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Summary 
 

The work developed in this thesis aimed to develop and implement novel strategies for the 

qualitative and quantitative detection of multiple (pathogenic) micro-organisms in a single 

assay. Such approaches are of potential use for studying the ecology and epidemiology of 

plant pathogens. With increasing global food demands, the ability to detect the presence 

and/or quantity of a particular pathogen in a crop, greenhouse recirculation water or soil, 

before disease symptoms appear, is of utmost importance to help minimize preventive 

pesticide spraying and yield loses. Also, these technologies will help to set clear threshold 

levels of pathogen densities and to provide crucial information upon which disease 

management strategies can be based.  

 

The assays described in this thesis are based on circularizable ligation probes and allow for 

the detection of multiple plant pathogens in a single assay without compromising the 

detection reliability of each individual pathogen. Pathogens could be discriminated based on 

only a single nucleotide difference in the targeted DNA sequence, thereby enabling the 

discrimination pathogens from very closely related nonpathogenic organisms. All developed 

assays were able to detect multiple pathogens over concentration ranges of more than 1:104. 

In chapter 3, an assay was developed for the qualitative analysis of multiple plant pathogens 

in greenhouse-recirculation water systems. The assay allowed sensitive and background-

free screening, making it extremely suitable for detection of quarantine organisms. In chapter 

4, an assay was developed for the accurate detection and quantification of more than 10 

different pathogens simultaneously, using a state-of-the art high-throughput nanoliter volume 

qPCR platform. The assay provided accurate and highly reproducible quantification of all the 

targeted pathogens over a wide range of concentrations. In chapter 5, the technology 

developed in the previous chapter was applied for the quantification of Organohalide 

Respiring Bacteria in contaminated soils. In chapter 6, the quantitative assay was further 

developed to compensate for the loss of sensitivity due to the nano-liter qPCR amplification 

volumes, and the assay was tested using a range of soil samples. Finally, in chapter 7, an 

internal amplification control (IAC) strategy was developed in order to monitor qPCR 

inhibition in soils samples analyzed in a nanoliter volume qPCR platform. With the developed 

IAC, more reliable error correction for qPCR inhibitions was achieved, facilitating more 

accurate microbial quantification in soil samples.   

 

The assays described in this thesis may also serve as a model for the routine detection and 

identification of a wide range of micro-organisms in diverse biological systems where 
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multiplex target detection is required. Additionally, proper correction for assay inhibition due 

to a variety of sample matrix related factor adds further to the reliability of the quantification. 

The developed assays presented here add to the toolbox for effective detection of plant 

pathogens and other microbial agents and could also be applied in various fields outside the 

agricultural sector in the future. 

 

 



 

 

Chapter 1 

 

General introduction 
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General introduction 
 

As global food demands continue to increase, so too does the need for effective pest 

management strategies that seek to minimize yield losses caused by plant pathogens. 

Traditional pest management strategies used to prevent or control plant diseases have 

mainly involved the application of synthetic pesticides. Many of these pesticides, however, 

have been shown to have negative impacts on human and animal health as well as the 

environment. Therefore, current pest management strategies often aim to minimize the 

application of synthetic pesticides and preferably replace them by several, non-harmful 

chemical and biological treatments to keep plant pathogen populations below a crop 

damaging threshold. Key to the success of such integrated pest control strategies is the 

capacity for early, efficient and effective detection of a variety of potential plant pathogens. 

 

Ideally, it should be possible to detect pathogens before disease symptoms appear, making it 

important to determine the precise thresholds of pathogen densities that lead to significant 

crop damage. Pest management strategies based upon reliable knowledge of pathogen 

thresholds and utilizing accurate pathogen detection technologies have the potential to 

significantly reduce crop damage, thereby helping to maximize yield and food production. At 

the same time, such preventive strategies would serve to reduce the need for routine 

pesticide sprayings that are often used indiscriminately, regardless of the true risk of 

pathogen outbreak. 

 

The general lack of fast, reliable and sensitive technologies to (quantitatively) detect plant 

pathogens has hampered the development of efficient pest management strategies. 

Conventional techniques used to detect and identify pathogenic microorganisms have 

typically relied upon (on-site) visual disease symptom interpretation and cultivation-based 

morphological approaches. These methods, however, suffer from a number of serious 

drawbacks. Extensive taxonomical skills are often required to ensure reliable detection and 

identification, especially if symptoms of different diseases are very similar, and accurate 

quantification of the pathogenic microorganisms is nearly impossible. Moreover, such 

approaches are often time-consuming, laborious and restricted to those organisms that can 

be cultured routinely. This last aspect is of considerable importance, given the fact that the 

vast majority of the microorganisms present in environmental samples still elude cultivation 

efforts [1].  

 

Although conventional detection methods are still important in disease diagnostics, the 
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recent introduction of molecular techniques for regular routine monitoring of pathogen 

populations in agriculture is expected to lead to more reliable pest management strategies. 

Molecular techniques, especially nucleic acid-based approaches, can circumvent many of 

the drawbacks associated with conventional detection methods. Nucleic acid-based 

techniques have the potential to be fast, sensitive, specific and accurate, while allowing for 

cultivation-independent detection of target microorganisms. Moreover, data interpretation can 

be performed without extensive taxonomical expertise, making these technologies easily 

accessible for less specialized research institutions.  

 

To date, numerous nucleic acid-based technologies have been described for the detection 

and identification of microorganisms. These nucleic acid-based technologies can be roughly 

divided into three different categories: polymerase chain reaction-based (PCR-based) 

detection, microarray-based detection and ligation-based detection. This thesis provides an 

overview of some established technologies for pathogen detection and describes on the 

development of several new technologies for this purpose, with a special focus on ligation- 

and PCR-based detection technologies designed to target multiple plant pathogens in a 

single assay (multiplex detection). 

 

 

Polymerase chain reaction (PCR) 
 

The invention of the PCR is generally regarded as being one of the most important 

breakthroughs in the history of molecular biology [2, 3]. PCR is commonly used in many 

areas of molecular biology because of its capacity for specific and highly sensitive DNA 

amplification. PCR generally uses a thermostable DNA polymerase enzyme and a pair of 

target-specific primers. Via a thermocyclic process, consisting of repetitive cycles of DNA 

denaturation, primer annealing and chain extension steps, an exponential amplification of 

specific DNA regions is achieved. Given the exponential target amplification, PCR product 

accumulation can be predicted using the formula yc = N0(1+E)c, where yc is the amplification 

factor at cycle c, N0 is the number of target DNA copies at cycle zero, E is the amplification 

efficiency and c is the number of PCR cycles. However, during the practical application of 

PCR, there is a continuous competition between PCR product re-association and annealing 

of primers. In the later amplification cycles, where PCR product concentrations are higher, 

this competition decreases amplification efficiency and the reaction will eventually reach a 

plateau phase. The amount of PCR product in the plateau phase is therefore no longer 

proportional to the initial target concentration, eliminating the potential to estimate the original 

amount of target DNA based upon the amount of product recovered after PCR. 
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Nevertheless, with extensive optimization and validation of each assay, conventional PCR 

strategies can have some value for the quantification of nucleic acid targets. However, they 

are generally not suitable for high-throughput screenings. Hence, for (plant) pathogen 

detection, conventional PCR is mainly used as a qualitative tool, detecting the presence or 

absence of pathogenic microorganisms [4-6]. After PCR, the presence or absence of the 

target DNA is generally assayed by gel electrophoresis of the amplification product and 

comparison to a DNA size marker, although other detection systems, such as flow cytometry 

can also be used. This required post-reaction processing is one of the major pitfalls of 

conventional PCR, because opening the reaction tubes can dramatically increase the 

incidence of false positive reactions due to amplicon carry-over contamination. Another 

limitation is the relatively low levels of attainable multiplexing (i.e. the number of targets 

which can be simultaneously assayed in a single test). Adding multiple specific primer pairs 

to a single reaction can result in the formation of undesired amplification products, 

compromising PCR sensitivity, specificity and reproducibility.  

 

 

Real time PCR 
 

Real time PCR is based upon the same principles as conventional PCR, but also 

incorporates an on-line step of DNA quantification after each cycle of the amplification. It 

therefore allows for accurate target quantification during the exponential reaction phase of 

amplification. Moreover, because of reaction tubes remain closed during all measurements, 

no post-reaction processing is required to determine the absence or presence of a target, 

making real time PCR faster and less susceptible to cross contamination than conventional 

PCR. In the first cycles of the real time PCR amplification, the background fluorescence is 

measured. As target DNA accumulates, the fluorescent signal increases after each PCR 

cycle, depending on the detection chemistry used (see below). The first cycle at which this 

fluorescence is detected as higher than backgrounds levels (in general more than 10 times 

Standard Deviation (SD) of the background fluorescence level) is defined as the threshold 

cycle or CT value. A lower CT value means therefore indicates that more target DNA was 

initially present at the start of the reaction. The two most applied detection chemistries used 

to detect target accumulation are fluorescent dyes that intercalate with double-stranded DNA 

and fluorescently labeled oligonucleotide probes.  
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Non-specific detection chemistries 
 

DNA binding dyes, like SYBR-Green I and ethidium bromide, emit strong fluorescence when 

bound to the double-stranded DNA helix [7]. As more product accumulates during the course 

of PCR, more dye becomes bound, resulting in a greater amount of fluorescence, with the 

increase in fluorescence being proportional to the increase in double-stranded DNA (dsDNA) 

in the PCR tube [7]. The main advantage of such dsNDA binding dyes lies in their flexibility; a 

single dye can basically be used for detection of any DNA target, making assay design and 

optimization relatively easy and inexpensive. Additionally, incorporation of the dsDNA binding 

dyes allows for easy adaptation of previously optimized and long-established PCR protocols 

to real time PCR assays. However, such dyes do not discriminate between different dsDNA 

reaction products, and spurious or non-specific PCR products are thus also detected. This 

can also result in fluorescent signals in negative controls due to erroneously amplified 

sequences and primer dimer products, leading to an overestimation of target quantities. The 

assay is also not more specific than in conventional PCR, because the specificity is 

determined completely by the designed primers. Reliable results therefore require PCR 

product verification by dissociation curve analyses (also known as melting curve analyses). 

During dissociation curve analyses, the temperature in the PCR tube is gradually increased 

from about 60 °C up to 95 °C, while fluorescence is continuously measured. Increasing the 

temperature will result in the denaturation of the double-stranded PCR products, which 

causes a drop in fluorescence signal. Small PCR products (or AT-rich products) denature at 

lower temperatures than larger PCR products (or GC-rich products), which results in distinct 

peaks when plotting the (negative) first derivative of the fluorescence as a function of 

temperature. In this way, product integrity can be estimated. This necessity for dissociation 

curve analysis also adds additional limitations to multiplex target detection, since the number 

of simultaneously detectable targets is low and accurate quantification becomes increasingly 

problematic as the level of multiplexing increases.  

 

 

Specific detection chemistries 
 

Another strategy to measure target amplification in real time PCR is the use of a target-

specific fluorescently labeled oligonucleotide probe combined with target-specific primers. In 

contrast to the non-specific, doubled-stranded DNA binding fluorescent dyes, the detection 

specificity does not only depend on the specificity of the primers. In the absence of specific 

target amplification, the fluorescent dye of the target-specific probe is quenched and no 

significant fluorescence is emitted. In case the target is present, the quenching is relieved 
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and a fluorescent signal is detected. Consequently, non-specific amplification products, due 

to falsely amplified non-target sequences and primer dimers, do not generate fluorescent 

signals, thereby eliminating the need for post-reaction product specificity tests (e.g. 

dissociation curve analysis). The absence of a fluorescent signal, however, does not 

automatically guarantee the absence of such PCR artifacts. PCR artifacts that can interfere 

with amplification reaction efficiency are not detected, but might be amplified in the 

background, finally resulting in inaccurate target quantification. Extensive optimization of 

primer-target combinations, using non-specific double-stranded DNA binding dyes, is, 

therefore, still required before specific detection chemistry-based assays can be used for 

accurate quantification. To date, a wide range of different fluorescent labeled 

oligonucleotides are available [8-11] of which hydrolysis (TaqMan) probes and Molecular 

Beacons (MB) are used in this thesis. 

 

A TaqMan probe is a target sequence-specific probe that is labeled with a fluorescent 

reporter dye on the 5’ end and a quencher on the 3’ end [12, 13]. In an intact TaqMan probe, 

the quencher dye absorbs the fluorescent energy from the reporter dye by fluorescence 

resonance energy transfer (FRET). The TaqMan assay relies on the 5’-3’ exonuclease 

activity of Taq polymerase [12, 13]. When the TaqMan probe is bound to the target DNA 

sequence, the probe will be degraded by the Taq polymerase during the extension step of 

the PCR, thereby separating the reporter dye from the quencher, which results in an 

increased fluorescence signal [12](fig. 1).  

 

A Molecular Beacon (MB) is a target-specific probe that consists of a stem loop structure, 

with the loop sequence being complementary to the target DNA and the stem being formed 

by annealing of complementary probe termini (fig. 2). MBs contain a reporter dye at one end 

of the stem and a quencher at the other end of the stem. At low temperatures, and when not 

bound to the target, the reporter dye and the quencher are in close proximity via the stem 

loop structure, resulting in quenching of the reporter dye. The configuration of the molecular 

beacon changes into a random coil during the denaturation step of PCR amplification, 

thereby emitting fluorescence. At the annealing temperature, MBs bind to the target 

(amplicons) because the target/probe interaction is more thermodynamically stable than the 

hairpin structure at that temperature. Bound to the target, the reporter dye and quencher are 

separated, resulting in fluorescence. Unlike TaqMan probes, MBs are not hydrolyzed 

because the extension temperatures are 72 ºC or higher, allowing MB’s to dissociate from 

their targets and consequently, not interfere with polymerization. Since the MB hybridization 

is reversible, melting curves can still be used afterwards to determine the best temperature 
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for fluorescence acquisition. Additionally, endpoint measurements using melting curves can 

be performed rather straightforwardly to determine the presence or absence of a target. 

 

 
 

Figure 1: TaqMan principle. Single stranded probe sequence with a fluorophore (reporter dye) and a 

quencher attached respectively to the 5’ and the 3’ end (A). The probe sequence binds to the target 

during each annealing step of the PCR (B) and generates a fluorescent signal through the 5’–3’ 

exonuclease activity of the Taq DNA polymerase that degrades the probe sequence and releases both 

fluorophore and quencher into the solution (C). Once cleaved, the 5’ dye is freed from the quenching 

and emits fluorescence. (Picture courtesy of Schena et. al., 2004) 

 

 

PCR inhibition 
 

Despite all the advantages of PCR-based nucleic acid amplification, one of its drawbacks is 

the potential inhibition of the amplification reaction by compounds that are often co-extracted 

with nucleic acids from the sample matrix such as humic acids and other phenolic 

compounds [14-17].  Despite significant efforts to optimize DNA extraction protocols from 

difficult environmental samples [18-27], co-extraction of PCR-inhibiting compounds often 

cannot be completely prevented, thereby potentially leading to false negative results in the 

case of severe inhibition [28-31] or underestimations of target numbers in cases of partial 

PCR inhibition [16].           
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A straightforward approach to detect PCR inhibition is the inclusion of an Internal 

Amplification Control (IAC). An IAC is a non-target DNA sequence that is co-amplified with 

the target under the same reaction conditions. Most IACs can be divided into two distinct 

groups; competitive IACs and non-competitive IACs [30]. In competitive IAC, the target and 

IAC are amplified with the same primer set. In non-competitive IAC, the target and IAC are 

amplified using different primer sets.  

 

To date, most IACs have been applied at a single concentration. It has, however, been 

shown that IACs used at high concentrations may fail to detect weak PCR inhibition, and that 

inhibition of target amplification may be target-concentration dependent [30]. Thus, IAC 

strategies used to date may not yield truly quantitative data across the full range of target 

and inhibitor concentrations (chapter 7). 

 

 
 

Figure 2: Molecular beacon principle. A Molecular Beacon (MB) is a target-specific probe that 

consists of a target specific hairpin loop structure, a stem that holds the probe sequence in the hairpin 

configuration and a fluorophore (reporter dye) and a quencher that are attached to the 5’ and the 3’ 

end of the stem respectively (A). Molecular beacons generate signals when hybridized to the 

(amplified) template DNA, thereby increasing the distance of the 5’ reporter dye molecule from the 3’ 

quenching molecule, allowing the reporter dye to generate a fluorescent signal (B). (Picture courtesy 

of Schena et. al., 2004) 
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Microarray-based detection of microorganisms 
 

DNA microarray and macroarray-based technologies, offer the possibility to add a highly 

multiplex aspect to PCR-based pathogen detection and identification [32-35]. Array-based 

pathogen detection strategies typically involve PCR amplification of universal phylogenetic 

target genes (e.g. 16S rRNA, 18S rRNA, 23S rRNA genes), a number of microorganism-

specific genetic markers [35-37] or random amplification of genomic DNA fragments [34]. 

The combination of nucleic acid amplification strategies with array-based detection has 

resulted in the development of sensitive, high throughput Microbial Diagnostic Microarrays 

(MDMs) [38-41]. Although several array-based detection technologies have been realized to 

detect pathogens, only a minority of these methods can discriminate target pathogens from 

closely related non-target organisms, which may differ from target organisms by only a single 

nucleotide in the probe-binding region [42]. Designing sufficiently discriminating 

oligonucleotide-detectors for array applications is relatively complicated and requires 

extensive testing of hybridization specificity. Moreover, the oligonucleotide-detectors spotted 

on the microarray are target-organism specific, making it necessary to redesign microarrays 

if one wishes to add additional probes for the detection of new targets. 

 

Recently, the use of MDMs for the detection of pathogenic microorganisms in environmental 

samples has increased significantly [39, 40]. Platforms enabling very high probe densities 

(>10.000 probes) have also become powerful tools in analyses addressing the overall 

structure of complex microbial communities [35, 43-45], but their relatively high costs and low 

flexibility, in combination with the complex hybridization patterns and resulting data analysis, 

somewhat limit their application for some microbial diagnostics [39]. Reliable pathogen 

detection has also been achieved using MDMs with low and intermediate probe densities, 

often with reported sensitivity thresholds of 0.1-5% relative abundance [43, 46-58].  

 

 

Ligation-based detection assays 
 
Organisms that are closely related to target pathogens may possess only one or a few 

discriminating positions in their probe target sites. It is of prime importance that developed 

detection assays can discriminate these point differences, since the closely related 

organisms may have highly disparate ecologies from the target pathogen itself. The 

discovery of the DNA ligase enzymes has facilitated the development of ligation-based 

detection technologies that have an excellent capacity to detect single mismatches in target-

binding sites. DNA ligase enzymes are essential components of cellular DNA replication, 
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repair and recombination mechanisms. DNA ligase enzymes catalyze the cofactor-

dependent formation of phosphodiester linkages between the 5’ phosphate and the 3’ 

hydroxyl groups of adjacent double-stranded DNA chains. It is well established that ligase 

enzymes are generally more sensitive to mismatched base-pairs at the 3’-side of the nick, 

while they appear more tolerant of mismatched base-pairs on the 5’–side. Individual 

mismatch ligation rates may vary substantially, and fidelity comparisons of several different 

DNA ligase enzymes demonstrated that some enzymes display higher fidelity for some 

mismatches and lower fidelity for other mismatches [59]. Also, additives in the ligation 

reaction can have an positive (PEG-6000) or negative effect (glycerol, formamide or DMSO) 

on the ligation efficiency and fidelity [60].  

 

The ability of the ligase enzyme to discriminate against the 3’-end mismatched base-pairs 

forms the basis for several in vitro DNA diagnostic assays. Most ligation-based diagnostic 

assays can be divided in two groups, depending on the number of oligonucleotides used for 

the DNA target detection, as briefly summarized below and reviewed in more detail in 

chapter two. 

 

 

Linear oligonucleotide probe-based ligation assays 
 

During the last two decades, a wide range of linear oligonucleotide probe-based ligation 

assays has been developed. Although all these technologies have their respective 

advantages and disadvantages, they all include two separate DNA probes that hybridize to 

adjacent sequences on the DNA target of interest. The two probes are subsequently joined 

by a ligase enzyme, provided that the nucleotides at the junction are correctly base-paired.   

 

Some developed assays include fluorescently or radioactively labeled probes that can be 

ligated on genomic or pre-amplified target DNAs followed by simple, direct detection without 

further probe amplification steps [61].  Other common assays are based on unlabeled probe 

sets that PCR amplified subsequent to the ligation reaction using universal primers before 

detection [62]. Using a theremostable ligation enzyme allows for the cycling of ligation 

reactions with repeated denaturation, annealing and ligation steps, resulting in exponential 

ligation reactions [63-65]. Because of the occurrence of a relatively high background signals 

using linear oligonucleotide probe-based ligation assays, the true absence or presence of 

microorgansisms often cannot be unequivocally established, making the linear probe-based 

ligation techniques more suitable for genotyping than for microbial detection purposes. A 
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more detailed overview of the previously developed linear oligonucleotide probe-based 

ligation assays, and their applications, is provided in chapter two of this thesis.   
 

 

Padlock-probe based detection techniques 
 

Parallel to the development of the linear probe-based detection technologies, circularization-

probe based technologies have also been developed. Circularization probes, so-called 

Padlock probes (PLPs) [66], are long oligonucleotides of approximately 100 bases, 

containing target complementary arms at each terminus of the probe. The target 

complementary arms are connected via a compound linker sequence, which can contain 

several assay-specific sequences. Target recognition is achieved by specific hybridization of 

both arm sequences, and efficient ligation of the adjacent probe ends occurs only if the end 

nucleotides perfectly match the target. 

 

There are several considerable advantages of using PLPs over linear oligonucleotide ligation 

probes. First, a partial selection for circularized probes can be performed by enzymatic 

exonuclease treatment [67], followed by amplification of remaining probes by e.g. PCR [68] 

or rolling circle amplification (RCA) [69]. Second, the unimolecular structure of the PLPs 

guarantees the presence of the two target complementary regions in a single molecule, 

ensuring that the target complementary regions are always in close proximity. This feature 

enables the application of lower assay-probe concentrations and allows for an asymmetric 

target arm design, which increases probe specificity [70]. The low probe concentrations and 

the low Tm of the 3’ arm reduce the chance of cross-ligation between PLPs, thereby further 

decreasing background signals. 

 

A wide variety of PLP-based detection assays has recently been developed. These can 

generally be divided into distinct groups based on the downstream procedures performed 

after the ligation reaction. Developed procedures generally involve amplification-free 

detection of ligated PLPs, single- and double-rolling circle amplification, exponentional 

hyperbranched rolling circle amplification and PCR amplification of PLPs. A much more 

detailed overview of the developed PLP-based ligation assays, and their applications, is 

provided in chapter two of this thesis.   
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Aims and approach 
 
Although the vast majority of the non-ligated linear PLPs can be removed via exonuclease 

treatment (see above), the remaining linear PLPs still generate considerable background 

signals, making the PLP less suitable for microbial detection purposes. Due to this 

considerable background, PLPs have mainly been used for genotyping and gene-expression 

purposes [71, 72], and, prior to the studies conducted in this thesis, only a single publication 

had previously described such a strategy for the qualitative detection of microbial targets 

[70]. The main objectives of this thesis were therefore to develop several ligation-based 

detection technologies using universal microarrays and real time PCR platforms for the 

highly specific detection of multiple plant pathogens to be used in a variety of application 

fields. The newly developed detection methods were based upon the idea that viable 

detection strategies should ideally fulfill most of the following criteria: 

• Background-free detection 

• Fast and easy data analyses  

• Discrimination of nearly identical non-targets to a single nucleotide difference 

• Potential for highly multiplex detection 

• Accurate quantification of multiple organisms in a single test 

• Accurate detection, identification and/or quantification of target microorganisms 

present in highly disparate densities 

• Accurate correction for differences in enzymatic reaction efficiencies 

 

To achieve these main objectives, the following experimental approaches were undertaken:   

• Searching databases, sequencing and aligning sequences of targets  

• Development of different sets of highly specific Padlock probes  

• Creating cleavable Padlock probes 

• Minimizing cross-reaction between different probes 

• Removing matrix components after ligation and before qPCR 

• Optimizing all enzymatic steps of the different detection procedures  

• Optimizing array hybridization conditions 

• Optimizing nanoliter qPCR conditions 

• Reducing background arising from unligated probes in qPCR upon pre-amplification 

• Development and optimization of internal controls, for the exclusion of false negatives 

and to assure accurate quantification 
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• Testing the robustness of the designed assays under real-life conditions or under 

conditions closely approaching real-life situations  

 

 

Outline of this thesis 
 

The early developments, recent advances and insights of ligation-based detection 

technologies are summarized in the review presented in chapter 2. In chapter 3, the 

development of a universal microarray-based, background-free ligation detection (LD) 

system using cleavable, destiobiotin-labeled PLPs is described. The experiments focus on 

optimizing the cleavability of the PLPs, and demonstrating the specificity, sensitivity, and 

dynamic range of detection of the developed assay. In the last experiment of this chapter, the 

robustness of the assay is evaluated by using samples collected from hydroponic 

horticultural water recirculation systems, and the data generated with the LD assay are 

compared with data obtained by previously established real time PCR technologies. Chapter 
4 focuses on the development of a high-throughput circularization probe-based assay for the 

simultaneous and quantitative detection of multiple plant pathogens using the state-of-the-art 

33 nanoliter Biotrove OpenArray qPCR platform. The specificity, sensitivity, linear 

quantification range, and the dynamic detection range of the assay is demonstrated using 13 

pathogen specific probes, ligated on individual and mixed target DNAs, followed by probe-

specific, individual SYBR-Green-based real time PCR assays on the Biotrove OpenArray 

platform. Chapter 5 presents the development of a multiplex circularization probe-based 

system for the high-throughput characterization of the dehalogenating capacity of soils in 

contaminated environments. The technology developed in chapter 4 is applied and the 

specificity and robustness is further demonstrated using 9 phylogenetic and 10 functional-

gene probes. To compensate for the loss of assay detection sensitivity as a consequence of 

the nanoliter qPCR volumes, a universal rolling circle-based pre-amplification reaction was 

developed and performed on all ligated probes, prior to qPCR analyses, as described in 

chapter 6. To reduce background signal, a single, universal TaqMan probe was developed 

to visualize the probe-specific amplification in real time PCR. The specificity, sensitivity, 

linear quantification range, and the dynamic detection range of the developed assay are 

demonstrated using 8 pathogen specific probes. Chapter 7 presents a novel IAC approach 

that is specifically designed for the Biotrove OpenArray platform. Four different IAC targets 

were applied across a range of concentrations, yielding a calibration IAC curve for each 

individual DNA sample, thereby facilitating more accurate target quantification. The 

experiments demonstrate that PCR amplification of the four IAC targets was fully 

independent. Soil DNA extracts varying in their degrees of PCR inhibition were used to 
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demonstrate that the developed IAC strategy can compensate for partial PCR inhibition 

during the detection of microbial targets in complex environmental samples. Finally, in 

chapter 8, a summary is provided and the results are discussed in relation to currently 

existing requirements for detection technologies. This chapter also explores the potential 

pitfalls of quantification reliability of targets in environmental samples.  



 



 

 

Chapter 2 

 

Ligation-based detection technologies, a 
comprehensive overview 

 

R. van Doorn, G. A. Kowalchuk and C. D. Schoen  
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Abstract 
 

Ligation-based detection technologies possess an excellent capacity to detect single 

mismatches in DNA targets and have proven useful in numerous molecular detection 

applications. Depending on the ligation technology, each probe set consists of two half-

probes, termed the 5’ half-probe and the 3’ half-probe, or consist of a long single 

unimolecular probe that is circularized upon ligation. Although both types will be discussed in 

this review, the main focus will be on the latter. These circularization probes, best known as 

Padlock probes (PLPs), are long oligonucleotides containing target complementary arms at 

each terminus of the probe. The target complementary arms are connected via a compound 

linker sequence that can contain several assay-specific sequences. Target recognition is 

achieved by specific hybridization of both arm sequences, and efficient ligation of the 

adjacent probe ends occurs only if the end nucleotides perfectly match the target. Padlock 

probe-based ligation assays can generally be divided into several distinct groups based on 

their amplification strategy after ligation; amplification-free detection of Padlock probes, 

Rolling circle amplification-based detection of Padlock probes, Circle-to-circle amplification-

based detection of Padlock probes, Hyperbranched rolling circle amplification-based 

detection of Padlock probes and PCR-based detection of Padlock probes. The exquisite 

specificity combined with their high multiplex capacities, makes Padlock-probed based 

technologies extremely suitable for a wide range of applications like SNP detection, gene 

expression, in situ DNA detection, microbial genotyping and microbial detection, although 

here we will mostly focus on those most relevant to (plant) pathogen detection. This review 

will examine the strength and weakness of different variations provided by different ligation-

based assays and their application to different experimental needs.   
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Ligation-based detection assays 
 

Over the past decade, significant breakthroughs have been achieved in numerous 

sequencing projects, providing an enormous wealth of DNA sequence information. This 

increasing sequence database facilitates the development of molecular genotyping and 

detection technologies. Most molecular genotyping and detection technologies rely upon 

signature sequences within particular marker genes to specifically detect the targets of 

interest. A reoccurring issue with pathogen detection, however, is that organisms that are 

closely related to target pathogens may possess only one or a few mismatches in the probe 

target sites. It is of prime importance that developed detection assays can discriminate these 

point mutations, since the closely related organisms may have highly disparate ecologies 

from the target pathogen itself. The discovery of the discrimination power of the DNA ligase 

enzymes has facilitated the development of ligation-based detection technologies that have 

an excellent capacity to detect single mismatches in target-binding sites. DNA ligase 

enzymes are essential components of cellular DNA replication, repair and recombination 

mechanisms. DNA ligase enzymes catalyze the cofactor-dependent formation of 

phosphodiester linkages between the 5’ phosphate and the 3’ hydroxyl groups of adjacent 

double-stranded DNA chains. Although at lot a variations are observed among different 

ligase enzymes (size, amino acid sequence and properties), all DNA ligase enzymes share a 

conserved, discrete three-step ligation reaction mechanism. This mechanism involves the 

formation of an enzyme-adenylate complex, followed by the transfer of the adenylate from 

the enzyme to the 5' phosphate of the duplex DNA substrate thus forming an activated 

pyrophosphate and finally, attack of this activated 5' end by a 3'-hydroxyl group on the 

adjacent duplex DNA strand, thus forming a phosphodiester linkage between the two DNA 

segments. Ligase enzymes are generally more sensitive to mismatched base-pairs at the 3’-

side of the nick, while they appear more tolerant of the same mismatched base-pairs on the 

5’–side, although individual mismatch ligation rates vary substantially. Comparison of the 

fidelities of several different DNA ligase enzymes demonstrated that some enzymes display 

higher fidelity for some mismatches and lower fidelity for other mismatches [59]. Also, 

additives in the ligation reaction have an effect on the ligation efficiency and fidelity [60]. 

Ligation efficiency and fidelity are boosted by the addition of PEG-6000, while addition of 

glycerol, formamide or DMSO increase ligation fidelity while decreasing efficiency (because 

of the hydrogen bound weakening effect of these three compounds) [60]. The ability of the 

ligase enzyme to discriminate against the 3’-end mismatched base-pairs forms the basis for 

several in vitro DNA diagnostic assays. Most currently used ligation-based diagnostic assays 

can be divided in two separate groups, depending on the number of oligonucleotides used 

for the DNA target detection, as discussed below. 
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Oligonucleotide ligation assay 
 

The oligonucleotide ligation assay (OLA) was used for the first time for the specific detection 

of the βA and βS alleles of human β globin [61]. In this assay, two DNA probes, 

complementary to the target sequence of interest, are joined by a T4 DNA ligase enzyme 

provided that the nucleotides at the junction are paired correctly. In the original report of this 

method,  one probe contained a 32P reporter group, while the other probe contained a biotin 

group that could be captured by streptavidin immobilized on a solid support [61]. After the 

ligation reaction, the biotin-labeled probes were captured by streptavidin, and all 32P-labeled 

probes not covalently bound to the biotin-labeled probe were removed by washing. 

Autoradiography was then used to detect ligation products (i.e. the amount of 32P captured 

due to its subsequent linkage with the captured biotin) [61]. The 32P reporter group has since 

been replaced by different non-isotopic reporter groups, leading to the development of 

assays that can detect multiple alleles [73-78] or pathogens simultaneously [79-83]. A more 

recent development involves the fluorescent labeling of both target complementary DNA 

probes, resulting in a Fluorescence Resonance Energy Transfer (FRET)-based ligation 

detection assay [84].  Because FRET only occurs when the donor and acceptor dyes are in 

close proximity, target detection can be determined by monitoring the specific ligation of dye-

labeled DNA probes by a fluorescence spectrophotometer, without any purification step [84]. 

In most such OLA-based assays, a PCR pre-amplification step has been incorporated to 

obtain adequate amounts of starting material for the ligation reaction. However, achieving 

linear unbiased PCR-based amplification can be technically challenging [79, 85, 86]. An 

attempt to circumvent this problem involves the elimination of the PCR pre-amplification and 

incorporation of fluorescent dyes at both ends of the OLA probe pair. The DNA probes used 

in the resulting OLA-based assay both contain a target complementary region and a 10-

nucleotide long overhang arm with a different fluorescent dye on each probe [79, 87]. 

Because the two overhang arms are complementary, an inverse Molecular Beacon structure 

is formed once the ligated product is denatured from the target DNA sequence. This stem-

loop structure brings the two fluorophores in close proximity, resulting in a fluorescent 

emission from the FRET process [79, 87]. If no ligation occurs, the stable stem-loop structure 

will not be formed. The resulting linear increase in fluorescent emission can be monitored in 

real time using a fluorescence detection system [87]. 
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Ligation Chain Reaction  
 
As in PCR, the ligation chain reaction (LCR) allows exponential target amplification, whereby 

a thermostable ligase enzyme is subjected to repeated denaturation, annealing and ligation 

steps. Exponential ligation-based amplification utilizes two pairs of oligonucleotide probes for 

each target, one pair complementary to the lower strand and one complementary to the 

upper strand of a target DNA sequence. The products of the ligation reaction serve as 

templates for the subsequent ligation cycle, resulting in an exponential amplification of 

product [63-65, 88, 89]. One of the limitations of LCR is the occurrence of template-

independent, blunt-end ligation products (between two DNA probe pairs) [64, 88], which can 

act as templates for subsequent exponential ligation, thereby limiting detection sensitivity. 

The occurrence of blunt-end ligation can be partially suppressed by optimizing reaction 

conditions [64, 88] or changing the type of ligation enzyme [90-92].  
 

Another modification to further minimize blunt-end ligation is the development of a modified 

ligase chain reaction, called Gap-LCR [93, 94].  Like conventional LCR, Gap-LCR uses two 

pairs of primers complementary to the DNA target, but, unlike LCR, a gap of one to several 

bases is introduced between the otherwise adjacent primer DNA probes. The gap is filled by 

a DNA polymerase (without 3’-5’ exonuclease activity), and the resulting nick is closed by a 

thermostable DNA ligase enzyme. The use of probe duplexes with non-complementary 3’ 

extension prevents the generation of target-independent ligation products [93-95]. Gap-LCR 

assays have been used for genotyping several mutations in the human immunodeficiency 

virus (HIV) [95-97], the Hepatitis B virus [81] and the human beta-(2) adrenergic receptor 

[98], as well as for the detection of Chlamydia trachomatis [99-101], Mycobacterium 

tuberculosis [102, 103] and Neisseria gonorrhoeae [104]. 

 

 

Multiplex ligation-dependent probe amplification 
 

At present, the Multiplex Ligation-dependent Probe Amplification assay (MPLA) is probably 

the most well established ligation-dependent detection technology. Since its introduction in 

2002 [105], more than 200 articles involving MPLA developments and applications have 

been published [62], and over 200 MPLA assays are commercially available (MRC-Holland). 

MPLA is a multiplex detection assay using up to 45 probe sets, each set specific for a 

different DNA sequence of interest. Each probe set consists of two half-probes, termed the 5’ 

half-probe and the 3’ half-probe. Each half-probe contains a target-specific sequence and an 

identical end sequence, enabling universal PCR amplification using a single primer pair. At 
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least one (but often both) of the half-probes also contains a stuffer sequence, permitting 

adjustments of the total probe length. The two half-probes hybridize to adjacent sequences 

on the DNA target of interest and can be connected via enzymatic ligation. The ligated probe 

sets are subsequently PCR amplified using universal primers, of which one is fluorescently 

labeled. Next, the MPLA amplification products are identified by size after separation via 

capillary electrophoresis (CE). The observed changes in relative probe signals between 

samples directly correspond to the differences in copy number of the DNA target sequences 

[105]. The multiplexing capacity of the MPLA assays can be increased two-fold by using two-

color labeling of two distinct universal primer pairs [106]. The two-color labeling strategy 

enables the simultaneous CE analysis of two sets of MPLA amplification products with 

overlapping size and/or CE migration. 

 

A drawback of most currently applied MPLA assays is their dependence on size-based 

discrimination of the PCR-amplified ligation products, thereby limiting the number possible 

probe sets in a single assay. Additionally, size differences can influence the quantitative PCR 

amplification of the ligated probe sets, since smaller fragments are often amplified more 

efficiently. Recently, two length-independent MPLA assays have been developed. The first 

report describes a combination of MPLA with universal cZipCode array hybridization, called 

Array-MPLA [107]. In Array-MPLA, more than 100 probe sets of similar length are amplified 

as in conventional MLPA. The stuffer sequences of these probes, however, contain a probe-

specific 20-nucleotide-long ZipCode identifier sequence that is complementary to the 

cZipCodes present on the array. The second alternative strategy uses a FRET-based 

hybridization assay for detection of MPLA products [108]. An MPLA-product is hybridized to 

an MPLA product-specific probe labeled with an acceptor dye that is immobilized on a 

magnetic bead. Subsequent hybridization with a second, universal MPLA product probe, 

labeled with a donor dye, brings the two dyes into close proximity, enabling FRET [108]. 

 

MPLA-based assays are used for a wide range of applications that include assessing 

chromosomal aberrations (e.g. copy number variants) [105, 107-117], detection of DNA 

methylation [118-121], relative expression profiling [122-124] and genotyping [125]. Only very 

recently, the first two reports describing MPLA-based assays for the detection and 

identification of microorganisms have been published, one describing MPLA-based 

identification of 15 respiratory viruses [126] and the other an MPLA-based diagnostic system 

for the relative quantification of nine bacterial species in oral biofilms [127]. 
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Padlock probe-based ligation detection 
 

The development of the oligonucleotide ligation assay paved the way for the development of 

circularization probe-based detection assays. Circularization probes, better known as 

circular-probes (C-probes) [68] or Padlock probes (PLPs) [66], are long oligonucleotides, 

~100 bases, containing target complementary arms at each terminus of the probe. The target 

complementary arms are connected via a compound linker sequence that can contain 

several assay-specific sequences. Target recognition is achieved by specific hybridization of 

both arm sequences, and efficient ligation of the adjacent probe ends occurs only if the end 

nucleotides perfectly match the target, thereby conferring superior specificity [72, 128, 129]. 

