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ABSTRACT

Pathogenic organisms are transmitted to the host organism through all possible connected pathways, and cause a myriad
of diseases states. Commonly occurring curable infectious diseases still impose the greatest health impacts on a
worldwide perspective. The Bill & Melinda Gates Foundation partnered with RAND Corporation to form the Global
Health Diagnostics Forum, with the goal of establishing and interpreting mathematical models for what effects a newly
introduced point-of-care pathogen diagnostic would have in developing countries. The results were astonishing, with
potentially millions of lives to be saved on an annual basis.
Golden standard for diagnostics of pathogenic bacteria has long been cultureable medias. Environmental biologists
have estimated that less than 1% of all bacteria are cultureable. Genomic-based approaches offer the potential to
identify all microbes from all the biological kingdoms. Nucleic acid based pathogen diagnostics has evolved significantly
over the past decades. Novel technologies offer increased potential in sensitivity, specificity, decreased costs and parallel
sample management. However, most methods are confined to core laboratory facilities. To construct an ultimate
nucleic acid based diagnostic for use in areas of need, potential frontline techniques need to be identified and combined.
The research focus of this doctoral thesis work has been to develop and apply nucleic acid based methods for pathogen
diagnostics. Methods and assays were applied to the two distinct systems i) screening for antibiotic resistance mutations
in the bacterial pathogen Neisseria gonorrhoeae, and ii) genotype determination of the cancer causative Human
Papillomavirus (HPV). The first part of the study included development of rapid, direct and multiplex Pyrosequencing
nucleic acid screenings. With improved methodology in the sample preparation process, we could detect an existence of
multiple co-infecting HPV genotypes at greater sensitivities than previously described, when using the same type of
methodology. The second part of the study focused on multiplex nucleic acid amplification strategies using Molecular
Inversion Probes with end-step Pyrosequencing screening. The PathogenMip assay presents a complete detection
schematic for virtually any known pathogenic organism. We also introduce the novel Connector Inversion Probe, a
padlock probe capable of complete gap-fill reactions for multiplex nucleic acid amplifications.

Keywords: pathogen diagnostics, antibiotic resistance, connector inversion probes (CIPer), human papillomavirus
(HPV), genotyping, global health diagnostic forum, molecular inversion probes (MIP), neisseria gonorrhoeae, padlock
probes, and pyrosequencing.
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SAMMANFATTNING

Patogena organismer smittas till värd organismen genom alla möjliga kontaktnätverk och skapar en mångfald olika
sjukdomstillstånd. Dock är det fortfarande vanligt förekommande behandlingsbara infektiösa sjukdomar som orsakar
den största hälsoförlusten, sett från ett globalt perspektiv. Bill och Melinda Gates Stiftelsen samarbetade med RAND
kooperation för att forma “The Global Health Diagnostics Forum”. Deras mål var att etablera och analysera
matematiska modeller för vilka effekter en ny diagnostisk metod utrustat för fältarbete skulle ha i utvecklingsländer.
Resultaten var häpnadsveckande, med potentiellt miljoner av liv som skulle kunna räddas på en årlig basis.
Den etablerade standarden för diagnostik av patogena bakterier har länge varit kultiveringsmedia baserad. Miljö
specialiserade biologer har estimerat att mindre än 1 % av alla bakterie arter går att kultivera. Dock erbjuder genetiska
analyser potentialen att kunna identifiera alla mikrober från alla de biologiska rikena. Nukleinsyrebaserade diagnostiska
metoder har märkbart förbättrats över de senaste årtionden. Nya tekniker erbjuder utökad sensitivitet, selektivitet,
sänkta kostnader och parallella analyser av patient prover. Dock är de flesta metoderna begränsade till standardiserade
laboratoriemiljöer. För att konstruera en väl fungerande diagnostisk fältutrustning för användning i problem områden,
behöver världsledande tekniker identifieras och kombineras.
Fokuseringsområdet för denna doktorsavhandling har varit att utveckla och utföra nukleinsyrebaserade metoder för
patogen diagnostik. Metoder och experimentella utförande applicerades på två distinkta system i) sökning av antibiotika
resistens relaterade mutationer i den patogena bakterien Neisseria gonorrhoeae och ii) genotypning av det cancer orsakande
Humana Papillomaviruset (HPV). Den första delen av studien inriktade sig mot utveckling av snabba, direkta och
multiplexa Pyrosekvenserings baserade nukleinsyreanalyser. Med förbättrad provprepareringsmetodologi kunde vi
detektera multipla HPV infektioner med högre sensitivitet än vad tidigare beskrivits med liknande metodologi. Den
andra delen av studien fokuserades på multiplexa nukleinsyre amplifikationer med “Molecular Inversion Probe”
tekniken med sista steg Pyrosekvenserings analys. “PathogenMip assay” erbjuder ett komplett detektionsprotokoll för
alla kända patogena organismer. Vi introducerar även den nya “Connector Inversion Probe”, en “Padlock Probe”
kapabel att genomföra kompletta gap fyllningar för multiplex nukleinsyre amplifiering.

Nyckel ord: patogen diagnostik, antibiotika resistens, connector inversion probe (CIPer), humant papillomavirus
(HPV), genotypning, global health diagnostic forum, molecular inversion probes (MIP), neisseria gonorrhoeae, padlock
probes och pyrosekvensering.
 Michael S. Akhras

To the millions of children in the world dying from treatable diseases

“A little knowledge that acts is worth infinitely more than much knowledge that is idle.”
Kahlil Gibran (1883–1931), Lebanese poet and novelist.
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INTRODUCTION

1.1

A global perspective on pathogen diagnostics

The continuous threat of virtual pathogens to our modern silicon-based “Google” society closely resembles
that of the carbon-based pathogens’ historical threat to the biological kingdoms1. What malicious “computer
virus” software types and biological pathogens all have in common is a quintessential descriptive code,
represented either as a software source code or nucleic acid molecules (DNA or RNA). The fundamental
strategy of antivirus software is to identify suspicious activity that might indicate infection or scan the code in
search of predefined markers2, 3. The same fundamental strategies can be applied to biological pathogens
diagnostics, but on a whole other scale4.
The major groups of microbial pathogens are bacteria5, viruses6, parasites7, fungi8, and prions9. Viruses are
the most abundant biological entity on our planet, representing an estimated total of 3% of all predicted
proteins10. Pathogenic organisms are transmitted to the host organism through all possible connected
pathways and cause a myriad of diseases or illnesses11, 12. Commonly occurring curable infectious diseases still
impose the greatest health impacts on a worldwide perspective13. To measure the global annual human
burden of morbidity and mortality caused by a specific disease, the World Bank and World Health
Organization (WHO) established the disability-adjusted life-years (DALY) concept, combining the loss
involved with premature death and impacts in healthy life caused by disabilities. In 2004, the Bill & Melinda
Gates Foundation in partnership with RAND Corporation formed the Global Health Diagnostics Forum,
with the goal of constructing and interpreting models for improved point-of-care (POC) diagnostics in
developing countries14. The forum focused on the six diseases areas resulting in the highest health tolls in the
developing world, namely, acute lower respiratory infections (ALRIs)15, human immunodefiency virus
(HIV)/acquired immunodeficiency syndrome (AIDS)16, diarrhoeal diseases17, malaria18, tuberculosis19, and
sexually transmitted infections (STIs)20. Utilizing mathematical constructed probability trees, status quo was
compared with the potential impacts of a newly introduced diagnostic method, based on currently available
logistics and treatment forms21. The potential impacts for a new diagnostic method that would fit the
ASSURED (Affordable, Sensitive, Specific, User-friendly, Rapid, Equipment-free, and Deliverable) criterion
were astonishing, with millions of DALYs saved on an annual basis (Table 1)22.
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Table 1. The table is derived from Urdea et al. 200622. The values are based on best-case scenario with increased access
to available treatment forms. Sensitivity and specificity denotes the specifications required by the new diagnostic.
Potential impact of a new ASSURED diagnostic in the developing world
Infectious disease

Organism

Patient group

Sensitivity

Specificity

Lives/year

Prevent/year

ALRI

Bacteria

Children <5 years

95 %

85 %

≥ 405,000 DALYs

HIV/AIDS

Virus

Children <1 year

90 %

90 %

∼2.5 M DALYs

Diarrhoeal

Bacteria

Children <5 years

90 %

90 %

∼2.8 M DALYs

Malaria

Protozoan

Children <5 years

95 %

95 %

∼2.2 M DALYs

TB

Bacteria

Symptomatic

85%

97%

∼400,000 lives

STI (Syphilis)

Bacteria

Antenatal women

86%

72%

≥ 201,000 DALYs

∼215,00 stillbirths

STI (NG and CT)

Bacteria

Female CSW

85%

90%

∼4 M DALYs

>212,000 HIV cases

∼396 M treatments

AIDS (acquired immunodeficiency syndrome); ALRI (acute lower respiratory infection); ASSURED (affordable, sensitive, specific, userfriendly, rapid, equipment-free, deliverable); CSW (commercial sex workers); CT (Chlamydia trachomatis); DALYs (disability-adjusted life
years); HIV (human immunodeficiency virus); NG (Neisseria gonorrhoeae); STI (sexually transmitted infections); TB (tuberculosis);
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1.2

Pathogen diagnostic methods

Pathogen diagnostic methodology can be divided into four categories: i) syndromic management diagnostics,
comparing patients phenotypes to that of characteristic disease states23, ii) microbe visualizable detection
methods, including microbial cultivations24, and/or light-microscopic examinations25, iii) protein detection
methods, such as antibody-antigen detection in the Enzyme-Linked Immunosorbent Assay (ELISA)26, and
iv) nucleic acid based diagnostics, screening for the source codes of infecting agents27. Golden standard for
diagnostics of pathogenic bacteria has long been cultureable medias. Environmental biologists have
estimated that less than 1% of all bacteria are cultureable28. Genomic-based approaches offer the potential to
identify all microbes from all the biological kingdoms. Standard methodology for diagnostic of viruses
compromises screens for specific protein markers and or nucleic acid signatures.
Nucleic acid based diagnostics has evolved significantly over the past decades27. Novel technologies offer
increased potential in sensitivity, specificity, decreased cost, and parallel sample management, but are mostly
confined to core laboratory facilities, and thus difficult to implement in clinical environments29,

30.

