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Preface

Five foot nine inches tall, brown hair, brown eyes, and about 170 pounds. These are physical features that define me. While my weight is in part due to my recent efforts to build muscle in the gym, my physical features are largely defined by my own unique chemical molecules that reside in every cell of my body. Thanks to services like 23andMe and otherworldly individuals like LeBron James and Patrick Mahomes, these chemical molecules, referred to as DNA – sparing us from long-winded use of “deoxyribonucleic acid”, have become ubiquitously known in the modern era. Yet even though DNA has become a household name and superstar of biology, the way DNA makes us unique or LeBron James “built different” is not yet fully understood. To uncover the secrets of DNA and its many effects on humanity, the scientific field of genetics was created. Since the first (scientific and intentional) studies of inheritance performed by Gregor Mendel in the 1860s1, genetics has branched into a massively expansive field of study asking many different questions about all living organisms in the past, present, and future. How did life evolve to exist as we know it? How does our environment interact with our genetics to affect our health? How might we predict and prevent disease development? And so on. 
	In my dissertation, I briefly and broadly explore the field of genetics and some of its many implications on human well-being (Chapter 1). I then will zoom in on our superstar, DNA, and its lesser well-known counterpart, RNA, to look at how changes (i.e., mutations) within them can have huge effects on organisms[footnoteRef:1], even when only impacting one of the small building blocks of code (i.e., nucleotides) that make them up (Chapter 1). Following a brief discussion of these single changes and, broadly, their impacts, I will present the central scientific questions of my dissertation work (Chapters 2-4): how might we detect these impactful single nucleotide mutations? And how might we do this in a way that is simultaneously accessible, affordable, and accurate without requiring, as my great professor, Rick Haselton, likes to say, “a Herculean effort”? Following the presentation of my efforts toward these central questions, I will discuss the societal and scientific significance of my work, addressing where my dissertation work moved the needle within genetic sciences and biomedical engineering (Chapter 5). Of course, one cannot possibly address all the possibilities within a given area of study within a single PhD (and I don’t plan to do a second PhD, for the record). As such, I discuss areas for future development beyond the work shared within this dissertation, including some of the additional efforts during my PhD with potential promise (Chapter 5).  [1:  Here, I am careful to use “organisms” rather than “life” or “living things”. What is “alive”, to date, is widely accepted based on the cellular definition (i.e., life must consist of one or more cells), but this neglects viruses – which can be profoundly impacted by their genetics. This begs questions unexplored in this work: what does it mean to be alive? And are viruses alive? I anticipate our continued understanding of genetics will reshape our understanding of life.] 

	With this dissertation, I hope to make a small but meaningful contribution to the continued exploration and understanding of genetics and their profound impacts on humanity and all life. By deeply investigating DNA and RNA and their associated molecular biology, I was able to engineer new innovate tools to detect their small, clinically relevant changes. These tools span biological and biologically relevant assays, processing methods, software, and devices. Ultimately, this work reflects not only a culmination of my academic journey but also a glimpse into the boundless future of genetics and its potential to transform lives.
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xi
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 Genetic Mutations and Their Effects on Human Well-Being	
[bookmark: _Toc186454679]Genetics
The secrets of what makes us human – why we look the way we do, how our bodies function, why some people respond differently to the same type of infection, and even some parts of our personalities – are elegantly encrypted in an ancient, paradoxically simple and complex code. The study of this code, how it is generated, how it is passed on between generations of life, how it varies within and between organisms, and how its effects humanity is known as genetics. Genetics orchestrate the development, functionality, growth, and reproduction of all living things, influencing both physical and sometimes behavioral traits. Due to their large role in life as we know it, researchers have sought to understand genetics since its scientific inception in the late 1800s.[footnoteRef:2] Since inception, advances in the genetic sciences and genetic research offer knowledge well beyond inheritance of flower petal color, providing insights into the molecular basis of diseases, hereditary conditions, and individual health risks. Naturally, these insights already have profound implications on medicine. As genetic research progresses, further advancements in technology and biotechnology will improve our capacity to leverage genetics for diagnostics, disease prevention and treatment, and personalized medicine. With any major advances impacting human health, longevity, and well-being, there are heavy ethical considerations that the field of genetics will continue to face. Yet, as these ethical questions are posed and, presumably, addressed, advancements will persist and our collective capacity to leverage genetics as a tool for human-flourishing will increase. In the remainder of this chapter, I look deeper into each of these foundational pieces of genetics. I provide a brief history of genetic science, discuss genetics as a biomarker and determinant of health, present some of the genetic technologies that exist in healthcare, consider the ethics of our current and projected works in genetics, and introduce efforts toward the development of practical and accessible genetic technologies. As such, this chapter outlines the context and sets the stage for the work completed within my dissertation. [2:  The questions of why we are the way we are and how we wound up that way have been asked long before the science of genetics was established. Yet, while philosophers had posed some interesting ideas around this topic, without a hypothesis-driven and data-backed scientific approach to answer these questions, I am hesitant to credit any of these ideas as explorations of “genetics”. Therefore, here, Mendel gets all the credit for igniting the field of genetics from his work in the 1860s.] 

[bookmark: _Toc186454680]Brief History of Genetic Science
Since the inception of modern genetics marked by Gregor Mendel’s first efforts to scientifically characterize inheritance in 18661, many scientists – too many to credit in this brief history – have contributed to the understanding and technological advances of which our current genetics research relies upon. While Mendel’s work was paramount for uncovering inheritance, the first hint toward the underlying biological mechanisms that enable inheritance was uncovered in 1869 by an often-overlooked scientist, Johann Friedrich Miescher.2 Miescher is credited with the first isolation of a non-protein material which he called nuclein, later known to be DNA. He is also thought have hypothesized the role of nuclein as a genetic material. Yet, efforts of Mendel and Miescher went long unappreciated for the huge impacts they now have on our understanding of genetic sciences, each for their own reasons. Approximately 50 years went by before the next significant strides in genetics took place. [image: A dna spiral structure with arrows  Description automatically generated]
[bookmark: _Ref183074908][bookmark: _Toc186454757]Figure 1.1. The Watson and Crick model for the molecular structure of DNA demonstrating two ribbons, symbolizing phosphate-sugar backbones, connected by horizontal rods, symbolizing pairs of nucleotide bases holding the chains together. Image obtained from the 1953 research article under Copyright Clearance license no. 5913670830047.7


In 1931, Harriet B. Creighton and Barbara McClintock performed groundbreaking work demonstrating chromosomes (DNA-containing structures) and their crossing-over events form the basis of genetics.3 Their understanding set the stage for scientists Oswald Avery, Maclyn McCarty, and Colin MacLeod to perform their famously known and aptly named “Avery-MacLeod-McCarty experiment” in 1944, which conclusively demonstrated that the genetic material of the cell is in fact DNA.4 This discovery lead to a rapid cascade of scientific discovery and advancement surrounding our now appreciated superstar DNA. 
In 1950, Erwin Chargaff discovered 1:1 ratio pairs between sets of the small molecule components of DNA, now known as nucleotides or “bases”. Chargaff determined the chemical base of guanine (G) was paired with cytosine (C) and adenosine (A) was paired with thymine (T).5 One year later, Rosalind Franklin, Maurice Wilkins, and Raymond Gosling are credited for capturing images of the helical structure of DNA fibers by X-ray diffraction imaging.6 The combined understanding of the paired relationship between the nucleotide bases and the helical structure images provided the foundation for James Watson and Francis Crick to determine the molecular structure of DNA – the famous double-helix (Figure 1.1).7 In less than 10 years, genetic scientists had uncovered the secret molecules behind life as we know it and were able to determine that molecule’s composition and structure. 
However, similar to children learning words and sentences, scientists knew the composition of DNA and the way certain pieces came together, but they were not yet able to understand the order or the message they contained. That is until 1977, when methods to determine the exact order of the nucleotides in each DNA molecule were first engineered. The first DNA reading, or “sequencing”, method was established by Frederick Sanger and Alan R. Coulson.8 Their development of DNA sequencing is one of the most significant advances in biotechnology to date – and modern adaptations of “Sanger sequencing” are often still considered a gold-standard technology. Sequencing methods and our ability to decrypt the code of life was significantly impacted by Kary Mullis’s development of a powerful and elegant technology that could specifically amplify even minute amounts of DNA: the polymerase chain reaction (PCR).9 Equipped with the capacity to generate billions of copies of targeted DNA regions improved the resolution, depth, and accuracy of DNA sequencing achievable. 
Empowered by these developments, researchers set out on one of the greatest scientific achievements of humankind: the Human Genome Project.10 The Human Genome Project was initially proposed in a perspective article in Science in which Renato Dulbecco suggested the project would unlock significant understandings for cancer research.11 Yet, the project had dramatic impacts well beyond the deep knowledge of the human genome and its importance in medicine. Novel technologies and analytical tools were developed, open data sharing was established, and biologists, mathematicians, engineers, and computer scientists were brought together all to tackle the big science project. The result was a revolutionization of practice for medicine, science, and biotechnology – inspiring a multitude of grand scientific initiatives that accelerate human knowledge and flourishing following its success.12 
These major developments and scientific achievements provide the foundation for all modern genetic sciences, our understanding of the role of genetics in health, and the basis for all advancements in genetic biotechnology. The many brilliant scientists – mentioned here and not – that contributed to these developments are the giants on whose shoulders we stand. 

[bookmark: _Toc186454681]Genetics as a Determinant of Health
	A major reason for scientific interest in genetics is the profound impact genes (i.e., DNA sequences that encode for proteins) have on human health and well-being. While a majority of the DNA sequence comprising any two human genomes is approximately 99.9% identical, the remaining 0.1% varies. This variation leads to the differences we see and experience among the many walks of human life. Our individual physical traits – hair color, pigmentation, height, weight, and more – are determined within this 0.1%. More important to medicine, our inheritance, predisposition, or susceptibility to diseases is controlled or regulated by these varied sequences. Further, the way individuals react differently to environmental stimuli (e.g., two heavy smokers and only one develops lung cancer) can even be attributed to the genetic variation in the 1.4 million DNA base differences. 
	The way genetic variation induces these phenotypic differences in the human population largely depends on complex biological mechanisms and pathways, some known and some yet to be understood. These complex systems often blur the direct impact of genetic variation, especially when their influence on human health depends on multiple gene interactions or gene and environmental stimulus interactions. However, some genetic variation is so directly connected to health outcomes that we have clearly identified the relationships. In fact, some currently understood genetic linkages are so apparent that modern biotechnology was not necessary for their accepted association. As is the case for sickle cell anemia – the first identified molecular disease13 was found to be caused by gene mutations in as early as 1957 (just 13 years after the Avery-MacLeod-McCarty experiment).14 Since this first association, many genetically linked diseases have been discovered including, for example, genes that relate to diabetes15,16, heart disease17–19, and cancers20–25. As system-level biological studies advance, the human health impacts of gene-gene interactions, which influence, for example, autoimmune diseases26, and gene-environment interactions27 that cause diseases such as Alzheimer’s Disease28 are continuously better understood. These genetic and environmental interactions and our ability to understand and predict how the interactions will impact us ultimately trace back to alterations in the genetic code, more widely known as mutations.
	
[bookmark: _Toc186454682]Mutations
Mutations are the foundational source of genetic variation. As such, mutations are vital in the progression of species over time. They are mechanisms underlying adaptation and evolution, as first observed in a study of island finches by Charles Darwin in his Origin of Species. Similar to the finches, the mutations lead to the phenotypic and physical presentations in humans, making individuals more fit for survival and reproduction. We can thank mutations for the continued survival of humans over thousands of years and the diversity among us today. Yet, mutations are a double-edged sword as they may also be a health detriment, contributing to disease and hardship to those that incur them – some of which are passed through generations and some of which only effect an individual during their lifetime. Therefore, mutations and their nuances are key in our understanding of the molecular mechanisms underlying health and disease. 
Mutations are categorized into two types: germline mutations, which are DNA changes inherited from the egg and sperm cells, and somatic mutations, which are variations acquired during a person’s lifetime and are not heritable as they occur in cells other than the egg and sperm. Unfortunately, mutations are not yet known to cause superpowers fantasized about in popular science fiction. However, different mutations, regardless of whether they are germline or somatic, can lead to vastly different outcomes. Most mutations that occur in the human genome have no known effects. Others have majorly detrimental effects (e.g., cancer). And perhaps most close to superpowers, some mutations provide beneficial effects (e.g., reduced likelihood of diabetes).29 Importantly, mutations may not immediately cause disease or provide profound benefits – they more likely have subtle influence on these traits or disease susceptibility. 
The impact of any given mutation largely depends on the way a mutation occurs. Mutations are broadly categorized by class. The classes include point mutations, chromosomal mutations, and copy number variations. Copy number variation describes the difference in the number of copies of a specific DNA segment between individuals’ genomes. These variances in DNA segment copies can occur through duplications (repeats of DNA segments) or deletions (reduction / loss of DNA segments). These duplications and deletions may result in gene amplification mutations, which can impact some cancers, or expanded trinucleotide repeats, meaning an increased number of repeated three base sequences. Trinucleotide repeat expansions can have profound impacts on health and are associated with over 40 neurodegenerative diseases – most notably Huntington’s disease.30[image: ]
[bookmark: _Ref184211952][bookmark: _Toc186454758]Figure 1.2. Mutations can occur at the chromosomal level either within a single chromosome (top) or through interactions between two chromosomes (middle, bottom). Image in the public domain.


Mutations can also occur at the chromosomal level by inversion (a chromosome region is flipped and reinserted), deletion (loss of chromosome region), duplication (a repeat of a chromosomal region), and translocation (abnormal attachment of a region of one chromosome to another chromosome) (Figure 1.2). These mutations are often caused by errors during cell division or chromosomal crossing over. Mutagens (e.g., radiation, chemicals) can also induce chromosomal mutations. The most widely known genetic condition caused by a chromosomal mutation is Down Syndrome, which is results from an additional copy of chromosome 21.
The most influential class of mutations in human health and well-being are point mutations, the most common type of DNA mutation. Point mutations occur at a single locus and affect only one or a few nucleotides. These mutations arise in three ways: substitution, insertion, and deletion (Figure 1.3). Substitution corresponds to the exchange of one nucleotide base for another, and the complementary DNA strand will reflect the complementary mutation. When extra base pairs are added into a new place in the DNA sequence, the mutation is considered an insertion. In contrast, deletions are mutations in which originally present DNA is lost. Insertions and deletions can cause frameshift mutations which alter a gene such that the typical three base amino acid encoding blocks (i.e., codons) do not line up with their original order. This misalignment disrupts the normal reading frame and, therefore, frameshifts cause a miscoding for the remaining amino acids following the change. All three point mutation varieties can induce serious health complications.[image: A red rectangle on a black background  Description automatically generated]
[bookmark: _Ref184210103][bookmark: _Toc186454759]Figure 1.3. Point mutations arise in one of three ways: substitution (left), insertion (middle), or deletion (right). Key changes caused by each mutation type are highlighted in red.



Location of the mutation can also profoundly impact their significance. Some mutations, for example, occur in non-coding regions (i.e., regions of the genome that do not provide instruction for proteins) and were traditionally thought to have no impact on human health. However, emerging research has shown that mutations in these regions can influence gene regulation1, RNA splicing1, and other critical cellular processes, sometimes contributing to disease1. Even the location or position of a mutation within a single codon can significantly alter the effect of a mutation. For example, some mutations that occur may be so called “wobble” bases. These bases have been observed to be interchangeable within a codon and result in the same amino acid.[footnoteRef:3] More broadly, changes that result in the same amino acid are classified as “synonymous” mutations. Synonymous mutations, or “silent mutations”, due to encoding the same amino acid, generate the same protein, and no effect occurs.  [3:  The wobble hypothesis postulates that certain bases within a codon have no difference in amino acid coding due to RNA interactions that do not follow standard Watson-Crick base pair rules during the translation (RNA  Protein) process. ] 

Alternatively, “non-synonymous” mutations, as the name would suggest, do the opposite and induce a change in the protein sequence. There are a few varieties of non-synonymous mutation: missense mutations, nonsense mutations, and nonstop mutations. Missense mutations cause one amino acid change in a protein-encoding sequence. The most famous disease case of missense mutations is sickle cell anemia.13,14 Nonsense mutations result in a three base DNA sequence (i.e., a codon) that triggers a stop event – pausing the protein creation before reaching its complete state. One example of a nonsense mutation induced disease is cystic fibrosis.33 The opposite mutation type, the nonstop mutation, prevents the protein-encoding process from stopping appropriately. These nonstop mutations result in abnormally extended proteins, altering their folding and functional properties and resulting in diseases such as muscular dystrophy.34
Even the most profound impacts from genetic variation – whether missense, nonsense, or nonstop – may be caused by a single nucleotide change in place (i.e., a substitution). These single base substitutions, known as single nucleotide polymorphisms (SNPs), or more recently broadened to single nucleotide variants (SNVs), are some of the most well understood and impactful mutations in the human genome.
[image: ]
[bookmark: _Ref184211223][bookmark: _Toc186454760]Figure 1.4. Single nucleotide variants, denoted as point mutation here (red), are the most common genetic variant associated with human disease. Data is a representation of variants classified as pathogenic across all human chromosomes as reported in the ClinVar database (accessed February 24, 2025). 


[bookmark: _Toc186454683]Single Nucleotide Polymorphisms
It is nothing short of amazing that a single base change out of the 3.2 billion bases in a human genome can alter the entire well-being of an individual. These single base changes, historically studied as single nucleotide polymorphisms (SNPs)[footnoteRef:4], are a cornerstone of genomics due to their widespread occurrence and varying significance. [4:  Single nucleotide polymorphisms are classified as occurring in 1% or more of the population. More rare variations of this type (<1% of the population) are known as single nucleotide variants (SNVs). The term SNV has only emerged in research within the last decade or so, and, therefore, a majority of literature around the mechanisms, effects, and technologies for this field of research are focused on “SNPs”. The difference between the two terms is only dependent on the prevalence in a population and this difference has minimal to no effect on the technology.] 

The importance of SNPs in genetics and genomics is largely attributed to their high frequency in the genomes of humans and other organisms. Polymorphisms of this type are estimated to occur in 1 out of every 100 bases in the human genome, and while most are located in non-coding regions and have no known phenotypic effects, SNPs are estimated to account for nearly 50% of disease-causing mutations in humans (Figure 1.4).1–6 Due to their affecting of only a single base, SNPs have a binary nature. With high frequency and a binary presentation (i.e., present or not present), SNPs are ideal for disease or trait association studies. This has enabled genomic and genetic researchers to identify SNPs as key biomarkers for a multitude of health-related outcomes. In humans, single nucleotide polymorphisms are known to influence aging41, diabetes42, heart diseases18, pharmacogenomic responses43–45, cancers20,21,23–25,46,47, and susceptibility to infectious diseases48–53. Due to the wide-ranging effects of SNPs in the human genome, monitoring SNPs is of great interest in the scientific and medical communities.37,46,48,54
The impact of SNPs on human health and well-being extends beyond alterations within the human genome, however. Genomic polymorphisms in pathogenic agents can alter the organism’s fitness which can yield implications for transmissibility, virulence, susceptibility to treatment, and the efficacy of vaccines.55–59 These alterations can be of tremendous clinical significance, and, as such, the genetic evolution of infectious agents is determined by the development of SNPs. Once the causative association of a SNP with particular outcomes of interest (e.g., drug resistance) is determined, detection of such SNPs may be critical to limit the inter- or intrapersonal progression of disease. Among the pathogens tested for polymorphisms are, for example, human immunodeficiency virus (HIV), severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), and species of the Mycobacterium Tuberculosis (M. tb) complex. Testing for known polymorphisms in HIV and M. tb can determine drug resistances to inform disease treatment. The informed treatment then may result in suppressed symptoms and transmission for HIV and disease cure for tuberculosis. For SARS-CoV-2, single nucleotide polymorphism testing may provide insight for proper disease management and can track evolution and spread of the virus through recognition of known viral variants. Polymorphisms may have the potential to additionally alter efficacy of the vaccines or eventual treatments for COVID-19. These pathogens have tremendous global impact, and detection of known SNPs for each is of significant importance for countering their negative effects.
The ongoing identification and association of SNPs and single nucleotide variations (SNVs) as genetic biomarkers are revolutionizing our understanding of health and disease. In humans, these biomarkers serve as key indicators of health, while in pathogens, these markers provide valuable insight into features of treatment resistances, virulence, transmissibility, and more. This growing knowledge base enhances our ability to deliver personalized medical care, improve disease prevention strategies, and develop targeted treatments. The result: better health outcomes and healthier lives. Our deepened understanding of the molecular and genetic mechanisms that impact human well-being is largely attributable to the developments in biotechnology surrounding the genetic sciences.