To optimize detection specificity further, several PLP design strategies have been developed, 

including different gap-fill PLP-based approaches [67, 130, 131] and asymmetric PLP target 

arm design [128, 132]. The latter strategy has been demonstrated to improve discrimination 

power by almost one order of magnitude [128].  

 

Ligation of the two probe ends converts the PLP to a circular molecule, thereby changing its 

physical properties compared to the unligated linear PLP. After ligation, the Padlock probes 

remain catenated to the target DNA sequence (Padlocked) because they are threaded 

around the target sequence as many times as the turns in the probe-target DNA duplex [66, 

69, 133]. As a consequence of this catenation, circularized PLPs do not dissociate from long 

target DNA sequences even under stringent washing conditions that would remove 

hybridized linear probes [66, 133]. Selection for circularized PLPs can be performed by e.g. 

stringent washing conditions [134], exonuclease treatment [67], endonuclease treatment 

[135], and several amplification strategies like PCR [68] or rolling circle amplification (RCA) 

[69]. A wide variety of PLP-based detection assays have recently been developed. These 

can generally be divided into several distinct groups based on their amplification strategy 

after ligation; amplification-free detection of Padlock probes, Rolling circle amplification-

based detection of Padlock probes (fig. 1a), Circle-to-circle amplification-based detection of 

Padlock probes (fig. 1b), Hyperbranched rolling circle amplification-based detection of 

Padlock probes (fig. 1c) and PCR-based detection of Padlock probes (fig. 1d). 
 

 

Amplification-free detection of Padlock probes 
 
Padlock probe-based ligation was initially described as a method for localized, in situ 

detection of repeated alphoid sequences in metaphase chromosomes [66]. PLPs were 

subsequently used for chromosome genotyping by targeting single-nucleotide differences in 
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repeated centromeric sequences in human cells [134, 136]. In these studies, radioactively- or 

fluorescently-labeled PLPs were ligated on their corresponding target sequences and directly 

detected without any PLP amplification steps.  

 

Very recently, a modified amplification-free PLP detection assay was used for the 

identification and detection of several fungal and oomycetal microorganisms in environmental 

samples [135]. In this assay, DNA samples are PCR-amplified, with resulting products 

serving as potential targets for PLP ligation. Enzymatic cleavage of modified PLPs following 

the ligation reaction results in the background-free detection of only originally ligated PLPs 

on universal tag microarrays [135]. This type of assay has also been applied for the detection 

and identification of three very closely related Pectobacterium species in potato tubes 

(Slawiak et al., submitted). 

 

 
 
Figure 1: Different amplification strategies for circularized Padlock probes. (A): Rolling Circle 

Amplifcation (RCA) of ligated Padlock probes. (B): Circle to Circle Amplification (C2CA) of ligated 

Padlock probes. (C): Hyperbranched Rolling Circle Amplification (HRCA) of Padlock probes and (D): 

Polymerase Chain Reaction (PCR) amplification of Padlock probes. 
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Rolling circle amplification-based detection of Padlock probes 
 

The detection signals arising from circularized PLPs alone, however, can be insufficient to 

reveal single copy DNA sequences for in situ detection, due to the background noise from 

non-specifically bound probes [137]. A strategy to increase the signals arising from ligated 

PLPs is the introduction of an in situ rolling circle amplification (RCA) step [130, 138]. In 

RCA, a primer directed to the spacer sequence of the PLP initiates rolling circle replication, 

and the circular PLP is copied by a DNA polymerase possessing strand-displacing function 

(e.g. Φ29 [139]). A long DNA strand is thus generated, composed of repetitive sequence 

units that are complementary to the PLP sequence [140, 141], typically yielding around 1000 

copies of a single PLP after 1 hour of RCA [69, 72] (fig. 1a).  However, catenation of Padlock 

probes to the target DNA sequence, however, has been reported to inhibit efficient PLP 

amplification [69], although this inhibition may not always hold [142] and may depend on the 

enzyme used [143]. Any inhibition due to catenation can be overcome by cleaving the target 

DNA sequences to enable the PLPs to slide off their targets [71]. Combining the Padlock 

probe approach with in situ RCA has led to the development of several assays (mostly for 

genotyping) with increased detection sensitivity [72, 133, 137, 144, 145]. Very recently, the 

first three reports describing PLP-RCA-based assays as a tool for the in situ detection and 

identification of microorganisms have been published. The first report describes the in situ 

detection and identification of three bacterial species (Escherichia coli, Bacillus subtilis, and 

Streptococcus mutans) [146], the second describes PLP-RCA-based in situ diagnostics of an 

intracellular microorganism (Anaplasma spp.) in infected mammalian tissues [147] and the 

third describes the detection of Porcine circovirus type 2 in cultured cells and in infected 

tissues [148]. 

 

Another elegant RCA-based approach for producing signals at precise locations is surface-

associated RCA of ligated PLPs. Here, PLP-specific surface-bound oligonucleotide tags 

initiate RCA of specifically hybridized PLPs, resulting in surface-immobilized RCA-products. 

This approach can yield bias-free amplification of ligated PLPs over four orders of magnitude 

on a glass-microarray surface [149], and more recently, as little as 0.6 fmol of circularized 

PLPs could be detected by solid-phase-RCA on gold-sputtered polystyrene microplates 

[150]. This technique also proved its value for the detection of several SNPs in the human 

p53 gene by RCA on universal glass- [151] and hydrogel-microarrays [152], and allowed for 

the accurate detection and identification of two fish pathogens (haematopoietic necrosis virus 

and the salmon anaemia virus) by RCA in microcapillary tubes [153]. 

In addition to in situ assays and surface-associated reactions, RCA-based PLP amplification 

is widely applied in solution. In such cases, the long single-stranded RCA products fold into 
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micrometer-sized random coils of DNA that can be visualized by a fluorescence microscope 

(equipped with a flow system), after hybridization with complementary fluorescently labeled 

probes [154]. The fluorescent signal within the DNA sphere is roughly 100 times higher than 

in the surrounding solution, allowing homogenous detection without the removal of unbound 

probes. This system was further optimized [155] and used for the detection and quantification 

of the bacterial pathogens Vibrio cholerae and Vibrio fisheri  [156] and for the identification of 

the fungi Pseudallescheria and Scedosporium strains [157]. Recently, proof-of-principle 

studies demonstrated that rapid endpoint detection of two different PLPs amplified by RCA 

could also be achieved by Capillary Electrophoresis (CE) [158], by electrophoresis on 

agarose gel [159, 160] or by the bioluminescent detection of inorganic pyrophosphate (PPi) 

released from the RCA reaction [161]. Another novel non-fluorescence-based detection 

assay of rolling circle amplified PLPs involves magnetic nanobeads that hybridize to the RCA 

coils. The resulting change in magnetic spectrum can be used to determine the concentration 

of RCA coils down to the pM range [162]. Alternatively, RCA in solution can be monitored in 

real time by using Molecular Beacons [163, 164], incorporated fluorescently labeled dNTPs 

[163] or DNA intercalating dyes [165].   

 

A single-molecule PLP-based approach was developed as an alternative to digital PCR for 

the identification of several genomic loci [166-168]. In this strategy, the circularized PLP 

molecules are amplified by RCA, and the amplification products are immobilized on a 

microscopy glass slide [169]. Single RCA products can be specifically identified and counted 

through serial hybridizations of different combinations of fluorescently labeled probes, 

according to a decoding scheme [169].  

 

A novel RCA-based strategy, involving the application of RCA for PLP enrichment step prior 

to PCR amplification, has recently been used for the qualitative detection of several 

serotypes of three viruses in veterinary samples and for sub-typing hemagglutinin and 

neuraminidase surface antigens of the avian influenza virus [170, 171]. In these assays, RCA 

using a single, universal primer was performed on all circularized PLPs. The RCA products 

were subsequently amplified by PCR using a universal fluorescently labeled primer pair and 

hybridized to universal microarrays [170, 171]. A highly similar system was recently 

developed for the quantitative detection of pathogenic fungi, where the amplified PLPs were 

specifically hybridized on a Luminex suspension array readout [172]. Using this assay, 

targets were quantified over 6 log scales using synthetic ligation targets, and a final 

sensitivity of 100 pg gDNA was achieved. Alternatively, the RCA-based PLP enrichment step 

can be used for providing sufficient target input in next-generation nanoliter-volume qPCR 
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platforms, allowing the quantitative detection of multiple plant pathogens by combining PLP-

specific primer pairs with a universal TaqMan probe (this thesis; chapter 6). 

 

 

Circle-to-circle amplification-based detection of Padlock probes 
 

A powerful addition to the existing RCA and HRCA methods is the circle-to-circle 

amplification reaction (C2CA) [72, 173]. In C2CA, single-stranded RCA products are further 

amplified by an additional round of RCA. To achieve this, the first round RCA products are 

digested to monomers that are then ligated to form secondary circles. Each of the newly 

circularized products serves as template for a new, second cycle of RCA [72, 173] (fig. 1b).  

Like the HRCA method, the C2CA process can yield a billion-fold amplification in an 

isothermal reaction process [72]. The amplification kinetics of HRCA are difficult to control, 

and the potential production of circle-independent artifacts makes HRCA less suitable for 

accurate quantification purposes [132, 174, 175]. C2CA, on the other hand, provides a more 

controlled, exponential reaction mechanism [72, 173].  

 

In a proof-of-concept, C2CA was applied for the parallel genotyping of ten SNPs in human 

mitochondrial DNA. The C2CA process could be monitored in real time by using Molecular 

Beacons, and C2CA products were visualized via an universal tag-microarray [173]. More 

recently, the C2CA method was used to increase the detection sensitivity of a RCA-PLP-

based microfluidic system for the detection and quantification of the bacterial pathogens 

Vibrio cholerae and Vibrio fisheri  [156].  The same Vibrio cholerae PLP was used to 

demonstrate a proof-of-principle for a non-fluorescent-based C2CA detection assay, in which 

Vibrio cholerae detection was achieved using microchip electrophoresis (µCE)-based 

analysis of an off-chip produced dsDNA C2CA product [176, 177]. Further assay 

improvement led to a full on-chip C2CA combined with electrophoretic analysis, allowing for 

the fast and accurate detection of 25 ng Vibrio cholerae genomic DNA [178]. Very recently, a 

C2CA amplification of Padlock probes resulted into the development of a Crimean-Congo 

hemor-rhagic fever (CCHF) virus detection assay [179]. 

 

A dual-tag microarray assay employing C2CA was recently presented as an flexible 

alternative to conventional microarray analysis [180]. Ligated PLPs were amplified by RCA in 

solution, and the RCA product was subsequently digested, generating reporter molecules. 

The reporter molecules were then circularized by on-chip ligation after hybridization to 

complementary oligonucleotides that were spotted on the microarray, serving as templates 
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for on-chip RCA. This approach enhanced the limit of detection by a factor 100,000 

compared to direct target hybridization and significantly reduced cross hybridization [180]. 

 

 

Hyper-branched rolling circle amplification-based detection of Padlock probes  
 

A widely applied strategy to increase the RCA yield of circular PLPs is termed hyper-

branched rolling circle amplification (HRCA) [130], also known as ramification amplification 

(RAM) [181] or cascade rolling circle amplification (CRCA) [142]. In HRCA, a second primer, 

complementary to the rolling circle products generated by the first primer, is added to the 

RCA reaction, enabling branched amplification by a strand-displacing polymerase (fig. 1c). 

HRCA proceeds exponential, producing billion-fold target amplification, and the reaction 

products consist mainly of double-stranded products of variable lengths [130, 142, 182].   

  

Like RCA, HRCA can be used to amplify circularized PLPs that are bound to genomic DNA 

sequences in situ. Zhang and co-workers exploited the HRCA approach to detect as few as 

ten copies of the human Epstein-Barr virus (EBV) in human tissue sections and cells 

obtained from clinical specimens, demonstrating that HRCA is suitable for detection of low 

abundant targets in clinical samples [182, 183]. 

 

Whereas the application of HRCA-based PLP amplification in situ is somewhat limited, 

HRCA-based PLP amplification is widely applied in the solution phase. One of the first 

reports describing HRCA in solution demonstrated the detection of 10 ligated PLPs [142]. 

End-point detection was achieved in a closed system using a FRET primer that emits a 

fluorescence signal only upon incorporation into the double-stranded HRCA amplicons [142, 

175]. Real time monitoring of HRCA-products has now also been demonstrated in the 

genotyping of ten SNPs in human genomic DNA by using a HRCA-start primer containing a 

Molecular Beacon stem structure. As the reverse sequence is generated, the stem structure 

is displaced, yielding a fluorescent signal [132]. A similar approach is exploited by molecular 

zipper technology, where quencher and fluorophore are separated from each other by 

incorporation into the HRCA product [184]. Alternatively, HRCA can be monitored with a 

peptide nucleic acid beacon [185] or DNA intercalating dyes like SYBR-Green I [186].  

 

Fluorescently labeled HRCA products can also be visualized using microarrays. Solution 

phase-HRCA was successfully applied for the parallel discrimination of several alleles by 

using two different fluorescently-labeled primers (one for each genotypic allele). The HRCA 
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products were visualized on microarrays, with homozygote samples resulting in spots with 

only one fluorescent signal and heterozygote samples yielding mixed signals [187].  

 

Although better known for the mutant screenings and genotyping of single nucleotide 

polymorphisms [142, 182, 187, 188], HRCA-based assays are also becoming popular in 

microbial diagnostics. For example, Padlock probes combined with HRCA-based probe 

signal amplification provided the accurate identification of three Cryptococcus species (C. 

neoformans var. grubii, C. neoformans var. neoformans and C. gattii) that cause 

cryptococcosis in humans and animals. Accumulation of HRCA was monitored in real time or 

by agarose gel electrophoresis [189]. Real time HRCA in the presence of DNA intercalating 

dyes was also used as a tool for the identification of the food pathogen Escherichia coli 

O157:H7 and other Shiga toxin-producing E. coli strains [186]. Additional applications include 

the detection of informative SNPs that define the major subtypes of the human pathogen 

Streptococcus agalactiae serotype III [190] and the detection and identification of 28 clinically 

important isolates of Candida, Aspergillus, and Scedosporium spp [191]. The PLP-based 

HRCA has also been recently applied for the first time in phytopathology for the identification 

and detection of fungal pathogens of pine trees that are associated with mountain pine 

beetles [192].  

 

As with RCA, the HRCA-based strategy has also been modified to use the amplification step 

as a means of PLP enrichment prior to PCR amplification. This strategy was applied 

successfully to get more detailed insight into the kinetics of human immunodeficiency virus 

type 1 (HIV-1) replication in cells. The synthesis rates of the plus- and minus-strands of HIV-

1 nucleic acids were determined using HRCA-based amplification of several strand-specific 

PLPs. The resulting HRCA products were then analyzed by real time PCR using a single 

universal primer pair and PLP-specific TaqMan probes [193]. 

 

 

PCR-based detection of Padlock probes 
 

Another strategy to improve the sensitivity of PLP-based detection assays is by PCR 

amplification of the ligated PLPs. Two universal primers are designed to bind within PLP 

spacer sequences such that exponential PCR amplification is only possible after PLP 

circularization (fig. 1d).  This strategy has facilitated multiplex SNP analysis by using size-

coded PLPs, which differ in the lengths of their PLP spacer regions. In this method, ligated 

PLPs are amplified by PCR and subsequently visualized by electrophoresis [194, 195]. 
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Introducing a PLP-specific tag sequence within PLP spacer sequences also allows PLP-

based PCR amplification to be combined with microarray analysis. The PLP-specific tag 

sequences act as recognition sites for PLP hybridization on complementary tag-microarrays 

subsequent to PLP PCR amplification using a single generic primer pair. Such assays have 

been successfully applied for gene expression analysis [196], SNP genotyping [197], the 

detection of genetically modified organisms [198-200] and as a traceability tool to detect 

different cereal species and varieties in complex cereal mixtures [201]. This system has also 

been used for the detection and identification of several plant pathogens [70, 195], 22 

different Phytophthora species (Gaszezyk et al., in press)[202] and for the genotyping of 

Methicillin-Resistant Staphylococcus aureus isolates [203, 204]. Theoretically, no exponential 

amplification products should be generated with linear PLPs. In practice, however, significant 

background signals, originating from unligated PLPs, are often generated after PCR 

amplification using generic PLP primers. 

 

Slightly modified PLPs, termed Molecular Inversion Probes (MIPs) have been used to detect 

more than 12,000 SNPs of human chromosome 12 [67, 186]. A MIP probe employs a Gap-fill 

polymerization and a subsequent ligation reaction. The majority of the non-circularized 

probes are removed via exonuclease treatment, and circularized probes are amplified using 

the same general primer pair and hybridized on universal tag-microarrays. This strategy has 

led to the development of several highly multiplexed assays, some of which are now 

commercially available. 

 

Recently, PLPs equipped with probe-specific primer pairs (termed PRI-lock probes) have 

also been used for the quantitative detection of several economically important plant 

pathogens. In such assays, the circularized probes are analyzed individually by real time 

SYBR-Green-based PCR in nanoliter volumes [129]. Because specific primer pairs are used 

for each PRI-lock probe, multiplexing does not increase background amplification of 

unligated probes. Recently, PRI-lock probes have also employed a universal TaqMan probe 

for the identification and detection of multiple dechlorinating bacteria in contaminated soils 

(this thesis; chapter 5).  

 

 

Conclusions 
 

With the ever-growing availability of DNA sequences in publically available databases, 

molecular tools to investigate or detect these sequences on a high-throughput scale are 

becoming increasingly important. Most of the currently applied methods, however, do not 
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offer the required combination of high-throughput, sensitivity and specificity of target 

detection. The advent of ligation-based technologies has greatly facilitated the specific and 

high-throughput genotyping, detection and identification of organisms. Such ligation-based 

probes have now been applied in a wide number of areas, demonstrating their utility and 

potential application to future very high-throughput analyses. A wide variety of ligation-based 

assays have recently been developed, each with its own unique features, advantages, 

disadvantages and application fields (table 1). Amplification free or RCA Padlock probes for 

example, provide a means for the in situ detection and localization of DNA sequences in cell 

tissues. Modified Padlock probes on the other hand, are highly suitable for genotyping and 

especially qualitative or quantitative detection of micro-organisms, because of the low to non-

existing background of the developed assays. Molecular inversion probes probably are the 

most appropriate when thousands of SNPs have to be analyzed and detected, while MPLA 

probes have proven to be very suitable for relative expression profiling. Depending on the 

required sample throughput, the number of targets to be analyzed in the sample, the 

expected target concentrations, the sample matrix and research question, a deliberate 

choice can be made among the different ligation-based assays available. The recent 

emergence of high-throughput nanoliter qPCR platforms will no doubt further facilitate and 

stimulate the development of high-throughput ligation based assays further.  

 

Table 1: Comparison of properties of ligation based technologies.  

 In 

situ 

Sensitivity Specificity Background Quantification Multiplex 

capacity 

Most suitable 

application potential 

OLA - ± ± + - - GET  

LCR - ± ± ++ - ± GET 

MPLA - + + ± ± + GET, GEE, MII 

PLP + - + ++ - - SNP, GET, ISA 

RCA PLP + ++ + + + ++ SNP, GET, ISA, MII, 

MID 

C2CA PLP - +++ + ± + ++ SNP, GET, MII, MID 

HRCA PLP + +++ + + - ++ SNP, GET, ISA, MII, 

MID 

PCR PLP - ++ ++ + + +++ GET, MII, MID 

LD PLP - ++ ++ - - ++ GET, MII, MID 

PRI-lock - ++ ++ ± +++ +++ GET, GEE, MII, MID 

Phi-lock - +++ ++ - +++ ++ GET, GEE, MII, MID 

Rating are from low (-) up to very high (+++). Applications: SNP: SNP detection, GET: genotyping, 

GEE: gene expression ISA: in situ DNA analysis MII: microbial identification and MID: microbial 

detection. 
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Abstract 
 

Simultaneous detection and identification of multiple pathogenic microorganisms in complex 

environmental samples is required in numerous diagnostic fields. Here, we describe the 

development of a novel, background-free Ligation Detection (LD) system, using a single, 

compound detector probe per target. The detector probes used, referred to as Padlock 

probes (PLPs), are long, oligonucleotides containing asymmetric target complementary 

regions at both their 5' and 3' ends, which confer extremely specific target detection. Probes 

also incorporate a desthiobiotin moiety and an internal endonuclease IV cleavage site. DNA 

samples are PCR amplified, and the resulting products serve as potential targets for PLP 

ligation. Upon perfect target hybridization, the PLPs are circularized via enzymatic ligation, 

captured, and cleaved, allowing only the originally ligated PLPs to be visualized on a 

universal microarray. Unlike previous procedures, the probes themselves are not amplified, 

thereby allowing a simple PLP cleavage to yield a background-free assay. We designed and 

tested nine PLPs targeting several oomycetes and fungi. All probes specifically detected their 

corresponding targets and provided perfect discrimination against closely related non-target 

organisms with, yielding an assay sensitivity of 1 pg genomic DNA and a dynamic detection 

range of 104. A practical demonstration with samples collected from horticultural water 

circulation systems was performed to test the robustness of the newly developed multiplex 

assay. This novel LD system enables highly specific detection and identification of multiple 

pathogens over a wide range of target concentrations and should be easily adaptable to a 

variety of applications in environmental microbiology. 
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Introduction 
 

Clinical diagnostics and disease-management strategies increasingly require fast and 

accurate methods for the detection and identification of multiple pathogenic microorganisms 

from complex samples. Conventional techniques used to detect and identify pathogenic 

microorganisms have typically relied upon culture-based morphological approaches. 

Unfortunately, these methods are often time-consuming, laborious and restricted to those 

microorganisms that can be cultured routinely. 

 

Several recently developed molecular techniques, such as conventional and real time PCR, 

circumvent some of these drawbacks. PCR-based detection mechanisms are sensitive, 

accurate, and relatively fast and allow detection of difficult-to-culture microorganisms. This 

last aspect is of considerable importance, given the fact that the majority of the 

microorganisms present in environmental samples still elude conventional cultivation efforts 

[1, 205]. Although PCR-based methods for microbial identification and detection offer several 

advantages over conventional microbiological approaches, they still often have serious 

limitations. The attainable level of multiplexing is relatively low and is typically restricted to 

detection of only a few target pathogens per assay [8, 10]. Adding multiple specific primer 

pairs to a single reaction mixture can result in undesired amplification products [206]; and, for 

TaqMan PCR, the attainable level of multiplexing is low due to the limited number of 

fluorescent probes [9, 207, 208]. Reliable detection and identification of several pathogens in 

a single sample, therefore, requires separate reactions making large-scale screening of 

samples more laborious, time consuming and expensive. To increase efficiency and reduce 

expenses, it is desirable to develop simple and rapid multiplex assays that can specifically 

detect and identify several pathogens simultaneously.  

 

DNA microarray- and macroarray-based technologies offer the possibility of adding a highly 

multiplexed aspect to PCR-based pathogen detection and identification [32-35]. Array-based 

pathogen detection strategies typically involve PCR amplification of universal phylogenetic 

target genes (e.g. 16S, 18S and 23S rRNA genes) or a number of microorganism-specific 

genetic markers [35-37] or random amplification of genomic DNA (gDNA) fragments [34]. 

The combination of nucleic acid amplification strategies with array-based detection has 

resulted in the development of sensitive, high throughput microbial diagnostic microarrays 

(MDMs) [38-41]. Although several array-based detection technologies have been realized to 

detect pathogens, only a minority of these methods can discriminate target pathogens from 

closely related non-target organisms, which may differ from target organisms by only a single 

nucleotide in the probe-binding region [42]. Designing sufficiently discriminating 
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oligonucleotide-detectors for arrays, however, is relatively complicated, requiring extensive 

hybridization specificity testing. Moreover, the oligonucleotide-detectors spotted on the 

microarray are target-organism specific, making it necessary to redesign microarrays if 

accommodation of additional probes is required for the detection of new targets. 

 

DNA ligase requires a double-stranded match to allow ligation, facilitating the development of 

ligation-based systems to discriminate point mutations [61]. This feature of ligation detection 

(LD) has led to the development of several strategies for genotyping single-nucleotide 

polymorphisms (SNPs) and detecting pathogens [209-212]. However, current LD assays 

require two adjacent detection oligonucleotide probes with the same melting temperature 

(Tm) for each target sequence, although the use of intra-molecular ligation, as in Padlock 

probe (PLP) technologies, has been demonstrated to hold clear advantages [66, 70, 72]. 

PLPs are long oligonucleotides, ~100 bases long, containing target complementary arms at 

both termini of the probe. In the assay developed in this study, the target complementary 

arms are connected via a compound linker sequence containing spacer sequences, a 

thymine-linked desthiobiotin moiety for specific capture and release [129, 213], deoxy-uracil 

nucleotides for probe cleavage, and a unique sequence identifier, the so-called ZipCode, for 

standardized microarray hybridization [214] (fig. 1a). The unimolecular nature of the PLP 

allows asymmetric target complementary arm design, whereby a long 5’ arm serves as an 

anchor sequence and the short 3’ arm, with a low Tm, facilitates extremely specific target 

detection [70, 129, 132]. Microarray-based PLP technology was previously shown to provide 

reliable detection of multiple pathogenic microorganisms, but PCR amplification of residual, 

unligated PLPs resulted in significant background signals, thereby complicating data analysis 

and decreasing the overall dynamic range of reliable detection [70, 170]. 

 

Here, we describe the development, testing and implementation of a novel, background-free, 

LD-dependent strategy in which multiple PLPs are ligated on fragmented, PCR pre-amplified 

DNA sequences. The target complementary regions recognize adjacent sequences on the 

target DNA, and ligation occurs only if the end nucleotides perfectly match their target, 

resulting in a circular molecule (fig. 1b). Next, the probes are captured using streptavidin-

coupled magnetic beads, allowing separation from the rest of the sample. Subsequently, the 

washed probes are eluted from the beads and cut at the internal polydeoxy-uracil probe 

region by enzymatic cleavage. Thus, the desthiobiotin moiety needed for fluorescent labeling 

of unligated PLPs is removed, while the ligated probes are linearized (fig. 1b). Finally, the 

sample is hybridized on a universal complementary ZipCode (cZipCode) microarray [214] 

and visualized via fluorescent labeling of the desthiobiotin moiety (fig. 1b). 
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Figure 1: Schematic overview of the novel single-molecule LD system. (A) PLP design. T1a and T1b 

are asymmetric target complementary regions. Each PLP contains a unique ZipCode sequence for 

universal array hybridization, two spacer sequences (S1 and S2), a desthiobiotin moiety (dBio) for 

probe capture, a polyoligo(dT) linker sequence, and a polydeoxyuracil sequence for probe cleavage. 

(B) Multiple target-specific PLPs are ligated to PCR-preamplified DNA samples. T1a and T1b bind to 

adjacent sequences of the target, and in the case of a perfect match, the probe is circularized by 

enzymatic ligation. The PLPs are reversibly captured and washed via the desthiobiotin moiety with 

magnetic streptavidin-coated beads. Next, the washed probes are cleaved at the polydeoxyuracil 

sequences with UNG and endonuclease enzymes. The sample containing the cleaved PLPs is 

hybridized on a universal microarray. Finally, only the hybridized PLPs that were originally ligated can 

be labeled and visualized with streptavidin R -PE by using the desthiobiotin moiety. 
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In this paper, we report the development and application of cleavable PLPs combined with 

LD for the simultaneous, background-free detection and identification of multiple plant 

pathogens in environmental samples. The specificity, sensitivity and dynamic range of 

detection of the developed assay were determined by using nine target specific PLPs, and 

the robustness of the assay was evaluated by using samples collected from hydroponic 

horticultural water recirculation systems.  

 

 

Material and methods 
 

Nucleic acids used in this study 
Microorganisms were procured from the culture collection of Plant Research International 

B.V. (table 1). Environmental test samples were derived from several Dutch hydroponic 

horticultural systems. These were designed to provide an examination of detection 

capabilities in complex environmental samples of practical relevance. To create samples with 

known plant pathogens, fungal and oomycete spores (ranging from 103 to 106 spores, 

depending on the pathogen and horticultural system) were spiked in recirculation water 

systems. At least 4 weeks after pathogen inoculation, 250 ml of each recirculation water 

sample was collected filtered and the filters were stored at -80°C prior to analysis. All gDNA 

extractions from cultured microorganisms, as well as filters, were performed using the  

Puregene Genomic DNA isolation kit (Gentra-Biozym) according to the manufacturer’s 

instructions.  

 

For assay development and optimization, ligation targets were generated by performing PCR 

pre-amplification with various amounts of gDNA from cultured microorganisms as PCR 

template. Ligation targets for the assay validation experiments were prepared using 10 ng 

gDNA extracted from the environmental samples as PCR template. Depending on the 

experiment (see below), pre-amplification reactions were performed in the presence or 

absence of 0.1 aM Internal Amplification Control (IAC) oligonucleotide (5’-

TCCGTAGGTGAACCTGCGGCGGATCGTTACAAGGGTCTCCAACTACGTCTAGCGCATA

GACCACGTATCGAAGCTAGGTGCATATCAATAAGCGGAGGA-3’). Specific PCR 

amplification of the Internal Transcribed Spacer (ITS) regions of the fungal and oomycetal 

rRNA operons was achieved using the ITS1 and ITS4 primers [215]. For each PCR, an initial 

10 min incubation at 95°C was followed by 40 cycles consisting of 30 s at 95°C, 30 s at 54°C 

and 72°C for 60 s. After the final cycle, samples were incubated at 72°C for 10 minutes and 

cooled to 4°C afterwards. 
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Table 1: Isolates of plant pathogenic species and subgroups used in this study.  

Phylum Order Species Isolate 

Oomycota Peronosporales Phytophthora cactorum PRI-18.1 

  Phytophthora nicotianae PRI-28.6 

  Pythium ultimum N2001/5 

  Pythium aphanidermatum 89 

  Pythium undulatum CBS 157.64 

Basidiomycota Ceratobasidales Rhizoctonia solani AG 2-2 IIIB 02-337 IRS 

Ascomycota Hypocreales Fusarium oxysporum f. sp. radicis-lycopersici 364N2 

  Fusarium solani T05 

  Myrothecium roridum PRI-15.2 

  Myrothecium verrucaria CBS 189.46 

 Phyllacorale Verticillium dahliae 809.97 

  Verticillium alboatrum 40.1 

 

 

Padlock probe design 
The PLP target complementary regions were engineered according to previously described 

design criteria [70] and were connected by a 75-nucleotide compound linker sequence. The 

linker sequence contained a 20-nucleotide PLP specific sequence (ZipCode) for array 

hybridization (table 2), two spacer sequences (S 1 and S 2), 15-dT sequence and a 

polydeoxy-uracil cleavage region. All ZipCodes have equal Tm to allow standardized array 

hybridization conditions. The ZIP-codes were chosen from the GeneFlexTM TagArray set 

(Affymetrix) so as to minimize PLP probe secondary structures and to optimize array 

hybridization conditions. Potential for secondary structures and ZIP-code specificity were 

examined using Visual OMP 6.0 software (DNA Software Inc.). The prediction parameters 

were set to match ligation ([monovalent ions] = 0.025 M; [Mg2+] = 0.01 M; T = 65°C, [probe] = 

20 nM) and array hybridization conditions (1× TMAC, T = 55°C). When necessary, PLP arm 

sequences were adjusted to avoid strong secondary structures that might interfere with 

efficient ligation, as described previously [70]. 

 

A thymine-linked desthiobiotin was introduced for specific capture and release with 

streptavidin-coated magnetic beads (see below). The PLPs listed in table 2 (entire probe 

sequence in Supplementary data 1), and all the other oligonucleotides used in this study, 

were synthesized by Eurogentec SA. 

 

 



  Cleavable Padlock probe-based ligation detection 

 49 

Table 2: Target complementary regions and unique ZipCode sequences of PLPs. 

Targeted species/ 

group 

Target complementary sequence (5’–3’)a 
Zip-Code sequence (5’-3’) 

5’ 3’ 

Phytophthora spp. TATCTAGTTAAAAGCAGAGAC
TTTCGTC 

CTGCTGAAAGTTGC TACGAACGTCTTAGCACTCC 

P. nicotianae TAGTAGTCTTTTTTTCTTTTAA
ACCCATTCCTTAAT 

GCTTCGGCCTGATT TCCCGAATGACAAGGCACGA 

R. solani AG 2-2 TCTGCCTCACAGGTTCACAGG
TGTGTGTGG 

TTCCCGTCCATGTC GAGTTCCCGTGCGTTAGATC 

P. ultimum CGAAAAAACGAACGCAACCAT
GTGAGACACTT 

CGACAGATTCTCGAT TCGCCGTTGGTCTGTATGCA 

P. aphanidermatum ATGTTCTGTGCTCTCTTTTGG
GAGGG 

TGAACCGTTGAAATC GTTGACCGTTAGTTATGCGA 

F. oxysporum GCGAGTCCCAACACCAAGCT
GTGCTTG 

GGAACGCGAATTAAC_ CTGGTGCATGTACTCGACTG 

F. solani CAAATAAATTAAAACTTTCAAC
AATGGATCTCTTGG 

TTTTCTGAGTAAACAAG GTACTACATTCGTGCGATGG 

V. dahliae TTTATACCAACGATACTTCTGA
GTGTT 

CATCAGTCTCTCTG ATCTGGATCAACGTCGCGCT 

M. roridum CGGTGGTGGCCATGCCGTAA
AACACC 

ACTCGCATTGGAGCT CATCCAGCTCAACGTATCCA 

IAC AGCGCATAGACCACGTATCGA TCTCCAACTACGTCT GTCTCGTCTTCGTGAGTGCA 
a Boldface letters indicate polymorphism within the target group. Nucleotides or gaps owing to 

deletions used to discriminate from most similar nontarget sequences are underlined (for the entire 

probe sequences, see Supplementary data 1). 

 

 

Ligation 

PCR-amplified ITS products (see above) were used as templates for ligation. Prior to ligation, 

the PCR-amplified ITS products were fragmented by digestion using EcoRI, HindIII and 

BamHI (New England Biolabs Inc.) for 15 min at 37°C. Cycled ligation was performed in 10 µl 

reaction mixture containing 20 mM Tris-HCl, pH 7.5, 20 mM KCl, 10 mM MgCl2, 0.1% Igepal, 

0.01 mM rATP, 1 mM DTT, 20 ng sonicated salmon sperm DNA and 4 U Pfu DNA ligase 

(Stratagene). For multiplex detection, the optimized concentration of the individual PLPs was 

20 nM. Reaction mixtures were prepared on ice and rapidly transferred into a thermal cycler. 

Before ligation, samples were denatured at 95°C for 5 min. The samples were subsequently 

subjected to 20 cycles of 30 s at 95°C and 5 min at 64°C. After the final cycle, the reaction 

was immediately cooled to 4°C. 

 

Probe capture, elution, and cleavage 
After ligation, 30 µl distilled water was added to each reaction mixture and the samples were 

denatured at 95°C for 10 minutes followed by rapid transfer onto ice. Capturing of the 

desthiobiotin moiety of the PLPs was performed in 80 µl capturing mixture containing 1 M 

NaCl, 5 mM Tris-HCl, pH 7.5, 0.5 mM EDTA, 0.1 M NaOH and 20 µg magnetic MyOneTM 
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Streptavidin C1 Dynabeads (Dynal Biotech ASA) and rotated at 4°C for 1 hour. 

Subsequently, samples were centrifuged at 2000 × g for 10 s, the Dynabeads were collected 

and separated from the sample via application of a magnetic field and the Dynabeads were 

washed with 100 µl washing solution containing 100 mM Tris-HCl (pH 7.5) and 150 mM 

NaCl. Consequently, gDNA and pre-amplicons were washed away. The Dynabeads were re-

suspended in 10 µl distilled water and incubated at 95°C for 10 minutes, allowing elution of 

the PLPs from the Dynabeads. Samples were rapidly transferred onto ice afterwards, and the 

empty magnetic streptavidin beads were removed via application of a magnetic field, leaving 

the washed PLPs in the solution. Next, 10 µl cleavage mixture (10 U Uracil-N-Glycosylase 

(Applied Biosystems), 10 U endonuclease IV (New England Biolabs), 2× NEBuffer 3 (New 

England Biolabs) and 2× bovine serum albumin (BSA) was added to each reaction misture 

and the samples were incubated at 37°C for 1.5 hours. Subsequently, 2 µl 1.1 M NaOH was 

added, and samples were incubated at 95°C for 10 minutes. Finally, 8 µl 0.5 M Tris buffer 

(pH 6.8) was added to neutralize the solution. 

 

Molecular beacon assay 
In order to determine the capture and release efficiency of the PLPs, a molecular beacon 

(MB) complementary to the PLP was designed using Visual OMP 6.0 software (DNA 

Software Inc.). Samples containing a dilution series of PLPs were captured and eluted as 

described above. Next, the fluorescence of 50 nM molecular beacon in each sample was 

monitored in a solution containing 1× PCR buffer with MgCl2 (Roche Diagnostics) as a 

function of temperature. The measurements were carried out using an ABI Prism 7700 

sequence detector (Applied Biosystems). After 15 min equilibration at 80°C, the temperature 

of the samples was reduced from 80°C to 15°C, in steps of 1°C lasting for 5 min each. 

Fluorescence was measured for the last 30 s of each step. The MB melting curves of three 

parallel samples were measured, and the results were averaged. At 30°C, the melting curves 

of all the samples had reached the plateau phase, and the corresponding fluorescent levels 

were used for target input determination.  

