoazid (PMA™) gibi boyalar, yiiksek oranda DNA molekiiliine

baglanabilme 6zelligi olan ve sadece hiicre zar1 biitiinliiglinii yitirmis 6lii hiicrelere
vi



niifuz eden fotoreaktif molekiillerdir. Hiicre igerisinde 1s1ga magruz kalarak fotolize
olan PMA™ molekiilleri DNA molekiiliine kovalent bag ile kimyasal olarak
baglanarak zincirleme polimeraz reaksiyonunu (PCR) engellemektedir. Dolayisiyla
PMA™ ile modifiye edilmis 6rneklerin kantitatif zincirleme polimeraz reaksiyonu
(qPCR) sonuglar1 sadece hiicre zari bozulmamis canli hiicreleri yansitacaktir.
Simdiye kadar PMA™ pek cok calismada, farkli mikrorganizmalar kullanilarak test
edilmis olup, biyokat1 gibi kompleks c¢evresel maddelerde yeterince
degerlendirilmemistir. Bu bilgiler dogrultusunda calismalarimiz bioyokatilardaki
canli Escherichia coli ATCC 25922 miktarinin PMA™ modifikasyonu ile uidA geni
hedef alinarak kantitatif polimeraz zincirleme reaksiyonu yontemi kullanilarak
belirlenmesini icermektedir. Calismalarimiz belirli ve bilinen oranlarda canli ve 6li
hiicre igeren karisimlarda PMA uygulamasinin 6l hiicrelerden gelen amplifikasyonu
% 99 oraninda inhibe ettigini gostermistir. Ayrica PMA uygulamali kantitatif
polimeraz zincirleme reaksiyon yonteminin 2000 mg/L ve alt1 toplam askida kati
madde iceren biyokati Orneklerine de basariyla uygulanabilecegi ilk defa

gosterilmistir.
Anahtar Kelimeler: Anaerobik o6giitiicli, askida kat1 madde, biyokati, canli fakat

kiiltir edilemeyen hiicreler, Escherichia coli, fekal koliform, kantitatif polimeraz

zincirleme reaksiyonu, propidyum monoazid.
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CHAPTER 1

INTRODUCTION

1.1. What are biosolids?

“Municipal wastewater is the water-carried wastes originating in the sewage systems
of dwelling areas, industrial facilities and institutions. Untreated waste-water
generally contains high levels of organic material, numerous pathogenic
microorganisms, as well as nutrients and toxic compounds. It thus presents
environmental and health hazards and, consequently, must immediately be conveyed
away from its generation sources and treated appropriately before final disposal. The
ultimate goal of waste-water management is the protection of the environment in a
manner commensurate with public health and socio-economic concerns” (Metcalf

and Eddy, 1991).

All wastewater treatment processes aim to eliminate undesirable constituents in
wastewater and making these materials safe for further processing and disposal.
Solids removed from primary and secondary clarifiers by wastewater treatment
processes are collectively called sewage sludge. The term biosolids is the new name
for stabilized sewage sludge. Biosolids are treated wastewater derived organic
residues from municipal wastewater treatment plants available for safe recycling as a
soil amendment (Wang et al., 2008). Since biosolids are obtained through
stabilization treatments, they are different from the other types of sludge that cannot

be used for beneficial applications and disposal.



1.2. How are biosolids produced?

Wastewater treatment methods can be classified into physical, chemical and
biological processes. Biosolids are produced primarily through biological treatment
of wastewater. Physical and chemical processes are often additionally employed to
improve the biosolids handling, the economic value of land application, and reduce
the potential risks for public health and environmental practices (Fig. 1.1). Common
treatment processes and their effects on biosolids properties and land application

practices are summarized in Table 1.1 (Evanylo, 1999b).

Domestic Wastewater Commercial Wastewater  Industrial Wastewater

S |

| Municipal Wastewater
A Screenings and grit
Conventional Wastewater Treatment to landfill
*Screening and gnl removal
*Pnmary, Secondary, and Tertiary treatment
Effluent fo surface
Sewage Sludge or groundwater

\

/Stabilizaﬁon

-Alkaline stabilization
-Anaerobic digestion
-Aerobic digestion Disposal
-Composfing *Incineralion
Heal drying & *Surface disposal
pellefizing *Landfill
-Other
Dewalering
A dnay Land Application/
-Vacuum filters i T
Centrifuges Public Distribution
-Belt filter presses

\ -Plate and frame /

Figure 1.1. Biosolids production (National Research Council. 2002. Biosolids

Applied to Land: Advancing Standards and Practices)



Table 1.1. Description of various wastewater and biosolids treatment processes and
methods and their effects on land application practices (Evanylo, 1999b. Adapted
from U.S. EPA, 1984).

aerobic)

organic matter to carbon
dioxide, water, and

and attractiveness of the
material to vectors (disease-

Process/Method Process Definition Effect on Biosolids Effect on Land
Application Process
Wastewater treatment process
Thickening Low force separation of | Increase solids content by Lowers transportation
water and solids by removing water. costs.
gravity, flotation, or
centrifugation.
Stabilization methods
Digestion Biological stabilization Reduces biological oxygen | Reduces the quantity
(anaerobic and/or | through conversion of demand, pathogen density, | of biosolids.

increasing temperature of
solids during wastewater
treatment.

eliminates most of water.

methane. spreading organisms).
Alkaline Stabilization through the | Raises pH. Temporarily High pH immobilizes
stabilization addition of alkaline decreases biological metals as long as pH
materials (e.g., lime, kiln | activity. Reduces pathogen | levels are maintained.
dust). density and attractiveness
of the material to vectors.
Heat Drying Drying of biosolids by Destroys pathogens, Greatly reduces

sludge volume.

Chemical and physical processes that enhance the handling of stabilized biosolids

biological stabilization in
a windrow, aerated static
pile, or vessel.

destroys most pathogens,
and degrades sludge to
humus-like material.

Conditioning Processes that cause Improves sludge The ease of spreading
biosolids to coagulate to | dewatering characteristics. | may be reduced by
aid in the separation of May increase dry solids treating biosolids with
water. mass and improve polymers.

stabilization.

Dewatering High force separation of | Increase solids Reduces land
water and solids. concentration to 15% to requirements and
Methods include vacuum | 45%. Lowers N and lowers transportation
filters, centrifuges, filter | potassium (K) costs.
and belt presses, etc. concentrations. Improves

ease of handling.
Advanced stabilization method
Composting Aerobic, thermophilic, Lowers biological activity, | Excellent soil

conditioning
properties. Contains
less plant available N
than other biosolids.

In United States, Environmental Protection Agency (USEPA) categorized biosolids
into two groups on the basis of pathogen content: Class A and Class B. In Class A
biosolids the number of pathogens is below the detectable levels and can be used
without any pathogen-related restrictions at the application site. Class A biosolids
can also be sold to the public, if other requirements are met. Class B biosolids; on the
other hand; generally have detectable concentrations of pathogens following sludge

stabilization. Additional site restrictions are intended to prevent crop harvesting,

3



animal grazing, and public access for a certain period of time until environmental
factors such as heat, sunlight, and desiccation, have reduced pathogens further. Class
B biosolids cannot be sold or given away in bags or used at sites allowed to public

use (USEPA 1994).

1.3. Applications of biosolids

The fate of biosolids is either beneficial use or disposal. Since it is an inevitable by-
product of the wastewater treatment and generated in high quantities, effective
biosolids management is crucial. According to USEPA “Biosolids Generation, Use,
and Disposal in The United States” report (EPA, 1999), the total production of
biosolids in the U.S. reached 8.2 million U.S. tons dry weight per year by 2010. Of

this amount, the beneficial use of biosolids in 2010 was around 70%.

There are several options for the disposal or beneficial use of biosolids. Most
common disposal methods are incineration and landfilling. Incineration is the
combustion of the biosolids used as an energy recovery and waste minimization
method where biosolids converted to ash. Ash from the process is landfilled, which
significantly reduces the waste volume requiring disposal. However, since an
external energy supply is used to dry and combust dewatered biosolids, incineration
may be considered as a waste minimization way rather than energy generation
(Brown, 2007; Wang et al., 2008). The other option is the landfill disposal which is
the simplest handling solution, by concentrating the biosolid in a single location.
However, buried organic wastes produce greenhouse gas methane upon anaerobic
decomposition. Also, the potential benefits of the organic matter and plant nutrients

in the biosolids are lost with landfilling. (Evanylo, 1999b).

Currently beneficial use is favored rather than disposal. Actually, disposal itself is
becoming difficult because of reduced land availability, increasing compliance costs,
public opposition and greenhouse gas emission (USEPA, 1994; CEC, 2000). The
most common beneficial use of biosolids is land application as fertilizer or soil

amendment. Biosolids improve mineral status of soil because of their high nitrogen

4



(N) and phosphorous (P) content. As an alternative to disposal by landfilling or
incineration, land application of biosolids recycles soil-enhancing constituents such
as plant nutrients and organic matter. Biosolids can be applied directly which is
called direct land application used in agriculture, forestry and reclamation. Also
biosolids can be applied to the land after the processes such as composting and heat
drying. These kinds of applications produce the drier form of the biosolids
facilitating packaging and shipping for long distance transportation (Epstein, 2003).

1.4. Health effects and environmental impacts of biosolids

Although, there is a growing beneficial reuse of biosolids in land application, the
potential health risks due to pathogen presence, heavy metal accumulation and odor
problems have led to the concerns about potential contamination of water resources,

soil and the food chain.

Wastewater contains human, animal, and plant pathogens causing viral, bacterial, or
parasitic protozoa and animal infections. These pathogens may affect human
populations in different ways, including direct contact, contamination of food crops
and zoonoses. Pathogens may also be spread by vectors (animals capable of
transporting pathogens) such as insects and birds. The diversity and numbers of
pathogens in biosolids vary with the level of endemic disease in the community,
discharges from commercial activities, and seasonal factors (Godfree and Farrell,
2005). Wastewater treatment is supposed to reduce number of pathogens in the

wastewater by using biological, chemical and physical stabilization techniques.

Bacteria, enteric viruses, protozoa and helminths (nematodes, cestodes etc.) are the
four major groups of pathogens found in wastewater and biosolids (Sidhu and Toze,
2009). Among them viruses, protozoa and helminths are obligatory parasites, cannot
regrow outside their specific host organism(s) and unable to multiply in biosolids, on
the other hand, bacteria are most likely to multiply under favorable conditions. The
inactivation of pathogens in the biosolids depends on multiple factors such as

temperature, moisture content, competition from indigenous microflora, pH, sunlight



and oxygen imposed by the wastewater treatment processes. The degree of influence
of these factors can vary from pathogen to pathogen and with the type of sludge
treatment (USEPA, 2003). Table 1.2 lists principal pathogens of concern in
municipal wastewater and sewage sludge, along with the associated disease(s) for

each organism.

Another constituent of biosolids is heavy metals. The presence of heavy metals in the
biosolids limits its use as a fertilizer. The repeated application of biosolids may
release heavy metals in the soil, caused by extensive decomposition of organic
compounds. This results in an accumulation of heavy metals in the food chain above
a certain threshold, ultimately affecting human health (Pathak et al., 2009). Indeed,
the accumulation of heavy metals in the soil (Ozores-Hampton et al., 2005) and in
the crops grown on the soil amended with sludge has been reported by Wei and Liu

(2005).

In addition, public concern over odors from sewage treatment facilities is increasing.
Development around existing facilities or construction of new ones increased
awareness of both the environment and individual rights. In some cases, biosolids
could lead to strong unpleasant odor in vicinity of the application sites and biosolids
recycle facilities, which increase the public concern on potential health effects of

biosolids (Higgins et al., 2006¢; Erdal et al., 2003; Gostelow et al., 2000).



Table 1.2. Principal Pathogens of Concern in Domestic Sewage and Sewage Sludge

(USEPA, 2003; Kowal,1985).