To

construct an ultimate nucleic acid diagnostic for use in areas of need, potential frontline techniques need to
be identified and combined. The four fundamental processes for nucleic acid diagnostics include biomarker
identification, nucleic acid extraction, selected target amplification, and target validation. The key principal
exploited is complementary base pairing; combining a synthetic nucleic acid strand with a signature sequence
that can be designed to fish for a complementary target strand. Integrating the basic steps into a one-reaction
assay would be a significant accomplishment towards an ASSURED diagnostic method. Analogous
diagnostic methodology can be applied for both RNA and DNA detection, with a seemingly endless
spectrum of methods and applications31. There are also promising developments towards interdisciplinary
methodology usage, such as the Proximity Ligation Assay (PLA)32, 33, where antibody-antigen interaction is
detected via coupled nucleic acid amplification. Alternatively, direct antibody detection of nucleic acid
heteroduplexes was developed with the Hybrid Capture assay (HC)34.

5
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METHODOLOGY

2.1

Genetic biomarker selection

The multidisciplinary field of bioinformatics emerged as an important discipline shortly after the
development of the first generation DNA sequencing technologies35,

36.

Historic approaches to finding

biomarkers were based on wet-lab processes focusing on a limited number of candidates, using prior
knowledge about gene functions, unique proteins, or toxins37. The completion of the Human Genome
Project (HGP) in 200138, 39 boosted the bioinformatical possibilities with comparative genomics40 and genetic
biomarker candidates generation (also known as DNA or RNA signatures). Since January 2008,
approximately 700 complete genomes41 have been sequenced and made available at on-line databases,
including Genbank42, The Institute for Genomic Research (TIGR)43, the Sanger Centre44, the Joint Genome
Institute (JGI)45, and the DNA databank of Japan (DDBJ)46. Annual increase in sequenced data continues to
grow at incredible rates47.

2.1.1

Human nucleic acid signatures

The genomes of two individual humans is said to have an estimate of 99.9% similarity, where most
differences are single nucleotide polymorphisms (SNPs)48. The term “polymorphism” is used for DNA
sequence variations where the least common allele has an abundance of 1% or greater in the population;
otherwise, the sequence variation is called a mutation. With a total estimate of 11 million SNPs, two random
haploid human genomes will on average differ in every 1331 bases49. In 2002, the international HapMap
project was launched. Their goal was to genotype at least one common SNP per every 5 kilo bases (kb) of
the euchromatic genome of 270 individuals from four geographically diverse populations48, 50. With the
completion of the second phase of the HapMap project, there were over 3.1 million human characterized
SNPs51. With linkage analysis and/or high-resolution whole-genome association studies of affected groups,
researchers hope to identify familial SNPs related to a human disease state52, 53. The Primer bank contains
primers covering most known human and mouse genes, with over 26,000 validated primers since March
200854. Genetically destabilizing events such as mutations, large-scale genomic deletions, and amplifications
of genomic regions, are associated with cancer progressions, and also have the potential to function as
biomarkers in clinic evaluations55, 56.
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2.1.2

Pathogen nucleic acid signatures

One important differences in viral biomarker signature generation compared with bacterial is the absence of
a DNA repair system. Viral genomes have mutation rates 1000 times that of the bacterial genomes. A whole
genome nucleic acid signature search involves Multiple Sequence Alignments (MSA)57 of known and related
genomes, and Basic Local Alignment Search Tool (BLAST)58 of candidates towards all available sequence
data to score signature fitness37, 59-61. Theoretically, with access to all possible sequence variants, we could
computationally generate unique nucleic acid signatures. Practically, the best DNA signature we can generate
is a stretch of DNA not yet known to match any other organism. The Insignia system uses such a
computational approach to generate unique DNA signatures based on sequences of viral and bacterial
genomes59,

62.

The PathOligoDB database stores oligonucleotide primer sets for nucleic acid signature

pathogen detection assays, based on published data, with a collection since March 2008 of approximately
1000 pathogen genes covering about 150 organisms63. Alternative software applications such as the
Primer364, Oligo 765, MuPlex66, PathogenMIPer61, PieceMaker67, and ProbeMaker68 assist in creating denovo
suitable probes based on user-defined criteria and downstream applications.
A key marker in the diagnostics of bacteria is the 16S rRNA gene, as it is present in all bacteria and encodes
for the same product. The Ribosomal Database Project (RDP)69 has since March 2008 catalogued over
480,000 16 S rRNA sequences70. Phylogeny can be defined based on its nucleic acid differences71, which can
be sufficient for species identification72. However, novel high-throughput whole genome DNA sequencing
techniques have increased potentials in the study of biological diversities, an emerging field know as
metagenomics73, 74.
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2.2

Nucleic acid extraction

In order to allow for more efficient downstream analysis, it is essential to purify and extract the nucleic acids
from the sample source75. Background materials can interfere and inhibit downstream processes, lowering
the overall reaction sensitivity76. Nucleic acid extractions are today a routine procedure, with several
commercially available kits, that can be performed on a wide range of samples sources, including blood, hair
roots, vaginal swabs, semen, feces samples, bones, saliva, and including stains or skeletal remains that are
many years old77. Sample origin and the qualitative or quantitative nature of the analysis will affect the choice
of extraction technique. The fundamental steps of the extraction process are: i) cellular lysis, ii) sample wash,
and iii) nucleic acid elution.

2.2.1

Cell lysis

All cells have a plasma membrane barrier separating the intracellular matrix and the extracellular matrix. The
membrane consists of ampiphatic lipid bi-layers with embedded membrane proteins. The nature of the lipid
and protein content varies with cell type. Animal and protist cells only contain a cell membrane, while
bacteria, yeast, archaea, fungi, algae and plant cells have cell walls of different nature. Bacterial cell walls are
composed of peptidoglycan. Yeast cell wall consists of two layers of β-glucan. Archaea cell walls have various
chemical compositions including glycoprotein S-layers, pseudopeptidoglycan, or polysaccharides. Fungi cell
walls contain chitin, while algae cell walls typically consist of glycoprotein's, polysaccharides and in certain
instances might consist of a silicic acid. Plant cell walls consist of multiple layers of cellulose. Cells can be
lysed by physical, chemical, enzymatic or electrical means. Breaking the cells by thermal energy is the simplest
approach, achieved by heating the sample for 10-15 min. Other physical disruptive methods include i)
mechanical grinding, ii) liquid homogenization by forcing cells through narrow spaces, iii) sonication with
high frequency sound waves breaking open the cells, and iv) freeze/thaw cycles mediated by ice crystals
formations78. Alkaline-based chemical cell lysis is the most commonly utilized methodology, taking advantage
of the phenomenon that lipid bi-layers of cell membranes dissolve with buffers containing surfactants such
as sodium dodecyl sulfate (SDS) and guanidine thiocyanate (GTC)79. Enzymatic cell lysis methods include
use of various enzymes with lysozyme activity capable of digesting the different forms of cell walls80.
Electrical means of cell lysis include electroporation in which the stability of the cell membranes is
permanently disrupted, holes on the cell membranes sustained, and intracellular materials released81. The
appropriate choice of cell lysis technique will have to take into consideration the origin of cells or tissues
being examined, amount of material to be analyzed, and compatibility with downstream processes. A
combinatorial usage of techniques can be beneficial for cells that are difficult to break down, such as the case
with yeast and fungi cell lysis82, 83.
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2.2.2

Sample preparations

Sample wash is conventionally performed with centrifugation forced laborious organic extractions, i.e.
phenol/chloroform extraction, followed by isopropanol and or ethanol precipitation. However, use of
phenol is not recommended due to its corrosive properties, reproducibility and automation potentials27.
Novel strategies make use of high affinity between nucleic acids and silica at defined buffer conditions84, and
sample purification is either performed with columns or magnetic bead separations27. An advantage of novel
extraction procedures is that they can be made fully automatic using robotic liquid handling stations, thus
reducing the labor burden and the human error factor75. Alternatively, methods that utilize gel-matrix or filter
cards can be customizable for on-site analysis settings. The ChargeSwitch nucleic acid purification
technology utilizes 100 % water-based buffers to “turn on” or “turn off” a pH-dependent ionic switch85. The
ChargeSwitch matrix carries a positive charge at pH<6.5 and neutral charge at pH>8.5, and can be applied to
most surfaces, i.e. magnetic particles, glass or laboratory-grade plastics. Proceeding cell lysis, the slightly acidbuffered environment enables attraction of the nucleic acids negatively charge phosphate backbone to the
positively charged particles. Contaminants can be washed away and nucleic acids eluted by change of buffer
to an alkaline environment. The Flinders Technology Associates (FTA) filter paper-based technology takes a
fully integrated nucleic acid extraction approach86. The filter paper matrix is impregnated with proprietary
chemicals that lyse cellular material and fix and preserve nucleic acid molecules into the paper. A chaotropic
agent impregnated in the filter denatures all macromolecules, hence samples are no longer considered
infectious, which allows for long-term storage (>5 years) without need for biohazard declaration87. The
sample is loaded onto the FTA card, washed, and used immediately for downstream processes. FTA cards
eliminate the time-consuming procedures of conventional nucleic acid purification, and have thus far been
applied to a multitude of applications88. The ease and mobility of these techniques shows excellent potential
for on-site field applications.
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2.3

Selective nucleic acid amplification

The introduction of the Polymerase Chain Reaction (PCR)89,

90

revolutionized molecular biology and

molecular diagnostics31, although the concepts had already been hinted at an earlier stage91. Target selective
nucleic acid amplification was performed with a pair of synthetic oligonucleotide primers complementary to
a region on each strand flanking the desired target. With n subsequent cycles of primer hybridization,
polymerase extension and DNA denaturation, PCR can exponentially amplify Nn DNA amplicons at, Nn =
N0 x (1+E)n, where N0 is the initial target present and E is the amplification efficiency (0<E<1). Probe
fitness and reaction conditions will determine the rate of success92. With use of modified primers with
increased melting temperatures (Tm), such as the Peptide Nucleic-Acids (PNA)93 or Locked Nucleic-Acids
(LNA)94, 95, more selective assays can be achieved. To date, there are a multitude of PCR-like technologies
that use clever engineering processes to continually expand our collective molecular “toolbox” (Figure 1).