 
Microarray preparation and hybridization 
The cZipCode oligonucleotides carrying a C12 linker and a 5’ NH2 group were synthesized 

and spotted on Nexterion MPX-E16 epoxy-coated slides by Isogen B.V. according to the 

manufacturer’s instructions (Schott Nexterion). Before hybridization, the arrays were washed 

and blocked according to the manufacturer’s instructions. The cleaved ligation samples were 

heated for 10 min at 99°C and then cooled rapidly on ice. The array hybridization mixtures 

were made up of 15 µl sample, 1 µl 0.1 µM Cy5-labelled corner oligonucleotide in 1× 

tetramethylammonium chloride (TMAC) in a final volume of 48 µl. Sixteen-well silicon 
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structures (Schott Nexterion) were attached to the arrays to create 16 separate sub-array 

chambers. After adding 40 µl of the array hybridization mix to each well, the chambers were 

sealed and the arrays were hybridized at 55°C overnight in high humidity. The array was 

then washed once at 55°C for 5 min in preheated 1× SSC (0.15 M NaCl plus 0.015 M sodium 

citrate)-0.1% sodium dodecyl sulfate (SDS) and twice for an additional 1 min at room 

temperature in 0.1× SSC/0.1% SDS and in TNT (0.1 M Tris-HCl [pH 7.6], 0.15 M NaCl, 

0.05% Tween 20), respectively. Next, the array was incubated in blocking solution (0.1 M 

Tris-HCl [pH 7.5], 0.15 M NaCl and 0.5% blocking reagent [Perkin Elmer]) for 10 min at high 

humidity at room temperature and then washed for 1 min in TNT. After the addition of 20 µl 

staining solution (15 µg/ml Streptavidin R-Phycoerythrin [PE; Qiagen] in 20 µl of blocking 

solution) to each well, the array was incubated in the dark at room temperature for 15 min. 

The silicon structures were then removed, and the slides were washed three times for 1 min 

in TNT and twice for 1 min in 0.1× SSC, respectively. Finally, the slides were dried by 

spinning at 250 × g for 3 min. 

 

Analysis of microarray data 
Microarrays were analyzed with a confocal ScanArray® 4000 laser scanning system 

(Packard GSI Lumonics) containing a GreNe 543 nm laser for PE and a HeNe 633 nm laser 

for Cy5 fluorescence measurement. Laser power was fixed at 70% for both lasers, while 

photomultiplier tube (PMT) power ranged from 50 to 70%, depending on signal intensity. 

Fluorescent intensities were quantified by using QuantArray1 (Packard GSI Lumonics), and 

the parameter ‘mean signal minus mean local background’ (mean PE-B) was used. The 

absolute signal intensity was defined as the mean PE-B minus the assay background. The 

assay background for each subarray was defined as the mean PE-B + 2 standard deviations 

(SDs) of the fluorescence of the unused cZipCodes. The cZipCodes oligonucleotides were 

spotted in threefold triplicates (nine parallels) or twofold quadruplicates (eight parallels) 

depending on the array batch used. After exclusion of the outliers (mean PE-B ± 2 SD), 

signals were averaged for the probes, and SDs were calculated.  

 

Real time PCR  

Amplification of targets in the biological samples was monitored in real time using the 7500 

Real-Time PCR system (Applied Biosystems). TaqMan PCR was performed in 1× TaqMan 

universal PCR Master Mix (Applied Biosystems) containing AmpliTaq Gold DNA polymerase, 

dNTPs with dUTP, passive Reference 1, optimized buffer components, 0.12 µl UNG (Applied 

Biosystems), 10 ng DNA extract, 300 nM of each primer and 100 nM of the corresponding 

TaqMan probe. SYBR-Green PCR was performed in 1× SYBR-Green PCR Master Mix 

(Applied Biosystems) containing SYBR-Green I dye, AmpliTaq Gold DNA polymerase, 
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dNTPs with dUTP, passive Reference 1, optimized buffer components, 0.12 µl UNG (Applied 

Biosystems), 10 ng DNA extract, 300 nM of each primer. The reaction mixtures were 

subjected to initial incubation at 50°C for 2 min, followed by 10 min denaturation at 95°C, and 

40 cycles of 15 s at 95°C and 1 min at 60°C. Three different TaqMan probes targeting 

Phytophthora spp. [216], P. aphanidermatum (forward primer; 5’-

CGTGAACCGTTGAAATCATG-3’, reverse primer; 5’-TACATCGGCAGACTACAATT-3’, 

TaqMan probe: 5’-FAM-TTCGTTCAGCCCTCCC-BHQ-3’ (locked nucleic acids are indicated 

in bold)) and V. dahliae (forward primer; 5’ CCGGTCCATCAGTCTCTCTG 3’, reverse primer; 

5’-ACTCCGATGCGAGCTGTAAC-3’, TaqMan probe 5’-FAM-CGGGTCCGCCACTGC-BHQ-

3’ (locked nucleic acids are indicated in bold)) and a SYBR-Green assay-based primer pair 

targeting F. oxysporum spp. [217] were used for comparative assay validation.  

 

 

Results 
 

Probe design and optimization 
The designed probing system was experimentally tested with nine PLPs engineered to detect 

several economically important plant pathogens at different taxonomic levels (table 1 and 2). 

In contrast to previously designed methods, the PLPs used in this assay contain a 

desthiobiotin moiety between the spacer sequences for reversible PLP capture and a 

polydeoxy-uracil nucleotide sequence for probe cleavage.  

 

This novel PLP-based LD system was optimized and validated in several steps. In order to 

determine the capture-and-release efficiency of desthiobiotin-labeled probes, a dilution series 

of a desthiobiotin-labeled probe containing an internal MB hybridization site was captured, 

washed and released. Next, MB melting curves were determined with these samples to 

visualize the amount of remaining probe after the capture-and-release procedure. As a 

control, MB melting curves were also determined with a dilution series of desthiobiotin-

labeled probes that had not undergone the capture-and-release procedure. These 

experiments showed no significant differences in fluorescent signal between the reversibly 

captured PLPs and the control treatments at the applied PLP-mixture concentration (P>0.05) 

(fig. 2). 

 

To test the cleavability of the probes, unligated PLPs were subjected to Uracil-N-Glycosylase 

(UNG) and endonuclease IV treatment and subsequently,hybridized on the array. 

Hybridization of uncleaved probes could be visualized by labeling the desthiobiotin moiety 

with a fluorescent label. The cleavage efficiency was highly sensitive to the position of the 
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desthiobiotin moiety with respect to the polydeoxy-uracil cleavage site. When placed in close 

proximity, the destiobiotin moiety was found to interfere with the removal of uracil bases by 

UNG and endonuclease IV (fig. 3). Therefore, oligo(dT) linkers of various lengths were 

introduced between the two modifications and tested for their effects on the efficiency of PLP 

cleavage. As shown in figure 3, a 15-dT linker sequence was required to provide quantitative 

(100%) cleavage of all the probes. This design was adopted for all the PLPs in subsequent 

experiments.  

 

 
Figure 2: Capture-and-release efficiency of the LD system. Dilution series of PLPs were captured 

and released as described in Materials and Methods (n = 3 for each treatment), and then MB melting 

curves were constructed. □ and solid line, uncaptured control samples (r2 = 0.995); ∆ and dashed line, 

captured and released samples (r2 = 0.993); *, applied PLP concentration in the developed LD assay 

(2.0 pmol PLP). For both treatments at all PLP concentrations, P = 0.05 (t test). 

 

 

Assay optimization and characterization 
To test the performance of the LD PLPs, the mixture of nine probes was ligated on various 

individual (fig. 4a to c) and mixed (fig. 4d to e) PCR amplicon targets. Without exception, 

targets were specifically detected and no signal was observed in the absence of target DNA 

(fig. 4h).  
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Figure 3: Thymine (T) linker length-dependent probe cleavage. The percentage of cleaved probe 

was calculated relative to uncleaved control probe hybridizations. *, uncleaved control sample. 

 

 

To ensure specificity for the targeted pathogens, three non-target organisms containing 

similar ligation regions (1, 2 and 7 mismatches compared to the perfect ligation sequences) 

for the PLP mixture were tested. No detectable fluorescent signals were observed in the 

presence of P. undulatum (with one nucleotide difference, the most similar non-target of the 

Phytophthora species PLP) and V. alboatrum (with two nucleotides differences, the most 

similar non-target of the V. dahliae PLP), even when an initial amount of 10 ng non-target 

gDNA was added to the pre-amplification PCR mixture (fig. 4f). Ligation detection in the 

presence of P. cactorum (with seven nucleotides differences, the most similar non-target of 

the P. nicotianae PLP) resulted in fluorescent signals for the Phytophthora species PLP, 

while the P. nicotianae PLP signal was completely absent (fig. 4g). This demonstrates that 

the asymmetric PLPs could discriminate targets on a single nucleotide difference. 

 

Applying the LD-assay to a 10-fold dilution series of a multiplex target gDNA mixture, 

containing all targets in equal ratios, resulted in a detection sensitivity of 1 pg gDNA for each 

target (data not shown). In biological samples, however, targets are often present in highly 

unbalanced concentrations. To test the maximum dynamic range of the LD assay, a dilution 

series of target gDNAs was used to spike a background of 10 ng of non-target ITS1-ITS4 

gDNA before the pre-amplification reaction (table 3). As shown in table 3, the maximum 

dynamic range of the LD assay was 1:104 and the presence of high concentrations of 

competing ITS1-ITS4 gDNA in the pre-amplification reaction mixture did not influence the 

final target detection sensitivity of 1 pg gDNA. 
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Figure 4: Detection of genomic DNAs corresponding to individual pathogen samples (A to C), mixed-

pathogen samples (D and E), targets with closely related nontarget sequences (F and G), and a no-

target control (H). The targets analyzed were as follows: (A) V. dahliae, 100 pg; (B) M. roridum, 100 

pg; (C) F. oxysporum, 100 pg; (D) P. nicotianae, 100 pg, and V. dahliae, 100 pg; (E) V. dahliae, 100 

pg, M. roridum, 100 pg, F. oxysporum, 100 pg, P. nicotianae, 100 pg, P. aphanidermatum, 100 pg, 

and R. solani AG 2-2, 100 pg; (F) P. undulatum, 10 ng gDNA in the preamplification reaction mixture 

(closest nontarget of Phytophthora species PLP; one nucleotide difference compared to perfect 

ligation sequence), and V. alboatrum, 10 ng gDNA in the preamplification reaction mixture (closest 

nontarget of the V. dahliae PLP; two nucleotide differences); (G) P. cactorum, 10 ng gDNA in the 

preamplification reaction mixture (closest nontarget of P. nicotianae PLP; seven nucleotide 

differences); (H) no-target control. Green fluorescent spots represent PE-labeled PLPs. Red 

fluorescent spots represent Cy5-labeled hybridization control oligonucleotides. Similar data were 

obtained with all of the other PLPs in the presence of the corresponding targets. For the array spotting 

pattern, see Supplementary data 2. 

 

 

Internal Amplification Control (IAC) 
It is often observed that DNA extracted from environmental samples contains PCR-inhibiting 

compounds [17], which may lead to false negatives. In order to monitor PCR inhibition during 

the pre-amplification reaction, an IAC was developed. This IAC consisted of a single-

stranded oligonucleotide containing a random nonsense sequence flanked by ITS1-ITS4 

primer regions, which was added to each pre-amplification reaction mixture. An IAC-PLP 

containing ligation arms targeting the reverse complement of the IAC-oligonucleotide was
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added to each ligation mixture. In the case of PCR inhibition, the complementary strand of 

the IAC-oligonucleotide will not be generated. Therefore, the target for the IAC-PLP will not 

be present during the ligation reaction, and consequently, no IAC-PLP signal will be 

observed on the array. 

 
Figure 5: Internal Amplification Control (IAC) performance. PLP-based LD was performed on the 

following ITS1/ITS4 pre-amplified samples; (A) 100 zM IAC-oligonucleotide (B) 100 zM IAC-

oligonucleotide pre-amplified in the absence of PCR polymerase (C) 10 ng V. dahlia and 100 zM IAC-

oligonucleotide (D) 10 ng V. dahlia, 1 pg F. oxysporum and 100 zM IAC-oligonucleotide (E) 10 ng 

PCR inhibiting DNA spiked with 50 pg F. oxysporum and 100 zM IAC-oligonucleotide (F) 50x diluted 

PCR inhibiting DNA sample spiked with 1 pg F. oxysporum and 100 zM IAC-oligonucleotide. Green 

fluorescent spots represent Phycoerythrin-labeled PLPs. Red fluorescent spots represent Cy5-labelled 

hybridization control oligonucleotides. No fluorescent signal was observed in the no target control 

reaction. (array spotting pattern in Supplementary data 3) 

 

 

IAC performance was tested under several different reaction conditions.  A pre-amplification 

reaction of the IAC-oligonucleotide resulted in the detection of an IAC-PLP signal (fig. 5a). In 

the absence of a polymerase in the pre-amplification reaction mixture, no IAC-PLP signal 

was observed (fig. 5b), indicating that the IAC-PLP could not be circularized in the absence 

of the complementary strand of the IAC-oligonucleotide. The presence of 10 ng competing V. 

dahlia target gDNA in the pre-amplification reaction mixture did not influence IAC-PLP 

detection (fig. 5c). Additionally, the detection sensitivity of 1 pg target gDNA in a 1:104 ratio 

background DNA remained unaltered (fig. 5d). To test the influence of PCR-inhibiting 

compounds on IAC-PLP performance, 50 pg F. oxysporum gDNA was used to spike in 10 ng 

of a DNA extract previously observed to fully inhibit PCR amplification. In the presence of the 

inhibiting DNA extract, no F. oxysporum and IAC PLP signals were detected on the array (fig. 
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5e). Diluting the inhibiting DNA extract by a factor 50 after spiking restored the detection of 

the IAC and F. oxysporum PLPs (fig. 5f). Thus, in the presence of spiked target DNA in a 

background of non-target DNA, the target is clearly detected when the IAC shows 

amplification as well. These results indicate that the IAC is a suitable tool to reduce false 

negatives caused by the presence of PCR-inhibiting compounds. 

 

Table 4: LD assay validation with environmental samples. 

Cultivated crop Spiked pathogen(s)a LD PLP signal Real-time PCR signal 

Spathiphyllum M. roridum, 
P. nicotianae 

IAC-PLP, Phytophthora spp.,  
P. nicotianae 

Phytophthora spp. 

Spathiphyllum P. nicotianae IAC-PLP, Phytophthora spp.,  
P. nicotianae 

Phytophthora spp. 

Spathiphyllum  IAC-PLP  

Rosa Verticillium dahliae IAC-PLP, V. dahliae V. dahliae 

Rosa Phytophthora spp IAC-PLP  

Rosa  IAC-PLP  

S. lycopersicum Fusarium oxysporum f. sp. 
radicis-lycopersici,              
P. nicotianae 

IAC-PLP, Phytophthora spp.,  
P. nicotianae 

Phytophthora spp. 

S. lycopersicum Fusarium oxysporum f. sp. 
radicis-lycopersici,    
Pythium ultimum 

IAC-PLP, F. oxysporum, 
 P. ultimum  

F. oxysporum 

S. lycopersicum Fusarium oxysporum f. sp. 
radicis-lycopersici,              
P. nicotianae 

IAC-PLP, F. oxysporum F. oxysporum 

S. lycopersicum Fusarium oxysporum f. sp. 
radicis-lycopersici 

IAC-PLP, F. oxysporum F. oxysporum 

S. lycopersicum P. nicotianae IAC-PLP, Phytophthora spp.,  
P. nicotianae 

Phytophthora spp. 

S. lycopersicum  IAC-PLP  

Cucumis sativus Pythium aphanidermatum IAC-PLP, P. aphanidermatum P. aphanidermatum 

Cucumis sativus Pythium aphanidermatum IAC-PLP, P. aphanidermatum P. aphanidermatum 

Cucumis sativus  IAC-PLP  

Capsicum annuum  P. capsici IAC-PLP, Phytophthora spp. Phytophthora spp. 

Capsicum annuum P. capsici IAC-PLP, Phytophthora spp. Phytophthora spp. 

Capsicum annuum  IAC-PLP  
a The indicated pathogens were used to spike recirculation water from several Dutch horticultural 

systems. After sampling, DNA was extracted and subjected to the developed LD procedure containing 

all 10 of the PLPs described in Table 2. All DNA samples were also subjected to real-time PCR 

analyses with Phytophthora species, P. aphanidermatum, and V. dahliae TaqMan probes and an F. 

oxysporum SYBR green-based assay. 
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Assay validation 
The robustness of the LD-assay was demonstrated using biological samples recovered from 

recirculation water from several Dutch horticultural systems which had been inoculated 

previously with various plant pathogens. At least 4 weeks after pathogen inoculation, 

recirculation water samples were collected and filtered, DNA was extracted from the filters, 

and the resulting samples were subjected to the developed LD procedure. The data 

generated using the LD-assay were compared with data obtained by TaqMan PCR detection 

for a selected range of targets for which TaqMan probes were available (Phytophthora spp., 

P. aphanidermatum and V. dahliae) and data obtained by SYBR-Green-based PCR 

detection for F. oxysporum spp. [217]. 

 

As shown in table 4, the detected PLP signals corresponded to samples spiked with 

pathogens, while the non-spiked control samples were negative. Moreover, all the observed 

LD-assay results were supported by the real time PCR data. Positive real time PCR data 

always corresponded to positive LD-assay signals, and negative real time PCR data always 

corresponded to negative LD-assay signals. Thus, the newly developed multiplex LD 

procedure and real time PCR showed complete congruence when applied to environmental 

samples typical of a practical application scenario.  

 

 

Discussion 
 
In this study, we demonstrated a specific, background-free, cleavable PLP-based LD assay 

which uses universal cZipCode hybridization arrays for the simultaneous detection and 

identification of several economical important plant pathogens.  

 

Unlike conventional LD assays that require two detection oligonucleotide probes with the 

same Tm for each target, PLP-based LD has the advantage of asymmetric target arm design 

within a single probe molecule. Besides highly specific target detection, the low Tm of the 3’ 

arm also reduces the chance of cross-ligation between PLPs. The most obvious strategy to 

distinguish residual, linear PLPs from circularized PLPs would be by exonuclease treatment. 

Although effective removal of linear probes by exonuclease treatment has been reported 

[67], the remaining linear PLPs resulted in significant background signals (not shown), as 

previously observed in PLP-based diagnostic assays [70, 170]. Thus, to incorporate the high 

SNP specificity provided by the asymmetric PLPs into a LD assay, probes were modified 

such that ligated probes could be discriminated from unligated, linear probes upon array 

hybridization. The PLPs were designed with a desthiobiotin moiety, providing a means for 
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reversible PLP capture, and a polydeoxy-uracil nucleotide sequence for probe cleavage. A 

simple enzymatic reaction cleaves the polydeoxy-uracil region, thereby linearizing 

circularized PLPs and cutting the unligated probe into two fragments, thereby separating the 

ZipCode region for array hybridization from the desthiobiotin moiety needed for fluorescent 

labeling (fig. 1).  

 

The position of the desthiobiotin moiety with respect to the polydeoxy-uracil cleavage region 

affected the efficiency of the enzymatic cleavage reaction. Introducing a stretch of 15 

thymine bases, in order to increase the physical distance between the cleavage region and 

the desthiobiotin moiety, provided a cleavage efficiency of 100%. Because, in contrast to 

previously developed PLP-based detection assays, no PLP amplification is required 

(meaning that no background signals can arise from amplification of remaining unligated 

PLPs), the demonstrated 100% cleavage efficiency resulted in a completely background-free 

detection assay. 

 

Previous studies have reported decreased array hybridization specificity [42] and sensitivity 

[34] in the presence of an excess of DNA amplicons. In our assay, DNA amplicons that could 

possibly interfere with array hybridization specificity and sensitivity were removed by 

incorporation of a streptavidin-desthiobiotin-mediated PLP purification after the ligation 

reaction. The rationale of using desthiobiotin instead of biotin is the approximately 1000 fold 

lower affinity for streptavidin [213, 218], which permits subsequent release of the PLPs [129, 

219]. The fluorescent signals of the reversibly captured PLP samples were not significantly 

different from the control treatments, indicating that this procedure did not compromise the 

final assay sensitivity.  

 

The developed system was tested using mixtures of gDNA extracted from cultured 

organisms. All targets were appropriately detected, and no signals were observed in the 

absence of target DNA. Furthermore, ligation reactions performed in the presence of high 

amounts non-target organisms with very similar ligation target regions, did not result in 

detectable fluorescent signals, demonstrating the highly specific SNP detection abilities of 

the LD assay. The observed SNP specificity is of prime importance since organisms that are 

closely related to target pathogens, possessing only one or a few mismatches in the probe 

target sites, may have highly disparate ecologies from the target pathogen itself. 

 

In environmental samples, the ratios of target organisms may vary widely, often making 

detection of the less abundant organisms problematic. For reliable disease screening, 

however, detection and identification of all targets present is of utmost importance, especially 
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when samples are analyzed for, e.g., quarantine organisms. We demonstrated that the PLP-

based LD assay could identify and detect several organisms at a ratio of 1:104 (0.01% 

relative abundance). The final assay sensitivity of 1 pg gDNA was of the same order of 

magnitude as the sensitivity of the tested TaqMan probes in this study (data not shown) and 

previously published multiplex TaqMan assays [220-223]. To ensure even more reliable 

sample analyses, an IAC was developed to control for false negatives as a consequence of 

potential PCR inhibition by compounds co-extracted with the DNA from environmental 

samples. We demonstrated that the absence of IAC-PLP signal was indicative of PCR-

inhibiting compounds, allowing one to distinguish between the true absence of the target and 

PCR inhibition. Use of such an IAC greatly reduces the risk of false negatives.  

 

The applicability of the PLP-based LD assay was demonstrated by analyzing recirculation 

water samples from horticultural systems previously spiked with various pathogens. Real 

time PCR and LD assay data fully matched the targets compared. It is interesting that 

negative results in both assays were sometimes obtained with samples spiked with 

pathogens. Although it could not be ruled out completely that negative results can occur in 

the presence of low levels of pathogen in these systems, the convergence of both methods 

and the efficiency of the IAC strongly suggest that the spiked pathogens had not established 

themselves in the systems or were confined to locations beyond the scope of the sampling 

procedures. 

 

The novel LD system demonstrated here is currently limited to the detection of eukaryotic 

organisms due to our reliance on eukaryote-specific primers. Ideally, one would wish to 

amplify all potential targets either by multiplex PCR or whole genome amplification. However, 

pre-amplification attempts with multiple primer pairs in a single PCR and Phi29 DNA 

polymerase-based whole-genome amplification have not yet yielded the dynamic range of 

detection required for diagnostic assays, especially when low target numbers are present in 

a high background of competing target DNA (data not shown).  

 

Recently, the use of MDMs for the detection of pathogenic microorganisms in environmental 

samples has increased significantly [39, 40]. Platforms enabling very high probe densities 

(>10.000 probes) have become powerful tools in analyses addressing the overall structure of 

complex microbial communities [35, 44, 45, 224], but their high costs and low flexibility, in 

combination with the complex hybridization patterns and resulting data analysis, somewhat 

limit their application for some fast microbial diagnostics [39]. The true SNP level detection of 

the LD system presented here precludes the need for multiple probe pairs for target 

detection, although inclusion of multiple probes per target would, of course, serve to increase 
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robustness further. Reliable pathogen detection has also been achieved with MDMs with low 

and intermediate probe densities, often with reported relative abundance sensitivity 

thresholds of 0.1-5% [43, 46-58]. However, because the oligonucleotide-detectors that are 

spotted on the microarrays are target-organism specific, these assays often lack the flexibility 

necessary for rapid probe adaptation to, e.g., newly emerging pathogens and changing 

diagnostic requirements. The newly developed PLP-based LD assay, with its flexibility and 

background-free sensitivity, therefore represents an approach that is highly complementary 

to various MDM methodologies.  

The system described in this paper utilizes the extremely specific target detection capabilities 

provided by asymmetric PLP design and enables routine screening of complex 

environmental samples. Because the oligonucleotide-detectors on the microarrays are not 

target-organism specific, the target range of the PLP-based LD assay can easily be adapted 

for use across a wide range of applications. For instance, an adaption of this LD assay is 

currently being used to identify several closely related Pectobacterium species in diseased 

potato tubers (Sławiak et al., in preparation). The universal cZipCode-based microarray 

approach should allow for the development of highly multiplexed assays [67, 186]( 
www.affymetrix.com), since, in contrast to other methods, the PLPs are not amplified, making 

background issues essentially irrelevant to the scaling up process.  

 

Thus, scaling up of the LD system is only dependent on the identification of suitable probes, 

since the detection of each specific target remains essentially independent. Although we 

envision that specific target numbers will not exceed the number of available ZipCodes (± 

3,000) in the immediate future, there is no barrier to the engineering of additional ZipCode 

sequences if necessary. The LD assay described here should serve as a model for the 

routine detection and identification of a wide range of organisms in diverse biological 

systems where background-free multiplex target detection is required.  
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Abstract 
 

Diagnostics and disease-management strategies require technologies to enable the 

simultaneous detection and quantification of a wide range of pathogenic microorganisms. 

Most multiplex, quantitative detection methods available suffer from compromises between 

the level of multiplexing, throughput and accuracy of quantification. Here, we demonstrate 

the efficacy of a novel, high-throughput, ligation-based assay for simultaneous quantitative 

detection of multiple plant pathogens. The ligation probes, designated Plant Research 

International-lock probes (PRI-lock probes), are long oligonucleotides with target 

complementary regions at their 5’ and 3’ ends. Upon perfect target hybridization, the PRI-

lock probes are circularized via enzymatic ligation, subsequently serving as template for 

individual, standardized amplification via unique probe-specific primers. Adaptation to 

OpenArrays, which can accommodate up to 3072 33 nl PCR amplifications, allowed high-

throughput real time quantification. The assay combines the multiplex capabilities and 

specificity of ligation reactions with high-throughput real time PCR in the OpenArray, 

resulting in a flexible, quantitative multiplex diagnostic system. The performance of the PRI-

lock detection system was demonstrated using 13 probes targeting several economically 

significant plant pathogens at different taxonomic levels. All probes specifically detected their 

corresponding targets and provided perfect discrimination against non-target organisms with 

very similar ligation target sites. The nucleic acid targets could be reliably quantified over 5 

orders of magnitude with a dynamic detection range of more than 104. Pathogen 

quantification was equally robust in single target versus mixed target assays. This novel 

assay enables very specific, high-throughput, quantitative detection of multiple pathogens 

over a wide range of target concentrations and should be easily adaptable for versatile 

diagnostic purposes. 
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Introduction 
 

There is an ever-increasing demand for high-throughput, standardized assays for the 

quantitative detection of multiple infectious agents in different disciplines, ranging from 

clinical diagnostics, food safety, homeland security, and environmental pest management to 

the evaluation of treatment efficacy [225-228].  

 

Current technologies for multiplex, quantitative analyses frequently suffer from compromises 

between the level of multiplexing, throughput and accuracy of quantification. In general, for 

the detection of nucleic acids, microarrays and macroarrays, can provide very high levels of 

multiplexing [229, 230], but yield a limited range of accurate quantitative information [208] 

and relatively low sample throughput compared to real time, quantitative PCR (qPCR) [10, 

32]. At present, qPCR provides the most reliable means of target quantification, and it is 

suitable for the analysis of relatively large sample numbers [231, 232]. Nowadays, successful 

multiplex qPCR-based pathogen detection methodologies have been realized [220-222]; 

however, due to a limited number of potential dyes, the attainable level of multiplexing is low 

[8, 10]. Moreover, the accuracy of quantification in samples with unbalanced target ratios is 

limited [223, 233, 234]. To guarantee accurate quantification therefore, single targets with 

internal controls should be analyzed, which results in a dramatic increase in the number of 

reactions needed to be performed in large scale screenings.  

 

Recently, a conceptually new, high-throughput platform has become available for real time 

PCR, capable of accommodating more than 3000 reactions per array [235]. The OpenArray 

has 48 subarrays, allowing parallel testing of up to 48 samples, and each subarray contains 

64 microscopic through-holes of 33 nl volumes (fig. 1a). Primers are pre-loaded and dried 

down in user specified holes. The holes function as capillaries, accurately self-metering 

sample and master mix added by an automated loader. Hydrophilic holes and hydrophobic 

array-surface coatings ensure the sample remains isolated through surface tension.  

  

Pre-formatted, high-throughput assays are very useful in several fields of clinical and basic 

research. They lack, however, the necessary flexibility and adaptability to address rapidly 

changing needs in various diagnostic and ecological fields. Further, the needs of these fields 

are rarely addressed by pre-developed and commercially available assays. Therefore, the 

possibility to develop new applications for a universal, high-throughput real time PCR 

platform would be a significant advancement as it increases user flexibility and lowers 

development cost.  
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Figure 1: Schematic overview of the proposed assay. (A) OpenArray architecture. The OpenArray 

has 48 subarrays and each sub-array contains 64 microscopic through-holes of 33 nl volume. The 

primers are pre-loaded into the holes. The sample combined with the reaction mix is auto-loaded due 

to the surface tension, provided by the hydrophilic coating of the holes and the hydrophobic surface of 

the array. (B) PRI-lock probe design. T1a and T1b indicate target complementary regions. Unique 

primer sites ensure specific amplification (forward: F1 and reverse: R1) and each PRI-lock contains a 

universal sequence (US) and a desthiobiotin moiety (dBio). (C) Multiple target specific PRI-lock probes 

are ligated on fragmented DNA samples. T1a and T1b bind to adjacent sequences of the target and in 

case of a perfect match, the probe is circularized by a ligase. The probes are captured via the 

desthiobiotin moiety using magnetic streptavidin-coated beads. The PRI-lock probes are washed and 

quantitatively eluted from the beads. Unreacted probes are removed by exonuclease treatment. (D) 

Circularized probes are loaded and independently amplified on the Biotrove OpenArray platform using 

PRI-lock probe specific primers. The amplification is monitored using SYBR-Green and the ligated 

PRI-lock probes are quantified based on the threshold cycle number (CT). 
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There are a number of hurdles that have hampered the development of efficient and reliable 

multiplex detection systems. These include the need for high levels of sensitivity as well as 

specificity, coupled with quantitative, multiplex capabilities and high sample throughput. The 

assay system described in this report incorporates the most attractive features of several 

approaches to provide a unique detection platform that combines multiplex technology with 

stringent diagnostic standards: (1) high specificity is achieved via the use of ligation-based 

circularization probes, (2) real time PCR methodology provides excellent sensitivity and 

accurate quantification, and (3) adaptation to the newly developed OpenArray technology 

facilitates high-throughput sample screening.   

 

Here, we propose that a new ligation based probe assay can bridge the gap between highly 

specific target recognition and high-throughput, multiplex pathogen quantification. 

Circularizable ligation probes (Padlock probes) [66] have previously been applied 

successfully for multiplex pathogen detection [70], but do not allow quantification. In the 

currently developed assay, the circularized probes are amplified by probe-unique primer 

pairs via real time PCR, enabling accurate target quantification in a highly multiplex format. 

The utilized probes have been termed PRI-lock probes and they consist of two target 

complementary regions, one at each terminus of the probe (fig. 1b). The target 

complementary arms are connected via a compound linker sequence, containing unique 

primer binding sites, a generic sequence and a desthiobiotin moiety for specific capture and 

release [213] (fig. 1b). The primer binding sites were selected to ensure optimal amplification 

under universal conditions and lack of interaction during the ligation and PCR steps. 

 

In the implemented strategy, mixtures of multiple PRI-lock probes are ligated on fragmented 

DNA (fig. 1c). Target recognition is achieved by specific hybridization of both arm sequences, 

and efficient ligation occurs only if the end nucleotides perfectly match the target [72]. 

Therefore, the probes confer superior specificity [70, 72]. After ligation, the probes are 

reversibly captured via the desthiobiotin moiety, treated with exonuclease (fig. 1c) and finally 

individually assayed via real time PCR on OpenArray plates (fig. 1d).   

 

In this study, we characterize the quantification power of circularizable ligation probes over a 

range of target concentrations and multiple target ratios and report the development of a 

high-throughput, quantitative multiplex diagnostic assay. The specificity, sensitivity, linear 

quantification range, and the dynamic detection range of the developed assay were 

demonstrated using 13 pathogen specific PRI-lock probes, ligated on individual and mixed 

target DNAs, followed by real time PCR on OpenArrays.    

 



  Quantitative PRI-lock probe-based pathogen detection 

 69 

Material and methods 
 

Nucleic acids used in this study 

Microorganisms were derived from the culture collection of Plant Research International BV 

(table 1). Genomic DNAs from all microorganisms were isolated using the Puregene 

Genomic DNA isolation kit (Gentra/Biozym) according to the manufacturer’s instructions. 

Ligation targets for assay optimization were generated using 500 pg extracted genomic DNA 

as PCR template. The Internal Transcribed Spacer (ITS) regions of the fungal and oomycetal 

rRNA operons were amplified using the primers ITS1 and ITS4 [215] and the ITS region of 

Meloidogyne hapla spp. was amplified using the primers F194 and F195 [236]. Sequences of 

the primers for partial amplification of the bacterial 16S rRNA genes were derived from 

Rochelle et. al. [237] and the Erwinia carotovora carotovora recA gene was amplified using 

general recA primers [238]. Primers (forward 5’-CTAATTTTCGGTCCAACT-3’, reverse 5’-

GCTTAACTCTGGCCTTG-3’) for partial amplification of the Agrobacterium tumefaciens ipt 

gene were designed using Oligo 6.0 software (Molecular Biology Insights, Inc.). For each 

PCR, an initial 10 min incubation at 95°C was followed by 40 cycles consisting of a 30 s 

incubation at 95°C, an annealing step at 60°C for 30 s (ITS), 55°C for 60 s (16S), 47°C for 60 

s (recA), or 50°C for 30 s (ipt), and an elongation step at 72°C for 60 s. After the last cycle,

 

Table 1: Isolates of plant pathogenic species and subgroups used in this study.  

Phylum Order Species Isolate 

Oomycota Peronosporales Phytophthora infestans VK98014 

  Phytophthora fragariae FVF01 

  Phytophthora sojae F. Govers 6497 

  Pythium undulatum CBS 157.64 

Basidiomycota Ceratobasidales Rhizoctonia solani AG 2-2 IIIB 02-337 IRS 

  Rhizoctonia solani AG 4-1 PRI 4R91 

  Rhizoctonia solani AG 4-2 PRI 4R22 

Ascomycota Hypocreales Fusarium oxysporum f. sp. radicis-lycopersici 364N2 

  Myrothecium roridum PRI-15.2 

  Myrothecium verrucaria CBS 189.46 

 Phyllacorale Verticillium dahliae 809.97 

  Verticillium alboatrum 40.1 

Nematoda Tylenchida Meloidogyne hapla HBA 

Proteobacteria Enterobacteriales Erwinia carotovora sp. carotovora 103 

 Rhizobiales Agrobacterium tumefaciens PRI-IS4 
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the reaction was immediately cooled to 4°C. The PCR amplicons of the different 

microorganisms were purified using the QIAquick® PCR Purification Kit (QIAGEN GmbH) 

and quantified by comparison to a DNA ladder after gel electrophoresis. Subsequently, the 

number of copies per µl PCR product of each amplicon was calculated.  

 

A PCR control was developed to monitor differences in PCR efficiency within and between 

different 96-wells plates and different OpenArrays. To this end, a 99 bp PCR control template 

(5’-CTAACGAATCTGGGACGTGCATCCGGTCTCATCGCTGAATCGCTCGTGAGGGCAGG 

GCCGGGAGGGGGGTCCGCAGGCGCAACACTGTAGTCGGTGCTA-3’) was amplified 

using the forward 5’-CTAACGAATCTGGGACGTGC-3’ and reverse 5’-

TAGCACCGACTACAGTGTTG-3’ primer pair. The PRI-lock probes listed in table 2 and all 

the other oligonucleotides used in this study, were synthesized by Eurogentec SA. 

 
Table 2: Target complementary regions and unique primer sequences for the PRI-lock probes.. 

Targeted species/ 

group 

Target complementary sequence (5’–3’)a Forward primer 

sequence (5’-3’) 

Reverse primer 

sequence (5’-3’) 5’ 3’ 

Phytophthora spp. TATCTAGTTAAAAGCAGA
GACTTTCGTC 

CTGCTGAAA
GTTGC 

TACGAACGTCTTAG
CACTCC 

GGTGTTGATTCGCG
TCTACT 

P. infestans TCGATTCGTGGTATGGTT
GGCTTCGGCT 

CGTTAATGG
AGAAATGC 

AGAGTCGGTAGGCA
CTATGG 

CGTATGTCGAATGC
AGCTGA 

R. solani AG 2-2 TCTGCCTCACAGGTTCAC
AGGTGTGTGTGG 

TTCCCGTCC
ATGTC 

GAGTTCCCGTGCGT
TAGATC 

TACGGCGCTTGGGA
CATGAT 

R. solani AG 4-1 GGTCCAATAAAGTTCCTTC
CCCCCTAGAAAA 

AGTCCAA_G
GAGAGTA___ 

CGTGTCCATCGAGC
TGCATA 

GACGGCATTCAGAG
TACGCT 

R. solani AG 4-2 GACTTCTGTCTACTTAATT
CATATAAACTCAATT 

CTT_CTACTC
CCCCTT_ 

CTGCCTGTGACTCG
TGTATC 

AGACCGTATCGTCC
ACAGTG 

F. oxysporum GCGAGTCCCAACACCAAG
CTGTGCTTG 

GGAACGCGA
ATTAAC_ 

CTGGTGCATGTACT
CGACTG 

ATCAGATCGACTCG
GTAGCT 

M. roridum CGGTGGTGGCCATGCCGT
AAAACACC 

ACTCGCATT
GGAGCT 

CATCCAGCTCAACG
TATCCA 

CCTACTGTGACGCT
GTGATG 

V. dahliae TTTATACCAACGATACTTC
TGAGTGTT 

CATCAGTCT
CTCTG 

ATCTGGATCAACGT
CGCGCT 

ATACAGTCGTCGGG
GTCGAA 

V. alboatrum /            
V. tricorpus 

TTTATACCAACGATACTTC
TGAGTGTTCTTAGTGAAC 

GTACATCAG
TCTCTTTA 

GCATCGGGTTCACG
CCTATA 

TGAAGCACTGACAC
GCGAAG 

M. hapla GTTTATCGTTGTGAATGG
CTGTCGCTGGTG 

ATTCGAATA
GTCTCAAC 

TATGGGTCTTGCTG
ATACGC 

TCCGTCTGTTGAGTT
AGGCC 

E. carotovora 
carotovora 

AAAACCTGTGCGTTCATC
GATGCTGAACAT 

TCAACGCGA
AGGA 

AGAATCGTACACGC
TGCTGG 

AATACGACTGACAC
GAGCTG 

A. tumefaciens TCCGGTTGATAGTTGAGG
ACAGCATTGGAC 

GTTGGTCGT
CCGCT 

CAATACCTGTGACG
AGCTGG 

ACCCGGTCACTCAG
CATATA 

G. Proteo bacterial 
spp. 

GGCCTTCTTCACACACGC
GGCATGGCTGCA 

GCTTTACAA
CCCGAA 

ACAGGTCATCGAAC
TCTCAC 

AGAACACGTCAGAG
GTCCGT 

Internal Ligation 
Control (ILC) 

GGGAGAACACTGCGTGGT
TTTCACATAC 

GCTTGTGCC
TCTCGA 

CTATCGCGTGCTAG
TCGTCT 

ATTCTAATCAATCGT
CGCGG 

a Boldface letters indicate polymorphism within the target group. Nucleotides or gaps owing to 

deletions used to discriminate from most similar nontarget sequences are underlined (No such 

sequence was found for the PRI-lock probes G. Proteo bacterial spp. and A. tumefaciens). 
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PRI-lock probe design 
The PRI-lock probe target complementary regions were engineered according to previously 

described design criteria [70] and were connected by a 60 bp compound linker sequence. 