[bookmark: _Toc186454684]Genetic Technologies
The successes and breadth of understanding already achieved in the fields of genetics and genomics, as well as their future potential and promises, are largely indebted to the biotechnological advances that have made their studies possible. Some of these technologies, like PCR and Sanger sequencing, have already been highlighted due to their critical roles in our modern understanding of genetics. However, many other technologies have been essential to establish the understandings we have today. Tools of detection and measurement are at the foundation of the genetic sciences and supporting innovations have provided a greater means of understanding the data collected. Further, researchers have learned how to leverage our understanding of genetics to develop cutting-edge therapeutic technology. Genetic-based tools for therapeutics are nothing short of a scientific and engineering marvel. These therapies include, for example, RNA-based therapies, gene therapies, and CRISPR gene editing. Perhaps, the greatest human impact and success story of genetic therapy are messenger RNA (mRNA) vaccines – which were vital in saving thousands, if not millions, of lives during the SARS-CoV-2 worldwide pandemic. While these therapeutic technologies deserve recognition for their current and future impact on human health, the remainder of discussion around genetic technologies will focus on the detection tools and their complementary tools, as they are the foundation of the work explored in this dissertation.
[bookmark: _Toc186454685]Polymerase Chain Reaction
The Polymerase Chain Reaction (PCR) is the backbone of genetic detection tools. With PCR, DNA amplification and manipulation is achievable, making genetic engineering, DNA cloning, and high-resolution sequencing possible. This technique has the power to amplify virtually any nucleic acid sequence from just a few DNA copies to billions of identical copies. The process facilitates interactions between the sequence of interest and target-sequence-specific short DNA strands, called primers, by cycling temperatures (Figure 1.5). Generally, the thermal cycling process alternates between a high temperature “melting” step and low temperature(s) “annealing / extension” step(s). The melting temperature is set to break virtually all the hydrogen bonds that comprise any given double-stranded DNA sequence. The annealing / extension temperature is set to enable (1) the binding of the primer sequences to the target of interest and, following the binding, (2) the activity of a polymerase for DNA replication initiated at the 3’-end of the primer sequence. Each time these temperatures are cycled, the sequence of interest is duplicated – resulting in exponential amplification with increased cycles as described by the following equation.



Modern PCR assays have the capacity to perform this identical replication with as low as a single copy of the DNA present with high fidelity. Beyond this remarkable sensitivity, PCR is highly specific. The high specificity is largely credited to the use of the target specific primers. Well-designed primers can be made such that they are unique only to the target of interest and have minimal to no interactions with other abundant DNA within the assay (e.g., no cross reactivity to background DNA). The uniqueness is attributable to the length of the primers and the nature of DNA combinatorics. Most PCR primers range from 18 to 24 nucleotides long, resulting in range of 1 in 68 billion (418) to 1 in 281 trillion (424) likelihood of having an exact match. This assumption is based purely on mathematics, and the exact uniqueness of primers depends on careful selection as certain sequences or genes are the same across organisms. For example, there are highly conserved sequences in the 16S ribosomal RNA gene across all bacteria. Yet, intentional design can still leverage the combinatoric uniqueness of primers by targeting hypervariable regions of genes. The high sensitivity and specificity of PCR are key features that make it one of the most versatile and impactful techniques in molecular biology.
[image: ]
[bookmark: _Ref184276047][bookmark: _Toc186454761]Figure 1.5. The polymerase chain reaction (PCR) process is a highly specific means to amplify DNA sequence(s) of interest. Driven by polymerase activity, sequence-specific primers, and thermal cycling conditions, PCR doubles the number of identical DNA sequences with each cycle – yielding 2N identical copies after N cycles.

Beyond its applicability to downstream nucleic acid analysis tools and other genetic technologies, PCR has become one of the most widely used nucleic acid detection and diagnostic tools since its adaptation to real-time measurement methods.60 The real-time approaches, using various fluorescence-based measurement strategies, allow quantitative analysis of the specific nucleic acids – enabling determination of exact and relative abundance of DNA sequences. The two most fluorescence-based approaches are intercalating dye-based PCR and hydrolysis probe-based PCR. Intercalating dyes non-specifically bind to double-stranded DNA during PCR. The dyes are inserted between the base pairs of double-stranded DNA molecules, emitting fluorescence only once this insertion has occurred. Intercalating dyes are a popular real-time PCR tool due to the relatively low cost, however, since any double-stranded DNA causes fluorescence, the specificity of an intercalating measurement is quite low. While this specificity can often be accounted for with melt analysis (more on this later), a commonly used, highly specific approach for fluorescence detection is the use of hydrolysis probes.61 Hydrolysis probes, often referred to as TaqMan probes due to their commercial success (i.e., TaqMan is to hydrolysis probe as Kleenex is to tissue), are designed synthetic DNA sequences that, like primers, are specific to the amplicon of interest. The probes are synthesized with a 5’ fluorophore and a 3’ quencher (and sometimes internal quenchers too) such that minimal fluorescence is emitted while the sequence is intact (Figure 1.6). These hydrolysis probes are designed to bind within the amplicon generated by the primer sets. Once the PCR process is initiated, the polymerase extension event will reach the bound hydrolysis probe and, assuming the polymerase has hydrolytic activity, the fluorophore will be cleaved from the probe. The result is a highly specific fluorescent signal that only occurs when the sequence of interest is successfully amplified. Representative data of a hydrolysis probe-based PCR assay is shown in Figure 1.7.62 PCR was also further adapted to incorporate reverse transcription (reverse transcription-polymerase chain reaction; RT-PCR) for analysis of RNA sequences. The combined capabilities of quantitative PCR (qPCR) and RT-PCR extend PCR applications to include gene expression analysis by mRNA quantification, genetic variation and allele frequency analyses, and rapid detection and quantification of pathogens. 
Due to its high analytical performance, broad applicability, and widespread usage, PCR acts as a cornerstone technology for iteration and innovation within the genetic and diagnostic sciences. These innovations include direct enhancements like extension of the basic amplification to multiple targets at once (i.e., multiplex assays) to complex iterations that enable more stringent molecular tests (e.g., single nucleotide detection). Other innovations leverage the existing strengths of PCR to supplement and complement otherwise limited molecular assays, as is done in the body of this dissertation. Biotechnological advancements for PCR have made it a highly versatile platform for genomic studies, quantitative analysis, diagnostics, and more. With each iteration, various benefits were achieved: higher specificity, higher sensitivity, or broader range of applications. As such, PCR has become a vital piece in modern molecular biology and genetics. Perhaps one of the most illustrative examples of the essential role of PCR in genetics is its importance in library preparation for highly accurate genetic sequencing – our next genetic technology of interest.[image: ]
[bookmark: _Ref185422438][bookmark: _Toc186454762]Figure 1.6. The hydrolysis probe mechanism for real-time PCR. During PCR extension, initiated at the primer (green), the nuclease activity of the polymerase is used to cleave part of the target specific probe. This process releases a fluorophore (F), freeing it from quencher (Q) suppression and providing fluorescent signal that scales with the exponential amplification of target DNA.
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[bookmark: _Ref185422392][bookmark: _Toc186454763]Figure 1.7. Representative data demonstrating real-time fluorescence monitoring during PCR thermal cycling. As exponential amplification of target DNA occurs, fluorescence generated by the hydrolysis event reaches measurable levels. The cycle number at which fluorescence transitions to measurable exponential amplification corresponds with the efficiency of the PCR reaction and the amount of target DNA present at the beginning of the PCR reaction, shown here by the measured fluorescence at a later cycle number for lower DNA copies. This unpublished, representative data is from the optimization stages for a hydrolysis probe-based Streptococcus Mitis PCR assay that was ultimately used as a simulated target for aerosolized pathogens in Evans et al.62


[bookmark: _Toc186454686]Sequencing and Genotyping
Since the inception of genetic sequencing by Sanger in 1977, greater than 3,000 unique animals have been fully sequenced and publicly shared.63 More impressively, since the first human genome was fully sequenced during the Human Genome Project, which ended in 2003, over 1 million human genomes have been sequenced and analyzed. These major achievements would not have been possible without the biotechnological innovations of PCR for sequencing preparation and various sequencing approaches.
The first iteration of genetic sequencing, Sanger sequencing, was the first widely used DNA sequencing method and, to date, remains a gold-standard for many applications in genetic sciences. Sanger sequencing uses a chain-termination chemistry where particular nucleotides, dideoxynucleotides (ddNTPs), are incorporated into DNA strands during replication to prevent further extension.8 Each ddNTP is fluorescently labeled with a distinct color that corresponds to a nucleotide base (e.g., red fluorescence may discern adenosine, green fluorescence may correspond to guanine, etc.). The result is the production of DNA fragments of varied lengths, terminated by the ddNTP chemistry, with a fluorescence indicator of the base at the termination point. These fragments can be separated by size and fluorescence can be measured using capillary electrophoresis methods. Sanger sequencing is highly accurate but limited in throughput, typically sequencing less than 1,000 base pairs per reaction. As such, the method is currently mostly used for small-scale projects, like validating genetic variants or sequencing specific regions of interest. While the high accuracy of Sanger sequencing enables the tech to retain its gold-standard status, most modern sequencing studies employ Next-Generation Sequencing (NGS) modalities.
Next-Generation Sequencing (NGS) technologies revolutionized sequencing by enabling massively parallel sequencing of millions of DNA fragments simultaneously. The high-throughput nature of this parallel approach reduces the time and cost compared to Sanger sequencing. Currently, the most widely adopted NGS platform is Illumina, which uses a “sequencing by synthesis” method. The parallelization of Illumina sequencing was enabled by immobilizing fragmented target polynucleotides on an array64,65, or flow cell, amplifying the polynucleotides, and sequencing as fluorescently labeled nucleotides66 are incorporated. Instrumentation and imaging systems are used to capture the fluorescent signals generated during synthesis, and the data are computationally reconstructed into sequences. The Illumina NGS platform is accurate, scalable, and suitable for numerous applications including whole-genome sequencing and metagenomics (i.e., study of entire nucleotide sequences from all organisms in a bulk sample). The platform, however, is limited to relatively short read lengths (approximately 150-300 base pairs), which increases the difficulty of assembly and may add complication for repetitive genomic regions.67
Another prominent short read NGS platform is the Ion Torrent from ThermoFisher Scientific.67 The Ion Torrent platform operates by detecting hydrogen ions released during DNA polymerization, rather than the optical-based detection in Illumina. As DNA polymerase incorporates nucleotides, a pH change occurs, and this change is measured by a semiconductor chip. Since Ion Torrent performs direct detection (i.e., no fluorescence measurements), the workflow can be faster and less complex. Additionally, the Ion Torrent can perform longer reads than Illumina sequencing.67 However, while Ion Torrent accurately reports a majority of sequences with good depth, it has been reported that the ion-based approach is less accurate than its NGS competitor.68 
Together, Illumina and Ion Torrent exemplify how NGS technologies cater to diverse research and clinical needs by balancing cost, throughput, and resolution. Both technologies have the advantage of high accuracy with good depth of sequencing coverage but are disadvantaged by long running time and high costs for equipment, library preparation, and sample runs. Third-generation sequencing technologies tackle the challenges of achieving long read sequencing, faster turnaround time, and cheaper implementation.
Third-generation sequencing technologies, such as those developed by Oxford Nanopore Technologies (ONT) and Pacific Biosciences (PacBio), have long-read sequencing capabilities, enabling the analysis of DNA fragments that are tens of kilobases long in a single read.67 PacBio operates using a method called Single Molecule, Real-Time (SMRT) sequencing. Similar to its predecessors, SMRT sequencing monitors fluorescent signal generated as a DNA polymerase incorporates nucleotides during the target strand replication process.69 But rather than using standard imaging modalities, SMRT uses zero-mode waveguide technology which act as “nanoholes” where a single molecule of the DNA polymerase enzyme can be fixed and directly observed as it sequences the nucleic acid of interest.70 Thousands of zero-mode waveguides can be run in parallel, retaining the massive parallelization achieved in the second-generation NGS technologies with the added benefit of longer read lengths, flexibility, and high quality reads (thanks to error-correction methods) achievable with the first-generation Sanger sequencing. The higher quality of readouts is partly attributable to the very long reads (up to 300 kilobases) measurable by this technology, which benefit the system when there is a need for resolving sequence ambiguities. All of this is done without the need for DNA amplification during preparation. Additionally, this approach achieves comparatively faster turnaround time due to less library preparation steps and the rapid read rate of the SMRT system.67 While the technology is impressive, the PacBio SMRT sequencing equipment remains limited by high cost with the highest listed price of any equipment discussed here (~$525,000 per instrument). Further, the equipment has a very large footprint. Both the size and the cost limit the accessibility and usefulness of the SMRT technology for smaller clinical laboratories or laboratories without abundant resources. 
Nanopore sequencing technologies, spearheaded by Oxford Nanopore Technologies (ONT), inversely have focused efforts toward creating smaller, portable instruments with low cost for equipment. The ONT sequencing platform achieves long reads by nanopore-facilitated nucleic acid transfer.71,72 By embedding biologically derived nanoscale pores into an electrically-resistant synthetic membrane, called a flow cell, ONT sequencing measures electrical signals as DNA or RNA passes through the nanopores. These electrical signals are used to derive the nucleotide bases in order, providing the genetic sequence of the transferred strand. The ONT platform enables the longest reads of any commercially accessible sequencer, achieving reads up to megabases long.67 The flow cells are small, consumable chips that are inserted into highly portable sequencers which plug directly into the USB port of a laptop, making ONT sequencers ideal for fieldwork and rapid diagnostics. Further, since the ONT sequencers have a low barrier for entry and require little laboratory space, academicians excited to innovate on sequencing technologies have been largely attracted to nanopore sequencing. As such, ONT benefits from a larger external research and development effort to provide advancements for their system. And, while nanopore sequencing is very promising, the technology needs these advancement efforts. The method is the most susceptible to sequencing error and has difficulty achieving high quality single base reads. This is largely due to the size limitations of biologically derived nanopores requiring the reading of multiple nucleotides at any given time. Additionally, the consumable flow cells can be quite costly, even while the sequencer itself is inexpensive. These flaws have limited the technology from widespread adoption. As such, there remains a need for cheaper, highly accurate means of acquiring genomic information pertinent to human health.
[bookmark: _Ref184277379][bookmark: _Toc186454764]Figure 1.8. The development and evolution of the Affymetrix, now ThermoFisher Scientific, microarray. I had the opportunity to work with the microarrays research and development group for the summer of 2024.

An alternative approach which provides high quality reads of key genetic biomarkers is genotyping. Genotyping is a cheaper alternative approach to full genomic sequencing as it only interrogates targeted regions of the genome known to contain specific genetic variations, such as single nucleotide polymorphisms (SNPs) and small insertions or deletions. One of the most widely used methods for genotyping is microarray technology, which enables high-throughput analysis of thousands to millions of genetic markers in parallel.73 Microarray genotyping uses predetermined DNA probes bound to a surface to detect genetic variations at specific loci. DNA samples are hybridized onto the DNA probes of the microarray chip. Fluorescent reporters are used to determine the presence or absence of hybridization events that correspond to particular genetic variants. The technology then discerns variations of interest through spatially correlated detection.74,75 During my PhD work, I was fortunate to work with ThermoFisher Scientific’s microarray team, formerly Affymetrix, on a particularly clever microarray platform that was capable of testing for millions of genetic variants on single microarray chip (Figure 1.8). The chips were manufactured by photolithography techniques to create highly reproducible microarray chip arrays up for testing up to 384 unique patient / organism samples at once (Figure 1.9).75 Microarrays are cost-effective and have massively high-throughput, making them ideal for large genomic study projects, such as population-level genome wide association studies (GWAS) and agricultural screening. Microarrays are limited, however, to the detection of pre-defined variants and lack the capacity to detect novel mutations like sequencing methods. Further, microarrays can be difficult and expensive to manufacture, often requiring high-throughput use-cases to warrant their utilization.
[bookmark: _Ref184278142][bookmark: _Toc186454765]Figure 1.9. Microarrays are a powerful, high-throughput method for genotyping. The ThermoFisher Scientific microarray platform can support testing of nearly 1 million DNA variants of interest for 96 (left) and 384 samples in a single workflow. The microarray chips interrogate specific DNA sequences through hybridization with synthesized DNA probes (middle). The DNA probes are synthesized onto the chip by photolithography (middle). The genetic variant information is measured by spatially specific fluorescent signals (right). Left image obtained from the ThermoFisher Scientific website. Middle and right images obtained from Pawloski et al. under Copyright Clearance license number 5930840584542. 75

Each of the technologies covered here plays a vital role in genomics. Sanger sequencing paved the way for these technologies to emerge and continues to excel in accuracy for small-scale projects. Next-Generation Sequencing methods, like Illumina sequencing, currently lead in cost-effective high-throughput sequencing. Third-generation platforms, like PacBio and ONT, enable long-read analyses and have the potential to broaden access to sequencing in the field and in academic studies. Genotyping, like the microarray platforms, remain a powerful tool for targeted analysis of genetic variants in large populations. Together, these methods provide an expansive and versatile toolkit for understanding DNA and genomes at different resolutions and scales. Furthermore, the continued efforts toward sequencing and genotyping provide greater information for expanding our knowledge base for important genetic markers of human health and well-being. Yet, these biotechnologies require supporting innovations to maximize their potential benefit to our pursuit of improved human health and well-being.
[bookmark: _Toc186454687]Supporting Innovations   
The scientific advancements in genetic technologies have dramatically expanded our ability to analyze and interpret genetic information. These tools, however, only realize their potential thanks to a robust ecosystem of supporting innovations. To maximize the benefits of genetic sciences, complementary advancements that provide access to large, diverse datasets enable greater integration and interpretation of highly complex biological data. Major innovations such as biobanking, genome-wide association studies (GWAS), multi-omics, and machine learning and artificial intelligence are critical for translating genetic information and discoveries into actionable insights for health and medicine.
Biobanks and genomic databases are foundational resources for advancing genetic and genomic sciences. These banked repositories store biological samples, including DNA, RNA, tissues, and human-derived diagnostic samples.[footnoteRef:5] The biobanks are typically coupled with clinical data from the stored samples, providing extensive phenotypic, clinical, and lifestyle data. Additionally, there are increasing efforts to couple repository samples with their sequence or genotype data to enable large-scale studies on genetic predispositions to diseases and responses to environmental factors. As alluded to earlier, these efforts have played a role in attaining the sequence and genomic information of over a million human genomes to date. The UK Biobank was a heavy contributor to these efforts, first attaining the genotype data and then following up with sequencing full human genomes of 500,000 individuals.76 Biobanks play a pivotal role in supporting GWAS and other genetic studies by providing access to large, diverse dataset from worldwide populations.[footnoteRef:6] They also enable and help facilitate longitudinal studies investigating genetic and environmental influences on health over time. Beyond the large funding necessary for creation and upkeep of these repositories, biobanking is challenged by public concerns about data privacy – limiting the pool of potential participants.77 The increasing politicization of healthcare and science may further impact the success of these sample and data repository efforts.78,79 Yet, as genomic databases continue to expand, they will continue to be instrumental in driving population-specific genetic insights and advancing overall human well-being. [5:  During my PhD, thanks to Professor Haselton’s collaborations, I have been fortunate to work alongside Dr. Jonathan E. Schmitz from Vanderbilt University Medical Center. Dr. Schmitz has put together an invaluable biobank of human-derived clinical samples, which supported many of the efforts I pursued during my PhD. The impact of these sample repositories cannot be overstated for research and development.]  [6:  While the datasets are growing in diversity, there remains biases in the genomic datasets attained – limiting the power of information for certain demographics.] 

