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ABSTRACT

DEVELOPMENT OF A REAL-TIME IMMUNO-PCR ASSAY FOR THE QUANTIFICATION
OF ENVIRONMENTAL CONTAMINANTS

This thesis outlines the development of two universal real-time immuno-PCR (RT-iPCR)
assays for application in agriculture. The first RT-iPCR was developed for the sensitive
quantification of 17-estradiol in water. Using a universal iPCR method and polyclonal
antibodies, 17-estradiol was accurately quantified at concentrations ranging from 1 pg mL™ to
10 pg mL™?, with a limit of detection of 0.7 pg mL™. The RT-iPCR assay provided an 800-fold
increase in sensitivity as well as an expanded working range compared to the corresponding
enzyme-linked immunosorbent assay. Antibodies were swapped with antibodies specific to P.
brassicae for the quantification of clubroot resting spores using the same RT-iPCR assay. P.
brassicae resting spores were quantified in the range of 50 to 10 000 spores, with a detection
limit of 29 spores. Both RT-iPCR showed equal or improved sensitivity compared to other
published analytical methods, with expanded linear working ranges and high-throughput

capabilities.
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1. LITERATURE REVIEW
1.1 Introduction

Since the 1960s, immunoassays have played an important role as rapid diagnostic tools
with a wide range of applications in biomedical research and environmental monitoring. As
antibody-based assay technology continues to expand, they now incorporate more recent
technologies such as molecular biology and nanoparticles to further improve existing techniques.
This literature review examines recent developments in antibody-based diagnostic methods for

the quantification of environmental contaminants with a focus on immuno-PCR.

Medical diagnostics, environmental monitoring and research all rely on the rapid and
specific quantification of analytes of interest. An important contribution to the field of diagnostic
research has been the development of the immunoassay; a biochemical technique based on the
specific interaction between antigen (Ag) and antibody (Ab) [1]. Early pioneers Rosalyn Yalow
and Solomon Berson were recipients of the Nobel Prize in Physiology and Medicine in 1959 for
their initial research on immunodiagnostic technology [2]. Since then, a wide array of proteins
and other compounds have been successfully quantified using immunoassays, which have
become powerful tools in diagnostic analyses [1, 3, 4]. Examples such as infectious diseases,
including hepatitis B [5] and human immunodeficiency virus (HIV) [6], allergens [7] and other
human and animal disease-specific antigens have been detected and quantified using
immunoassay technology [1]. Immunodiagnostic methods have also been extensively employed
by toxicologists for rapid detection and quantification of environmental contaminants [8-11]. The
expansion of antibody-based diagnostic technologies can be attributed to the specificity and
selectivity conferred by the Ab-Ag interaction, as well as the simplicity and ease of assay

performance. Immunoassays rely on antibodies which can bind specifically to a protein, hapten



or any other antigen of interest [1]. They typically consist of a solid support onto which
reactants, including analyte, antibodies and detection reagents, are sequentially added in order to
quantify the analyte via a colorimetric or radiolabel detection [1]. Variations of immunoassays
include immunofluorescence assays [12] and radioimmunoassays (RIA) [13], as well as enzyme

linked immunosorbent assays (ELISA).

RIAs, which are among the earliest developed immunodiagnostic methods, rely on
antibody or antigen labelling with radioisotopes which permit, in some cases, sensitivity as low
as pg mL™ level [2, 14]. While RIAs continue to be employed in a variety of diagnostic
applications, drawbacks include rapid decay of isotopes with short half-life, the inherent dangers
of radioisotopes and cost associated with handling and disposing of radioactive material [3, 14].
ELISAs, initially developed by Engvall and Perlmann [4] in the early 1970’s, offered an alluring
alternative to radioisotope labeling. Enzyme labels, such as horseradish peroxidase (HRPO) or
alkaline phosphatase were employed for signal generation, with the absorbance being quantified
using spectrophotometry. Signal generation is therefore accomplished through enzymatic activity
acting upon a chemical substrate, producing a colored or fluorescent product relative to the
amount of bound reactants [1]. A variety of ELISA methodologies exist, four of which are

summarized in Figure 1.1.

While ELISAs offer a simple and effective way to quantify an analyte, assay sensitivity is
limited by the quality of antibodies being used and the ability of the spectrophotometer to
quantify color change. The limit of detection (LOD) can vary among the different assays but
typically does not go beyond the ng mL™ levels [9]. The LOD in this context represents the limit

at which a positive signal can be distinguished from a blank (negative control) [1, 3].
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ELISAs may lack sensitivity in certain applications, for example in medical diagnostics where
antigenic determinants from pathogens may be present in low concentrations and patient survival
is dependent on rapid and accurate diagnosis. Environmental monitoring also relies on
ultrasensitive detection, particularly with contaminants that cause ecotoxicological harm at

concentrations below ng mL™[15, 16].

The detection of antibody-antigen interactions is no longer restricted to enzymatic
activity. Other macromolecular compounds, notably DNA and its associated technologies, are
increasingly being employed for detection and quantification of analytes [17-19]. The
exponential amplification of DNA through Polymerase Chain Reaction (PCR) takes advantage of
the intrinsic properties of DNA to be used as a template for signal generation. Even a single
DNA molecule can be amplified leading to detection levels well beyond the sensitivity of
conventional ELISAs. Immuno-PCR (iPCR) employs a short length of DNA (referred to as
reporter DNA) which replaces the chromophore typically used in ELISAs. When the reporter
DNA is amplified by PCR, the resulting number of DNA amplicons is proportional to the
amount of antigen detected by the antibodies [18, 19]. The combination of antibody specificity
with the amplification power of PCR has opened up a range of innovative analytical techniques
for ultrasensitive detection [18, 19]. This literature review will examine the history, development
and variations of iPCR assays used for antigen detection in both fundamental and applied

research.
1.2 Immuno-PCR

The concept for employing DNA as an amplifiable template in immunodiagnostics was

first demonstrated by Sano et al. (1992) [20]. In order to facilitate the specific detection of



antigens present at low concentrations, they utilized PCR to amplify a unique DNA template
through the use of specific primers, with the DNA products being detected through a variety of
methods. The specific primers to the DNA template permitted the amplification of only the
desired sequence, thereby reducing false signals originating from foreign nucleic acids present in

the sample.

In practice, the antibodies used in iPCR must be coupled to a reporter DNA to be
amplified by PCR, similar to the coupling of antibodies with an enzyme as in ELISAs. The
reporter DNA can either be coupled to an antibody covalently or through linker molecules, such
as streptavidin [21]. The original iPCR assay employed a streptavidin-protein A (STV-A)
chimera as the linker between biotinylated DNA and monoclonal antibodies (mAbs) specific to
bovine serum albumin (BSA) [20]. In the original protocol by Sano et al., the chimera provided
two independent binding sites, one to biotin through the streptavidin moiety, and the other to the
fragment crystallizable domain of an immunoglobulin G (IgG) through protein A. Their reporter
DNA was a biotinylated fragment amplified from plasmid pUC19. The detection procedure is
similar to that of an ELISA, with the exception that the enzyme conjugated secondary antibody
has been replaced with the biotinylated DNA-STV A chimera [20]. Following the formation of
antigen-antibody-DNA complexes, a 260-bp DNA product was amplified by PCR and analyzed
by gel electrophoresis. Using this technique, Sano et al. [20] achieved signal generation with a
BSA concentration of 9.6 X 10 mol, corresponding to 580 molecules of BSA. This represented

a 10°-fold enhancement in sensitivity over the corresponding ELISA [20].

While this iPCR methodology achieved a significant improvement over ELISA, the STV-
A linker presented a number of disadvantages: firstly, this type of linker can only be used in the

direct iPCR format. This limitation arises because it is impossible to fully suppress STV-A’s
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binding to capture antibodies immobilized on the microwell surface that would occur in an
indirect format due to the generic binding of protein A to any antibody subtype [18]. Secondly,
protein A has widely different affinities for antibodies from different classes and subclasses from
various species, thereby limiting its versatility [22]. Despite these limitations however, the STV-
A chimera has been used in several iPCR assays [23, 24]. For example, Ren et al. (2001)
employed a bispecific fusion protein made of the carcinoembryonic antigen (CEA) binding

protein and STV for the detection of circulating CEA in serum using iPCR [24].

Other early iPCR-based assays employed avidin as the linker; which also presented
technical challenges: the tetrameric nature of avidin can result in the formation of a variety of
conjugates, leading to reduced sensitivity and reproducibility from high background noise [17].
Additionally, streptavidin presents numerous advantages over avidin: streptavidin does not
possess a carbohydrate moiety and has a much lower isoelectric point (pl 5), compared to avidin
(pl 10), ultimately leading to less non-specific binding [17]. Finally, streptavidin can also be
conjugated to enzymes such as peroxidase, thereby permitting ELISA and iPCR to be performed

simultaneously [17].

While the STV-A chimera used by Sano et al. [20] provided significant detection
improvements over the corresponding ELISA, there was a need for a more versatile methodology
without antibody source or subclass restriction while still retaining the same sensitivity and
specificity. By substituting STV-A chimera with biotinylated secondary antibodies and free
streptavidin, Zhou et al. [25] developed a universal iPCR methodology which retained the
original iPCR’s sensitivity and specificity yet could be applied universally without restrictions to

certain classes of antibodies.



Using full-length recombinant protein ETS1 as the target antigen, ETS1-specific mAbs,
biotinylated sheep anti-mouse secondary antibody, free streptavidin and biotinylated DNA, they
were able to detect ETS1 at a concentration of 9.6 X 10" moles, corresponding to
approximately 5.78 X 10% ETS1 molecules [25]. This detection level corresponded to a 10°-fold
increase in sensitivity over the corresponding ELISA. In addition to the universal nature of the
assay, this method also reduced the number of washing steps required, and assay completion
time. The universal iPCR format is more flexible since it is compatible with direct, sandwich and

indirect assays. Schematic representations of universal iPCR formats are outlined in Figure 1.2.

Because of their flexibility, universal iPCRs have since been widely used in research
[18]. Bacterial antigens [26], toxins [27], prion proteins [28], and viral antigens [29] have all
been successfully detected using the universal iPCR format [17, 18, 29]. Despite the gains in
sensitivity and reproducibility achieved through universal iPCR, certain disadvantages
accompany the in situ assembly of the complex. For example, to ensure quantitative binding,
each coupling step must achieve thermodynamic equilibrium [30]. With most immunoassay
incubation times being one hour, the heterogeneous system may not achieve equilibrium,
resulting in fewer signal-generating complexes and ultimately weaker amplification. The
following section outlines variations of the iPCR assay which address some of these challenges

and limitations.
1.3 iPCR formats

Due to its inherent flexibility, employing DNA for signal amplification in immunoassays
permitted the development of numerous formats. From a practical standpoint, the iPCR format

selected must be compatible with the reagents and equipment available in the laboratory. Each
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IPCR method has certain advantages and disadvantages, and to meet the specific demands of the
desired application, the appropriate assay design and technique must be chosen accordingly. Two
important iPCR steps which can vary from assay to assay have been the coupling of the reporter

DNA to the antibodies and the subsequent quantification of the PCR product.