The linker sequence contained a 20 bp, generic sequence and two, unique primer binding 

sites for specific PCR amplification (table 2). All primer pairs have equal melting 

temperatures to allow universal SYBR-Green based detection in real-time PCR. The primer 

pairs were chosen from GeneFlexTM TagArray set (Affymetrix) so as to minimize PRI-lock 

probe secondary structures and optimize both, primer TM and primer specificity. Potential for 

secondary structures, primer TM and primer specificity were predicted using Visual OMP 5.0 

software (DNA Software Inc.). The prediction parameters were set to match ligation 

([monovalent] = 0.025 M; [Mg2+] = 0.01 M; T = 65°C, [probe] = 250 pM) and PCR conditions 

([monovalent] = 0.075 M; [Mg2+] = 0.005 M, T = 60°C). When necessary, PRI-lock probe arm 

sequences were adjusted to avoid strong secondary structures that might interfere with 

efficient ligation as described previously [70]. 

 

Between the primer sites we introduced a thymine-linked desthiobiotin molecule for specific 

capturing and release with streptavidin-coated magnetic beads. The rationale of using 

desthiobiotin instead of biotin is the approximately 1000 times lower affinity for streptavidin 

[213, 218], which permits the reversible release of the PRI-lock probes (see below).  

 
Ligation  
PCR fragments and genomic DNAs were used as templates for ligation in the indicated 

amount. Prior to ligation, genomic DNA was fragmented by digestion using EcoRI, HindIII 

and BamHI (New England Biolabs Inc., Ipswich, USA) for 15 min at 37°C. Cycled ligation 

was performed in 10 µl reaction mixture containing 20 mM Tris-HCl, pH 9.0, 25 mM 

KCH3COO, 10 mM Mg(CH3COO)2, 1 mM NAD, 10 mM DTT, 0.1 % Triton X-100, 20 ng 

sonicated salm sperm DNA and 20 U Taq ligase (New England Biolabs Inc., Ipswich, USA). 

Titration experiments with different concentrations of individual PRI-lock probes were 

performed to achieve comparable PRI-lock performance in terms of CT values and linear 

quantification range. For multiplex detection, the optimized concentrations of the individual 

PRI-lock probes ranged from 250 pM to 2.5 nM. Reaction mixtures were prepared on ice and 

rapidly transferred into a thermal cycler. Before ligation, samples were denatured at 95°C for 

5 min. The samples were subsequently subjected to 20 cycles of 30 s at 95°C and 5 min at 

65°C, followed by enzyme inactivation at 95°C for 15 min.  

 

To monitor the ligation efficiency and provide a reference for normalization, an Internal 

Ligation Control (ILC) PRI-lock probe was constructed. The target complementary regions of 
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the ILC PRI-lock detect an artificial DNA sequence, of which a fixed amount was added to 

each ligation reaction, resulting in a standard ILC CT value of 15.5 for the AB7500 and the 

Biotrove OpenArray. Variation in the ligation reaction was monitored by comparing the 

observed ILC CT values with the fixed ILC CT value. The CT values were standardized using 

the following equation: 

 

CT(x)AB7500 / Biotrove = (15.5 – C) + CTo(x)        

CT(x): the standardized CT value for PRI-lock probe (x)     

C: observed ILC CT value        

CTo(x): observed CT value for PRI-lock probe (x)      

AB7500: 7500 Real-Time PCR system, Applied Biosystems 

Biotrove: OpenArray NT Cycler, Biotrove Inc. 

 

Probe capture, elution and exonuclease treatment  
After ligation, 30 µl distilled water was added to each reaction and the samples were 

denatured at 95°C for 10 minutes and rapidly transferred onto ice afterwards. Capturing of 

the desthiobiotin moiety of the PRI-lock probes was performed in 80 µl capturing mixture 

containing 1 M NaCl, 5 mM Tris-HCl, pH 7.5, 0.5 mM EDTA, 0.1 M NaOH and 200 µg 

magnetic MyOne Streptavidin C1 Dynabeads (Dynal Biotech ASA) and rotated at 4°C for 1 

hour. Subsequently, samples were centrifuged at 2000 x g for 10 s, the Dynabeads were 

collected and separated from the sample via application of a magnetic field and the 

Dynabeads were washed with 100 µl washing solution containing 100 mM Tris-HCl, pH 7.5 

and 50 mM NaCl. Consequently, the non target DNA and possible co-extracted enzyme 

inhibitors are washed away. The Dynabeads were re-suspended in 10 µl distilled water and 

incubated at 95°C for 10 minutes, allowing quantitative elution of the PRI-lock probes from 

the Dynabeads [219]. Samples were rapidly transferred onto ice afterwards, and the empty 

magnetic streptavidin beads were removed via application of a magnetic field, leaving the 

washed PRI-lock probes in the solution. Next, 10 µl of exonuclease mixture [10 mM Tris-HCl, 

pH 9.0, 4.4 mM MgCl2, 0.1 mg/ml BSA, 0.5 U Exonuclease I (USB Europe GmbH) and 0.5 U 

Exonuclease III (USB Europe GmbH)] was added to each reaction, and the samples were 

incubated at 37°C for 30 min, followed by enzyme inactivation at 95°C for 2.5 h.  

 
Real time PCR 

Amplification of ligated PRI-lock probes was monitored in real time using the 7500 Real-Time 

PCR system (Applied Biosystems). Reactions were performed in 1x SYBR-Green PCR 

Master Mix (Applied Biosystems) containing SYBR-Green I dye, AmpliTaq Gold DNA 

Polymerase, dNTPs with dUTP, passive Reference 1, optimized buffer components, 0.12 µl 
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AmpErase Uracil N-glycosylase (Applied Biosystems), 0.77 µM of each primer, 0.5 pg PCR 

control template and 2.5 µl ligated PRI-lock mixture as template. The reaction mixture was 

initially incubated at 50°C for 2 min, followed by 10 min denaturation at 95°C, and 33 cycles 

of 15 s at 95°C and 1 min at 60°C. Based on the calibration curves, the limit of the linear 

range of quantification was around cycle 27 and therefore, the maximum number of PCR 

cycles was set to 33. Fluorescence was recorded in the 60°C step of each cycle, and finally, 

the amplicon specificity was determined by studying the individual melting curves.  

 
Biotrove OpenArray real time PCR  
Amplification of ligated PRI-lock probes was followed in real time using an OpenArray NT 

Cycler (BioTrove Inc.). OpenArray subarrays were pre-loaded by Biotrove with the selected 

primer pairs. Each primer pair was spotted in duplicate. Primer dilution experiments were 

performed to optimize primer concentrations in the OpenArray slides. Concentrations were 

optimized to obtain minimum primer carry over during sample loading and maximum CT 

values after PCR amplification. The final assay concentration for all the spotted primer pairs 

was 128 nM except the V. dahliae primer pair, which was 64 nM. 

 

Samples were loaded into OpenArray plates using the OpenArray NT Autoloader according 

to the manufacturer’s protocols. Each subarray was loaded with 5.0 µl mastermix containing 

2.5 µl ligated PRI-lock mixture and reagents in a final concentration of 1x LightCycler 

FastStart DNA Master SYBR-Green I mix (Roche Diagnostics GmbH), 0.2% Pluronic F-68 

(Gibco), 1 mg/ml BSA (Sigma-Aldrich), 1:4000 SYBR-Green I (Sigma-Aldrich), 0.5% (v/v) 

Glycerol (Sigma-Aldrich), 8% (v/v) deionzed formamide (Sigma-Aldrich) and 1.0 pg PCR 

control template. 

 

The PCR OpenArray thermal cycling protocol consisted of 90°C for 10 min, followed by 

cycles of 28 s at 95°C, 1 min at 55°C and 70 s at 72°C (imaging step). The maximum number 

of PCR cycles was set to 27. Due to the smaller reaction volume in the OpenArray plates, 

additives in the PCR master mix and different surface properties, the annealing temperature 

of the Biotrove OpenArray system had to be adjusted to mimic the actual PCR conditions in 

the 7500 Real-Time PCR system. Simulation of Biotrove PCR conditions in Visual OMP 5.0 

software (DNA Software Inc.) estimated that the 55°C annealing temperature in the Biotrove 

OpenArray corresponded to a 60°C annealing temperature in the 7500 Real-Time PCR 

system.  

 

The Biotrove OpenArray NT Cycler System Software (version 1.0.10.0) uses a proprietary 

calling algorithm that estimates the quality of each individual CT value by calculating a CT 
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confidence value for the amplification reaction. In our assay, CT values with CT confidence 

values below 700 were regarded as background signals. The remaining positive amplification 

reactions were analyzed for amplicon specificity by studying the individual melting curves.  

 
 

Results 
 

PRI-lock probe design and evaluation of assay performance 
The newly designed probing system was experimentally tested using 13 PRI-lock probes 

engineered to detect several economically important plant pathogens at different taxonomic 

levels (table 2). The target complementary regions were selected as previously described, 

and the specificity of the probes was verified [70]. Unlike Padlock probes, each of the PRI-

lock probes was designed with unique primer binding sites allowing quantitative detection. 

The PRI-lock probes were also engineered with a desthiobiotin moiety between the primers 

sites for reversible PRI-lock probe capture, washing and release using streptavidin-coated 

magnetic beads. The introduction of this additional purification step removes excess non-

target DNAs and possible enzyme-inhibiting compounds, resulting in increased efficiency of 

exonuclease treatment and reduced assay background (data not shown). 

 

In the demonstrated assay, the pathogen detection and quantification are dependent on the 

ligation and real time PCR amplification steps. To provide more precise quantification and to 

correct for the variability arising from the ligation reaction, we designed an Internal Ligation 

Control (ILC) PRI-lock probe (table 2) targeting an internal ligation control DNA template. In 

addition, a PCR control was developed to monitor differences in PCR efficiency.   
 

The developed PRI-lock probe system was validated in several steps. To evaluate the 

specificity of the designed PRI-lock probes, a mixture of 14 probes (13 target probes plus 

one internal ligation control) was ligated on various individual DNA targets. The samples 

were screened for amplification with all the individual PRI-lock probe specific primer pairs in 

conventional real time PCR. All the target sequences were specifically detected without 

exception (table 3) and no amplification of ligated PRI-lock probes with other, non-cognate 

primer pairs occurred (data not shown). In this and all subsequent experiments, the 

amplification efficiency of the PCR control was found to be uniform (data not shown) and the 

CT values were normalized using the ILC as shown in figure 2a. To further ensure specificity 

towards the targeted pathogens, 3 non-target organisms with very similar ligation sites (1, 3 

and 7 mismatches compared to the perfect ligation sequence) for the PRI-lock mixture were 

tested. The rest of the probes discriminated their targets from the most similar non-target 
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sequence based on more than 7 mismatches and were not tested. In agreement with 

previous results [70], no signal was observed in the presence of the non-target organisms 

with very similar ligation sites (table 4), demonstrating the specific target recognition by the 

designed PRI-lock probes.  
 

Table 3: Specificity and multiplexing of the PRI-lock probe system in conventional real-time PCR and 

in the Biotrove OpenArray for single and multiple targets. 

PRI-lock probe 
Single target Multiplex (1) Multiplex (2) Multiplex (3) 

CT(AB) CT(BT) CT(AB) CT(BT) CT(AB) CT(BT) CT(AB) CT(BT) 

Phytophthora 
spp. 

15.5 
(0.14) 

16.4 
(0.17) 

15.7 
(0.10) 

16.7 
(0.25) 

16.1 
(0.04) 

16.8 
(0.12) 

16.3 
(0.16) 

15.9 
(0.09) 

P. infestans 14.8 
(0.12) 

15.4 
(0.18) ─ ─ 15.2 

(0.08) 
15.7 

(0.12) 
15.1 

(0.02) 
15.0 

(0.08) 
A. tumefaciens 16.4 

(0.24) 
16.2 

(0.04) ─ ─ ─ ─ 15.8 
(0.28) 

15.9 
(0.06) 

G. Proteo 
bacterial spp 

17.0 
(0.11) 

17.7 
(0.08) ─ ─ ─ ─ 17.7 

(1.03) 
17.1 

(0.04) 
M. roridum 16.2 

(0.07) ─ 16.4 
(0.02) 

17.2 
(0.05) ─ ─ 16.7 

(0.12) 
17.0 

(0.16) 
F. oxysporum 17.4 

(0.11) ─ ─ ─ ─ ─ 17.2 
(0.08) 

17.3 
(0.04) 

E. carotovora 
carotovora 

15.1 
(0.15) ─ ─ ─ ─ ─ 15.2 

(0.24) 
15.4 

(0.05) 
V. dahliae 16.9 

(0.01) ─ ─ ─ ─ ─ 16.1 
(0.04) 

15.8 
(0.03) 

V. alboatrum /            
V. tricorpus 

19.6 
(0.11) ─ ─ ─ ─ ─ 19.9 

(0.29) 
18.0 

(0.10) 
M. hapla 17.0 

(0.30) ─ ─ ─ ─ ─ 18.2 
(0.23) 

16.9 
(0.11) 

R. solani AG 2-2 16.3 
(0.03) ─ ─ ─ 15.8 

(0.10) 
17.1 

(0.12) 
16.2 

(0.03) 
16.2 

(0.04) 
R. solani AG 4-1 14.0 

(0.02) ─ ─ ─ 14.6 
(0.13) 

15.0 
(0.11) 

14.5 
(0.13) 

14.4 
(0.09) 

R. solani AG 4-2 19.3 
(0.10) ─ ─ ─ 19.5 

(0.14) 
20.0 

(0.18) 
19.3 

(0.07) 
18.8 

(0.03) 
The PRI-lock probes were ligated on 106 targets/μl ligation mixture. CT values were normalized using 

the ILC control PRI-lock probe. Data represent average CT values of three PCR replicates in the 

conventional real-time platform (n = 3) and of four PCR replicates in the Biotrove OpenArray (n = 4). 

Standard deviations are indicated between brackets. AB: samples run on the conventional real-time 

PCR platform. BT: Samples tested on the Biotrove OpenArray platform. Multiplex mix 1: P. soj. and M. 

ror. DNA. Multiplex mix 2: P. inf., R. sol. AG 2-2, R. sol. AG 4-1 and R. sol. AG 4-2 DNA. Multiplex mix 

3: ligation mixture containing all the DNA targets for all the PRI-lock probes that are indicated in table 

3. ─: not tested. 
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Table 4: Specificity of the PRI-lock probe system in conventional real-time PCR and in the Biotrove 

OpenArray for non-target organisms with closely related ligation sites.. 

PRI-lock probe 

Pythium undulatum 
cnt Phytophthora spp.(1) 

Phytophthora sojae 
cnt P. infestans (3) 

Myrothecium verrucaria 
cnt M. roridum (5) 

CT(AB) CT(BT) CT(AB) CT(BT) CT(AB) CT(BT) 

Phytophthora spp. 15.5 (0.14) 16.4 (0.17) 15.7 (0.10) 16.7 (0.25) 16.1 (0.04) 16.8 (0.12) 

P. infestans 14.8 (0.12) 15.4 (0.18) ─ ─ 15.2 (0.08) 15.7 (0.12) 

M. roridum 16.2 (0.07) ─ 16.4 (0.02) 17.2 (0.05) ─ ─ 

The PRI-lock probes were ligated on 106 targets/μl ligation mixture. CT values were normalized using 

the ILC control PRI-lock probe. Data represent average CT values of three PCR replicates in the 

conventional real-time platform (n = 3) and of four PCR replicates in the Biotrove OpenArray (n = 4). 

Standard deviations are indicated between brackets. AB: samples run on the conventional real-time 

PCR platform. BT: Samples tested on the Biotrove OpenArray platform. The number of discriminating 

nucleotides in the ligation region are indicated between brackets. nd: not detectable. cnt: closest non 

target. 

 

 

To evaluate the performance of the PRI-lock system in a multiplex setting, the probe mixture 

was ligated on several target DNA mixtures and analyzed in conventional real time PCR. 

Multiple target DNA sequences were detected with highly similar CT values compared with 

the CT values observed for single-target detection (table 3).  

 

In diagnostic applications, we expect to quantify several target organisms over large 

concentration differences. Thus, to investigate the sensitivity and linear quantification range 

of the PRI-lock probe system in conventional real time PCR, a 10-fold dilution series of a 

Phytophthora infestans target was detected and quantified. As shown in figure 2b, a linear 

quantification range of 6 orders of magnitude was achieved with a sensitivity of 103 P. 

infestans target copies/μl initial ligation mixture. Moreover, the correlation between the 

logarithmic target concentration in the ligation mixture and the observed CT value was very 

high (R2 = 0.995). All the other PRI-lock probes showed similar results (data not shown), 

demonstrating that the PRI-lock system can be used for reliable quantification over a wide 

concentration range. 

 

Application of the PRI-lock probe-based multiplex quantitative detection on the 
Biotrove OpenArray platform 
On a conventional real time PCR machine, analysis of a single sample however, would 

typically require 14 separate reactions, one for each probe, making large scale screenings 
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time consuming, laborious and expensive. A solution was offered by the Biotrove OpenArray 

system, which provides a platform for the parallel analysis of 48 samples against the 14 PRI-

lock probes. To compare the performance of the PRI-lock system in the Biotrove OpenArray 

with the performance in conventional real time PCR, samples containing single or multiple 

DNA targets were ligated and analyzed on the Biotrove OpenArray platform. The obtained 

CT values were found to be similar to the CT values observed in the conventional real time 

PCR (table 3), although the number of target copies per PCR was lower in the OpenArray. 

Similarly to the standard real time PCR platform, a linear quantification range of 6 orders of 

magnitude was achieved with a sensitivity of 103 P. infestans target copies/µl initial ligation 

mixture (fig. 2b). 

 

 
 

Figure 2: (A) Performance of the internal ligation control. The PRI-lock probe mixture was ligated 

using varying ligation reaction temperatures on a 10-fold serial dilution of P. infestans target and 

amplified in conventional real time PCR using the P. infestans and the ILC PRI-lock probe specific 

primer pairs. The P. infestans PRI-lock probe CT values were normalized using the ILC CT values as 

described in the Materials and Methods. P. infestans CT values with (■) and without normalization (x). 

(B) Calibration curves of the P. infestans PRI-lock probe in conventional real time PCR (▲) and in the 

Biotrove OpenArray platform (■). The PRI-lock probe mixture was ligated on a 10-fold P. infestans 

target dilution series and amplified in real time PCR. CT values were normalized using the ILC control 

PRI-lock probe. Data represent average CT values of six PCR replicates (n = 6). The standard 

deviation error bars fall within the data squares. 
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Figure 3: Calibration curves to assess the reproducibility of the Biotrove platform and the PRI-lock 

system. (A) Inter-array variation: The PRI-lock probe mixture was ligated on a 10-fold serial dilution of 

P. infestans target and amplified on the Biotrove OpenArray platform. Samples were tested on three 

different OpenArrays (n = 3). Data represent averages of six PCR replicates (n = 6). The error bars 

represent the standard deviations. (B) Assay-to-assay reproducibility: Three separate whole assay 

repeats ligation reactions were performed on 10-fold serial dilution of P. infestans target and amplified 

in the Biotrove OpenArray platform. Data represent averages of 3 separate ligation experiments (n = 

3) with each, four PCR replicates (n = 4). All CT values were normalized using the ILC PRI-lock probe. 

The error bars represent the standard deviations (Sometimes the standard deviation error bars fall 

within the data squares). 
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To test the reliability of the developed assay, we analyzed the inter-array variation of the 

OpenArray platform and the assay-to-assay reproducibility of the PRI-lock probe based 

quantification. To test the inter-array PCR variation, a PRI-lock probe mixture ligated on a 10-

fold dilution series of P. infestans target was assayed in triplicate on three separate arrays 

(fig. 3a). The standard deviations of the data points ranged from 0.05 to 0.71 CT values, 

indicating a low inter-array variation. Next, a dilution series of P. infestans target DNAs was 

quantified by performing each ligation reaction in threefold (fig. 3b). The observed assay-to-

assay variability was low, with standard deviations ranging from 0.18 to 0.58 CT values. 

Assay-to-assay reproducibility tests using the other PRI-lock probes showed similar results 

(data not shown), demonstrating the high reproducibility and quantitative reliability of the PRI-

lock probe detection system across multiple assays. 

 

Quantification and validation 
To enable accurate pathogen quantification of unknown samples, calibration curves were 

constructed for each of the 13 PRI-lock probe targets. Because the ligation of different 

probes is independent, the calibration curves could be constructed based on CT values 

measured in a multiplex setting. The PRI-lock probes were ligated on a 10-fold dilution series 

of all target DNA sequences and amplified in the Biotrove OpenArray platform. The obtained

  

Table 5: Quantification range and sensitivity of the developed assay on the Biotrove OpenArray.  

PRI-lock probe 
Calibration 

curve formula 
 

R2 value 
 

Absolute sensitivity 
(copy number/µl 
ligation mixture) 

Linear quantification range 
(copy number/µl ligation 

mixture) 

Phytophthora spp. y = -3.61x + 38.1 0.995 104 108 - 104 

P. infestans y = -3.31x + 35.7 0.989 103 108 - 103 

R. solani AG 2-2 y = -3.49x + 37.9 0.994 104 108 - 104 

R. solani AG 4-1 y = -3.49x + 35.8 0.994 103 109 - 103 

R. solani AG 4-2 y = -3.35x + 39.2 0.998 103 108 - 104 

F. oxysporum y = -3.47x + 39.1 0.990 104 108 - 104 

M. roridum y = -3.15x + 36.6 0.984 104 109 - 104 

V. dahliae y = -3.42x + 36.3 0.996 103 108 - 103 

V. alboatrum / V. tricorpus y = -3.40x + 38.8 0.991 103 108 - 104 

M. hapla y = -3.39x + 38.1 0.989 104 108 - 104 

E. carotovora carotovora y = -3.51x + 36.3 0.997 103 109 - 103 

A. tumefaciens y = -3.36x + 36.5 0.995 103 108 - 103 

G. Proteo bacterial spp y = -3.51x + 38.1 0.995 104 108 - 104 

(x) = Log10(copy number target input/μl ligation mixture). (y) = CT value. 
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calibration curves showed that all the target pathogens were quantified over at least 5 orders 

of magnitude (table 5). The correlation between the logarithmic target concentration and the 

observed CT value was very high for all the detected pathogens (lowest R2 = 0.984, average 

R2 = 0.993).   

 

The corresponding calibration equations enable us to determine the absolute number of 

targets in the analyzed ligation samples. To demonstrate this, we tested samples of known 

amounts of DNA targets in different ratios as well as genomic DNAs in different concentration 

ratios. First, known amounts of Phytophthora sojae and Erwinia carotovora carotovora DNA 

targets were mixed in reciprocal ratios of 1:103 and 1:104 (table 6). The calculated target 

numbers/µl ligation mixture based on the observed CT values in combination with calibration 

formulas, were very similar to the original target inputs (table 6). Second, the assay was 

evaluated using artificial mixtures of different ratios of genomic DNA concentrations. Using 

the calibration formulas of the corresponding PRI-lock probes and the observed CT values, 

the original target number for each detected target was calculated (table 7). In the first 

example, an input of 100 pg Fusarium oxysporum gDNA/µl ligation mixture resulted in a CT 

value for the F. oxysporum PRI-lock probe of 17.2. With the corresponding calibration 

formula for the F. oxysporum PRI-lock probe, we calculated that in the original ligation 

sample 106.3 copies F. oxysporum targets/µl ligation mixture were present (table 7). In the 

second example, 100 times less F. oxysporum DNA was added compared to the first 

sample. In this case, the observed CT value of 24.5 yielded a calculated copy number of 104.2 

F. oxysporum targets/µl ligation mixture, closely matching the actual 100 times difference in 

target input (table 7). 

 

Table 6: PRI-lock assay validation. Analysis of target DNAs mixed in different ratios.  

Template 
(Log10 target (copy number/µl 

ligation reaction)) 
 

Ratio 
 

Observed CT values (SD) in 
PRI-lock specific PCR 

 

 Observed pathogen template (SD) 
(Log10 target (copy number/µl 

ligation reaction)) 
 

P. sojae E. carotovora 
carotovora 

 Phytophthora 
spp. 

E. carotovora 
carotovora 

 Phytophthora 
spp. 

E. carotovora 
carotovora 

8 5 1000 : 1 9.4   (0.30) 19.3   (0.23)  7.9  (0.08) 4.9  (0.07) 

8 4 10000 : 1 9.3   (0.06) 22.7   (0.34)  8.0  (0.02) 3.9  (0.10) 

5 8 1 : 1000 20.6 (0.20) 8.8     (0.14)  4.8  (0.06) 7.9  (0.04) 

4 8 1 : 10000 24.2 (0.80) 8.9     (0.07)  3.8  (0.22) 7.8  (0.02) 

Target numbers were calculated using the CT values and the corresponding calibration curves. Data 

represent 2 ligation replicates (n = 2), each with 4 qPCR replicates (n = 4). 
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Discussion 
 

In this study, we demonstrated a specific, multiplex, PRI-lock probe-based, high-throughput 

detection assay using the Biotrove OpenArray platform for the detection and quantification of 

plant pathogens. The described application serves as a model for the development of rapid, 

molecular detection systems that offer an unprecedented combination of specificity, high 

throughput capabilities and robust target quantification.  

 

To evaluate the designed PRI-lock probes and corresponding primer pairs, the probes were 

ligated on single target sequences and tested using conventional real time PCR. In all cases, 

the targets were correctly detected and no false positives were observed, indicating highly 

specific ligation of the PRI-lock probes on their respective targets. Furthermore, a ligation 

reaction performed on non-target organisms with very similar ligation target sites did not 

result in detectable fluorescent signals. In agreement with the results obtained previously 

[70], we demonstrated that the PRI-lock probe system could discriminate non-target 

sequences on a single nucleotide difference. This is of prime importance, because non-target 

organisms with very similar ligation target sites might be present in diagnostic samples. In 

addition, the influence of multiple targets on PRI-lock probe based detection was tested, and 

it was demonstrated that the presence of multiple targets had no statistically significant 

influence. Our multiplex detection system provided truly independent detection of the 

different pathogens, with no evidence of inhibition due to possible ligation competition. 

 

Quantitative diagnostic assays require a linear range of quantification of several orders of 

magnitude. Ligation of short oligonucleotides was previously used successfully for the 

characterization of gene expression and gene copy number [239, 240]. In these cases, 

however, the potential target concentration range was much lower. We showed that ligation 

of PRI-lock probes can reflect well the target quantity over at least 5 orders of magnitude.  

 

The sensitivity of detection was determined by testing a 10-fold dilution series of ligation 

targets for all the PRI-lock probes. Sensitivities of 103 and 104 target copies/μl initial ligation 

mixture were achieved, depending on the PRI-lock probe. Assuming, e.g., an average rRNA 

gene copy number of 200 times per fungal or oomycete genome, our assay would require 

between 50 and 500 target genomes per 10 μl initial ligation mixture for reliable detection. 

For organisms with lower rRNA copy numbers, such as bacteria, the assay would require 

more target genomes input compared to the previous example. However, the final input in 

the nanoliter real time reactions is only a fraction of the original ligation mixture (<0.1%). To 

increase the final assay detection sensitivity, not the ligation sensitivity but the copy number 
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input of ligated PRI-locks per nanoliter reaction should be increased. Compared with other 

circularization probe-based assays, we already increased the applied PRI-lock probe 

concentration in our assay [70, 196, 241]. Increasing the PRI-lock probe concentration in the 

ligation mixture even further does not seem to yield further gains in sensitivity (not shown). A 

pre-amplification of the ligated PRI-lock probes therefore, could serve as an alternative 

strategy to increase the final assay sensitivity. PCR-based amplification however, often leads 

to amplification biases, changing the ratios between targets in the original biological sample 

[242]. Non-PCR-based strategies, like linear amplification, have been shown to minimize 

amplification biases and generally conserve the target ratios originally present in the 

template mixture [34, 85]. Incorporating a strategy with a linear amplification of the ligated 

probes into the PRI-lock based detection assay, therefore, seems to represent a potential 

way of increasing detection sensitivity, without compromising quantitative power. 

 

The target copy number used as template in the OpenArray is lower than the copy number in 

the conventional real time PCR. Despite the lower copy number input, the observed CT 

values and the linear detection range of the developed PRI-lock system were about the same 

for the two real time platforms (fig. 2b). It is known that, in nanoliter reactions, the 

concentration of the amplified products reaches the threshold concentration needed to 

provide a significant fluorescent signal sooner than in microliter reactions [243]. This property 

was previously exploited to detect as little as one template molecule in nanoliter PCR 

amplifications, without the need to increase the PCR assay cycle number [235, 243]. 

Together with the improved CT calling algorithm of the Biotrove OpenArray platform [235], 

this results in a performance equal to conventional real time PCR despite the reduction in 

template target copy number.  

 

The robustness of the PRI-lock system was tested by analyzing the inter-array variation of 

the OpenArray platform and the assay-to-assay reproducibility of the PRI-lock probes. Both, 

the inter-array and assay-to-assay variation were very low, demonstrating the reproducibility 

and quantitative reliability of the PRI-lock detection assay. The developed quantitative 

multiplex detection assay was validated by testing various artificial mixtures of target DNAs. 

We demonstrated that the calculated number of P. infestans and E. carotovora carotovora 

input targets, based on the observed CT values and the corresponding calibration formulas, 

were highly similar to the actual P. infestans and E. carotovora carotovora input target 

numbers. In a further test, P. infestans and E. carotovora carotovora targets were mixed in 

different ratios, using target concentrations within the linear detection range of the entire 

probe set. For both targets, a reciprocal dynamic range of 104 was established in a 

background of 20 ng non-target DNA. The observed dynamic range is an improvement over 
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most previously developed multiplex pathogen detection assays, where the dynamic range 

was often limited to 100-1000 [48, 70]. In the Biotrove OpenArray platform, target PCR 

amplifications are completely independent of each other, and, consequently, no PCR 

competition among the different ligated PRI-lock occurs. The dynamic range of detection in 

the PRI-lock detection assay is therefore, as long as the PRI-lock probes ligate on their 

respective targets, practically unlimited. Finally, artificial mixtures of genomic DNAs in 

different concentration ratios were tested. The components of the pathogen mixture were 

identified, and the original target input was calculated using the calibration formulas. 

Moreover, the ratios of the targets among the different ligation samples were correctly 

identified as well. The consistent, 10-fold discrepancy in observed target amounts between 

the E. carotovora carotovora and G. Proteo bacterial PRI-lock probes is a consequence of 

the different ligation regions for each probe within the genomic DNA of E. carotovora 

carotovora. Apparently, the copy number of the 16S rRNA gene detected by the G. Proteo 

bacterial PRI-lock is approximately 10-fold higher than the recA gene detected by the E. 

carotovora carotovora PRI-lock probe.  

 

Circularization probes have previously been applied successfully for the detection of multiple 

plant pathogens in diagnostic samples [70], but without the ability to quantify target numbers. 

To our knowledge, this report presents the first time that numerous plant pathogens could be 

simultaneously and accurately quantified using specific circularization probes in a single 

assay. For future applications, however, higher multiplexing is intended and therefore, the 

number of PRI-lock probes will be increased. Currently, assay background is considered as 

the biggest obstacle for increasing the level of multiplexing in traditional circularization probe-

based diagnostic assays. Traditional circularization probes contain generic primer sites for 

PCR amplification [70]. Multiplex PCR via general primer sites carries the potential for 

competition during amplification, with a cumulative increase in background, which reduces 

assay sensitivity. In contrast, each PRI-lock probe carries a unique pair of primer binding 

sites, unrelated to the sequences of all the other probes. Circularized PRI-lock probes can 

therefore be amplified individually. Increasing the level of multiplexing would not be expected 

to increase the background signal. To further guarantee low background, even in highly 

multiplex settings, we are currently developing a universal TaqMan probe which hybridizes to 

the generic sequence incorporated in all the PRI-lock probes. In addition, including a 

universal TaqMan probe should speed up data analysis, and therefore sample throughput, 

since there is no need to conduct amplicon dissociation curve analysis. Given the 

independent PCR amplification of the ligated PRI-lock probes and the three slide capacity of 

the OpenArray NT Cycler, it should be feasible to engineer ultra-high throughput arrays for 

the quantitative detection of hundreds of targets simultaneously.  
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Conclusions 

 

To date, most multiplex pathogen detection has been performed using traditional 

hybridization microarrays [32, 33]. Although such platforms typically allow highly multiplex 

detection, they generally offer relatively low sample throughput and yield limited quantitative 

information compared to qPCR [244]. In this study, we described a high-throughput 

diagnostic system that combines very specific multiplex pathogen detection with accurate 

quantification over a range of target concentrations. The PRI-lock probes, combined with the 

OpenArray system, offer a flexible and adaptable design of high-throughput, quantitative 

multiplex detection assays, since the target recognition is separated from further downstream 

processing. It should be noted, although we have demonstrated that large quantities of non-

target DNA do not influence the accuracy of PRI-lock probe-based detection, that PRI-lock 

performance remains to be examined within field applications. The PRI-lock system 

described is readily modifiable and expandable to include an almost unlimited range of 

potential targets, providing an easily accessible platform for versatile diagnostic applications. 
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Abstract 
 

Bioremediation management strategies for sites contaminated with chlorinated compounds 

demand monitoring technologies that enable simultaneous detection and quantification of a 

wide range of organohalide respiring bacteria. Many multiplex and quantitative detection 

methods suffer from compromises between the level of multiplexing, throughput and 

accuracy of quantification. In this paper, we report the development and application of a high-

throughput, ligation-based circularization assay for simultaneous quantitative detection of 

multiple organohalide respiring bacteria and their key reductive dehalogenases. The ligation 

probes are long oligonucleotides with target complementary regions at both their 5’ and 3’ 

ends. Upon perfect target hybridization, the ligation probes are circularized via enzymatic 

ligation, subsequently serving as template for individual and standardized amplification via 

unique probe-specific primers. Adaptation to OpenArrays, which can accommodate up to 

3072, 33 nl PCR amplifications, allowed high-throughput real time quantification. The ligation 

probes were designed to target 10 reductive dehalogenases and 16S rRNA genes from 9 

phylogenetic groups involved in reductive dechlorination. All probes were shown to detect 

specifically their corresponding targets and provided discrimination against non-target 

sequences with very similar target sites.  The multiplex assay was used to profile four 

different environmental samples, yielding results that were comparable to those produced by 

conventional qPCR methods, yet with greater reproducibility, sensitivity and dynamic range. 

This system was demonstrated to provide new possibilities for the simultaneous and high-

throughput analysis of numerous potential biomarker targets in biological samples.  
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Introduction 
 

Organohalide respiring bacteria (OHRB) are efficient degraders of environmental 

contaminants like chlorinated ethenes, chlorophenols, and other halogenated aliphatic and 

aromatic hydrocarbons. Nevertheless, these organohalides appear to persist at various 

locations, and this lack of degradation can be attributed to the absence of OHRB in sufficient 

numbers or to improper conditions for their growth and activity. Hence, high-throughput 

technologies are needed for monitoring the biodiversity and functional capabilities of 

microorganisms involved in the breakdown of halogenated pollutants in the environment. 

Since the first isolation of a microorganism, capable of reducing the common groundwater 

contaminants tetrachloroethene (PCE) and trichloroethene (TCE) completely to ethane, 

Dehalococcoides ethenogenes  strain 195, a decade ago [245], many more microorganisms 

have been isolated and identified to play crucial roles in the organohalide respiration of a 

wide range halogenated pollutants. Key organohalide respiring bacteria (OHRB) belong to 

the bacterial genus Dehalococcoides  [246-248], members of which can reductively 

dechlorinate PCE, TCE, cis-dichloroethene (cDCE), and vinyl chloride (VC) to ethene. Also 

important are bacteria belonging to the genera Desulfitobacterium, Dehalobacter, 

Sulfurospirillum, Anaeromyxobacter, Desulfuromonas and Geobacter, which are able to 

degrade PCE to cDCE, and also dehalogenate several other halo-organic pollutants [249-

251]. In addition, there are strong indications for the existence of additional, yet undescribed 

microbial taxa that have the capacity to dehalogenate, and several of these have recently 

been isolated or identified [252-254].  

 

OHRB possess reductive dehalogenase (Rdh’s) enzymes that are responsible for the 

breakdown of the halogenated compounds. As various OHRB taxa include species that do 

not grow by organohalide respiration and possibly do not contain these Rdh’s, it is necessary 

to couple phylogenetic detection to functional information. With respect to function, the well-

characterized Rdh’s have emerged as the most appropriate molecular detection targets for 

studying and monitoring bioremediation of contaminated sites [255, 256]. For example, the 

similarity in 16S rRNA gene sequence between Dehalococcoides spp. does not necessarily 

translate into dehalogenation ability - this was observed for the isolates BAV1 and FL2, 

which share a high 16S rRNA gene sequence similarity (greater than 99.9% identity), but 

only strain BAV1 can use VC as an electron acceptor for growth [257, 258]. Thus, it is 

important to include the Rdh genes as targets for characterization of dehalogenating ability.  

 

Quantitative PCR protocols have been developed [259] for a number of OHRB 16S rRNA 

gene targets and a variety of Rdh genes, including the TCE to VC Rdh gene (tceA) of 
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Dehalococcoides strains 195 [260] and FL2 (He [261, 262], the VC Rdh genes from 

Dehalococcoides strains VS [263] and GT [264] (denoted vcrA), and that from 

Dehalococcoides strain BAV1 (termed bvcA) [265]. Many of the routinely used assays are 

focused on Dehalococcoides spp. and their genes, and generally overlook other 

dehalogenating microorganisms. However, contaminated sites often contain a mixture of 

pollutants and environmental conditions that support the growth of a variety of OHRB.  