2.3.1

Thermal amplifications

Access to a thermostable DNA polymerase isolated from Thermus aquaticus greatly simplified the PCR
procedure, allowing the reaction to be performed in a thermo cycling reaction reaching higher temperatures.
Thermal PCR significantly improved specificity, yield, sensitivity, and amplicon length restrictions96-98. DNA
polymerases have since been isolated from more than 25 species with optimized parameters such as
increased extension rates, improved processivity, higher fidelity, strand displacement capabilities, and
disabled proofreading systems99. The Hot-Start PCR refinement suppressed mis-priming artifacts and
resulted in a more sensitive, consistent reaction with higher amplicon yields100, 101. Technically one or more of
the PCR components102-104 are physically separated or chemically inactivated until high temperature triggers
release. Additional techniques that aimed to lower background disturbances, included i) nested PCR with two
subsequent PCR reactions using outer and inner primer pairs105, and ii) touchdown PCR with a gradual
lowering of the primer annealing temperature during the PCR cycling process106.
Instant classics were introduced with Allele-Specific, Asymmetric, and Real-Time PCR concepts. AlleleSpecific PCR was introduced based on the property that mis-match sites in the primers 3´ends lower
amplification rates107. With allele specific SNP primers, amplification could only occur if the investigated
SNPs were present, a technique known as Allele-Specific Extension (ASE). Asymmetric PCR was established
to ease downstream sample preparations108. With a great excess of one primer in the pair, the final product
would yield predominately single strand amplicons. The process has since been optimized with the Linear
After The Exponential PCR (LATE-PCR) methodological requirement109.
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Figure 1. Our molecular “toolbox.” The techniques presented in the flowchart are all mentioned throughout chapter
2.3. Straight lines illustrate connected pathways. Techniques included are color divided in thermal (green), isothermal
(blue) or multiplex (red) amplifications categories. Certain techniques can be reformatted and utilized in all categories.
LM (ligase mediated) and SD (strand displacement), other abbreviations can also be found in the list of abbreviations
section.
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Real-Time PCR presented a kinetics-based quantitative PCR technique, where the amount of newly
synthesized DNA is measured at each cycle throughout the PCR process110. Fluorescent light signals
proportional to amplicon amounts could be generated by the use of double-strand DNA (dsDNA)
intercalating dyes, such as ethidium bromide or SYBR Green. Target sequence-specific probes utilizing
fluorescence resonance energy transfer (FRET) upon amplicon hybridization and polymerase extension, were
also utilized for Real-Time PCR quantification. A number of FRET probes have since been introduced,
including Hybridization probes, TaqMan probes, Molecular Beacons (MB), Sunrise, Scorpion primers, and
Light-up probes111. In terms of signal intensity diagrams, ten times the standard deviation of the average
baseline signal is defined as the threshold cycle (CT). Furthermore, the CT value is inversely proportional to
the logarithm of the template concentration (copy number)112. An additional benefit of Real-Time PCR-like
systems was that it introduced an integrated system with direct target validation, with no need for further
downstream analysis.
Ligase-mediated (LM) amplification113,

114

involved the use of a DNA ligase to ligate two same-strand

targeting adjacent labeled primers, a detection scheme known as Oligonucleotide Ligation Assay (OLA)115,
116.

Inverse PCR combined restriction enzyme digestion of genomic DNA, and fragment circularization via

DNA ligation117. The strategy allowed for use of reverse orientated internal primers for amplification of
external regions. The Ligase Chain Reaction (LCR) utilized a thermostable DNA ligase to exponentially
amplify short DNA stretches utilizing OLA-primers, in a thermal cycling process similar to PCR118.
Modifications were made to amplify longer DNA stretches by including a polymerase extension in
gapLCR119. The Padlock Probe (PLP) introduced a clever strategy for target selection120. An oligonucleotide
probe containing both same-strand targeting OLA-primers connected by a non-coding linker allowed the
ends to meet upon target recognition, facilitating a ligase mediated probe circularization.
In addition to a blended usage of above described classical techniques, a noteworthy novelty to the thermal
amplifications group includes digital PCR121. Single DNA molecules were isolated trough dilutions series and
subsequently amplified by PCR. The detection signal is thereby transformed from the analog nature of classic
PCR into a digital signal, allowing for deeper statistical analysis of the PCR product. There have been
numerous successful applications for digital PCR, especially in the genetic analysis of cancers122, yet the most
prominent version was introduced with the advent of BEAMing technology123, 124. BEAM (Beads, Emulsion,
Amplification and Magnetics) functions by capturing single DNA molecules on magnetic microbeads in
water-in-oil microemulsions125, and performs millions of parallel amplifications of individual beads. Each
magnetic bead then contains millions of copies of its original DNA molecule.
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2.3.2

Isothermal amplification strategies

Isothermal amplification strategies are performed at a uniform temperature, without the need for thermo
cycling. Strand displacing polymerases are capable of displacing downstream duplex DNA segments during
primer extension, which constitute a key strategy in numerous isothermal amplification schematics. Strand
Displacement Amplification (SDA) utilizes such a sophisticated scheme126, 127. Target templates are generated
with use of two pairs of outer and inner primers, where the outer primers displace the strands synthesized by
the inner primers. The newly displaced strands serve as templates for subsequent rounds of the SDA cycle
process. The inner primer regions contain restriction enzyme motifs, which can create nicks in the duplex
DNA strands ends, sufficient for re-priming and displacing another round of the SDA cycle. The SDA
technique offered potential benefits when introducing a relatively simple enzyme system performed at a
uniform temperature. However, disadvantages with the system include its inability to efficiently perform long
target sequences and that it operates at relatively low non-stringent temperatures resulting in high
background signals128. The disadvantageous SDA requirement of two primer pairs with exonuclease target
sequence dependence could later be avoided with arrival of novel strand displacing isothermal techniques.
The Rolling Circle Amplification (RCA)129,

130

was modeled after nature’s replication strategy of circular

DNA molecules. The prolonged primer extension of a circular template, due to strand displacement, creates
a DNA concatemer with tandem repeated copies of the template sequence. The φ29 DNA polymerase was
preferred for RCA methods, due its processivity and its property of being a potent strand displacer131. The
perfect match was found when combining the circularized PLPs with subsequent RCA132, 133, with successful
applications in both DNA and RNA detection 134-137. A near identical strategy was seen with the later arriving
Ramification AMplification technique (RAM)138. In the exponential Hyperbranched RCA (HRCA), primer1
performs linear RCA of a PLP, while primer2, complementary to a region in the newly synthesized strand,
continuously extends a secondary template for primer1 to further extend upon133. The Multiple
Displacement Amplification (MDA) adapted the hyperbranched strategy with random hexamer primers for
Whole Genome Amplification (WGA)

139, 140,

replacing less effective thermal amplification approaches141.

Circle-to-Circle Amplification (C2CA) utilized restriction enzyme digestion to monomerize the RCA
products, which were then re-circularized with a DNA ligase to serve as template for a new round of RCA142.
C2CA resulted in an amplicon concentration 100 times stronger than that of PCR.
Isothermal amplification could also be achieved through a system of sophisticated primer designs. Loopmediated isothermal AMPlification (LAMP) utilizes a set of four specially designed primers, recognizing a
total of six distinct sequences on the target DNA143. External primers strands displace the internal primer
extension templates. The internal primers are designed with regions complementary to both the sense and
antisense target sequence, and thus form feedback loop formations that continue to extend independently of
the original target. The final product is a stem-loop DNA structure with multiple inverted repeats of the
target, resembling a cauliflower-like structure. The SMart Amplification Process version 2 (SMAP 2) refined
the LAMP design to yield a more rapid and sensitive assay144.
14
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An isothermal variant of the Transcript mediated Amplification System (TAS)145, was made possible with the
similar techniques self-sustained sequence replication (3SR)146 and nucleic acid sequence-based amplification
(NASBA)147. The enzymes used were vital for retroviral amplification, and included reverse transcriptase,
RNase H and a DNA dependent RNA polymerase. With the use of target specific primers with T7 RNA
polymerase promoter tags and the enzyme triad, continuous cycles of reverse transcription with cDNA
intermediates would ultimately yield cDNA amplicons from RNA targets. A key feature utilized was RNase
H capability of hydrolyzing the RNA strand in RNA:DNA heteroduplexes, which diminished the need to
denature nucleic acids by thermo cycling. The Single Primer Isothermal Amplification (SPIA) system further
combined RNase H hydrolysis and a strand displacing polymerases to create a rapid and sensitive isothermal
amplification system148. A single RNA primer hybridizes to a target DNA strand and extends through a
polymerase, and following RNase H hydrolysis, the region is once again available for further primer
extension with strand displacement of previous synthesized fragments.
The thermal Helicase-Dependent isothermal Amplification (tHDA) procedure utilized the unwinding
capability of a helicase to replace the thermal denaturing process149, 150. Helicase unwinds DNA duplexes and
keeps the strands denautered with the assistance of single-strand binding proteins (SSB) and accessory
proteins, while the primers anneal to, and extend from the target single-strand DNA (ssDNA). The process
can then be repeated without any need for thermal cycling. The EXPonential Amplification Reaction
(EXPAR) utilizes differences in Tm properties of different length oligonucleotides to create an isothermal
amplification at 60oC151. With an oligonucleotide containing an ssDNA nicking site, a nicking enzyme, and a
compatible DNA polymerase, a smaller fragment will be released from the oligonucleotide-target duplex due
to thermal instability. The remaining oligonucleotide will extend to replace the missing fragment, while the
fragment itself will serve to create a new template for further amplifications.