1.3.1 Antibody coupling with DNA

While a number of strategies have been developed for the coupling of antibodies to DNA,
two approaches will be examined in this literature review: 1) modular in situ coupling and 2) pre-
assembled conjugates. The modular in situ approach includes any iPCR which employs a
multistep (sequential) protocol where streptavidin is used with biotinylated DNA and
biotinylated antibodies. While in situ approaches use commercially available reagents and permit
greater flexibility in tailoring assays, drawbacks include time-consuming washes to remove
unbound reagents and lengthy multi-step protocols [18]. The sequential protocol associated with
in situ approaches can lead to increased error rate, non-specific binding inducing high
background noise, and difficulty with predicting the optimal stoichiometric ratio of reagents.
Recent efforts have addressed shortcomings in reproducibility through standardized, ready-to-use
reagents [19]. The increased availability of commercial reagents, such as biotinylated secondary
antibodies, leads to simpler assay protocols, less nonspecific binding, and more routine

diagnostics [19].

Pre-assembled DNA-antibody conjugates have been shown to outperform complexes
generated using the modular approach [21, 31]. Pre-assembled DNA-antibody conjugates can be

synthesized through chemical coupling or supramolecular conjugation.



1.3.2 Chemical coupling

Covalent (chemical) coupling of DNA and antibodies is another strategy available. By
using pre-assembled antibody-DNA conjugates, the overall iPCR protocol is simplified and
incubation steps removed. One of the major advantages of using DNA-antibody conjugates is the
reduction in assay length and complexity leading to reduced non-specific binding between

reagents which invariably occur with each additional incubation step [17, 18].

DNA-antibody conjugates synthesized via chemical coupling can be conveniently used in
direct, indirect and sandwich formats [17]. Heterobifunctional crosslinking agents contain two
reactive groups which act on separate substrates. One reactive group reacts with DNA, while the
other targets the amine group present on the antibody, effectively joining the two [32]. Chemical
coupling methods require complex chemistry with harsh chemicals and chromatography
purification. This is a concern, as the antibodies are potentially unable to endure the severe
chemical conditions of chromatographic purification [18], which are necessary to remove
unreacted reagents and maintain the assay’s reproducibility and sensitivity. Despite these
limitations, a variety of iPCRs employ chemical coupling [32-37]. Sperl et al. (2005) achieved a
LOD of 0.8 pg mL™ of soluble murine T cell receptors, corresponding to a 125-fold increase in
sensitivity over the corresponding ELISA [33]. Additionally, Henterich et al. (2003) directly
compared iPCR with pre-conjugated chemically coupled DNA-antibody complexes with
universal iPCR using in situ modular assembly of biotinylated-streptavidin complexes. They
demonstrated an improvement in performance using the chemically coupled iPCR, and achieved
a gliadin detection limit of 0.16 ng mL™, a 30-fold improvement over the corresponding ELISA

[37].
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1.3.3 Supramolecular conjugates

The biotin-streptavidin interaction has been exploited to create supramolecular
conjugates consisting of large self-assembling networks and nanocircles of DNA fragments and
streptavidin for use in iPCR [21, 38, 39]. Nanostructured networks can be created through the
use of bis-biotinylated double-stranded DNA and streptavidin as the linker agent. By carefully
manipulating reagent concentration and assembly parameters, highly specific antibody-
streptavidin networks which contain numerous terminal streptavidin molecules can be generated.
These terminal STV molecules provide convenient access to biotinylated antibodies, enabling the
formation of a multitude of biotinylated DNA and antibodies within a single conjugate. With the
ability to bind polyvalently to the immobilized antigens, the oligomeric conjugates have been

shown to outperform traditional monomeric DNA-streptavidin conjugates [38, 39].

1.4 Signal Generation and Detection

Adequate signal analysis is necessary to ensure precise analyte quantification in any
diagnostic assay. Since iPCR relies on DNA amplicons for antigen quantification, it is therefore
imperative to accurately quantify the DNA products following PCR amplification. Initially, a
shortcoming of the iPCR methodology was the increased labour and time required for PCR
amplification when compared to ELISA. Following the addition of the enzyme’s substrate in
ELISA, signal generation is conveniently detected using a spectrophotometer. In iPCR however,
the DNA amplicons are invisible and therefore require separate techniques for detection and
quantification [18, 19]. Borrowing from established nucleic acid analysis, a wide range of proven
quantification strategies for PCR-generated amplicons are now readily available in most

biochemical laboratories [40-43]. Gel electrophoresis and DNA-intercalation fluorescent markers
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can be useful for detection, but these methods pose some disadvantages. Quantifying band
intensity over several orders of magnitude is problematic unless radiolabels or time-consuming
dilution steps are employed. Additionally, for large numbers of samples, gel electrophoresis
becomes very time-consuming and is expensive to automate. Despite these challenges,
electrophoresis has been successfully used for DNA quantification in a number of iPCR

applications [20, 25, 44-46].

Other means of DNA quantification have successfully been employed in DNA-based
immunodiagnostics. Labeled probes can be hybridized with DNA amplicons, permitting
sequence-specific labeling detection molecules [43]. Real-time or quantitative PCR (qPCR) [43]
offers fast and direct detection of PCR products in real-time and has become the method of
choice for a number of iPCR-based applications [19, 32, 35, 47-51]. An intercalation fluorescent
probe with specificity for double-stranded DNA such as SYBR green or a sequence-specific
fluorophore probe such as TagMan is added to the amplification reaction and emits a fluorescent
signal following the replication of amplicons [43]. The elimination of post-PCR quantification
reduces the possibility of contamination or signal degradation through excessive handling,
making gPCR an excellent choice with iPCR [43]. Real-time iPCR (RT-iPCR) assays have
demonstrated significant improvements in sensitivity over conventional assays in the detection of
viral and bacterial antigens [26, 48, 52], tumor markers [53] and environmental contaminants
[54, 55]. Additionally, the high sensitivity of qPCR requires only a small sample volume, which
can be highly advantageous when only small amounts of sample are available [18]. gPCR
sensitivity also allows wider compatibility with complex biological matrices which can be
diluted in buffer prior to analysis. The dilution of complex biological or environmental matrices

can significantly reduce matrix background noise, allowing for increased sensitivity [56].
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An important technical consideration when employing gPCR is microplate compatibility
with a real-time thermocycler [18]. Microplate materials must have a reasonable protein binding
capability, which is not necessarily a desired property of PCR microplates in most applications.
While it is possible to transfer the signal generating immunoreactants to the wells of a
thermocycler compatible plate, these additional handling steps increase the possibility of
contamination thereby decreasing sensitivity [19, 57]. Microplates in the 96-well format,
specifically designed for iPCR with high protein binding capabilities are available, and are
recommended for standardized iPCR applications [19]. Real-time PCR also allows for multiplex
IPCR assays where several antigens can be detected simultaneously. Unique reporter DNA can
be used for detection of multiple antibody-DNA conjugates within a single experiment.
Hendrickson et al. (1995) demonstrated the feasibility of this concept with the simultaneous
detection of f-galactosidase, human thyroid-stimulating hormone and human chorionic
gonadotropin [34]. Collectively, these advantages make qPCR the technique of choice for DNA

quantification for iPCR.

While great potential exists for multiplex iPCR, a number of challenges are inherent to
conventional multiplex-based assays which necessarily translate to multiplex iPCRs. Moreover,
the widely used modular in situ approach is not multiplex-compatible, because it is currently

impossible to distinctly label certain antibodies with reporter DNA in situ [57].

1.5 Reporter DNA Design

Compared to other applications employing gPCR, RT-iPCR is generally less susceptible
to error. By employing several washing steps prior to the addition of the reporter DNA, all

contaminants and unbound immunoreactants are removed [18]. Consequently, there should only

13



be one type of nucleic acid present in the sample to be amplified, therefore eliminating the
possibility of mispriming or competition with other partially homologous sequences. While the
sequence of the reporter DNA can be freely chosen, several published reports have described
standard sequences originating from plasmids such as pUC19 [20, 21, 31, 58]. Contamination of
the workplace with reporter DNA can result in false positives, therefore it is recommended to
select a DNA sequence not commonly used in routine laboratory work. Additionally, if the iPCR
is intended for environmental applications, it is imperative that the chosen DNA sequence will
not be found in the environmental matrix. Few publications have specifically addressed the effect
of the length of the reporter DNA on iPCR performance but reporter DNA ranging from less than
100 base pairs [45] up to entire plasmids [59] have been used. However, most DNA markers

have been in the range of 100-300 base pairs as they are most efficiently amplified by PCR [18].

1.6 Other iPCR Strategies

The past decade has seen increasing use of nanoparticles in the field of molecular
diagnostics. Because of their small size (1-100 nm) and large surface-to-volume ratio, certain
classes of nanoparticles have found widespread use in a variety of diagnostic applications [60].
By controlling for size, shape and composition, it is possible to chemically tailor the physical
properties of nanoparticles to provide novel binding properties and structural robustness. The
selection of nanoparticle properties, now possible through recent advances in synthesis and
fabrication, will further expand their diagnostic potential [61]. iPCR has recently benefited from

advances in nanotechnology [17, 60].

High background signal resulting from non-specific binding of the assays reagents,

problematic in iPCR methodology [17, 18] can be avoided by switching from the classical

14



microplate format (solid phase) to a liquid format through the use of nanoparticles or proximity
ligation assays [62]. Nam et al. (2002) first introduced a bio-barcode technique based on
oligonucleotide-modified nanoparticles for the detection of multiple protein structures in a single
solution [63]. Coupling nanoparticle technology with iPCR has increased assay sensitivity and
specificity while simplifying the protocols. In addition to lower detection limits, a reduction in
the number of incubation and washing steps through the use of magnetic beads for the detection
of the HIV-1 p34 antigen was observed [64]. Other non-specific interactions are further reduced
because microwells with high binding capacity are no longer required since the large surface-to-
volume ratio conferred by nanoparticles allows faster and more complete interactions between

the antibodies anchored to the nanoparticles and the antigens in solution [17, 57].