Perhaps the largest benefactors of biobanks are the efforts focused on genome-wide association studies (GWAS). GWAS has transformed our understanding of how genetic variations contribute to complex traits and disease through the analysis of massive genomic datasets. Due to the large-scale of GWAS, confounders can be isolated, and complex associations can be formed with high confidence between genetic variants, often single nucleotide polymorphisms (SNPs), and phenotypic traits, such as disease susceptibility or drug response.80 By conducting GWAS, genetic variations associated with autoimmune disorders81, obesity82,83, and diabetes84, to name a few examples, have been uncovered – moving us closer to understanding these health complications. While genome-wide association studies are powerful means of determining influence of genetic variations in complex disease states, the studies remain limited. As alluded to earlier, biases in data sets limit the efficacy of GWAS for underrepresented populations. Further, GWAS does not account for the many complex layers of biological interactions that influence one’s disease state.
Fortunately, researchers conduct additional and supplemental studies focused on the other biological factors between gene and disease state.85–87 These additional studies integrate multiple layers of biological information, extending beyond genomics to include transcriptomics, proteomics, epigenomics, and emerging efforts in epitranscriptomics. These multi-analysis studies, referred to as multi-omics, provide a holistic view of how molecular and biological systems interact to influence health and disease.86 By extending upon the DNA datasets, multi-omics investigate the dynamic nature of biological processes. Proteomics, the study of proteins, focuses on the functional molecules encoded by genes. These studies uncover how genetic variations affect protein structure, function, and abundance. Transcriptomics focuses primarily on levels of RNA at the cellular or tissue level, elucidating the impact of gene expression on disease progression or response to treatments. In addition to the key molecules of the central dogma, scientists and researchers have begun to understand the importance of chemical modifications that occur on the molecules.88–90 Epigenetics explores these chemical modifications to DNA (e.g., methylation), which have been discovered to regulate gene expression without altering the DNA sequence. These epigenetic investigations have demonstrated how environmental factors, such as stress, diet, or toxins, can influence gene regulation and have downstream contributions to cancers or other diseases.91 Similarly, the emerging field of epitranscriptomics has demonstrated the importance of chemical modifications on RNA sequences with respect to human health and well-being.89,90,92,93 These modifications impact RNA stability, tissue and cellular localization, and translation efficiency. This new field is particularly difficult to study due to the limited technologies that can directly sequence RNA.89,94–97 The importance of epitranscriptomics and RNA sequencing prompted the United States National Academies of Science, Engineering, and Medicine (NASEM) to call for biotechnological innovation in this space.98 NASEM hosted their first ever “Ideation Challenge” to bring together academic and industry minds to identify the points of emphasis and a plan for moving forward in this field – I was fortunate to be selected to participate in this challenge. I provided insight from my biotechnological background to support an international team of professors and doctoral students as we proposed a pathway to mapping the epitranscriptome (Figure 1.10). To see our full proposal, see my presentation hosted online by NASEM at https://www.nationalacademies.org/event/06-12-2023/toward-sequencing-and-mapping-of-rna-modifications-ideation-challenge. By integrating genomics, transcriptomics, proteomics, epigenomics, and epitranscriptomics, research in multi-omics provides unparalleled insights into the driving forces of biological systems and human health. Despite the promising capabilities of multi-omics, the field faces challenges such as computational complexity, data integration, and lack of standardized research workflows. It is of major interest to address these challenges, as multi-omics has tremendous potential for medical and biological discovery.
[bookmark: _Ref184279193][bookmark: _Toc186454766]Figure 1.10. Our team’s proposed plan toward mapping RNA sequence modifications for the Ideation Challenge hosted by the National Academies of Science, Engineering, and Medicine. The proposal emphasized the importance of standardization, open-collaboration, and the establishment of known synthetic standard reagents to provide a launchpad for technological development and advancement necessary for mapping the epitranscriptome.

Fortunately, computational biology continues to evolve in power and complexity to address the challenges faced with the large biological and clinical datasets. Machine-learning and artificial intelligence are transforming the fields genetic science and computational biology by providing a means for efficient analysis and interpretation of these large, complex datasets.99–101 These tools have the capacity to identify patterns in dataset that are too difficult to discern by traditional statistical methods. The result is the ability to determine interactions and effects between multiple genetic variants and correlations across multiple omics layers. Machine-learning, deep learning, and artificial intelligence accelerate the identification of genetic risk factors by sifting through millions of variants (with single base resolution) and their interactions with environmental or phenotypic data.99,100,102 Additionally, modern artificial intelligence promises the possibility of generating predictive models of biological pathways.102,103 These computational innovations and advancements illustrate the future cooperation between computational and scientific efforts that are certain to further support the increasingly complex investigations of human health and well-being. 
[bookmark: _Toc186454688]Future Directions of Genetics and Healthcare
The future of genetics in healthcare promises transformative advances in our understanding of the complex biological systems that determine health outcomes. With a strong foundation of current genetic technologies and continued efforts in biotechnological and computational innovations, there is optimism for the future potential of personalized prediction, prevention, and treatment. Built upon the backbone of PCR, sequencing, and genotyping technologies, genetics and genetic variations continue to be better measured and detected. The resulting samples and datasets generated by these tools are managed by biobanks and genomic databases, enabling GWAS and multi-omic studies to provide great insight on the factors the underly health and disease. Incorporating modern computational developments, such as machine-learning and artificial intelligence, empower these studies to uncover difficult-to-discern associations. Altogether, these genetic technologies and the supporting innovations provide a means for shifting the zeitgeist of modern healthcare. A future focused on proactive medicine rather than reactive medicine seems more within reach than ever. Coupled with cutting-edge developments in gene editing and genetic-based therapeutics, the preventions and cures for diseases that impact humanity most may be attainable. Yet, with any major shift in paradigm, and especially paradigms within medicine, ethical considerations will require careful navigation.

[bookmark: _Toc186454689]Ethical Considerations in Genetic Research
Genetic science and genetic research have profound impacts on human well-being. As with any research that directly influences human health and wellness, stakeholders in the genetic sciences must consider the ethical implications of the field. The development and application of genetic science-based therapies, including developments such as CRISPR gene editing, will be under intense attention and scrutiny – likely to collect headlines worldwide for years to come. While the ethics around genetic-based therapeutics will be hotly discussed, especially when considering their future adoption and advancement, the less flashy, more widely implemented genetic detection and sequencing technologies also raise considerable ethical concern. 
The rapid advancement of genetic technologies has raised significant ethical concern regarding privacy, consent, and potential misuse. Genetic testing can reveal predispositions to disease, severity of disease states, or important variants of infections. As such, genetic detection and sequencing can provide critical information for prevention or treatment which can be the difference between life and death. Yet, without proper safeguards, obtaining the genetic data risks the misuse and discrimination of an individual – particularly within the context of insurance. Genetic information contains powerful insights not only about an individual’s health but also about the health of their families and, therefore, is uniquely sensitive in these contexts. With more genetic data collection certain in modern healthcare, informed consent and protection of personal data remain essential, and will become of greater importance, for providing societal benefit while preventing exploitation or harm. To address these concerns, robust frameworks must be established to ensure data is stored securely, de-identified appropriately, and limited to terms within transparent, informed consent. These ethical concerns around privacy and data storage will continue to be of significance, however, ensuring broad and equitable access to genetic sequencing technologies is even more critical to maximizing their potential for societal benefit. 
Genetic sequencing and genotyping technologies have immense potential for advancing healthcare and overall human well-being. Through genetic testing, early detection of life-threatening conditions can be achieved, and corresponding prevention or treatment can be implemented. Further, genetic analysis of infectious agents can dramatically improve the treatment success and minimize the spread of infection. While the capabilities of these technologies are great, these tools are often expensive – limiting their access to only include wealthy regions or individuals, intensifying existing health inequities. Genetic technologies can directly influence one’s survival and, therefore, access to these technologies extend into the realm of basic human rights – particularly the right to life. It is critical to ensure affordability, infrastructure development, and education about genetic testing to enable broader participation and access. Achieving universal access to genetic technologies will unlock their full potential to improve global health and well-being. However, there are practical limitations to the resources and funds necessary to ensure access – posing a significant ethical dilemma within the field of genetic sciences and exemplifying the urgency of closing the gap in access. To this end, we ask: how might we provide access to important genetic information in resource-constrained settings?
[bookmark: _Toc186454690]Accessible Technologies for Genetic Information
The development of scalable and cost-effective technologies that deliver meaningful genetic insights without requiring extensive resources is a particularly promising approach to addressing the challenge of access. Full genome sequencing, while providing comprehensive data, has high costs and infrastructure requirements – reducing its usefulness in resource-constrained settings. As aforementioned, targeted genetic analysis – specifically the detection of known important single nucleotide polymorphisms (SNPs) – serves as a practical and impactful solution. SNP-based technologies can focus on specific, well-studied genetic markers that are both cost-effective to analyze and relevant for prediction of health outcomes, disease states or predispositions, and treatment responses. These technologies are equally powerful for investigating infectious agents, which are often a greater burden in resource-constrained environments. By leveraging the vast abundance of knowledge surrounding SNPs in both humans and pathogens, simpler molecular diagnostic technologies and workflows are a powerful means for addressing pressing health challenges in global settings, rural clinics, and during times of heightened strain on healthcare resources (e.g., pandemics, epidemics). Notably, by spanning these health challenges, resource-constrained is used more broadly within this dissertation than the common historical context. This broader use of “resource-constrained settings” is largely attributable to the globally relevant constraints caused during the COVID-19 pandemic. For example, in the following chapter, the primary genetic technology in this dissertation is used as an alternative to sequencing as the infrastructure was overwhelmed with samples – constraining access to technology available in other contexts. While the definition of constraint is extended in this work, progress made toward better access to genetic information makes iterative gains for the groups traditionally considered as resource constrained. For all resource-constrained settings and situations, universal access to genetic sequencing technologies is a desirable, long-term endeavor. However, focusing on molecular tools for SNP detection provides a practical and immediate pathway to achieve access to these potentially life-saving technologies. 
Innovative technologies focusing on SNP detection have emerged to prioritize affordability and accessibility while often maintaining remarkable analytical sensitivity and specificity. Due to the large impact of these technologies, there are many published approaches that utilize a wide variety of tools including, but not limited to, optics104–107, electrochemical sensors108–110, and cutting-edge enzymes (e.g., the Cas enzymes from the CRISPR system)111,112. While significant innovations are made using this large range of tools, the most widely implemented SNP-based detection approaches leverage properties of nucleic acids and their modifications. Often, these nucleic acid tests employ PCR to achieve high analytical performance and reliability while benefiting from the relatively high accessibility due to the global PCR infrastructure. Here, I highlight a few of the major technologies that leverage PCR for SNP detection and, for each, provide their advantages and limitations.
The first direct adaptation of PCR for SNP detection was allele-specific PCR.113 This approach altered the design of the PCR primers such that they would selectively amplify a DNA sequence containing the known SNP of interest. Simple and elegant, the technique works through design that aligns the 3’ end nucleotide of one primer to perfectly match the SNP of interest. Since the PCR activity is dependent on 3’ extension from the end of the primer (Figure 1.5), a mismatch will prevent the extension and subsequent amplification of the PCR. The result is amplification only when the SNP of interest is present. This low-cost method requires minimal specialized equipment (i.e., a thermal cycler) and is rapid and effective for genotyping known SNPs. However, the allele-specific PCR is susceptible to false positives when non-specific primer binding occurs, and, in its general form, the design requires multiple PCR reactions for heterozygous detection. 
Amplification refractory mutation system PCR (ARMS-PCR) is a variant of allele-specific PCR that improves upon the design by incorporating an internal control primer to validate the success of amplification.114–117 Similar to allele-specific PCR, primers are designed to selectively amplify the wild-type or mutant allele while ensuring that mismatches at the 3’ end prevent non-specific amplification. The added internal control confirms the PCR efficiency and minimizes false-negative results. Practicality for this method has been improved with a tetra-primer approach that uses an additional primer set which enables detection of heterozygous alleles in a single reaction.114,116 While the approach remains cost-effective and has improved specificity for SNP detection, the performance of the system is highly dependent on careful primer design to avoid non-specific amplification. Further, due to the additional extra primers necessary, there is limited multiplexing capability in this system. Because of these limitations, ARMS-PCR has become less common in practice since the routine implementation of probe-based PCR detection strategies (see the Polymerase Chain Reaction section for basics on hydrolysis probes). 
Modified hydrolysis probes are the most used PCR-based approach for SNP detection. The method, often referred to as a TaqMan SNP assay, is widely adopted in research, clinical diagnostics, and high-throughput genotyping. As discussed in the PCR overview, the hydrolysis probes generate a real-time fluorescent signal during PCR amplification due to the exonuclease activity of Taq polymerase. To enhance the specificity of the hydrolysis probe for SNP detection, crescent-shaped small molecules that selectively bind to the minor groove of DNA, known as minor-groove binders (MGBs), are added to the probes.118,119 The addition of the extra binding moiety increases the binding stability of the hydrolysis probe, allowing the probe to be shorter than traditional probes. This enhances the sequence discrimination features of the hydrolysis probe. The MGB-included hydrolysis probes are highly accurate and sensitive for SNP detection. Additionally, their use of the real-time fluorescence capabilities of modern PCRs provides a means for easy multiplexing (albeit, limited by the number of fluorescence channels on a given instrument). However, hydrolysis probes are also susceptible to noise (i.e., false positives or false negatives) when additional mutations are present in the probe binding region. As such, these probes need to be highly optimized during the design process and can be relatively expensive. Users that don’t want to be burdened by design benefit from the large commercial interest in this field, with Thermo Fisher Scientific leading the way with millions of off-the-shelf kits designed for SNP analysis. While these are particularly useful for large clinics performing routine screening, these are often too costly for small-scale studies and other more generalizable approaches are used. 
Another fluorescence-based method for detecting SNPs during PCR is the application of molecular beacons. Molecular beacons are hairpin-shaped, single-stranded oligonucleotide probes labeled with a fluorophore at one end and a quencher at the other.120 The hairpin structure is comprised of a stem region and a loop region. The loop region contains a target-specific sequence, and the stem region is formed by two complementary sequences placed at each end of the oligonucleotide (5’ end and 3’ end). When the stem region is intact (i.e., the complementary regions are bound together), the beacon hairpin structure keeps the fluorophore and quencher in very close proximity, strongly suppressing the fluorescence signal. If the target DNA is present in a given reaction, the molecular beacon opens up to bind to the target DNA, separating the fluorophore and quencher. This change in molecular beacon conformation is due to the higher affinity for the target-beacon hybridized state than for the native, stem-closed state. With optimization, the conformational switch can be highly tuned – capable of only opening and binding the target DNA if every base in the sequence is complementary.121,122 This highly tunable design, therefore, can achieve highly-specific SNP-level resolution. Similar to the hydrolysis probe approach, this approach is multiplexable within the bounds of instrument capabilities and allows for real-time monitoring. However, if additional mutations occur in the target sequence or there are changes in reaction conditions (e.g., salt concentration or temperature), the molecular beacon approach is susceptible to false negatives and, as such, can have sensitivity issues. Molecular beacons also require a deliberate and intensive design process, often requiring a more complex optimization process. Additionally, the inclusion of fluorophore and quencher chemistry on the molecular beacons increases the cost, limiting the possibility of iterative optimization studies and reducing the practicality for smaller scale studies.
[bookmark: _Ref185425357][bookmark: _Toc186454767]Figure 1.11. Melt curve analysis uses the fluorescence properties of intercalating dyes to monitor the transition between double-stranded DNA and single-stranded DNA as a function of temperature. The temperature at which the highest change of fluorescence (dF/dT) occurs is denoted as the melt temperature (Tm), which is characteristic of the length and the base composition of the DNA.

Alternatively, melt curve analysis is a low-cost, fluorescence-based approach capable of SNP detection.123–125 This post-PCR technique uses the double-strand monitoring features of intercalating dyes (see the Polymerase Chain Reaction section above) to determine the temperature at which double-stranded DNA denatures into single strands (Figure 1.11). The temperature, referred to as a melt temperature (Tm), serves as a characteristic signal representative of the length and the base composition of a PCR product. Typically, melt curve analysis is used for product identification and confirmation when using the cheaper intercalating dyes in real-time PCR. However, improvements in melt probe designs and melt analysis features of PCR instrumentation has enabled reliable single base resolution.123,126 This is achievable as SNPs cause small changes in the Tm of the DNA fragment, and mismatches destabilize the double-stranded duplex. This design does not require fluorophore-labeled probes or allele-specific primers, making it suitable for a cost-effective analysis method with minimal additional reagents. Yet, this approach tends to have lower specificity compared to probe-based assays. The reduction is attributable to the non-specific nature of intercalating dyes and the susceptibility to significant signal noise when additional mutations are in the sequence of interest. Additionally, changes in reaction conditions may cause errors in the melt-based approach. The method also requires precise thermal control and data interpretation. However, we have demonstrated a new high resolution melt approach that uses a L-DNA-based internal control to overcome the complications with reaction conditions and the need for high performing instrumentation (Figure 1.12).126 Future iterations of this technology may enable highly multiplexed testing while capitalizing on the higher specificity, which would significantly improve the usefulness of this low-cost, fluorescence-based SNP detection approach.
[bookmark: _Ref186810577][bookmark: _Toc186454768]Figure 1.12. Through the inclusion of a non-interacting, L-DNA internal control (green) during melt curve analysis, small changes in melt signal induced by single nucleotide polymorphisms (SNPs) in targeted PCR product (red) can be reliably detected with high resolution. The approach overcomes complications in melt analysis caused by varied reaction conditions or imprecise instrumentation. Adapted from Malofsky et al. (2024). licensed under CC-BY 4.0.126

Each PCR-based technology for SNP detection offers unique strengths and weaknesses, making them suitable for different applications across a range of resource settings. Technologies like allele-specific PCR and ARMS-PCR provide, low-cost and simple solutions for targeted SNP analysis but are limited in scalability and accuracy. More advanced methods, such as hydrolysis probe assays and molecular beacon approaches, offer higher accuracy and scalability but with significant added optimization and costs. Melt curve analysis, particularly when coupled with internal controls, bridges the gap for laboratories with limited access to specialized equipment due to its minimal requirements. These approaches demonstrate the versatility of PCR-based methods in making SNP detection both impactful and accessible. Yet, these PCR-based approaches all remain susceptible to specificity errors, particularly in the context of sequence neighboring mutations or polymorphisms. These errors are, therefore, problematic when applying the PCR-based technologies to genomes with high mutation rates, which is the case for many viruses and other infectious pathogens. For these use cases, higher-specificity molecular methods that perform well with neighboring mutations are desirable. One such method is the ligase enzyme driven Oligonucleotide Ligation Assay. 
[bookmark: _Ref185430250][bookmark: _Toc186454769]Figure 1.13. The Oligonucleotide Ligation Assay (OLA) detects known single nucleotide polymorphisms (SNPs) with high fidelity. The OLA, facilitated by a DNA ligase, concatenates two oligonucleotide sequences if, and only if, the nucleotides at the junction of the oligonucleotides form a perfect complement. This image is from the original presentation of the oligonucleotide ligation assay wherein one oligonucleotide was modified with the biotin and the other modified with a radiolabel for isolation and detection of the ligation event. Image obtained from Landegren et al. under Copyright Clearance license number 5930840584542. 127