Organism Disease/Symptoms

Bacteria

Salmonella sp. salmonellosis (food poisoning),
typhoid

Shigella sp. bacillary dysentery

Yersinia sp. acute gastroenteritis (diarrhea,

Vibrio cholera
Campylobacter jejuni

abdominal pain)
cholera
gastroenteritis

Escherichia coli (pathogenic strains) ~ gastroenteritis

Enteric Viruses
Hepatitis A virus
Norwalk and
Norwalk-like viruses
Rotaviruses
Enteroviruses
Polioviruses
Coxsackieviruses
Echoviruses
Reovirus
Astroviruses
Caliciviruses

Protozoa
Cryptosporidium
Entamoeba histolytica
Giardia lamblia

Balantidium coli
Toxoplasma gondii

Helminth worms
Ascaris lumbricoides
Ascaris suum
Trichuris trichiura

Toxocara canis

Taenia saginafa
Taenia solium
Necator americanus
Hymenolepis nana

infectious hepatitis

epidemic gastroenteritis with severe
diarrhea

acute gastroenteritis with severe
diarrhea

poliomyelitis

meningitis, pneumonia, hepatitis,
fever, cold-like symptoms, etc.
meningitis, paralysis, encephalitis,
fever, cold-like symptoms, diarrhea, etc.
respiratory infections, gastroenteritis

gastroenteritis, cryptosporidiosis
acute enteritis

giardiasis (diarrhea and abdominal
cramps)

diarrhea, dysentery

toxoplasmosis

digestive disturbances, abdominal pain
coughing, chest pain

abdominal pain, diarrhea, anemia,
weight loss

fever, abdominal discomfort, muscle
aches

nervousness, insomnia, anorexia
nervousness, insomnia, anorexia
hookworm disease

taeniasis
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1.5. Escherichia coli as an indicator organism

Simultaneous detection and quantification of each pathogenic microorganism in
biosolids seems improbable due to the lack of specific identification techniques for
all of them. Also, since some of the pathogens in biosolids represented in low
numbers, quantification of them becomes costly, labor intensive and time consuming.
Therefore, use of indicator microorganisms which are always present in fecal matter
as a representative group of pathogens increases the feasibility. The ideal indicator
microorganisms are ones that have been found to respond to treatment processes and
environmental conditions in a manner similar to other pathogenic organisms.
Indicator microorganisms should have some of the following properties; i) be
consistently present in feces, ii) unable to multiply outside the host, iii) be as
resistant as the pathogen to inactivation by environmental conditions and
disinfection, iv) have a strong association with the presence of pathogenic
microorganisms, and v) allow easy detection and quantification without providing
false positive results. There is no single group of microorganisms meeting all the
criteria. However, fecal coliforms (FC) and fecal streptococci (FS) have most of the
previously described properties providing information about the survival of the

pathogens as a whole. (Sidhu and Toze, 2009; Hurst et al., 2002).

Coliform bacteria are present in the environment and in the feces of all warm-
blooded animals and humans. They are rod-shaped, Gram-negative and non-spore
forming bacteria. The total coliform group is a large collection of different kinds of
bacteria including Escherichia, Citrobacter, Klebsiella and Enterobacter genera.
Fecal coliforms are types of total coliform that mostly exist in feces. E. coli is a sub-
group of fecal coliform (Fig. 1.2). Although fecal coliforms themselves are usually
not harmful to humans, their presence indicates the presence of fecal contamination.
These bacteria are commonly used as indicators of the potential presence of
pathogens in sewage sludges. They are abundant in human feces and, therefore, are
always present in untreated sewage sludges. Their identification and measurement
are easy and inexpensive, and their number decline in about the same proportion as

enteric bacterial pathogens when exposed sludge processing (USEPA, 2003).



Alternatives to fecal coliform as an indicator organism are often proposed and
evaluated. For example, Wheeler et al. (2002) suggested Enterococcus faecalis as a
good candidate bacterium because it appears to have a host range limited to humans
and a few other animals. Also, Viau and Peccia (2009) showed that enterococci are
more conservative indicator of pathogen inactivation than fecal coliform. However,
they also found that current enterococci culture-based assays have the potential to
isolate non-enterococci bacteria common in biosolids. Nevertheless, qPCR with
Enterococci is a promising technique for regular monitoring and research in
biosolids. Similarly Clostridium spores are highly resistant to water treatment
process and persist longer than E. coli and oo(cysts) of Cryptosporidium and Giardia
(Horman et al.,, 2004, Payment and Franko, 1993). Therefore, spores of C.
perfringens may be one of the most conservative indicators of biosolids and their
inactivation during a treatment process certainly indicates absence of pathogenic
bacteria. However, Payment et al. (2001) observed no reduction in enteric virus
numbers even after a 50% reduction in C. perfringens spores during the wastewater
treatment suggesting that C. perfringens is of limited value as an indicator viral

inactivation.

Total Coliforms

Fecal Coliforms

Figure 1.2. E. coli is a sub-group of the fecal coliform bacteria. Majority of E. coli
strains are not pathogenic and are found in the intestines of people and warm-
blooded animals. Some strains, however, can cause illness. The presence of E. coli in
biosolids sample indicates recent fecal contamination implying that pathogens are

present.



1.6. Reactivation and regrowth of indicator bacteria in anaerobically digested

biosolids after centrifuge dewatering

Anaerobic digestion is one of the effective forms of biological wastewater treatment.
This biological process includes large numbers of anaerobic bacteria and archaea
which convert organic matter into methane and carbon dioxide (a mixture called
biogas) in the absence of air. This process stabilizes sewage sludge by reducing
pathogens, odors and the total solids/sludge quantity. Advantages of anaerobic
treatment as compared to aerobic treatment include the elimination of aeration cost,
the ability to recover biogas for energy production and low sludge yield. Anaerobic
digestion can be carried on under mesophilic or thermophilic conditions. Mesophilic
digestion is achieved at temperatures between 30 and 38 °C, whereas thermophilic
one is carried on at temperatures between 50 and 60 °C (Epstein, 2003; USEPA,
2006).

However, during the last few decades, sudden increases in indicator organisms in
anaerobically digested biosolids immediately after dewatering processes and
subsequent increases in indicator organisms during dewatered biosolids cake storage
were reported (Iranpour et al., 2002; Iranpour et al., 2003; Monteleone et al., 2004;
Erdal et al., 2003; Qi et al., 2004; Qi et al., 2008; Hendrickson et al., 2004; Higgins
et al., 2006a; Higgins et al., 2008).

Dewatering is the removal of water from biosolids which is applied after biosolids
treatment to achieve overall volume reduction and increasing the solids
concentration. There are various dewatering processes in wastewater engineering
such as centrifuging, use of belt filter press, vacuum filtering and drying (McFarland,
2000). Among these four techniques, reactivation and regrowth phenomena are
observed in high speed centrifuge dewatering. The two terms, reactivation and
regrowth, are used to explain the increase in number of indicator organisms, mainly
fecal coliforms (FC) and E. coli during the centrifuge dewatering and storage of
biosolids. In practice, reactivation is referred to an apparent sudden increase (SI) in
FC and E. coli densities in the biosolids immediately after centrifugation at a rate

higher than their doubling time under ideal conditions. On the other hand, regrowth
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has been regarded as an additional increase in FC or E. coli density in dewatered
biosolids during further storage at a rate that is the same or slower than the actual

doubling rate of E. coli, about 20 minutes or less under ideal conditions (Alanya et

al., 2009).

Figure 1.3 shows the result of a research indicating the difference between regrowth
and reactivation phenomena where the results of FC densities came from a full-scale
wastewater treatment with a thermophilic digestion process for biosolids
stabilization. The FC density before centrifuge was around 10° most probable
number (MPN) per gram of dry solids (DS) and then increased to 10° MPN/g DS
immediately after dewatering. A three log increase in FC density within a few hours
between digestion and dewatering cannot be explained by regrowth alone compared
to typical doubling time, 20 min for E. coli. Therefore, this sudden increase is
regarded as reactivation rather than regrowth. In addition, the FC density continued
to increase during the storage of the dewatered biosolids which is now appropriately

called regrowth (Higgins et al., 2008).

Regrowth

Sudden
Increase

Figure 1.3. Changing in FC densities during dewatering process of biosolid sample

representing reactivation and regrowth phenomena (Higgins et al., 2008).
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Several other recent studies have reported reactivation of FC and E. coli after high
speed centrifuge dewatering. For example, Erdal et al. (2003) reported that fecal
coliforms (FC) density exceeded Class B standards (greater than 2*10° CFU per
gram total solids at the time of use) if biosolids, treated by a mesophilic digester, is
dewatered using high-speed centrifuge. On the other hand, there was no change in
FC density levels in the samples where a belt filter press was used for dewatering. In
addition, it has been determined that the magnitude of increase in coliform density is
greater when biosolids are digested thermophilically (WERF, 2008). The increase in
FC density in thermophilically digested biosolids reached 4-5 logs whereas it was
less than 1 log in biosolids digested mesophilically (Alanya, 2009).

Although the exact mechanism of FC reactivation is not yet fully understood, a few
extensive recent work strongly suggest FC going into a viable but non-culturable
(VBNC) state during anacrobic digestion (Higgins et al., 2007; Higgins et al., 2008;
Qi et al., 2007). Bacteria in VBNC state cannot grow on bacteriological media on
which they would normally grow and form colonies, but are still alive. Despite their
typically low levels of metabolic activity, they can be culturable upon resuscitation.
Most researchers believe that it is a survival strategy in response to stress conditions.
The number of species described to enter the VBNC state constantly increases
including a large number of human pathogens; Campylobacter spp., E. coli
(including EHEC strains), Helicobacter pylori, Legionella pneumophila, Listeria
monocytogenes, Mycobacterium tuberculosis, Pseudomonas aeruginosa, several
Salmonella and Shigella spp. and numerous pathogenic Vibrio spp. (Table 1.3)
(Oliver, 2010).
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Table 1.3. Pathogens known to enter the VBNC state (Oliver, 2010).

Aeromonas hydrophila

Helicobacter pylori

Serratia marcescens

A. salmonicida

Klebsiella aerogenes

Shigella dysenteriae

Agrobacterium tumefaciens

K. pneumoniae

S. flexneri

Burkholderia cepacia

K. planticola

S. sonnei

B. pseudomallei

Legionella pneumophila

Streptococcus faecalis

Campylobacter coli

Listeria monocytogenes

Vibrio alginolyticus

C. jejuni Mycobacterium tuberculosis V. anguillarum

C. lari M. smegmatis V. campbellii

Cytophaga allerginae Pasteurella piscicida V. cholerae

Enterobacter aerogenes Pseudomonas aeruginosa V. harveyi

E. cloacae P. syringae V. mimicus
Enterococcus faecalis Ralstonia solanacearum V. parahaemolyticus

E. hirae Rhizobium leguminosarum V. shiloi

E. faecium R. meliloti V. vulnificus (types 1 & 2)

Erwinia amylovora

Salmonella enterica

Xanthomonas campestris

Escherichia coli (including

S. typhi

X. axonopodis pv. citri

EHEC)

How the bacteria enter a non-culturable state is not certain. However some chemical
and environmental factors have been reported to induce the VBNC state for over 25
years. These factors include starvation (Cook and Bolster, 2007), temperature effect
(e.g. Besnard et al., 2002), oxidative and osmotic stresses (e.g. Asakura et al., 2008),
common food preservatives (e.g. Cunningham et al., 2009), heavy metals (Ghezzi
and Steck, 1999) and visible light effect (Gourmelon et al., 1994). In addition,
changes in the cellular traits of the bacteria in VBNC state as a result of these
chemical and environmental stresses have been studied in several researches.
Signoretto et al. (2002), for example, showed biochemical changes in the cell walls
of E.coli in VBNC state. They reported a threefold increase in DAP-DAP cross-
linking, an increase in mucopeptides bearing a covalently bound lipoprotein, and a
shortening of the average length of glycan strands in comparison with vegetative
cells. Also proteomics studies revealed the drastic changes in proteome profiles
between the bacteria in VBNC state and the same ones in actively growing stages

(Muela et al., 2008; Heim et al., 2002).