2.3.3

Multiplex amplification

Multiplex amplifications strategies allow for parallel amplification of different targeted fragments in one-tube
reactions, a concept that was initially introduced back in 1988152. Engineering an efficient multiplex PCR
requires laborious strategic and mathematical modeling on primer design, primer-template ratios, fragment
lengths, nucleotide concentrations, optimal salt and buffer conditions, and chemical adjuvants153. Tagged
primers were developed with the addition of an unrelated 20-nucleotide sequence to the 5´ends of the PCR
primers, a concept that significantly eased the design of multiplex PCR systems154. In tag-driven multiplex
PCR, the tags were designed to block primer-dimer (PD) formations that create high-background signals, by
self-hairpin loop structures of surplus primers155. However, with a sophisticated software primer design
based on sets of predefined criteria ensuring minimum primer 3´end complementarities, researchers managed
to perform 1000-plex amplifications without tagged primers156.
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The use of a DNA ligase would also be invaluable in the development of multiplex systems for WGA and
SNP analysis157. LM-PCR was initially introduced with the DNA fingerprinting technology known as
Amplified Fragment Length Polymerization (AFLP)158. Oligonucleotide adaptors were ligated to restriction
enzyme digested genomic DNA fragments, and with 3´ end sequence dependent primers, a selective PCR
was performed. The concept was further improved with ligation of universal sequence adaptors, and thus a
PCR could be performed using a single primer pair for a 15,000-plex human SNP detection system159. With
the use of two restriction enzymes for fragmentation complexity-reduction, adaptor ligation, and long-range
PCR amplifications (up to 2 kb) in two separate reactions, a 100,00-plex SNP detection system was
achieved160.
OLA schematics have also been successfully utilized for multiplex amplifications. A re-modification of the
PLP resulted in the Molecular Inversion Probe (MIP), capable of more than 10,000-plex amplifications161, 162.
MIP technology included a one-base gap in the juxtaposition of the probes ends, and would only circularize
upon target hybridization, Single-Base Extension (SBE) and ligation. Circular fragments could be purified by
exonuclease enzyme cleanup of linear background fragments. The MIPs also contained a restriction site for
probe re-linearization, with the resulting inversion allowing for universal primer PCR amplification. Each
MIP also contained a specific barcode, which would serve basis for target validations. A recent PLP variant,
the Turtle probe, was specifically designed for RNA detection163. The probe would circularize upon itself,
when target hybridization stabilized a self-hairpin loop formation. The Multiplex Ligation-dependent Probe
Amplification (MPLA) method utilizes a primer pair with universal tags for an OLA-reaction164. Non-coding
linkers of varying lengths, positioned between the target specific 5´ending probe and its universal primer tag,
are used for probe validations. The Golden Gate assay utilizes a similar strategy, with the exception of an
allele specific extension of a SNP site and a unique base composition tag (instead of a specific length linker)
for probe validation165. The Tri-nucleotide Threading (TnT) approach differs in that it only allows for
extension gaps containing three types of bases, while the fourth base would only be present at the 5´end
thread-joining primer166. Probe purification is performed by biotin-streptavidin magnetic separation.
For certain detection systems, the amplification of longer DNA signatures would be beneficial. Selector
technology offers such a system with theoretically multiplex amplification of fragments up to 1000 base pairs
(bp)67, 167, 168. Genomic DNA is predigested with restriction enzymes. The dsDNA selector probes contain a
general primer pair motif, flanked by ssDNA target specific ends. The probes attach to the restriction
enzyme cleaved ends of genomic DNA fragments to form a circle that can be ligated. Following exonuclease
circle purification, the selectors can be universally amplified with the common primer pair. Selector
technology has recently been reformatted and utilized for gene-copy analysis in Multiplex Ligation Genome
Amplification (MLGA)169. In the Gene-Collector assay, a two-step amplification scheme with an in-between
purification allows for a multiplex system using standard PCR primers170. An initial multiplex PCR is carried
out with all target specific primer pairs, without the need for complex mathematic optimizations. A collector
probe designed to complement both ends of a primer pair enables circularization of successfully amplified
fragments. Circle purification is then followed by a randomly primed RCA.
16
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Solid Phase Amplification (SPA), initially referred to as clonal bridge amplification, was developed on the
basis of attaching the 5´ends of the primers to a solid phase (silica, polystyrene bead, etc.) instead of allowing
the primers to freely diffuse in a bulk solution

171, 172.

Denatured target DNA would anneal to the solid

supported primers, allowing the sense primers 3´end to extend. The newly synthesized strand would further
attach to a downstream solid antisense primer, which would then extend and create a bridge in the second
cycle round. With the physical separation of the different primer pairs involved and labeled deoxynucleotide
triphosphates (dNTPs), the validation step could be incorporated with the amplification process yielding
positive or negative amplified pixels. MegaPlex PCR utilized a universal tagged solid phase primers for 75plex amplifications173. Solid phase PLP has been described on the basis of the PLP, consisting of two
individual oligonucleotides attached to the microarray surface at opposite directions174. One probe’s target
specific phosphorlyated 5´end (surface attached at the 3´end) would meet and ligate a second probe’s target
specific 3´end (surface attached at the 5´end) upon target hybridization. The bridge created is then protected
against exonuclease enzyme cleanup in a similar way to the circular PLPs. An alternative use of solid phase
technology has recently been described with the Microarray-based Genomic Selection (MGS) strategy175, 176.
Target selection from pools of fragmented genomic DNA with ligated adaptors, is achieved via probe
capture to a custom MGS array. With hybridization enrichment through a series of washes and elution, only
the desired fragments can be amplified with the universal primer pair. Although current reusable MGS arrays
allow for 385,000 capture probes, state-of-the-art microarrays could make 4.5 million capture probes
available in the near future.
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2.4

Target validation techniques

The classic procedures to visualize nucleic acid targets include fragment size-separating techniques and the
use of specific or unspecific labels. Electrophoresis is the phenomenon that a molecule with a net charge will
move in an electric field. When performed in a gel-matrix, molecules can be separated by size, allowing
smaller molecules to migrate at a quicker pace177. The nucleic acids fragments are then illuminated with UVlight by some intercalating label, such as ethidium bromide or SYBER Gold85. A classic application of this
was DNA fingerprinting, where suspect DNA was fragmentized by restriction enzymes and subsequently
visualized by gel-electrophoresis for unique pattern generation178. High-Performance Liquid Chromatography
(HPLC) is a form of chromatography, where the analyte molecules are forced through the stationary face
(the column) by pumping a mobile phase (liquid) at high pressure through the column179. The separated
fragments can then be visualized by spectroscopy measurements with UV light, based on DNA’s ability to
absorb light at 280 nm, a property also utilized as a crude method to quantify a pure DNA sample180. Current
known and accepted standard techniques for target validation techniques include i) Real-Time PCR Taqman
probe analysis, ii) sequencing and iii) hybridization-based analysis31.

2.4.1

Nucleic acid sequencing

By all accounts, sequencing still offers the ultimate nucleic acid validation technique, as it enables us read the
order of nucleotide bases, the code of life. The Personal Genome Project (PGP) has now taken over where
the HGP ended, with the National Institute of Health (NIH) establishing a goal of sequencing an individual
humans genome for $1000 or less181. The Archon Genomics X-prize has also announced a price of $10
million prize to the first group able to sequence 100 human genomes in 10 days182.
In the early days of DNA sequencing, the two available methods where i) DNA sequencing with chainterminating inhibitors (known as Sanger sequencing)183,

184,

and ii) chemical cleavage technique (known as

Maxam-Gilbert sequencing)185. The Sanger method became the golden standard of sequencing for
approximately 30 years, mostly due to the toxic-nature of the Maxam-Gilbert method. Sanger sequencing
utilized dideoxynucleotides (ddNTP) that terminate DNA strand elongation of a primed template. Fragment
lengths could provide information about the terminated base. In its current form, a primed DNA template is
elongated with regular dNTPs and four different fluorescent dyes labeled ddNTPs (one wavelength per
base) in a cycled sequencing reaction. Capillary electrophoresis is used for size-based base calling186, 187. With
the use of a computer assisted shotgun-assembly approach, Sanger sequencing successfully completed the
HGP back in 200138, 39. A recent Sanger re-sequencing attempt has sequenced the complete diploid genome
of HGP frontline figure Dr. J. Craig Venter188, for an estimated unconfirmed price of about $30 million189.
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The Sequencing-By-Synthesis (SBS) concept described back in 1985190, involved a real-time recording of
environmental changes, based on nucleotide incorporation of a DNA polymerase extension. With the use of
the coupled Enzymatic Luminometric Inorganic Pyrophosphate Detection Assay (ELIDA)191, the release of
pyrophosphate (PPi) during polymerase extension could be monitored with ATP-sulfurylase mediated PPi
conversion to ATP, and furthermore firefly Luciferase mediated conversion of ATP to light. Solid phase
DNA minisequencing presented the first ELIDA application with single-base ddNTP chain-termination,
followed by ELIDA polymerase extension signal detection of non-terminated extensions192. The
methodology was further improved with the addition of Apyrase, capable of cleaning up residue dNTPs193.
The substitution of natural dATP with dATP-α-S allowed for DNA polymerization, but not Luciferase lightconversion194, which ultimately resulted in Pyrosequencing195, 196. The technique has since seen a multitude of
improvements and applications, ranging from human SNP analysis197,

198,

mutation analysis199, DNA

methylation analysis200, secondary structure determination201, multiplex sequencing202, 203, tag sequencing204,
205,

clone checking206 and pathogen diagnostics207. There are currently over 500 papers published on the

topic208, 209.
Pyrosequencing was further developed into an array-based massively parallel microfluidic-sequencing
platform210,

211,

accomplished through a combination of clonal BEAM PCR followed by parallel and

individual Pyrosequencing reactions in picolitre reactor wells. The 454 Genome Sequencer FLX system
averages amplicon reads of about 240 bp, and can produce about 100-130 Mega bases (Mb)/sequencing run.
The system has thus far been applied to de novo WGA212 and amplicon resequencing (ultra-deep sequencing)
using barcoded primers213-215 amongst other applications211. One of the most notable 454 achievements
includes the full sequence of the DNA structure discoverer Dr. James D. Watson’s genome, at an estimated
price of $1 million189.
Alternative high throughput sequence methods have recently evolved216. The Illumina 1G genome analyzer
combines clonal bridge amplification (SPA) and fluorescence labeled reversible terminated bases in cycled
sequencing rounds217. The sequencing-by-ligation strategy218, 219 is utilized in the Supported Oligo Ligation
Detection (SOLiD) platform capable of sequencing 3 Giga bases (Gb) per run220. With proprietary clonal
bead-based emulsion PCR of fragmented or mate-paired genomic libraries, enriched amplicon beads are
attached on high-density glass surface arrays. With ligation detection schematic of 3´end degenerative 8-mer
probe, and subsequent cleavage of its fluorescence dye labeled 5´end, the 4th and 5th probe base position
from point of ligation can be interrogated per sequence round. Examples of novel methods starting to
appear include systems by VisiGen Biotechnologies221, Helicos Biosciences222, Complete Genomics223, and
Charged-Perturbation Sequencing (CPS)224, utilizing a myriad of combined and novel approaches towards
realizing a $1000 genome.
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2.4.2

Nucleic acid hybridization

The basic concept of a target complementary probe that signals target presence in the case of hybridization is
a widely used target visualization technique. The classic techniques Southern and Northern blot transferred
gel-electrophoresis fragments to a membrane filter with target sequence-specific labeled probes for DNA
and RNA detection, respectively225,

226.