[bookmark: _Toc186454691]The Oligonucleotide Ligation Assay
The oligonucleotide ligation assay (OLA) is a highly specific and sensitive method for detecting single nucleotide polymorphisms (SNPs). The technique, originally presented by Leroy Hood’s laboratory127, relies on the principle that DNA ligase can join two adjacent oligonucleotides only when they are complementary to the target DNA sequence at the ligation junction. Importantly, this ligation event happens if, and only if, the base(s) at the ligation junction is a perfect complementary match (Figure 1.13). Whether the matching must occur at the 3’ end of the upstream oligonucleotide, at the 5’ end of the downstream oligonucleotide, or at both locations is specific to the DNA ligase utilized in the assay. The dependence on a perfect match at the junction allows for precise SNP discrimination. Since its development in the 1988, OLA has been adopted for genotyping and SNP detection applications.128–140 The assay is relatively inexpensive, readily multiplexable, and is tolerant of flanking region polymorphisms and mutations – making it a promising candidate for use in resource-constrained settings where robust detection of SNPs is of need.
The oligonucleotide ligation assay’s specificity stems from its dependence on the fidelity of DNA ligase, which ensures that the ligation event occurs only when the nucleotide at the SNP site matches the target sequence. Additionally, advancements in enzyme design and reagent kitting have produced ligation enzymes with remarkably high fidelity. The robust specificity makes OLA particularly valuable for applications requiring stringent discrimination of single nucleotide variants or polymorphisms, such as disease or pathogen mutation screening. 
The versatility of the OLA for SNP detection is due to its adaptability to a range of platforms and its ability to generate a signal that represents specific DNA sequence information. These features make it best fit for high-throughput laboratory settings (e.g., microarray technologies) and near point-of-care diagnostics. The technique has been adapted to incorporate a variety of detection modalities, including radiolabeling127, gel electrophoresis140, colorimetry137, PCR134,141, and lateral flow assays130,133 – evolving alongside the technological advancements in molecular biology and diagnostics. Each adaptation provides unique advantages and disadvantages. Notably, the addition of a lateral flow assay to the OLA takes a significant stride toward deploying OLA in point-of-care settings. However, perhaps one of the most important adaptations of OLA was the coupling of the PCR reaction (Figure 1.14).141
While the oligonucleotide ligation assay is remarkably specific, it is limited by a poor sensitivity relative to other modern enzymatic diagnostic assays. As a standalone enzymatic assay, the oligonucleotide ligation assay requires a relatively high concentration of target (i.e., >1000 copies of target DNA compared to PCR which can detect 1 copy) to be successfully performed. Additionally, the readout of ligated product depends on other experimental methods such as direct measurement by gel electrophoresis. Therefore, even if ligation events occur when low amounts of target DNA is present, the readout method must be sensitive enough to detect the ligation event. When applied to diagnostic testing where target DNA is limited, these constraints require the OLA to be coupled with highly sensitive enzymatic assays. As such, the inclusion of a PCR event in the OLA workflow significantly improves the practicality of the assay for broad use. Originally described as LigAmp141, the PCR process can be leveraged to amplify ligated product to enable sensitive and quantitative analysis. The PCR-based readouts can incorporate fluorescence-based probes for real-time detection or intercalating dyes for melt curve analysis. Principal to this technology is the ability to incorporate PCR primer and probe binding regions into the synthetic oligonucleotide sequences that are used to discriminate SNPs. Since any primer or probe sequences can be included in these sequences via design and synthesis, the addition of PCR also may be used to improve the specificity of a ligation-based assay even further.134 Both standard PCR and high fidelity ligases are often limited to performing on DNA targets. However, with modern molecular biology, reverse transcription steps are readily adaptable to a OLA-PCR coupled workflow.134,135
[bookmark: _Ref185433838][bookmark: _Toc186454770]Figure 1.14. The flexibility of the Oligonucleotide Ligation Assay (OLA) has been leveraged to incorporate PCR into the workflow to provide sensitive and quantitative real-time detection of ligated products. In this workflow, known as LigAmp, an amplification event only occurs during PCR if ligation occurred in the previous ligation-based assay. Specificity of the assay is preserved by incorporating highly specific primer (blue) and probe (pink) binding sites into the ligation oligonucleotide probes (green). Image obtained from Shi et al. under Copyright Clearance license number 5932140312909. 141


The oligonucleotide ligation assay remains a powerful and important technology for SNP detection and genotyping – combining specificity, accessibility, and flexibility to be adapted to various detection platforms. However, while OLA has existed for nearly 40 years, it has not been widely adopted. The lack of appreciation is largely attributable to the limited analytical sensitivity of the OLA without additional enzymatic reactions such as PCR. Once reactions are added, the analytical sensitivity is overcome, but the technical burden to perform and design the assay is heightened. Molecular assays are sensitive to their specific conditions – even small changes in salt concentration, for example, can have tremendous impacts on the performance of a given assay. This often leads to incompatibilities between different assay buffers and enzymes, as is the case for high fidelity ligation assays and PCR. Therefore, by including multiple reactions in a single workflow, operators must prepare reagents and facilitate sample handling for each step. These steps can be hours apart and time sensitive, each needing intense focus to avoid harming the sample or causing laboratory contamination. Furthermore, coupling molecular assays often requires meticulous design to ensure each sequential reaction performs as anticipated. Every additional reaction or increase in target multiplexing comes with its own important nuances for which the assay designer must account to achieve their desired results. These difficulties when implementing an OLA-based workflow strains the scientists and operators that hope to take advantage of the technology. I hypothesize these difficulties limit the number of scientists that are willing to use the powerful technology – instead opting for less specific but more practical assays. 
In this dissertation work, I improve upon the oligonucleotide ligation assay to make it more practical, accessible, and reliable – hopefully expanding the usefulness of the assay for those who may benefit most. In the following chapters, I share the following progress toward detecting single nucleotide polymorphisms with the oligonucleotide ligation assay:
I demonstrated the OLA coupled with PCR for high-throughput testing of human-derived clinical samples. The assay performed with high clinical sensitivity and specificity in both singleplex and multiplex workflows for SARS-CoV-2 variant-typing. This shows the robustness of the assay in real world applications. Furthermore, I was able to perform the assay in a high-throughput manner, outcompeting the rate of the overburdened sequencers during the pandemic. 
I modified the OLA-PCR workflow, in the context of HIV-1 drug resistance mutations, to allow for magnetic bead-based processing. Importantly, a reverse transcription step was also accounted for to enable direct RNA testing in the workflow. The magnetic modification of the RTOLAPCR workflow yielded improved sensitivity of the assay and made a significant step toward future automation – promising a means for less technical burden.
I built, and demonstrated the performance of, a software tool that automates the design of OLA sequences and sequences for coupled OLA-PCR assays. This tool takes user sequence inputs and provides automated sequences ready for order to enable rapid laboratory validation. The tool is intended to dramatically reduce the design difficulties and expand access to the robust SNP detection of the OLA without requiring users to be highly knowledgeable in the assay. Within this work, I applied the technology to a range of sequences with known single nucleotide polymorphisms and variants that target bacterial pathogens, viral pathogens, and human diseases.

These scientific and engineering contributions optimistically will move the meter for the accessibility of SNP detection technology such that more people can benefit from our constantly expanding genetic databases. Through iteration and innovation around the ligation-based assay during my dissertation work, I am hopeful that increased access to the OLA for sensitive and specific identification of SNPs may improve human well-being, regardless of resource-constraints.
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The Oligonucleotide Ligation Assay: Highly Specific Single Nucleotide Variant Detection without Sequencing
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[bookmark: _Toc186454693]Abstract 
	COVID-19 prevalence has remained high throughout the pandemic with intermittent surges, due largely to the emergence of genetic variants, demonstrating the need for more accessible sequencing technologies for strain typing. A ligation-based typing assay was developed to detect known variants of severe acute respiratory syndrome virus 2 (SARS-CoV-2) by identifying presence of characteristic single-nucleotide polymorphisms (SNPs). General principles for extending the strategy to new variants and alternate diseases with SNPs of interest are described. Of note, this strategy leverages commercially available reagents for assay preparation, as well as standard real-time polymerase chain reaction (PCR) instrumentation for assay performance. The assay demonstrated a combined sensitivity and specificity of 96.6% and 99.5%, respectively, for the classification of 88 clinical samples of the Alpha, Delta, and Omicron variants relative to the gold standard of viral genome sequencing. It achieved an average limit of detection of 7.4 x 104 genome copies/mL in contrived nasopharyngeal samples. The ligation-based strategy performed robustly in the presence of additional polymorphisms in the targeted regions of interest as shown by the sequence alignment of clinical samples. The assay demonstrates the potential for robust variant typing with performance comparable with next-generation sequencing without the need for time delays and resources required for sequencing. The reduced resource dependency and generalizability could expand access to variant classification information for pandemic surveillance.

[bookmark: _Toc186454694]Introduction 
As the COVID-19 pandemic has progressed, genetic variants of the severe acute respiratory syndrome virus 2 (SARS-CoV-2) have emerged presenting new challenges in combatting the virus and effectively prolonging the pandemic.142 In particular, some variants of concern demonstrate increased disease severity, have greater transmissibility, and interfere with vaccines, treatments, and diagnostic tests.55,56,142–145 Real-time monitoring and tracking of the genetic progression are essential for informing dynamic adaptation to the changing needs required to counter the pandemic. The gold-standard for discovery of emerging variants and surveillance of existing variants is viral genome sequencing.146–149 While sequencing is necessary for discovering new variants, as a method to classify variants, the strategy is expensive and requires access to high-level technical expertise and sequencing equipment.
	To address the greater need and demand for population-level SARS-CoV-2 variant surveillance, nucleic acid amplification tests (NAATs) such as RT-PCR have been explored.150–157 The PCR-based strategies differentiate among variants through detection of unique, characteristic single nucleotide polymorphisms (SNPs). Several approaches demonstrate the SNP-recognition capabilities inherent to PCR when primers or hydrolysis probes have single base mismatches that alter the quantification cycle (Cq) value at which amplification occurs for a target.150,156 Since these variant detection platforms use common real-time RT-PCR practices, they are readily employable for use in most laboratory-equipped settings. However, their reliance on slight changes the efficiency of in primer/probe binding makes these approaches susceptible to false negatives and positives.158 To enhance the specificity of RT-PCR based approaches, the implementation of minor groove binding hydrolysis probes152 and locked nucleic acids153 have been proposed and evaluated. These approaches demonstrated high clinical performance for the majority of samples of Alpha, Beta, Gamma, and Delta variants, but were limited to samples with high viral titers (e.g., Cq-values ≤ 30 cycles). Melt-analysis has also been coupled with RT-PCR to determine the presence of SNPs by recognition of mismatch melt temperatures.151,155 While these studies demonstrated promising results, external quality assessments of the melt-analysis and mutation-specific PCR assays often rely on the detection multiple variant sites and require relatively high viral load for accurate results.158,159 Additionally, their performance is negatively impacted when additional polymorphisms are present.158,159
	For sequence-free variant identification, we employ a ligation-based molecular approach which classifies variants based on characteristic SNPs. The Oligonucleotide Ligation Assay (OLA) is a highly-specific nucleic acid hybridization-based assay for the determination of SNPs.127 The assay discriminates single bases by joining two directly neighboring target recognition ligation probes if and only if the probes hybridize to the target at the bases nearest the junction. The OLA characteristically performs with high specificity, and, when paired with NAATs, such as PCR, can achieve high sensitivity to detect low abundance SNPs in RNA and DNA targets.128,131,133,135,141,160,161 
	In this work, we present a generalizable method for the detection of known and future SARS-CoV-2 variants. The assay couples the OLA with a pre-amplification RT-PCR step and an endpoint real-time PCR detection method to recognize characteristic SNPs for current variants of concern. The analytical and clinical performance of the assay were evaluated to demonstrate its applicability to real-world, population-level testing. The general principles used in the development of the assay suggest that the method can be readily adapted for future emergent variants of concern as well as other diseases. Overall, the work here yields a generalizable method for population-level monitoring of known SARS-CoV-2 variants in settings where sequencing is either inaccessible or overwhelmed by high case numbers.
[bookmark: _Toc186454695]Methods
[bookmark: _Toc186454696]Assay Overview 
The variant-typing assay is designed to be generalizable for genetic surveillance of SNP patterns with clinical relevance. The assay sequentially links three enzymatic reactions for the amplification, discrimination, and detection of variant-characteristic SNPs. Following RNA extraction, the assay is initiated by reverse transcription polymerase chain reaction (RT-PCR) to amplify regions of interest (ROIs) that contain the characteristic SNPs indicative of variant-type or other clinically relevant features. The amplified ROIs are transferred to specific subsequent OLA reactions to investigate the sequences containing the characteristic SNPs. 
	The Oligonucleotide Ligation Assay discriminates between nucleotides through a hybridization-based ligation event. The ligation occurs if and only if the 3’ end of a synthetic ligation probe hybridizes to the single nucleotide of interest. By introducing multiple oligonucleotide ligation probes with alternate 3’ nucleotides, known as variable probes (VPs), the ligation event, which occurs with a singular, always-binding common probe (CP), achieves very high specificity. Since the ligation probes are synthetically manufactured, specific and exogenous primer and hydrolysis probe binding sites can be concatenated to the ligation probes for real-time PCR detection in the following reaction.
[bookmark: _Ref186450453][bookmark: _Toc186454771]Figure 2.1 The ligation-based genetic variant-typing assay is comprised of three sequentially conducted enzymatic assays. Regions of interest (ROIs) that contain single nucleotide markers of variants are first amplified by reverse transcription PCR (RT-PCR). A portion of the RT-PCR product is transferred to an Oligonucleotide Ligation Assay (OLA) reaction where synthetic ligation probes are ligated into a single target if and only if hybridization occurs at the nucleotide of interest. A portion of the OLA product is then transferred to a real-time PCR reaction for endpoint detection of ligated strands. The PCR signal indicates the presence of particular SNPs of interest.




Polymerase chain reaction is used to sensitively and specifically amplify transferred ligation product as a marker of the presence of SNPs of interest. Endpoint PCR was selected as the detection modality since a thermal cycler was already a pre-requisite of the assay for pre-OLA amplification, the platform is high specific, and the additional amplification step provides extra sensitivity to aid in the detection of low viral load samples (Appendix Figure A.1 and Appendix Figure A.2). The PCR reaction employs exogenous primers and probes to enhance the specificity of the assay. Signals from each PCR reaction are used to determine the sample variant type in combination according to a SNP-based typing chart (Figure 2.2).
In this SARS-CoV-2 specific implementation of the variant detection assay, there are two ROIs that are amplified from the receptor binding domain (RBD) within the spike gene. The RBD was selected due to the abundance of genetic mutations in each of the variants of concern (VOCs) and its likely continued accumulation of mutations in future VOCs. The two ROIs encapsulate (1) amino acid (AA) 339 and (2) AAs 452 and 484. These regions contain mutations unique to Omicron (G339D), Delta (L452R) and Beta / Gamma (E484K) as well as a marker for a positive control indicative of the wild-type sequence (E484). At the time of assay development, L452R was unique to Delta, however, the emergent sublineages of Omicron, BA.4 and BA.5, contain this SNP. In these cases, the assay differentiates between Delta and Omicron variants as BA.4 and BA.5 contain the G339D marker such that proper classification requires both signals. The SNP-based variant-typing chart for this application is presented in Figure 2.2. In this work, two workflows were conducted in evaluation of the assay. The first workflow tests for different SNP markers by performing each enzymatic reaction in singleplex while the second workflow combines each enzymatic reaction into a multiplex workflow (Appendix Figure A.1). The first workflow is presented to demonstrate the most generalizable approach to adapting this method, and the second workflow demonstrates the multiplexable nature of the assay to reduce the technical burden of assay performance.

[bookmark: _Ref180068362][bookmark: _Toc186454772]Figure 2.2 SARS-CoV-2 genetic variants are determined by designing discriminating patterns across four fluorescence channels of real-time PCR signals generated from the ligation-based assay. The assay investigates three SNPs of interest, G339D, L452R, and E484K, as well as one Alpha / positive control marker E484. Variant PCR signals and their respective fluorescence channel are indicated by row and color.


[bookmark: _Toc186454697]Design / Rules for OLA-based Genetic Typing
	The variant detection assay is generalizable for genetic typing of variant sublineages, future emerging variants, and for other diseases that can be classified by SNP patterns. The key components of the variant detection assay design process can be described in four primary steps: (1) identification of the characteristic SNP, (2) design of the ligation probe SNP-flanking regions, (3) design and addition of primer probe sites, and (4) concatenation and evaluation of the ligation probes (Figure 2.3). 
	Identification of the characteristic SNPs is essential for discriminating variants by the ligation-based assay (Figure 2.3, Panel 1). Characteristic SNPs are single-base change patterns that occur uniquely and consistently in the variant or sublineage of interest. The tool is not realistically applicable to the discovery of new variants nor newly emergent SNPs; therefore, the differentiating SNP patterns must be identified by existing known sequences. As sequencing data is collected, consensus sequences are generated and the one or more consistent mutations that differentiate an emerging variant from others is determined based on a set of determined nomenclature rules.162 To employ this assay, it is assumed that new variants are classified prior to selecting the SNPs of interest. The mutations that were used to classify new variants are the characteristic SNPs that should be targeted in this assay design. As the target of interest, in this case SARS-CoV-2, evolves, some SNPs may be signaled in other variants. In this study, the Delta discriminating SNP evolved in later sublineages of Omicron. These cases rely on information from multiple channels to differentiate with continued success (e.g., G339D positive or negative signal may distinguish Delta from Omicron). Also, multiple SNPs may be present in the sequences for differentiation in which case one is selected and evaluated for its simulated performance, described in step 3, and its experimental performance. Reselection of the SNP of interest may be necessary following the results of the proceeding steps. An example of a ligation set that needed to be reselected is shown in Appendix Figure A.3. However, many additional tools aid in the characteristic SNP identification process, some of which provide lists of variant-specific single nucleotide mutations that are useful for ready adaptation of the ligation-based assay presented here.163–166
[bookmark: _Ref180068484][bookmark: _Toc186454773]Figure 2.3 Design of the Oligonucleotide Ligation Assay (OLA) reaction for genetic variant-typing is conducted with four essential steps. (1) Identification of single nucleotide markers that are unique to the variant or disease state of interest. (2) Creation of the common and variable ligation probe, CP and VP respectively, hybridization region by complementing the target strand in the sense that will be present in the OLA reaction. Length of each flanking region is determined by accounting for desired melt-temperature. (3) Investigation of the hybridization or cross-reactivity of the exogenous primers and hydrolysis probes that will be used for downstream real-time detection as well as the ligation probe flanking regions that will be in the OLA reaction. (4) Concatenation of the primer and flanking regions for each ligation probe as well as the hydrolysis probe binding region for the SNP-discriminatory VP.