Also the mechanism by which E. coli and FC are reactivated during dewatering is not
clear. Several studies investigated the potential reasons and their effects on
reactivation of FC. Iranpour et al. (2002) observed that laboratory centrifugation of

the liquid solids did not result in reactivation or regrowth, suggesting that the g force
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alone is not the primary factor causing reactivation. Therefore, reactivation and/or
regrowth could be a result of the greater solids content associated with centrifugation
or possibly the shear associated with centrifuge dewatering (Higgins et al., 2007).
Reissbrodt et al. (2002) indicated that addition of autoinducers to the media resulted
in a significant increase in the numbers of VBNC bacteria suggesting that the release
of growth factors such as autoinducers by shearing during centrifugation which may
resuscitate or reactivate the bacteria after dewatering. To test this theory Higgins et
al. (2007) investigated the effect of adding centrate and/or polymer back to digester
effluent. In both of the cases, bacterial enumeration increased. The results supported
the hypothesis that components in the centrate and/or polymer may take role in
resuscitation or reactivation of the bacteria to make them culturable, therefore, these

inducing agents may be released during centrifuge dewatering.

1.7. Detection and quantification of viable indicator organisms in biosolids

The detection and quantification of indicator bacteria such as E. coli are the key for
the prevention and identification of problems in biosolids related to health and safety.
Since viable portion of the bacterial community is likely a threat to public health,
developing a method to quantify only viable cells is imperative. The ideal method
must be accurate, rapid and easy to perform. Current detection and enumaration

methods can be divided into three catagories:

1.7.1. Culture-dependent methods

Using different selective media for particular indicator bacterial species is the oldest
detection and quantification technique and remains to be the standard detection
method. Traditionally, the multiple-tube fermentation most probable number (MPN)
technique and the membrane filter (MF) technique are used for the detection and
quantification of FCs or E. coli. Detection is carried out using optical methods
(APHA, 1998). The chromogenic nature of the the differantial media such as E. coli

mTEC agar make detection and enumaration easier (Fig. 1.4).
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However, in some cases culturing medhods is time consuming and often expensive.
For example, Campylobacter needs between 14 and 16 days for confirmation of a
positive result (Lazcka et al., 2007). Also as mentioned in previous section, many
bacteria including FCs and E. coli enter viable but non-culturable state (VBNC) and

hence cannot be detected with culture dependent techniques.

Figure 1.4. mTEC agar. Escherichia coli produces yellow or yellow-brown colonies
on mTEC agar (USEPA, 2006).

1.7.2. Microscopy

Several methods using microscopy have been proposed as alternatives to plate counts
to enumerate viable bacteria. One of these methods which has been widely used for
over ten years is the LIVE/DEAD BacLight viability kit (Molecular Probes Inc.,
Eugene, Oreg.). It was developed to differentiate live and dead bacteria based on
plasma membrane permeability (Virta et al., 1998). BacLight includes two nucleic
acid-binding stains: SYTO 9™ and propidium iodide (PI). SYTO 9™ penetrates all
bacterial cells and stains the cells green, on the other hand, propidium iodide only
penetrates cells with damaged membranes, and the combination of the two stains
produces red fluorescing cells (Jepras et al., 1995; Boulos et al., 1999). Thus,
bacterial cells with compromised membranes, considered dead, fluoresce red and
those with intact membranes, considered alive, fluoresce green (Fig. 1.5). However,
since this method is not selective, differantiation of specific bacterial species from
other related species is not possible. Also, several recent studies including these

stains and flow cytometry indicated that the staining of bacterial cells with SYTO9
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and PI does not always differentiate between distinct "live" and "dead" populations,
intermediate states are also observed (Hoefe et al., 2003; Joux and Lebaron, 2000;

Berney et al., 2007).

Fluorescent in situ hybridization (FISH) has also been used for detection of enteric
bacteria in biosolids and environmental samples by flourescence microscopy
techniques (Langendijk et al., 1995; Tay et al., 2001; Stender et al., 2001 ). It is used
to detect specific RNA or DNA sequences in situ with fluorescently labeled
oligonucleotide probes. Although FISH has many advantages, analysis of FISH
images remains controversial. Different experiments may give different intensities of
positive signals even for the same sample due to several factors such as the
hybridization conditions and the image acquisition parameters. Also, many types of
environmental samples have additional problems due to the presence of cell

aggregates and nonuniform background fluorescence (Zhou et al., 2007).

Flow cytometry is another alternative method of quantification viable cells based on
determining the amount of fluorescent stains taken up by each cell in a population.
Flow cytometry can be described as automated microscopy that has the advantages
of automation, objectivity and speed. Flow cytometers analyzes multiple physical
characteristics of single particles, usually cells, as they flow in a fluid stream through
a beam of light (Veal et al., 2000). Quantitative measurements of the dye uptake by
many thousands of cells can be achieved within a few minutes. (Steen, 2000; Porter
et al., 1997). Altough this technique is well established and has advantages, counting
of a small number of bacteria due to lack of amplification step and inability of

specifying individual species are the drawbacks (Nocker and Camper, 2006).
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Figure 1.5. Viability of a mixture of Micrococcus luteus and Bacillus cereus
assessed using reagents in the LIVE/DEAD® BacLight™ Bacterial Viability Kits
(http://www.invitrogen.com/site/us/en/home/support/Research-Tools/Image-
Gallery/Image-Detail.2540.html).

1.7.3. Nucleic acid-based methods

Molecular methods targeting DNA and RNA molecules have been introduced for
detection and quantification of indicator organisms in environmental samples.
Experiments utilising the polymerase chain reaction (PCR) have become important
tool to detect and enumerate bacterial species. Specific PCR assays have been
developed for detecting E. coli in environmental samples targeting genes such as:
lacZ and lamB (Bej et al., 1990); uidA (Bej et al., 1991); 16S rRNA (Tsen et al.,
1998); gadAB (Grant et al., 2001); and cyd (Horachova et al., 2006).

The development of real-time quantitative PCR (Q-PCR) has made quantitative
enumeration of genes more rapid and sensitive as they are amplified in real-time
(Heid et al., 1996). Q-PCR assays targeting specific genes such as eae gene (Artz et
al., 20006), stx1, stx2 and eae genes in multiplex Q-PCR reactions (Ibekwe et al.,
2002), lacZ gene (Foulds et al., 2002); and uidA gene (Frahm and Obst, 2003) have
been investigated for E. coli in environmental samples. Recently, Chen et al. (2006)
developed a conventional PCR method for more accurate E. coli quantification in

biosolids.
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However, prolonged persistence of DNA after cell death is a concern for application
of such methods as DNA from dead cells can result in false-positive identification
and overestimation of potential health risks (Josephson et al., 1993; Masters et al.,
1994).

Another option is use of messenger RNA (mRNA) for quantification of indicator
organisms in environmental samples. The most commonly used amplification
technique for detecting mRNA is reverse transcriptase PCR (RT-PCR). RT-PCR is a
two-stage process, in which mRNA molecules are first converted into a
complementary DNA (cDNA), either using random hexanucleotide primers or
sequence-specific primers. The cDNAs may then be used to generate a second-strand
cDNA, or serve directly as a template for a PCR, resulting in amplification and
quantification of the original target gene. However, it was shown that like DNA,
mRNA molecules may persist in a detectable form for many hours after cell death

(Birch et al., 2001; Keer and Birch, 2003).

1.8. A novel approach for quantification of viable cells: Q-PCR with propidium

monoazide (PMA) modification

1.8.1. Real-Time Q-PCR

Real-time quantitative PCR (Q-PCR) is a reliable detection and quantitative method
of products produced during each cycle of the polymerase chain reaction (PCR)
which are directly proportional to the amount of starting template. To detect and
quantify the accumulation of PCR product, it is necessary to capture the fluorescent

signal generated during the PCR reactions by the instrument (Ginzinger, 2002).

In Q-PCR, DNA amplification is monitored at each cycle of PCR. The point at which
the fluorescence becomes measurable and above the background is called the
threshold cycle (Ct) (Fig. 1.6a). By using multiple dilutions of a known amount of

standard DNA, a standard curve can be generated of log concentration against Ct.
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The amount of DNA or cDNA in an unknown sample can then be calculated from its

Ct value (Fig. 1.6b).

Two types of detection chemistries are used for quantitative PCR. The first uses a
DNA-binding dye which binds to all double-stranded (ds)DNA, causing fluorescence
of the dye. An increase in PCR product during reactions leads to an increase in
fluorescence intensity and is measured at each cycle, thus allowing DNA
concentrations to be quantified. Of these fluorescent dyes, SYBR®™ Green I dye is the
most common one. However, SYBR Green binds to all dsSDNA molecules, including
nonspecific PCR products such as primer dimers. This can prevent accurate

quantification of the target sequence.

The second method applies probe-based quantitation using sequence specific DNA-
based fluorescent reporter probes; TagMan® probes, Molecular Beacons™, or
Scorpion primers. The oligonucleotide is labeled with a fluorescent dye and
quencher. The oligonucleotide itself has no significant fluorescence, but fluoresces
either when annealed to the template (as in molecular beacons) or when the probe is
brokendown by the 5' to 3' exonuclease activity of the Taq polymerase breaking the
reporter-quencher proximity and thus allows unquenched emission of fluorescence
during extension (as in TagMan probes) (Fig.1.7) (http://www.sigmaaldrich.com/life-
science/molecular-biology/molecular-biology-products.html?TablePage=9620611).

When calculating the results of qPCR experiment, either absolute or relative
quantification are used. In absolute quantification using the standard curve method,
unknowns are quantitated by interpolating their quantity from a standard curve. In
relative quantification, gene copy numbers or changes in gene expression are
extrapolated in a given sample relative to another reference sample
(http://www.appliedbiosystems.com/absite/en/home/applications-technologies/real-

time-pcr/absolute-vs-relative-quantitation.html).
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Figure 1.6. (a) Amplification plot which displays fluorescence signal versus cycle
number. (b) Standard curve constructed from the reference target sequence of known
concentration. This curve is then used as a reference standard for calculating the
amount of target sequence of unknown concentrations.
(http://www?3.appliedbiosystems.com/cms/groups/mcb_support/documents/generaldo

cuments/cms_041436.pdf).
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Figure 1.7. TagMan probe chemistry mechanism (Koch, 2004).

1.8.2. Q-PCR with propidium monoazide (PMA) modification

In the last few years, new, alternative DNA-based techniques have been introduced.
One of those methods includes removing free, extracellular DNA and DNA of dead
bacterial cells during DNA extraction by using photo-inducible nucleic acid binding
dyes such as ethidium monoazide (EMA) or propidium monoazide (PMA) (Bae and
Wuertz, 2009; Nocker and Camper, 2006; Nocker et al., 2006; Rudi et al., 2005;
Wagner et al., 2008). However, use of EMA prior to DNA extraction has been found
to result in a significant loss of genomic DNA from viable cells in the case of
Escherichia coli 0157:H7, Campylobacter jejuni and Listeria monocytogenes (Flekna
et al., 2007; Nocker and Camper, 2006). On the other hand, PMA has been proposed
as a more selective dye discriminating dead bacterial cells and viable cells ostensibly

due to higher positive charge (Nocker et al., 2006).
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PMA preferentially binds to dsDNA with high affinity. Upon photolysis, the
photoreactive azido group on the dye is converted to a highly reactive nitrene radical,
which readily reacts with any hydrocarbon moiety at the binding site to form a stable
covalent nitrogen-carbon bond resulting in permanent DNA modification (Fig. 1.8).
The dye is nearly completely cell membrane-impermeable, and thus can be
selectively used to modify only exposed DNA from dead cells while leaving DNA
from viable cells intact. This results in blocking subsequent amplification of
modified target DNA sequences by PCR. This feature makes the dye highly useful in
the selective detection and quantification of viable cells by quantitative real-time
PCR in the presence dead cells whose DNA has been PMA-modified and thus cannot
be amplified (Fig. 1.9) (Nocker et al., 2006).
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Figure 1.8. Principle of nucleic acid modification by PMA™
(http://www.biotium.com/product/product_info/Protocol/PI-40013.pdf).
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Figure 1.9. Selective detection of live cells by qPCR with PMA modification
(Nocker et al., 2006).