 

To achieve the most reliable characterization of a soil’s dehalogenating capacity, a wide 

range of OHRB should be monitored quantitatively. To date, quantitative PCR (qPCR) 

provides the most reliable means of target quantification [8, 266, 267]. Although several 

successful multiplex qPCR-based detection methodologies for microorganisms have been 

realized, the attainable level of multiplexing is relatively low, typically restricted to detection of 

only a few target microorganisms per assay [10, 268-271]. Moreover, the accuracy of 

quantification in environmental samples with highly unbalanced target ratios is often limited 

[233, 272, 273]. Reliable detection and accurate quantification of several microorganisms in 

a single sample, therefore, requires separate reactions making large-scale sample screening 

more laborious, time consuming and expensive. To increase efficiency and reliability as well 

as reduce expenses, it is desirable to develop simple multiplex assays that can specifically 

detect and quantify a high number of microorganisms simultaneously.  

 

Recently, a novel ligation-based probe assay was developed that bridged the gap between 

the demands for highly specific target recognition and the high-throughput, multiplex 

quantification of microorganisms [274]. The high specificity was achieved via the use of 

ligation-based circularization, which provides discrimination of microorganisms based on a 

single point mutation in the targeted DNA sequence [70, 135, 274] This point mutation 

specificity is of prime importance for the reliable characterization of a soil’s dehalogenating 

capacity, since microorganisms that are closely related to target OHRB may have highly 

disparate ecologies from the target organism itself. Combining real time PCR methodology 

with OpenArray technology additionally allows such sensitive and highly accurate 

quantification assays to be carried out in a high-throughput fashion. Such OpenArrays have 

48 sub-arrays, allowing parallel testing of up to 48 samples, with each sub-array containing 

64 microscopic 33 nl holes. These hydrophilic holes and hydrophobic array surface coatings 

ensure the sample remains isolated through surface tension, and the holes can be loaded 

automatically with master mix [274, 275].  

 

In the implemented strategy, mixtures of multiple circularization probes are ligated on 

fragmented gDNA samples [129]. Target recognition is achieved by specific hybridization of 
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the sequences flanking the target of these circularization probes, and efficient ligation occurs 

only if the end nucleotides perfectly match the DNA target. Next, the circularized probes are 

individually amplified by using PRI-lock-unique primer pairs via universal real time PCR in 

OpenArrays, enabling accurate target quantification in a highly multiplex format.  

 

In this manuscript, we report the development of a ligation-based, quantitative detection 

assay for the high-throughput detection of OHRB and the subsequent characterization of the 

potential for organohalide respiration capacity of soils in contaminated environments. The 

specificity, sensitivity, and dynamic range of detection of the developed assay were 

determined by using 19 target-specific circularization probes that were specific to their target 

sequences over a linear quantification range of 5-6 orders of magnitude and could be used to 

multiplex detection on the OpenArray system. 

 

 

Material and methods 
 

Site Samples 
Four samples with different composition of OHRB as characterized by routine conventional 

qPCR were used in application of the PRI-lock probe system and for testing the multiplex 

assay on the Biotrove OpenArray system. 

 

Sample 1 was an enrichment sample made from river sediments contaminated with PCE and 

hexachlorobenzene. The original site and enrichment were previously described, and were 

found to contain populations of Dehalococcoides and Sulfurospirillum spp. [276]. Secondly, a 

sample from an in-situ dechlorinating bioreactor was also used. This bioreactor is being used 

to bioremediate a site contaminated with chloroethenes and mineral oils [277]. Two 

groundwater samples were also included. These were obtained from a contaminated site 

located in the province of Groningen, the Netherlands, that was contaminated by spillage of 

the dry-cleaning solvents PCE and TCE. These two field samples were taken at different 

time points during routine monitoring of bioremediation activities that are currently taking 

place at the site (Bioclear b.v., Groningen, the Netherlands). At this site a Dehalococcoides 

culture and carbon source had been injected into the soil to bioaugment and biostimulate 

reductive dechlorination of the chlorinated compounds. Sample “Field-1” was taken at the 

beginning of the monitoring round when bioaugmentation had been completed and “Field-

120” was taken 120 days later. The two field samples were used to evaluate the applicability 

of the PRI-lock system for the monitoring of environmental samples.  
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DNA extraction  
Field samples (100-150 ml) were filtered through 0.2 µm polycarbonate filters (Millipore BV) 

using a Millipore filtering system to collect microbial biomass. Filters were either stored at -20 
°C or immediately processed for DNA extraction, whereby filters were cut into small strips 

and placed in bead-beating tubes supplied with the FastDNA Spin Kit for Soil (MP 

Biomedicals). Genomic DNA extraction was performed according to the manufacturer’s 

instructions. 

 
Ligation circularization probe design 
The PRI-lock probe target complementary regions were engineered according to previously 

described design criteria [70] and were connected by a 60 bp compound linker sequence. 

The linker sequence contained a 20-bp generic TaqMan probe-binding sequence and two 

unique primer binding sites for specific PCR amplification (table 1). All primer pairs have 

equal melting temperatures to allow universal TaqMan- and SYBR-Green-based detection in 

real time PCR. The primer pairs were chosen from the GeneFlexTM TagArray set (Affymetrix,) 

so as to minimize probe secondary structures and to optimize primer TM and primer 

specificity. Potential for unwanted secondary structures, primer TM and primer specificity 

were predicted using Visual OMP 6.0 software (DNA Software Inc.). The prediction 

parameters were set to match ligation ([monovalent] = 0.025 M; [Mg2+] = 0.01 M; T = 65°C, 

[probe] = 250 pM) and PCR conditions ([monovalent] = 0.075 M; [Mg2+] = 0.005 M, T = 

60°C). When necessary, PRI-lock probe arm sequences were adjusted to avoid secondary 

structures that might interfere with efficient ligation as described previously [70].  

 

To monitor the ligation efficiency and provide a reference for normalization, an Internal 

Ligation Control (ILC) PRI-lock probe was constructed. The target complementary regions of 

the ILC PRI-lock detect an artificial DNA sequence, of which a fixed amount was added to 

each ligation reaction, resulting in standard ILC CT values of 23 for the iQ5 Biorad and the 

Biotrove OpenArray. Variation in the ligation reaction was monitored by comparing the 

observed ILC CT values with the fixed ILC CT value. The CT values were standardized as 

described previously [129]. 

 

The PRI-lock probes listed in table 1, and all the other oligonucleotides used in this study, 

were synthesized by Eurogentec SA. 

 

Ligation and exonuclease treatment 
PCR fragments and genomic DNAs were used as templates for ligation. Prior to ligation, the 

DNA targets were fragmented by digestion using EcoRI, HindIII and BamHI (New England 
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Biolabs Inc.) for 15 min at 37°C. Cycled ligation was performed in 10 µl reaction mixture 

containing 20 mM Tris-HCl, pH 7.5, 20 mM KCl, 10 mM MgCl2, 0.1% Igepal, 0.01 mM rATP, 

1 mM DTT, 20 ng sonicated salmon sperm DNA and 4 U Pfu DNA ligase (Stratagene). For 

multiplex detection, the optimized concentrations of the individual probes ranged from 10 pM 

to 10 nM. Reaction mixtures were prepared on ice and rapidly transferred into a thermal 

cycler. Before ligation, samples were denatured at 95°C for 5 min. The samples were 

subsequently subjected to 20 cycles of 30 s at 95°C and 5 min at 64°C. After the final cycle, 

the reaction was immediately cooled to 4°C. 

 

After the ligation reaction, 10 µl of exonuclease mixture [10 mM Tris-HCl, pH 9.0, 4.4 mM 

MgCl2, 0.1 mg/ml BSA, 0.5 U Exonuclease I (USB Europe GmbH) and 0.5 U Exonuclease III 

(USB Europe GmbH)] was added to each reaction, and the samples were incubated at 37°C 

for 30 min, followed by enzyme inactivation at 95°C for 2.5 h. 
 

Real time PCR 

Amplification of ligated probes was monitored in real time using the iQ5 iCycler real time 

PCR system (Biorad). Reactions were performed in 1× TaqMan universal PCR Master Mix 

(Applied Biosystems) containing, 0.12 µl UNG (Applied Biosystems), 1 µl ligation-

exonuclease product, 300 nM of the PRI-lock probe-specific forward and reverse primers and 

100 nM TaqMan probe (5’-YakimaYellow-tccGgtctcatcGctga–BHQ-3’, capitals indicate 

Locked Nucleic Acid molecules [LNA]). The reaction mixture was initially incubated at 50°C 

for 2 min, followed by 10 min denaturation at 95°C, and 40 cycles of 15 s at 95°C and 1 min 

at 60°C. Fluorescence was recorded in the 60°C step of each cycle.  

 

Biotrove OpenArray real time PCR 

Amplification of ligated circularization probes was followed in real time using an 

OpenArray NT Cycler (BioTrove Inc.). Samples were loaded into OpenArray plates using the 

OpenArray NT Autoloader according to the manufacturer's protocols. Each subarray was 

loaded with 5.0 μl mastermix containing 2.5 μl ligated PRI-lock mixture and reagents in a 

final concentration of 1× LightCycler® FastStart DNA Master SYBR-Green I mix (Roche 

Diagnostics GmbH), 0.2% Pluronic F-68 (Gibco), 1 mg/ml BSA (Sigma-Aldrich), 1:4000 

SYBR-Green I (Sigma-Aldrich), 0.5% (v/v) Glycerol (Sigma-Aldrich), 8% (v/v) deionzed 

formamide (Sigma-Aldrich). The PCR OpenArray thermal cycling protocol consisted of 90°C 

for 10 min, followed by cycles of 28 s at 95°C, 1 min at 60°C and 70 s at 72°C (imaging step). 

Simulation of Biotrove PCR conditions in Visual OMP 6.0 software (DNA Software Inc.) 

estimated that the 60°C as annealing temperature in the Biotrove OpenArray. The Biotrove 

OpenArray NT Cycler System Software (version 1.0.2) uses a proprietary calling algorithm 
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that estimates the quality of each individual threshold cycle (CT) value by calculating a CT 

confidence value for the amplification reaction. In our assay, CT values with CT confidence 

values below 100 (average CT confidence of the non-template amplification reactions plus 3 

standard deviations) were considered background signals. Higher CT confidence levels were 

considered positive and were analyzed further for amplicon specificity by studying the 

individual melting curves. 

 

 

Results 
 

PRI-lock probe design  
The ligation-based circularization probes were designed for 9 phylogenetic groups of OHRB 

and 10 Rdh’s that are important in characterization of  microbial reductive dehalogenation 

potential at contaminated sites. Using the 16S rRNA sequences for taxonomic and the Rdh-

encoding genes for functional information, target and non-target sequences were selected 

and probes designed (table 1). Target complementary regions were selected based on 

alignments and phylogenetic trees with the target and closest non-target bacteria 16S rRNA 

sequences or Rdh gene sequences (table 2). Probes were also designed to distinguish 

between very closely related sequences like those of Dehalococcoides ethenogenes 195 and 

Dehalococcoides sp strain VS (Cornell subgroup) from  Dehalococcoides strains CBDB1, 

FL2, BAV1 (Pinellas subgroup) which share 99 % sequence identity. Mismatches between 

the target sequence and the closest non-target sequences in the 3’ arm of each probe 

provided for probe specificity (table 2). 

 
Evaluation of assay performance 

An Internal Ligation Control (ILC) PRI-lock probe was used to correct for the variability 

arising from the ligation reaction, since the target detection and quantification are dependent 

on the ligation and real time PCR amplification steps, as described previously [129]. The 

specificity of each PRI-lock probe for their individual targets was evaluated using two probe 

mixtures (one mixture of 9 phylogenetic probes and one mixture of 10 functional probes) in 

separate ligation reactions followed by conventional real time TaqMan PCR. All the tested 

PRI-lock probes specifically detected their corresponding targets (table 3). A number of 

closely related non-target organisms, containing sequences similar to the target ligation 

regions for the PRI-lock probe mixtures, were also tested to ensure the specificity of probes 

for their target microorganisms. In agreement with previous results [70], the observed signals 

in the presence of the non-target organisms with similar ligation sites are very similar to the 

no template controls, indicating that no a-specific ligation occurs on the non-target DNAs 
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(table 3) and demonstrating the specificity of the target recognition by the designed PRI-lock 

probes. 

 

Table 1: Target complementary regions and unique primer sequences for the PRI-lock probes. 

Targeted species/ 

group 

Target complementary sequence (5’–3’) Forward primer 

sequence (5’-3’) 

Reverse primer 

sequence (5’-3’) 5’ 3’ 

Dehalobacter GCTCAACTCCGTAAAGC
ATTGG 

TGAAAGTG
CGGA 

CATCCAGCTCAA
CGTATCCA 

ATAACTGTGACG
CTGTGATG 

Dehalococcoides 195 
+ rel 

GGGAAAGCCAAGTGATG
AAGTAC  

GAATTGTC
CAGTAAA 

TACGAACGTCTT
AGCACTCC 

AGAACACGTCA
GAGGTCCGT 

Dehalococcoides 
CBDB1 + rel 

TCATCACTTCACTTTCCC
CTTGCTGGA  

AAACTGTA
CGTGCA 

AGAATCGTACAC
GCTGCCAT 

CATACGACTGAC
ACGAGCTG 

Desulfitobacterium CGAGTTGCAGATAACAA
TCCGAAC 

GACTTCAT
GTTCT 

CTTGTGCATGTA
CTCGACTG 

ATCAGATCGACA
CCGTAGCT 

Sulfurospirillum CAAGGTCATCTAGCGGA
AGC 

GTCGCAGT
TATTA 

GAGTCTGCTGTT
CGACCATC 

ATAGTCCTGAGC
CGGGATCT 

Anaeromyxobacter GGCGGATGTGCGGGAA
ATGC 

GCTGAACG
ATCC 

CACCACACTGG
AGCGGTATA 

TGATTACGGACT
GTGCTTTG 

Desulfuromonas CGTACTTTGTGGACACA
GGGGGGTCAGTTCGGCT 

TTGACATC
CCGAT 

CAATACCTGTGA
CGAGCCTG 

ACTCGGTCACTC
AGCATATA 

Sedimentibacter GCGTCACTTATGTAAGG
GCCCAGA 

GCTTAGTC
TTGCA 

CTTTGGCGTGCT
AGTGGTTT 

ATTCTAATCAAT
CGTCGGGG 

Geobacter GAACTTATGCCCTCTCC
CATC 

CTTTGACC
GTCT 

CTTCGGTGTCA
GTGATCTCT 

ATATTCGGAACG
TCGCCTGG 

     

Targeted reductive 

dehalogenase gene 

Target complementary sequence (5’–3’) 
Forward primer 

sequence (5’-3’) 

Reverse primer 

sequence (5’-3’) 5’ 3’ 

Sul_pceA TTCAGTAATTGCTTTTGA
AGGACACTC 

AAGTTCTT
GGACC 

ATAGTCCTGAGC
CGGGATCT 

GAGTCTGCTGTT
CGACCATC 

Dsb_pceA TCCTGGGAGCCGATCTA
GTCG 

AGCAACCC
GTC 

ATATTCGGAACG
TCGCCTGG 

CTTCGGTGTCAG
TGATCTCT 

Det_pceA GTCTTTGAATCATATCCC
AGTCTATAGG 

CAAGTGTA
AGGGC 

GATGAATGTCGT
CGCTGCTC 

CGGCGTGATGA
TCACTACTT 

vcrA AGCACCTGCTATACCAC
CCG 

ATACAGTAT
ATGATCC 

TGATTACGGACT
GTGCTTTG 

CACCACACTGG
AGCGGTATA 

bvcA ATTACACCTATACTGGAG
TAACCAAAAA 

CTGGTGAT
TGGC 

ATTCTAATCAAT
CGTCGGGG 

CTTTGGCGTGCT
AGTGGTTT 

tceA ATTAACAGGTTCTCTTCA
GGCG 

CGGTGCGC
ATG 

AGAACACGTCA
GAGGTCCGT 

CCTCACGATTCT
GCAAGTAT 

cprA1 ACTTTCAGAAAGCTTCTG
CGG 

CTGCAGCC
CCA 

ATAACTGTGACG
CTGTGATG 

CATCCAGCTCAA
CGTATCCA 

cprA5 CCCTGATCTTCCGGCCT
CGC 

CGTGATGA
GCTG 

ATCAGATCGACA
CCGTAGCT 

CTTGTGCATGTA
CTCGACCC 

dcA ATGCTGACCAAAGAAAA
GAACGC 

CATGACAC
CCGT 

ACTCGGTCACTC
AGCATATA 

CAATACCTGTGA
CGAGCCTG 

cbrA CCGGGTTGACCCCAAAA
AGTGT 

GACACGTA
TCCAAC 

CATACGACTGAC
ACGAGCTG 

AGAATCGTACAC
GCTGCCAT 

Internal Ligation 
Control (ILC) 

GGGAGAACACTGCGTGG
TTTTCACATAC 

GCTTGTGC
CTCTCGA 

CTATCGCGTGCT
AGTCGTCT 

ATTCTAATCAAT
CGTCGCGG 
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Table 2:  OHRBs 16S rRNA and reductive dehalogenase genes targeted by the PRI-lock probes and 

their closest non-target organism or reductive dehalogenase gene.  

Nucleotides or gaps owing to deletions used to discriminate from most similar nontarget sequences 

are underlined 
 

 

In order to establish the detection sensitivity and linear quantification range, calibration 

curves were constructed based on CT values measured in a multiplex setting on a 10-fold 

dilution series of all the target DNA sequences. Detection was observed with the developed 

PRI-lock probes over a range from 103 to 108 DNA target copies / ligation mixture for both the 

taxonomic and Rdh gene probes (table 4). Additionally, the DNA targets could be quantified 

in a linear fashion over 5- 6 orders of magnitude (table 4). The linear correlation of the 

observed CT values and the logarithmic target concentrations in the ligation mixtures was 

higher than R2 = 0.98 in all cases (table 4), demonstrating that the PRI-lock system can be 

used for reliable quantification over a wide concentration range for both the taxonomic and 

functional gene targets.   

Targeted species/group 3' Target complementary 
sequence (5'-3') Closest non-Target organism 

Dehalobacter TGAAAGTGCGGA Desulfitobacterium 

Dehalococcoides 195 + rel GAATTGTCCAGTAAA Dehalococcoides CBDB1 + rel 

Dehalococcoides CBDB1 + rel AAACTGTACGTGCA Dehalococcoides 195 + rel 

Desulfitobacterium GACTTCATGTTCT Dehalobacter 

Sulfurospirillum GTCGCAGTTATTA Campylobacter 

Anaeromyxobacter GCTGAACGATCC Desulfuromonas 

Desulfuromonas TTGACATCCCGAT Geobacter 

Sedimentibacter GCTTAGTCTTGCA Dehalobacter 

Geobacter CTTTGACCGTCT Desulfuromonas 

   

Targeted  reductive dehalogenase 
gene 

3' Target complementary 
sequence (5'-3') 

Closest non-target reductive 
dehalogenase gene 

Sul_pceA AAGTTCTTGGACC Dsb_pceA 

Dsb_pceA AGCAACCCGTC cprA5 

Det_pceA CAAGTGTAAGGGC tceA 

vcrA ATACAGTATATGATCC bvcA 

bvcA CTGGTGATTGGC vcrA 

tceA CGGTGCGCATG bvcA 

cprA1 CTGCAGCCCCA cprA3 

cprA5 CGTGATGAGCTG Dsb_pceA 

dcA CATGACACCCGT Dsb_pceA 

cbrA GACACGTATCCAAC cbdbA88 
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Table 3: Specificity of the PRI-lock probes for the target and non-target DNA.  

 CT values are shown, using 100pM of probe for ligation to 106 copies DNA (1pg PCR fragments). 

Data represent averages of 3 separate ligation experiments (n = 3).  

 

 
Comparison of qPCR and PRI-lock assay performance in practical samples 

Using the developed probe sets, we tested the application of the assay on DNA isolated from 

four biological samples; one laboratory enrichment culture and three practical samples; an in-

situ bioreactor and two contaminated soil samples taken at different times over the course of 

bioremediation. The contaminated soil samples were previously analyzed using conventional 

qPCR assays for Dehalococcoides spp. and their Rdh genes tceA, bvcA and vcrA [277] , 

while the bioreactor sample was also checked for the presence of Dehalobacter. These 

qPCR assay results were compared with the PRI-lock probe assay (fig. 1). The results 

obtained with the multiplex ligation-based detection system were comparable to those 

obtained in conventional qPCR, with quantitative differences in only a few cases (fig. 1). As 

an example, we detected vcrA and bvcA in the bioreactor at concentrations of 107 and 104 

gene copies / ml groundwater, respectively, as had been found previously [277]. For some of 

PRI-lock Probe Target CT Non-target CT No-template control CT 

Dehalobacter 19.3 31.0 31.4 

Dehalococcoides 195 + rel 19.1 30.3 30.9 

Dehalococcoides DCBDB1+ rel 22.3 32.6 35.4 

Desulfitobacterium  23.4 31.5 31.4 

Sulfurospirillum  16.9 32.3 33.0 

Anaeromyxobacter 13.5 28.1 28.2 

Desulfuromonas  21.8 30.1 31.1 

Sedimentibacter  18.2 28.8 29.3 

Geobacter lovelyi 14.3 29.5 27.1 

    

Sul_pceA 17.9 32.6 32.2 

Dsb_pceA 16.7 30.6 30.2 

Det_pceA 16.8 33.9 34.2 

vcrA 23.9 32.6 31.6 

bvcA 19.7 31.4 37.6 

tceA 18.9 35.5 36.0 

cprA1 15.1 28.2 28.3 

cprA5 19.8 32.9 33.5 

dcA 23.0 31.8 31.7 

cbrA 23.2 31.6 32.9 
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the targets, copy numbers were found to be generally higher for the ligation-based detection 

system than obtained by conventional qPCR assays. For example, the concentration of the 

tceA gene as observed using the ligation-based detection was in general 2 orders of 

magnitude higher than detected by conventional qPCR. Dehalococcoides spp. 16S rRNA 

gene copy numbers, like the tceA, were also higher by more than 2 orders of magnitude with 

the ligation-based detection system compared to those obtained by conventional qPCR. 

 
Table 4: Quantification range and sensitivity of the developed assay in conventional real-time PCR.  

PRI-lock probe 
Calibration curve 

formula 
 

R2 
value 

 

Absolute sensitivity 
(copy number/ 

ligation mixture) 

Linear quantification range 
(copy number/ 

ligation mixture) 
Dehalobacter y = -0.84Ln(x) + 30.8 0.989 103 108 – 103 

Dehalococcoides 
ethenogenes 

y = -0.79Ln(x) + 29.8 0.984 103 108 – 103 

Dehalococcoides 
CBDB1 

y = -0.96Ln(x) + 35.3 0.996 103 108 – 103 

Desulfitobacterium y = -0.87Ln(x) + 29.8 0.984 103 108 – 103 

Sulfurospirillum y = -0.85Ln(x) + 28.6 0.994 102 108 – 102 

Anaeromyxobacter y = -1.02Ln(x) + 33.4 0.976 104 108 – 104 

Desulfuromonas y = -0.75Ln(x) + 31.7 0.983 102 108 – 102 

Sedimentibacter y = -1.06Ln(x) + 32.3 0.977 103 108 – 103 

Geobacter y = -0.75Ln(x) + 31.7 0.970 104 108 – 104 

     

Sul_pceA y = -1.11Ln(x) + 36.1 0.999 104 108 – 104 

Dsb_pceA y = -1.12Ln(x) + 34.8 0.994 103 108 – 103 

Det_pceA y = -1.16Ln(x) + 36.1 0.9878 103 108 – 103 

vcrA y = -1.03Ln(x) + 33.5 0.975 103 108 – 103 

bvcA y = -1.36Ln(x) + 35.3 0.992 103 108 – 103 

tceA y = -1.11Ln(x) + 34.6 0.996 103 108 – 103 

cprA1 y = -1.22Ln(x) + 37.7 0.993 104 108 – 104 

cprA5 y = -1.10Ln(x) + 32.1 0.997 102 108 – 102 

dcaA y = -1.09Ln(x) + 34.3 0.995 103 108 – 103 

cbrA y = -1.03Ln(x) + 36.2 0.998 103 108 – 103 

(x) = copy number target input/ligation mixture). (y) = CT value. Each data point represents three 

separate ligation reaction (n = 3). 
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Figure 1: Comparison of conventional qPCR (light grey bars) and the PRI-lock probe system (dark 

grey bars) for quantitative analysis of Dehalobacter and Dehalococcoides spp. 16S rRNA gene and 

reductive dehalogenase genes (tceA, vcrA and bvcA). -De: Dehalococcoides Cornell subgroup, 

Dcbdb1 Dehalococcoides Pinellas subgroup. (n = 3 for all data points). 
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Presence of other OHRB  
Using the ligation-based circularization probes developed in this study however, we were 

able to simultaneously detect other phylogenetic groups of OHRB as well, including 

Sulfurospirillum and Geobacter that had not previously been quantified in the four biological 

samples. In the enrichment samples, for example, 109 16S rRNA gene copies /ml 

groundwater were detected for Sulfurospillum (fig. 2). Moreover, Rdh genes, such as pceA 

from Sulfurospirillum or cbrA from Dehalococcoides, could also be detected in the biological 

samples. In the bioreactor sample, Dehalobacter was detected (fig. 2), as would have been 

predicted based on previously obtained qPCR results (fig. 1), but Desulfitobacterium was 

also detected at a density of 106 gene copies / ml groundwater (fig. 2), despite the fact that it 

was not detected by conventional qPCR (data not shown). 

 
Application of ligation-based multiplex quantitative detection on the Biotrove 
OpenArray platform 
Analysis of a single sample for 19 targets on a conventional qPCR machine is laborious, time 

consuming and expensive. Hence, it is desirable to have a multiplex assay for the large-scale 

screening of samples at sufficiently high spatiotemporal resolution for robust monitoring of 

field sites and bioremediation progress. We therefore applied the multiplex assay developed 

in this study on the Biotrove OpenArray quantitative PCR system, which allowed for the 

parallel analysis of up to 48 samples against all the 19 PRI-lock probes (table 5). The PRI-

lock probe detection using the conventional qPCR platform was performed using TaqMan 

probes, while the analysis on the Biotrove was done with SYBR-Green qPCR mix. Therefore, 

it should be noted that the results in figure 2 and table 5 may not be directly comparable 

since the two assyas were performed using different platforms and PCR amplification 

detection chemistries, as licensing issues did not allow for OpenArray analyses with TaqMan 

probes at the time these experiments were conducted. 

 

Using target and non-target organism DNA, the PRI-lock probes should equal specificity 

towards the targets and non-targets in the Biotrove OpenArray as in the conventional qPCR 

platform using TaqMan probes (data not shown). In the non-target and no-target control 

samples, low numbers of background amplifications were observed in the Biotrove 

OpenArray compared to the conventional qPCR platform. Hence, the specific detection of 

OHRB demonstrates that the multiplex assays were feasible on the OpenArray system.  

 

To get an indication of the assay performance in nanoliter-volume qPCR using practical 

samples, the CT values obtained with each probe on the OpenArray (table 5) were compared 

to the results obtained on the conventional qPCR platform for the four field samples (fig. 2).  
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Figure 2: Quantification of OHRB 16S rRNA and reductive dehalogenases genes using the PRI-lock 

probe system on enrichment, bioreactor and field samples. 
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Table 5: Analyses of the four practical samples on the Biotrove OpenArray system. 

OpenArray n = 32 for each datapoint. Standard deviations are indicated between brackets. ND: not 

detected. 

 

 

Several differences between the the two platforms were observed, and, in some cases, there 

was no correlation between the results. In the enrichment culture, for example, based on 

figure 2 we expected to detect Sulfurospillum and both Dehalococcoides Pinellas and Cornel 

subgroups, but in the Biotrove OpenArray there was no signal observed in any of the 

replicates for Sulfurospirillum and Dehalococcoides Pinellas (table 5).  

 

To assess the potential of the assay for use in routine monitoring, we compared the results 

obtained for the two time points of the Field Samples to see if the trends observed from PRI-

lock analysis using the conventional qPCR were the similar to the Biotrove OpenArray. Most 

of the probes showed similar trends. Some exceptions were, for example, the probes for 

Anaeromyxobacter (Ana) and Geobacter (Geo), which were not detected in the Field at day 1 

but have a low CT after 120 days. In conventional qPCR, these probes had CT values of 18 

and 20, respectively, at day 1. Similar disparities were observed for the Rdh genes.  

 CT-value ( SYBR-Green PCR OpenArray platform) 

Probe Enrichment Bioreactor Field 1 Field 120 

Sulf ND 27.6 (0.59) 12.0 (0.16) 22.5 (0.63) 

De ND 14.5 (0.12) ND 18.9 (0.15) 

DCBDB1 21.1 (0.73) 19.4 (0.24) 23.8 (0.36) 9.6 (0.09) 

Dsm ND ND 21.6 (0.66) 10.7 (0.31) 

Dsb ND ND 25.8 (0.67) 13.4 (0.13) 

Dhb 20.0 (0.18) ND 10.3 (0.21) 22.2 (0.38) 

Ana 27.1 (0.90) 9.8 (0.23) ND 24.3 (0/50) 

Geo 26.8 (0.61) 26.8 (1.02) ND 18.8 (0.27) 

Sed 24.4 (0.47) ND ND 15.3 (0.11) 

Sul_pceA 18.4 (0.13) ND 27.5 (0.10) ND 

Dhb_pceA 27.1 (0.65) 22.7 (0.29) 23.8 (0.38) 10.1 (0.20) 

Det_pceA ND 26.7 (1.03) 20.7 (0.29) 22.6 (0.33) 

tceAB ND 20.5 (0.26) 25.3 (0.58) 13.7 (0.26) 

vcrA 14.7 (0.17) 12.9 (0.17)                  ND 21.6 (1.44) 

bvcAB 27.7 (0.84) 9.8 (0.24)                  ND ND 

cprA1 26.5 (0.76) ND 13.4 (0.15) 21.0 (0.16) 

cprA5 23.2 (0.31) ND ND 15.1 (0.13) 

cbrA ND 18.0 (0.30) ND 14.3 (0.13) 

dcA 18.2 (0.25) 15.6 (0.15) ND 14.5 (0.17) 
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Discussion 
 

The detection and quantification by real time PCR of different populations and functional 

genes in a microbial community is important for proper characterization of organohalide 

respiration potential. In this study, we have developed a multiplex assay targeting taxonomic 

groups of OHRB and Rdh’s, the key enzymes in reductive dehalogenation. The highly 

multiplexed nature of the assay allows for rapid screening of a large number of samples for 

multiple targets.  

 

Using our ligation-based detection system, a high specificity could be achieved for the 

desired targets. Specificity was demonstrated by the ability to distinguish between closely 

related strains like those of Dehalococcoides. It is important to distinguish between these 

strains because they exhibit different reductive dehalogenating capacities [259, 263, 265]. 

Taxon-specific detection of distinct groups of microorganisms in environmental samples is 

crucial whenever a key process is linked to these taxa [278]. To further aid in distinguishing 

between different Dehalococcoides spp. subgroups, it has previously been recognized that in 

addition to 16S rRNA gene-targeted detection, analysis of Rdh genes is also important [256, 

259]. In the test samples analyzed in the present proof-of-principle study presented here, we 

were able to detect the presence of either bvcA, vcrA or cbrA target sequences with a high 

degree of confidence. The presence of these genes would suggest that at least 

Dehalococcoides spp. strains BAV1, VS or CBDB1 are present, as confirmed by a positive 

signal from the respective taxonomic probe. The same approach can be undertaken for 

Desulfitobacterium spp. strains, confirming the presence of those strains, which harbor e.g. 

the dcaA gene or cprA5 gene. The presence of multiple targets in the same sample did not 

influence the ligation efficiency or detection, as previously demonstrated [274], and 

independent detection of targets could be achieved. 

 

The detection limits of 102-103 DNA target copies / reaction obtained here are in line with 

values that have commonly been reported for conventional qPCR. Some examples of 

detection limits reported in qPCR detection of Dehalococcoides are 102 / g from aquifer 

material [279], 102 copies / g soil [280], and 102-103 copies /L of groundwater [259, 281]. In 

our assay, for example, the Dehaloccoides 195 + rel (Pinellas subgroup) probe sensitivity 

was 103, and its associated Rdh gene probes, Det_pceA and tceA, had a sensitivity of 103 

DNA copies / ml groundwater. In contrast, the sensitivity values of the 16S probe and the 

functional gene probe were dissimilar for Sulfurospirillum, with 102 copies / ml groundwater 

and 104 target DNA copies / ml groundwater, respectively. Variations in PRI-lock probe 

performance targeting different sequences or/and organisms has been observed before [274] 
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and may be related to the probe synthesis quality or to the target region of DNA sequence 

itself (e.g., G-C rich areas, secondary structures). 

 

Screening of environmental samples showed that the ligation detection system can indeed 

be used to quantify OHRB. The results obtained in the present study were comparable to 

those observed previously by conventional qPCR. However, gene copy numbers were often 

2 orders of magnitude higher for the ligation-based circularization system. This could be due 

to the higher sensitivity of the ligation-based circularization system in detecting specific gene 

targets, and also due to the optimized generic TaqMan qPCR conditions for the amplification 

of the PRI-lock probes as compared to the SYBR-Green qPCRs directly on gDNA that were 

used for the conventional quantification analyses [282, 283]. The TaqMan PCR is specific to 

the circularized probe, whereas the SYBR-Green assay depends on ability of primers to 

access the target DNA directly. In the ligation-based circularization assay, there is an 

exonuclease step remove any linear DNA fragments (unligated probes and gDNA) that may 

interfere in the qPCR. Another reason for these differences may be due to the DNA 

extraction, as a freshly obtained DNA extract was used for the analysis on the OpenArray. 

Although a standard protocol was used for all extractions, differences resulting from DNA 

extraction cannot be ruled out. For example it has been demonstrated that differences in 

Dehalococcoides BAV1 16S rRNA gene copy numbers were observed based on the DNA 

extraction method used [264, 284]. PCR inhibition may be another cause for the observed 

differences, as it has been reported especially in soil samples, while the developed PRI-lock 

assay incorporates an internal ligation control that can correct for potential inhibitions [285, 

286].  

 

Analysis of environmental samples  
The enrichment samples was previously determined to contain Dehalococcoides, 

Desulfitobacterium and Dehalobacter spp., and all these genera were detected within this 

sample in significant quantities. Interestingly, Sulfurospirillum was also detected by this 

system, in line with clone library results from the enrichments [276]. The respective Rdh 

genes were also found to be present. Because the culture was enriched on 

hexachlorobenzene and PCE, the detection of the chlorobenzene reductive dehalogenase 

cbrA gene from Dehalococcoides CBDB1 is of additional interest, since this is the gene for 

the enzyme involved in degrading chlorobenzenes [287, 288]. 

 

The bioreactor profile showed higher numbers of Dehalococcoides of the Cornell group (107 

copies / ml groundwater) compared to the Pinellas Dehalococcoides (104 copies / ml 

groundwater). The bioreactor had been bioaugmented with groundwater that had been 
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reported to contain Dehalococcoides sp. strain VS [289], which harbors the vcrA gene in its 

genome, and Dehalococcoides VS is within the Cornell group. In agreement with results from 

conventional qPCR, 107 vcrA genes / ml were detected in the present study. There were 

higher numbers of Dehalobacter and Desulfitobacterium and the respective pceA and cprA 

genes detected in comparison to conventional qPCR, suggesting that the assay was more 

sensitive in detecting these targets. Although the bioreactor was being optimized for growth 

and degradation activity in presence of Dehalococcoides, the presence of these genera is 

not surprising as they play a crucial role in degrading PCE to cDCE and are often found in 

dechlorinating consortia.  

 

The potential for assessing temporal dynamics of OHRB could be demonstrated in the field 

samples. The contaminated site had been bioaugmented with a Dehalococcoides culture, 

and a carbon source was added to further stimulate growth. Although Dehalococcoides 

populations did not increase significantly, we found a marked increase in the corresponding 

Rdh genes tceA, vcrA and bvcA. This suggests a change in the Dehalococcoides community 

over a period 120 days, although it should be noted that in the present proof-of-principle 

study, only a limited number of environmental samples has been analyzed. It would be 

important to track changes in the desired OHRB, in this case Dehalococcoides, in evaluating 

bioremediation strategies. Such information should help in the future optimization of 

strategies for such bioremediation programs.  

 

The multiplex assay enabled the detection of other OHRB’s like Geobacter, Desulfuromonas 

and Anaeromyxobacter. These microorganisms have, in contrast to members of the genera 

Dehalococcoides and Dehalobacter, a versatile metabolism and are often found in diverse 

environments. Geobacter was detected in the Field samples. Geobacter lovelyi has been 

isolated for its ability to reductively dechlorinate PCE [258], which was the main contaminant 

at this site. Desulfuromonas spp. copy numbers increased over the 120 days monitoring 

period. Though it cannot be concluded that Desulfuromonas is actively dechlorinating at the 

site studied here, our data indicate that they accumulated during the biostimulation for 

dechlorinating species. This is important to know because competition for carbon source 

among dechlorinating bacteria can influence the progress of bioremediation [290].  

 

Because of licensing issues at the time of the experiments, the PRI-lock assay peformance 

could unfortunately not be tested in the nanoliter volumes using TaqMan PCR on the 

Biotrove OpenArray platform. Using a SYBR-Green protocol we showed that the developed 

ligation-based circularization system can in principle be coupled to the OpenArray platform, 

which was in line with previously obtained results [274]. However, in the previously described 
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assay, the ligation probes were washed prior to SYBR-Green amplification, thereby removing 

the sample DNA and matrix which could potentially influence the SYBR-Green PCR 

performance [274]. Here, it was anticipated that probe washing prior to qPCR analyses 

would not be necessary because of the introduction of a generic TaqMan probe for specific 

visualization of PRI-lock probe amplification. The observed variation between the results two 

qPCR platforms (fig. 2 and table 5) can therefore most likely be explained because two 

completely different qPCR protocols were used. Also, SYBR-Green allows for the 

visualization of non-specific amplification products arising from the genomic DNA originating 

from the biological samples, whereas with TaqMan probes, only the specific PRI-lock probe 

amplification is visualized, leading to higher but more target related CT values. Although this 

only partially explains the observed variations, our results clearly show that more PRI-lock 

assay optimization is required to allow for accurate quantification of targets in environmental 

soil samples using TaqMan probes or SYBR-Green on the OpenArray system. Hence, the 

optimization of the TaqMan assay on the Biotrove OpenArray platform can probably be 

performed in the near future. Nonetheless, using a relative quantification estimation, we 

could establish some expected trends for the field samples, where we observed a change in 

CT values according to expectations from data obtained on the conventional qPCR platform.    