	Once the single nucleotide mutation of interest is selected, the target-hybridizing regions of the ligation probes are designed (Figure 2.3, Panel 2). These ligation probe “flanking regions” consist of the target-complementary sequences on both sides of the SNP of interest. In the context of DNA or following the RT-PCR amplification step, the complementary sequences could be designed for either sense (positive or negative) of the target. If only a RT step is used prior to the OLA, then the flanking regions must be designed to hybridize the complementary DNA which will have the opposite sense of the RNA target. This can be leveraged to optimize the melting temperature by shifting the frame of the target sequence in the case of ligation probes of differing lengths. The length of the ligation probe flanking regions can vary from 15 bases up to 30 bases.140,160,167 However, in general, the greater the length of the flanking region, the greater the tolerance for additional surrounding polymorphisms. The flanking region complementary to the sequence downstream of the SNP serves as the basis for the variable ligation probe (VP). The VP also contains the base complementary to the single nucleotide of interest at its 3’ end. An additional VP containing the wild-type base at the point mutation is ideal to include in OLA reaction to induce competition-based specificity. The flanking region complementary to the target upstream of the SNP serves as the basis for the common probe (CP). The 5’ end of the common probe, the end nearest the SNP of interest, must be modified with a phosphate for the OLA reaction to occur. The ligation assay works most specifically when the melt temperature of the VPs and the CP are within a few degrees Centigrade of one another. Designing the ligation probes for the probe length, sense, and melt temperatures is greatly aided using ligase manufacturer provided tools such as NEB’s Ligase Calculator.168 In this design, the HiFi Taq Ligase is utilized, which requires the VP to hybridize with the sequence downstream of the SNP of interest. However, other ligases enable the variable probe to hybridize either upstream or downstream of the mutation, which may affect the fidelity of the SNP discrimination. Additionally, alternative ligase enzymes may have varied dependence on other non-synonymous mutations near the SNP of interest that alters the enzyme efficiency and specificity.167 If alternative ligases are desirable for others’ intended use, these affects should be considered in the assay design.
	For the ligation-based variant assay to yield the greatest specificity, detection of the ligated product by real-time PCR should be achieved using primers and hydrolysis probes with sequences that are not likely to be found in the clinical sample. In this work, primers and probes were selected for infectious diseases which are unlikely to co-infect a COVID-19 patient in the region of our study as these PCR reactions had been developed for previous projects (e.g., Zika Virus). In practice, background target is not likely to cause a false signal due to the employment of highly specific sequential reactions. Alternative schemes that intentionally mismatch the primer and probe targets may also be used in this modular assay design. The highly-specific primer binding sites are included in both the VPs and the CP and the hydrolysis binding site are included in the SNP-recognition VP, therefore, it is essential that the sequences of all primers, probes, and flanking regions be cross-checked for their individual and combined binding affinity (Figure 2.3, Panel 3). High binding affinity (ΔG < approximately -9 kcal/mole), as measured by Gibbs’ free energy (ΔG), can result in dimerization that cause either false ligation in the OLA reaction or false priming events in the endpoint PCR reaction and compromise the specificity of the variant detection platform (Appendix Figure A.3). Spurious ligation events can occur when the ligation probes non-specifically hybridize to a nucleic acid in the ligation reaction at the ligation junction (Appendix Figure A.3). For the PCR reaction, any dimerization of the primers will lower the reaction efficiency. Yet, most consequentially, a false priming event by a nucleic acid binding at its 3’-end to the variable ligation probe may induce a false signal by enabling the amplification of a target containing the hydrolysis probe binding region. OligoAnalyzer, a free tool provided by Integrated DNA Technologies (IDT), assists in the determination of self and heterodimers that may occur between the oligonucleotides used in the variant detection assay.169 For non-specific binding caused by the hydrolysis probe or primers, those sequences can be simply switched to another primer/probe set that is unlikely to be in the sample type. In the case of non-specific hybridization events relating exclusively to the ligation probe hybridization regions, the characteristic SNP should be changed to another unique mutation with ligation flanking regions that are not susceptible to generating false signal if possible. When a multiplex reaction is desired, it is desirable to perform this cross-checking step between all oligonucleotide components contained in the combined OLA reaction as there is a non-zero possibility that, for example, one ligation probe hybridizes with the junction of another ligation set and induces a non-specific ligation event.
	The final step in designing the ligation probes for the variant detection platform is concatenation of the primer sites, hydrolysis probe sites, and the flanking regions (Figure 2.3, Panel 4). The mutation-detection VP consists of, from 5’ to 3’, the sequence matching an exogenous primer followed by a ‘CGC’ DNA linker, the hydrolysis probe binding site, the flanking region complementary to the downstream target sequence, and the SNP-complementary base. The DNA linker provides a space between the primer and probe binding site to maximize the efficiency of the PCR reaction. The competitive WT VP uses the same form without the hydrolysis probe binding site. The CP consists of a phosphate, the flanking region complementary to the target sequence upstream of the SNP, and the complementary binding site for the other exogenous primer. Prior to deployment of new ligation probes, the probes should be tested on known sequences for their efficacy for their specificity. Validation of the ligation probes designed to detect the Alpha, Beta/Gamma, Delta, and Omicron VOCs was performed on either genomic RNA of known variants or synthetic oligonucleotides mimicking the sequence of the variant target (Figure 2.5). These data show no amplification of off-target sequences nor amplification of no template controls (NTCs) and, therefore, demonstrate the high analytical specificity of the OLA reaction employed in the following studies. Additionally, these data serve as an example for design and development of future adaptations of the ligation-based genetic typing assay. A flow chart to replicate the design process is provided in the Figure 2.4. 


Sample Extraction
[bookmark: _Ref180760821][bookmark: _Toc186454774]Figure 2.4 Flow chart depicting the design process for the oligonucleotide ligation assay that serves as the crux of the variant-typing assay. The design theory is generalizable for other diseases marked by characteristic single nucleotide polymorphisms by conducting a series of design and decision steps (left). In practice, not all pathways are followed, and some iteration will likely be necessary as shown in the example for the Omicron variant-specific detection of the G339D mutation (center). Unfollowed pathways are marked by dotted lines to match the theory. For each step along the design and decision workflow, a combination of different tools and platforms were employed for this specific application to SARS-CoV-2 variants (right). These tools can be used for extension to future SARS-CoV-2 variants, and the general tools can be used to apply this strategy to other diseases. The tools are horizontally aligned with the steps in which they are relevant.



[bookmark: _Ref180069537][bookmark: _Toc186454775]Figure 2.5 Ligation-based variant-typing produced highly specific signal for detection of unique single nucleotide polymorphisms (SNPs) in synthetic SARS-CoV-2 DNA targets or RT-PCR products of purified genomic RNA from BEI resources. (A) The Alpha and Beta single-nucleotide markers, E484 (yellow) and E484K (green), are performed in a single multiplexed OLA reaction without cross-reactivity for the detection of 106 copies of synthetic DNA targets. The multiplexed E484(K) ligation set amplifies in all COVID-19 positive samples and, therefore, serves as a sample control for the assay. (B) Singleplex OLA for the L452R marker (red), characteristic of the Delta variant, specifically detects the mutation without non-specific amplification of the wild-type L452 marker (blue) for RT-PCR product of Delta variant purified genomic RNA. (C) The G339D mutation (orange) is detected as a characteristic marker of the Omicron variant. The ligation reaction for G339D does not produce amplified signal for the wild-type G339 marker (purple). The G339D ligation pair was evaluated on 106 copies of synthetic DNA target. The representative data show desired performance of ligation reactions in the screening process.


	Contrived and clinical COVID-19 positive samples were extracted by spin columns from the QIAamp Viral RNA Mini Kit (Qiagen #52906). Samples were added to spin columns at a volume of 140 µL and eluted in a final volume of 60 µL of Qiagen AVE buffer.
[bookmark: _Toc186454698]
Variant Assay
The variant detection assay is intended for use with known COVID-19 positive samples. It was designed to detect four major variants of concern that have emerged throughout the course of the pandemic: Alpha (B.1.1.7 / Q.x), Beta (B.1.351) / Gamma (P.1) (paired), Delta (B.1.617.2 / AY.x), and Omicron (BA.x). The assay was developed for testing in the United States where the Beta and Gamma variants were not known to circulate and, thus, the assay was designed to combine these two variants into a single output. The variant assay workflow was initiated with pre-amplification on extracted samples by reverse transcription polymerase chain reaction (RT-PCR). Product from the RT-PCR reaction was directly pipetted into the Oligonucleotide Ligation Assay (OLA) for SNP discrimination. Detection of the ligated targets was performed by real-time PCR following direct pipette transfer of a fraction of the OLA product (Figure 2.1). Each step of the assay is outlined in the following methods section. All synthetic oligonucleotides including primers, hydrolysis probes, and ligation probes were synthesized by Integrated DNA Technologies (IDT). The composition of each reaction in the variant-typing assay is tabulated for reproducibility in the Supplementary Materials (Appendix Table A.1 – A.3).

[bookmark: _Toc186454699]Pre-Amplification (RT-PCR)
Reverse transcription polymerase chain reaction was conducted for initial amplification of SARS-CoV-2 regions of interest (ROIs) surrounding variant- characterizing SNPs. The two ROIs encompassed (1) amino acid 339 and (2) amino acids 452 and 484 for detection of Omicron and detection of Alpha / Beta and Delta, respectively. Reverse transcription PCR was performed with the SensiFAST™ SYBR® No-ROX One-Step Kit (Meridian Bioscience, BIO-72005). The RT-PCR reaction was comprised of 1x SensiFAST™ master mix (10 µL), 1x RNase Inhibitor (0.4 µL), ROI-specific primers at a final concentration of 400 nM, 6 µL of SARS-CoV-2 viral extract, 1x Reverse Transcriptase (0.2 µL), and molecular grade water to bring the reaction to 20 µL total. The pre-amplification step was performed with a Rotor-Gene Q (Qiagen, Germantown, MD). Reverse transcription was performed at 45ºC for 15 minutes and was immediately followed by a 95ºC hold for 2 minutes. Three-step PCR amplification was conducted by 40 cycles of 95ºC for 5 seconds, 60ºC for 20 seconds, and 72ºC for 5 seconds. Green fluorescence data was collected at the end of the 72ºC extension step. For low copy / high Cq targets, as quantified by the FDA-approved COVID-19 RT-PCR assays, or samples with high levels of interferent, an initial 95ºC heat step for 1 minute was implemented prior to the addition of the reverse transcriptase to promote target-primer interaction. Primers for the pre-amplification RT-PCR are summarized in Table 2.1. Pre-amplified targets were transferred to the subsequent reaction immediately or stored at 4ºC until ready for use.
Description
Sequence (5’  3’)
RT-PCR AA339 ROI F Primer
GCTGTAGACTGTGCACTTGA
RT-PCR AA339 ROI R Primer
TGCTGATTCTCTTCCTGTTCC
RT-PCR AA452 + 484 ROI F Primer
AGGCTGCGTTATAGCTTGGA
RT-PCR AA452 + 484 ROI R Primer
GTTGGAAACCATATGATTGTAAAGG
G339(D) Ligation Common Probe
/5Phos/ TGAAGTTTTTAACGCCACCAGATTTG - TTCAGCAGAGAGAATTCACTCAG
G339 WT Ligation Variable Probe
CAAAAGGAAGTCGCGCAATA - CGC - ATATTACAAACTTGTGCCCTTTTGG
G339D MUT Ligation Variable Probe
CAAAAGGAAGTCGCGCAATA - CGC - GCGCGCTCCCAGCCACATG - ATATTACAAACTTGTGCCCTTTTGA
G339(D) PCR F Primer (Dengue)
CAAAAGGAAGTCGCGCAATA
G339(D) PCR R Primer (Dengue)
CTGAGTGAATTCTCTCTGCTGAAC
G339D PCR Hydrolysis Probe
/5TEX615/ CATGTGGCTGGGAGCGCGC /3IAbRQSp/
L452(R) Ligation Common Probe *
/5Phos/ GTATAGATTGTTTAGGAAGTCTAATC - GGAGAAAAAGATGGGACAGGTG
L452 WT Ligation Variable Probe *
CAGCTGGCATCATGAAGAACC - CGC - AGGTTGGTGGTAATTATAATTACCG
L452R MUT Ligation Variable Probe *
CAGCTGGCATCATGAAGAACC - CGC - CCACTATTCCATCCACAACGG - AGGTTGGTGGTAATTATAATTACCT
L452(R) PCR F Primer (Zika)
CAGCTGGCATCATGAAGAACC
L452(R) PCR R Primer (Zika)
CACCTGTCCCATCTTTTTCTCC
L452R PCR Hydrolysis Probe
/5Cy5/ CCGTTGTGG /TAO/ ATGGAATAGTGG /3IAbRQSp/
E484(K) Ligation Common Probe
/5Phos/ AAGGTTTTAATTGTTACTTTCCTTTA - TTATGAGAAATCAAAGTCTTTGGGTT
E484 WT Ligation Variable Probe
GTTAAGGGAGTGAAGACGATCAGA - GCG - CTAGTCGGCATAGTTTATGGTTAAGATTACGACGGT – GGTAGCACACCTTGTAATGGTGTTG

E484K MUT Ligation Variable Probe
GTTAAGGGAGTGAAGACGATCAGA - GCG - AGTCATCTTTCGAGGTGACTTTTAGATTGCT - GGTAGCACACCTTGTAATGGTGTTA
E484(K) PCR F Primer
GTTAAGGGAGTGAAGACGATCAGA 
E484(K) PCR R Primer
AACCCAAAGACTTTGATTTCTCATAA 
E484 WT PCR Hydrolysis Probe
/5HEX/ ACCGTCGTA /ZEN/ ATCTTAACCATAAACTATGCCGACTAG /3IABkFQ/ 
E484K MUT PCR Hydrolysis Probe
/56-FAM/ AGCAATCTA /ZEN/ AAAGTCACCTCGAAAGATGACT /3IABkFQ/ 
[bookmark: _Ref180070363][bookmark: _Toc186454799]Table 2.1 Oligonucleotide sequences designed for the SARS-CoV-2 variant-typing assay. Both wild-type and mutant bases that are discriminated by the oligonucleotide ligation assay for variant-typing are marked in red.


[bookmark: _Toc186454700]Oligonucleotide Ligation Assay
	Following the pre-amplification step, ten percent (2 µL) of the RT-PCR product was transferred into its SNP-specific OLA reaction. Three SNP-specific OLA reactions targeting E484/E484K, L452R, and G339D were employed for the detection of the four variant groups aforementioned. The RT-PCR product encompassing AA339 was added to the G339D OLA reaction and the product containing AA452 and AA484 were transferred to the L452R and E484/E484K OLA reactions. The ligation assay was conducted with the high-fidelity, thermostable HiFi Taq DNA Ligase (NEB #M0647). Reactions were performed with 0.2 µL of the HiFi Taq Ligase and 2 µL of the 10x HiFi Taq Ligase Buffer. Three ligation probes, two variable probes (VPs) with different 3’ nucleotides and one common probe (CP), specific for each SNP of interest were added to their respective OLA reaction. The CP was added to have a final concentration of 1 nM. The VPs were added to have final concentrations of 10 nM, with the exception of the E484/E484K ligation set in which the VPs were at a final concentration of 1 nM to reduce cross-over noise that was occurring in the reaction. This cross-over reduction was observed by emperical study (data not shown). Molecular grade water was added to bring the reaction to 20 µL total. The reaction was performed with a 95ºC hold for 1 minute followed by 60ºC hold for 10 minutes. The ligation probe seqeuences are reported in Table 2.1.[footnoteRef:7] [7:  In table 2.1, the L452(R) ligation probe sequences (marked with *) have been updated to correct sequences. The Influenza and Other Respiratory Viruses publication contains an uncorrected error for these sequences and could not be fixed by the erratum process with the journal. Here, and in Nelson, et al. Journal of Molecular Diagnostics. (2025), the corrected sequences are published and noted for this change.] 


[bookmark: _Toc186454701]Endpoint Real-Time PCR
	Real-time PCR was used to detect ligated probes via ligation-product-specific primers and hydrolysis probes. PCR reactions were performed using the Luna Universal Probe qPCR Kit (NEB #M3004). Each reaction contained 10 µL of the Luna Universal Probe Master Mix and 0.4 µL of each of the SNP-specific primers and probes for a final concentration of 200 nM. Ten percent (2 µL) of the OLA product was transferred directly into the PCR reaction. Molecular grade, nuclease-free water was added to the reaction to bring the final volume to 20 µL. Following an initial 3 minute hold at 95ºC, two-step PCR cycling was performed at 95ºC for 15 seconds and 60ºC for 15 seconds. Fluorescence was measured at the end of the 60ºC annealing/extension step. The PCR reaction was performed with a Rotor-Gene Q (Qiagen, Germantown, MD) and analysis was performed with the analysis feature of the Rotor-Gene Q Series software (version 2.0.3). The Cq quantification threshold was standardized across all experiments where Cq was analyzed.

[bookmark: _Toc186454702]Multiplex Variant Assay
	The variant assay was also converted to a multiplexed format to enhance the ease of assay performance. Pre-amplification RT-PCR was conducted by including both primer sets for the two regions of interest. Each primer was added at a final concentration of 400 nM. Cycling and kit conditions were conserved from the singleplex format. The multiplex OLA was performed with 2 µL of multiplexed RT-PCR product in the presence of all four SNP-specific sets of variable and common ligation probes at a final concentration of 1 nM. The reaction conditions and heating were conserved from the singleplex OLA reaction. Two microliters of multiplexed OLA product were transferred to the multiplex endpoint PCR reaction. Cycling conditions were conserved with the exception of shortening the number of cycles to 35 to eliminate late amplification noise from reagent cross-over reactivity. The endpoint PCR reaction was performed with all primers and probes at a final concentration of 200 nM. 

[bookmark: _Toc186454703]Limit of Detection
	The variant assay limit of detection was determined by extracting and evaluating contrived COVID-19 positive samples. The contrived samples consisted of pooled negative nasopharyngeal matrix collected at Vanderbilt University Medical Center spiked with pre-classified gamma-irradiated virus from BEI Resources. Each variant type of gamma-irradiated virus was spiked into the pooled matrix at final concentrations of 102 genome copies / µL and 101 copies / µL prior to extraction and variant assay performance. Twenty independent samples of each concentration for each variant type were evaluated. The limit of detection was determined to be the target concentration at which 19 of 20 samples were detected in the endpoint real-time PCR of the variant detection assay. Limits of detection were identified specifically for each variant type. The following reagents were obtained through BEI Resources, NIAID, NIH: SARS-Related Coronavirus 2, Isolate USA-WA1/2020, Gamma-Irradiated, NR-52287, contributed by the Centers for Disease Control and Prevention; SARS-Related Coronavirus 2, Isolate hCoV-19/USA/MD-HP01542/2021 (Lineage B.1.351), in Homo sapiens Lung Adenocarcinoma (Calu-3) Cells, Gamma-Irradiated, NR-55351, contributed by Andrew S. Pekosz; SARS-Related Coronavirus 2, Isolate hCoV-19/USA/MD-HP05285/2021 (Lineage B.1.617.2; Delta Variant), Gamma-Irradiated, NR 56129, contributed by Andrew S. Pekosz; SARS-Related Coronavirus 2, Isolate hCoV-19/USA/GA-EHC-2811C/2021 (Lineage B.1.1.529; Omicron Variant), Gamma-Irradiated, NR-56496, contributed by Mehul Suthar.