Another classic is the now twenty-year-old Fluorescence In Situ

Hybridization (FISH) assay, which utilized a complementary targeting fluorescent-labeled probe to image and
locate targets in situ227. FISH has thus far been used for a multitude of applications ranging from DNA,
RNA, cytogenetic chromosome analysis, and bacterial 16S rRNA detections.
The old classics set the stage for the development of microarray technology. The concept was loosely based
on a reversed northern blot strategy, where an array of target sequence-specific probes attached to a solid
surface hybridize labeled target molecules that, following washing of undesired product, would signal
detection. What began back in 1995 with 45 complementary DNA probes spotted on a glass slide to create a
microarray228, has since evolved rapidly to allow for fabrication of microarrays with over 2.1 million features
probes176, 229. Microarrays can either be constructed based on the standardized open microscope slide format
or alternative integrated strategies, such as those employed by Affymetrix in a closed “kit” format230.
Microarrays have been utilized for a multitude of applications including genome-wide genotyping, expression
profiling, RNA detection, protein arrays, and pathogen nucleic acid detections231. The concept of a DNAchip for detection of infectious diseases has been widely discussed232. Notable achievement was introduced
with the Affymetrix pathogen GeneChip widely utilized for detection of Severe Acute Respiratory Syndrome
(SARS) amongst other pathogen detection systems230, 233, 234. Allele-Specific Oligonucleotide Hybridization
(ASOH) describes the decreased thermal stability of a target:probe duplex with a mismatched base, and with
an appropriate use of hybridization temperature, a positive selection could be possible235. The SequencingBy-Hybridization (SBH) techniques enable interrogation of particular nucleic acid bases with high-density
microarrays49. Sequencing of nucleic acids is accomplished, when including all possible combination of
arrayed oligonucleotides of a given length. The Luminex xMAP technology offers an alternative platform for
parallel hybridization array detection236. Up to 100-target specific probes are coupled to dye-labeled
microsphere beads. With flow cytometry technology, each bead can be individually separated and scanned
with a laser for bead color and target label information.
Techniques for signal amplification of hybridized target molecules can increase sensitivity, lower background
and diminish need for expensive detection equipment. In the recent digital quantification Single Molecule
Detection (SMD) approach, individual RCA products (DNA blobs) of circularized padlocked probes can be
visualized with microscopy237. Fluorescence-labeled detection probes complementary to a region on each
repeat of the DNA blob contributes to a stronger signal. Liposomes are spherical vesicles consisting of
phospholipids bi-layers surrounding an aqueous cavity that can encapsulate up to several million fluorescent
dye molecules, thus providing greatly enhanced detection signals238. Magnetic-bead labels have also been
utilized for the detection of biotinylated-targets hybridizing to an array. In the Visual DNA approach, an
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Nucleic Acid Based Pathogen Diagnostic

external magnet assists in creating an efficient coupling of streptavidin-coated magnetic-beads, which later
becomes visible to the naked eye239. Alternatively magnetoresistive-based biosensors can detect the presence
of nanoparticle sized bound magnetic-labels240. Label-free hybridization-based detection alternatives can be
performed by impedance biosensors241. Detection is consequently accomplished by monitoring changes in
surface impedance with electrical biosensor equipment when unlabeled targets bind to a sequence-specific
immobilized probes.
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2.5

Integrated systems approaches

An ultimate ASSURED pathogen diagnostic device for field applications would preferably be performed in a
one-step rapid closed-tube reaction, combining all the fundamental processes of nucleic acid diagnostics. The
present integrated systems approaches include i) use of novel combinatorial assays, and/or ii) a combination
of old techniques with innovative platforms. High tolerance storage systems of enzymes and oligonucleotide
probes are also essential for a successful portable diagnostic device. The SampleMatrix technology was
designed by combining anhydrobiosis biology (life without water), small molecule chemistry and dissolvable
polymer chemistry for long-term storage of biologicals (DNA, RNA and proteins) at ambient temperatures (80 oC to +70 oC)242, 243.

2.5.1

Integrated amplification techniques

Real-time PCR was a groundbreaking technique with the integration of amplification and visualization in a
one-step process. The SMAP 2 amplification system also presented an integrated process. Nucleic acid
amplifications are performed directly on source samples, with no proprietary need for nucleic acid
extractions144. With a combination of SNP specific 3´primer ends, the mismatch discriminating DNA
polymerase Aac pol, and Real-Time amplification readout, SMAP2 represents a complete one-step closed
tube simplex assay, which can be achieved within 30 minutes from less than 1 µl blood sample.
Signal amplification can replace the need for proprietary nucleic acid amplifications. An alternative
isothermal quantitative method that circumvents the need for nucleic acid amplification was developed with
the branched DNA (bDNA)244. With an ELISA-like setup strategy, solid supported sequence-specific
capture probes bind the nucleic acid target, while secondary sequence-specific probes bind both target and
alkaline phosphates (AP) conjugated labeled probes. With the addition of dioxetane substrate, the AP-labeled
probes will generate a significantly enhanced chemiluminescent signal. The HC2 system utilized RNA
sequence-specific probes to form RNA:DNA heteroduplex with target DNA34. A solid phase coated antiRNA:DNA hybrid antibody captures the heteroduplexes. With an ELISA-like setup, secondary binding APlabeled antibodies generate chemiluminescent that signals detection. In the HC3 system, a target sequencespecific biotinylated DNA oligonucleotide replaces the solid phase heteroduplex binding antibody capture,
with seemingly improved sensitivity245. The Bioluminescence Regenerative Cycle (BRC) takes an alternative
approach in that it acts to amplify the polymerase extension signal following target probe hybridization,
rather than target nucleic acid amplification246. With an ELIDA-like setup, DNA polymerase spliced PPi is
converted via ATP Sulfurylase to ATP, which is furthermore converted back into PPi via Luciferase, and the
cycle is restarted again. Luciferase will send out a light that can be recorded to follow this progress. BRC can
be used for direct analysis of generated light from polymerization extension of primed target specific reporter
probe, without the need for proprietary sample extractions (unpublished data).
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2.5.2

Novel platforms enabling rapid integrated approaches

The concept of performing all reaction steps in a closed-tube environment would significantly lower
contamination risk, as well improve time-efficiency in terms of handling and ease sample sorting. A SelfContained Integrating Platform (SCIP) for nucleic acid extraction, amplification and detection has been
described247. Sample and reagents are added to the initial extraction chamber that contains a solid phase
reaction matrix for nucleic acid extraction and binding, providing a rapid method of purification. With a
sophisticated mechanical system of an inner tube capable of rotation and compartment membrane seals,
waste and nucleic acid products can be directed into separate chambers via air pressure from opening and
closing the SCIP tube lid. The washed reaction matrix is directed into a separate reaction chamber containing
reagents for isothermal amplification (with biotin-labeled primers) and hybridization. Amplicons are captured
via sequence complementary hybridization to probes coupled to microparticles. The inner tube is once again
rotated to direct the microparticles into the detection chamber onto a membrane strip. Through a later flow
assay the microparticles will encounter a capture zone, where a secondary biotin-binding label will signal
detection visible to the naked eye. The methodology was later applied in the Single-Tube Extraction-ToSequencing (STETS) protocol for hepatitis C virus (HCV) detection, with Sanger sequencing all performed
in the same tube248.
Thermal amplification strategies are usually lengthy and require a stable electrical source, which could be
either circumvented with isothermal amplification strategies or improved thermal cycling apparatus. The
concept of a faster PCR platform has long been desired. The first major achievement in terms of time and
efficiency was to use hot and cold air instead of water in the thermoblock249. The PCRjet system uses
pressurized air blowing at up to 72 km/h250,

251.

Due to the very fast KOD Pol polymerase (300

nucleotides/s), PCR can be performed at a record speeds of 78 seconds for an 85 bp fragment, and 10.3
minutes for a 2331 bp fragment252. A pocket size battery driven alternative was recently introduced, capable
of amplifying fragments up to 1.3 kb fragment in 7 µl sample within 50 minutes, with an estimated cost of a
couple of cents/reaction253.
In, 1990, the modern concept of microfluidic devices for sample and reagent processing was described with
the micro total analysis system (µTAS), currently known as the lab-on-chip concept254. The advent of microelectromechanical-systems (MEMS) technology revolutionized the field. Micorchambers and microchannels
can be fabricated (molded) from silicon, glass, or polymers such as polydimethylsiloxane (PDMS),
polycarbonate and polymethmethacrykate (PMMA)255. Benefits due to miniaturization were seen in
decreased time, cost and sample use when performing reaction in microliter to nanoliter scales. High-speed
PCR chips have thus far been able to perform amplifications of 500 bp fragments in 1.7 minutes, and 997 bp
in 3.2 minutes256. A microfluidic platform for pathogen RNA detection has been developed using NASBA
amplification and magnetic bead-labeled capture probes in a target sandwich assay with fluorescent
liposome-labeled reporter probes257. In a recent fully integrated process, Stephen R. Quakes’ group has
constructed a microfluidic chip with 60-nl reactors for whole genome amplification from single bacterial
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cell258. The chip allows for parallel cell isolations with a cell-sorter to selected individual cells, and then
simultaneously performs WGA with MDA technology. The amplicons are subsequently sequenced with the
454-platform. SpinX Technologies SA offers an innovative bench-top instrument that integrates sample
processing and detection at nanoliter volumes in a customizable and fully automatic procedure259. With the
use of centrifugal force and a connected system of microfluidic chambers and channels, samples and reagents
are spun towards lower-level chambers. The Virtual Laser Valve (VLV) technology allows different reactant
volumes to be connected by opening of the microchannels. The GeneXpert system offered by Cepheid,
presents a fully integrated system, based on a combination of direct nucleic acid extraction with Real-Time
PCR analysis260. The self-contained, single use cartridge accepts samples ranging from whole blood, human
cells or tissue origins. The cartridge is compromised of microfluidic-interconnected chambers that contain all
reagents, filters and capture technology to perform ultra sonication-based cell lysis with a complete
programmed nucleic acid extraction protocol. The cartridge-based extraction is combined with a miniature
single-site thermally controlled fluorometer for immediate rapid Real-Time PCR analysis261. Results can be
obtained within 1-2 hours of sample onset. Cepheid has recently negotiated an exclusive license utilizing
Quantovir AB HPV-related patent portfolio, with the objective of developing a fully integrated GeneXpertbased HPV detection assay.
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INVESTIGATIONS

In this section, I will explore how our research contributes to the overall picture of molecular diagnostics.

3.1

Model organisms

With a bacterial and viral model, we investigated two distinct questions involving pathogen diagnostics. In
the Neisseria gonorrhoeae model, we targeted mutation sites highly correlated with antibiotic resistance. While in
the Human Papillomavirus (HPV) model, we sought methods capable of genotyping variant genomes.
Through collaboration with clinical groups, we had access to viral DNA cloned plasmid libraries, bacterial
cell cultures, and clinical samples from infected individuals for sample analysis and method validations.