Magnetic-based immunoassays have been developed using magnetosome nanoparticles
[65]. In order to ensure uniform size, morphology and biocompatibility, Wacker et al. developed
a biogenic bacterial magnetosome derived from Magnetospirilum gryphiswaldense, a
magnetotactic bacterium [65]. These magnetosomes were chemically modified with antibodies
specific to hepatitis B surface antigen (HBsAg) and combined in solution with HBsAg antibody-
DNA conjugates and a serum sample containing HBsAg. The signal generating complex is
formed with the HBsAg antigen acting as the linker between the magnetosome-antibody
conjugate and the DNA-antibody conjugate. An external magnetic field is then used to
concentrate the signal complex, which can then be re-suspended in buffer following washing to
remove unbound reagents. Following addition of PCR master mix, the assay read-out is the same
as conventional RT-iPCR. Using the aforementioned format, Wacker et al. achieved a LOD of
320 pg mL™*, which was a 25-fold increase in sensitivity over RT-iPCR using commercial

magnetic beads [65].
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Gold nanoparticles have also successfully been employed in iPCR assays [66-68]. Perez
et al. describes the detection of viral antigen in cell lysate employing both magnetic beads and
gold nanoparticles in a nanoparticle-amplified iPCR (NA-IPCR) [68]. In this strategy, antibody-
DNA functionalized gold nanoparticles (AuNPs) were used in addition to antibody
functionalized magnetic microparticles (MMPs) for the detection of respiratory syncytial virus
(RSV) [68]. Similar to the methodology developed for the magnetosome complex, a sandwich
complex is generated linking the MMPs with the AuNPs via the RSV antigen. A magnetic field
is then used to isolate the signal generating complexes for extraction. Heating the DNA releases
it from the gold nanoparticles which can then be quantified using gPCR. Using the NA-iPCR, a
LOD of 4.1 plaque-forming units mL™, which corresponded to a 4000 fold increase in sensitivity
over the ELISA using the same antibodies, and a 4-fold improvement over gPCR using extracted

viral RNA [68].

The versatility and applicability of nanoparticles in novel immunoassays suggest further
growth and development as the technology continues to expand. With more and more versatile
applications of nanotechnology in molecular diagnostics, it seems immunoassays will continue to

be modified through the use of nanoparticles.
1.7 RT-iPCR Applications

The development of an efficient and reliable iPCR assay which can be standardized and
adapted for a range of routine diagnostics is still a significant undertaking with numerous
challenges. Despite these challenges, iPCR has been successfully applied for the detection of a

wide range of analytes. Bacterial [26, 46] and viral [29, 58, 65, 68, 69] antigens, antibodies [34],
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tumor markers [24, 59], and a variety of environmental [50, 51, 54, 55] and food contaminants

[27] have been successfully detected by iPCR.

An overview of iPCR applications for a variety of antigen classes has been previously
published in review articles by Niemeyer et al. (2005) and Adler et al. (2008). The focus of these
reviews was primarily pertaining to medical applications for pathogens, tumour markers and
biological compounds. Only recently has the use of iPCR for detection of haptens, or small
molecules less than 1000 Daltons, such as polycyclic aromatic hydrocarbons (PAHSs) [50] and
polychlorinated biphenyls (PCBs) [54] been investigated. These haptens have significant impact
on ecosystem health due to their potential carcinogenic and mutagenic properties. As a result of
industrial processes and human activities, there is an increased interest in the detection and
quantification of these environmental contaminants [70-74]. Typically, these compounds are
detected using traditional immunoassays or chromatography coupled to mass spectrometry. A

summary of iPCR applications specific to hapten quantification is presented in Table 1.1.

Table 1.1 Application of iPCR* for the detection of haptens. All of these assays used biotin-

avidin linker system

Hapten LOD (fg mL™) Refs
Phenanthrene 5 [50]
Naphthalene 1 [75]
Fluoranthene 5 [51]
Polychlorinated 5 [54, 55]

biphenyls
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Due to their acute and chronic health effects in humans [76], as well as having persistent,
bioaccumulative properties [77] , the need for a fast, simple and sensitive detection method for
PCBs made them a prime candidate for iPCR diagnostics. While banned by many industrialized
countries since the late 1970’s, PCBs continue to persist as environmental contaminants
following years of use as additives in a variety of oil-based products ranging from plastics to
pesticides [54, 55, 78]. Historically, gas chromatography coupled to mass spectrometry (GC-
MS/MS) was the standard detection method of these dioxin-like compounds. However, this
method requires a well-equipped analytical chemistry laboratory, and required large sample

volumes [54].

ELISAs have also been employed in PCB detection although their sensitivity is
insufficient for detection of the minute quantities found in environmental samples. An iPCR
assay was developed for PCB77 using a biotin-avidin linker bridging a biotinylated antibody to a
biotinylated reporter DNA [55]. Using this RT-iPCR assay, a detection limit of 1.5 fg mL™ was
achieved, making it the most sensitive PCB detection method described to date [55]. When
compared to GC-MS/MS data, the iPCR standard curve had high correlation (r=0.99)

demonstrating its usefulness in providing rapid quantitative test results [55].

Phenanthrene (PH), a polycyclic aromatic hydrocarbon with three fused benzene rings, is
an environmental contaminant with mutagenic and carcinogenic properties [50]. Presently, the
maximum concentration of PH in drinking water is 50 pg mL™ in China, and is monitored by
HPLC-MS. Using iPCR, Zhou et al. achieved a detection limit of 5 fg mL™. This represented an

order of magnitude increase in sensitivity over that of the ELISA assay [50].
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1.8 Challenges

While iPCR diagnostic technology has proven successful in ultrasensitive detection of a
variety of antigens, numerous challenges remain [17, 18]. Increased complexity and cost when
compared to conventional ELISA and decreased reproducibility when compared to GC or LC-
MS/MS remain important considerations when choosing an appropriate diagnostic strategy. The
increased complexity and cost of iPCR when compared to ELISA makes iPCR less attractive,

especially if there is no particular need for ultrasensitive detection [18].

One of the most common drawbacks associated with iPCR is its lack of reproducibility
owing to excess background signal in negative control samples [19]. Nonspecific background
fluorescence present in iPCR samples require that the negative threshold be raised resulting in a
decrease in sensitivity [19]. High background signals can be mitigated using appropriate
blocking solutions, standardized reagents and thorough washing protocols [19]. The need for
exotic reagents requiring complex chemistry to synthesize, such as antibody-DNA conjugates
and nanostructures, can be a major obstacle for developing iPCR as a routine diagnostic strategy.

However, the use of commercial reagents can minimize these issues [18, 19, 57].

Common to all immunoassays is cross-reactivity of antibodies with structurally related
compounds other than the analyte of interest that can lead to false positives. Zhou et al. reported
cross-reactivities of PH-specific antibodies to anthracene and fluranthene at 12.5% and 11.2%
respectively [50]. Chen et al. reported cross reactivities as high as 37.5% for PCB congeners

[54].

Real-time detection of PCR amplicons has greatly reduced the number of PCR-related

problems by reducing the number of handling steps, thereby simplifying and shortening the iPCR
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protocol. However, iPCR with real time detection requires compatible thermocyclers, which may
not be readily available. At present, iPCR is limited to well-equipped laboratories with

experience in both ELISA and PCR-related technologies.
1.9 RT-iPCR Applications in Agriculture

This thesis presents the development and assessment of a universal RT-iPCR assay for
the quantification of manure-borne 17-estradiol in water, followed by antibody swapping to
quantify P. brassicae resting spores using the same assay format, to demonstrate the potential of

RT-IPCR in quantifying analytes of interest in agriculture.
1.9.1 Manure-borne estrogens

The environmental presence of natural estrogens and endocrine disrupting compounds
(EDCs) has received increasing attention since the 1990’s, with implications for environmental
research and policy [79]. Estrogens, along with other EDCs, have been shown to disrupt the
endocrine system by interfering with hormonal synthesis and degradation, thereby altering
normal physiological and behavioural activity in a wide range of vertebrate species [79, 80].
Recent reviews have highlighted the ecotoxicological risk of estrogens [81, 82]. Purdom et al.
(1994) reported that estrogen concentrations in waste water treatment plant effluents as low as
10-100 ng L™ were capable of inducing increased blood vitellogenin in male rainbow trout [83].
Despite the ecological threat posed by manure-borne estrogens, their prevalence and distribution
have not been thoroughly evaluated in agricultural watersheds in southern Alberta [84]. Due to
the high estrogenic potency of manure-borne estrogens and their ability to disrupt the endocrine
system, it is imperative to identify potential sources and to quantify manure-borne estrogens in

southern Alberta waterways.
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Municipal, industrial and agricultural wastes are the primary sources of estrogens in
surface and groundwater [85]. Estrogens are synthesized and excreted by all vertebrates,
including humans, while concentrations and amounts excreted vary between species [86].
Agriculture is often cited as a major contributor of environmental estrogens [87] with livestock
effluents and runoff from manure-enriched land acting as significant sources of estrogens in
waterways [85]. Chen et al. estimated that 90% of environmental estrogens originate from
animal waste [88]. Concentrated animal feedlot operations are of particular concern, due to the
large quantities of urine and manure generated [88]. Southern Alberta has the highest density of
cattle feedlots in Canada, with 700 000 heads of cattle in the County of Lethbridge alone in 2003
[89]. Previous analysis of water samples in the Oldman River has shown concentrations of 5.26
ng L™ and 1.01 ng L™ of estrone and 17p-estradiol, respectively [84]. Consequently, surface and

subsurface water contamination by manure-borne estrogens could pose a potential local problem.

A sensitive, rapid and high-throughput method for the detection and quantification of
estrogens in water is therefore essential [90]. Conventional chemistry techniques, such as gas
chromatography (GC) and high pressure liquid chromatography coupled to mass spectrometry
(HPLC-MS) have been used to quantify natural estrogens and EDCs in environmental samples
[91-93]. Unfortunately, although HPLC-MS has shown adequate sensitivity (=pg L™), it is time-
consuming and requires expensive laboratory instrumentation in addition to skilled personnel.
Considering the importance of environmental EDC monitoring, the development of a simple,
practical, fast, highly sensitive, highly specific and low-cost quantification method is of utmost

importance.

Because of the need for a high-throughput, ultrasensitive method for the quantification of

manure-borne estrogens, an iPCR assay based on the universal format was developed for the
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quantification of 17p-estradiol (E2) in water. Using iPCR, we achieved a limit of detection of 0.7
pg mL™ in water, which is comparable to the most sensitive LC-MS/MS methods published so
far for E2 quantification [94]. E2 was chosen as the analyte of interest among the main manure-
borne estrogens excreted by cattle since it is the natural estrogen with the highest estrogenic
potential [95]. An advantage of using the universal iPCR format is the ability to swap out the
detection antibodies and use the same methodology for quantification of a completely different
antigen. We chose the resting spores of Plasmodiophora brassicae as our second target antigen

for use in the antibody swapping experiment.
1.9.2 Antibody swapping: Plasmodiophora brassicae

P. brassicae is the causal pathogen of clubroot, a soil-borne disease that infects members
of the Cruciferae family. Clubroot is one of the most damaging soil-borne diseases of crucifers
worldwide, and has recently become established in Western Canada [96]. Infected plants suffer
from tumorous galls on their roots, producing the recognizable disease symptoms that consist
mainly of club-shaped roots, plant yellowing, wilting and early senescence. The galls impede
water and nutrient transport, ultimately stunting growth [97, 98]. The pathogen produces resting
spores that remain viable in the soil for as long as 20 years [99, 100]. As of 2012, Alberta had
1064 fields with confirmed cases of P. brassicae infestation, which is most likely a significant
underestimate, since comprehensive surveys remain to be conducted [97]. Clubroot disease can
affect up to 94% of plants infected in highly infected fields which can translate to 30-50% yield
losses [96, 101]. The economic impacts of clubroot in Alberta are therefore significant and of

concern to the canola industry [96, 97].
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A variety of chemical control measures [102-104] have been evaluated in clubroot
control, demonstrating limited success. The most practical method for clubroot control is to
avoid planting susceptible crops in P. brassicae infested soils [105]. This can be difficult due to

the long-lived nature of the resting spores.