Quantitative PCR with PMA modification has been successfully used in a number of
studies for different microorganisms. For example, Cawthorn and Witthuhn (2008)
optimized a PCR-based method for selective detection of only viable Enterobacter
sakazakii cells in the presence of dead cells, utilizing propidium monoazide (PMA)
or ethidium bromide monoazide. Fittipaldi et al. (2010) applied PMA pre-treatment
for differentiation of non-infectious T4 viruses from infectious ones in cases of
significant damage to the integrity of the viral capsid. Kobayashi et al. (2009)
indicated that PMA inhibited detection of dead Staphylococcus aureus and
Staphylococcus epidermitis cells, and the qPCR results reflected the number of intact
bacteria without being affected by the presence of the dead bacteria. Pan and Breidt
(2007) demonstrated the optimum conditions for PMA treatment for enumeration of
viable Listeria monocytogenes in the population and the ones removed from
biofilms. Parshionikar et al. (2010) used PMA in conjunction with Reverse
Transcriptase PCR (PMA-RT-PCR) to distinguish between infectious and
noninfectious enteric RNA viruses such as coxsackievirus, poliovirus, echovirus, and
norwalk virus in water samples. Vesper et al. (2008) studied quantifying fungal

viability in air and water samples using quantitative PCR after treatment with PMA
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and indicated that QPCR analysis was consistent with estimates of viability based on
culturing. Nocker et al. (2006) examined E. coli 0157:H7 (as a representative gram-
negative bacterium) and Streptococcus sobrinus (as a representative gram-positive
bacterium) as model organisms to optimize the PMA concentration and incubation

time for treating cells.

Evaluation of this application in complex environmental matrices is limited with a
few studies. Bae and Wuertz (2009) explored the feasibility of PMA-qPCR analysis
for environmental samples containing different concentrations of solids and the
feasibility of this method for the detection of fecal Bacteroidales bacteria in defined
live and dead cell mixtures of human feces and in wastewater treatment plant influent
and effluent. They found that solids concentrations up to 1,000 mg/l did not inhibit
the efficacy of discrimination from heat-killed cells; on the other hand, higher solid
concentrations affected the suppression of PCR amplification from heat-treated cells.
Lin et al. (2010) applied a PMA treatment using 16S rRNA gene clone library
method to analyze the bacterial and archaeal populations in sulfide-rich wastewater
to explore the effect of PMA on the elimination of dead cells. This study revealed
that the PMA treatment efficiently inhibited the PCR amplification of DNA from
dead bacterial cells. Also they observed the loss of bands density on density gradient
gel electrophoresis (DGGE) gels in archaeal 16S rRNA gene clone library indicated
usefulness of the PMA treatment on the elimination of dead cells. Nocker et al.
(2007) studied profiling of a waste water treatment plant (WWTP) influent sample
spiked with defined ratios of live and dead E. coli O157:H7 cells after PMA
treatment. The experiments showed that PMA treatment can inhibit the signals from
killed cells in WWTP sample spiked with defined mixtures of live and killed cells.
These positive results encouraged them to study the application of PMA on three
untreated natural environmental samples which are an aerated sludge from a WWTP,
an estuary benthos sample, and a marine sediment sample. However, the effect on
untreated environmental samples was either not visible or it was very small
indicating needs of further optimization of the method. Varma et al. (2009) pointed
out that high levels of suspended solids in water samples appeared to inhibit the

PMA activity to detect live cells suggesting that further optimization of the method is
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required. Wagner et al. (2008) tested the effectiveness of EMA and PMA on
excluding extracellular DNA from the effluent of a thermophilic anaerobic fermentor
treating wastewater. They concluded that despite the application of EMA and PMA,
these methods do not seem to be effective enough to remove the DNA of all dead
cells in complex matrices such as fermentor sludge suggesting needs of optimization

of these methods for complex environmental matrices.

1.9. The aim of the study

PMA has been successfully used in different studies and microorganisms but
evaluation of this application in complex environmental matrices is limited with a
few studies none of which focused in effectiveness of PMA in biosolids, at least to
the best of our knowledge. Also to our knowledge, the only E. coli strain tested in
PMA-modified quantitative PCR is E. coli 0157:H7. In this study experiments were
performed using Escherichia coli ATCC 25922 as model organism and UidA gene as
target sequence by real-time PCR via absolute quantification method. The aim of
this study is to evaluate the suitability of PMA treatment prior to DNA extraction in
quantitative PCR for selective absolute quantification of live E. coli ATCC 25922
cells from cultures with defined portions of live and dead cells and to determine the
feasibility of PMA-qPCR analysis for biosolid samples with different total suspended
solid (TSS) contents.
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CHAPTER 2

MATERIALS AND METHODS

2.1. Bacterial strains and plasmid vectors

Bacterial strains and plasmids used in this study are described in Table 2.1. E. coli
cultures were grown in either Luria Broth (LB, Difco) or on Luria agar plates at 37
°C. In the case of plasmid containing cultures, ampicillin (100 pg/mL, Sigma-
Aldrich, St. Louis, MO) was added into the medium. These cultures were also
stored at —80 °C in Luria Broth (Appendix A) containing 15 % glycerol. The E.
coli vector used in subcloning was Promega PGEM-T (Fig. 2.1). Five to 50 mL of
LB broth was inoculated with E. coli colonies from a fresh LB agar plate and
incubated overnight in a shaker-incubator (New Brunswick Scientific Co., Inc. NJ,
USA) at 37 °C to obtain a stationary phase culture. 300 pL from this seed culture was
inoculated into a flask containing 50 mL LB broth. The culture was incubated for 2-
2.5 hours at 37 °C with vigorous shaking in the shaker-incubator and the culture was
used when they reach the optical density of 1 at 600 nm. At the same time, the
number of colony-forming units (cfu) was determined in triplicate by plating 100 pL
aliquots from serial dilutions in 0.85% PBS on LB agar. After incubation for 18

hours, cfu was counted for each plate, averaged, and expressed as cfu/mL.

2.2. Culture media

The composition and preparation of culture media are listed in Appendix A.
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2.3. Buffers and solutions

Buffers, solutions, their composition and preparation are listed and described in

Appendix B.

2.4. Chemicals and enzymes

The chemicals and the enzymes used as well as their suppliers are listed in Appendix
C.

Table 2.1. List of bacterial strains and plasmids

Strains & plasmids Description Source or reference
Strains
I. E.coli
A widely used nonpathogenic ~ American Type
ATCC 25922 ' '
control strain Culture Collection
General competent cell used in
JM 109 ) Promega
subcloning
Plasmids
. pGEM-T Amp', lacZ’ Promega
Xmnl 1994
Masl
1875 2692
1 ori 71 1 stan
Amp' \ BistZ| ]|
GEM®-T
pwmr facz nglll 43?6
(30000p)
I | ss
ol 62
Bsizl | 62
Pstl 73
Sall 75
Ndel | 82
. sacl | o4
oni BstI |108 8
Nsil[112 3
tses |'® 3
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Figure 2.1. Maps and MCS sequences of pGEM-T vectors.

2.5. Preparation of isopropanol-killed bacterial suspensions

The 500 pl cell aliquots with the optical density of 1 at 600 nm were exposed to
isopropanol (final concentration, 70%) for 10 or 15 min. Isopropanol was removed
by centrifugation at 7000 x g for 10 min (Eppendorf Microcentrifuge). Pellets of
dead cells were re-suspended in 500 pL of LB medium. Loss of viability was tested

by spreading 100 pL of cell suspension on the LB agar plates.
2.6. Mixture of live and dead bacteria

Defined quantities of isopropanol-killed cell cultures were mixed with the untreated
live cultures in three different concentrations (live: dead ratio being 1:10, 1:10%,
1:10° dilutions) to give a total volume of 500 pL. Undiluted live and dead cultures

were also used. All dilutions were made using LB broth.

2.7. Spiking of a wastewater treatment plant (WWTP) dewatered cake

(biosolids) sample with E. coli cells

The biosolids samples were obtained from Phoenixville Sewage Treatment Plant,

Phoenixville, PA, USA. The samples were sterilized twice in an autoclave to ensure

removal of all native microbial populations as well as inactivation of residual,

extracellular DNA. The total suspended solids (TSS) content of the biosolids was
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measured according to Standard Methods, Method 2540 D (APHA, 1998). Then the
biosolids sample was re-suspended with 1X Phosphate Buffered Saline (PBS)
solution. A kitchen blender was used to homogenize the biosolids sample as much as
possible in PBS. To determine the safety of the method with respect to E. coli cell
integrity, we applied blender homogenization to the pure culture of E. coli cells for
30, 60 and 120 seconds. Possible impacts of homogenization on cell culturability and
cell membrane integrity were determined via cfu determination and PMA-modified
PCR, respectively, just before and after homogenization. Finally, stock solutions of
homogenized, autoclaved biosolids with 1,000, 2,000, 4,000, 8,000, 10,000, 20,000
and 40,000 mg/L TSS in 1 X PBS were prepared. The dead cell suspensions were
prepared as described above and 1 ml of that suspension containing 4.8%10° dead E.
coli cells were concentrated down to 100 uL in LB broth and mixed with 400 pL 1 X
PBS buffer solutions resulting in 0, 1,000, 2,000, 4,000, 8,000, 10,000, 20,000 and
40,000 mg/L TSS in the final mixture before PMA treatment.

2.8. PMA cross-linking

PMA (Biotium Inc., Hayward, California) was dissolved in 20% DMSO (Sigma-
Aldrich, St. Louis, MO) to get a stock solution of 10 mM and stored at -20 °C. PMA
stock solution was transferred to 500 pL culture mixtures or biosolids samples spiked
with dead E. coli cells at a final concentration of 100 uM. Light transparent 1.5-mL
microcentrifuge tubes (USA Scientific Inc., Ocala, FL) were used. All manipulations
of PMA solution were performed under minimal light. Following 10 min incubation
in the dark, samples were exposed for 5 min to a 600-W halogen light source
(Commercial Electric, Model # L-5302HD) at a distance of 15-20 cm from the light
source. Microcentrifuge tubes were placed on ice during the light exposure to avoid

excessive heating.

2.9. E. coli competent cells

E. coli JM 109 competent cells were provided by Promega pGEM-T Vector
System II cloning kit (Promega, Madison, WI).
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2.10. Transformation of E. coli competent cells

Competent E. coli cells were transformed as described by technical manual provided
by Promega pGEM-T Vector System II cloning kit (Promega, Madison, WI) as
follows. First ligation reactions were set up as described by the manual using a 3:1
molar ratio of the insert DNA to the vector. The 2 pL of ligation reaction mixture
was added to a sterile 1.5 mL microcentrifuge tubes on ice. Also another tube was set
up on ice with 0.1 ng uncut plasmid for determination of the transformation
efficiency of the competent cells. The tubes of frozen JM109 high efficiency
competent cells were removed from storage and placed in an ice bath until just
thawed (about 5 minutes). The cells were mixed by gently flicking the tube avoiding
excessive pipetting, as the competent cells are extremely fragile. The 50 pL of cells
were transfered into each tube containing ligation reactions prepared before. The
tubes were gently flicked to mix and placed on ice for 20 minutes. Then the cells
were heat-shocked for 45-50 seconds in a water bath at exactly 42°C. Next the tubes
were returned to ice for 2 minutes and 950 uL. SOC medium at RT was added to the
tubes containing cells transformed with ligation reactions and 900 pL to the tube
containing cells transformed with uncut plasmid. Tubes were incubated for 1.5 hours
at 37°C with by shaking (~150rpm). The 100 pL of each transformation culture was
plated onto duplicate LB/ampicillin/IPTG/ X-Gal plates (Teknova, CA, USA). The
plates were incubated overnight (16-24 hours) at 37°C. Finally white colonies were

selected.