 

In conclusion, we have developed a multiplex assay that can be adapted for application on 

the Biotrove OpenArray. Using PRI-lock probes, multiplex detection of target OHRBs or Rdh-

encoding genes can be performed in a single reaction, and, in combination with specific 

primers for each probe, qPCR can be carried out on the OpenArray platform. With further 

development and optimization of the TaqMan qPCR protocol on the OpenArray, it will be 

possible to develop calibration curves that can be used for absolute quantification in a highly 

multiplexed fashion. This will enable specific, high throughput, quantitative detection of 

multiple OHRB’s over a wide range of target concentrations.   
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Abstract 
 

There is an increased need for the simultaneous detection, identification and quantification of 

multiple pathogenic microorganisms in environmental samples for disease management 

strategies and in several diagnostic fields. Here, we demonstrate a novel ligation-based 

assay for the simultaneous quantitative detection of multiple plant pathogens using Phi-lock 

probes. Phi-lock probes are long oligonucleotides with target-complementary regions at their 

5' and 3' ends that provide extremely specific target detection. The probes also contain an 

Internal Hybridization Site (IHS) for background reduction. Upon perfect target hybridization, 

the Phi-lock probes are circularized via enzymatic ligation, pre-amplified using Rolling Circle 

Amplification and cleaved. Subsequently, these products serve as template for individual, 

standardized amplification and detection via unique Phi-lock probe-specific primers and a 

generic TaqMan probe. The performance of the Phi-lock probe detection system was 

demonstrated using 9 probes targeting several plant pathogens at different taxonomic levels. 

All probes specifically detected their corresponding targets and provided perfect 

discrimination against non-target organisms. Genomic DNA targets could be reliably 

quantified over at least 5 orders of magnitude with a dynamic detection range of more than 

104. Pathogen quantification was equally robust in single target versus mixed target assays 

and the introduction of an Internal Hybridization Site significantly reduced background 

signals. This novel assay enables the specific quantitative detection of multiple pathogens 

over a wide range of target concentrations. Rolling Circle amplification proved to be an 

excellent tool for the quantitative enrichment of Phi-lock probes, making the assay easily 

adaptable to nano-liter volume qPCR platforms without the loss of assay sensitivity, making it 

potentially suitable for a wide range of diagnostic applications. 
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Introduction 
 

There is an increasing demand for high-throughput diagnostic tools that allow for the rapid, 

sensitive and quantitative detection of multiple infectious microorganisms in a single sample. 

Currently, real time PCR provides an excellent platform that meets most demands, allowing 

for speedy and sensitive quantification of a few infectious microorganisms simultaneously. In 

clinical diagnostics and agricultural disease management strategies, however, samples often 

have to be analyzed for the presence of numerous targets. Yet, most currently available real 

time PCR-based detection techniques only target one or a few targets simultaneously. For 

TaqMan PCR, the attainable level of multiplexing is relatively low due to a limited number of 

potential fluorescent dyes and the energizing light sources in real time PCR equipment. 

Adding multiple specific primer pairs to a SYBR-Green-based reaction on the other hand, 

might result in the formation of undesired amplification products, thereby compromising 

accuracy of detection and quantification. For reliable quantification and detection, therefore, 

separate reactions have to be performed, resulting in a dramatic increase of the number of 

reactions needed in large-scale screenings. 

 

One solution to this problem is offered by nano-scale technology, providing high-density and 

low-volume micro-chambers that can accommodate high numbers of very small volume 

reactions, performed under standard conditions [291]. Nowadays, several nanoliter qPCR-

based platforms are commercially available, used for a wide range of applications, like gene 

expression studies and pathogen detection [129, 167, 168, 235, 292, 293]. However, the 

nanoliter reaction volumes, impose a new limitation. Although as little as one single target 

DNA template can be detected per nanoliter qPCR [235, 243], some DNA extracts may 

contain such low target copy numbers that not all nanoliter micro-chambers will receive a 

target molecule, thereby leading to false negatives. Therefore, to guarantee reliable detection 

of low target DNA templates in samples using nanoliter qPCR, a pre-amplification step prior 

to PCR analyses might be required to provide sufficient DNA target input. PCR-based pre-

amplification strategies, however, often lead to amplification biases, changing the ratios 

between targets in the original biological sample [85, 86]. Currently, the most commonly used 

non-PCR-based pre-amplification method is Whole Genome Amplification (WGA) using 

commercially available Phi29 WGA kits. Although WGA has been reported to conserve the 

target ratios originally present in the DNA extracts [85, 294-297], an increasing number of 

studies have shown that this ratio conservation depends on the target DNA GC-content, the 

sequence length and position of the target DNA sequence on the chromosome [298-302]. 

Additionally, a typical reliable WGA reaction needs at least 10 nanograms of high quality 
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gDNA input [86, 303], making it less appropriate for diagnostic applications using 

environmental samples with low DNA extraction yield or partially degraded DNA. 

 

To guarantee an unbiased and equally efficient (Phi29-based) pre-amplification therefore, 

pre-amplification targets should be of relatively similar lengths and composition. This can be 

achieved by introducing a circularization probe-based detection step prior to the pre-

amplification reaction, thereby uncoupling the original target DNA sequences from the pre-

amplification reaction. Circularization probes are long oligonucleotides of ~130 nucleotides 

containing target-complementary arms, one at each terminus of the probe [66, 70, 72, 129]. 

The target-complementary arms recognize adjacent sequences on the target DNA and can 

be connected via enzymatic ligation if the end nucleotides perfectly match their target, 

resulting in a circular molecule. The circular molecule can then serve as a target for a Phi29-

based pre-amplification reaction, also known as Rolling Circle Amplification (RCA) [69, 72, 

154, 156, 164, 173, 178, 304].  

 

A recently developed RCA-based strategy involves the application of RCA as a Padlock 

probe (PLP) enrichment step prior to PCR amplification. This strategy was applied 

successfully for the qualitative, universal-microarray-based detection of several serotypes of 

three viruses in veterinary samples and for subtyping two surface antigens of the avian 

influenza virus [170, 171]. A highly similar system was recently developed for the quantitative 

detection of pathogenic fungi where the amplified PLPs were specifically hybridized on a 

suspension array readout [172]. Using this assay, targets were quantified over a maximum of 

5 log scales using synthetic ligation targets, and an assay sensitivity of 100 pg gDNA was 

achieved. Clinical diagnostics and agricultural disease management strategies, however, 

often require more sensitive detection limits.  

 

In the procedure developed in the current study, the utilized probes have been termed Phi-

lock probes. Each Phi-lock probe consists of two target-complementary arms that are 

connected via a linker sequence. The linker sequence contains probe-unique primer binding 

sites, an Internal Hybridization Site (IHS) for background reduction, a generic sequence for 

universal RCA, and a generic TaqMan-probe binding site (fig. 1a). In the implemented 

strategy, mixtures of multiple Phi-lock probes are ligated on fragmented gDNA sequences. 

After the ligation reaction, a background-reducing pre-RCA reaction is performed in the 

absence of a RCA-start primer, generating double-stranded products of the unligated Phi-

lock probes (suicide reaction, fig. 1b). With the addition of a biotin-labeled RCA-start primer, 

a universal Phi29-based pre-amplification of all the circularized probes is performed. Next, 
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the long pre-amplification products are fragmented by enzymatic restriction digestion and 

finally individually assayed via real time PCR. 

 

 
 

Figure 1: (A) Phi-lock probe design. T1a and T1b indicate target-complementary regions. Each Phi-

lock probe contains unique primer sites ensure specific amplification (forward: F1 and reverse: R1), an 

Internal Hybridization Site (IHS), a universal sequence for TaqMan probe hybridization and a universal 

sequence for Phi29-based pre-amplification (the same sequence region is used for probe cleavage 

after Phi29 amplification). (B) Internal Hybridization Site principle: B1: structure of an unligated Phi-

lock probe without IHS during the suicide reaction. B2: structure of an unligated Phi-lock probe 

containing an IHS during the suicide reaction. B3: structure of an unligated Phi-lock probe containing 

an IHS after the suicide reaction. 

 

 

In this study, we characterize the quantification power of RCA-ligation probes over a range of 

target concentrations and report the development of a quantitative multiplex diagnostic 

assay. Phi-lock probes were modified in order to reduce RCA-induced false qPCR signals, 

and the efficiency of RCA was demonstrated over a wide range of Phi-lock probe 

concentrations. The specificity, sensitivity, linear quantification range, and the dynamic 
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detection range of the developed assay were demonstrated using 10 pathogen specific Phi-

lock probes, ligated on individual and mixed target gDNAs, followed by universal RCA and 

universal TaqMan PCR. Finally, the assay performance was tested using agricultural soil 

samples. 

 
 

Material and methods 
 
Nucleic acids used in this study 

Microorganisms were derived from the culture collection of Plant Research International BV 

(table 1). Genomic DNAs from all microorganisms and practical samples were isolated using 

the Puregene Genomic DNA isolation kit (Gentra-Biozym) according to the manufacturer’s 

instructions. 

 

The Phi-lock probes that are listed in Appendix 4 in the supplementary material, and all the 

other oligonucleotides used in this study, were synthesized by Eurogentec SA (Seraing, 

Belgium). 

 
Table 1: Isolates of plant pathogenic species and subgroups used in this study.  

Phylum Order Species Isolate 

Oomycota Peronosporales Phytophthora infestans VK98014 

  Phytophthora cactorum PRI-18.1 

  Phytophthora nicotianae PRI-28.6 

  Pythium aphanidermatum 89 

  Pythium ultimum N2001/5 

Ascomycota Hypocreales Myrothecium roridum PRI-15.2 

  Fusarium solani T05 

 Phyllacorale Verticillium dahliae 809.97 

 
 

Phi-lock probe design 
The Phi-lock probe target-complementary regions were engineered according to previously 

described design criteria [70, 129] and were connected by a ~90 nucleotide-long compound 

linker sequence. The linker sequence contained an Internal Hybridization Site (IHS), a 20-

nucleotide-long RCA start-primer binding sequence, a 20-nucleotide-long generic sequence 

allowing universal TaqMan probe hybridization, and two unique primer binding sites for PLP-
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specific PCR amplification (Appendix S4 in the supplementary material). All primer pairs 

have equal melting temperatures to allow universal TaqMan-based detection in real time 

PCR. The primer pairs were chosen from the GeneFlex™ TagArray set (Affymetrix) so as to 

minimize Phi-lock probe secondary structures and optimize both primer Tm and primer 

specificity. The Internal Hybridization Site (IHS) was developed with a Tm of ~36 °C, to 

minimize IHS interference during the ligation reaction caused by hybridization competition of 

the 3’-arm (Tm ~48 °C) between the IHS and gDNA target. Potential for unwanted secondary 

structures, Internal Hybridization Site design, primer Tm and primer specificity were predicted 

using Visual OMP 6.0 software (DNA Software Inc.). The prediction parameters were set to 

match ligation, Phi29-based RCA and real time PCR conditions. When necessary, Phi-lock 

probe sequences were adjusted to avoid strong secondary structures that might interfere 

with efficient ligation or Phi29-based amplification, as described previously [70]. 

 

Internal hybridization site testing  
To assess the influence of the IHS on the reaction performance and dynamics of the Phi-lock 

probe system, a Phyt. spp. Phi-lock probe with and without IHS were designed. From both 

probes, ligated and unligated samples were prepared. Prior to ligation, P. infestans genomic 

DNA (gDNA) was fragmented by digestion using EcoRI, HindIII and BamHI (New England 

Biolabs Inc.) for 15 min at 37 °C.  

 

Cycled ligation was performed in 10 µl reaction mixtures containing 100 pg gDNA, 1µl 1× Pfu 

ligase buffer (Stratagene), 10pM Phi-lock probe, 20 ng sonicated salmon sperm DNA and 

finally 4 U Pfu DNA ligase (Stratagene) were added to the ligated samples; no ligase was 

added to the unligated samples. Reaction mixtures were prepared on ice and rapidly 

transferred into a thermal cycler. Before ligation, samples were denatured at 95°C for 5 min. 

The samples were subsequently subjected to 20 cycles of 30 s at 95°C and 5 min at 65°C. 

After the last cycle, the reaction was immediately cooled to 4°C. Next, the samples were pre-

amplified using RCA for 30 minutes, 1 hour, 2 hours, 4 hours or 8 hours. For the RCA, a 

mixture of 3 µl ligation mixture and 7 µl distilled water was denatured at 95°C for 1 min, and 

transferred onto ice immediately. To reduce background signals, a 14 µl pre-RCA mixture 

was added. Pre-RCA was performed in the resulting 24 µl containing 50 mM Tris-HCL pH 

7.5, 10 mM (NH4)2SO4, 10 mM MgCl2, 4 mM Dithiothreitol, 0.5× Bovine Serum Albumin, 1 

mM dNTPs and 1 U Phi29 Polymerase at 30°C for 45 min. Next, 1 µl 10 mM biotin-labeled 

RCA-start primer (Appendix S4 in the supplementary material) was added and RCA was 

performed at 30°C for the indicated times and cooled to 4°C immediately afterwards.  
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After the RCA reaction, the pre-amplified Phi-lock probes were captured and cleaved. To 

achieve this, 15 µl distilled water was first added to each reaction, and the samples were 

denatured at 95°C for 10 minutes and rapidly transferred onto ice afterwards. Capture of the 

biotin moiety of the RCA amplicons was performed in 80 µl final capture-mixture containing 1 

M NaCl, 5 mM Tris-HCl, pH 7.5, 0.5 mM EDTA, 0.1 M NaOH and 20 µg magnetic MyOne 

Streptavidin C1 Dynabeads (Dynal Biotech ASA) and rotated at 4°C for 1 hour. 

Subsequently, samples were centrifuged at 2000 × g for 10 s, the Dynabeads were collected 

and separated from the sample via application of a magnetic field and the Dynabeads were 

washed with 100 µl washing solution containing 100 mM Tris-HCl, pH 7.5 and 150 mM NaCl. 

Consequently, the RCA products without Biotin-label, originating from unligated Phi-lock 

probes, are washed away. The Dynabeads were re-suspended in 10 µl distilled water and 

incubated at 95°C for 10 minutes, allowing quantitative elution of the Phi-lock RCA products 

from the Dynabeads. Samples were then rapidly transferred onto ice, and the empty 

magnetic streptavidin beads were removed via application of a magnetic field, leaving the 

washed Phi-lock RCA products in the solution.  RCA products were cleaved with RsaI by 

addition of 2 µl NEBuffer 1 (New England Biolabs Inc.), 2 µl 10 µM of cleavage primer 

(Appendix S4 in the supplementary material) and 4 µl distilled water. Samples were 

denatured at 95°C for 10 minutes and then transferred onto ice. Next, distilled water and 5U 

RsaI (New England Biolabs Inc.) were added up to a final reaction volume of 20 µl, which 

was incubated for 1 hour at 37°C. 

 

Finally, the RCA products were amplified by qPCR. The amplification of the RCA products 

was monitored in real time using the 7500 Real-Time PCR system (Applied Biosystems). 

Reactions were performed in 1× TaqMan universal PCR Master Mix (Applied Biosystems) 

containing, 0.12 µl UNG (Applied Biosystems), 2 µl RCA-product, 300 nM of each primer and 

100 nM TaqMan probe (5’-YakimaYellow-tccGgtctcatcGctga–BHQ-3’, capitals indicate 

Locked Nucleic Acid molecules (LNA)). The reaction mixture was initially incubated at 50°C 

for 2 min, followed by 10 min denaturation at 95°C, and 40 cycles of 15 s at 95°C and 1 min 

at 60°C.  

 

Evaluation of assay performance: single and multiple target detection 
To monitor the assay efficiency and provide a reference for normalization, an Internal 

Reaction Control (IRC) Phi-lock probe was constructed as described previously [129]. The 

target-complementary regions of the IRC Phi-lock probe detect an artificial DNA sequence, of 

which a fixed amount was added to each ligation reaction, resulting in a uniform IRC CT 

value of 17.0. Variation in the assay was monitored and corrected by comparing the 

observed IRC CT values with the fixed IRC CT value:  
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CT (x) = (17.0 - C) + CT o(x) 

CT (x): the corrected CT value for Phi-lock probe x 

C: observed IRC CT value 

CT o(x): observed CT value for PRI-lock probe x 

 

Cycled ligation was performed as described above with minor modifications; the ligation 

reaction contained 10pM of all the Phi-lock probes and 1 µl Reaction Control Target [129]. 

Singleplex samples contained 10pg Verticillium dahliae, 10pg Pythium ultimum, 10pg 

Pythium aphanidermatum, 10pg Myrothecium roridum, 10pg Fusarium solani, 10pg 

Phytophthora cactorum, 10pg Phytophthora infestans or 10pg Phytophthora nicotianae 

gDNA/µl ligation mixture. Multiplex samples contained 10pg Phytophthora cactorum and 

10pg Phytophthora infestans, or 10pg Phytophthora cactorum, 10pg Phytophthora infestans 

and 10pg Phytophthora nicotianae, or 10pg Myrothecium roridum, 10pg Verticillium dahliae 

and 10pg Fusarium solani or 10pg Myrothecium roridum, 10pg Verticillium dahliae, 10pg 

Fusarium solani and Pythium aphanidermatum gDNAs/µl ligation mixture. Samples were 

ligated in triplicate, pre-amplified, captured, cleaved and analyzed by qPCR as described 

above. 

 

Evaluation of assay performance: Sensitivity and quantification 
To enable accurate pathogen quantification in unknown samples, calibration curves were 

constructed for each of the nine Phi-lock probe targets. The calibration curves were 

constructed based upon CT values measured in a multiplex setting. The Phi-lock probes 

were ligated on a 10-fold dilution series of all target gDNA sequences ranging from 1ng 

gDNA/µl ligation mixture to 1fg gDNA/µl ligation mixture (n = 3). Samples were processed 

and analyzed as described above.  

 

Evaluation of assay performance: Target ratios 
In order to assess the quantification power of the developed assay in the presence of highly 

disparate target concentrations, two gDNA mixtures containing different gDNA target 

concentrations were evaluated. Mixture one contained 10fg Myrothecium roridum, 100fg 

Phytophthora cactorum, 10pg Phytophthora infestans, 100pg Phytophthora cryptogea, 100pg  

Pythium ultimum 500pg Verticillium dahliae gDNA/µl ligation mixture. Mixture two contained 

10fg Verticillium dahliae, 100fg Pythium aphanidermatum, 10pg Phytophthora infestans, 

100pg Pythium ultimum and 100pg Phytophthora nicotianae gDNA/µl ligation mixture. 

Samples were ligated in triplicate and processed and analyzed as described above. 
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Evaluation of assay performance: agricultural soil samples 
Twenty agricultural soil samples were selected from the soil sample database of Plant 

Research International. DNA was extracted from 1.0 g (dry weight) of each soil sample with 

the Mobio Ultra Clean soil DNA isolation kit (BIOzymTC). An additional 50 mg of glass beads 

(<106 µm) was added to each microtube. Cells were lysed by bead beating twice for 30 s 

each time in a cell disrupter (Hybaid Ribolyser; Thermo Fisher Scientific). After the bead-

beating step, DNA was extracted according to the manufacturer’s instructions. Isolated 

environmental DNAs were digested as described above, and 2 µl of the digested product 

was added to each ligation reaction. Samples were ligated in triplicate and processed and 

analyzed as described above. 
 

 

Results 
 
Internal Hybridization Site Testing 
A generic Phytophthora species Phi-lock probe, designed with and without and Internal 

Hybridization Site (IHS), was used to analyze the reaction dynamics of the Phi-lock probe 

system over time. As shown in figure 2, the ligated Phi-lock probes were most efficiently pre-

amplified in the first two hours of the pre-amplification reaction, almost reaching a plateau-

phase after 8 hours. Also, no significant differences were observed in pre-amplification 

efficiency of ligated Phi-lock probes with or without IHS. Interestingly, the unligated Phi-lock 

probes lacking an IHS showed unexpectedly high pre-amplification rates of more than 6 CT 

values after 8 hours of pre-amplification. The presence of an IHS, however, resulted in very 

low pre-amplification rates in the case of unligated Phi-lock probes, indicating that the IHS 

significantly reduces false positive signals arising from unligated Phi-lock probes. Moreover, 

the absence or presence of the IHS did not affect the lowest ligation detection sensitivity of 

the Phi-lock probes (data not shown).  

 

Evaluation of assay performance: Single and multiple target detection 
To evaluate the specificity of the designed Phi-lock probes, a mixture of nine probes was 

ligated on various individual gDNA targets. As shown in table 2, all the individual target 

sequences were specifically detected and no signal was observed in the presence of non-

target organisms, demonstrating the specific target recognition by the designed Phi-lock 

probes. To evaluate the performance of the Phi-lock system in a multiplex setting, the probe 

mix was ligated on several gDNA target mixtures. The multiple targets were detected with no 

statistically significant change in the observed CT values compared with the CT values 

observed for single-target detection (table 2). 
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Figure 2: Phi29-based pre-amplification reaction dynamics of ligated and unligated Phi-lock probes 

with and without IHS analyzed in qPCR. (●) with IHS and ligated, (▲) with IHS and unligated, (□) 

without IHS and ligated, (x) without IHS and unligated. 

 
 
Evaluation of assay performance: Sensitivity and quantification 

To enable accurate pathogen quantification in unknown samples, calibration curves were 

constructed for each of the nine Phi-lock probes. The Phi-lock probes were ligated on a 10-

fold dilution series of the gDNA target sequences. The obtained calibration curves showed 

that all the target pathogens can be quantified in a linear fashion over at least 5 orders of 

magnitude (table 3). The correlation between the logarithmic target concentration and the 

observed CT value was very high for all the detected pathogens (lowest R2 =0.988, average 

R2 = 0.995). 

 

Evaluation of assay performance: Target ratios 

In many diagnostic applications, there is a need to quantify several target organisms in highly 

disparate target concentrations. Therefore, a range of target gDNAs were mixed in different 

concentration ratios and tested using the Phi-lock system. The observed CT values were 

compared with the expected CT values that were calculated based on the input gDNA and 

the calibration curves (table 4). Regardless of the target ratios, there are no significant 

differences between the observed CT values and the expected CT values, demonstrating that 
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the Phi-lock detection assay is a reliable tool for the detection of target pathogens with highly 

disparate concentrations.  

 

Table 2: Specificity and multiplexing of the Phi-lock probe system for single and multiple targets. 

gDNA 
Phi-lock probes 

V. dah. P. ult. P. aph. M. ror. F. sol. P. cac. P. inf. P. nic. 

Verticillium 
dahliae 

15.52 
(0.08) ─ ─ ─ ─ ─ ─ ─ 

Pythium ultimum ─ 18.54 
(0.12) ─ ─ ─ ─ ─ ─ 

Pythium 
aphanidermatum ─ ─ 17.11 

(0.72) ─ ─ ─ ─ ─ 

Myrothecium 
roridum ─ ─ ─ 16.39 

(0.26) ─ ─ ─ ─ 

Fusarium solani ─ ─ ─ ─ 16.57 
(0.85) ─ ─ ─ 

Phytophthora 
cactorum ─ ─ ─ ─ ─ 17.40 

(0.41) ─ ─ 

Phytophthora 
infestans ─ ─ ─ ─ ─ ─ 15.80 

(0.23) ─ 

Phytophthora 
nicotianae ─ ─ ─ ─ ─ ─ ─ 15.64 

(0.16) 

Multiplex 1 ─ ─ ─ ─ ─ 17.84 
(0.08) 

16.96 
(0.84) ─ 

Mulitplex 2 ─ ─ ─ ─ ─ 17.92 
(0.07) 

16.16 
(0.29) 

15.40 
(0.02) 

Multiplex 3 15.68 
(0.24) ─ ─ 16.42 

(0.41) 
16.59 
(0.24) ─ ─ ─ 

Multiplex 4 15.96 
(0.10) ─ 18.02 

(0.36) 
16.31 
(0.96) 

17.36 
(0.08) ─ ─ ─ 

The Phi-lock probe mixture was ligated on single and multiple gDNA targets. CT values were 

normalized using the Reaction control Phi-lock probe. Data represent average CT values of three PCR 

replicates (n = 3). Multiplex 1: P.infestans and P. cactorum. gDNA. Multiplex 2: P.infestans. P. 

cactorum and P. nicotianae gDNA. Multiplex 3: V. dahliae, M. roridum and F. solani gDNA. Multiplex 4: 

V. dahliae, M. roridum, P. aphanidermatum  and F. solani gDNA. Standard deviations are indicated 

between brackets. ─: not detected. Student’s t test (P > 0.05, n = 3). 

 

 

Evaluation of assay performance: Practical samples 
Twenty agricultural soil samples were tested for the presence of pathogenic micro-organisms 

using the developed Phi-lock assay. As expected, 19 samples were scored negative for the 

presence of all the assayed micro-organisms (table 5). The analyses of soil sample PRI-16, 

however, resulted in positive signals for the Phytophthora cactorum (P. cac.) and the 

Phytophthora spp. (Phyt. spp.) probes, indicating the presence of Phytophthora cactorum in 

the soil sample. The gDNA quantity originally present in the ligation mixture was calculated 
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using the calibration curves of the P. cac. and the Phyt. spp. Phi-lock probes, yielding highly 

similar values for both probes (733 fg using the P. cac. probe, and 808 fg using the Phyt. 

spp. probe), further demonstrating the quantification accuracy of the Phi-lock probe system.  
 

Table 3: Quantification and sensitivity of the developed Phi-lock assay.  

Phi-lock probe 
Calibration 

curve formula 
 

R2 value 
 

Absolute sensitivity 
(fg gDNA/µl ligation 

mixture) 

Linear quantification range 
(gDNA/µl ligation mixture) 

Verticillium dahliae y = -2.92x + 28.21 0.994 10 10 fg - 1 ng 

Pythium ultimum y = -3.23x + 29.92 0.997 10 10 fg - 100 pg 

Pythium aphanidermatum y = -3.17x + 29.52 0.993 10 10 fg - 100 pg 

Myrothecium roridum y = -2.84x + 28.40 0.995 10 10 fg - 100 pg 

Fusarium solani y = -3.06x + 29.26 0.999 10 10 fg - 100 pg 

Phytophthora spp. y = -2.80x + 28.26 0.988 10 10 fg - 100 pg 

Phytophthora cactorum y = -3.04x + 29.96 0.992 10 10 fg - 100 pg 

Phytophthora infestans y = -3.18x + 28.32 0.999 10 10 fg - 100 pg 

Phytophthora nicotianae y = -2.85x + 26.67 0.997 10 10 fg - 100 pg 

(x) = Log10(copy number target input/μl ligation mixture). (y) = CT value. 

 
 
Table 4: Phi-lock assay validation. Analysis of target gDNAs mixed in different ratios. 

 Expected  Observed 

Phi-lock probe gDNA Mixture 1 gDNA Mixture 2  gDNA Mixture 1 gDNA Mixture 2 

Myrothecium roridum 25.57   25.60 (0.34)  

Phytophthora cactorum 23.89   23.36 (0.35)  

Phytophthora infestans 15.58 15.58  15.63 (0.44) 15.46 (0.61) 

Phytophthora spp. 14.15 14.15  14.59 (0.41) 14.71 (0.15) 

Pythium ultimum 13.77 13.77  13.93 (0.15) 13.87 (0.35) 

Verticillium dahliae 11.57 25.29  12.24 (0.38) 26.04 (0.38) 

Pythium aphanidermatum  23.17   23.09 (0.63) 

Phytophthora nicotianae  12.44   12.41 (0.40) 

Expected CT values for the each of the Phi-lock probes were calculated using the target gDNA input 

and the corresponding calibration curves. The observed data represent 3 ligation replicates (n=3). 

Standard deviations are indicated between brackets. gDNA mixture 1: M. ror 10 fg, P. cac. 100 fg, P. 

inf 10 pg, P. cry. 100 pg, P. ult. 100 pg and V. dah. 500 pg.  gDNA mixture 2: V. dah. 10 fg, P. aph. 

100 fg, P. inf. 10 pg, P. ult. 100 pg and P. nic. 100 pg. 

. 



  Quantitative Phi-lock probe-based pathogen detection 

 123 

Table 5: Phi-lock assay validation. Analysis of soil DNA extracts. 

Soil sample Positive Phi-locks (CT values) Calculated gDNA input (fg/10 ul ligation mixture) 

PRI-1 ─ ─ 

PRI-2 ─ ─ 

PRI-3 ─ ─ 

PRI-4 ─ ─ 

PRI-5 ─ ─ 

PRI-6 ─ ─ 

PRI-7 ─ ─ 

PRI-8 ─ ─ 

PRI-9 ─ ─ 

PRI-10 ─ ─ 

PRI-11 ─ ─ 

PRI-12 ─ ─ 

PRI-13 ─ ─ 

PRI-14 ─ ─ 

PRI-15 ─ ─ 

PRI-16 Phyt. spp. (22.92), P. cac. (24.29) Phyt. spp 808 fg,, P. cac. 733 fg 

PRI-17 ─ ─ 

PRI-18 ─ ─ 

PRI-19 ─ ─ 

PRI-20 ─ ─ 

Soil sample gDNA extracts analyzed using the Phi-lock probe system. Observed CT values are 

indicated between brackets. The target gDNA input was calculated using the observed CT values and 

the corresponding calibration curves. Internal reaction control probes signals were positive in all 

samples.  

 

 

Discussion 
 
In this study, we demonstrated a specific, multiplex, Phi-lock probe-based assay for the 

sensitive detection and quantification of plant pathogens. Multiple plant pathogens were 

quantified in a linear fashion over a wide range of concentrations. Ideally, the described 

application finally serves as a model for the future development of a very sensitive detection 

assays using nanoliter-volume qPCR platforms which offer high throughput target 

quantification capabilities.  
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Commercially available nanoliter qPCR platforms meet the growing demand for high-

throughput target detection and quantification in large-scale sample screenings. The 

nanoliter volumes however, make these platforms less suitable for sensitive pathogen 

detection. Recently, this issue was partially addressed by coupling pathogen detection to a 

ligation-based probe assay [129]. The probe concentrations, however, were at least 25 to 

250 times higher than in the currently described assay, making such a strategy unnecessarily 

expensive and more prone to background signals, which may finally limit the detection 

sensitivity. Here, a probe-pre-amplification step prior to qPCR analyses was introduced to 

allow the use of lower probe concentrations and to enable increased assay sensitivity when 

applied in nanoliter qPCR. It was demonstrated that the pre-amplification efficiency was 

similar for all Phi-lock probes over all tested target concentrations and that the original target 

ratios present in the sample were conserved.  

 

The Phi-lock probe pre-amplification, however, can introduce significant background signals 

in qPCR due to the influence of originally unligated probes. To reduce the background 

signals, an Internal Hybridization Site (IHS) was introduced internally to the probes. Under 

the pre-amplification reaction conditions, the 3’ arm of an unligated probe hybridizes on the 

IHS internal to the probe, thereby providing a starting point for the Phi29 polymerase. By first 

subjecting the probe mixture to a pre-amplification reaction in the absence of a Phi29 starting 

primer (suicide reaction), only the self-primed, unligated probes are elongated while the 

circularized probes cannot be amplified, since no Phi29 starting point is present. After the 

suicide reaction, a universal Phi29 starting primer with a biotin moiety is added to the Phi29 

reaction mixture. Because the originally unligated probes are double stranded, they cannot 

participate further in the pre-amplification reaction. Consequently, the Phi29 starting primer 

only starts the rolling circle pre-amplification of the circularized Phi-lock probes. We 

demonstrated that the IHS strategy significantly reduced background signals, and the 

detection sensitivity was not influenced by possible competition between the target and the 

IHS during ligation. 

 

To evaluate the designed Phi-lock probes and corresponding primer pairs, the probes were 

ligated on single target gDNA sequences. In all cases, the targets were correctly detected 

and no false positives were observed, indicating highly specific ligation of the Phi-lock probes 

on their respective targets. In agreement with the results obtained previously [129, 135], it 

was demonstrated that the presence of multiple targets had no statistically significant 

influence on the CT values of the individual Phi-lock probes. This demonstrated that our 

multiplex detection system provided truly independent detection and quantification of the 

different pathogens in a single sample. 
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Quantitative diagnostic assays require a linear range of quantification of several orders of 

magnitude. In line with previous results [129, 172], we showed that the Phi-lock probe assay 

reflects the target quantity very well over at least 5 orders of magnitude. The sensitivity of 

detection was determined by testing a 10-fold dilution series of ligation targets for all the Phi-

lock probes. Due to licensing limitations at the time the experiments were performed, Phi-

lock assay sensitivity could not be established on a nanoliter-volume platform (i.e. the 

Biotrove OpenArray platform) and therefore the assay cut-off CT value had to be estimated 

using simulations based upon previous comparisons between conventional qPCR and the 

Biotrove OpenArray platform [129, 235].The simulation experiment using threshold cycle 27 

as a cut-off value showed that a sensitivity of 10fg/μl gDNA in the initial ligation mixture could 

be achieved, which is approximately 100 times more sensitive in than previously developed 

quantitative ligation probe-based assays [129, 172].  

 

Finally, the assay was tested using agricultural soil samples. In one of the tested soils, the 

positive signals for the Phytophthora cactorum and Phytophthora spp probes indicated the 

presence of Phytophthora cactorum. Using the corresponding calibration curves, the 

calculated Phytophthora cactorum gDNA in the ligation sample proved to be highly similar for 

both probes, further demonstrating the quantification accuracy of the Phi-lock probe system. 

Assuming that an average fungal or oomycete genome equals ~50fg gDNA [305-307], an 

estimated 14 Phytophthora cactorum genomic copies were present in the fraction of the 

tested soil sample gDNA extract used for the analysis. Before the obtained results can be 

implemented in practice for e.g. preventive crop-protection treatments, however, reliable 

crop-damage thresholds have to be studied and extensive assay-validation experiments will 

still have to be performed.  

 

In this study, we described a diagnostic system that combines very specific multiplex 

pathogen detection with accurate quantification over a range of target concentrations. The 

pre-amplification ensures easy adaptation to high-thoughput nanoliter qPCR detection 

platforms without the loss of assay sensitivity resulting from the small nanoliter reaction 

volumes. The Phi-lock system described is readily modifiable and expandable to include an 

almost unlimited range of potential targets. The low background and high sensitivity makes 

the Phi-lock probe system highly suitable for versatile diagnostic applications like quarantine 

organism screenings and routine monitoring. 
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Abstract 
 

PCR-based detection assays are prone to inhibition by substances present in environmental 

samples, thereby potentially leading to inaccurate target quantification or false negative 

results. Internal Amplification Controls (IACs) have been developed to help alleviate this 

problem, but are generally applied in a single concentration, thereby yielding less-than-

optimal results across the wide range of microbial gene target concentrations possible in 

environmental samples (J. Hoorfar, B. Malorny, A. Abdulmawjood, N. Cook, M. Wagner, and 

P. Fach, J. Clin. Microbiol. 42:1863–1868, 2004). Increasing the number of IACs for each 

quantitative PCR (qPCR) sample individually, however, typically reduces sensitivity and, 

more importantly, the reliability of quantification. Fortunately, current advances in high-

throughput qPCR platforms offer the possibility of multiple reactions for a single sample 

simultaneously, thereby allowing the implementation of more than one IAC concentration per 

sample. Here, we describe the development of a novel IAC approach that is specifically 

designed for the state-of-the-art Biotrove OpenArray platform. Different IAC targets were 

applied at a range of concentrations, yielding a calibration IAC curve for each individual DNA 

sample. The developed IACs were optimized, tested and validated using more than 5000 

unique qPCR amplifications, allowing accurate quantification of microorganisms when 

applied to soil DNA extracts containing various levels of PCR-inhibiting compounds. To our 

knowledge, this is the first study using a suite of IACs at different target concentrations to 

monitor PCR inhibition across a wide target range, thereby allowing reliable and accurate 

quantification of microorganisms in PCR-inhibiting DNA extracts. The developed IAC is 

ideally suited for high-throughput screenings of, for example, ecological and agricultural 

samples on next-generation qPCR platforms. 
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Introduction 
 

Real time PCR-based nucleic acid amplification is currently the most commonly used 

strategy for the quantification of microorganisms and specific gene expression in 

environmental samples. Such PCR-based nucleic acid amplification is sensitive, accurate, 

and relatively fast and allows the detection, cultivation-independent identification, and 

quantification of microorganisms. 

 

Despite the advantages of PCR-based assays, one major drawback is potential inhibition of 

the amplification reaction by compounds that are often co-extracted with nucleic acids from 

the sample matrix [14-17]. Therefore, much research has been directed toward the 

development of optimized DNA extraction protocols for difficult environmental samples [18-

27]. Nevertheless, co-extraction of PCR-inhibiting compounds often cannot be completely 

prevented, thereby potentially leading to false negative results [28-31]. Moreover, the 

occurrence of partial PCR inhibition can lead to inaccurate target quantification, thereby 

underestimating the true number of assayed targets present in the sample [16]. 

 

A straightforward approach to detect PCR inhibition is the inclusion of an internal 

amplification control (IAC) [30, 135, 308, 309]. An IAC is a non-target DNA sequence that is 

co-amplified with the target under the same reaction conditions and in the same reaction 

tube. Most currently used IACs can be divided into two distinct groups; competitive and non-

competitive IACs [30]. In competitive IACs, the target and IAC are amplified with the same 

primer set. In non-competitive IACs, both the target and IAC are amplified with different 

primer sets [30]. In such strategies, however, competition between the IAC and target DNA 

for primers (competitive IAC), nucleotides and polymerase enzymes (competitive and non-

competitive IAC) can occur [30, 234, 310]. Although the absence or presence of a target 

(qualitative detection) can usually be determined unambiguously after proper optimization via 

both IAC strategies, the competition for reaction components makes accurate quantification 

problematic. Therefore, to allow accurate adjustments to quantitative data in the case of 

partial PCR inhibition, separate reactions for each target and (non-competitive) IAC should 

be performed. A drawback of this approach is the resulting dramatic increase in the number 

of reactions that have to be performed, which is of particular concern when the large-scale 

screening of samples is required or in cases where only a small amount of template DNA is 

available. 