Accurate, sensitive detection of P. brassicae resting spores is a critical component in
minimizing the spread and infection of clubroot disease. Current detection of P. brassicae resting
spores rely on either ELISA assays [106] or PCR-based amplification of P. brassicae DNA [105,
107, 108]. These techniques suffer either from lack of sensitivity or complicated extraction
protocols associated with isolating P. brassicae DNA prior to amplification. The resting spores
present an ideal target for the antibody swapping. The spores represent a completely different
class of antigens when compared to 17-estradiol and therefore are well suited to evaluate the

universal applicability of our iPCR assay.

For these reasons, P. brassicae is a good target for which a sensitive assay could benefit
Alberta’s agriculture. A sensitive P. brassicae RT-IPCR assay was therefore developed as part of

an antibody-swapping experiment from our universal 174-estradiol iPCR assay.

1.10 Conclusions

Since its introduction, iPCR has evolved from a proof-of-concept to an established
diagnostic method. For most applications, iPCR assays are proving to be as sensitive as
conventional diagnostic methods, with the advantages of high-throughput and built-in flexibility.
Although the iIPCR method has gained sensitivity, robustness and standardization in recent years,
challenges remain for the application of iPCR to routine clinical or environmental diagnostics.

By incorporating newer technologies such as nanoparticles, iPCR assays will undoubtedly gain
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further sensitivity and use as routine diagnostic method. Several iPCR assays have been
successfully developed for environmental contaminants (PCBs, PAHS); however none have been

used in the context of agricultural research.

The overall objective of this thesis is to investigate the feasibility of using RT-iPCR
assays for agricultural applications. The specific objectives are two-fold: firstly, to develop a
universal format RT-iPCR for the sensitive quantification of manure-borne estrogens in water,
and secondly, to demonstrate the flexibility of the assay by swapping the antibodies and applying
this modified assay for the quantification of a completely different antigen, the clubroot resting

spores.
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2. DEVELOPMENT OF A REAL-TIME IMMUNO-PCR ASSAY FOR THE

QUANTIFICATION OF 178-ESTRADIOL IN WATER
2.1 Abstract

A competitive real-time immuno-PCR (RT-iPCR) assay was developed for the sensitive
quantification of 17-estradiol in water. Using a universal iPCR method and polyclonal
antibodies, 17-estradiol was accurately quantified at concentrations ranging from 1 pg mL™ to
10 ug mL™. The RT-iPCR assay’s limit of detection was 0.7 pg mL™. The RT-iPCR assay
provided an 800-fold increase in sensitivity as well as an expanded working range compared to
the corresponding enzyme-linked immunosorbent assay. Assay cross-reactivity to estrone and
estriol, two structurally related estrogens, was below 8%. Water samples spiked with 17-
estradiol were analyzed by RT-iPCR to determine the assay’s potential as a rapid screen for the
monitoring of manure-borne estrogens in water. The assay showed recoveries of 82, 102 and
103% for Milli-Q, tap and irrigation water, respectively, without requiring sample extraction or

concentration prior to analysis.
2.2 Introduction

17p-estradiol (E2), estrone (E1) and estriol (E3) are natural steroidal hormones produced
by all vertebrates and excreted in their urine and faeces. Since these estrogens are capable of
disrupting endocrine regulation in a wide range of aquatic species [81, 82], concerns have been
raised regarding their presence in the environment. Manure-borne estrogens originating from
livestock production can reach surface waters and groundwater if leaching or runoff occurs
following manure application to agricultural land. Estrogens can be present at high levels in

manure: for example, concentrations of E2 as high as 300 ng mL™ have been reported in swine
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lagoons from farrowing sow feedlot operations [109]. Several studies have highlighted the risks
posed to the aquatic environment from manure-borne estrogens originating from surface runoff
[90, 110]. In addition, estrogens have been measured in effluents from industrial and municipal
treatment plants, with concentrations ranging from several nanograms to several hundred
nanograms per liter [111, 112]. Behavioural and physiological changes in aquatic species can
arise from exposure to even low concentrations of estrogenic compounds; for example, a 17-
estradiol concentration of 0.5 pg mL™ affected sperm motility patterns in male rainbow trout
(Oncorhynchus mykiss) [16], while concentrations of 25 pg mL™ induced vitellogenesis in

minnows (Gobiocypris rarus) [15].

Owing to the widespread presence of estrogens in the environment and their potential
impacts on aquatic species, there has been an increased interest regarding estrogen quantification
[92, 113-115]. Estrogens have been measured using a variety of analytical methods including gas
chromatography coupled with mass spectrometry (GC-MS/MS) [91, 116] and liquid
chromatography coupled with mass spectrometry (LC-MS/MS) [92, 94, 117]. Using GC-
MS/MS, 17p-estradiol was detected in sludge from domestic sewage treatment plants at
concentrations as low as 49 ng g™ [91], and in sewage samples at 1 pg mL™ [116]. To date, LC-
MS/MS is the standard and most sensitive analytical method used to quantify estrogens with
limits of detection (LODs) for steroidal estrogens and their conjugated forms ranging from 0.1 to
3 pg mL™* [94, 117-119]. Benijts et al. (2003) [94] reported a LOD of 1 pg mL™ for 17p-estradiol
in water, with a linear working range between 4 and 500 pg mL™. Ferguson et al. (2001)
achieved a method detection limit (MDL) using LC-MS/MS of 0.18 pg mL™ of 17p-estradiol in
waste water effluent [119]. While lower limits of detection can be achieved using LC-MS/MS

compared to GC-MS/MS, both methods require time-consuming pre-concentration of samples, in
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addition to expensive instrumentation and skilled personnel, making routine detection difficult in

the absence of a dedicated analytical laboratory.

Radioimmunoassays [120] and enzyme-linked immunosorbent assays (ELISAS), both
relatively simple and low cost [121] , have also been developed and used for the quantification
of estrogens. A number of recent publications have employed ELISAs for the detection and
quantification of estrogens in water [122-126]. ELISA Kits for estrogen quantification are also
commercially available [126]. The limits of detection of these assays vary, with reported LODs
ranging from 0.06 to 50 ng mL™ [122-124, 126]. Farré et al. (2006) reported a 17p-estradiol
ELISA LOD of 0.06-0.30 ng mL™ with a linear range between 0.05 and 1 ng mL™ using a
commercial E2 kit [126]. ELISAs are useful for environmental monitoring due to their high-
throughput nature, but tend to have lower sensitivity compared to LC-MS/MS. Analytical
sensitivity is especially important in the case of estrogens and estrogenic compounds, which can

have environmental impacts at concentrations as low as pg mL™ (part per trillion range) [90].

The sensitivity of current ELISAs can be further improved by exploiting the
amplification power of the polymerase chain reaction (PCR). By combining the specificity of
antibodies with the amplification power of PCR, immuno-PCR (iPCR) permits ultrasensitive
detection of a variety of antigens with a broad linear dynamic range spanning several orders of
magnitude [18]. While analyte quantification using ELISA relies on a colorimetric reaction
resulting in absorbance changes, iPCR depends on DNA amplification for signal generation.
Originally developed by Sano et al. [20], iPCR can improve the LOD up to 10,000-fold
compared to conventional ELISAs [18]. Additionally, iPCR can be readily adapted to detect any
antigen of interest, as long as an antibody specific to that antigen is available [18, 21]. iPCR is

also amenable to multiplex detection, where several antigens can be quantified simultaneously in
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a single assay [34]. To date, a variety of bacterial, viral, prion, toxin and cancer-related antigens
have been quantified using iIPCR [17, 18, 27, 29, 48, 49]. However, there is a scarcity of papers
reporting the quantification of haptens by this method. iPCR has been used for the detection of
industrial contaminants such as polychlorinated biphenyls (PCBs), and the polycyclic aromatic
hydrocarbons phenanthrene and fluoranthene [50, 51, 54, 55]. LOD’s of 5 fg mL™ were reported
for fluoranthene and phenanthrene, while a linear working range between 10 fg mL™ and 100 pg
mL™ in water, was achieved [50, 51]. For PCB37 in soil, the iPCR assay’s LOD was 5 fg mL™

with a linear working range of 10 fg mL™ to 1 ng mL™ [54].

To our knowledge, the present study is the first report of manure-borne estrogen
quantification by iPCR. A real-time iPCR (RT-iPCR) assay, based on a universal iPCR model
previously published [25], was developed using 174-estradiol-ovalbumin (174-estradiol:OVA) as
the coating antigen [124] and streptavidin as the linker molecule between biotinylated secondary
antibodies and biotinylated reporter DNA (Figure 2.1). The RT-iPCR assay was compared to its
corresponding ELISA and assessed for its potential in quantifying manure-borne estrogens in

water.
2.3 Materials and Methods
2.3.1 Reagents and chemicals

All chemicals including ovalbumin (OVA; M, =45,000), 174-estradiol, estrone, estriol,
streptavidin, Tween 20, glutaraldehyde, ethylenediaminetetraacetic acid (EDTA), RNase-free
water, primers and probe were from Sigma-Aldrich (St. Louis, MO). Hot Start Fluorescent
Quantitect probe PCR (Tagman) and QIAquick Gel Extraction kit were from Qiagen

(Mississauga, ON). Expand High Fidelity PCR System kits were from Roche (Manheim,
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Germany). Biotinylated goat anti-rabbit IgG (H+L) were from Thermo Scientific (Rockford, IL).
Tris (tris(hydroxymethyl)aminomethane) was from Biorad (Hercules, CA). JM109 competent
cells were from Sigma-Aldrich (St. Louis, MO). The pGEM-T Easy Vector kit was from
Promega (Madison, WI). Horseradish Peroxidase (HRPO) conjugated goat anti-rabbit antibody
was from Cedarlane Laboratories (Hornby, ON) and 2, 2’-azino-bis (3-ethylbenzothiazoline-6-
sulphonic acid) (ABTS) was from Kirkegaard and Perry Laboratories (Gaithersburg, MD).
Phosphate buffered saline (PBS) was prepared in Milli-Q water and contained 0.755 g L™ of

K,HPO..3H,0, 0.25 g L™ of KH,PO,4 and 8.2 g L™ of NaCl.

Rabbit polyclonal anti-E2 antibodies (pAbs) were obtained as reported in Caron et al.
2010 [124]. The 17p-estradiol:OVA coating conjugate was synthesized using the Mannich

reaction as previously described in [124].
2.3.2 ELISA development

A checkerboard ELISA was used to determine optimal conjugate and serum dilutions to
obtain an absorbance value of 1. Using the optimized serum and conjugate dilutions as
determined by the checkerboard ELISA, a standard curve was obtained with E2 concentrations

ranging from 0.01 to 10 000 ng ml™ in PBS.