2.11. Plasmid isolation from E. coli

Qiagen Plasmid Purification Mini and Midi Kits (Qiagen Inc., Valencia, CA) were

used for isolation of E. coli plasmid DNA as specified by the manufacturers.

2.12. Chromosomal DNA extraction and quantification

For studying the effect of PMA on pure cultures, DNA from pure E. coli culture
(ATCC 25922) was extracted using the DNeasy Blood and Tissue kit (QIAGEN,
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Valencia, CA) according to the manufacturer’s instructions. DNA from biosolids
samples was extracted using Mo Bio PowerSoil DNA kit (Mo Bio Laboratories,
Carlsbad, CA) according to the manufacturer’s instructions with the following
modifications. The incubation time with solutions C2 and C3 was increased to 10
min at 4 °C, and the final DNA elution was performed by adding 100 pL of solution
C6 heated to 60 °C and incubated for 5 min at room temperature before the final
centrifugation. The use of Mo Bio kit was decided in the experiments followed by
trying the extraction efficiency of SoilMaster™ DNA Extraction Kit (Epicentre
Biotechnologies, Madison, WI) with a parallel comparison of DNA extraction
efficiencies as described below. DNA concentrations were measured by a Nanodrop

ND-1000 UV-Vis spectrophotometer (Nanodrop Technologies, Wilmington, DE).

To determine DNA extraction efficiencies of these two kits, 400 pL sterilized
biosolids samples with 40,000 mg/L TSS content were spiked with pure E. coli
culture at a concentration of 5x10® cells. Then DNA was extracted, in parallel, using
each extraction kit and following the previously described protocols. Extractions
were carried out in triplicates. Parallel DNA extractions were performed on biosolids
samples that were not spiked to determine the amount of DNA coming from the
biosolids itself even though it was autoclaved. In addition, DNA extraction was

carried out on 5x10° cells pure culture E. coli for comparison reasons.
2.13. Manipulation of DNA
2.13.1. Restriction endonuclease digestions

Scal Restriction enzyme digestions were performed under the conditions specified by

the manufacturers (Appendix C).
2.13.2. Agarose gel electrophoresis

Agarose gels used for DNA analysis were at a concentration of 1 or 2.0 %. The

final concentration of ethidium bromide in the gels was 0.5 pg/mL. Gels were
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run for 2-3 hours (at 6-9 Volts/cm) (DNA plus, USA Scientific Inc., Ocala, FL). The
electrophoresis buffer used was 1x TAE (Appendix B). The DNA bands were
visualized on a UV transilluminator (UVP) and photographed by using Sigma Gel
Imaging System. The 100 bp and 1 kb DNA markers (Appendix C) were used to

determine the molecular weights of DNA bands.

2.13.3. Isolation of DNA fragments from gels

From the gel by applying a quick gel extraction kit the desired fragments were
extracted (Qiagen Inc., Valencia, CA). The region containing the DNA band was
sliced out from the gel and weighed. DNA in such gels was recovered according to
the Qiagen's book of instructions. After recovery, an aliquot was run on agarose gel

to appraise the yield.

2.13.4. Ligations

Ligation reaction of PCR products with pGEM-T vector was performed
according to the Promega’s instructions. Ligation was carried out as overnight

incubation at 4 °C.

2.14. Polymerase chain reaction (PCR) conditions

PCR was performed in a total volume of 50 pL. PCR mixtures contained 22 pL of
dH,0, 25 pL of 2 x ReadyMix"™ Taq PCR Reaction Mix (Sigma-Aldrich, St. Louis,
MO) with MgCl, including 1.5 Units Taq Polymerase, 10 mM Tris-HCI, 50 mM
KCI, 1.5 mM MgCl,, 0.001 % gelatin, 0.2 mM dNTP mix, 1 pL primer (50 pmol of
each) and 1uL 50 ng of E.coli chromosomal DNA as template. The PCR cycles and
conditions were as follows: PCR for the amplification of 1.4 kbp segment of the uidA
gene was carried out at 30 cycles. Initial denaturation was performed at 95 °C for 10
minutes. All cycles were carried out as 1 min at 95 °C, 1 min at 65 °C and 1 min at

72 °C for denaturation, annealing and extension, respectively. Reaction mixtures
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were run in a 1 % agarose gel. PCR products were extracted from the gel as

mentioned in Section 2.13.4.

2.15. Determining Optimal Primer Concentrations for qPCR

Here the aim is to choose the minimum forward and reverse primer concentrations
that yield the maximum ARn while minimizing nonspecific amplification. Primer
concentrations ranged from 50900 nM. Table 2.2 and 2.3 show the qPCR reaction
mixture composition and plate configuration for primer optimization, respectively.
All gPCR reactions were performed with ABI 7000 Sequence Detection System
(Applied Biosystems, Foster City, CA). The cycling parameters were as follows: one
cycle hold at 50 °C for 2 min, one hold at 95 °C for 10 min, followed by 40
alternating cycles of 95 °C for 15 s and 65 °C for 60 s.

Table 2.2. qPCR reaction mixture composition for primer optimization

Reaction Component Volume (nL) Per Sample Final Concentration
Taqman Environmental | 12.5 1X

PCR Master Mix (2X)

Forward Primer (FW) 2.5 50-900 nM

Reverse Primer (RW) 2.5 50-900 nM

TagMan Probe 2.5 250 nM

DNA Template 2.5 100 ng

Water 2.5 -

Total 25 -
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Table 2.3. Plate configuration for primer optimization. Primer concentrations ranged

from 50 to 900 nM. NTC: No Template Control

FW/RW Primers 1 2 3 4

A 50/50 nM 50/900 nM 300/900 nM 900/900 nM
B 50/50 nM 300/50 nM 300/900 nM 900/900 nM
C 50/50 nM 300/50 nM 900/50 nM 900/900 nM
D 50/300 nM 300/50 nM 900/50 nM NTC

E 50/300 nM 300/300 nM 900/50 nM NTC

F 50/300 nM 300/300 nM 900/300 nM NTC

G 50/900 nM 300/300 nM 900/300 nM

H 50/900 nM 300/900 nM 900/300 nM

2.16. Determining Optimal Probe Concentrations for qPCR

The aim is to determine the minimum probe concentrations giving the minimum Ct,
maximum ARn for each probe target. Probe concentrations ranged from 50 to 250
nM. Table 2.4 and 2.5 show the qPCR reaction mixture compositions and the plate
configuration for probe optimization, respectively. All qPCR reactions were
performed with ABI 7000 Sequence Detection System (Applied Biosystems, Foster

City, CA). The cycling parameters were as described previously in section 2.15.

Table 2.4. qPCR reaction mixture composition for probe optimization.

Reaction Component Volume (nL) Per Sample Final Concentration
Taqman Environmental PCR | 12.5 1X

Master Mix (2X)

Forward Primer 2.5 Optimal

Reverse Primer 2.5 Optimal

TaqMan Probe 2.5 50-250 nM

DNA Template 2.5 100 ng

Water 2.5 -

Total 25 -
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Table 2.5. Plate configuration for probe optimization. Probe concentrations ranged

from 50 to 250 nM. NTC: No Template Control

1 2 3

A 50 nM 150 nM NTC
B 50 nM 200 nM NTC
C 50 nM 200 nM

D 100 nM 200 nM

E 100 nM 250 nM

F 100 nM 250 nM

G 150 nM 250 nM

H 150 nM NTC

2.17. qPCR conditions

Forward and reverse primers and the TagMan probe targeting the uidA gene of the E.
coli were designed using Primer Express software from Applied Biosystems (Foster
City, CA) and sequence information found in the NCBI GenBank database
(www.ncbi.nlm.nih.gov, accession number S69414) (Fig. 2.2). The amplicon was 67
base pairs and started at position 1286 (FPrimer 5-CGG AAG CAA CGC GTA
AAC TC-3', RPrimer 5-TCA ATG TAA TGT TCT GCG ACG C-3', probe 5'-
6FAM-ACC CGA CGC GTC CGA TCA CCT-TAMRA-3"). Primers and probes
were synthesized by Applied Biosystems and they were diluted with RT-PCR grade
water (Applied Biosystems, Foster City, CA) and stored at —20 °C after dividing
them into 20 pL aliquots.

For absolute quantification of E. coli uidA gene, 2.5 pL of extracted genomic DNA
was transferred to 22.5 pL of PCR mixture containing 1X TagMan® Environmental
Master Mix 2.0 (Applied Biosystems, Foster City, CA), 0.3 uM each of the primers
and 0.25 uM probe. Each plate included no template controls (NTC) with 2.5 uL RT-
PCR grade water instead of template. Each reaction was run in triplicate for to assure

quality and for statistical analysis. All qPCR reactions were performed with ABI
35



7000 Sequence Detection System (Applied Biosystems, Foster City, CA). The
cycling parameters were as follows: one hold at 50 °C for 2 min, one hold at 95 °C

for 10 min, followed by 40 cycles of 95 °C for 15 s and 65 °C for 60 s.

Prior to qPCR analyses of biosolids samples, PCR inhibition by the biosolids matrix
was tested using an exogenous external control (the pGEM-T carrying uidA gene
segment) assay. The plasmid, at 6*10* copies/reaction, was spiked into a solution of
DNA, extracted from sterilized and PMA-treated biosolids sample. The Ct value
from the subsequent PCR run was compared to that from the same plasmid copy

number tabulated in the standard curve (Fig. 2.7).

A major problem in quantitative PCR dealing with any E. coli gene is the
amplification in the NTC due to presence of bacterial DNA in commercially
available PCR mixes (Silkie et al, 2008; Tondeur et al, 2004). Commercial Taq
polymerase enzyme is synthesized in E. coli cell as a recombinant protein.
Nevertheless traces of bacterial DNA remain in the mix even though high
purification methods are used. During the beginning of the research, significant
amplifications, Ct around 31, were observed in NTC reactions. The issue was solved
by treating the master mix with DNase I enzyme (Sigma-Aldrich, St. Louis, MO) just
before it was used. DNasel treatment increased Ct value of NTC from 31 to 36. For
each reaction, 0.1 unit amplification grade enzyme was used together with 1X of its
reaction buffer. This solution was incubated for 15 min at room temperature and then

10 min at 70 °C after addition of 1 X stop solution.

2.18. Standard calibration curve preparation

Standard calibration curves were generated using 10-fold serial dilutions of
suspensions of the plasmid containing a segment of the uidA gene. A 1.4 kbp
segment of the UIdA gene was amplified from genomic E. coli DNA by using PCR
primers UAL-754 (5-AAAACGGCAAGAAAAAGCAG-3") and UAR-2105 (5°-
TGTTTGCCTCCCTGCTGCGG-3'), (Bej et al, 1991), ligated into pGEM-T plasmid
vectors and then transformed into chemically competent E. coli JIM109 cells using a

pGEM-T Vector System II cloning kit (Promega, Madison, WI) as mentioned in
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Section 2.13.5 and 2.10. Plasmids were extracted using a QIAprep Spin MiniPrep kit
(Qiagen, Valencia CA) and linearized with the restriction enzyme Scal (New
England Biolabs, Beverly, MA) before quantification as described in section 2.12.
After spectrophotometric determination of plasmid DNA concentrations, the copy
number of standard plasmid DNA molecules was calculated using the following
formula: (X g/uL DNA / [plasmid length in basepairs x 650]) x 6.022 x 102 =Y
molecules/uL. This calculation is based on the assumption that the average weight of
a base pair (bp) is 650 Daltons. This means that one mole of a bp weighs 650 g and
that the molecular weight of any double stranded DNA template can be estimated by
taking the product of its length (in bp) and 650 as constant value.
(http://www.qiagen.com/resources/info/guidelines_rtpcr/quantifying.aspx#quantificat

ion). Standard curves of each qPCR run are shown in Fig. 2.3, 2.4, 2.5, 2.6 and 2.7.