[bookmark: _Toc186454704]Clinical Study Design
	Residual, derivative-of-care SARS-CoV-2 positive specimens (nasal swabs in viral transport media) were obtained from the Vanderbilt University Medical Center (VUMC) Diagnostic Laboratories, under approval of the International Review Board (IRB #201708 and #201804). The samples were aliquoted and stored at -80ºC between original COVID-19 testing and further analyses for this study. Although not part of the original reportable diagnostic result, the quantification cycle (Cq) for study-specimens was determined on the FDA-authorized Panther Fusion qRT-PCR system (Hologic, Marlborough, MA). Absolute quantification of viral burden was facilitated here via inclusion of quantitative calibrators, traceable to International Unit (IU) standards of the World Health Organization. Predicate determination of viral clade was made by Illumina next generation sequencing (NGS). RNA was extracted from clinical specimens using the vRNA Mini kit (Qiagen), and libraries were prepared with the QIAseq DIRECT SARS-CoV-2 with QIAseq DIRECT SARS-CoV-2 Enhancer kit. Sequencing was performed on a NovaSeq with paired 150-bp reads. Viral assembly and variant assignment were conducted with Cecret (https://github.com/UPHL-BioNGS/Cecret) SARS-CoV-2 workflow (v.2.1.2021117.1), with resultant sequence information deposited in GISAID.170
The results of this sequencing were blinded from the investigators conducting the ligation-based variant assay. Some samples were evaluated under double blinded conditions by performance of the ligation-based variant assay prior to NGS. In cases where classified positive samples did not have sufficient volume for extraction and quantitation, samples were diluted in viral transport media prior to quantitation and variant assay testing to ensure that the concentration of the sample was consistent between evaluation platforms.

[bookmark: _Toc186454705]Analysis
Analysis and estimations of the variant-specific limit of detection (LOD) studies were performed by linear regression of logarithmically plotted sample viral load. Quantification cycle (Cq) estimations for the LOD studies were determined by comparison to absolute quantitation data provided by the inclusion of known viral load calibrators in the Panther RT-PCR assay. Statistical analyses, including variant-specific population percentages and significance testing between viral load data sets, were performed in MATLAB R2020a. Statistical significance was determined by two-sample t-testing (α = 0.05). Clinical sequence alignment and analysis was performed with MegAlign Pro sequence alignment software (DNASTAR, Madison, WI). 
Variant (SNP)
Samples Detected at 104 copies / mL
Samples Detected at 105 copies / mL
Interpolated LOD Estimate
 (copies / mL)
Alpha (E484)
16 / 20
19 / 20
1 x 105 
Beta (E484K)
20 / 20
20 / 20
1 x 104 
Delta (L452R)
5 / 20
20 / 20
8.6 x 104 
Omicron (G339D)
15 / 20
20 / 20
6.3 x 104 
Total
56 / 80
79 / 80
7.4 x 104 
[bookmark: _Ref180136234][bookmark: _Toc186454800]Table 2.2 Summary of the analytical performance of the ligation-based variant-typing assay. Limit of Detection (LOD) was estimated by logarithmic regression to determine the 95% hit rate. The LOD studies were performed on contrived COVID-19 samples consisting of known-variant inactivated virus spiked into pooled negative clinical nasopharyngeal matrix. The percentage of clinical samples detectable by the variant assay was estimated through comparative analysis between the analytical performance of the assay and the population viral load data collected at VUMC.



[bookmark: _Toc186454706]Results
[bookmark: _Toc186454707]Analytical Sensitivity
	To determine the analytical performance of the variant detection assay, the limit of detection was evaluated for each variant. Contrived samples consisting of gamma-irradiated SARS-CoV-2 virus spiked into COVID-19 negative pooled clinical nasopharyngeal matrix were extracted and evaluated by the ligation-based variant detection platform. For each variant, twenty independent contrived samples for each concentration neighboring the detection limits (105 genome copies / mL and 104 genome copies / mL) were tested to determine the capabilities of the assay. The assay consistently detected at least 19 of 20 (≥ 95%) contrived samples at the 105 copies / mL concentration for each variant (Table 2.2). Linear approximations of each variant limit of detection were 105 copies / mL, 104 copies / mL, 8.6 x 104 copies / mL, and 6.3 x 104 copies / mL for Alpha, Beta, Delta, and Omicron, respectively (Appendix Figure A.4). These values correspond to approximately 79.4%, 87.8%, 80.1%, and 81.1% of the population based on a distribution of viral load values attained from 5160 COVID-19 samples collected (Appendix Figure A.5). The population data set was adapted from Victoriano et al.171 Overall, the assay is estimated to detect approximately 7.4 x 104 copies / mL which corresponds to an estimated 80.5% of the entire population of untyped clinical nasopharyngeal samples (Figure 2.6). Therefore, COVID-19 positive samples with this viral load or higher are expected to be detected at least 95% of the time.

[bookmark: _Ref180136337][bookmark: _Toc186454776]Figure 2.6 The variant detection assay is estimated to provide sequencer-free classification in a majority of positive COVID-19 samples. For each variant, the limit of detection was determined by evaluation of contrived samples containing inactivated virus in clinical pooled negative nasopharyngeal matrix. The detection limits, presented in Table 2.2, were converted to an estimated viral load (IU/mL) to determine the percentage of samples detectable from the COVID-19 population-level data. An estimated 80.5% of positive COVID-19 samples (shaded, top) and 85% of symptomatic positive COVID-19 samples (shaded, bottom) are expected to be detectable by all four clades by the variant-typing assay. Estimation is based on the probability density function of sample viral load from population-level, untyped clinical COVID-19 samples (black line). The population-level data set was adapted from Victoriano et al.171


[bookmark: _Toc186454708]Clinical Sensitivity and Specificity
[bookmark: _Ref180137140][bookmark: _Toc186454777]Figure 2.7 The positive COVID-19 samples evaluated by the ligation-based variant-typing assay were representative of the population samples with respect to viral load. The probability density histograms (left) of sample viral load from standard COVID-19 RT-PCR between the samples evaluated by the typing assay (red, n = 88) and samples collected from the population (blue, n = 5160) show large overlap (purple) between the two sample groups. Boxplots of the sample groups (right) demonstrate the range, 25th and 75th percentiles, and averages of each group. The sample groups were not significantly different from each other as determined by two-sample t-test (p = 0.787, α = 0.05). The population-level data set was adapted from Victoriano et al.171

Variant
True Positive
True Negative
False Positive
False Negative
Average Viral Load (IU / mL, Log10)
Sensitivity
Specificity
Alpha
29
69
0
0
5.58
100%
100%
Delta
27
68
0
3
6.47
90%
100%
Omicron
29
68
1
0
6.42
100%
98.6%
Total
85
205
1
3
6.18
96.6%
99.5%
[bookmark: _Ref180137117][bookmark: _Toc186454801]Table 2.3 Summary of the clinical performance of the ligation-based variant detection assay evaluating extracted nasopharyngeal COVID-19 patient samples. Next generation sequencing was used as the gold-standard for accuracy determination. Viral load per variant type was calculated based on quantified internal calibrators. (n = 88 positive COVID-19 samples, 10 independent trials).


Residual de-identified clinical nasopharyngeal samples were extracted and evaluated by the ligation-based variant assay. For 88 known positive COVID-19 samples, the assay achieved 96.6% sensitivity (95% binomial proportion confidence interval (CI): 90.4% - 99.3%) and 99.5% specificity (95% CI: 97.3% - 99.99%) in blinded clinical trials across all variant types collected (Table 2.3). Each sample was evaluated by the variant assay for their typing and compared to their sequencing results (Appendix Table A.4). Alpha variant samples were identified with 100% sensitivity (95% CI: 88.1% - 100%) and 100% specificity (95% CI: 94.8% - 100%). The variant assay identified delta samples with 90% sensitivity (95% CI: 73.5% - 97.9%) and 100% sensitivity (95% CI: 94.7% - 100%). Omicron samples were identified by the variant assay with 100% sensitivity (95% CI: 88.1% - 100%) and 98.6% specificity (95% confidence interval: 92.2% - 99.96%). 
To ensure the robustness of the study, the viral load distribution of the clinical samples investigated in this study were compared to the population-level viral load distribution from samples collected at Vanderbilt University Medical Center from March 2020 to March 2021 (n = 5160) (Figure 2.7). The study sample viral load distribution was not found to be statistically different from the population viral load distribution.
Variant
True Positive
True Negative
False Positive
False Negative
Sensitivity
Specificity
Concordance with Singleplex
Alpha
25
66
0
4
86.2%
100%
95.8%
Delta
29
64
1
1
96.7%
98.5%
97.8%
Omicron
28
65
1
1
96.6%
98.5%
98.9%
Total
82
195
2
6
93.2%
99.0%
98.6%
[bookmark: _Ref180139349][bookmark: _Toc186454802]Table 2.4 Summary of the clinical performance of the ligation-based variant detection assay in the multiplexed format. The multiplexed assay was performed on the same extracted nasopharyngeal COVID-19 patient samples as singleplex testing. Sample identification accuracy was determined by comparison to next generation sequencing. Concordance was determined by the summation of true positive and negatives divided by the total number of samples in which singleplex results were considered the ground truth. (n = 88 positive COVID-19 samples, 7 independent trials).



[bookmark: _Toc186454709]Multiplex Assay Performance
Following singleplex clinical trials, multiplexing of the variant assay was investigated to reduce the number of assay steps required to conduct the assay. In the multiplexed format, the three sequential enzymatic reactions are each performed as individual multiplex reactions which enabled a simple three tube workflow as compared to the eight individual reactions required for full VOC screening in the singleplex format. The multiplex assay detected all samples with Cq values < 28.2 (4.29 Log10 IU/mL) which corresponds to approximately 79% of the population based on the population data set (Appendix Table A.5). The multiplexed format demonstrated an overall concordance with singleplex of 98.6%, accounting for all true positives and negatives based on the singleplex reaction as the ground truth. Compared to NGS, the multiplexed format had an overall clinical sensitivity and specificity of 93.2% (CI: 85.7% - 97.5%) and 99.0% (CI: 96.4% - 99.9%), respectively (Table 2.4).

[bookmark: _Ref180139503][bookmark: _Toc186454778]Figure 2.8 The ligation-based variant detection assay performed robustly in the presence of surrounding non-synonymous single nucleotide polymorphisms (SNPs). The Delta and Omicron variants of concern developed SNPs in the ligation probe hybridization region of the ligation control / Alpha detection ligation set (left). In clinical samples, the presence of a single polymorphism in the hybridization region, found in the Delta samples, did not significantly alter the performance of the assay (right). The presence of multiple polymorphisms, most importantly E484A which occurs at the base immediately neighboring the base affected by the E484(K) mutation, as found in the Omicron clinical samples, resulted in a significant delay in endpoint PCR detection. (Paired two-sample t-tests with Bonferroni correction for four groups, α = 0.05. * p < 0.05, ** p < 0.025, *** p < 0.01).


[bookmark: _Toc186454710]Ligation Performance with Polymorphisms in the Hybridization Region
Clinical sample sequences were aligned with the ligation target regions of each variant. The target region for the E484 ligation set was subjected to an additional non-synonymous SNP, namely T478K, in the ligation probe hybridization region for Delta classified variants. The presence of the extra SNP did not induce a significant change in the assay performance as measured by Cq in the endpoint PCR reaction (Figure 2.8). Similarly, the E484 ligation set was subject to surrounding polymorphisms in all Omicron samples. Three polymorphisms, S477N, T478K, and E484A, were consistently located within the E484 flanking ligation regions in all Omicron samples. In all cases and counts, including the presence of the E484A mutation which effects hybridization on the 5’ end of the common probe, the surrounding polymorphisms did not impede ligation events when the marker of interest was present although it did delay the endpoint PCR amplification significantly for Omicron samples as compared to Alpha samples (p = 3 x 10-15, two-sample t-test) and Delta samples (p = 4.1 x 10-18, two-sample t-test) (Figure 2.8).
[bookmark: _Toc186454711]Discussion
This work demonstrates a generalizable, sequencer-free variant-typing assay applied for detecting known variants of SARS-CoV-2. The assay performed with high sensitivity and specificity in both clinical and contrived COVID-19 samples. The assay performed with a clinical sensitivity of 96.6% and specificity of 99.5% across all sample types. The misclassifications in the study occurred when evaluating low viral load samples only in the Delta channel, which also had the worst LOD in contrived sample testing. The assay also correctly identified the variant in at least 95% of contrived samples with a viral load of approximately 7.4 x 104 genome equivalents per mL, which maps to an estimated 80.5% of historically collected, untyped positive COVID-19 samples from the general population and approximately 85% of all symptomatic cases (Appendix Figure A.5). The contrived samples consist of pooled negative COVID-19 viral transport matrix which is intended to maximize the potential diversity of background interferents. Together, these studies suggest that the variant-typing assay will work robustly in COVID-19 samples even with relatively high levels of background interferent. By achieving robust detection of > 95% even at low viral loads in clinical samples, the assay surpasses the CDC recommendations for sequencing samples with Cq ≤ 28, suggesting that the sequencer-free variant assay is at least as good as the gold-standard for typing known variants.172 The multiplexed format of the variant detection assay achieved detection of all samples with Cq < 28.2 in clinical studies and, therefore, is likely to be similarly useful as the gold-standard NGS per the CDC recommendations even with the slight loss of sensitivity. Additionally, the sequencer-free variant assay presented in this work is inexpensive and more accessible in comparison to NGS. As such, evaluation of lower viral load samples that may not yield guaranteed detection are not as resource-prohibitive and may yet produce valuable variant classification information.
A major benefit of the demonstrated approach is the generalizability of the assay. In this work, a guide to reproducing and extending the principles of the ligation-based variant-typing assay is provided. Additionally, a design flow chart is provided in the supplementary materials. By following the four relatively simple steps presented, the assay can be adapted to future emergent SARS-CoV-2 variants or other diseases with single nucleotide markers of interest. While this work does not show the adaptation of the assay to other diseases, the principle is demonstrated by the previous employment of the oligonucleotide ligation assay to other applications including HIV drug resistance128,130,131,133,135,160, pancreatic cancer141, and Tuberculosis173, among others. Additionally, aside from the custom oligonucleotides necessary for generalized use of the assay, the variant-typing assay employs off-the-shelf RT, PCR, and ligation reagents enabling relatively simple preparation.
The variant-typing assay performed effectively in the presence of additional base mutations surrounding the SNPs of interest. Tolerance of the surrounding polymorphisms was demonstrated most thoroughly in the hybridization regions of the E484 ligation pair for Delta and Omicron samples. In particular, the assay successfully detected the E484 SNP in Omicron samples which are known to include a non-synonymous base change, E484A, immediately neighboring the SNP of interest as well as at two to three other SNPs in the ligation probe hybridization region. When the E484A mutation was present, there was a significant delay in endpoint PCR signal. However, due to the pre-ligation amplification step, the target signal remained high enough to tolerate the inhibition. The delayed signal still amplified early enough to likely tolerate an even higher density of surrounding polymorphisms. The tolerance of neighboring polymorphisms is a product of the robustness of the oligonucleotide ligation assay.129,131,135 This suggests that the assay would be useful in high mutation variants where primer-based or melt-analysis variant detection strategies may be subject to false signals. Additionally, these studies suggest that developed ligation sets are likely sustainable for detection as organisms evolve over time.
The current iteration of the ligation-based variant-typing assay could be enhanced by the inclusion of automated processing. The assay requires manual processing to transfer products through the sequential enzymatic reactions, which can be burdensome on the operator and increase the risk of laboratory contamination from opening tubes containing RT-PCR amplicons. Future automation by strategies such as magnetic processing or robotic liquid handling through a self-contained platform would minimize contamination and technical burden.174–176  Optimizing the workflow to enable testing of unextracted samples would further improve the processing burden.171 The ligation-based assay may also benefit from adopting alternative amplification and detection strategies that do not require a real-time PCR instrument. However, in its current state, since the assay employs real-time PCR for endpoint detection of variants, utilization of the RT-PCR as the pre-amplification enables operators to use the same equipment. Additionally, the high sensitivity of the endpoint PCR step enhances the capabilities of the assay to detect low viral load samples. Yet, overcoming the need for a PCR device would further improve the accessibility for the generalizable genetic-typing assay.

[bookmark: _Toc186454712]Conclusion
Overall, the work presented demonstrates a sequence-free genetic variant-typing assay that robustly detects known variants of SARS-CoV-2 in manner that is sustainable through the evolution of the virus. The ligation-based assay is readily adaptable to future SARS-CoV-2 variants and to other diseases for detection of characteristic SNPs or others single bases of interest.  While the approach presented in this work cannot replace the discovery capabilities of genetic sequencing, the variant-typing assay provides a promising means for expanding access to SARS-CoV-2 variant monitoring and detection.





[bookmark: _Toc186454713]

Magnetic Bead Processing Enhances Sensitivity and Reduces Technical Burden for the Oligonucleotide Ligation Assay

Reproduced with permission from:

Nelson DJ, Leelawong M, Pask ME, Wester CW, Aliyu MH, Haselton FR. Magnetic Bead Processing Enables Sensitive Ligation-Based Detection of HIV Drug Resistance Mutations. Analytical Chemistry, 2022, 94, 5, 2625-2632.

[bookmark: _Toc186454714]Abstract 
[bookmark: _Hlk92374642]HIV develops single nucleotide polymorphisms (SNPs) some of which lead to drug resistance mutations (DRMs) that prevent therapeutic viral suppression. Genomic sequencing enables healthcare professionals to select effective combination antiretroviral therapy (ART) to achieve and maintain viral suppression. However, sequencing technologies are resource-intensive which limits their availability. This report describes the first step toward a highly specific ligation-based SNP discrimination method with endpoint PCR detection which is more suitable for resource-limited clinics. The approach is based on magnetic bead processing to maximize reaction product transfer and minimize carryover of incompatible buffer for three consecutive enzymatic reactions – reverse transcription (RT), oligonucleotide ligation assay (OLA), and PCR. The method improved PCR detection following RTOLA by 8.06 cycles (~250 fold) compared to direct pipette processing and detected between 103 to 104 RNA copies per reaction. In studies with synthesized nucleic acids based on the well-studied HIV mutation, K103N, the assay successfully differentiated between wild-type and mutant for RNA targets with high specificity. With further development, this design provides a pathway for SNP detection with more accessible PCR instrumentation and is a step towards a self-contained processing approach that incorporates the SNP specificity of the ligation reaction for more effective clinical management of DRMs in resource-constrained settings.

[bookmark: _Toc186454715]Introduction
The management of HIV disease relies on effective combination antiretroviral therapy (ART) to sustainably suppress the virus. Single-nucleotide polymorphisms (SNPs) which induce drug resistance mutations (DRMs) that impair the effective ART regimens are produced due to the rapid development of mutations during replication. As such, successful ART relies on timely genotypic testing to identify well-known SNPs indicative of resistance to a specific drug.177 Genotypic sequencing, however, is both cost and resource prohibitive limiting its widespread availability and use. To overcome the global burden of HIV, robust, cost-effective, and low-resource accessible methods are needed to detect SNPs indicative of underlying drug resistance. 
The oligonucleotide ligation assay (OLA) was first proposed by Hood achieved detection of SNP mutations.127 The assay is relatively inexpensive, readily multiplexable, and is tolerant of flanking region polymorphisms. Oligonucleotide probes bind the flanking regions of a DNA SNP target which are then ligated by ligase if and only if a particular SNP is present. As Hood and others have shown, the major advantage of SNP discrimination by OLA is high specificity which is due to dependence on hydrogen bonding between the nucleotide of interest and a variable ligation probe, but a challenge is its low analytical sensitivity.127,128,141,160,161 To improve sensitivity, the ligation assay has been combined with PCR. For example, PCR has been performed prior to OLA and ligation products were detected in a plate-based format.128,131 A less-instrument dependent version reduced the time to output to less than one hour and could be read visually, but still required overcoming buffer incompatibilities by pipette processing steps.130 Other strategies adapted the approach to perform PCR following OLA in a ligation-dependent method with amplicons of various sizes for differentiation by gel electrophoresis.161,178 Ligation-dependent PCR assays were modified to include RNA analysis by the addition of a reverse transcription (RT) step prior to OLA, yet gel electrophoresis remained essential for detection.179 Ligation followed by real-time PCR detection, called LigAmp, was first demonstrated by Shi et al.141 LigAmp takes advantage of the specificity of the OLA followed by PCR amplification to improve sensitivity while providing real-time detection of SNPs. The buffer incompatibility between the OLA reaction and upstream and downstream reactions negatively impacts analytical sensitivity due to product transfer limitations and increases the potential for contamination due to the requirement of open system manual processing and pipetting.133 An alternative approach to overcome buffer incompatibility is the development of a buffer compromise which enables a single-tube reaction for SNP detection in RNA targets, however, this approach is in need of further development to reach a more clinically relevant limit of detection.160 Overall, while the OLA is a promising approach for the detection of SNP-induced mutations, the pipetting required by buffer incompatibility and limited analytical sensitivity of the assay prevents its practical use in resource-constrained settings. 
In this paper, we describe the development and characterization of a SNP assay for HIV DRMs built on sequential performance of reverse transcription, specific SNP detection by ligation, and amplification by PCR. Here we refer to this approach as RTOLAPCR. The three sequential reactions are initially optimized for reaction product transfer by direct manual pipetting and then a magnetic bead transfer is incorporated into this assay to overcome buffer incompatibility and increase product transfer. Combined with our prior work demonstrating magnetic bead transfer in a closed system without pipetting174,180,181, the improvement in analytical sensitivity provides a pathway for incorporation of SNP detection into resource-limited settings with access to standard PCR instrumentation. 