Competitive inhibition-ELISA (CI-ELISA): Microtitre plate (Nunc, Roskilde, Denmark)
wells were coated with 100 pl/well of 174-estradiol: OV A conjugate (diluted 1:6400 in PBS) and
incubated for 17 hours at 4°C. Wells were washed three times with PBS-Tween, and blocked
with 200 pl/well of 3% blotting grade milk (Biorad) in PBS for 1 hour at 20°C. During that
incubation time, standards and samples were mixed with an equal volume of serum diluted 1:800

in PBS and the mixture incubated for 1 hour at 20°C. Following three washes with PBS-Tween,
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100 pl of the sample/serum mixture was added to each well and incubated for 1 hour at 20°C.
Wells were washed three times with PBS-Tween and 100 pl/well of HRPO goat anti-rabbit
antibody (diluted 1:5000 in PBS) added and incubated for 1 hour at 20°C before being washed
three times with PBS-Tween. 100 pl of ABTS solution was added to each well and incubated for
15 minutes at 20°C prior to absorbance reading at 415 nm on a Spectramax 340PC plate reader
(Molecular Devices, Sunnyvale CA). Assay completion time was 3.5 hours, in addition to the 17

hours incubation of the estradiol:OV A conjugate, for a total time of 20.5 hours.
2.3.3 CI-ELISA characterization and cross-reactivity

El and E3 (Table 1) are steroidal hormones structurally similar to, and commonly
detected along with E2 [111] in the faeces and urine of livestock [79, 127]. E2 has been shown to
have the highest estrogenic potency among natural estrogens, followed by E1 and E3 [95]. The
assay’s cross-reactivity with E1 and E3 was therefore assessed by comparing the inhibition
concentration 50 % (ICso, the concentration of hapten required to inhibit the maximum
absorbance by 50%) of 174-estradiol with the ICspof E1 and E3. The ELISA’s limit of detection
was calculated as the mean of 8 replicates of the 0 pg 17-estradiol mL™ standard minus twice
the standard deviation, as reported in [124]. Serum cross-reactivity was calculated using the 17-

estradiol I1Csq of our serum divided by the 1Csq of E1 and E3, as reported in [128].
2.3.4 Biotinylated reporter DNA

A short (211 base-pair) double stranded sequence was randomly generated to serve as
reporter DNA. The sequence was examined using the NCBI database to ensure the sequence was
novel and showed no homology to previously known sequences prior to being synthesized. The

reporter DNA was ligated into expression vector pPGEM following manufacturer’s instructions
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(Promega, Madison, W1). JM109 high efficiency competent cells were transformed with the
ligation products according to manufacturer’s protocol (Promega, Madison, WI), and grown on
Lysogeny Broth (LB) medium containing 100 mg/ml of ampicillin. A successfully transformed
colony was selected and following plasmid DNA extraction, the sequence of interest was
biotinylated using 5’ biotinylated primers. PCR was performed as follows using a Mastercycler
EP Realplex (Eppendorf, Hamburg, Germany): initial holding at 94°C for 2 min, followed by 35
cycles of denaturation at 94°C for 15 s, annealing at 60°C for 30 s, elongation at 72°C for 30 s,
and then a final elongation at 72°C for 7 min. The reaction mixture (50 pL) contained PCR
buffer (10 mM Tris-HCI, 1.5 mM MgCl,, 50 mM KCI, pH 8.3), 200 uM of each dNTP, 0.3 uM
of each primer, 3.75 U Taq DNA polymerase, 40 ng of template DNA and 40.25 pL of RNAse-
free water. Following PCR amplification, biotinylated DNA amplicons (141 bp) were separated
on a 1.5% agarose gel and purified (Qiagen DNA extraction kit, Mississauga, ON). The

biotinylated reporter DNA stock was suspended in PBS to reach a concentration of 250 ug ml™.
2.3.5 RT-IPCR

A schematic representation of the RT-IPCR assay is outlined in Figure 2.1. In order to
improve adsorption of the coating conjugate 17/-estradiol:OVA to the polypropylene PCR wells
(Axygen, Union City, CA), the latter were treated with a 0.8% glutaraldehyde solution in Milli-Q
water for 2 hours at 60°C. Following incubation, plates were washed four times with 10 second
agitation using 175 pL washing buffer (20 mM Tris, 150 mM NaCl, 5 mM EDTA, 0.05%
Tween, pH 7.3) using an Aquamax 2000 from Molecular Devices (Sunnyvale, CA). All
subsequent washes were performed with 175 pL wash buffer and 10 s agitation, except final
wash as described below. Plates were briefly centrifuged for 5 seconds at 45xg to remove any
remaining wash buffer. A 30 pL of 174-estradiol:OVA diluted 1:6400 in PBS was dispensed into
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each well. The plate was covered and incubated for 17 hours at 4°C. The wells were washed four
times and blocked with 150 pL of 3% OVA in PBS for 1 hour at 37°C. A 1 mg mL™ solution of
17p-estradiol was prepared in acetone, and a serial dilution was prepared in Milli-Q water to
obtain a set of standards with concentrations ranging from 1 pg mL™ to 10 pg mL™. The 174-
estradiol standards were then each mixed with an equal volume of serum diluted 1:40 000 in
PBS. The mixtures were incubated at 20°C for 1 hour. The wells were washed four times with
washing buffer and 30 pL of each mixture was added to the appropriate wells and incubated for
1 hour at 20°C. Following four washes with wash buffer, 30 pL of biotinylated secondary
antibody (goat-anti rabbit 1gG) diluted 1:5000 in PBS was added to each well and incubated for 1
hour at 20°C. Streptavidin (200 ng mI™ PBS) was mixed with an equal volume of biotinylated
reporter DNA diluted 1:250 000 in PBS, and the mixture incubated for 1 hour at 20°C.
Following four washes to remove unbound reagents, 30 pL of the streptavidin:DNA mixture was
added to each well and incubated for 1 hour at 20°C. For the final wash, wells were washed 8
times with 175 pL of wash buffer with 60 s agitation, and rinsed 8 times with 175 pL of Milli-Q
water with 10 s agitation in order to remove all unbound reagents. The PCR plate was briefly
centrifuged to remove any residual wash buffer and Milli-Q water, and PCR master mix (30 L)
added. RT-iPCR was performed in a Mastercycler EP Realplex (Eppendorf, Hamburg,
Germany). The PCR master mix consisted of the following: 15 uL of 2x Quantitect Probe PCR
Master Mix (Quantitect Probe PCR Kit, Qiagen, Mississauga, ON), 0.3 uM of each primer, 0.2
MM of Tagman probe and RNase-free water. The PCR cycling parameters were an initial 15 min

at 95°C followed by 35 cycles of 15 s at 94°C, and 60 s at 60°C.
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DNA amplicons size was 70 bp. Assay completion time was 5.5 hours, in addition to 17
hour incubation of the 17/-estradiol:OVA conjugate and two hours for the glutaraldehyde

incubation, for a total time of 24.5 hours.
2.3.6 RT-IiPCR characterization

A standard curve was produced by plotting the average Ct values, (n=3 times four
experiments for total of n=12) against known 17/-estradiol concentrations, and used for E2

quantification in samples.

Using a dilution series of 17p-estradiol, a standard curve was developed between the
ranges of 1 pg mL™t010 pg mL™ (Fig 2). Fluorescence threshold was automatically set by the
Mastercycler EP realplex instrument. Fluorescence was detected by the real-time rotary analyzer
producing amplification curves for the 174-estradiol dilution series. In addition to the 174-
estradiol standards, a negative control (NC) containing all assay reagents except 17/-estradiol
was included, as well as a background control (BC) containing the RT-PCR master mix only
without DNA template. The Ct values are proportional to 17-estradiol concentrations; the
sample containing the highest 17p-estradiol concentration has the highest Ct value. The limit of
detection was defined as the value of the NC plus three times the average standard deviation, as

reported in [19].
2.3.7 Spiked water samples

Double-distilled, tap and irrigation water samples were collected and spiked with 174-
estradiol at concentrations of 0.5, 250 and 500 ng mL™ to assess the performance of RT-iPCR in
environmental samples. Water (1L) was collected in acetone-rinsed Nalgene bottles and stored at
4°C until used for quantification by RT-iPCR. Tap water from the City of Lethbridge and Milli-
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Q water were collected directly in the laboratory. The irrigation water was collected from an
irrigation canal located in the county of Lethbridge, Alberta, Canada. The water samples were all
tested for the presence of 174-estradiol using RT-iPCR prior to being spiked. Spiked samples
were prepared from a 1 mg mL™ solution of 17p-estradiol in acetone, and diluted in the
appropriate water matrix. Standards ranging from 1 pg mL™ t010 pg mL™ were prepared as
previously described in each water matrix, and used to produce standard plots from which 17-

estradiol concentrations and recovery rates were calculated.
2.4 Results and Discussion
2.4.1 ELISA characterization and cross-reactivity

The parameters of the ELISA were calculated as previously reported in [129]. The ICs
for E2 in buffer was 32 ng mL™ with a LOD of 0.6 ng mL™, and a working range between 1 and
100 ng mL™. To evaluate the specificity of our RT-iPCR assay, the anti-174-estradiol pAbs’
cross-reactivity to structurally related compounds was assessed (Table 2.1). The pAbs exhibited
higher cross-reactivity towards E1 (8%) compared to E3 (3%). These values are similar to cross-
reactivities to E1 and E3 reported elsewhere: 174-estradiol-specific monoclonal antibodies cross-
reacted to E1 and E3 at 1.3 and 0.6 % respectively [126]. The 174-estradiol-specific RT-iPCR
was performed with both E1 and E3 and yielded poor data resolution between the standards;

cross-reactivity was deemed negligible.
2.4.2 RT-iPCR characterization

The standard plot in double-distilled water had a NC value of 20.86 with a standard
deviation of 0.16. The Ct LOD (21.34) was calculated as the NC Ct value (20.86) plus three
times the standard deviation (0.48). Using the equation of the slope, the LOD corresponded to a
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concentration of 0.7 pg 17p-estradiol mL™ (Figure 2.2). The linear working range of the RT-
iPCR assay was 0.001 ng mL™to 10 000 ng mL™, compared to 1-100 ng mL™ for the ELISA.
The RT-iPCR standard plot displayed a coefficient of determination (R?) in double-distilled
water of 0.971. The interwell variability of Ct values was determined on 8 separate wells for
each 17p-estradiol standard. Interwell relative standard variation (RSD- calculated as standard
deviation divided by the mean times 100) ranged from 0.4 to 3.8% over the standard curve, with
a mean interwell RSD of 1.6%. The interwell RSD for the NC was 0.9%. The interassay
variability of Ct values was determined on 6 separate assays for each 17p-estradiol standard.
Interwell RSD ranged from 3.6 to 5.7% over the standard curve, with a mean interassay RSD of

4.3%. The interassay RSD for the NC was 4.9%.