ATGTTACGTCCTGTAGAAACCCCAACCCGTGAAATCAAAAAACTCGACGGCCTGTGGGCATTCAGTCTGGATCGCGAAAAC
TGTGGAATTGATCAGCGTTGGTGGGAAAGCGCGTTACAAGAAAGCCGGGCAATTGCTGTGCCAGGCAGTTTTAACGATCA
GTTCGCCGATGCAGATATTCGTAATTATGCGGGCAACGTCTGGTATCAGCGCGAAGTCTTTATACCGAAAGGTTGGGCAG
GCCAGCGTATCGTGCTGCGTTTCGATGCGGTCACTCATTACGGCAAAGTGTGGGTCAATAATCAGGAAGTGATGGAGCAT
CAGGGCGGCTATACGCCATTTGAAGCCGATGTCACGCCGTATGTTATTGCCGGGAAAAGTGTACGTATCACCGTTTGTGTG
AACAACGAACTGAACTGGCAGACTATCCCGCCGGGAATGGTGATTACCGACGAAAACGGCAAGAAAAAGCAGTCTTACTT
CCATGATTTCTTTAACTATGCCGGGATCCATCGCAGCGTAATGCTCTACACCACGCCGAACACCTGGGTGGACGATATCAC
CGTGGTGACGCATGTCGCGCAAGACTGTAACCACGCGTCTGTTGACTGGCAGGTGGTGGCCAATGGTGATGTCAGCGTTG
AACTGCGTGATGCGGATCAACAGGTGGTTGCAACTGGACAAGGCACTAGCGGGACTTTGCAAGTGGTGAATCCGCACCTC
TGGCAACCGGGTGAAGGTTATCTCTATGAACTGTGCGTCACAGCCAAAAGCCAGACAGAGTGTGATATCTACCCGCTTCGC
GTCGGCATCCGGTCAGTGGCAGTGAAGGGCGAACAGTTCCTGATTAACCACAAACCGTTCTACTTTACTGGCTTTGGTCGT
CATGAAGATGCGGACTTGCGTGGCAAAGGATTCGATAACGTGCTGATGGTGCACGACCACGCATTAATGGACTGGATTGG
GGCCAACTCCTACCGTACCTCGCATTACCCTTACGCTGAAGAGATGCTCGACTGGGCAGATGAACATGGCATCGTGGTGAT
TGATGAAACTGCTGCTGTCGGCTTTAACCTCTCTTTAGGCATTGGTTTCGAAGCGGGCAACAAGCCGAAAGAACTGTACAG
CGAAGAGGCAGTCAACGGGGAAACTCAGCAAGCGCACTTACAGGCGATTAAAGAGCTGATAGCGCGTGACAAAAACCACC
CAAGCGTGGTGATGTGGAGTATTGCCAACGAACCGGATACCCGTCCGCAAGGTGCACGGGAATATTTCGCGCCACTGGCG
GAAGCAACGCGTAAACTCGACCCGACGCGTCCGATCACCTGCGTICAATGTAATGTTCTGCGACGCTCACACCGATACCATC

Forward Primer Probe Reverse Primer

AGCGATCTCTTTGATGTGCTGTGCCTGAACCGTTATTACGGATGGTATGTCCAAAGCGGCGATTTGGAAACGGCAGAGAA
GGTACTGGAAAAAGAACTTCTGGCCTGGCAGGAGAAACTGCATCAGCCGATTATCATCACCGAATACGGCGTGGATACGT
TAGCCGGGCTGCACTCAATGTACACCGACATGTGGAGTGAAGAGTATCAGTGTGCATGGCTGGATATGTATCACCGCGTC
TTTGATCGCGTCAGCGCCGTCGTCGGTGAACAGGTATGGAATTTCGCCGATTTTGCGACCTCGCAAGGCATATTGCGCGTT
GGCGGTAACAAGAAAGGGATCTTCACTCGCGACCGCAAACCGAAGTCGGCGGCTTTTCTGCTGCAAAAACGCTGGACTGG
CATGAACTTCGGTGAAAAACCGCAGCAGGGAGGCAAACAATGA

Figure 2.2. The 67 bp segment of uidA gene which was amplified in qPCR by using
nucleotide sequence of the uidA gene of E. coli (GenBank S69414). The primers

used were underlined.
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Figure 2.3. Standard curve of the qPCR run for determination of the effect of PMA

treatment on absolute PCR quantification of pure viable and isopropanol-killed cells.
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Figure 2.4. Standard curve of the qPCR run for determination of the effect of PMA

treatment on absolute PCR quantification of defined ratios of viable and isopropanol-

killed cells.
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Figure 2.5. Standard curve of the qPCR run for determination of whether shear stress

in blender compromised cell wall integrity of pure live E. coli cells.
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Figure 2.6. Standard curve of the qPCR run for determination of PMA treatment on

biosolids samples spiked with E.coli cells.
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Figure 2.7. Standard curve of the qPCR run for determination of probable PCR
inhibition by the biosolids matrix components eluted in DNA extracts. Biosolids
PMA-treated and the extract samples spiked with pGEM-T-uidA plasmid as

exogenous control.
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CHAPTER 3

RESULTS AND DISCUSSION

3.1. Standard curve preparation— subcloning the uidA segment into a E. coli

plasmid

Since complete sequence of E. coli ATCC 25922 chromosomal DNA is not available
yet, we decided to prepare standard curves for qPCR-absolute quantification runs by
10-fold serial dilutions of a plasmid containing a segment of the UidA gene. For this
purpose we aimed to subclone a segment of UIdA gene into a plasmid with known
size and sequence information. We used PCR approach to amplify the part of the
gene by using genomic E. coli DNA as the template. Primers were designed
according to nucleotide sequence of the E. coli uidA gene (Fig. 2.2). PCR with
primers UAL-754 (5'-AAAACGGCAAGAAAAAGCAG-3") and UAR-2105 (5°-
TGTTTGCCTCCCTGCTGCGG-3'") yielded a 1356 bp fragment. After purification
from the gel, this fragment was cloned into the pGEM-T vector and amplified in
chemically competent E. coli JM109 cells. Screening of the white colonies revealed
the recombinant plasmids. Linearization with the Scal restriction enzyme analysis of
one of the putative recombinant plasmids which designated pGEM-TV verified the
size of the newly formed vector, 4356 bp as expected (Fig. 3.1). PCR with the
primers UAL-754 and UAR-2105 also verified the 1356 bp uidA fragment by using

the newly formed recombinant vector as the template (Fig. 3.2).

Also, as a part of the quality control assessment, we carried on two PCR reactions.

The first one was with the primers UAL-754 and UAR-2105 which were used in
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subcloning experiment and the native pGEM-T vector as the template. As the Fig.3.2
revealed, there was no amplification on lane 3 verifying the absence of sites where
the primers can bind on the native plasmid except our cloned segment. The second
one was with the primers which were used in qPCR reactions to amplify 67 bp
segment of the UidA gene (Section 2.17) and the native pGEM-T vector as the
template . Again there was no amplicon on the respective position of the gel. On the
other hand, when the recombinant vector was used as the template with the same
primer set, an intense band of the amplification product was observed (Fig. 3.3). This
confirmed the specificity of the binding sites of the qPCR primers on the
recombinant pGEM-TV vector.

3,000bp —»

Figure 3.1. Analysis of the putative recombinant plasmids of the white E. coli cells
carrying the 1356 bp uidA fragment. 1) 1 kb DNA marker, 2) Native pGEM-T vector
linearized with Scal restriction enzyme, 3) Recombinant pGEM-TV vector linearized
with Scal, 4) Nonlinearized form of native pGEM-T vector, 5) Nonlinearized form of

recombinant pGEM-TV vector.
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. 1500 bp
1356 bp insert —p

100 bp

Figure 3.2. The insert obtained by PCR with primers UAL-754 and UAR-2105 to
verify the cloning of uidA gene segment into the plasmid. 1) 1356 bp segment of
uidA gene which was amplified using the recombinant pGEM-TV vector as the
template, 2) Negative control of lane 1, 3) Result of the PCR run using UAL-754 and
UAR-2105 primers with native pPGEM-T vector as the template, 4) Result of the PCR
run using qPCR primers to amplify 67 bp segment with native pGEM-T vector as the
template, 5) 100 bp DNA marker.
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100 bp 67 bp

segment

Figure 3.3. Further verification of cloning by PCR using qPCR primers.

1) 100 bp marker, 2) 67 bp segment of UuidA gene amplified from 1356 bp insert
extracted from the gel taken as the template, 3) 67 bp segment of uidA gene
amplified from E.coli ATCC 25922 chromosomal DNA as the template, 4) 67 bp

segment of UIdA gene amplified from recombinant plasmid, 5) Negative control

3.2. Effects of PMA on pure viable and dead E. coli cells

To study the effective covalent binding of PMA to the DNA of dead cell population,
uidA gene copy numbers were used in qPCR as indicator using pure culture of viable
and isopropanol-killed E. coli cells. PMA stock solution was added to 500 pL culture
solutions containing 2.8 x 10® live or isopropanol-killed cells at a final concentration
of 100uM. PMA treatment procedure was carried on as described in section 2.8. The
PMA modified-qPCR results corresponding to the amplifications on live and dead
cell populations are presented in Fig. 3.4. When we compare the qPCR results of
PMA-treated solutions containing only live (100% viable cell content) and dead (0%

viable cell content) cells, treatment of the solutions containing only dead cells caused
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4-log reduction in gene copy numbers (from ~10 gene copies to ~10%). There were
no significant difference in gene copy numbers between the PMA-treated live cells
and PMA-untreated cultures. These results indicated that the amplification of target
DNA from the dead cells is inhibited by PMA with over 99% efficiency and
amplification from the live cells are not affected by our optimized PMA cross linking

procedure.

1,00E+08
1,00E+07

1,00E+06

1,00E+05

1,00E+04
1,00E+03
1,00E+02
1,00E+01
1,00E+00

Gene Copies/uL

Live, PMA (-) Live, PMA (+) Dead, PMA (-) Dead, PMA (+)

Figure 3.4. Determination of the effect of PMA treatment on absolute qPCR
quantification of pure viable and isopropanol-killed cells. PMA (+): PMA-treated,
PMA (-): PMA-untreated.

3.3. PMA effect on qPCR amplification of uidA gene from defined ratios of

viable and dead pure culture E. coli cells

The amplification efficiency of target DNA from the intact bacteria in the presence
of different concentrations of dead bacteria upon PMA treatment was studied. The
mixtures of viable and isopropanol-killed pure E. coli cultures, at predefined ratios,
were used. The mixtures were prepared at predefined ratios as following: viable cells
consist of 0, 0.1, 1, 10 and 100% of the total bacterial cell concentration. For

example the mixture designated as 100% (Fig. 3. 5) contained 500 uL from “live
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cell” stock solution (2.8*%10% cells), while the mixture designated as 10% was
prepared by mixing 50 uL “live cell” stock solution with 450 uL of “dead cell” stock
solution. The results of PMA modified-qgPCR on live-dead cell mixtures are
presented in Fig. 3.5. The calibration run for the PCR reactions presented in Fig. 3.5
was highly accurate with linearity of R* = 0.985 and an efficiency of 96%. When we
compare the qPCR results of PMA-treated mixtures containing only live (100%
viable cell content) and only dead (0% viable cell content) cells, treatment of the
mixtures containing only dead cells caused 4-log reduction in gene copy numbers
(from ~10" gene copies to ~10*). Similarly, each order of magnitude decrease in
proportion of viable bacteria in the defined mixtures (10% and 1% PMA (+) samples
in Fig. 3.5) led to 1-log decrease in gene copy numbers due to PMA treatment as
expected (Fig. 3.5). There were no significant difference in gene copy numbers
between the PMA-treated live cells and five PMA-untreated mixtures (Fig. 3.5).
These results indicate that the amplification of target DNA from the dead cells is
inhibited by PMA with over 99% efficiency and amplification from the live cells are
not affected by different concentrations of dead bacteria in the presence of PMA.
These results also revealed the high sensitivity of qPCR method on catching the

change in copy numbers correctly.