 

A solution to this problem was offered by the recent development of next-generation 

quantitative PCR (qPCR) platforms, like the Biotrove OpenArray system. This novel qPCR
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Figure 1: Schematic overview of the internal amplification control (IAC) on the Biotrove OpenArray 

system. (A) OpenArray architecture. The OpenArray has 48 subarrays, each containing 64 

microscopic 33-nl through holes. The primers are preloaded into the holes. The sample combined with 

the reaction mixture is autoloaded by the surface tension of the hydrophilically coated holes and the 

hydrophobic surface of the OpenArray. (B) IAC target design. Each IAC target consists of a 60-

nucleotide-long spacer DNA fragment (S1, S2, S3, S4) flanked by IAC-unique primer sequences 

(F1/R1, F2/R2, F3/R3, F4/R4). The sequence order of the spacer DNA fragments is randomized for 

each IAC, but all of the IACs are equal in nucleotide composition. The IAC-unique primer pairs ensure 

IAC-specific amplification in a real time PCR. IAC targets were cloned into pGem-T vectors. (C) IAC 

detection principle. A mixture containing a range of concentrations of the four IAC targets, the DNA 

sample, and real time PCR reagents is loaded onto a subarray. The IAC targets are independently 

amplified with the IAC-unique primers which are spotted into selected through holes. Amplification is 

monitored with SYBR-Green dye, and potential PCR inhibition is assessed based on the CT numbers 

of the IAC target mixture. 

 

 

platform provides high-density and low-volume qPCR microarrays that are capable of 

accommodating 3072 reactions per array [129, 293, 311]. The OpenArray contains 48 

subarrays, each consisting of 64 microscopic through-holes with a volume of 33 nl (fig. 1a) 
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into which primer pairs are pre-loaded as specified by the user. Depending on the assay 

layout, a single OpenArray allows parallel testing of up to 144 samples against a maximum of 

3072 targets. 

 

To date, most IACs have been applied in a single concentration. It has, however, been 

shown that IACs used at high concentrations may fail to detect weak PCR inhibition and that 

inhibition of target amplification may be target concentration dependent [30, 312]. Here, we 

hypothesized that accurate quantification by real time PCR requires an IAC in a wider 

concentration range. Fortunately, new-generation qPCR platforms facilitated the 

development of such a new type of amplification control without increased labor or cost. 

 

In this report, we describe a newly developed IAC approach, in which different IAC targets 

are applied at a range of concentrations, thereby providing a calibration-IAC curve that 

enables more accurate target quantification. Primers for the different IACs are spotted along 

with target-specific primer pairs in separate through-holes per subarray, while the IAC target 

mixture is spiked into the environmental DNA extracts (fig. 1b and c). The DNA-IAC mixture 

is then loaded onto the OpenArray subarray, and all targets are amplified and monitored 

individually in real time (fig. 1c). 

 

We describe the development, testing and application of a novel IAC approach for high-

throughput screening of environmental samples on next-generation qPCR platforms. Soil 

DNA extracts varying in their degrees of PCR inhibition were used to demonstrate that this 

IAC strategy can accurately compensate for partial PCR inhibition during the detection of 

microbial targets in complex environmental samples. The benefits of our novel IAC approach 

are discussed with respect its application to various complex matrices where accurate 

quantification of targets is desired.   

 

 

Material and methods 
 

IAC oligonucleotide design 
Four single-stranded internal amplification control (IAC) oligonucleotides were designed. 

Each IAC oligonucleotide consisted of a 60-nucleotide long DNA fragment based on a part of 

the DNA sequence of the green fluorescent protein-encoding gene [313] flanked by 20-

nucleotide long IAC-specific primer sequences (see Appendix S5 in the supplementary 

material). The sequence order of the 60-nucleotide-long fragment was randomized for each 

IAC, thereby preventing IAC cross-hybridization during qPCR, while guaranteeing equal 
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nucleotide composition for all four IAC targets. The IAC-specific primer pairs have equal 

melting temperatures (Tm) to allow universal SYBR-Green-based detection by real time PCR. 

The primer pairs were chosen from GeneFlexTM TagArray set (Affymetrix) so as to minimize 

IAC secondary structures and optimize primer Tm, specificity, and amplification efficiency. 

Potential for secondary structures, primer Tm, and primer specificity were examined using 

Visual OMP 6.0 software (DNA Software Inc., Michigan, USA). The prediction parameters 

were set to match PCR conditions ([monovalent ions] = 0.075 M; [Mg2+] = 0.005 M, T = 

60°C). When necessary, IAC sequences were adjusted slightly to avoid secondary structures 

that might interfere with efficient qPCR. 

 

The IAC oligonucleotides and primers used (see Appendix S5 in the supplementary material) 

were synthesized by Eurogentec SA. 

 
IAC-plasmid generation 
Double-stranded PCR amplicon of each IAC oligonucleotide target was generated with the 

IAC-specific primer pairs by PCR. For each PCR, an initial 2 min incubation at 95°C was 

followed by 35 cycles consisting of 30 s at 95°C, 30 s at 60°C and 72°C for 60 s. After the 

final cycle, samples were incubated at 72°C for 10 minutes and cooled to 4°C afterwards. 

PCR products were run on a 2% (wt/vol) agarose gel and visualized after electrophoresis by 

staining with ethidium bromide, followed by UV transillumination. Each IAC amplicon yielded 

a 100 bp product. The IAC amplicons were excised from the agarose gel, purified using the 

QIAquick gel extraction kit (QIAgen) and cloned into the pGEM-T easy vector (QIAgen); this 

was followed by transformation into competent Escherichia coli cells by a heatshock protocol 

according to the manufacturer’s instructions. Plasmid DNA was isolated from positive 

transformants using the QIA-prep spin minikit (QIAgen), and the presence of the correct 

inserts was confirmed by sequencing. Finally, the amount of plasmid DNA was quantified by 

comparison to a standardized DNA marker after gel electrophoresis and used as an IAC. 
 
Testing of IAC strategies by real time PCR 

An IAC mixture composed of single-stranded IAC oligonucleotides, purified double-stranded 

IAC PCR amplicons or plasmids containing the IAC inserts was tested for amplification 

reproducibility. Testing of these IAC target strategies (table 1) was performed with a 7500 

Real-Time PCR system (Applied Biosystems). The target inputs were 10 zM, 50 fg or 1pg for 

the IAC oligonucleotide, PCR amplicon, and plasmid targets, respectively. SYBR-Green-

based qPCR was performed with 1× SYBR-Green PCR Master Mix (Applied Biosystems), 10 

ng sonicated salmon sperm, the IAC template, and 300 nM of each primer. The reaction 
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mixtures were initially incubated at 50°C for 2 min, followed by 10 min denaturation at 95°C, 

and 40 cycles of 15 s at 95°C and 1 min at 60°C.  

 
Biotrove OpenArray real time PCR  
Amplification of the IAC-mixture and environmental samples was followed in real time with an 

OpenArray NT Cycler (BioTrove Inc., Woburn, USA). Samples were loaded into OpenArray 

plates with the OpenArray NT Autoloader according to the manufacturer’s protocols. Each 

subarray was loaded with 5.0 µl mastermix containing IAC targets (amounts depending on 

the experiment) and reagents in a mixture (final concentrations) of 1× LightCycler FastStart 

DNA Master SYBR-Green I mix (Roche Diagnostics GmbH, Mannheim, Germany), 0.2% 

Pluronic F-68 (Gibco, Carlsbad, USA), 1:4000 SYBR-Green I (Sigma-Aldrich), 0.5% (v/v) 

Glycerol (Sigma-Aldrich), 8% (v/v) deionzed formamide (Sigma-Aldrich). The final assay 

concentration for all the primer pairs was 300 nM. 

 

The PCR OpenArray thermal cycling protocol consisted of 90°C for 10 min, followed by 

cycles of 28 s at 95°C, 1 min at 55°C and 70 s at 72°C (imaging step). The maximum number 

of PCR cycles was set to 33. Due to the smaller reaction volume in the OpenArray plates, 

additives in the PCR master mix and different surface properties, the annealing temperature 

of the Biotrove OpenArray system had to be adjusted to mimic PCR conditions used in the 

7500 Real-Time PCR system. Simulation of Biotrove PCR conditions in Visual OMP 6.0 

software (DNA Software Inc., Michigan, USA) indicated that an annealing temperature of 

55°C in the Biotrove OpenArray corresponded to a 60°C annealing temperature in the 7500 

Real-Time PCR system. 

 

The Biotrove OpenArray NT Cycler System Software (version 1.0.2) uses a proprietary 

calling algorithm that estimates the quality of each individual threshold cycle (CT) value by 

calculating a CT confidence value for the amplification reaction. In our assay, CT values with 

CT confidence values below 800 (average CT confidence of the non-target amplification 

reactions plus 3 standard deviations) were considered background signals. Higher CT 

confidence levels were considered positive and were analyzed further for amplicon specificity 

by studying the individual melting curves. 

 
Independence of IAC amplifications 
Because the IAC template mixture is spiked in the PCR master mix, all IAC templates are 

present in each of the 33 nanoliter through-holes. To evaluate the specificity of the 

developed IAC templates, each IAC template was PCR-amplified with its corresponding 

primer pair as a single template and as part of the IAC mixture. Reaction mixtures containing 
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a single IAC target (IAC1 1.67 pg/µl PCR mixture, IAC2 167 fg/µl PCR mixture, IAC3 16.7 

fg/µl PCR mixture, or IAC4 1.67 fg/µl PCR mixture) and reaction mixtures containing all four 

IAC targets were PCR amplified and analyzed on the Biotrove OpenArray platform as 

described above. Sonicated salmon sperm was added as background DNA to each PCR 

mixture in a final concentration of 2 ng/µl PCR mixture. The five different IAC combinations 

were analyzed by using 20 qPCR replicates for each data point (table 2). Statistical data 

analyses was performed using the Student’s t-test (P < 0.05, n = 20). 

 
IAC calibration curve construction 
IAC calibration curves were constructed with the Biotrove OpenArray system. Each IAC 

template was added to the qPCR mixture at a different concentration, resembling a 10-fold 

dilution series (IAC1 1.67 pg/µl PCR mixture, IAC2 167 fg/µl PCR mixture, IAC3 16.7 fg/µl 

PCR mixture, and/or IAC4 1.67 fg/µl PCR mixture). The four IAC targets were analyzed by 

using 60 qPCR replicates for each data point of the IAC-calibration curve (fig. 2). Finally, 

regression analysis was performed on the positive CT values per IAC target. 

 
Effect of PCR inhibition on IAC calibration curve performance 
To assess the effect of PCR inhibition on IAC regression curve performance in the Biotrove 

OpenArray system, two typical PCR inhibitors related to soil sample DNA extracts were 

tested. Ethanol (used for the final washing step in many DNA isolation protocols) and humic 

acids (the major PCR-inhibiting compound in soil DNA extracts) were added to the PCR 

mixtures at different concentrations. IAC-PCR-mixtures (see above) with final concentrations 

of 5%, 3%, 1.5%, 1%, 0.5%, 0.1% ethanol or 13 ng/µl, 10 ng/µl, 7 ng/µl, 4 ng/µl, 1 ng/µl 

humic acids (Sigma-Aldrich), were PCR amplified and analyzed on the Biotrove OpenArray 

platform as described above. Sonicated salmon sperm was added as background DNA to 

each PCR mixture in a final concentration of 2 ng/µl PCR mixture. Each IAC target was PCR 

amplified with its corresponding primer pair by using 60 repetitions for each reaction 

condition in the Biotrove OpenArray platform. Finally, regression analyzes were performed 

on the positive IAC CT values per sample. 

 

Soil sample analyses 
Six arable fields, having different biotic and a-biotic properties (table 3), were sampled in 

August 2005 [314]. DNA was extracted from 0.6 grams (wet-weight) of each soil sample with 

the Mobio Ultra Clean soil DNA isolation kit (BIOzymTC). An additional 50 mg of glass beads 

(<106 µm) were added to each microtube. Cells were lysed by bead-beating twice for 30 s 

each time in a cell disrupter (Hybaid Ribolyser). After the bead-beating step, DNA was 



Chapter 7 

 136 

extracted according to the manufacturer’s instructions. Next, DNA concentrations were 

estimated by comparison to a standardized DNA marker after gel electrophoresis. 

 

Next, IAC PCR-mixtures (see above) were supplemented with either 1 µl of undiluted, 1 µl of 

20-fold diluted, or 40-fold diluted environmental soil sample DNA. Subsequently, the mixtures 

were analyzed on the Biotrove OpenArray platform for the density of 16S rRNA genes 

belonging to several bacterial groups [315] (table 4) by using 60 PCR replicates for each 

data point. The PCR efficiencies of the assayed target primers were very close to optimal 

and therefore, a PCR efficiency of 2 could be safely used for CT values correction upon 

target DNA sample dilution (Julia Rieckmann, personal communication). Regression 

analyzes was performed by using all of the positive IAC CT values per sample. For each 

analyzed soil sample, the intercept and slope of the IAC sample regression formula (sample-

IAC) were analyzed for statistical differences with the IAC calibration regression formula 

(calibration-IAC) by linear regression analysis using graphpad prism 5.0 (www. 

graphpad.com/demos). When a statistically significant difference (P < 0.05) was observed 

between the sample-IAC and the calibration-IAC regression line (see IAC calibration curve 

construction), the CT values resulting from the analyzed targets were corrected for partial 

qPCR inhibition by using both the sample-IAC and the calibration-IAC regression formulas. 

Using the CT value from the analyzed target as “y observed Ct value sample” value in the sample-IAC 

regression formula, the calculated “x sample” value was used in the calibration-IAC regression 

formula, finally resulting in an “y corrected Ct value sample” value, representing the CT value of the 

analyzed target corrected for qPCR inhibition. 
 

Sample-IAC regression formula: 

Y observed Ct value sample = a slope IAC sample x sample + b intercept IAC sample 

 

Calibration-IAC regression formula 

Y corrected Ct value sample = a slope IAC calibration x sample + b intercept IAC calibration 

 

 

Results 
 
Testing of IAC strategies by real time PCR 
Accurate calculation of target quantities requires highly reproducible PCR amplification of all 

the four IAC templates. To obtain the most reliable IAC template amplification, three different 

IAC template strategies were tested. As shown in table 1, the highest variation in CT values 

was observed when single-stranded IAC oligonucleotides were used as PCR templates, 
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while PCR products and plasmids showed equally low variation in CT values for the applied 

IAC concentrations. This indicates that the latter two template strategies are most suitable for 

reliable IAC design. The advantages of cloned IAC DNA over purified PCR product, however, 

are that it allows simple storage within bacterial cells, and it is more stable due to its 

circularity, guaranteeing the continuous availability and quality of the IAC targets [30]. The 

plasmid strategy was therefore adopted for the IAC development in all subsequent 

experiments. 

 

Table 1: Performance and reproducibility of different IAC template strategies for qPCR. 

Target 
CT (SD)a 

Single-stranded PCR 
product 

Double-stranded 
PCR product Plasmid 

IAC1 21.10 (2.81) 19.13 (0.33) 17.85 (0.11) 

IAC2 20.60 (0.39) 18.68 (0.42) 17.49 (0.06) 

IAC3 21.00 (1.47) 18.07 (0.08) 17.84 (0.23) 

IAC4 20.45 (0.85) 17.32 (0.05) 18.79 (0.11) 
a Data represent averages of three qPCR replicates. 

 

 

Independence of IAC amplification 
To allow accurate quantification, the presence of multiple IAC templates should not influence 

the PCR amplification, compared to the amplification of each single IAC template separately. 

Therefore, the specificity of the developed IAC templates was evaluated by testing each IAC 

template in a qPCR with its corresponding primer pair as a single template and as part of the 

IAC mixture. No statistically significant differences (P > 0.05, t-test) were observed between 

the CT values of the IAC targets when amplified individually and those obtained with the IAC 

mixture (table 2). Thus, the presence of multiple IAC templates had no significant influence 

on the PCR amplification and detection of each individual IAC template, indicating that 

quantification accuracy should not be compromised by aspecific amplification or interactions 

during IAC amplification. 

 

IAC calibration curve 
Because the IAC template amplifications are truly independent, a calibration-IAC curve, and 

a corresponding regression formula could be constructed. As shown in figure 2, the 

correlation between the IAC template concentrations and the observed CT values is very 

high (R2 = 0.996). Additionally, the IAC calibration curve was highly reproducible, with 



Chapter 7 

 138 

standard deviations ranging from 0.12 CT values at high IAC template concentrations to 0.86 

CT values at low IAC template concentrations close to the detection threshold (fig. 2).   

 

Table 2: Independence of IAC template amplification in PCRa. 

Target 
CT (SD) 

IAC1b IAC2c IAC3d IAC4e 

IAC1 14.53† (0.06) 17.90‡ (0.09) 20.51¶ (0.22) 24.82§ (1.31) 

IAC4 14.58† (0.11) 17.91‡ (0.15) 20.65¶ (0.20) 24.86§ (1.12) 
a The indicated IAC concentrations (IAC target/µl PCR master mix) were amplified on the Biotrove 

OpenArray platform. Different symbols indicate statistically significant differences between CT values. 

Student’s t test (P < 0.05, n = 20). 
b Concentration, 1,670 fg/µl. 
c Concentration, 167 fg/µl. 
d Concentration, 16.7 fg/µl. 
e Concentration, 1.67 fg/µl. 
 

 
Figure 2: Reproducibility and precision of the IAC calibration curve in the Biotrove OpenArray. An IAC 

mixture containing 1,670 fg IAC1, 167 fg IAC2, 16.7 fg IAC3, and 1.67 fg IAC4 per µl PCR master mix 

was analyzed for PCR amplification reproducibility on the OpenArray platform (n = 60). Solid line: IAC 

calibration curve based on the average of the observed CT values (R2 = 0.996). Dashed line: standard 

deviation CT values. 
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Effect of PCR inhibition on IAC calibration curve performance 
To assess the effect of PCR inhibition on the IAC-regression curve performance in the 

Biotrove OpenArray system, two PCR-inhibiting compounds typically obtained after soil DNA 

extraction (ethanol and humic acids) were added to the PCR mixture. None of the tested 

ethanol concentrations (up to 5% final concentration) had an effect on the IAC-regression 

curve in the Biotrove OpenArray system (data not shown), implying that there was no PCR 

inhibition. The addition of humic acids, however, resulted in a linear shift of the IAC 

regression curves (fig. 3a). In the case of partial PCR inhibition, no difference in CT value 

shift was observed between IAC templates in low and high concentrations. Interestingly, at
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Figure 3: (A) Effect of artificial 

PCR inhibition on the IAC curve. 

Several concentrations of humic 

acids were added to the IAC PCR 

mixtures and amplified on the 

Biotrove OpenArray platform. IAC 

curves, from top to bottom: ×, 10 

ng humic acids per µl PCR 

mixture; ◊, 7 ng humic acids per µl 

PCR mixture (R2 = 0.996); ∆, 4 ng 

humic acids per µl PCR mixture 

(R2 = 0.998); □, 0 ng humic acids 

per µl PCR mixture (R2 = 0.996). 

Data represent averages of 60 

PCR replicates (n = 60). The error 

bars represent standard 

deviations. (B) Effect of artificial 

PCR inhibition on the number of 

positive qPCR amplifications. 

Several concentrations of humic 

acids were added to the IAC PCR 

mixtures and amplified on the 

Biotrove OpenArray platform. Data 

represent the percentage of 

positive PCR amplifications out of 

60 PCR replicates per IAC target-

humic acid concentration 

combination. 
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high humic acid concentrations, the IAC templates at lower concentrations appeared to be 

more sensitive to full PCR inhibition than the IAC templates present at high concentrations 

(fig. 3b), indicating that the occurrence of full PCR inhibition in the Biotrove OpenArray 

system may be target concentration dependent. 

 
Quantification of bacterial groups in environmental soil samples with the IAC 

calibration curve 
The reliability and accuracy of adjustments to quantitative data based on the developed 

calibration-IAC regression formula were tested by using environmental soil samples with 

different biotic and a-biotic properties (table 3)[314]. Undiluted DNA extracts were analyzed 

by real time PCR for the density of total bacteria, proteobacteria of the α- and β-subdivisions, 

respectively, and actinobacteria (table 4). In the analyzed soil DNA extract from field 5, the 

sample-IAC regression formula in the undiluted DNA sample was not significantly different 

from the calibration-IAC regression formula, indicating that there was effectively no qPCR 

inhibition (table 4). The observed CT values for this sample therefore, did not need to be 

adjusted. The sample-IAC regression formulas for the other five undiluted DNA samples, 

however, were significantly different from the calibration-IAC regression formula, indicating 

the occurrence of partial qPCR inhibition (table 4). For these cases, the CT values resulting 

from the analyzed bacterial groups were corrected for qPCR inhibition as described above 

(see Material and Methods).  

 

Table 3: Characteristics of the tested fields. 

Field Soil type Crop(s) Lutum (%) pH-KCl Organic matter (%) 

1 Marine clay Beetroot 12.3 7.4 1.9 

2 Marine clay Grass-clover 24.3 7.4 2.7 

3 Marine clay Parsnip, pumpkin 16.3 7.0 9.4 

4 Marine clay Grass-clover 15.5 7.4 4.0 

5 Sandy soil Pumpkin 2.5 4.9 1.7 

6 Sandy soil Wheat 1.5 5.0 2.6 

 

 

Reliability of the IAC-based CT value corrections 
To visualize the reliability of IAC-based corrections, the five soil DNA samples that showed 

PCR inhibition were diluted 20 times (fields 1, 2, 3 and 4) or 40 times (field 6). As shown in 

table 4, the sample-IAC regression formulas in the diluted DNA samples from fields 1 to 4 

were not significantly different from the calibration-IAC regression formula. This indicated that
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a 20-fold dilution was sufficient to completely overcome PCR inhibition, making the correction 

of the observed CT values no longer necessary. To enable the comparison between the IAC-

corrected CT values of the assayed targets in the undiluted DNA samples with the CT values 

of the assayed targets after 20-fold dilution of DNA samples, a total of 4.47 CT units 

(theoretically equal to a 20-fold dilution in qPCR; 2n = 20, n = 4.47, where n is the number of 

PCR cycles) was subtracted from the CT values of the assayed targets in the diluted 

samples. Next, comparison of the IAC-corrected CT values of the assayed targets in the 

undiluted DNA samples with the CT values in the non-inhibiting DNA samples (after 20 times 

dilution correction) demonstrated that the developed IAC enabled accurate adjustments to 

quantitative data in cases of partial PCR inhibition by environmental samples (table 4).  

 

The slope of the sample-IAC regression formula from the 40-fold diluted DNA extract from 

field 6, however, was still significantly different from the slope of the calibration-IAC 

regression formula, but equal to the slope of the corresponding undiluted DNA sample-IAC 

regression formula. In this particular case, even a 40-fold dilution was not sufficient to 

completely eliminate the negative effect of the inhibiting agents in the DNA extract for the 

sample-IAC-regression curve, but accurate quantification was still possible using the newly 

developed IAC system. 

 
 

Discussion 
 
In this study, we developed a novel Internal Amplification Control (IAC) that allows highly 

accurate adjustment of quantitative data for partial PCR inhibition. The extremely precise IAC 

approach described in this study allowed an accurate quantification of microorganisms in 

environmental soil DNA samples that contained substances that partially inhibited PCR 

amplification. 

 

Environmental soil samples are commonly known to contain variable levels of PCR-inhibiting 

compounds [17]. These compounds are often co-extracted with soil DNA during nucleic acid 

extraction procedures. A commonly applied strategy to reduce inhibition of PCR is to simply 

dilute soil DNA extracts until PCR inhibition is no longer observed. However, also the targets 

of interest are diluted, which negatively influences detection sensitivity. Additionally, this 

commonly used strategy (dilution series preparation) is not well suited for use with the new 

generation qPCR platforms [168, 311], which require relatively high concentrations of DNA 

target input in nanoliter reaction volumes. Indeed, we observed that the accuracy and 
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precision (reproducibility) of quantification in the Biotrove OpenArray PCR decrease at lower 

input DNA copy numbers, stressing the need for concentrated DNA samples (fig. 2). 

 

In order to test the developed IAC system, we induced PCR inhibition by adding ethanol and 

humic acids to the IAC samples at a range of concentrations. Addition of ethanol up to even 

a 5% final concentration did not result in any PCR inhibition in the Biotrove OpenArray 

system (data not shown). Higher ethanol concentrations were not expected or realistic based 

on typical DNA extraction protocols and were therefore not tested. PCR inhibition with humic 

acids, however, did result in significantly different sample-IAC regression curve intercepts 

compared to the intercept of the calibration-IAC regression curve. Since the slopes did not 

appear to be significantly different, artificially induced partial PCR inhibition resulted in a 

linear CT shift of all IAC concentrations. Thus, partial PCR inhibition in terms of CT values 

was not target-concentration dependent in these samples. Analyzing the number of negative 

PCR amplifications at very high humic acid concentrations, however, indicated that full PCR 

inhibition in the Biotrove OpenArray system is more likely to occur at low target 

concentrations. This suggests that, in cases of very strong inhibition at low IAC 

concentrations, which result in negative PCR amplifications, a DNA sample might still have to 

be diluted to allow accurate IAC-based quantification. Such strong PCR inhibition was, 

however, only observed in the artificially inhibited PCR amplifications at very high humic acid 

concentrations and not in the analyzed DNA extracts from actual environmental samples.    

 

The developed calibration-IAC regression formula was tested with DNA extracts from six 

marine clay and sandy soil environments, which contained various amounts of organic matter 

[314]. The relative abundances of three bacterial groups (the alpha and beta subdivisions of 

proteobacteria and actinobacteria) and the density of total bacteria in the soils were 

determined, while the potential PCR inhibition was monitored with the newly developed IAC. 

As expected, marine clay soils with high organic matter showed the highest degree of PCR 

inhibition, while sandy soils with low organic matter contents generally showed lower PCR 

inhibition. Contrary to those of the samples where PCR inhibition was induced artificially, the 

slopes of the sample-IAC curves in the PCR-inhibiting environmental samples were often 

different from the slope of the calibration-IAC curve. Thus, partial PCR-inhibition in 

environmental samples can be target concentration dependent, stressing the need for IACs 

at multiple target concentrations for more precise and accurate quantification (table 5). By 

comparing CT values obtained from diluted DNA extracts with the IAC-corrected CT values 

obtained from the inhibiting DNA extracts, we demonstrated that target-specific CT values 

could be accurately adjusted for partial PCR inhibition with the developed IAC. It should be 

noted that the IAC primer pairs have no relation to the primer pairs of the assayed targets 
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and that each new target primer pair has to be tested for the PCR inhibition correction in 

combination with the IAC system before reliable IAC-based quantification can be performed 

with environmental samples. 

 

Table 5: Comparison of IAC-based CT value correction strategies. 

Target 

  Applied CT correction method 

 No correction IAC1 IAC2 IAC3 IAC4 

All bacteria  -1.45 -1.33 1.23 1.69 1.97 

α-Proteobacteria  -1.97 -1.80 1.10 1.24 1.45 

β-Proteobacteria  -3.18 -2.91 -1.78 -1.30 -1.11 

Actinobacteria  -3.29 -3.01 -1.85 -1.34 -1.15 

Data indicate the fold difference in assayed target numbers in soil sample 6 for several IAC-based 

correction methods (negative indicates the fold of underestimation of the target numbers, positive is 

the fold of overestimation of the target numbers). The targets for the All-bacteria PCR were present in 

high concentrations, α-Proteobacteria were present in medium high concentrations, and the β-

Proteobacteria and Actinobacteria were present in low concentrations (table 4). The observed CT 

values were not-corrected (no correction), or corrected using a single IAC target, with 1670 fg IAC1, 

167 fg IAC2, 16.7 fg IAC3 or 1.67 fg IAC4 per µl PCR mastermix. Bold numbers indicate most reliable 

IAC-based corrections. High-abundant targets (All-bacteria and α-Proteobacteria) were quantified with 

better precision using high IAC concentrations (IAC1 and IAC2), while low-abundant targets (β-

Proteobacteria and Actinobacteria) were quantified with better precision using low IAC concentrations 

(IAC3 and IAC4). 

 

 

In the field 6 soil DNA extract, the IAC-sample-regression curve remained significantly 

different from the slope of the calibration-IAC regression curve, even after 40-fold dilution of 

the DNA sample. Interestingly, the undiluted and 40-fold diluted DNA sample-IAC regression 

formulas were highly similar, implying that 40-fold dilution was not sufficient to neutralize 

completely the negative effect of the undiluted DNA extract on the sample-IAC-regression 

curve (further dilutions were not tested because of too much loss of sensitivity). 

Nevertheless, this event did not affect the possibility of accurate quantification using this new 

IAC principle. 

 

Next-generation qPCR platforms, like the Biotrove OpenArray system, allow parallel mass 

testing of environmental samples against a wide range of microorganisms. Reliable 

quantification requires amplification controls that can correct for partial PCR inhibition, as is 

often observed for environmental soil DNA extracts. We demonstrated that artificially 
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induced, partial PCR inhibition in the Biotrove OpenArray system is not target-concentration 

dependent, while low target concentrations were shown to be more sensitive to full PCR 

inhibition. Partial PCR-inhibition in environmental samples, however, did appear to be target 

concentration dependent. The developed IAC system can be easily adapted for incorporation 

in TaqMan probe-based detection assays, and the bacterial cells containing the IAC-

plasmids could potentially be used as extraction controls in future experiments [316]. In 

addition, the performance of DNA extraction methods can be evaluated. The described IAC 

system enables accurate adjustments to obtain quantitative data from environmental DNA 

extracts that possibly inhibit PCR and can be applied for routine screenings of samples from 

different environmental systems. 
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General discussion 
 

The work presented in this thesis aimed to develop and implement novel strategies for the 

qualitative and quantitative detection of multiple micro-organisms in a single assay. Such 

approaches are of potential use for studying the ecology and epidemiology of plant 

pathogens. The ability to detect the presence and quantity of a particular pathogen in a crop, 

greenhouse recirculation water or soil, before disease symptoms appear, is of utmost 

importance to minimize yield loses. Also, these technologies will help to set clear threshold 

levels of pathogen densities and to provide crucial information on which disease 

management strategies can be based. The assays described in this thesis may also serve as 

a model for the routine detection and identification of a wide range of micro-organisms in 

diverse biological systems where multiplex target detection is required. Additionally, proper 

correction for assay inhibition due to a variety of sample matrix related factor adds further to 

the reliability of the quantification. The developed assays presented here add to the toolbox 

for effective detection of plant pathogens and other microbial agents and could also be 

applied in various fields outside the agricultural sector in the future.  

 

 

Technical requirements of diagnostic assays 
 

The technologies described in this thesis, were designed to meet certain basic features 

required for diagnostic assays. The features that have to be considered are specificity, 

sensitivity, appropriateness for multiple target detection, throughput, linear detection range, 

dynamic detection range and robustness of detection. 

 

Specificity 
The main requirement for all diagnostic assays is the capability to discriminate between the 

micro-organism of interest and other closely related non-target micro-organisms that may be 

present in the sample in high concentrations. The most extensively used targets for the 

development of diagnostic assays for the detection of plant pathogens are within genomic 

regions encoding the ribosomal RNA genes (rRNA genes). rRNA genes have been 

extensively used in bacterial, fungal and oomycetal molecular phylogenetic studies and are 

well characterized and documented. The rRNA gene regions are particularly suitable for 

diagnostic applications since they contain highly conserved portions interspersed with 

sequences that show high levels of variation (e.g. the small and large rRNA subunit genes 

and the internal transcribed spacer [ITS] regions, respectively). rRNA gene markers allow for 
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classification over a wide range of taxonomic levels [215, 317], sometimes even below the 

species level [318]. Although rRNA gene sequences contain areas with relatively high 

variability, the difference between the target and the closely related non-target sequences 

can be little as a few or even just one nucleotide in the targeted rRNA gene region.   

 

Padlock probes (PLP) and other ligation detection (LD)-based assays have been shown to 

possess excellent single nucleotide polymorphism (SNP) discrimination capacities. Unlike 

conventional LD assays that require two detection oligonucleotide probes with the same Tm 

for each target, the PLP-based detection assays developed in this thesis all employed 

asymmetric target arm design (lower Tm of the 3’ arm) within a single probe molecule. The 

low Tm of the 3’ arm combined with the discrimination power of the ligation reaction 

facilitated the design of diagnostic assays that were capable of discriminating micro-

organisms based on a single nucleotide difference. The obtained specificity is of prime 

importance, because non-target organisms with closely related ligation target sites may have 

completely different ecologies from the targeted micro-organisms. The true SNP level 

detection of the developed detection assays presented in this thesis precludes the need for 

multiple probe pairs for target detection. Inclusion of a combination of multiple probes 

targeting several unique diagnostic regions per target, however, would of course serve to 

increase the robustness of the assays further. 

  
Sensitivity 

Ideally, pathogenic micro-organisms should be detected before disease symptoms have 

developed in order to prevent the spread of the disease and minimize economic losses. It is 

evident that detection assays providing sensitive detection would be of great benefit for 

horticultural and agricultural companies. For reliable disease screenings, the detection and 

identification of all targets of interest that are present is of the utmost importance, especially 

when samples are analyzed for, e.g., quarantine organisms. 

 

Under ideal conditions, PCR-based strategies can detect a single copy of a target DNA 

sequence in a given sample. To our knowledge, this exquisite sensitivity has never been 

achieved for the ligation reaction, and such approaches can therefore be considered less 

sensitive than PCR. The assay sensitivity can however be optimized by intelligent selection 

of the targeted areas in the genomic DNA. The use of rRNA gene encoding regions as 

primary targets for diagnostic assay development not only facilitates the specificity of the 

assay, but also greatly increases the sensitivity, since rRNA genes usually have a high copy 

number per genome.  
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Assuming that an average fungal or oomycete genome equals ~50fg gDNA [305-307], the 

achieved assay sensitivities of the ligation-based assays in this thesis were between 50 and 

500 genomic copies for the PRI-lock assay (chapter 4), 20 target genomes for the Ligation-

Detection assay (chapter 3) and around 2 target genomes for the Phi-lock probe assay 

(chapter 6). The observed assay performance of the developed ligation-based detection 

assays was equal to, or even better than, the sensitivity of previously published multiplex 

TaqMan assays and DNA macro-arrays applied in the plant diagnostic field [217, 220-223]. 

Besides the necessity of complete absence of quarantine organisms in soils, crops and 

recirculation water systems, not too much research is performed trying to identify clear crop-

damage thresholds. Recently, however, thresholds were suggested for the detection of 

Botrytis cinerea spores in air in Dutch greenhouse systems. As few as 10 Botrytis cinerea 

spores in 5 liters of air should be detected (Hofland-Zijlstra WUR-Glastuinbouw, personal 

communication), while immediately serious crop protection measures are taken if 10 or more 

Botrytis cinerea spores are detected in this volume of air. Currently available commercial air 

filtration systems to catch the airborne spores, combined with one of the developed 

quantitative technologies in this thesis, should provide the required detection sensitivity and 

quantification. A clear advantage over most other technologies is that the air can be 

screened for a whole range of other micro-organisms simultaneously, which finally may 

facilitate the determination of crop damage thresholds for the other pathogens.   

 
Linear range of quantification 
Given the importance of detecting pathogen presence relative to threshold densities for 

disease, it is important that pathogen detection is proportional to the actual pathogen levels 

across a wide range of pathogen densities. Using this approach, risk assessments can be 

performed and appropriate decisions can be taken to minimize the spread of pathogen 

inoculum, economic losses, and the need for preventive routine pesticide sprayings. 

 

In diagnostic applications, we expect to quantify target organisms over large concentration 

ranges and therefore a linear range of quantification of several orders of magnitude is 

required. TaqMan probes are currently most commonly used for the quantification in plant 

disease diagnostics, typically providing accurate quantification over 5 to 6 orders of 

magnitude [11]. The attainable level of multiplexing, however, is relatively low due to the 

limited number of fluorescent dyes currently available. In this thesis, we showed that ligation-

probes can reflect well the target concentrations present in the ligation sample. Similar to the 

TaqMan probe assays, we achieved linear quantification ranges that allow accurate 

quantification over at least 5 orders of magnitude in an excess of background DNA (chapter 

4, chapter 5 and chapter 6). The obtained linear range combined with the sensitivity of these 
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ligation-based assays should provide a reliable platform for large-scale screenings to 

accurately determine threshold-damage levels at which pathogen-induced disease 

symptoms appear in agricultural and horticultural systems. 

 

Multiple target detection 

For reliable routine pathogen monitoring in agricultural and horticultural systems, it is 

essential that a wide range of potentially present pathogenic micro-organisms are monitored 

simultaneously. To date, most multiplex pathogen detection has been performed using 

hybridization microarrays [32, 33, 38, 217]. Although such platforms typically allow highly 

multiplex detection, they generally offer relatively low sample throughput and yield limited 

quantitative information compared to quantitative PCR (qPCR) [244].  

 

For qPCR, however, the attainable level of multiplexing is relatively low, typically being 

restricted to the detection of only a few target pathogens per assay [8, 10]. Adding multiple 

specific primer pairs to a single reaction mixture can result in undesired amplification 

products [11, 206], and, for TaqMan PCR, the attainable level of multiplexing is low due to 

the limited number of fluorescent probes [8, 9, 11, 33]. Reliable detection and identification of 

several pathogens in a single sample, therefore, requires separate reaction mixtures, making 

large-scale screening of samples more laborious, time-consuming, and expensive. 

 

By combining the specificity of the ligation reaction with the sensitivity and the sample 

throughput of nanoliter qPCR amplification platforms, many of the limitations that have 

hampered the development of efficient and reliable multiplex detection systems have been 

overcome in this thesis. In chapters 4 and 6, it was demonstrated that the presence of 

multiple targets had no statistically significant influence on the quantification reliability of the 

PRI-lock probe and the Phi-lock probe systems. Both diagnostic assays provided truly 

independent detection of the different pathogens, with no evidence of inhibition due to 

possible ligation and/or Phi29 pre-amplification competition. The developed diagnostic 

assays are also readily modifiable and expandable to include an almost unlimited range of 

potential targets, providing easily accessible platforms for versatile diagnostic applications.  

 

Similar results were obtained in chapter 3, where it was also demonstrated that the final 

assay sensitivity of the Ligation-Detection system was independent of the number of targets 

present in the sample. Combined with the universal cZipCode-based microarray approach, 

the diagnostic assay described in chapter 3 allows for the development of highly multiplexed 

assays  since, in contrast to other methods, the PLPs are not amplified, making background 
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issues essentially irrelevant to the scaling-up process. Thus, expansion of such LD systems 

is only dependent on the identification of suitable probes, since the detection of each specific 

target remains essentially independent. The LD assay described in chapter 3 should serve 

as a model for the routine detection and identification of a wide range of organisms in diverse 

biological systems where background-free multiplex target detection is required. 