The RT-iPCR assay provided an 800-fold increase in sensitivity compared to the
corresponding ELISA (0.7 pg mL™ versus 0.6 ng mL™, respectively. Previous use of RT-iPCR
for quantification of environmental contaminants, such as PCBs [54], phenanthrenes [50] and
fluoranthenes [51] have yielded extremely low levels of detection: 3,3”,4,4’-tetrachorobiphenyl
(PCB 77) was quantified in soil at concentrations ranging from 10 fg mL™ to 1 ng mL™?, with a
LOD of 1.5 fg mL™, representing 100-fold increase in sensitivity over ELISA [55]. PH and FL
were both quantified in water between 10 fg mL™ and 100 pg mL™ with a LOD of 5 fg mL™ [50,
51]. These assays did not employ the universal iPCR format [25], but an avidin linker system.
The PCB77 RT-iPCR assay employed biotinylated pAbs and directly joined the biotinylated
DNA via an avidin bridge. LODs of a given ELISA are generally enhanced 100-10 000 fold by
IPCR, sometimes more: Saito et al. (1999) achieved a 50 000-fold increase in sensitivity using
iPCR (0.001 pg mL™) over the corresponding ELISA (50 pg mL™) for the detection of tumor

necrosis factor o (TNFa) in human serum [130].
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Comparing the 17p-estradiol-specific RT-iPCR assay’s LOD (0.7 pg mL™) to the LODs
previously obtained for 178-estradiol using GC-MS/MS (1 pg mL™) [116] and LC-MS/MS (0.1
pg mL™) [94] reveals a slightly higher sensitivity of LC-MS/MS [94]. However the ability to
analyze a large number of samples simultaneously without extraction or pre-concentration makes
the RT-IPCR assay an attractive technigue when environmental monitoring is performed on a

large scale or when a high-throughput screen is desired prior to LC-MS/MS analysis.

The RT-iPCR assay also expanded the linear working range: from 1-100 ng 17-estradiol
mL™ for the ELISA to 0.001-10 000 ng 17-estradiol mL™ by RT-iPCR. This represents an
increase of five orders of magnitude in the linear working range between the two assays while
using the same antibodies. When compared to the previously published linear working ranges
obtained by LC-MS/MS for 17-estradiol (4 to 500 pg mL™) [94], the RT-iPCR covers a
significantly wider range of 17p-estradiol concentrations. Detection of norovirus capsid proteins
using RT-iPCR also demonstrated an increase in linear working range, in addition to a 1000-fold

increase in sensitivity, compared to the corresponding ELISA [69].

The R? value (0.971) of the 17p-estradiol RT-iPCR assay is lower than that of an
optimized RT-PCR amplification of a DNA template alone (0.999) [131], or that of 17p-
estradiol detection by LC-MS/MS (0.996) [94]. RT-iPCRs for the quantification of other
environmental contaminants have yielded similar R? values: 0.974 [51], 0.972 [50] and 0.98 [54]
for FL, PH, and PCBs, respectively. Unlike RT-PCR, the RT-iPCR assay combines an ELISA
with PCR amplification. The ELISA adds a number of steps which could lead to increased
standard deviation values when compared to a standard curve for DNA template amplification by

RT-PCR alone.
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2.4.3 17p-estradiol recovery from spiked samples

All water samples were tested for 175-estradiol prior to being spiked, and were found to
contain E2 values corresponding to concentrations below the assay’s LOD (0.7 pg ml'l). A
standard plot was generated in each of the water matrices (tap, Milli-Q and irrigation), and used
to determine 17p-estradiol concentration in each spiked sample. 174-estradiol recovery rates
were between 78-126% with an average of 96% for all spikes and all matrices combined (n=27)
(Table 2.2). Average recovery rates for the 0.5, 250 and 500 ng mL™ spikes in all matrices
combined were 85, 110 and 91%, respectively (n=3). The recovery rates for the Milli-Q, tap and
irrigation water were 81, 102 and 103%, respectively (n=3). The recoveries fall within a similar
range reported in other papers using RT-iPCR for quantification of environmental contaminants:
PH recovery levels in spiked Milli-Q, tap and river water ranged from 90 to 108% [50].
Previously reported 17/-estradiol recoveries for LC-MS/MS following SPE extraction ranged
from 80 to 110% [94]. Our methodology does not require sample extraction or pre-concentration
prior to analysis, as opposed to LC-MS/MS. The relative standard deviation within a spiked
triplicate never exceeded 5% and averaged 2% among all samples tested (n=27), demonstrating

the high performance of the assay.

With a LOD of 0.7 pg 17-estradiol mL™ water and a linear range between 0.001 to 10
000 ng mL™?, the RT-iPCR assay is sufficiently sensitive for the environmental monitoring of
manure-borne estrogens at concentrations previously measured in water (1 pg mL™ to 3000 pg
mL™), [109, 111] which could impact aquatic ecosystems. With further refinement of the
methodology, the RT-iPCR assay has the potential to be used for the routine screening of

environmental water samples for E2 quantification.
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2.5 Conclusion

A real-time immuno-PCR assay was developed for the rapid and sensitive detection of
17p-estradiol in water. Using 174-estradiol-specific-pAbs in a universal iPCR format has
improved significantly the sensitivity and linear working range of the corresponding ELISA. The
RT-iPCR linear working range for determination of 174-estradiol was from 1 pg mL™ t010 ug
mL™*, with a limit of detection of 0.7 pg mL™. This limit of detection corresponds to over 800-
fold increase over the competitive ELISA using the same antibodies. By extracting and
concentrating the estrogens prior to analysis through solid-phase extraction, the MDL of the RT-
iPCR assay could be further improved. Although the RT-iPCR assay may not be as accurate and
reliable as LC-MS/MS for environmental monitoring, it can serve as a screening assay to reduce
the number of samples prior to further analysis by LC-MS-MS. Additionally, the assay has the
potential to be used for the detection of other environmental contaminants for which specific

antibodies are available.
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2.6 Figures and Tables

RT-PCR
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Coating conjugate (17B-estradiol:OVA)
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Figure 2.1. Schematic representation of real-time immuno-PCR (RT-iPCR). Coating-conjugate
(OVA:17p-estradiol) was adsorbed onto the PCR tubes. 17p-estradiol thereby competes with
17p-estradiol hapten (free in solution) for binding by the anti-174-estradiol pAbs. Biotinylated

goat anti-rabbit antibodies bind to anti-174-estradiol pAbs. Streptavidin is used as the linker
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between biotinylated secondary antibodies and the 70 base pair biotinylated reporter DNA
fragment. The reporter DNA fragment is amplified by PCR and detected using fluorescein

amidite (FAM) for real-time analysis.
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Figure 2.2 RT-iPCR standard plot: RT-iPCR was performed on a serial dilutions of known
concentrations of 17-estradiol corresponding to log-fold dilutions ranging from 10 pg ml™to 1

pg ml™. Coefficient of determination: 0.9706, n=12,. Error bars represent standard error.
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Table 2.1. Cross-reactivities of Abs to structurally related compounds to 17/-estradiol, as

determined by ELISA.

Compound Molecular Structure Cross-reactivity (CR%)
17p-estradiol (E2) 100

Estrone (E1) 7.9

Estriol (E3) 3.2
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Table 2.2. Recovery of 174-estradiol from spiked water samples using RT-iPCR.

Sample E2 levels E2 added Total found Recovery RSD
(ngmL™) | (ngmL?) | (ngmL?) (%) (n=3, %)
Double- <LOD 500 394 78 3.2
distilled water

250 217 87 4.8

0.5 0.42 80 0.1

Tap water <LOD 500 493 99 1.2
250 315 126 0.9

0.5 0.41 82 1.2

Irrigation <LOD 500 483 97 0.7

water

250 295 118 1

0.5 0.47 94 1.8




3. DEVELOPMENT OF A REAL-TIME IMMUNO-PCR ASSAY FOR THE
QUANTIFICATION OF PLASMODIOPHORA BRASSICAE RESTING SPORES

3.1 Abstract

A real-time immuno-PCR (RT-iPCR) assay was developed for the sensitive
quantification of Plasmodiophora brassicae resting spores. Using a previously developed
universal iPCR method, antibodies were swapped and P. brassicae resting spores were
accurately quantified in the range of 50 to 10 000 spores. The RT-iPCR assay’s limit of detection
was 29 spores. The RT-iPCR assay provided an 8-fold increase in sensitivity as well as an
expanded working range compared to the corresponding enzyme-linked immunosorbent assay.
Assay cross-reactivity to Spongospora subterranea, a related pathogenic protist, was negligible.
The assay’s limit of detection is comparable to other methods for P. brassicae, and does not

require extraction of P. brassicae DNA for detection.

3.2 Introduction

Clubroot, caused by the obligate parasite Plasmodiophora brassicae Woronin is an
important soil-borne disease affecting crucifers world-wide [132, 133]. This two-phase infection
cycle pathogen initially targets the root hairs, with the secondary phase affecting the cells of the
cortex and stele of the root [98, 132]. The latter phase of infection involves the formation of
club-shaped tumours in the roots that are induced by multinucleate plasmodia that cause
improper water and nutrient transportation [98]. Infected plants develop symptoms such as
stunted growth with decreased yields [98, 132]. The pathogen can persist in soil in the form of
resting spores for 7-20 years [99, 100, 133], providing a long term source of inoculum. Disease

development is most prevalent in moist soils with low pH [133]. Chemical control methods such
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as soil sterilization [102], fungicide application [103] and lime and magnesium applications
have demonstrated limited success in reducing disease severity [104]. Clubroot was recently
identified in canola (oilseed rape) fields in Alberta, and as of 2012 there were 1064 fields with
confirmed instances of P. brassicae infestation [134]. Planting susceptible crops in spore-free
soils is therefore the most practical method to avoid clubroot infection, with Canadian legislation

now forbidding the planting of canola crops (Brassica. napus) on infested land for 5 years [101].

Due to the potential economic losses arising from clubroot disease, it is imperative to
detect P. brassicae resting spores in infested soils so that preventive strategies may be initiated.
Various detection methods for P. brassicae have been published [105-108, 135-138] . Bioassays
for clubroot, whereby cabbage was grown in soil infested with P. brassicae and gall formation
was assessed and compared to disease indices with known spore loads have been established
[135]. Microscopy has also been used to detect clubroot infection, by directly observing root
hairs [136] or by staining resting spores with fluorochromes for visualization by fluorescence
microscopy [137]. These techniques are labor intensive and generally impractical for routine
diagnosis of P. brassicae. Serological detection methods for P. brassicae have been developed
[138, 139] including an indirect enzyme-linked immunoassay (ELISA) with a detection limit of
100 spores per mL soil [106]. Such immunoassays are commonly used for detection of
pathogens; however sensitivity is primarily dependant on the quality of the antisera and are

typically qualitative rather than quantitative.