3.1.1

Neisseria gonorrhoeae

N. gonorrhoeae is a Gram-negative coccus, and has a genome of approximately 2.15 million bp262. The
pathogen is the aetiological agent of gonorrhoea, which accounts for one of the most frequent bacterial STIs,
second only to Chlamydia trachomatis infections. Classical infection symptoms are acute urethritis in males, and
cervicovaginal discharge and bleeding in females. The golden diagnostic standard is culture-based, where
clinical samples are sent to core-laboratories on swabs. The ability of pathogenic microorganisms to develop
resistance towards antimicrobial drug treatments has been recognized for decades, and poses a serious threat
to public health in terms of morbidity, mortality and healthcare expenditure increase263. Untreated symptoms
may lead to infertility264. Infections in women are generally milder than in men and might even be
asymptomatic, which lead infected individuals not to seek help. High-risk groups, such as commercial sexual
workers, might thus serve as disease reservoirs. A major worldwide problem is that a concomitant
gonococcal infection increases the risk of HIV transmission20. Quinolone drugs are a major group of
bacterial antibiotics265. The drug’s mechanism of action involves a rapid inhibition of DNA synthesis by
promoting cleavage of bacterial DNA in the DNA-enzyme complexes DNA-gyrase and Topoisomerase IV,
resulting in cell death. Quinolone resistance determining regions (QRDR) have been identified as point
mutations in the bacterial genes gyrA and parC that code for the involved enzymes DNA-gyrase and
Topoisomerase IV, respectively266. The level of resistance appears to be correlated with the location and
number of mutations in these genes. The Etest comprises a predefined gradient of antibiotic concentrations
on a plastic strip267. It is widely used to determine the exact Minimum Inhibitory Concentration (MIC) of
antibiotics, antifungal agents and antimycobacterial agents.
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3.1.2

Human Papillomavirus

HPV, an enveloped dsDNA virus also belonging to the STI group, has genome of about 8000 bp. The virus
causes a diverse range of epithelial lesions ranging from warts to cervical neoplasia and cancer. Most notable
is the strong correlation with the development of cervical cancers268. There are over one hundred classified
HPV genotypes, based on sequence homology in the L1 gene269. HPV genotypes have up to 90% homology,
while subtypes of a genotype can have up to 98% homology. Based on their oncogenic potential, genotypes
are classified as “high-risk” or “low-risk.” Collection of cervical swabs and biopsy microscopy studies are
standard in HPV routine diagnostics. The food-and-drug-administration (FDA)-approved Hybrid Capture 2
(HC2) is the golden standard technique for detection and genotyping of cervical swabs270. The system targets
a total of 13 oncogenic HPV genotypes based on HC-methodology. The recently-introduced HPV vaccine
Gardasil is said to protect against genotypes HPV-6, -11, -16, and -18, which account for approximately 70%
of cervical cancer, and 90 % of genital warts271.
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3.2

Methodological improvements and Pyrosequencing applications (Papers I-III)

The objective for the first part of the study was to develop and apply direct, rapid and simple assays for
diagnostics on the described pathogen models. All assays were based on PCR amplicon sequence validation
with Pyrosequencing technology.

3.2.1

Methodological developments

Paper I, Methodological improvements of Pyrosequencing technology, describes the results and conclusions of our
efforts to optimize the sample preparation process for higher sensitivity and decreased volumetric need of
scarcely accessible samples. Although the Pyrosequencing procedure is relatively straightforward, users may
face challenges due to varying parameters in sample preparation (single-strand procedures), primer designs,
enzyme and nucleotide dispensation, primer self-looping, primer-dimers and cross hybridizations (applicable
for multiplex Pyrosequencing). The use of SSB significantly lowers background-induced signals272, but it
might not always be sufficient. In this study we discuss and describe; i) simple and informative test templates
for system priming, ii) a primer wash step in the sample preparation procedure to remove excess primers that
generate false signals due to secondary structure formations (for cases when SSB is not sufficient), iii) the use
of SNP specific PSQ HS 96A (today PyroMark MD) system for all applications replacing the more sample
requiring and less sensitive PSQ MA 96 (today PyroMark ID) system, and iv) the design and introduction of
our in-house improved Vacuum Prep Tool (VPT) for sample preparations. The new VPT is fully compatible
with the established standardized sample preparation method273, with an approximately 10-fold increased
sensitivity. The described methodology was crucial for all upcoming projects, as it significantly increased the
sensitivity in order to detect weaker signals, allowing for scarce use of low-abundant samples.

3.2.2

Pyrosequencing for rapid amplicon screening

Paper II, Detection of gyrA mutations associated with ciprofloxacin resistance in Neisseria gonorrhoeae by rapid and reliable
pre-programmed short DNA sequencing, describes a simplified assay for determination of ciprofloxacin
(Quinolone drug) resistance in N. gonorrhoeae isolates. A panel of 40 N. gonorrhoeae clinical isolates was used in
this study. All isolates were analyzed for phenotypic susceptibility to ciprofloxacin using the Etest method.
PCR amplicons of QRDR region of the gyrA gene were under interrogation274. Amino acid codons 91 and 95
were subject to investigation containing mutations strongly correlated to ciprofloxacin resistance. Based on
prior knowledge of the QRDR sequence content, a pre-programmed dispensation order was set up to allow
for a rapid and reliable direct readout. Sequence diagrams from resistant isolates differing from the predetermined pattern were immediately recognized by the naked eye, without the need of further sequence
analysis. The results correlated well with the Etest results, indicating that isolates with mutations in both
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codons had higher MIC indexes. The methodology was further utilized with additional sample panels in two
collaborative publications. In the first study the QRDR region was studied for use as Neisseria species
confirmation, as well as ciprofloxacin resistance indication275. Although it showed a positive antibiotic
resistance correlation, the region seemed not suitable for species confirmation. The second epidemiological
study included the Pyrosequencing QRDR analysis in parallel with other techniques for a comprehensive
characterization and identification of transmission patterns in a domestic Swedish lineage276.
Paper III, Sentinel-base DNA genotyping using multiple sequencing primers for high-risk human papillomaviruses, describes
a multiplex Pyrosequencing assay for parallel screening of 12 “high-risk” HPV genotypes. Multiplex
Pyrosequencing202, 203 is a technique that utilizes multiple distinct primers in one-tube sequencing reactions
capable of parallel Pyrosequencing. The superimposed sequence diagrams can then be separated and
interpreted with prior knowledge to sequence content. The method is suitable for a rapid amplicon screening
generated from a PCR, using highly conserved sequence primers capable of amplifying a multitude of
genomic genotypes and subtypes. The multiple-primer design was formatted to detect a total of twelve
“high-risk” HPV genotypes based on prior nested-PCR amplification using established conserved sequence
primers277. The twelve sequencing primers were divided into three sequencing reaction pools, and the
sentinel-base design enabled the user to establish infecting genotype(s) within the first seven base
dispensations (cyclic ACGT). The method was utilized to screen a total of 244 clinically archived Pap smear
and biopsy samples. Results showed 207 HPV-positive samples, whereof 147 were single infections and 60
contained multiple HPV genotype co-infections. Despite the various technologies in place for genotyping
HPV, clinical use and clinical research demand a method that is fast, more reliable and cost-effective. By
providing sequence information on multiple HPV infections, this method eliminates the need for labor- and
cost-intensive PCR cloning. Furthermore the sentinel-base multiplex Pyrosequencing primers have also been
utilized for rapid HPV genotyping analysis in an array format with magnetoresistive-based biosensor
detection (unpublished data).

3.2.3

Comments

Promising techniques for avoiding ssDNA sample preparations have been discussed. The concept of
utilizing a PCR primer capable of a feedback loop upon a downstream sequence offers potential solutions
for avoiding the additional use of sequence primers, and simplifying sample preparation requirements278.
Methods for performing Pyrosequencing directly on dsDNA amplicons have been evaluated279. Apyrase and
inorganic pyrophosphates were used to remove excess dNTPs and PPi. With an excess use of blocking
primers (competing 3´end terminated PCR primers), the problems with free PCR primers in the solution
could also be avoided. Alternatively, an asymmetric PCR strategy such as LATE-PCR could be beneficial,
where amplicons would be single-stranded to begin with280. The Pyrosequencing enzymes were used to
digest surplus PPi and dNTPs, ultimately producing a light that faded upon sufficient PCR cleanup. With
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ssDNA amplicon priming, sequencing could be performed in a one-tube reaction. Other ssDNA generating
amplifications systems, such as the SPIA system148 could also be utilized with a similar methodology.
Pyrosequencing assays have been employed for a multitude of pathogen detection systems since early 2000.
Assays have been developed for diagnostics on all the biological pathogen kingdoms, such as bacteria281,
virus282, 283, fungi284, and protozoa285. Genes like the bacterial 16S rRNA are promising detection targets for
bacterial species confirmation286, and with help from databases such as the PathOligoDB and the RDP63, 69,
novel assays are just waiting around the corner. However, PCR-like amplification strategies face great
challenges in detecting subdominant sequence variant templates. Two simple models of a duplex HPVgenotype co-infection clearly explain this phenomenon. In the first case, an extracted DNA sample contains
100 HPV-16 target sequences and only 1 HPV-40 target sequence. Following a 25 cycle exponential PCR
amplification (E=1) would then result 109 HPV-16 amplicons and 107 HPV-40 amplicons. Conversely, due
to a higher sequence homology for HPV-16 than HPV-40 compared to the conserved sequence primers, E
would not be equal. With N0=1 for both genotypes and E=0.8 for HPV-16, and E=0.4 for HPV-40, would
yield an amplification success of 106 HPV-16 amplicons and 103 HPV-40 amplicons. The different amounts
of amplified targets might “mask” an equally occurring infecting agent when validated with crude readout
methods. Such effects can be adverted with the rapid technology development in the field of multiplex
nucleic acid amplification techniques and high-throughput DNA sequencing. Standard Pyrosequencing
assays may seem rudimentary and out of place with society's demands for information complexity. However,
the beauty of the standard Pyrosequencing assays lies in their simplicity, allowing for rapid assays to be
performed, compared to the personnel, cost and time (several days) demands required by the highthroughput systems.

29

Michael S. Akhras 2008

3.3

Closing and opening circles for multiplex pathogen diagnostics (Papers IV-V)

The objective for the second part of the study was to develop and apply multiplex assays for diagnostics on
the described pathogen models, based on PLP technology target selection and amplicon screening with rapid
and direct Pyrosequencing technology.