 
Dynamic range of detection 
In environmental samples, the ratios of target organisms may vary widely, often making 

detection and accurate quantification of the less abundant organisms problematic [233, 234, 

273]. For reliable disease screening, however, detection and identification of all targets of 

interest present in a sample is of the utmost importance, especially when samples are 

analyzed for, e.g., quarantine organisms or when accurate target quantification is critical. 

 

By mixing target organism gDNAs in several ratios, we demonstrated that the dynamic 

detection range of the LD assay (chapter 3) was 1:104. Additionally, it was shown that the 

final assay sensitivity was not influenced by the presence of high concentrations of 

competing ITS1-ITS4 gDNA in the pre-amplification reaction mixture, guaranteeing the 

reliable detection of the low abundant targets in the presence of high numbers of other 

organisms in environmental samples. Using the PRI-lock and Phi-lock probe approaches 

(chapter 4 and chapter 6), not only was a reliable dynamic detection range of 1:104 achieved, 

but the targets could also be reliably quantified over the observed dynamic range. The 

observed dynamic ranges achieved in this thesis are an improvement over most previously 

developed multiplex pathogen detection assays, where the dynamic range was often limited 

to 100–1000 [48-50, 70] without accurate quantification [223]. 

 

Robustness; Internal reaction controls 
The reproducibility of diagnostic assays is of vital importance for reliable detection. This 

reproducibility can be seriously affected by a range of unpredictable factors. Enzymatic 

reactions, as used in molecular detection strategies, are often prone to inhibition by 

substances present in environmental samples, thereby potentially leading to inaccurate 

target quantification or false-negative results. A widely described example of this 

phenomenon is the inhibition of the PCR amplification by compounds that are co-extracted 

with nucleic acids from the sample matrix [14-17]. Although much research has been 

directed toward the development of optimized DNA extraction protocols for difficult 

environmental samples [20-27, 319], co-extraction of PCR-inhibiting compounds (e.g. humic 

and fulvic acid) often cannot be completely prevented, thereby potentially leading to false-

negative results [28-31]. Moreover, the occurrence of reduced enzymatic efficiency can lead 
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to inaccurate target quantification, thereby underestimating the true number of assayed 

targets present in the sample. This inhibition can sometimes be overcome by improved DNA 

extraction methods or simply diluting the sample. Diluting the sample, however, leads to 

reduced assay sensitivity. 

 

To improve the reliability and robustness of the developed assays, internal controls were 

included to monitor and correct for variation in the reaction efficiency. In chapter 3, a single-

stranded oligonucleotide containing a random nonsense sequence flanked by ITS1-ITS4 

primer regions was added to each pre-amplification reaction mixture. Combined with adding 

an IAC PLP that detects the reverse complement of the IAC oligonucleotide to the ligation 

reaction, the IAC allows one to monitor the robustness of both the pre-amplification and the 

ligation reactions. In chapters 4 and 5, an artificial ligation target for the internal ligation 

reaction control probe allowed us to track back the efficiency of the ligation and the Phi29-

based pre-amplification reactions (chapter 6). Additionally, the internal reaction control 

provided more precise quantification by correcting for the variability arising from the 

enzymatic reactions used in the given assays. To further improve the reliability of future 

diagnostic qPCR-based assays in high-throughput nanoliter platforms, an internal 

amplification control was developed as presented in chapter 7. To yield optimal results 

across the wide range of microbial target gene concentrations possible in environmental 

samples, the IAC was developed to monitor PCR amplification efficiency over several DNA 

concentrations. The developed IAC allowed accurate correction for PCR inhibition when 

applied to soil DNA extracts containing various levels of PCR-inhibiting compounds. 

 

 

Potential pitfalls for Diagnostic assays 
 
The use of molecular DNA-based methods for diagnostics has increased dramatically over 

the last decade. Although the advantages of such DNA-based tools over classical microbial 

methods are numerous, there are several potential pitfalls that have to be taken into account 

concerning quantification accuracy and detection reliability. 

 
Quantification accuracy: DNA extraction 
The final assay detection performance (e.g. sensitivity and quantification power) does not 

solely depend on the developed molecular method. One of the most critical steps in 

achieving accurate quantification of the micro-organisms of interest is the DNA extraction. As 

with any molecular method, the developed methods in this thesis depend on the suitability 

and availability of the extracted DNA from the environmental sample. Besides the co-
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extraction of PCR-inhibiting compounds like fulvic and humic acids (see above), there are 

numerous biochemical, physical and biological factors that can influence the efficiency of 

DNA extraction.  

 

First, in samples with an unknown microbial composition for example, DNA extraction 

protocols may yield different extraction efficiencies for different groups of micro-organisms, 

thereby biasing downstream results towards specific groups of micro-organisms [320-324]. 

Because Gram-negative bacterial cells tend to break open more easily than Gram-positive 

bacterial and fungal cells, mild breakage regimes may favor the extraction of DNA from 

Gram-negative organisms over Gram-positive and fungal organisms [321, 322]. For Gram-

positive and fungal cell breakage therefore, harsher lysis regimes are required. Harsh 

breakage regimes, however, may lead to shearing of the more easily released DNA from 

Gram-negative bacteria [322, 325], thereby potentially influencing downstream detection 

assay performance [326, 327]. The influence of DNA shearing may be minimal for most PLP-

based detection assays, as relatively short DNA fragments are typically targeted for 

detection, but research has to be performed to accurately estimate the potential influence of 

DNA shearing on such detection systems.  

 
Second, not only the type of micro-organism, but also the physiological state of an organism 

is a factor that can influence the DNA extraction efficiency and quantification accuracy. 

Depending on phase in the life cycle, fungal and oomycetal micro-organisms can occur as 

hyphae, mycelia, conidia and/or spores [328], while some Gram-positive bacteria, like 

actinobacteria can produce spores under unfavorable conditions as well. In general, the DNA 

extraction from spores is more difficult than directly from mycelium and bacteria [320, 322], 

and differences in cell wall composition of some basidiomycetes are reported to limit the 

utilization of common techniques for nucleic acids preparation [329]. The physiological state 

of micro-organisms therefore, may result in quantification variation even within the same 

target group. 

 

Third, different DNA extraction procedures differ widely in the quality and quantity of 

extracted DNA and their biases with respect to the microbial diversity that can be detected 

[20, 330-332]. Estimates of soil microbial diversity can be strongly influenced by the DNA 

extraction procedure used, with different protocols or commercial DNA extraction kits often 

providing conflicting views on the microbial community structure [330-334]. It has been 

demonstrated that the quantity of extracted DNA from samples strongly depends on the 

applied DNA extraction protocol [316, 324, 330-332, 335-338]. The selection of DNA 

extraction method for a given sample matrix can, therefore, significantly affect quantification 



Chapter 8 

 156 

and the detection limits of a developed detection assay. One also has to keep in mind that 

high DNA yields from a sample does not necessarily imply highly efficient DNA extraction 

from the targets of interest because there is always the possibility that the extracted DNA 

may be derived from the most easily lysed cells [339]. 

 

Fourth, the DNA extraction efficiency (and therefore quantification) from a micro-organism 

depends highly on the sample matrix. Whereas DNA extraction efficiencies can be optimal 

for micro-organisms spiked in buffered solutions [340], the DNA extraction efficiency might 

decrease due to matrix-related factors [340-344]. Sample matrix characteristics were found 

to influence both the efficiency of DNA recovery and community structure detected [316, 345, 

346]. A persistent problem with DNA extractions from the soil matrix is that the efficiency of 

microbial DNA extraction depends on soil quality, chemical characteristics and soil 

composition. Micro-organisms and DNA molecules released from lysed cells tend to adsorb 

to matrix particles like clay and organic aggregates, resulting in up to 90% lower DNA 

extraction yields [321, 336, 346-348]. The mechanism of DNA adsorption to clay mineral 

particles depends on pH. At pH>5, both DNA and clay are negatively charged and adsorption 

is believed to be facilitated by cation bridging (e.g. Ca2+ or Mg2+). At pH<5, DNA adsorption is 

believed to occur directly because DNA is positively charge below its iso-electric point [349]. 

Internal amplification controls can help correct for altered PCR amplification efficiencies due 

to matrix-related effects such as co-extraction of PCR-inhibiting compounds. However, such 

controls obviously cannot correct for DNA loss due to the binding of DNA to matrix particles 

during the DNA extraction method. Several efforts have been made to include procedural 

controls by adding a known number of bacteria containing a unique target sequence to the 

matrix just before DNA extraction [316, 350]. As discussed earlier, the DNA extraction from 

such a bacterium (typically a Gram-negative species) does not necessarily represent the 

DNA extraction efficiency of other types of micro-organisms in the sample. Moreover, DNA 

extraction of the procedural control from substrates does not completely reflect the state of 

the microorganisms present in the sample [316]. Naturally present micro-organisms might be 

absorbed to, aggregated to, or localized in or between substrate particles and compartments, 

which can protect them from lysis and thereby directly influence the DNA extraction [316, 

321]. Procedural controls therefore certainly add to the quantification reliability of micro-

organisms in complex matrixes, but the obtained values should still be treated with caution.  

 

In principle, every type of environmental sample has its own specific properties, making it 

highly preferable to carry out extensive optimization of the DNA extraction methods used for 

each sample type [27]. Also, it should be noted that even if a DNA extraction efficiency of 

99% is achieved, approximately 107 micro-organisms per gram of sample will remain un-



General discussion 

 157 

extracted given a typical population density of 109 cells per gram sample and, consequently, 

their DNA may escape detection [321]. In addition, because of the physiological differences 

between micro-organisms, diagnostics for different types of micro-organisms (e.g. bacteria 

and fungi) require separate DNA extraction protocols, each with their own procedural control. 

Even with these precautions, obtained values should still be treated as indicative, as stated 

above.  

 
Quantification accuracy; rRNA gene copy numbers 
Ribosomal RNA regions have proven to be powerful targets for diagnostic assays because of 

their relatively high copy numbers per genome, combined with the demand for sensitive 

pathogen detection. However, quantitative diagnostic assays that target rRNA-encoding 

regions should take into account that several quantification errors might be introduced by this 

choice of target. 

 

A source of potential quantification bias arises from the considerable variations that exist 

between rRNA gene copy numbers among targeted organisms. Bacterial rRNA gene copy 

numbers are reported to vary considerably between 1 and 15 [351-365], while fungal and 

oomycetal copy rRNA genes typically occur in higher copy numbers, estimated between 23 

and 200 [366-370]. This variation in rRNA gene copy number makes accurate quantification 

of microbial groups in multi-species communities very difficult or nearly impossible in many 

cases.  

 

More problematic than the observation that the rRNA gene copy numbers vary widely among 

the taxonomic ranks like the class, order, family, genus and species level, is that rRNA gene 

copy numbers are not always conserved in different strains of the same species for both 

fungi and bacteria [360, 368, 369]. 2.5-fold differences in 18S rRNA gene copy number have 

been reported for certain [369], although the actual limits of rRNA gene copy number within a 

strain are not known. These observations imply that accurate quantification using rRNA gene 

copy numbers cannot be extrapolated from data derived from other strains of an organism of 

interest, making prior knowledge of the strain of interest required (Herrera, Vallor et al. 2009). 

 

A recent study showed that rRNA gene copy number was stable in the fungus A. fumigatus 

after exposure to a number of different environmental and growth conditions [369]. Although 

no direct change in rRNA gene copy numbers was found under changing environmental 

conditions yet, the total rRNA gene copy numbers in a genome have been suggested to 

reflect ecological strategies of both bacteria and fungi and have a selective advantage to e.g. 

sudden nutrient changes [368, 371, 372].  In general, organisms that possess multiple rRNA 
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gene copies in their genomes typically grow and respond faster to favorable changing 

environments (like nutrient availability) than those fewer rRNA gene copies [368, 371-374]. It 

can therefore not be ruled out that the rRNA gene copy number in e.g. a bacterial strain may 

change over time under environmental circumstances favoring a high or low number of rRNA 

gene copy numbers, further complicating precise quantification.  

 

The physiological state of a micro-organism does not only influence the DNA extraction, but 

may also influence the quantification accuracy by other means. As mentioned earlier, 

depending on phase in the life cycle, fungal and oomycetal micro-organisms can occur as 

hyphae, mycelia, conidia and/or spores [328]. Although most fungi are haploid, certain life 

stages of fungi are known to exist in “multinucleate” forms, harboring multiple copies of the 

genome [328], potentially affecting quantification accuracy [342, 343]. 

 

It is obvious that ribosomal RNA gene sequences are indispensable for microbial 

diagnostics. Unlike housekeeping genes and other potential target gene sequences of 

interest, the rRNA genes sequence information are extensively available in the database. 

Additionally, their high copy numbers allow the most sensitive detection and quantification 

currently possible. Quantification numbers however, again should be seen as indicative 

numbers. The quantification of micro-organisms may be improved by targeting single-copy 

gene sequences. Targeting such sequences, however, results in a dramatic loss of assay 

sensitivity [335] and, therefore, are best combined with rRNA gene-based detection. 

 
Quantification accuracy; external DNA and non-viable micro-organisms 
A potential drawback of DNA-based detection technologies is that DNA originating from live 

versus dead cells can generally not be distinguished. In the case of pathogens, however, it 

are typically only the viable cells that pose a threat to humans, animals, or plants. Depending 

on the matrix (e.g. microbial activity, matrix composition), DNA in the environment can be 

quite stable and persist for days to several weeks after cell death [349, 375-377]. Studies 

based on membrane integrity techniques have shown that cells with damaged membranes 

ranged from 30 up to even 70% of total bacterial counts found in environmental samples 

[378-381]. Quantitative analysis of total extracted DNA therefore, may potentially lead to an 

overestimation of the living microorganisms in an environmental sample. Due to the short 

half-life time of RNA in living prokaryotic micro-organisms [382, 383], RNA is increasingly 

becoming a target for the detection of viable cells [384]. However, the extraction of high 

quality RNA from complex sample matrices is technically challenging due to the risk of RNA 

degradation and DNA contamination [385]. Also, quantification of micro-organisms based on 

RNA is nearly impossible because the RNA levels in a cell can depend highly on the 
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metabolic activity. Moreover, it has been reported that RNA can still persist for several hours 

up to a week after cell death [385-388], demonstrating that the correlation between the 

presence of RNA and cell viability is not undisputed. A relatively new approach towards 

limiting DNA-based diagnostics to living cells involves ethidium monoazide (EMA) or 

propidium monoazide (PMA) treatment of samples prior to the DNA extraction procedure.  

 

EMA and PMA are DNA intercalating dyes that selectively enter cells with a compromised 

membrane (considered dead), but fail to penetrate the intact cell membranes of living cells. 

The photo-inducible azide group of EMA and PMA can be converted into a highly reactive 

radical by exposure to bright light, which enables covalently cross-linkage of EMA and PMA 

to DNA. This covalent cross-linkage has been shown to strongly inhibit the detection of DNA 

originating from dead cells in (q)PCR [389]. However, depending on the bacterial species, it 

has been demonstrated that EMA may penetrate cells with intact cell membranes, which 

obviously limits the reliability of applying EMA for live-dead discrimination [390-392]. PMA on 

the other hand, has proven to be efficiently excluded from cells with intact cell membranes, 

probably due to the PMA’ s higher positive charge [392-395].  

 

Still little is known about the time span it takes cell membranes to disintegrate and allow PMA 

dye uptake. Several studies indicate that, depending on the stress factor, enzymatic esterase 

activities generally decline faster than membrane integrity [396-398]. To further improve the 

reliability of live-dead discrimination and quantification of microbial DNA therefore, it was 

recently proposed to couple cross-linkable nucleic acids stains to enzymatic esterase activity, 

using a cleavable photo-reactive azide group [399]. Until now, however, this has not been 

achieved in practice.  

 
Quantification accuracy; Inter- and intra-laboratory variation 

Ring tests are a commonly applied strategy to assess the reliability and reproducibility of a 

developed molecular detection method [400, 401]. In a ring test, an institute sends identical 

samples to different laboratories for certain designated analyses using the same protocol. 

Until recently, such a ring test was not performed for the evaluation of the DNA extraction 

efficiency from soils and the subsequent influence on molecular detection. One recent ring 

test demonstrated that the quality and quantity of DNA extracted from a single soil sample 

may show significant inter-laboratory and intra-laboratory variation, even when the same 

DNA extraction protocol is used [402]. Such inter- and intra-laboratory variation among DNA 

extractions was shown to affect downstream molecular analyses [402]. In another ring test 

example, significant differences were observed in DNA quantity and bacterial abundance 

between different laboratories despite the  the acceptance of an ISO-standard (ISO-11063) 
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for direct DNA extraction from soils [403]. Even though such variation remains, the 

acceptance of ISO standards, such as ISO-11063, will lead to further reduction of variation 

among DNA extractions from soils. It has to be noted that for the ISO-11063 only bacterial 

DNA was tested and therefore, the reproducibility of the ISO-11063 methods for DNA 

extraction from fungi and oomycetes remains unclear.  

 
Reliability of detection: discrimination of non-pathogenic strains 
A potential pitfall of molecular detection assays is that certain fungi comprise both plant 

pathogenic as well as non-pathogenic or even plant beneficial strains. Known examples of 

fungal species that contain both pathogenic as non-pathogenic strains are Rhizoctonia 

solani, Fusarium solani and Fusarium oxysporum [404]. For these fungi therefore, 

identification to the forma specialis and strain level is highly desirable [405]. Although 

discrimination of forma specialis based on rRNA genes is possible [406], the sequence 

resolution of rRNA genes is often not sufficient for this level of discrimination [405, 407]. 

Therefore, target sequences should preferably be genes that are directly linked to 

pathogenicity or household genes combined with ITS regions [404, 408-410]. Recently, the 

occurrence of horizontal gene transfer was described for fungi [411]. Although this may not 

happen as frequently as in bacteria, this has to be taken into account for future detection 

assay designs, since horizontal gene and chromosome transfer in plant pathogenic fungi 

may affect host range [412]. Ideally, targets for diagnostic assay should comprise household 

genes (stable in the genome), pathogenicity genes (indicator of a strain is pathogenic on a 

certain crop) and rRNA genes (high copy numbers).  
 

 

Conclusion 
 
The availability of specific and quantitative multiplex diagnostic assays is important for 

studying the ecology and epidemiology of plant pathogens. The ability to detect the presence 

of a particular pathogen in a crop, greenhouse recirculation water, air or soil, before disease 

symptoms appear, is of utmost importance to minimize risks and yield losses. Also, these 

technologies will help to set clear threshold levels of inoculum and to provide crucial 

information upon which disease management strategies can be based. Additionally, the food-

safety sector can benefit from such accurate multiplex technologies capable of true SNP 

discrimination. For example, food samples can be analyzed for the presence of Salmonella 

enterica enterica serovars (the causative agent of Salmonellosis), following a simple 

overnight enrichment, based upon only in a few nucleotide differences at the rRNA gene 

sequence level.   
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It is important to realize that every step in a protocol that aims at quantitative detection of 

microbes in samples should be intensively optimized and validated. For the research 

described in this thesis, we decided to prioritize the optimization of the detection 

technologies. These technologies can now be used as tools to facilitate the development of 

optimized DNA extraction protocols by checking the extraction efficiencies and influence of 

inhibiting matrix compounds (i.e. quality control). The developed techniques described in this 

thesis provide accurate and reproducible results. Due to several external variables 

concerning DNA extraction and rRNA gene copy number variations, however, exact 

quantification of micro-organisms in environmental or horticultural samples remained 

practically challenging for the near future.  
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Supplementary material 
 
Supplementary data 1 (S1): Entire PLP sequences chapter 3. 

 

P. nicotianae  

5’ TAGTAGTCTTTTTTTCTTTTAAACCCATTCCTTAATCTCTCGACCGTTAG 

CAGCATGATTTTTTTTTTTTTTTUUUCCGAGATGTACCGCTATCGTTCTCC 

CGAATGACAAGGCACGAGCTTCGGCCTGATT 3’ 

 

Phytophthora spp.   

5’ TATCTAGTTAAAAGCAGAGACTTTCGTCCTCTCGACCGTTAGCAGCAT 

GATTTTTTTTTTTTTTTUUUCCGAGATGTACCGCTATCGTTCGTCACGTATGGTTCGCTG

CTCTGCTGAAAGTTGC 3’  

 

V. dahliae   

5’ TTTATACCAACGATACTTCTGAGTGTTCACTCGACCGTTAGCAGCATGA 

TTTTTTTTTTTTTTTUUUCCGAGATGTACCGCTATCGTCACGTTCCTAAAG 

CTGAGTCTGCATCAGTCTCTCTG 3’ 

 

F. oxysporum  

5’ GCGAGTCCCAACACCAAGCTGTGCTTGCACTCGACCGTTAGCAGCAT 

GATTTTTTTTTTTTTTTUUUCCGAGATGTACCGCTATCGTCAATGCAGCGTAGGTATCGA

CTGGAACGCGAATTAAC 3’ 

 

F. solani     

5’ CAAATAAATTAAAACTTTCAACAACGGATCTCTTGGCTAGTGCATCCTC 

GTGGCATTTTTTTTTTTTTTTTTUUUTAGGACTTGCGTCTCTGTGCATCCGGTCTCATCGC

TGAATTTTTCTGAGTAAACAAG 3’ 

 

R. solani AG 2-2    

5’ TCTGCCTCACAGGTTCACAGGTGTGTGTGGTACGGCGCTTGGGACA 

TGATTTTTTTTTTTTTTTTTUUUGAGTTCCCGTGCGTTAGATCATCCGGTCTCATCGCTGA

ATTTCCCGTCCATGTC 3’ 
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M. roridum    

5’ CGGTGGTGGCCATGCCGTAAAACACCCCTACTGTGACGCTGTGATGT 

TTTTTTTTTTTTTTTUUUCATCCAGCTCAACGTATCCAATCCGGTCTCATCGCTGAATACT

CGCATTGGAGCT 3’ 

 

P. aphanidermatum  

5’ ATGTTCTGTGCTCTTTTTCGGGAGGGAGCAGGACTGAGCGACCATTTT 

TTTTTTTTTTTTTUUUATGACTCAGGTGCGAGCCAAATCCGGTCTCATCGCTGAATTGAA

CCGTTGAAATC 3’ 

 

P. ultimum     

5’ CGAAAAAACGAACGCAACCATGTGAGACACTTGCGGCTGCTTATCGG 

TCTATTTTTTTTTTTTTTTTUUUCGGCGTGATGATCGCTACTTATCCGGTCTCATCGCTGA

ATCGACAGATTCTCGAT 3’ 

 

Internal Amplification Control (IAC) 

5’ AGCGCATAGACCACGTATCGACTCGACCGTTAGCAGCATGATTTTTTT 

TTTTTTTTUUUCCGAGATGTACCGCTATCGTGTCTCGTCTTCGTGAGTGCATCTCCAACT

ACGTCT 3’   
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Supplementary data 2 (S2): Array spotting pattern (chapter 3, figure 4) 

 
Used cZipCodes 

 

C:  cZip Cont 5’ TATGGTCGGCAATTCCCTGC 3’ 

1:   cZip P. nic.    5’ TCGTGCCTTGTCATTCGGGA 3’ 

6:   cZip V. dah.   5’ CAGACTCAGCTTTAGGAACG 3’ 

15: cZip Phyt spp.   5’ AGCAGCGAACCATACGTGAC 3’ 

19: cZip F. oxy.   5’ AGTCGATACCTACGCTGCAT 3’ 

26: cZip M. ror. 5' CTGAGAGTTCGATGACCTGT 3’ 

27: cZip IAC   5’ TGCACTCACGAAGACGAGAC 3’ 

35: cZip R. sol.AG2-2   5' GATCTAACGCACGGGAACTC 3’ 

39: cZip P. aph. 5' TTGGCTCGCACCTGAGTCAT 3’ 

41: cZip F. sol.   5' GCACAGAGACGCAAGTCCTA 3’ 

42: cZip P. ult.   5' AAGTAGCGATCATCACGCCG 3’ 

 

 
Colorless numbers represent spotted cZipCodes that are not used in this LD-assay 

 
 
 
 
 

0 0 0 0 31 31 31 31 32 32 32 32 31 31 31 31 0 0 0 0 

43 43 43 43 28 28 28 28 29 29 29 29 30 30 30 30 43 43 43 43 

38 38 38 38 39 39 39 39 40 40 40 40 41 41 41 41 42 42 42 42 

33 33 33 33 34 34 34 34 35 35 35 35 36 36 36 36 37 37 37 37 

23 23 23 23 24 24 24 24 25 25 25 25 26 26 26 26 27 27 27 27 

18 18 18 18 19 19 19 19 20 20 20 20 21 21 21 21 22 22 22 22 

13 13 13 13 14 14 14 14 15 15 15 15 16 16 16 16 17 17 17 17 

8 8 8 8 9 9 9 9 10 10 10 10 11 11 11 11 12 12 12 12 

3 3 3 3 4 4 4 4 5 5 5 5 6 6 6 6 7 7 7 7 
38 38 38 38 39 39 39 39 40 40 40 40 41 41 41 41 42 42 42 42 

33 33 33 33 34 34 34 34 35 35 35 35 36 36 36 36 37 37 37 37 

29 29 29 29 30 30 30 30 1 1 1 1 32 32 32 32 2 2 2 2 

24 24 24 24 25 25 25 25 26 26 26 26 27 27 27 27 28 28 28 28 

19 19 19 19 20 20 20 20 21 21 21 21 22 22 22 22 23 23 23 23 

14 14 14 14 15 15 15 15 16 16 16 16 17 17 17 17 18 18 18 18 

9 9 9 9 10 10 10 10 11 11 11 11 12 12 12 12 13 13 13 13 

4 4 4 4 5 5 5 5 6 6 6 6 7 7 7 7 8 8 8 8 

0 0 0 0 1 1 1 1 2 2 2 2 3 3 3 3 0 0 0 0 
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Supplementary data 3 (S3): Array spotting pattern (chapter 3, figure 5) 

 

Used cZipCodes 

 

C:  cZip Cont 5’ TATGGTCGGCAATTCCCTGC 3’ 

1:   cZip P. nic .   5’ TCGTGCCTTGTCATTCGGGA 3’ 

6:   cZip V. dah.   5’ CAGACTCAGCTTTAGGAACG 3’ 

15: cZip Phyt spp.   5’ AGCAGCGAACCATACGTGAC 3’ 

19: cZip F. oxy.   5’ AGTCGATACCTACGCTGCAT 3’ 

26: cZip M. ror. 5' CTGAGAGTTCGATGACCTGT 3’ 

27: cZip IAC   5’ TGCACTCACGAAGACGAGAC 3’ 

 

 

Colorless numbers represent spotted cZipCodes that are not used in this LD-assay 

 

 

 

 

 

 

 

 

0 0 0 0 3 3 3 3 2 2 2 2 1 1 1 1 0 0 0 0 

8 8 8 8 7 7 7 7 6 6 6 6 5 5 5 5 4 4 4 4 

13 13 13 13 12 12 12 12 11 11 11 11 10 10 10 10 9 9 9 9 

18 18 18 18 17 17 17 17 16 16 16 16 15 15 15 15 14 14 14 14 

23 23 23 23 22 22 22 22 21 21 21 21 20 20 20 20 19 19 19 19 

28 28 28 28 27 27 27 27 26 26 26 26 25 25 25 25 24 24 24 24 

2 2 2 2 32 32 32 32 1 1 1 1 30 30 30 30 29 29 29 29 

7 7 7 7 6 6 6 6 5 5 5 5 4 4 4 4 3 3 3 3 

12 12 12 12 11 11 11 11 10 10 10 10 9 9 9 9 8 8 8 8 

17 17 17 17 16 16 16 16 15 15 15 15 14 14 14 14 13 13 13 13 

22 22 22 22 21 21 21 21 20 20 20 20 19 19 19 19 18 18 18 18 

27 27 27 27 26 26 26 26 25 25 25 25 24 24 24 24 23 23 23 23 

0 0 0 0 30 30 30 30 29 29 29 29 28 28 28 28 0 0 0 0 

0 0 0 0 31 31 31 31 32 32 32 32 31 31 31 31 0 0 0 0 
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Supplementary data 4 (S4): nucleic acid sequences chapter 6. 

 

Phi-lock probes: 

Pyt. aph. 

5’ ATGTTCTGTGCTCTTTTTCGGGAGGGGTCTACAGTTCTGCGCCTGAAAGAGAGT 

AGTACAGCAGCGATTTCAAACTCGTCGGATGCAATGATCATCCGGTCTCATCGCTGAAT

TGAACCGTTGAAATC 3’  

 

Pyt. ult . 

5’ CGAAAAAACGAACGCAACCATGTGAGACACTTAGTGTCGCCAGCTCCAATGA 

AAGAGAGTAGTACAGCAGCATCGAGACGGCGTGATGATCGCTACTTATCCGGTCTCATC

GCTGAATCGACAGATTCTCGAT 3’ 

 

Ver. dah.  

5’ TTTATACCAACGATACTTCTGAGTGTTAGGTCGGCTGCACGCTA 

AATAAGAGAGTAGTACAGCAGCCAGAGAGGTGCGTAGTTCTGTCATAGCATCCGGTCTC

ATCGCTGAATCATCAGTCTCTCTG 3’ 

 

Phy. inf. 

5’ TCGATTCGTGGTATGGTTGGCTTCGGCTATAAGTCCGGTCAAGCGTCCAAG 

AGAGTAGTACAGCAGCGCATTTCTCAGAGTCGGTAGGCACTATGGATCCGGTCTCATCG

CTGAATCGTTAATGGAGAAATGC 3’  

 

F_sol 

5’ CAAATAAATTAAAACTTTCAACAACGGATCTCTTGGCTAGTGCATCCTCGTGGCATA 

AGAGAGTAGTACAGCAGCCTTGTTTAGGACAGAGACGCAAGTCCTAATCCGGTCTCATC

GCTGAATTTTTCTGAGTAAACAAG 3’  

 

Phy_cac 

5’ GACTTTCGTCCCCACAGTATAATCAGTATTAAGGAATTCATGCTGCTAACGGT 

CGAGAAGAGAGTAGTACAGCAGCCTTGCTTTCCGAGATGTACCGCTATCGTATCCGGTC

TCATCGCTGAATTATCTAGTTAAAAGCAAG 3’  
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Phi_IRC 

5’ AGCGCATAGACCACGTATCGACTCGACCGTTAGCAGCATGAAAGAGAGTAG 

TACAGCAGCAGACGTAGTTCTGACGTAGAGTTCACAATGATCCGGTCTCATCGCTGAAT

TCTCCAACTACGTCT 3’ 

 

Phyt. spp.  

5’ TATCTAGTTAAAAGCAGAGACTTTCGTCGGTGTTGATTCGCGTCTACTAAGAGAGT 

AGTACAGCAGCGCAACTTTCTACGAACGTCTTAGCACTCCATCCGGTCTCATCGCTGAA

TCTGCTGAAAGTTGC 3’  

 

Phyt. spp. without IHS 

5’ TATCTAGTTAAAAGCAGAGACTTTCGTCGGTGTTGATTCGCGTCTACTAAGAGAGT 

AGTACAGCAGCTACGAACGTCTTAGCACTCCATCCGGTCTCATCGCTGAATCTGCTGAA

AGTTGC 3’ 

 

Phy. nic. 

5’ TAGTAGTCTTTTTTTCTTTTAAACCCATTCCTTAATGTTGCAGATCCTGTTCCGTCAA 

GAGAGTAGTACAGCAGCAATCAGGTACGTGTTGATAGTTCGGACATCCGGTCTCATCGC

TGAATGCTTCGGCCTGATT 3’ 

 

Myr. ror. 

5’ CGGTGGTGGCCATGCCGTAAAACACCCCTACTGTGACGCTGTGATGAAGAGAGTA 

GTACAGCAGCAGCTCCAACATCCAGCTCAACGTATCCAATCCGGTCTCATCGCTGAATA

CTCGCATTGGAGCT 3’ 

 

Primers: 

Pyt_aph_FW 5’ ACTCGTCGGATGCAATGATC 3’ 

Pyt_aph_RV 5’ TCAGGCGCAGAACTGTAGAC 3’  

Pyt_ult_FW 5’ CGGCGTGATGATCGCTACTT 3’  

Pyt_ult_RV 5’ TCATTGGAGCTGGCGACACT 3’ 

Ver_dah_FW 5’ GTGCGTAGTTCTGTCATAGC 3’ 

Ver_dah_RV 5’ ATTTAGCGTGCAGCCGACCT 3’ 

Phy_inf_FW 5’ AGAGTCGGTAGGCACTATGG 3’  

Phy_inf_RV 5’ GGACGCTTGACCGGACTTAT 3’ 

Fus_sol_FW 5’ GGACAGAGACGCAAGTCCTA 3’ 
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Fus_sol_RV 5’ ATGCCACGAGGATGCACTAG 3’ 

Phy_cac_FW 5’ CCGAGATGTACCGCTATCGT 3’  

Phy_cac_RV 5’ CTCGACCGTTAGCAGCATGA 3’ 

IRC_FW 5’ CTGACGTAGAGTTCACAATG 3’ 

IRC_RV 5’ TCATGCTGCTAACGGTCGAG 3’ 

Phy_spp_FW 5’ TACGAACGTCTTAGCACTCC 3’ 

Phy_spp_RV 5’ AGTAGACGCGAATCAACACC 3’ 

Phy_nic_FW 5’ TACGTGTTGATAGTTCGGAC 3’ 

Phy_nic_RV 5’ GACGGAACAGGATCTGCAAC 3’ 

Myr_ror_FW 5’ CATCCAGCTCAACGTATCCA 3’ 

Myr_ror_RV 5’ CATCACAGCGTCACAGTAGG 3’ 

 

Phi29_start_primer with Biotin 

5’ GCTGCTGTACTACTCTCTT 3’ 

 

Phi29_cleavage_primer 

5’ AAGAGAGTAGTACAGCAG 3’  
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Supplementary data 5 (S5): IAC sequences chapter 7. 

 

 

 

 

 

IAC 
Target  Forward primer sequence (5’-3’) Reverse primer sequence (5’-3’) Spacer sequence (5’-3’) 

IAC 1 CCTCTGCAGCGATGTCACTA GCATCTGTCGGTGCGTCAAT 
AACCCTAGAAAGCTTTCCCGTCTAACA
CACCTGTCCATTACCAACAGACCATTT
TCCTGT 

IAC 2 GACACTGCTGGTCTGCGAAT GATGCACGTTATCGTCGAGT 
GGATCACTTAAGTATCGTCGCCAATCT
TTCACTTCTTCCTCCTACACCACACAC
AAAAGC 

IAC 3 ATGCGAGCGAGTCGAATCCA CAGAGGATGGCACTCGTCAT 
CGAAAACACACACCACATCCTCCTTCT
TCACTTTCTAACCGCTGCTATGAATTC
ACTAGG 

IAC 4 GGCTGCTGTTACATGCTGTC ATGCCGTAGCTGCGATAACG 
CCCTGTAGCCCTTATCCTCATTTAACA
ACTATTCCCAGACGATCAACTTGCCAA
CCTAGA 
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Samenvatting 
 

Het onderzoek in dit proefschrift had tot doel om nieuwe strategien voor de kwalitatieve en 

kwantitatieve detectie van meerdere (pathogene) micro-organismen in één enkele test te 

ontwikkelen en toe te passen. Zulke testen kunnen uiteindelijk van grote toegevoegde 

waarde zijn om de ecologie en de epiderminologie van plant pathogenen te bestuderen. Met 

de wereldwijd toenemende vraag naar voedsel is namelijk de mogelijkheid om te 

aanwezigheid en/of hoeveelheid van een bepaald pathogeen in een gewas, een kas-

recirculatiewater systeem of een grond te bepalen voordat er ziekte symtomen zichtbaar zijn, 

van groot belang om het preventieve gebruik van pesticiden te verminderen en om de teelt 

opbrengst te vermeerderen. Ook helpen zulke technologien om duidelijke drempel waarden 

m.b.t. pathogeen dichtheid te bepalen en om noodzakelijke informatie te verschaffen waarop 

ziekte bestrijdings strategien kunnen worden gebaseerd.   

 

De testen in dit proefschrift zijn gebaseerd op circulariseerbare ligatie probes en maken het 

mogelijk om meerdere plant pathogenen in één enkele test te detecteren, zonder dat de 

detectie betrouwbaarheid van ieder individueel pathogeen wordt beïnvloed. Pathogenen 

kunnen van elkaar worden onderscheiden gebaseerd op slechts een enkele nucleotide 

verschil in de te detecteren DNA sequentie. Deze extreem hoge specificiteit maakt het 

mogelijk om pathogenen te onderscheiden van zeer verwante, niet schadelijke organismen. 

Alle ontwikkelde testen detecteren pathogenen over concentratie verhoudingen van meer 

dan 1:104. In hoofdstuk 3 is een test ontwikkeld voor de kwalitatieve analyse van meerdere 

pathogenen in kas-recirculatie water systemen. De afwezigheid van achtergrond maakt deze 

test erg geschikt voor de detectie van quarantaine organismen. In hoofdstuk 4 is er een 

nanoliter-volume qPCR gebaseerde test ontwikkeld die de gelijktijdige detectie en 

kwantificatie van meer dan 10 verschillende pathogenen mogelijk maakt. In hoofdstuk 5 is de 

in de in het voorgaande hoofdstuk beschreven technologie toegepast voor de kwantificatie 

van organohalogeen reducerende bacterien in vervuilde gronden. In hoofdstuk 6 is de 

quantitatieve test verder ontwikkeld om te compenseren voor het verlies aan gevoeligheid 

ten gevolge van de nanoliter qPCR volumes. Ten slotte, is in hoofdstuk 7 een interne 

amplificatie controlle (IAC) strategie ontwikkeld om zo qPCR remming te kunnen monitoren 

in grond monsters die worden geanalyseerd in een nanoliter-volume qPCR platform. De 

ontwikkelde IAC maakte meer betrouwbare correctie voor qPCR remming mogelijk, iets dat 

de betrouwbaarheid van de microbiologische kwantificatie in grond monsters ten goede 

komt. 
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De in dit proefschrift beschreven testen kunnen dienen als model system voor de routine 

detectie en identificatie van micro-organismen in diverse biologische systemen waar 

multiplex detectie gewenst is. Bovendien zal de juiste correctie voor test remming als gevolg 

van een variëteit aan monster-gerelateerde factoren nog meer toevoegen aan de 

betrouwbaarheid van de kwantificatie. De ontwikkelde testen die hier zijn gepresenteerd, zijn 

een waardevolle toevoeging aan de toolbox voor de effectieve detectie van plant pathogenen 

en andere micro-organismen en hebben een potentiële toepasbaarheid buiten de agrarische 

sector. 
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