Technigues employing PCR or polymerase chain reaction have demonstrated great
potential in the detection of pathogens including P. brassicae in soil samples [105, 107, 108].
Following extraction of P. brassicae resting spore DNA, single-tube nested PCR (STN-PCR)

was performed using primers derived from the DNA sequence of the pentyltransferase gene
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[108, 140]. To increase assay sensitivity, the PCR products produced from the nested reaction
were then re-amplified via PCR. Using this two-step STN-PCR technique, a sensitivity of 10
resting spores g™ of soil was achieved [108]. Another two-step PCR detection assay for P.
brassicae in soil using primers specific to P. brassicae ribosomal DNA was able to detect 0.1 fg
of pure DNA template or 1000 spores per g of plotting mix [107]. In an effort to simplify the
assay and reduce the risk of contamination, a simplified and more robust single-step nested PCR
diagnostic assay was developed that achieved a sensitivity corresponding to 100 fg of P.

brassicae resting spore DNA or 1000 resting spores per g of soil [105].

Immuno-PCR, or iPCR combines PCR’s amplification power with antibody’s specificity
and has achieved ultrasensitive detection of a wide range of antigens along with an extensive
linear working range [18]. Developed in 1992 by Sano et al., iPCR has increased the sensitivity
of conventional ELISA by up to 10 000 fold [18]. This methodology was further refined and
simplified with the development of a universal iPCR method, taking advantage of easily
accessible reagents [25]. Reports of ultrasensitive detection of a range of bacterial [48], prion
[49], toxin [27], viral [29] and cancer-related antigens [130] have recently been published [18].
Environmental contaminants such as PCBs and PAHs have been quantified by iPCR [50, 54, 55].
PCBs in soil were quantified by iPCR, with limits of detection (LOD) of 5 fg mL™, and a linear
range of 10 fg to 1 ng mL™ [54]. IPCR has also been successfully employed in the detection of
antigens of the parasitic nematode Angiostrongyllus cantonensis in serum to a sensitivity of 0.1
ng L, that represented a 1000-fold increase in sensitivity over the corresponding ELISA [141].

iIPCR offers great potential for quantification of agriculturally-important plant pathogens.

Here we report the development of real-time iPCR (RT-iPCR) assay for the detection and

quantification of P. brassicae resting spores in soil. This RT-iIPCR was adapted from a previous
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universal format [25] RT-iPCR assay for the detection of 174-estradiol in water, where
antibodies were swapped to obtain a sensitive RT-iPCR assay for P. brassicae resting spores. A
schematic representation of the iPCR methodology is outlined in Figure 3.1. Cross-reactivity was
assessed against a related pathogenic protist (Spongospora subterranea), the causative agent of
powdery scab in potatoes. The latter disease develops under conditions similar to that of clubroot
and is therefore likely to be found at the same locations [142]. To our knowledge, this is the first

report for the use of iPCR for the quantification of resting spores of a plant pathogen in soil.
3.3 Materials and Methods

All chemicals including ovalbumin (OVA; M, =45,000), streptavidin, Tween 20,
ethylenediaminetetraacetic acid (EDTA), primers and probe were from Sigma-Aldrich (St.
Louis, MO). The Hot Start Fluorescent Quantitect probe PCR (Tagman) was from Qiagen
(Mississauga, ON). Biotinylated goat anti-rabbit 19G (H+L) were from Thermo Scientific
(Rockford, IL). Tris (tris(hydroxymethyl)aminomethane) and blotting grade non-fat dry milk was
from Biorad (Hercules, CA). Horseradish peroxidase (HRPO) conjugated goat anti-rabbit
antibody was from Cedarlane Laboratories (Hornby, ON) and 2,2'-azino-bis(3-
ethylbenzothiazoline-6-sulphonic acid) (ABTS) was from Kirkegaard and Perry Laboratories
(Gaithersburg, MD). RNase-free water was from Sigma. Phosphate buffered saline (PBS) was
prepared in Milli-Q water and contained 0.755 g L™ of K,HPO,#3H,0, 0.25 g L™ of KH,PO,

and 8.2 g L™ of NaCl. Mowiol was prepared according to Henkenjohann (2009) [143].
3.3.1 Spore preparation

P. brassicae resting spores were isolated according to the procedure of Castlebury et al.

[144]. Approximately 2 g of fresh galled roots of canola infected with pathotype 3 collected at
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Leduc, Alberta in 2008 were homogenized in a Waring blender in 50 ml of sterile distilled water
for 2 min at high speed, and the resulting homogenate was filtered through eight layers of
cheesecloth. The filtrate was centrifuged at 4°C and 4,000 x g for 10 min. The supernatant was
discarded and the pellet resuspended in 5 ml of 50% sucrose and centrifuged again at 2,000 x g
for 10 min. The resulting supernatant was transferred to a new 50-ml tube and diluted with 30 ml
of sterile deionized H,O before centrifuging at 2,000 x g for 20 min. The pellet obtained was
resuspended in 2 ml of sterile deionized water. The supernatant was removed and the resting
spore pellet resuspended in 5 ml of sterile deionized H,O. The resting spores were purified using
a continuous gradient of LUDOX (HS-40 colloidal silica, 40% wt suspension in water; Sigma-
Aldrich Canada Ltd., Oakville, ON, Canada) by centrifugation at 1,000 x g for 35 min in a
swinging-bucket rotor (Beckman SW 41 TI). The top two gradient bands were observed
microscopically to confirm they contained purified spores and were combined, diluted with 12
ml sterile deionized water and centrifuged at 2,000 x g for 10 min in a fixed angle rotor. The
pellet was resuspended in sterile deionized water and recentrifuged at 2,000 x g for 10 min.
Pellets were resuspended in minimum volumes of sterile deionized water and diluted based on
haemocytometer evaluation to give a spore concentration of 10° per ml. The same protocol was
used to isolate and purify S. subterranea spores, obtained from Lacombe Research Station,

Lacombe Alberta.
3.3.2 Immunization and preparation of antisera

Two 3 month old New Zealand white female rabbits were immunized. Immunization
was performed with an initial intermuscular injection using a mixture of 200 pL containing
approximately 2 x 10* spores of P. brassicae and 200 pL of Freund’s incomplete adjuvant [145].

Three secondary interveinal boosts at biweekly intervals did not include adjuvant. Blood was
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collected from the marginal ear vein and serum was prepared by adding 0.02% (w/v) sodium

azide and stored at 4°C.

3.3.3 ELISA development

Microtiter plate (Nunc, Roskilde, Denmark) wells were coated with 100 puL/well of a
serial dilution between 50 and 10 000 P. brassicae spores in PBS, and incubated for 16 hours at
4°C. Wells were washed three times with PBS-Tween, and blocked with 200 pl/well of 3% milk
in PBS for 1 hour at 20°C. Following three washes with PBS-Tween, 100 pl of primary antibody
diluted 1:5000 in PBS was added to each well and incubated for 1 hour at 20°C. Wells were
washed three times with PBS-Tween and 100 pl/well of HRPO goat anti-rabbit antibody (diluted
1:5000 in PBS) were added to each well for 1 hour at 20°C and washed three times with PBS-
Tween. 100 pl of ABTS solution was added to each well and incubated for 15 minutes at 20°C
prior to absorbance reading at 415 nm on a Spectramax 340PC plate reader (Molecular Devices,
Sunnyvale, CA). Assay completion time was 3.5 hours, in addition to the 16 hours incubation of

the spores, for a total time of 19.5 hours.

The ELISA LOD was calculated as the mean of 8 replicates of the 0 spore standard plus

twice the standard deviation, as reported in [124].
3.3.4 RT-IPCR

A schematic representation of the RT-iPCR assay is outlined in Figure 3.1. Purified P.
brassicae spores were serially diluted in PBS to obtain various concentrations ranging from 50 to
10 000 spores/well. A negative control consisting of PBS only was included in each experiment.
30 pL of each spore dilution (50, 100, 250, 500, 1000 and 10 000 spores) were added to each

well of a 96 well Axygen PCR plate (Union City, CA), sealed with a PCR plate cover, and
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incubated for 16 hours at 4°C. The plates were then washed four times with 175uL washing
buffer (20 mM Tris, 150 mM NaCl, 5 mM EDTA, 0.05% Tween, pH 7.3) using an Aquamax
2000 from Molecular Devices (Sunnyvale, CA) with a period of 10 second agitation. Plates were
briefly centrifuged for 5 seconds at 45 x g to remove remaining wash buffer. Wells were blocked
with 150 pL of a 5% OVA solution in PBS for 1 hour at 37°C. All subsequent washes were
performed with 175 pL wash buffer and 10 s agitation, except final wash as described below. P.
brassicae-specific polyclonal rabbit antibodies were serially diluted to 1:5000 in PBS and 30 pL
were added to each well for 1 hour incubation at 20°C with gentle rocking. The wells were
washed four times with washing buffer and 30 pL of biotinylated secondary antibody (goat-anti
rabbit 1gG) diluted 1:5000 in PBS was added to each well and incubated for 1 hour at 20°C.
Streptavidin (200 ng mI™ in PBS) was mixed with an equal volume of biotinylated reporter DNA
diluted 1:250 000 in PBS, and the mixture incubated for 1 hour with gentle rocking at 20°C.
Following four washes, 30 pL of the streptavidin:DNA mixture was added to each well and
incubated for 1 hour at 20°C. For the final wash, wells were washed 8 times with 175 pL with
60 second agitation, and rinsed 4 times with 175 pL of Milli-Q water with 10 s agitation, in order
to remove all unbound reagents. PCR plates were briefly centrifuged to remove any residual
wash buffer and Milli-Q water, and PCR master mix (30 pL) added. RT-iPCR was performed in
an Eppendorf real-time thermocycler (Hamburg, Germany). The PCR master mix consisted of
the following: 15 pL of 2x Quantitect Probe PCR Master Mix (Quantitect Probe PCR Kit,
Qiagen, Mississauga, ON), 0.3 uM of each primer, 0.2 uM of Tagman probe and RNase-free
water. The PCR cycling parameters were an initial 15 min at 95°C followed by 35 cycles of 15 s

at 94°C, and 60 s at 60°C.
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DNA amplicons size was 70 bp. Assay completion time was 4.5 hours, in addition to 16

hour overnight incubation, for a total time of 20.5 hours.

3.3.5 RT-iPCR optimization and characterization

In order to minimize non-specific binding of the iPCR reagents to the PCR wells,
different blocking agents (milk and OVA) were assessed at concentrations ranging from 3-10%.
To maximize PCR well coating with P. brassicae spores, assay performance was assessed with
the spores diluted in either Milli-Q water or PBS. A standard plot was produced by plotting the
average Ct values (n=6 times two experiments for a total of n=12) against known P. brassicae

spore concentrations, and the linear range was used for spore quantification in samples.

Using a dilution series of P. brassicae spores, a standard plot was developed between the
ranges of 50 to 10 000 spores (Fig 3.2). The Mastercycler EP realplex instrument automatically
set the fluorescent threshold. Fluorescence was detected during amplification by the real-time
rotary analyzer producing amplification curves for the P. brassicae spore dilution series. In
addition to the standard dilution samples, a negative control (NC) containing all assay reagents
except P. brassicae was included, as well as a background control (BC) containing the RT-PCR
master mix only, without DNA template. The Ct values are inversely proportional to antigen
concentration; the sample containing the highest spore concentration has the lowest C; value. The
LOD was defined as the value of NC minus three times the average standard deviation, as

reported in [19].