[bookmark: _Toc186454716]Methods
[bookmark: _Toc186454717]RTOLAPCR 
Standard workflow of the reverse transcription-oligonucleotide ligation assay-polymerase chain reaction (RTOLAPCR) assay was conducted with a direct pipette processing strategy, denoted as p(RTOLAPCR) (Figure 3.1, middle panel). The following methods sections outline each sequential reaction with the pipette processing approach. Following this, methods for adapting the reactions to the magnetic processing approach, denoted m(RTOLAPCR), are presented (Figure 3.1, bottom panel). 
[bookmark: _Hlk92376166]An RTOLAPCR assay was designed around the well-studied K103N HIV-1 mutations for proof-of-concept assessment. K103N is a SNP that reduces the effectiveness of the non-nucleoside reverse transcriptase inhibitors Nevirapine and Efavirenz.58,182 All oligonucleotides employed for the development and testing of our assay were synthesized by Integrated DNA Technologies (IDT) (Appendix Table B.1). RNA and DNA targets representative of the K103 wild-type and K103N mutant sequences were used as target amplicons (GenBank accession: KC755259). The assay was developed for use in Nigeria, and, therefore, the target RNA was synthesized from subtype G (CRF02_AG). For the oligonucleotide ligation assay, ligation probes were designed specifically for the mutation site based on previous studies.141,160 One common probe (CP) and two variable probes (VP), one for wild-type and one for mutant, were incorporated into the assay (Appendix Figure B.1). CPs were designed to complement 26 bases in the upstream SNP flanking region of the target cDNA up to the nucleotide prior to the nucleotide of interest. Following the 26-base flanking region, the reverse complement of a primer from a non-related organism was included for post-ligation PCR amplification. Primers optimized in our previous work studying Plasmodium falciparum were used for proof-of-concept assay development and have been evaluated in previous works.119 A phosphate was attached to the 5’ end of the CPs, as it is required for the performance of the ligation reaction. The 3’ end was modified with a biotin with a triethylene glycol spacer (Bio-TEG) to prevent circularization. The biotin was also employed for magnetic bead functionalization through interaction with streptavidin functionalized magnetic beads (DynaBeads™ MyOne™ Streptavidin T1). The triethylene glycol spacer was included in the biotin attachment to overcome steric interference that is known to occur with bead-based nucleic acid capture strategies.183 Variable probes were designed with a 25-base region that is complementary to the downstream flanking region of the cDNA target and the SNP of interest. The base matching the SNP of interest was designed to be on the 3’ end of the VPs and was altered depending on the VP’s desired target (wild-type or mutant). Upstream of the flanking region on the VPs, reverse complementary sequences for pre-designed fluorescent probes were inserted, followed by a three base linker and a primer binding site that complements primers from different organisms similar to the CPs. Probe complementary sequences were different between VPs such that the matching fluorescent probe was specifically indicative of a particular mutation site and wild-type or mutant status. 
[bookmark: _Toc186454718]Reverse Transcription 
Reverse transcription (RT) was performed for first strand cDNA synthesis. Complementary DNA was synthesized to be recognized by the designed oligonucleotide ligation assay that followed with the use of ProtoScript® II reverse transcriptase (NEB #M0368). Each reaction consisted of 0.5 µL of ProtoScript® II reverse transcriptase, 4 µL of 5x ProtoScript® II Buffer, 2 µL of 0.1 M DTT, 1 µL of 10mM dNTPs, 1 µL of our custom RT primer (ML259), 2 µL of the synthetic RNA target of interest, and 9 µL of nuclease-free water to bring the reaction to a total volume of 20 µL. RT was conducted at 45ºC for 10 minutes. In the pipette transfer method, one tenth of the reaction was transferred to the following ligation assay. cDNA was used immediately following synthesis but may be stored at 4ºC or -20ºC until desired use.
[bookmark: _Toc186454719]Oligonucleotide Ligation Assay [bookmark: _Hlk88138409]
[bookmark: _Ref180482940][bookmark: _Toc186454779]Figure 3.1 Overview of the RTOLAPCR assay for detection of HIV drug resistances. (Top) Molecular overview of individual reactions in the assay in chronological order from left to right. (Middle) Pipette processing is used to transfer reaction product between tubes for proceeding reactions. Processing by pipette is limited to 10% (2 µL) transfer between reactions due to transfer of reaction buffer with negative impacts on the following reactions. (Bottom) Magnetic beads capture product from the RT and OLA reactions. Beads are contained in the PCR tube by a magnet such that supernatant of completed reactions can be removed and the proceeding reaction buffer can be added to the same tube. Magnetic processing provides a means for selective transfer of a greater amount of product without reaction buffers.




The oligonucleotide ligation assay (OLA) was performed immediately following reverse transcription using the high-fidelity, thermostable HiFi Taq DNA Ligase (NEB #M0647). Reactions were performed with 0.2 µL of the HiFi Taq ligase and 2 µL of 10x HiFi Taq DNA Ligase Buffer. OLAs included mutation specific oligonucleotides. For each mutation desired to be tested, the wild-type specific and mutant specific ligation probes (Appendix Figure A.1) were added at a final concentration of 10 nM. Stock concentrations for our reactions were at 1 µM which resulted in the addition of 0.2 µL of each probe per reaction. Regardless of the cDNA target added to the assay (i.e., wild-type or mutant), both probes were added to improve specificity of the reaction through competition. The mutation specific common ligation probe was added at a final concentration of 1 nM. 2 µL of the RT product was added to the reaction and nuclease-free water was added to bring the total volume of the reaction to 20 µL. An example of an OLA reaction setup is outlined in Appendix Table B.2. The OLA reaction was performed at 60ºC for 10 minutes. In OLAPCR reactions, ligation was performed on synthesized DNA (IDT) representative of the cDNA HIV target in place of the RT product.
[bookmark: _Toc186454720]Polymerase Chain Reaction 
Detection of ligated product was performed by polymerase chain reaction (PCR). PCR reactions were conducted in 20 µL total volumes. Each reaction contained 10 µL of Luna® Universal Probe qPCR Master Mix (NEB #M3004) and 0.4 µL of 10 µM mutation specific primers and probes for a final concentration of 200 nM each. For the pipette transfer method, 2 µL (ten percent) of the ligation product was added to the PCR reaction. Nuclease-free water was added to bring the total volume to 20 µL per reaction. PCR was initiated with a 95ºC hold for 3 minutes followed by 45 cycles of 95ºC for 15 seconds and 60ºC for 15 seconds. Fluorescence was measured at the end of the annealing/extension step (60ºC). PCR was performed with a Rotor-Gene Q (Qiagen, Germantown, MD) real-time PCR thermal cycler. Quantitation cycle (Cq) was determined with the quantitation analysis feature of the Rotor-Gene Q Series software. The Cq quantitation threshold was standardized across all experiments.
[bookmark: _Toc186454721]Magnetic Transfer Approach 
In order to enable magnetic processing, the common ligation probe (Appendix Figure B.1) was biotinylated at the 3’ end which interacts with DynaBeads™ MyOne™ Streptavidin T1 (Invitrogen #65601) beads to form a magnetic-bead-oligonucleotide complex for target processing. Neodymium magnets were used to capture and move magnetic beads between reactions. In-house designed magnetic tube racks custom for 0.2 mL thin-walled PCR tubes (Thermo Scientific #AB0620) were used to improve the ease of assay performance.
[bookmark: _Toc186454722]m(OLAPCR) 
[bookmark: _Hlk92799136][bookmark: _Hlk92799103]Magnetic coupling of the OLA product for the DNA discrimination assay (m(OLAPCR)) occurred post-ligation. Following the performance of the ligation reaction, which was conducted in 0.2 mL thin-walled PCR tubes, 0.01 mg of Streptavidin T1 beads suspended in 20 µL of 2X Binding and Washing (B&W) Buffer was added directly to the 20 µL ligation product and agitated on a rotator for 15 minutes at room temperature. The bead amount was selected to maximize product capture without inducing inhibitory effects in the PCR reaction. The 2X B&W Buffer was prepared via the manufacturer’s protocol which is comprised of 10 mM Tris-HCl (pH 7.5), 1 mM EDTA, and 2 M NaCl. Following agitation, the tube containing magnetized ligation product was placed on a magnetic rack and fluid was removed. Eighteen microliters of PCR reaction mix as described above, excluding 2 µL of ligation product, was added directly to the tubes containing the magnetic ligation product. The tubes were briefly vortexed and added to the Rotor-Gene Q for real-time PCR.
[bookmark: _Toc186454723]m(RTOLAPCR) 
Magnetic transfer for the RTOLAPCR assay was achieved via use of the biotinylated common ligation probe as a capture oligonucleotide for complementary DNA produced during the reverse transcription process. In the magnetic RTOLAPCR (m(RTOLAPCR)) assay, 10X concentrated common probe (i.e., 10 nM final concentration) was added in place of a portion of the molecular grade water for easier processing with the oligonucleotide capture strategy. Following the 10-minute RT reaction, 1 µL of RNase H and 2 µL of 10X RNase H buffer was added to the RT product. RNase H was used to hydrolyze the phosphodiester bonds of the RNA that was hybridized to the produced cDNA to improve the capture efficiency of the common ligation probe. The RNase H reaction was incubated for 10 minutes at 37ºC. Then 0.01 mg of magnetic beads suspended in 20 µL of 2x B&W buffer were added to the RT product and vortexed. After agitation, RT product fluid was discarded while the cDNA-common probe-bead complex was held in the tube via a neodymium magnet. Ligation buffer, which was prepared as before with the exception of molecular grade water in the place of the common ligation probe, was added to the 0.6 mL tube to resuspend and interact with the cDNA-common probe-beads. Tubes were quickly vortexed to suspend the beads in the reaction mix. Ligation was performed at 60ºC for 10 minutes. After the ligation reaction, the reaction buffer was removed while the magnetic beads with the ligation product were retained via magnetism. PCR master mix was added to the tube with the previously noted recipe. Finally, real-time PCR was performed in the Rotor-Gene Q for determination of SNPs of interest. Workflow of the magnetic RTOLAPCR in the 0.2 mL tubes is shown in Figure 3.1, bottom panel.
[bookmark: _Toc186454724]Limit of Detection Studies
Limit of Detection (LOD) studies were conducted with 10-fold serial dilutions of the target of interest for each aspect of the assay. Dilutions were suspended in molecular grade water with (dT)21 background to reduce DNA adsorption.184
[bookmark: _Toc186454725]Data and Statistical Analysis
A linear fit of limit of detection (LOD) studies were performed for comparison between magnetic processing vs. pipette processing but is not intended to make claims regarding LOD values. The linear fit was performed on average values between all amplified samples (6 samples for each data point, n = 3 trials with full assay duplicates). Non-amplifying samples were excluded from the data analysis as they did not have Cq values. The linear models were produced in MATLAB R2020a by the fitlm function on logarithmically adjusted copy counts compared to Cq value. Paired t-tests with a significance level of α = 0.95 were conducted between magnetic and pipette processing samples within an experimental trial. Statistics were performed in MATLAB R2020a. 
[bookmark: _Toc186454726]Results and Discussion
	In this work, evaluation of our assay is presented in order of increasing complexity with, when relevant, the magnetically processed assay in parallel with the pipette processed assay. The results section begins with the endpoint detection PCR step followed by ligation prior to PCR (p(OLAPCR)), incorporation of the magnetic processing for ligation and PCR (m(OLAPCR)), addition of reverse transcription (p(RTOLAPCR)), and finally magnetic processing integrated into the RTOLAPCR assay (m(RTOLAPCR)).
[bookmark: _Toc186454727]Polymerase Chain Reaction (PCR) 
To test the performance of the PCR primers and probe for endpoint detection of our assay, a limit of detection study was conducted with a positive control for the ligated wild-type product of the K103N probes. The positive control target (ML255) is representative of the ligation product of sequences ML150 and ML152. The control target was hybridized to the wild-type DNA ligation target (ML277) to simulate the double stranded DNA target that is expected to be transferred into the PCR reaction.  At 10 copies per reaction (1 aM), 100% of samples were detected for 3 trials, each with samples run in duplicate (Figure 3.2). Approximately 83% of control samples with one copy per reaction (100 zM) were detected. Geometric efficiency of the PCR reaction was determined to be 99.7% by assessing linear fit for copy order of magnitude versus Cq. The high efficiency of our PCR reaction provides a non-limiting endpoint to ensure our assay performs with the highest potential as complexity increases with the addition of upstream reactions.
[bookmark: _Toc186454728]Ligation Oligonucleotide Design and Evaluation 
[bookmark: _Ref82433827][bookmark: _Toc186454780]Figure 3.2. PCR serves as a highly sensitive endpoint for the assay. The PCR reaction for detecting dsDNA representative of ligation product detected 100% of samples containing 10 copies per reaction and ~83% of samples containing 1 copy per reaction (n = 3 trials, samples run in duplicate). Technical replicates within each trial are demonstrated by matching shape and color. The PCR reaction yielded a geometric efficiency of 99.7%, as determined by an average of ~3.3 cycles per increased order of magnitude of dsDNA copies. Samples shown in the figure with Cq values >45 cycles did not amplify during the PCR reaction.

[bookmark: _Hlk92463872]Single nucleotide polymorphism detection by the OLA performance is dependent on effective ligation probe design. As such, the performance of our ligation assay oligonucleotides was evaluated, and their use was optimized. Specificity of the SNP assay was evaluated by performing the oligonucleotide ligation assay followed by transfer to PCR. The oligonucleotide ligation assay was performed with the presence of spiked ML258 target, the synthetically manufactured DNA containing the K103N mutation, without background DNA to test a simplified design. The fluorescent probes were designed to be indicative of each wild-type or mutant for the different mutation sites of interest to be detected by downstream PCR. Our assay successfully detected the K103N mutant target DNA (ML278) without off-target amplification (Appendix Figure B.2). Throughout assay evaluation, specificity was monitored and was found to be maintained with high consistency. Further, the OLA design was found to tolerate theoretical polymorphisms in the flanking regions of the DNA target of interest in a limited study, which is essential for HIV targets (Appendix Figure B.7 and Appendix Table B.3). These results are similar to what have been reported by others.129,160 Following successful performance of our designed oligonucleotides, the OLAPCR assay was evaluated for its performance in determining SNPs for synthetic DNA targets.
[bookmark: _Toc186454729]p(OLAPCR)
We verified that direct pipette transfer was required to overcome buffer incompatibilities (Appendix Figure B.3 and B.4). Ten percent transfer of ligation product to PCR resulted in high specificity while limiting the observed inhibitory effects from additional ligation buffer in the PCR reaction. Thus, p(OLAPCR) was conducted with 10% transfer between reactions and further characterized by determining its limit of detection (Figure 3.3). These optimization studies are contained in the supporting information (Appendix Figure B.4). Serial dilutions of synthesized K103N mutant cDNA targets in molecular grade water with background (dT)21 ranging from 107 to 103 target (ML278) copies spiked into the ligation reaction. The LOD of p(OLAPCR) was found to be between 102 and 103 copies in the reaction (5 to 50 copies/µL). Without reverse transcription, the SNP discriminating assay detected mutant SNPs in 100 copies/reaction in ~66% of samples tested, with both failures occurring in the same test. Changing ligation reaction temperature, ligase concentration, ligation buffer storage and age, oligonucleotide concentrations, ligation reaction time, addition of the well-known PCR enhancer trehalose, and cycling strategies failed to improve the analytical performance of the assay.185 Therefore, we sought to improve the DRM discriminating component of our assay through the use of magnetic beads to increase the amount of ligation product transferred without the inhibitory ligation buffer.[bookmark: _Ref75351672]
[bookmark: _Ref92444076][bookmark: _Toc186454781]Figure 3.3. p(OLAPCR) successfully detected mutant SNPs in 103 copies per reaction in 100% of samples tested (n = 3 trials, samples run in duplicate). Technical replicates within each trial are demonstrated by matching shape and color.  PCR detection of OLA products was subject to a 3.5 cycle increase in Cq for each decrease in target order of magnitude. Samples with Cq values >45 cycles did not amplify during the PCR reaction.



[bookmark: _Toc186454730]m(OLAPCR) 
To overcome buffer incompatibility issues and improve the amount of ligated product transferred to the PCR reaction, ligated target was bound to magnetic Dynabeads™ via the biotin-streptavidin interaction outlined in the methods. Additionally, as measured by PCR, more ligation product was transferred by the magnetic beads (Cqavg = 14.31) compared to the pipette processing (Cqavg = 16.22) (Figure 3.4). This increase in analytical sensitivity was statistically different (paired t-test, P = 0.0021). Overall, ligation product transfer was approximately four times higher with magnetic bead processing.
[bookmark: _Ref76627778][bookmark: _Toc186454782]Figure 3.4. Magnetic bead transfer provides significantly improved detection of ligation products by PCR. Ligation product was approximately four times higher with magnetic bead transfer (red) as compared to pipette transfer (blue) for detection of the K103 wild-type sequence. Trials were conducted with 108 cDNA copies. N = 3 trials with four paired replicates (one pipette processed, one magnetically processed) per trial with improvements of ΔCqavg = 1.85, 2.085, and 1.805. Paired T-test between bead averages and pipette averages resulted in rejection of the null hypothesis suggesting statistically significant improvement in detection using the magnetic strategy (P = 0.0021). (* P < 0.05)


[bookmark: _Toc186454731]p(RTOLAPCR) 
As our assay is designed for HIV, an RNA virus, it is essential that it detect DRMs starting with RNA targets. Thus, to detect and amplify SNPs by the OLAPCR assay, a reverse transcription (RT) step is required. As part of our optimization studies, we initially combined RT+OLA in a single reaction. As Appendix Figure B.6 shows, the combination reaction yielded spurious amplification. Therefore, we investigated the performance of the sequentially performed p(RTOLAPCR) assay design. Specificity of the SNP assay remains high with the addition of a RT step, showing no off-target amplification in reactions containing both wild-type and mutant targets (Figure 3.5). Assay performance was further evaluated by determining the performance loss of RT by comparison to DNA spiked into the RT reaction mix (Figure 3.5). The assay performance using RNA or DNA was similar suggesting that the reverse transcription reaction was highly efficient. 
[bookmark: _Ref80359586][bookmark: _Toc186454783]Figure 3.5. Reverse transcription (RT) successfully pairs with OLAPCR for detection of drug resistance mutations in synthetic HIV targets. RTOLAPCR maintains high specificity as shown by appropriate wild-type (blue) or mutant (red) amplification in their respective detection channels (left and right, respectively). Trials were conducted with 108 cDNA and RNA copies per reaction. ProtoScript II RT performed with high efficiency in series with OLAPCR, as demonstrated by spiked target DNA (ML277 or ML278) (solid line) compared to spiked RNA target (ML257 or ML258) (dotted line).