3.3.1

PathogenMip assay (Paper IV)

Paper IV, PathogenMip assay: a multiplex pathogen detection assay, describes a complete protocol for multiplex
diagnostics of virtually any known pathogen. The assay was modeled for HPV genotyping using MIP
selection. Software application PathogenMIPer

61

was utilized for DNA signature generation for the probes

used in the assay. PathogenMIPer accepts sequence data in FASTA file formats. The software then generates
target sequences based on alignments, and eliminates unfit candidates in the following consecutive steps: i)
candidate generation based on user criteria length requirements, ii) elimination of candidates with stretches
of six or more of the same bases, iii) selection of candidates with preferred middle bases, iv) elimination of
candidates with matches against non-targets, v) elimination of candidates with non-unique middle 11-base
regions, vi) elimination of candidates with Tm below defined values, vii) final BLAST search and elimination
of candidates with high homology to the host genome and or other organisms. All candidate probes' chosen
for the assay had central “G,” which would constitute the gap in the MIP assay. We developed a 24-plexdetection assay targeting separate HPV genotypes commonly associated with cervical cancer progression. A
reference MIP targeting a unique region in the human β-globin gene was added as control. In addition to the
target specific homology regions, each MIP also included: i) a unique barcode used for hybridization of
sequencing primers or hybridization to complementary microarray probes, ii) an ID-tag allowing for a rapid
multiplex parallel Pyrosequencing readout, and iii) a restriction site for re-linearization of circularized probes
for subsequent universal PCR amplifications. Full-length probes ranged in sizes of approximately 100 bp,
and were constructed with a ligation-based assembly approach of two half-length probes connecting via
hybridization to a universally common bridge oligonucleotide. The selected amplicons were subsequently
validated in parallel with a multiplex Pyrosequencing readout and a custom-made microarray chip.
A total of twenty primary tumors’ genomic DNA extracts were analyzed with the assay. The results were
compared with conventional nested conserved sequence primer PCR detection287, with 100 % correlation in
data. Discussed parameters, included assay sensitivity, probe selectivity and multiplex capabilities. The
PathogenMip assay could detect 1 picogram (pg) HPV-plasmid in a pure plasmid environment and 1
nanogram (ng) HPV-plasmid in a 200 ng human genomic DNA background environment. In a sample
containing two different HPV-plasmid genotypes, the assay could distinguish two genotypes with up to 100fold concentration differences. A multiple co-infection containing four HPV-plasmid genotypes was easily
performed, with individual validation of all genotypes.
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3.3.2

Connector Inversion Probe (Paper V)

Paper V, Connector inversion probe technology, a powerful one-primer multiplex DNA amplification system for numerous
scientific applications, describes proof-of-principal methodology for a versatile multiplex amplification strategy.
The Connector Inversion Probe (CIPer) is a PLP allowing for an extended gap-fill (approximately 100 bp)
between the juxtaposition ends of the probe, with an amplification schematic similar to that of the MIP.
Virtually any PCR primer pair can be reformatted into a CIPer, a process that can be performed
automatically with the assistance of our software application CIP creator 1.0.1. CIPers were designed with
the pre-defined criteria that the phosphorlyated 5´end (the anchor site), would have a higher Tm than the
3´end (extension site), to prevent polymerization past the ligation site. CIPer amplification retains the
multiplex advantages offered by the padlock and MIP design, but also allows for multiple enquire sites as in
the case with the two mutation prone codons 91 and 95 in gyrA gene in N. gonorrhoeae. Pyrosequencing
amplicon validation was used as described before (Papers I-III).
A total library of 57 HPV plasmid genotypes were amplified in parallel with conventional conserved
sequence primer PCR277, and a CIPer based on the same primer pair. The conventional PCR primers and the
CIPer managed to genotype the same 40-plasmid genotypes. However, the PCR primer also genotyped five
additional types, while CIPer only genotyped two additional types. When comparing the performance of the
two methods in amplifying multiple co-infections of plasmid genotypes, CIPer genotyped eight out of eight
HPVs, while PCR could only genotype four. The CIPer also successfully amplified 1 pg target plasmid in a
200 ng human genomic DNA background environment.

For N. gonorrhoeae ciprofloxacin resistance

determination, a duplex reaction was utilized for studying mutations in the two resistance correlated genes
involved in bacterial replication274. One CIPer for gyrA and one CIPer for parC, were used to screen 36 N.
gonorrhoeae isolates in parallel. The amplification was successful, with coherent results to previously obtained
data (Paper II). Only one isolate contained a mutation in parC, which was also coherent with the data
obtained from conventional PCR screening of parC in the samples.

3.3.3

Comments

PLPs have also been successfully applied to diagnostics of plant pathogens, foot-and-mouth disease virus,
swine vesicular disease virus, and vesicular stomatitis virus288, 289. The PathogenMip assay was first to employ
the MIP-strategy for pathogen diagnostics, and also the first successful MIP assay performed outside the
core MIP facility230. The difference between PathogenMIPer and ProbeMaker68 is that PathogenMIPer
generates candidate biomarkers from aligned whole genome sequences, while ProbeMaker works with
candidate target regions and probe compatibilities. The two software applications do not cancel each other
out; on the contrary, they could be used to complement one another.
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Multiplex pathogen diagnostic assays offer obvious potential benefits in terms of time and sample
management. However, reaction schematics for MIP-like assays are tedious and prone to contamination,
and it would be difficult to successfully implement them in routine clinical diagnostics. The ultimate solution
would be to perform all reaction steps in an integrated lab-on-chip platform, where the operator only needs
to load the sample and press start. In a collaborative effort with SpinX Technologies259, we performed the
PathogenMip assay in the SpinX Technologies microfluidic platform (Figure 2). The samples were validated
with Pyrosequencing based screening. The results were very promising, with successful parallel detection of
duplex co-infected HPV plasmid samples (unpublished data). The platform also allowed us to scale down
sample and reagent need.
The concept of a gap-fill ligation reaction was first mentioned in 1995 with the introduction of gapLCR119. In
1998 Lizardi et al. introduced HRCA of small gap-fill PLPs133. The gaps were of approximately 8 nucleotides
in length, and contained two out of the four DNA bases. The method also presented an interesting concept
of using 5´end phosphorlyated gap oligonucleotide, replacing the need for a 5´end phosphorlyated PLPs for
ligation. In the BEAMing up methodology, the assay utilized small gap-fill PLPs with 2-20 bp nucleotides
gaps290. The padlocks were used for post-PCR selection trough RCA priming291 to create a DNA concatemer
visualized by complementary fluorescent-labeled reporter probes. To date and to our best knowledge, the
CIPers were the first to introduce a complete gap-fill (all bases present) padlock strategy for pre-PCR nucleic
acid selection using a MIP-like amplification strategy. The gap-fill ligation strategy has since been further
advanced in an attempt to selectively amplify large sets of human exons292. A total of 55,000 capture probes
were synthesized using parallel programmable microarray technology293. The PLPs cloned target sequences
with gaps ranging between 60 – 191 bp. The exon capture probes were amplified using C2CA setup,
followed by HRCA. Amplicons were sequenced with the Illumina 1G genome analyzer. When performed in
duplicate reactions, the strategy successfully amplified and validated a total of approximately 10,000 targets.

32

Nucleic Acid Based Pathogen Diagnostic

Figure 2. Schematic overviews of Molecular Inversion Probe technology performed in the integrated SpinX
Technologies platform. Sample 1 contained HPV plasmids -16 and -33, while sample 2 contained HPV plasmids -18,
and -45. Samples were run in parallel with the PathogenMip probes and target samples in the SpinX Technologies αprototype platform. A) Synthetic MIP oligonucleotide containing following four regions; i) H1 and H2: homology
regions comprised of unique continuous 40–50 base pair fragments for target recognition ii) BARCODE: molecular
barcode comprised of a 20 base pair DNA tag for target identification iii) U1 and U2: universal primer regions for
inverted probe amplification, and iv) R: restriction site for probe linearization. Upon HPV target recognition, a DNA
polymerase fills the missing gap in between the juxtaposition of the probes’ flanking ends, and through the activity of a
DNA ligase the probe is circularized. In all cases the missing nucleotide is a “G”. B) Circular DNA enrichment through
DNA degradation by enzymes Exonuclease I and III. C) Probe linearization restriction site cleavage. D) All reacted and
inverted probes are amplified with universal primers, of which one is biotinylated for subsequent amplicon validation.
E) Pyrosequencing diagrams from collected amplicons, screened with distinct sequencing primers, unique for each
probe utilized in the assay. The samples were accurately genotyped without traces of cross-contamination. The red
arrow denotes the complementary gapped base, i.e. site of ligation.
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CONCLUSIONS

To aptly take advantage of current available treatment options, it is of outmost importance to identify the
individuals who require them. Treatment options must be appropriately administered to those who need
them to prevent high healthcare costs, unnecessary suffering, and the dominance of resistant organisms. The
general goals of diagnostics are clear, but there are many ways to approach the problem. Literature research,
assay developments and experiments performed throughout this technical Thesis work have ultimately raised
more questions. However, what remains crystal clear is the need of a new diagnostic as presented by the
Global Health Diagnostics Forums report (Table 1).
In this study, we investigated simplex and multiplex nucleic acid amplification and validation strategies for
pathogen diagnostics. Simplex analysis schemes have clear disadvantages in complexity readout data, which
can be partially compensated by gain in time and cost. Multiplex high throughput strategies offer complex
readout data, which can ultimately assist clinicians in gaining a deeper understanding of underlying infectious
nature and furthermore generate more relevant biomarkers. The challenges will lie in formatting them into
easily executable integrated systems. What is “high-tech” today will be standard tomorrow.
We cannot wait anymore; the day after tomorrow is now. Does the world really need another Molecular
Inversion Probe, or is the combined usage of the tools in our current molecular “toolbox” sufficient to meet
the demands setup by the Global Health Diagnostics Forum? Hundreds of intellectual property hurdles
would create major bottlenecks in the development to implementation stages of fully integrated combined
assays. Techniques presented throughout this report all show great promise, and could together be formed
into something great. By putting out a helping hand for a fellow man, instead of closing doors with legal
documents, I believe we already have what it takes to save the millions of individuals identified by the Global
Health Diagnostic Forum.
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EPILOGUE