Anti-P. brassicae pAbs cross reactivity was assessed against S. subterranea, the
causative agent of powdery scab. Using a dilution series of S. subterranea spores, a standard

curve was developed in PBS between the ranges of 0-100 000 spores and analyzed by RT-iPCR.
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3.4 Results and Discussion
3.4.1 ELISA characterization

The performance parameters of the ELISA were calculated as previously reported in
[129]. The ICx, for P. brassicae spores in PBS buffer was 4212 spores, with a LOD of 232

spores, and a linear working range between 312 and 10 000 spores.
3.4.2 RT-iPCR optimization and characterization

A 5% OVA blocking buffer solution was found to produce the highest Ct values in the
negative control, therefore providing the lowest amount of non-specific binding when compared
to other concentrations of OVA and milk (data not shown). The assay performed best when PBS

was used as buffer for the P. brassicae resting spores as compared to Milli-Q water.

The standard curve in double-distilled water had a NC value of 31.53 with a standard
deviation of 0.24. The Ct LOD (30.81) was calculated as the NC Ct value (31.53) minus three
times the standard deviation (0.72). Using the equation of the slope, the LOD was calculated to
approximately 29 P. brassicae spores. The linear working range of the RT-iPCR assay was 50 to
10 000 spores, compared to 312 to 10 000 spores for the corresponding ELISA. The RT-iPCR
standard curve displayed a coefficient of determination (R?) in double-distilled water of 0.979.
The P. brassicae RT-iPCR assay provided an 8-fold increase in sensitivity compared to the

corresponding ELISA (29 versus 232 spores, respectively).

The interwell variability of Ct values was determined on 8 separate wells for each P.
brassicae standard. Interwell relative standard variation (RSD) ranged from 0.3 to 1.8% over the

standard curve, with a mean interwell RSD of 0.7%. The interwell RSD for the NC was 0.3%.
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The interassay variability of Ct values was determined on 3 separate assays for each P. brassicae
standard. Interassay RSD ranged from 0.7 to 2.3% over the standard curve, with a mean

interassay RSD of 1.3%. The interassay RSD for the NC was 1.9%.

The specificity of the assay was assessed against S. subterranea, another common
pathogenic soil protist. Following analysis by RT-iPCR on serially diluted S. subterranea
spores, Ct values were obtained and a standard curve was produced (Fig 3.3). While a trend
could be observed, there was very little separation in Ct values between the negative control and
100 000 spores, suggesting little to no binding of the anti-P. brassicae pAbs to S. subterranea
spores. The RT-iPCR assay was therefore specific for P. brassicae should field samples contain

both pathogens.

Comparing the P. brassicae-specific RT-iPCR assay’s LOD (29 spores) to the LODs of
previously published detection methods employing PCR amplification reveals the sensitivity of
the RT-iPCR assay: Faggian et al. achieved a limit of detection of 0.1 femtograms of pure P.
brassicae DNA template, corresponding to 1000 spores per g of plotting mix [107]. By using a
STN PCR method, Ito et al. achieved a sensitivity of 1 fg of pure P. brassicae DNA
corresponding to 10 resting spores per g of soil [108]. Both methods required extraction of P.
brassicae DNA from the resting spores prior to analysis. Since the RT-iPCR assay quantify

spores directly, no DNA extraction is required.

3.5 Conclusions

A real-time immuno-PCR assay was developed for the rapid and sensitive detection of P.
brassicae resting spores. Using P. brassicae-specific-pAbs in a universal iPCR format has

improved the sensitivity and linear working range of the corresponding ELISA. The RT-iPCR
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linear working range for determination of P. brassicae resting spores was from 50 to 10 000
spores, with a limit of detection of approximately 29 spores. This limit of detection corresponds

to an 8-fold increase in sensitivity over the ELISA using the same antibodies.
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3.7 Figures

DNA tag
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P, brassicae spore

Figure 3.1. Schematic diagram of the iPCR assay. The spores were immobilized on the PCR
plate wells. P. brassicae resting spores-specific antibodies were added, followed by biotinylated
secondary antibody and the streptavidin-biotinylated DNA conjugate. The reporter DNA
fragment is amplified by PCR and detected using fluorescein amidite (FAM) for real-time

analysis.
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Figure 3.2. RT-iPCR standard plot: RT-IPCR was performed on a serial dilution of known
concentrations of P. brassicae spores, corresponding to a log-fold dilution ranging from 50 to 10
000 spores. Coefficient of determination: 0.9789, n=12.
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Figure 3.3. RT-iPCR standard plot: RT-iPCR was performed on a serial dilution of known
concentrations of S. subterranea spores, corresponding to a log-fold dilution ranging from 0 to
100 000 spores. Coefficient of determination: 0.85, n=4.
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4. DISCUSSION AND CONCLUSIONS

During the development of the RT-iPCR for 174-estradiol, numerous challenges were
encountered. Challenges included problems related to reagent preparation, equipment selection

and protocol modifications. These challenges are discussed below.

Working with 17p-estradiol presented a number of difficulties. Firstly, because the
molecule has a short half-life (36 hours in vivo), it is imperative to prepare fresh standards prior
to each assay. Secondly, because of the difficulty in directly binding 174-estradiol to the surface
of an ELISA or PCR plate, the molecule must first be conjugated to a carrier protein (OVA) to
facilitate binding to the microwell surface. While the coating conjugate bound well to
polystyrene ELISA plates, the same was not easily achieved when switching to PCR plates. A
variety of polypropylene and polycarbonate PCR plates from a variety of manufacturers were
tested, with polypropylene plates from Axygen deemed most suitable. In order to improve
binding, glutaraldehyde was used to modify the PCR plates surface prior to running the assay to
improve coating conjugate binding. PCR plates containing various concentrations of
glutaraldehyde were incubated at various temperatures and for different time periods. Plates

incubated with 0.8% glutaraldehyde for 2 hours at 60°C performed best and this protocol was

chosen for all subsequent experiments.

Non-specific binding was another commonly encountered challenge during RT-iPCR
assay development. Blocking and washing solutions had to be optimized, along with the washing
protocol, to minimize non-specific binding. A variety of different blockers (BSA, OVA, milk)
were used at various concentrations (3, 5, 10%) before settling on 3% OVA solution in Milli-Q
water. Additionally, the wash buffer (content) was modified to maximize its efficiency. It was

found that the addition of 5 mM of EDTA greatly improved the washing and conversely reduced
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non-specific binding. Modifications in the wash protocol were tested in order to maximize
washing efficiency. It was found that increasing the number of washes from three to eight, and
the duration of each wash cycle from 10 to 60 seconds for the final wash (prior to the addition of
the PCR Master Mix) reduced the signal originating from negative control wells, suggesting a
more complete removal of the unbound DNA. Since thorough washing of the wells is important
for reducing non-specific binding and removing unbound reagents, we suggest the use of an
automatic PCR plate washing. Manual pipetting to wash wells was found to be highly
problematic and resulted in inconsistent data. With the use of an automatic plate washer
however, PCR plate compatibility was problematic: not all PCR plates fit the plate washer
(typically used for microtitre plates). Modifications to both the plate washer and to the plates
themselves (such as the addition of weight in the form of stir bars) were necessary to ensure plate
compatibility. During the development of the assay, variations in the assay protocol were
assessed: it was found that pre-incubating the DNA tag and streptavidin prior to incubating in the
well (as opposed to incubating each sequentially) gave much more consistent data in addition to

shortening the assay by 1 hour.

Having the specifics working for the 174-estradiol assay made the antibody swapping

easier. No major changes were needed when switching to the clubroot assay.

Immuno-PCR is a rapidly evolving diagnostic technology combining the specificity of
antibodies with the sensitivity of DNA amplification by PCR. The advantages conferred by iPCR
are multiple: these assays are highly sensitive, high-throughput, amenable to multiplex analysis
and flexible in applications and format. iPCR assays are therefore well suited for environmental

analysis, whereby numerous samples are to be analyzed rapidly. Most iPCR assays have so far
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been developed for biomedical applications, and have yet to be applied in agricultural research

and the monitoring of agricultural contaminants.

This thesis presented the development of two universal format RT-iPCR assays for
agricultural application: 1) an assay for the environmental monitoring of manure-borne
estrogens; and 2) an assay for the detection of clubroot resting spores in canola fields. Both
iIPCRs showed significant improvements with regards to sensitivity and linear range when
compared to their corresponding enzyme-linked immunosorbent assay. Both RT-iPCR have
equal or improved sensitivity compared to other analytical methods published, with expanded
linear working ranges and high-throughput capabilities. Additionally, the flexibility of the
universal iPCR format was demonstrated by swapping out the antibodies and rapidly developing

a novel assay for a completely different antigen.

In the development of any analytical method, several factors must be taken into
consideration to ensure RT-iPCR performance, with significant fine-tuning of reagents
concentrations, incubation times, sample preparation and assay protocol required to optimize
applicability and sensitivity. Commercial reagents are helping with standardizing iPCRs, while
nanotechnology and liquid-phase assays are providing novel solutions to current assay problems.
These technologies require significant expertise and specialized instrumentation, but will
undoubtedly result in simplified assays to be used in routine laboratory analysis in the near

future.
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6. SUPPLEMENTARY INFORMATION

The 17p-estradiol iPCR assay performance was assessed with cattle urine to demonstrate
its efficacy with a complex biological matrix. The protocol was carried out as described
previously (Chapter 2). Urine collected from a female cow (Agriculture and Agri-Food Canada
feedlot in Lethbridge) along with standards were analyzed by iPCR. Urine (15 pL) was mixed
with an equal volume of serum diluted 1:40000. A 1:10 and 1:100 dilution of urine was prepared
in Milli-Q water and mixed with the serum dilution as well. Additional samples were prepared
by spiking undiluted urine with 100 ng mL™ and 100 pg mL™ of 17p-estradiol. RT-iPCR results
obtained for the urine, diluted urine and spiked samples are presented in Table 6.1. The standard

curve (ranging from 10 pg ml™to 1 pg mI™) is presented in Figure 6.1.

Table 6.1. Average Ct values of 17p-estradiol iPCR assay with urine samples (n=3)

Urine treatment Ct (mean = SE)
Urine undiluted 27.2+0.19
Urine diluted 1/10 23.8+£0.08
Urine diluted 1/100 23.9+£0.08
Undiluted urine with 100 ng mL™ 17p-estradiol 28.2+0.5
Undiluted urine with 100 pg mL™ 17p-estradiol 27.1+0.18
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Figure 6.1. RT-iPCR standard curve: RT-iPCR was performed on a serial dilutions of known
concentrations of 17p-estradiol corresponding to log-fold dilutions ranging from 10 pg ml™ to 1

pg ml™. Coefficient of determination: 0.955, n=3
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