1,00E+07
1,00E+06 -
1,00E+05 -
1,00E+04 -
1,00E+03 -
1,00E+02 -
1,00E+01 -
1,00E+00 -

Gene Copies/pL

Percentage of Live Cells in the Mixture of Live and Dead Cells

Figure 3.5. Determination of the effect of PMA treatment on absolute qPCR
quantification of UidA gene from defined ratios of viable and isopropanol-killed E.

coli cells. PMA (+): PMA-treated, PMA (-): PMA-untreated.
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3.4. Determination of homogenization effect on cell viability and integrity of E.

coli cells

It was important to make sure that non-homogenous nature of biosolids cake did not
skew the results on effectiveness of PMA in biosolids sample. A home blender was
used for homogenization of the biosolids sample as much as possible in PBS. Prior to
adopting home blender for homogenization of biosolids samples, the effect of shear
on the pure E. coli cells was tested. Fig. 3.6 presents the results of E. coli density,
determined via viable count. The pure E. coli cells growing at logarithmic phase
were subjected to shear stress of blender for 30, 60 and 120 sec. As Fig. 3.6 shows,
such shear did not affect the cell viability. In addition, cell wall integrity of the E.
coli was analyzed by qPCR after PMA treatment of the cells just before and after
mixing in blender. Any damage to cell wall integrity would cause PMA to enter into
the cells leading to inhibition of PCR reactions. The qPCR results, as shown in Fig.
3.7, indicated that there was no damaging effect of shear stress on cell wall integrity.

The calibration run for this particular set of PMA-modified qPCR reactions was
within acceptable range with linearity of R*=0.999 and an efficiency of 92%. The
results presented in Fig. 3.6 and Fig. 3.7 indicated that a home blender could be
safely used for homogenization of biosolid samples prior to applications without

damaging the cells.
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Figure 3.6. Determination of shear stress caused by blender on cell viability of

E.coli.
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Figure 3.7. Determination of shear stress caused by blender on cell wall integrity of
pure E. coli cells. uidA gene copies of cell cultures measured by qPCR after PMA
treatment of the cells just before and after the mixing in blender for determining cell

wall integrity.

3.5. Comparison of two different soil DNA extraction Kits

There is no one common soil DNA extraction kit or method for all environmental
samples due to their complex nature. Their effectiveness may change from sample to
sample. In search for the most effective extraction kit, two different commercially

available extraction kits were compared in terms of their extraction efficiencies, that
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is the mass of DNA extracted from each of three samples; pure culture E. coli,
biosolids, and biosolids spiked with the pure culture E. coli. The results of that
comparison are shown in Fig. 3.8. The results clearly indicated higher DNA
extraction efficiency for the Mo Bio PowerSoil DNA kit as the DNA yield was
nearly twice for each type of sample compared to the SoilMaster™ DNA Extraction
Kit. These results reflected suitability of combination of mechanical (bead beading)

and chemical protocol for biosolids samples comparing to only chemical one.

35 4
30 . BEPowerSoil bt

o5 O3 oilMdaster kit

200 A
15 A

DITA Extracted (ng)

10 A
5 4

B

A E Z

Figure 3.8. Comparison of two different soil DNA extraction kits (Sample A: 5%¥10°
E. coli cells; Sample B: Autoclaved biosolids at 40 g/ L TSS seeded with 5*10° E.
coli cells; Sample C: Autoclaved biosolids at 40 g/ TSS. The total volume for

extraction was 400 pL for all three samples).
3.6. PMA treatment of biosolids samples spiked with E. coli cells

We assessed the ability of PMA-qPCR to eliminate the PCR amplification of DNA
from the dead cells at increasing solids concentrations. Known amounts of dead E.
coli cells were mixed with 1 X PBS buffer solutions containing biosolid samples
resulting in 0, 1,000, 2,000, 4,000, 8,000, 10,000, 20,000 and 40,000 mg/L TSS in
the final mixture before PMA treatment. Target gene copy numbers of the PMA-
gPCR at TSS concentrations 1,000 and 2,000 mg/L were nearly the same to those of
the control (no biosolids). This indicated that TSS content of 2,000 mg/L and below

did not inhibit the efficiency of the PMA treatment on dead cells. Solid
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concentrations 4,000 mg/L and above, on the other hand, interfered with the PMA
treatment as indicated by the increased copy numbers detected by PMA-qPCR (Fig.
3.9).

In addition, possible inhibitory effect of biosolids matrix on PCR reaction was
evaluated. Plasmid carrying the uidA insert was spiked into biosolids DNA extracts
at predefined amount per reaction (Section 2.17). No significant difference between
mean Ct values of the samples and the control itself was observed indicating absence
of PCR inhibition (Fig. 3.10). The calibration runs for these particular sets of PMA-
modified gPCR reactions were within acceptable range with linearity of R*=0.999,
efficiency of 99, 86% and R*=0.999, efficiency of 100, 5% for Fig. 3.9 and Fig. 3.10
respectively.

EPMA(-) OPMA (+)
1,00E+07

1,00E+06 -

1,00E+05 - —

1,00E+04 - -

1,00E+03 - -

Gene copies/uL

1,00E+02 - —

1,00E+01 - —

1,00E+00 L T T T T T T T 1
0 1.000 2.000 4.000 8.000  10.000 20.000 40.000

Concentration of TSS in biosolids spiked with 4.8x108 dead E.coli
cells (mg/L)

Figure 3.9. Effect of different solid concentrations (TSS) of the biosolid on PMA-
qPCR efficiency. uidA gene copies of extracts of biosolids spiked with 4.8%10% dead
cells measured by qPCR with and without PMA treatment.
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Fig 3.10. Determination of probable PCR inhibition by the biosolids matrix
components eluted in DNA extracts. Ct values of PMA-treated samples spiked with
pGEM-T-uidA plasmid as exogenous control.

In big cities such as Istanbul, Ankara and Izmir in Turkey, anaerobic digestion is
preferred for sludge stabilization. This is because biogas (methane and carbon
dioxide) produced during anaerobic digestion process is used for energy production
such as electricity and heat to run the treatment plants. For example, in Central
Waste Water Treatment Plant in Tatlar/Ankara, mesophilic anaerobic digestion is
achieved at 35°C for 14 days. Also in these cities belt filter press is used for
dewatering of the biosolids. By this way, TSS content of the biosolids is increased to
25-30%. In small areas, especially rural ones, instead of mechanical dewatering
processes traditional ways such as drying are used. According to a research carried
on by Ankara Central Waste Water Treatment Plant, Class A type biosolids can be
produced by applying drying dewatering method. In Turkey, most of the biosolids
produced in the treatment plants are disposed. However, in the last years biosolids
have been started to be used as soil fertilizer in the lands around the plants. Since
there is a growing attention of reusing of biosolids in land application in Turkey, the
potential health risks due to pathogen presence, heavy metal accumulation and odor
problems eventually would lead to the concerns about potential contamination of
water resources, soil and the food chain. Therefore, strict regulations about quality

assessment for biosolids samples such as detection and quantification of indicator
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bacteria such as E. coli are the key for the prevention and identification of problems

in biosolids related to health and safety in Turkey (Bilgin et al., 2002).

Although no single group of microorganisms can meet all criteria as indicators, fecal
coliforms, including E. coli, are by far the most widely used indicators to assess the
microbial public health risks associated with treated wastewater and biosolids
generated during wastewater treatment. Anaerobic digestion is one of the most
established technologies to reduce the organic matter and pathogen contents of
biosolids. Quantitative microbial risk assessment and thus regulations on beneficial
use or final disposal of anaerobically digested biosolids are largely based on density
of fecal coliforms determined via culture dependent detection and enumeration
methods. A number of recent studies showed a sudden increase in density of fecal
coliforms including E. coli after high-speed centrifuge dewatering of digested
biosolids (Erdal et al., 2003; Higgins et al., 2007; Iranpour and Cox, 2006; Qi et al.,
2007). Although the exact mechanisms of the phenomenon has not been fully
understood, it is stipulated that E. coli entering viable but non-culturable state during
anaerobic digestion and resuming culturability after centrifuge might be the most
plausible explanation (Higgins et al., 2007; Higgins et al., 2008; Qi et al., 2007).
Nevertheless, the sudden increase in E. coli density after high-speed centrifuge
process shown in these studies underlines the significant drawbacks of using
culturing based methods for microbial risk assessment. Furthermore, it points to an
urgent need to develop alternative analytical methods for accurate quantification of
E. coli in biosolids. Such alternative methods include nucleic acid based approaches
such as targeting genomes of indicator bacteria with quantitative PCR, or targeting
RNA with reverse transcription followed by PCR (RT-PCR). However, persistence
of DNA molecules in the environment after cell death and short turnover of RNA
molecules make these techniques unreliable to discriminate dead cells and viable

cells.

Using impermeable nucleic acid binding dyes before extraction and qPCR has been
an important tool to accurately differentiate dead and viable cells. Nogva et al.

(2003) and Nocker et al. (2006) described EMA-PCR and PMA-PCR, respectively,
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to discriminate viable cells and dead cells. It has been shown that PMA is excluded
by live cells more effectively than EMA (Nocker et al., 2006). A few recent studies
tested nucleic acid binding dyes on environmental samples. For example Nocker et
al. (2007) evaluated PMA modified PCR to differentiate live and dead pure culture
cells spiked into wastewater treatment plant effluent and water sediments. Wagner et
al. (2008) tested the effectiveness of EMA and PMA on excluding extracellular DNA
from the effluent of a thermophilic anaerobic fermentor. Bae and Wuertz (2009)
developed a similar PMA modified PCR protocol to differentiate live and dead
Bacteriodales cells in human feces and influent and effluent of wastewater treatment
plants. These studies have all concluded that PMA modified PCR is promising to a
large extend to quantify live portion of cells. However, the authors also pointed out
the important challenges remaining in application of PMA to the environmental
samples with highly complex chemical and biological matrices. Such challenges
include inhibition of dye penetration into membrane-compromised cells or cross
linkage of PMA to double stranded DNA and presence of PCR inhibiting
constitutions in environmental samples. High solid contents of biosolids, ranging
from 2% by mass in digested biosolids to 25% in dewatered biosolids, would be
expected to magnify such challenges. For example, color and particulate matter
associated with biosolids samples may reduce radiation of light in the medium and

lead to inhibition of the cross-linking of the PMA molecules to DNA in the cells.

In this study, we first investigated the applicability and effectiveness of our PMA
conditions on defined mixtures of live and dead pure E. coli ATCC 25922 cultures,
before applying the protocol to complex biosolids samples. We showed that
increasing final PMA concentration to 100 pM, incubation time in the dark to 10 min
and exposing the samples to light for 5 min for cross-linking of PMA molecules was
effective in eliminating PCR amplification of genomic DNA from dead cells (Fig.
3.4 and Fig. 3.5). One log decrease in gene copy numbers as a result of 10% decrease
in proportion of viable bacteria in the defined mixtures showed the sensitivity of the
treatment (Fig. 3.5). Successful application of PMA treatment to biosolids sample
with 2000 mg/L TSS content without PCR inhibition is reported for the first time in
this study (Fig. 3.9 and Fig. 3.10).
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In conclusion, we showed that gPCR with PMA can accurately quantify viable E.
coli cells with no interferences caused by presence of dead cells and sample matrix in
biosolids samples with 2000 mg/L or less TSS content. This approach, combined
with standard culture-based method might quantitatively assess number of cells that
are live but cannot be cultured. When we compared uidA gene copy numbers
revealed by qPCR and numbers of cfu, the cell numbers (cfu) and the uidA copy
numbers were almost the same. For cfu measurements pure culture E. coli growing at
late log stage was used (Fig. 3.11). Our finding is supported by database search using
GenBank. The database search covering 23 different strains of E. coli with complete
genome sequencing showed that these E. coli strains contain single copy of the uidA
gene (Appendix D). Although the actual relationship between copy number of a
particular gene and cfu depends on the growth stage of the cells, our findings suggest
that an accurate correlation of gene copy to cfu is possible. In addition, several
previous studies have developed that correlation for different matrixes (Mayer et al.,
2003; Ingeborb et al., 2001; Nogva et al., 2000).