I have finally reached the end of the road, and will now start looking out over the vast ocean of what it is to
be a scientific researcher. It all started with six months of diploma work conducted at Stanford University
back in the end of 2004. The research continued into a three-year collaborative PhD program between Royal
Institute of Technology (KTH) and Stanford University, beginning January 20, 2005 and to be concluded on
April 18, 2008.
It has truly been an amazing experience, not only in terms of scientific knowledge but also a lesson in life.
The wise citation “It is not the destination that counts, it is the journey” proves itself once again. My three
years at Stanford offered the experience of meeting new people, exploring a new country, taking part in a
new culture, and experiencing an cutting-edge research environment. Returning home to KTH reminded me
of the critical support of my home country, and the valuable lessons that I had gleaned from my early years
at KTH. With my new eyes, I was reminded what a fantastic university and research environment KTH
provides. Obviously none of this would have been possible without a small army of people offering their
mentorship, love and support:
Nader Pourmand my Stanford supervisor, mentor, confidant and friend. Thank you for taking me under
your wings and believing in me. For teaching me the noble arts of science, project management, technical
writing, patent laws, and grant writing. Thanks for all the great and intriguing discussion about the present,
past and future. They say there is a thin line between brilliance and insanity; those fun and memorable
moments of crazy probe and biotech assay designs definitely reached the border.. Most of all, thanks for
teaching me about finding the balances in life and for being such a global citizen, inspirational family man
and professional scientist all at the same time. You have truly been like a professional career “father figure”
to me, and it is scary but exciting to now test my own wings.
Pål Nyrén my KTH supervisor, mentor and friend. Thank you for noticing me when I was a young
inexperienced undergraduate student, and for taking me into your team. You taught me another side of
science, and thank you for all the help with project designs, guidelines, grant applications and the writing
process of this thesis. Finally, thanks for inventing Pyrosequencing, a truly revolutionizing system that surely
will continue to rock the foundations of the world.
Baback Gharizadeh, for discovering me as young gun, offering me the opportunity to go to Stanford
University, and teaching me the basics of scientific research. Thanks for teaching me the value of networking
and sharing your connections with me. It was great to learn from the best. Without you I would have surely
gone the industrial pathway and maybe never experienced the joy of pipetting. Nader Nourizad for being
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the “coolest” undergraduate student supervisor I ever had, and for recommending me and introducing me to
Baback. You were truly the spark that ignited my research career.
Ronald W. Davis for providing the legendary Stanford Genome Technology Center (SGTC), an
inspirational environment and somewhat of a second home to me and other researchers. Thanks for
believing in me and making me part of “the Genomer family.” For all the fascinating retreats, talks and
connections made available through the SGTC. What a great place.
Andrew Fire, for truly inspiring me with your extensive knowledge and sharing your amazing ability of
thinking outside of the box. Thanks for all our talks and for all the time you took to listen and guide me,
when I was a mere first year PhD student. Thank you especially for planting a seed in my head that grew into
the Connector Inversion Probe.
I would like to thank my Neisseria collaborators and friends Bengt Wretlind, Magnus Unemo and Emma
Lindbäck. Thank you all for being so inclusive and believing in me at an early stage of my education. For all
your expertise, advice and making me see the world from the clinical point of view. Magnus, extra thanks for
your inspirational devotion in working with the developing world and opening my eyes to an alternative
pathway.
Sören Nygren, my industrial mentor and a true visionary. Thank you for sharing all your knowledge with me
and spending so much time directing me toward a productive path heading for a great future.
A big thanks to Sreedevi, Andrea, Milos, Heng, Keng-Ling, and all other co-authors not previously
mentioned, it has been a wonderful experience working with you all.
Andrea, Stefano, Senkei, Weng-Onn, Jon, Erik, Milos, Neda, Henrik, Sreedevi, Heng, Monique,
Julianna, Baback, Max, Valentina, Silvia, Amina, Cherita, Jantien, Mohammed and Michelle, postdocs, students and diploma workers connected to the Pourmand lab, thanks for the good times and every
day encounters. It has been a real pleasure getting to know you all. Teaching is a key part of understanding,
so a big thanks to those of you who were under my supervision.
Milos Karhanek, Mostafa Ronaghi, Michael Mindrinos, Richard Hyman, and all other senior members
of the SGTC. Milos, thanks for all the software-related sessions, Mostafa, thanks for being such an
inspirational entrepreneur. Michael, thanks for always encouraging me. Richard, thanks for your famous
“Thesis Equation;” your prediction was totally accurate. Donna, Mary K, Joella, Keith, Simon, Fredrik,
Johan, Monika, Lisa, Claus, Lester, Shawn, Sarah, Maureen, Jed, Sujatha, Keith, Ed, Bob, Jochen,
Mohsen, Amir Ali, Hesaam, Fernando, Dan and all fellow Michaels, just to mention a few of all the
fantastic “Genomers” at the SGTC, thanks for your friendship and providing such a great research
environment.
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Joakim Lundeberg, Karl Hult, Mathias Ulhén, Per-Åke Nygren, Afshin Ahmadian, Tuula Teeri,
Mats Martinelle, Vincent Bulone, Totte Berglund, Per Berglund, Harry Brumer and all the other great
faculty members of KTH. Karim, Erik M, Tommy, Gustav, Lotta, Marita, Ela, Kaj, Eric B, Per-Olof,
Anders, Jens, Johanna, Magnus, Mohammed, Alex, TC, Linda, Christian, Pawel, Johan R., Cecilia,
Felicia, Martin, Biljana, Dorota, Hammou and all other fellow colleagues at KTH, thanks for the
thousands of “Fika” pauses and lunches. Erik M., thanks for all the WASA bread I “borrowed.” Carl H. my
old undergraduate lab buddy, close friend and cell phone consultant. Patrik and Max, whom I have been
colleagues and friends with at both Stanford and KTH. A special thanks to Erik P. my fellow genomics
peer, whom I had the honor to known and work alongside since the first day at “gymnasiet.” All of you truly
make going to the lab a pleasure.
Bart, Pierro, Antoine and the rest of the SpinX Technologies crew for creating a unique and promising
platform for the future of clinical diagnostics. Thanks for all the good times we had in Geneva, and for
providing a great internship and amazing learning opportunity.
To the Fulbright Commission, Blanceflor Boncompagni-Ludovisi Foundation, Hans Werthén
Foundation, Sixten Gemzéus Foundation, Längmanska Foundation, Peter Klasons Foundation,
Erik and Göran Ennerfelt Foundation, Anna Whitlock Foundation, my scholarship foundations for
financing my education and abroad experience. Thanks to you all for believing in me so that I could fulfill
my dreams of becoming a scientific researcher. A special thanks to all scholarship coordinators that I met
throughout the years, you have been really kind and great to me.
To Britta, Lollo and all IVIK students. Thanks for reminding me of the joy of teaching and learning.
My friends in the US; fellow South park confidant James, Andrea, fellow “vitalone” Stefano, Ulrik, golf
sensei Senkei, master chef Lui, Melanie, Sunny, Koen, Marten, Patrik, Ben, Tony, Richard, John
Hackman and other roommates in the infamous “Hackmann house.”
My college buddies, Karim, Karl-Oskar, Calle, Edward, Erik, Anders, Danne, Martin, Henning,
Fredrik and Rutger. We have had so much fun then and now; thanks for all your friendships. Karim, I look
forward to your band rocking my dissertation party.
My “söder bröder” Ragge, Thomas, Peter, Marre, and Leo. Life would definitely not have been the same
without you guys. I look forward to many more years of crazy stuff. “Vatos locos forever.”
A special thanks to the fun-loving and kind ladies looking after my friends- thanks for putting up with them.
My oldest friends Karl-Henrik and Yannick, thanks for still sticking around for many more years of
friendship.
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Thank you Mum and Dad for putting me on this earth and giving me a fantastic start in life. For my faith
you have given to me. Thanks for all of the emotional support and encouragement you both offered me. I
now stand on the foundation you lay. To my brothers, their spouses and kids, we are creating the new
generation of this family. To my true academic inspiration, my brother Ed, for always being there and
looking out for my best. To my American cousin Mike for helping me settle in the American way and
introducing me to his passion for the outdoors. For all the other members of my extended family, thanks
for all the support and love you give me. I am so blessed to still have you in my life and I love you all so. We
are spread all over the world, but our family has no borders.
Finally, I would like to acknowledge my soulmate and true love Heather, and her loving family for opening
their arms to me. Heather, you rock my world. Since I met you, nothing has ever been the same. Thank you
for opening my eyes to what the world is and how it can be. I share your passion for compassion and look
forward spending my life together with you.
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LIST OF ABBREVATIONS

3SR
AFLP
AIDS
ALRI
AP
ASE
ASOH
ASSURED
ATP
bDNA
BEAM
BLAST
BRC
bp
C2CA
CIPer
CPS
Ct
DALY
DDBJ
ddNTP
DNA
dNTP
dsDNA
ssDNA
ELIDA
ELISA
FDA
FRET
FTA
Gb
GTC
HC
HCV
HGP
HPV
HIV
HRCA
JGI
kb
LAMP
LATE-PCR
LCR
LM
LNA
µTAS
Mb
MB
MEMS
MDA
MGS
MIC

self-sustained sequence replication
amplified length polymorphism
acquired immunodeficiency syndrome
acute lower respiratory infection
alkaline phosphatase
allele specific extension
allele-specific oligonucleotide hybridization
affordable, sensitive, specific, user-friendly, rapid, equipment-free, deliverable
adenosine 5´-triphosphate
branched DNA
beads, emulsion, amplification and magnetics
basic local alignment search tool
bioluminescence regenerative cycle
base pairs
circle-to-circle amplification
connector inversion probe
charged-pertubation sequencing
cycle threshold
disability-adjusted life-years
DNA databank of japan
dideoxynucleotides triphosphates
deoxyribonucleic acid
deoxynucleotides triphosphates
double-strand DNA
single-strand DNA
enzymatic luminometric inorganic pyrophospate detection assay
enzyme-linked immunosorbent assay
food-and-drug-administration
fluorescence resonance energy transfer
flinders technology associates
Giga bases
guanidine thiocyanate
hybrid capture
hepatitis C virus
human genome project
human papillomavirus
human immunodefiency virus
hyperbranched rolling circle amplification
joint genome institute
kilobases
loop-mediated isothermal amplification
linear after the exponential PCR
ligase chain reaction
ligase-mediated
locked nucleic acids
micro total analysis system
mega bases
molecular beacon
micro-electromechanical-systems
multiple displacement amplification
microarray-based genomic selection
minimum inhibitory concentration
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MIP
MLGA
MPLA
MSA
NASBA
NIH
ng
OLA
PCR
PD
PDMS
pg
PGP
PLA
PLP
PMMA
PNA
POC
PPi
QRDR
RAM
RCA
RNA
SARS
SBE
SBH
SBS
SCIP
SPA
SD
SDA
SDS
SMAP2
SMD
SNP
SOLiD
SSB
STETS
SPIA
STI
TAS
TIGR
tHDA
Tm
TnT
VPT
VLV
WGA
WHO
XPAR
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molecular inversion probe
multiplex ligation genome amplification
multiplex ligation-dependent probe amplification
multiple sequence alignment
nucleic acid sequence-based amplification
national institute of health
nanogram
oligonucleotide ligation assay
polymerase chain reaction
primer-dimer
polydimethylsiloxane
picogram
persona genome project
proximity ligation assay
padlock probe
polymethmethacrykate
peptide nucleic acids
point-of-care
pyrophosphate
quinolone resistance determining region
ramification amplification
rolling circle amplification
ribonucleic acid
severe acute respiratory syndrome
single base extension
sequencing-by-hybridization
sequencing-by-synthesis
self-contained integrating platform
solid phase amplification
strand displacement
strand displacement amplification
sodium dodecyl sulfate
smart amplification process 2
single molecule detection
single nucleotide polymorphism
supported oligo ligation detection
single strand binding protein
single-tube extraction-to-sequencing
single primer isothermal amplification
sexually transmitted infection
transcription-based amplification system
the institute for genomic research
thermal helicase dependent amplification
melting temperature
tri-nucleotide threading
vacuum prep tool
virtual laser valve
whole genome amplification
world health organization
exponential amplification reaction
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