Thus, PMA modified gPCR combined with culturing based methods has a strong
potential to enhance our understanding of pathogen behavior in biosolids as well as a
wide range of applications in other fields including microbial source tracking, food
safety, and medicine. For example, several foodborne human pathogens including
Vibrio vulnificus, Legionella pneumophila, Salmonella typhi and Campylobacter
jejuni enter VBNC state when exposed to harsh conditions such as starvation, shifts
in temperature and visible light (Skovgaard, 2007). Although the infectious potential
of all the foodborne pathogens in VBNC state has not been determined yet,
quantitative methods for risk assessment should detect these as well. More
applications of the PMA treatment on complex environmental samples will help us to

overcome the limitations of the technique and validate the method further.
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Figure 3.11. Correlation between gene copy numbers and cfu values. Results are

revealed by the experiment of PMA effect on qPCR amplification of uidA gene from

defined ratios of viable and dead pure culture E. coli cells (Section 3.3). Final DNA

extraction volume which was obtained from 2.8*10® E.coli cells was 100 pL. PMA
(+): PMA-treated, PMA (-): PMA-untreated.
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CHAPTER 4

CONCLUSION

* In this study, we first investigated the applicability and effectiveness of our PMA
conditions on defined mixtures of live and dead pure E. coli ATCC 25922 cultures,
before applying the protocol to complex biosolids samples. We showed that
increasing final PMA concentration to 100 uM, incubation time in dark to 10 min
and exposing the samples to light for 5 min for cross-linking of PMA molecules was

effective in eliminating PCR amplification of genomic DNA from dead cells.

* These results indicated that the amplification of target DNA from the dead cells is
inhibited by PMA with over 99% efficiency and amplification from the live cells are

not affected by our optimized PMA cross linking procedure.

* One log decrease in gene copy numbers as a result of 10% decrease in proportion

of viable bacteria in the defined mixtures showed the sensitivity of the PMA-qPCR.

* Successful application of PMA treatment to biosolids sample with 2000 mg/L TSS
content without PCR inhibition is reported for the first time in this study.

* When we compared uidA gene copy numbers revealed by qPCR in E. coli cells and
numbers of cfu, the cell numbers (cfu) and the uidA copy numbers were almost the
same when pure culture E. coli growing at late log stage was used. Our finding is

supported by database search using GenBank. The database search covering 23
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different strains of E. coli strains with complete genome sequencing showed that
these E. coli strains contain single copy of the uidA gene. Although the actual
relationship between copy number of a particular gene and cfu depends on the
growth stage of the cells, our findings suggest that an accurate correlation of gene

copy to cfu is possible.
* Finally, we showed that qPCR with PMA can accurately quantify viable E. coli

cells with no interferences caused by presence of dead cells and sample matrix in

biosolids samples with 2000 mg/L or less TSS content.
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APPENDIX A

COMPOSITION AND PREPARATION OF CULTURE MEDIA

1. Media

1.1. Liquid Media

Luria Broth (LB)

gL
Luria Broth 25
Sterilized at 121 °C for 15 minutes
1.2. Solid Media
LB Agar

g/L
Luria Broth 25
Agar 15

Sterilized at 121 °C for 15 minutes
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APPENDIX B

BUFFERS AND SOLUTIONS

Ampicillin Stock Solution

Ampicillin 0.1g
Millipore-Q de-ionized water
(Millipore-Q system, USA) added to I mL

The solution was filter sterilized and stored at —20 ° C protected from light.

Phosphate Buffer Solution (PBS)

gl”
Potassium phosphate monobasic 8.5
Potassium phosphate dibasic 21.7
Sodium phosphate dibasic 17.7
Ammonium chloride 1.7
Millipore-Q de-ionized water 950 mL

(Millipore-Q system, USA)

pH adjustment was done to with

*50 mM KH,POy4 solution (without added KOH) to lower the pH
*0.1 M KOH, added dropwise, to raise the pH

Sterilized at 121 °C for 15 min.
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Tris-Acetate-EDTA Buffer (TAE) (50 X)

Tris Base 242 g
Glacial Acetic Acid 57.1 mL
EDTA (0.4 M, pH 8.0) 125 mL

Millipore-Q de-ionized water
(Millipore-Q system, USA) added to 1000 mL
Sterilized at 121 °C for 15 min.

20% Dimethyl sulfoxide (DMSO)

DMSO 20 mL

Millipore-Q de-ionized water

(Millipore-Q system, USA) added to 100 mL
10 mM PMA Stock Solution

PMA I mg
20 % DMSO solution 2mL

The solution was stored at —20 ° C protected from light.

0.85% Saline Solution

NaCl 085¢g
Millipore-Q de-ionized water

(Millipore-Q system, USA) added to 100 mL
Sterilized at 121 °C for 15 min.
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APPENDIX C

CHEMICALS AND THEIR SUPPLIERS

Chemicals

Agar

Agarose
Ampicillin

DMSO

EDTA

Ethanol

Ethidium bromide
Glacial Acetic Acid
HCI

Isopropanol
KH,PO4

K>;HPO4

KOH

Luria Broth
Na,HPO4

NH4Cl

PMA

Tris Base
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Difco

Sigma

Sigma

Sigma

Fisher
Pharmsco
Sigma
Sigma-Aldrich
Sigma

CVS

Sigma

Fisher

Sigma

Difco

Fisher

Acros Organics
Biotium

Sigma



Enzvmes and Buffer

DNase I enzyme, Amplification Grade
DNase I Reaction Buffer

DNase I Stop Solution

NE2 Buffer

Scal Restriction enzyme

Size Markers

100bp DNA Ladder
1 kb DNA Ladder

Kits and Mixes

DNeasy Blood and Tissue Kit

Gel Extraction Kit

Mo Bio PowerSoil DNA kit

Plasmid Purification Mini Kit

pGEM-T Vector System II Cloning kit
SoilMaster™ DNA Extraction Kit

2 x ReadyMix™ Taq PCR Reaction Mix

1X TagMan® Environmental Master Mix 2.0
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Sigma

Sigma

Sigma
New England BioLabs
New England BioLabs

Promega

New England Biolabs

Qiagen

Qiagen

Mi Bio Laboratories
Qiagen

Promega

Epicentre Biotech.
Sigma

Applied Biosystem



APPENDIX D

THE DATABASE SEARCH COVERING 23 DIFFERENT STRAINS OF E.

COLI WITH COMPLETE GENOME SEQUENCING

Name of The Strain, GenBank Accession No.

e Ao e

—_
— O

[\ I NS e e e e e e
—_ O O 0 N N L kW

Escherichia coli K12-MG1655, U00096.2
Escherichia coli str. K12 substr. W3110, AP009048.1
Escherichia coli O157:H7 str. EC4115, CP001164.1

Escherichia coli O157:H7 EDL933, AE005174.2
Escherichia coli SMS-3-5, CP000970.1
Escherichia coli APEC O1, CP000468.1
Escherichia coli 55989, CU928145.2
Escherichia coli B str. REL606, CP000819.1
Escherichia coli ED1a, CU928162.2

. Escherichia coli S88, CU928161.2

. Escherichia coli UTI89, CP000243.1

. Escherichia coli CFT073, AE014075.1

. Escherichia coli IAI1, CU928160.2

. Escherichia coli 0127:H6 E2348/69, FM180568.1

. Escherichia coli UMNO026, CU928163.2

. Escherichia coli str. K12 substr. DH10B, CP000948.1
. Escherichia coli HS, CP000802.1

. Escherichia coli O55:H7 str. CB9615, CP001846.1

. Escherichia coli E24377A, CP000800.1

. Escherichia coli BW2952, CP001396.1

. Escherichia coli IAI39, CU928164.2

22.

Escherichia coli BL21(DE3), AM946981.1

23.Escherichia coli LF82, CU651637

78



CURRICULUM VITAE

PERSONAL INFORMATION

Name: Bilgin Taskin
Nationality: Turkish

Birth date: August 31, 1977
Gender: Male

Marital Status: Single

CONTACT INFORMATION

Address: ODTU Biyoloji Bolumu.Lab 255 , 06531 Ankara/ TURKEY
Phone: +90 312 210 64 76

Fax: +90 312 210 12 89

E-mail: tbilgin@metu.edu.tr,bilgintaskin@yahoo.com

EDUCATION

From September 2005 PhD, Middle East Technical University, Dept. of
Biotechnology, Ankara, Turkey

September 2002- July 2005 MSc, Middle East Technical University, Dept. of
Biotechnology, Ankara, Turkey
Cum.GPA: 3.57/4.00

September 1998- June 2002 BSc, Middle East Technical University, Dept. of
Biology, Ankara, Turkey,
Cum.GPA: 3.41/4.00

79



SELECTED PUBLICATIONS and PRESENTATIONS

Giilay Ozcengiz, Sezer Okay, Eser Unsald, Bilgin Taskin, Paloma Liras and
Jacqueline Piret (2010). Homologous expression of aspartokinase (ask) gene
in Streptomyces clavuligerus and its hom-deleted mutant: Effects on
cephamycin C production. Bioengineered Bugs. Volume 1, Issue 3. Pages

191 - 197.

Bilgin Taskin, Ayse Gul Gozen Metin Duran (2010). Selective quantification
of viable Eschericia coli in biosolids by quantitative PCR with propidium

monoazide modification. (Submitted).

e Taskin B, Caydasi AK, Yilmaz, EI and Ozcengiz, G (2006) Aspartate pathway

engineering for improving cephamycin C yields in S. clavuligerus. Presented
in "2" FEMS Congress of European Microbiologists" (4-8 July 2006,
Madrid). Book of Abstracts. p. 128. (Poster presentation).

e Taskin B, Tunca S and Ozcengiz G (2006) Effect of homologous copies of ask

gene on cephamycin C biosynthesis in Streptomyces clavuligerus. Presented
in “31st FEBS Congress: Molecules in Health and Disease” (24-29 June
2006, Istanbul) The FEBS Journal, vol 273 supplement 1, Abstracts, p.325

(Poster presentation)

e Taskin B, Solmaz G and Gozen Ayse Gul (2008) 16s rRNA gene sequence

analysis and partial biochemical characterization of the fish associated
bacteria isolated from lake mogan in Turkey. Presented in “XII. International
Congress of Bacteriology and Applied Microbiology, IUMS” (5-9 August
2008, Istanbul). Abstract Book. p. 148. (Poster presentation)

80



PROFESSIONAL EXPERIENCE:

From september 2002: Teaching assistantship at the microbiology and the
molecular genetics laboratories, Middle East Technical University, Turkey

September 2002- July 2005: M.Sc Thesis at Laboratory of Prof. Dr. Gulay
Ozcengiz, Middle East Technical University, Turkey. “Effect of homologous multiple
copies of aspartokinase gene on cephamycin C biosynthesis in Streptomyces
clavuligerus”

HONOURS and SCHOLARSHIPS:

From 2005: Scholarship by Scientific and Technical Research Council of Turkey
(TUBITAK) for PhD students.

1998-2002: Awarded six times with high honour degree and once with honor
degree at Middle East Technical University, Turkey.

1998-2002: Scientific encouragement scholarship for undergraduate students by

Middle East Technical University graduate council.

2007: The best performance award in PhD courses in biotechnology department

LANGUAGES

English: Good spoken and written

German: Beginner level

Turkish: Native language

81