The LOD of the p(RTOLAPCR) complete assay was conducted by performing the assay on synthetic K103N mutant target RNA. The p(RTOLAPCR) assay successfully detected DRMs in 106 copies (100 fM in RT reaction) of RNA target for 100% of the trials. The assay also detected mutants in 66% of samples containing 105 copies of RNA (10 fM in RT reaction) (Figure 3.6). Trials (n = 3) were completed with full assay duplicates. Notably, in duplicate, DRMs in 105 RNA copies were always detected. However, the approximate limit of detection is between 105 and 106 RNA copies. Therefore, the pipette transfer method performance is not sensitive enough to detect lower RNA copy counts that may be of clinical importance as suggested by the World Health Organization.186
[bookmark: _Ref80361722][bookmark: _Toc186454784]Figure 3.6. The limit of detection of the p(RTOLAPCR) assay is approximately 106 RNA copies as 100% of samples with this copy count were detected. Order of magnitude serial dilutions of target RNA were run on our assay for DRM detection. Each trial (n = 3) consisted of assay duplicates, marked by matching color and shape. Samples shown with Cq values >45 cycles did not amplify.

[bookmark: _Toc186454732][bookmark: _Hlk92376040]m(RTOLAPCR) 
A comparative study (Figure 3.7) between the magnetic processing strategy and the pipette approach was conducted with the inclusion of a vortex agitation, increased concentration of common probe, and a RNase H step for the magnetic bead processing experimental group (Appendix Figure B.8 - B.10). The magnetic approach enabled the addition of each modification, which aided the magnetic assay significantly. Pipette processing was performed as described in the methods section. Reverse transcription, ligation, and PCR reaction mixes were normalized between samples within the same experimental trial to control for any factors that may alter the performance. 2 µL of synthesized HIV K103N mutant RNA (ML258) at 1 nM (1.2x109 copies) was used as target. With n = 3 trials consisting of duplicate RTOLAPCR assays, the magnetic processing approach yielded an improvement of 8.06±1.09 cycles or two orders of magnitude (Figure 3.7). The three trials resulted in ΔCqavg of 8.00, 7.00, and 9.18 favoring the magnetic processing approach.
[bookmark: _Ref82457415][bookmark: _Toc186454785]Figure 3.7. The magnetic processing approach (red) improves RTOLAPCR analytical performance as measured by Cq by an average of 8.06±1.09 cycles, which is indicative of two orders of magnitude improvement (n =3 trials each with full assay duplicates). The improvement is in comparison to pipette transfer between reactions (blue). Trials were conducted with 108 RNA copies per reaction. The difference is statistically significant (P = 0.0054). (* P < 0.05)

[bookmark: _Hlk92374733]The LOD for the m(RTOLAPCR) assay was evaluated with K103N mutant RNA target (ML258). Mutant RNA at ~10,000 copies (1 fM) was consistently detected, with the assay achieving detection of ~1,000 copies (100 aM) in 83% of the samples tested (Figure 3.8). This marks an improvement over the pipette processing strategy by approximately two orders of magnitude. With the magnetic design, the sensitivity of our assay is significantly improved compared to our pipette-based assay. We would expect a similar improvement for other pipette-based designs. The WHO considers HIV virologic failure to be ≥1000 RNA copies per milliliter of plasma.186 Therefore, with the addition of an RNA concentration step prior to assay performance, such as magnetic separation or spin-columns, the assay would be expected to detect DRMs at low levels of virologic failure.186–189
We employed the common probe bound DynaBeads™ as a capture probe to perform the RTOLAPCR assay from start to finish with magnetic beads. In this design, the addition of CP-bead complexes captured and transferred K103 cDNA target to the ligation reaction. With the CP-bead-cDNA complex present in the ligation mix, OLA was performed and ligated product was detected in the PCR reaction. The magnetic processing strategy improves the analytical sensitivity of the assay by reducing background buffer transfer and enabling nearly 100% of the target to be transferred between reactions rather than the 10% between each reaction as performed with the pipette processing strategy. With this approach, an improvement of two orders of magnitude (~8 cycles on average, ~256x enhancement) for the m(RTOLAPCR) assay over p(RTOLAPCR) was demonstrated. This enhancement is also observed in the assay sensitivity analyses in which the magnetically processed assay achieves detection of RNA in all tested samples with 104 copies as compared to the 106 copies consistently detected with pipette transfer. m(RTOLAPCR) also detects as low as 103 RNA copies with the mutant of interest when run in assay duplicates. Therefore, the sensitivity of the first iteration of our assay suggests potential for future adaptation to the field for detecting HIV escape mutants during ineffective ART regimens
[bookmark: _Ref82457390][bookmark: _Toc186454786]Figure 3.8. The limit of detection of m(RTOLAPCR) is between approximately 103 and 104 target RNA copies, corresponding to concentrations of 50 and 500 copies/µL in the initial RT reaction. Notably, if the assay is performed in duplicate, it is consistently able to detect 103 RNA copies with the DRM of interest present. For LOD trials (n = 3), the complete assay was performed on duplicates for each copy amount as denoted by matching shape and color. Samples shown with Cq values >45 cycles did not amplify.



[bookmark: _Hlk92375892][bookmark: _Hlk92463748][bookmark: _Hlk92374831]An appealing feature of our magnetically functionalized assay is its enhancement of sensitivity compared to the analogous pipette-based assay. Yet, the high sensitivity of our PCR reaction (1 copy detected in ~83% of samples) suggests the potential for our assay sensitivity to be further improved. Considering the high efficiency of the reverse transcription reaction and the estimated high performance of the magnetic capture strategy, as shown by the one order and two orders of magnitude improvement for the magnetic OLAPCR and RTOLAPCR assays, we believe that the limiting factor to achieving even greater sensitivity is the ligase enzyme. Between the PCR and the p(OLAPCR) assay steps, there is an increase in detection limit of approximately two to three orders of magnitude while only one order of magnitude would be anticipated due to the 10% transfer. To overcome the ligase-induced bottleneck on performance, we performed a limited number of preliminary investigations including ligation reaction cycling, increasing ligase amount in the reaction, addition of DNA stabilizers such as trehalose, and increasing the overall reaction time. Time and ligase amount were attempts at overcoming diffusion-based limitations of the assay. Due to the stabilization of single-stranded DNA induced by trehalose190, it was thought that its addition to the ligation reaction would provide greater access to the cDNA by the ligation probes. Ligation cycling was conducted in hopes of recycling the target DNA for more ligation probes to interact. Unfortunately, none of the strategies overcame the enzyme’s limiting factor on assay sensitivity. In future works, altering the ligation reaction step in the assay to include a secondary set of ligation probes for ligation chain reaction to cause exponential gain of ligation probes may be employed to overcome this issue.138 Alternatively, if diffusion is the major barrier for the ligation performance, circularized ligation probes may be used to reduce the number of total reaction components needed to interact.136,191 While sensitivity can always be improved and is a major goal of this area of research, the magnetic assay presented here achieved detection of between 103 and 104 RNA copies per reaction. Our assay did not require complex alterations to reaction chemistries and maintained high specificity. These improvements are likely due in part to performance of reactions in buffer optimized by manufacturers while overcoming incompatibilities by magnetic processing. The employed magnetic processing method may improve the performance of alternative ligase-dependent assays and other applications that use linked-reactions with buffer compatibility issues. Another factor that likely contributes to the success of this assay is the advancements in ligases that have occurred between ligases employed in other works and the HiFi Taq Ligase used in this work. Particularly, due to the HiFi Taq Ligase’s greatly improved specificity, the RTOLAPCR assay presented here generates less ligation errors and, thus, has the potential for greater sensitivity. Further, the assay is amenable to targets that have several polymorphisms present in the flanking regions surrounding the mutation of interest without compromising detection of the SNP in question. This is also likely attributable to the advancements in ligases.
[bookmark: _Hlk92445513]The current m(RTOLAPCR) assay is still limited, however, in that tubes must be opened during processing between reactions which is undesirable for use in resource-constrained settings. In these settings, single-tube formats, such as the work published by the Tripathi lab160, are favorable. Yet, compromises, such as consistent non-specific amplification, must be made by combining the chemistries of the reaction. m(RTOLAPCR) provides the basis for implementing magnetic transfer in a self-contained strategy that has been previously developed by our lab to work for other applications175,176,180,192 without compromises in buffer chemistries. The self-contained modular design enables the future addition of a pre-ligation amplification of the target, similar to other OLA assays129,131, to the existing workflow which would sandwich the OLA and further improve the sensitivity of the assay. The self-contained approach would also prevent contamination of pre-ligation amplified products that would be of high risk when opening tubes to perform product transfers. Thus, the self-contained adaption would reduce the technical burden on operators which would benefit field workers in resource-constrained settings.133 Further, magnetically linking a series of reactions enables assay modularity that may be used to couple the assay directly with nucleic acid extraction and concentration, similar to our lab’s previously described automated extraction device181, for a self-contained patient sample-to-result one-step assay. This high efficiency RNA concentration step, or some alternative, is necessary for our assay to achieve clinically relevant detection of 1000 RNA copies/mL from plasma.

[bookmark: _Toc186454733]Conclusion
In conclusion, we developed an assay that can effectively differentiate SNPs with high specificity and relatively high sensitivity. The assay can be used for RNA or DNA targets, can be adapted to a self-contained system, and is highly modular with the potential to include a wide variety of reactions for different applications such as detection of SNP mutations of interest in SARS-CoV-2, antimalarial drug resistances, and many other SNP-induced diseases and disease variants. Also, the design is adaptable for additional DRM targets making it fit for future multiplexing. This proof-of-principle assay is the first step in developing a start-to-finish SNP detection assay that can be implemented for assessing HIV drug resistances for patients with high viral load and is particularly well-suited for eventual use in resource-constrained settings. 


[bookmark: _Toc186454734]

Automated Reagent Design Expands Access to Single Nucleotide Variant Detection by the Oligonucleotide Ligation Assay

Reproduced with permission from:

Nelson DJ, Chugh K, Pua HM, Haselton FR. A Software Tool for Reagent Design to Expand Access to Single Nucleotide Variant Detection by the Oligonucleotide Ligation Assay. Journal of Molecular Diagnostics, 2025, 27, 3, P184-198.

[bookmark: _Toc186454735]Abstract 
Single nucleotide variations (SNVs) and polymorphisms (SNPs) are characteristic biomarkers in various biological contexts, including pathogen drug resistances and human diseases. Tools that lower the implementation barrier of molecular SNV detection methods would provide greater leverage of the expanding SNP/SNV database. The oligonucleotide ligation assay (OLA) is a highly specific means for detection of known SNVs and is especially powerful when coupled with polymerase chain reaction (PCR). Yet, the OLA design process required for implementation remains intensive and criteria for success is uncertain. To assist in the design process, this study describes OLAgen, an open-source tool to automate the development of OLAs and their coupled PCR assays. The software facilitates alignment of sequences surrounding SNVs and generates ligation probes while screening for dimerization potential. OLAgen successfully produced ligation probes that closely matched previously validated designs for HIV-1, SARS-CoV-2, and KRAS, confirming its reliability and potential for clinical applications. The tool was used to generate new assays targeting Mycobacterium tuberculosis drug resistance and variants in the human JAK2, BRAF, and Factor V genes, all of which demonstrated 100% sensitivity and specificity in controlled laboratory experiments. The OLAgen predicted assay designs detected mutant frequencies as low as 1-5% in wild-type backgrounds in proof-of-concept laboratory studies. OLAgen represents a significant advancement in accessible assay design, promoting the broader application of OLA technology in both clinical and research settings.

[bookmark: _Toc186454736]Introduction
	Single nucleotide variations, including single nucleotide polymorphisms (SNPs) and variants (SNVs), in DNA or RNA sequences are characteristic biomarkers of a multitude of biological phenomena, including pathogen drug-resistances193–198 as well as human diseases and drug responses24,45,199,200. The increase in accessibility of sequencing technologies, combined with association studies, has resulted in constantly expanding knowledge of these important genetic variations. Molecular methods are often employed for the targeted detection of these known critical SNPs and SNVs as an alternative to resource-intensive gold-standard sequencing approaches (e.g., Sanger sequencing and next generation sequencing).119,123,201 One such molecular method is the oligonucleotide ligation assay (OLA), a nucleic acid-based test designed to detect known single nucleotide variations of interest.127 Specificity is a key feature of the OLA, and therefore, it can be used to target highly prevalent and clinically relevant SNPs/SNVs. Like other molecular approaches, such as TaqMan SNP assays, the SNP-specific nature of OLA design simplifies the laboratory preparation and data processing, which saves reagent and technician costs. The purpose of the assay is to yield a unique, detectable DNA strand only when a targeted SNP/SNV is present. The assay depends on hybridization events between synthesized DNA ligation probes and a nucleic acid target. The hybridization event is particularly sensitive to the base at the tail end (3’) of one of the ligation probes, often called the variable probe (VP).167,202 The tail end base serves as the discriminating element for the OLA. Competitive binding of multiple VPs results in ligation with a bound common probe (Figure 4.1). This ligation event joins the VP and the always binding common probe (CP) into a contiguous DNA strand if, and only if, the 3’-base of the VP hybridizes to the target. Therefore, this tail end (3’) base serves as mediator for a highly specific ligation event that yields a new contiguous target when the SNP/SNV of interest exists within the nucleic acid target. 
[bookmark: _Ref181360178][bookmark: _Toc186454787]Figure 4.1 Contiguous product generated during the oligonucleotide ligation assay (OLA) is sensitively detected by polymerase chain reaction (PCR). The ligation event occurs if and only if the 3’-base of the variable probe complements the target single nucleotide variation (left). The ligation joins the two synthesized strands into a contiguous DNA strand that contains two priming regions (blue) and a hydrolysis probe complementary region (red) for downstream detection by PCR (right).



	Since the assay relies solely on relatively simple enzymatic and nucleic acid-based reactions, the OLA for SNP/SNV detection is most often proposed or implemented when a critical SNP/SNV has proven predictive value and when there is limited access to direct sequencing.128–130,133,134 Access could be constrained due to financial, technical, or geographical restraints, or situational high demand for sequencing information (e.g., during a pathogenic outbreak). The OLA is also advantageous when clinics test one or a few single nucleotide variations at a time, such as screening for local, high-prevalence conditions (e.g., HIV-1 drug-resistances in some regions). However, three key chokepoints have limited the widespread usage of the OLA for detecting known SNPs/SNVs of interest. First, the use of temperature-sensitive enzymes for OLA often requires cold-chain shipping and storage. This problem has been addressed by lyophilization of the OLA reagents.133 Second, while the OLA has great potential for highly specific detection of SNPs for resource-constrained settings, it is often limited by its poor analytical sensitivity. As such, the assay is routinely coupled with amplification-based strategies.133,134,136,137,141,160,161,203 Typically, the polymerase chain reaction (PCR) is utilized for amplification of either the direct target prior to the OLA or the ligated product following the OLA for simultaneous amplification and detection. While the need for PCR hinders some global access to the OLA, the PCR-coupled reaction still reaches greater populations than sequencing approaches as of now. Third, manual design of the ligation-based assay requires an intensive design, especially with increased intermolecular events introduced by the additional DNA sequences for performing PCR.134,135 Successful design depends on identifying the location of the known SNP/SNV within sometimes large sequence files and determining the proper alignment, length, and orientation of the ligation probes. Further, OLA designs must carefully consider all possible hybridization events between the nucleic acid components (ligation probes, hydrolysis probes, primers) to ensure that neither spurious ligation nor spurious PCR amplification occur.134  A specific algorithm to aid the manual design of ligation probes has previously been demonstrated and requires about 15 steps or user-decisions to complete.134 For other complex molecular design processes, software-aided tools have been created to reduce the design time and risk of error.115,204 Similarly, automation of this ligation probe design process would enable greater access to OLA for users without prior experience and decrease time for design cycles. However, to our knowledge, a simple software automation of the OLA design does not exist.
	To address the gap from absence of an automated OLA design platform, a software implementation of an oligonucleotide ligation assay generator (OLAgen) is described. OLAgen seeks to expand access to the OLA by reducing the design burden for users. OLAgen streamlines the assay design process so that new use cases are within reach for those without experience or dedicated time to understand the details of creating a new ligation assay. OLAgen enables faster OLA design, reducing design iteration turnaround time and enabling laboratory screening of possible assay reagents more quickly. The software tool automates the sequence design process for ligation assay design. If the user can provide sequence information (FASTA files) containing reference and mutated sequences surrounding their known SNP target, in a few steps, ready-to-order sequence information is provided for ligation probes. Ligation probe sequences can then be exported in a variety of outputs. If desired, the primers and other necessary reagents for coupling OLA to PCR can also be output by OLAgen. The software’s reagent design performance was compared to eight previously validated, manually designed SNP assays. Among the eight pre-validated assays, four are designed for HIV-1, three are specific for SARS-CoV-2, and one is for the human KRAS gene.133–135,141 Additionally, OLAgen was employed to design four new SNP/SNV assays, which were subsequently subjected to proof-of-concept laboratory validation, a remaining essential part of the design process. Of these four, one newly validated assay was designed for Mycobacterium tuberculosis and three designs were generated for human variant assays specific for the JAK2, BRAF, and Factor V genes. 

[bookmark: _Toc186454737]Methods
[bookmark: _Toc186454738]Software Design and Implementation
	OLAgen is a Python-based tool. The OLAgen software is structured using Model-View-Controller (MVC) architecture.205 This design pattern separates OLAgen’s logic, user interface, and data management to promote codebase organization, enhanced program scalability, and simplified maintenance (Appendix Figure C.1 and C.2). Interpretation and manipulation of the genetic sequences is performed with Biopython (version 1.83).206 User input sequences are required to be in FASTA format with all sequences of interest stored in a single file.207,208 Sequence alignment is performed by either MAFFT or Clustal Omega, both of which are C-based sequence alignment methods, based on user preference.209–212 Both MAFFT and Clustal Omega operate using command line prompts and, therefore, require special low-level permissions for accessing the operating system of the user’s computer. These packages require various versions to operate on MacOS, Windows, or Linux. Biopython is used to recognize single nucleotide changes between sequences following alignment. Reagent dimerization potential is analyzed using Primer3-py (version 2.0.3), a Python implementation of Primer3.204 The graphical user interface (GUI) and user engagement features are built with PyQt5 (version 5.15.10), an open-source GUI tool (https://www.riverbankcomputing.com/software/pyqt/ (accessed April 22, 2024)). OLAgen can be accessed and downloaded at github.com/daltonjay (accessed August 16, 2024). Source code of OLAgen will be provided for users, as required by the licenses for the Python-based tools employed. A narrated demonstration for the OLAgen software, including guides for installation and operation, are provided to show workflow feasibility at the YouTube channel @daltonjaynelson (https://www.youtube.com/channel/UCBniTlJjJfAl6IuMhrX_y6w (accessed August 15, 2024)).
 
[bookmark: _Toc186454739]Software Objective and Workflow
	OLAgen was created to simplify the design process of oligonucleotide ligation assays and, if desired, their coupled polymerase chain reaction assays. Operation consists of a direct and intuitive pipeline from nucleotide sequence input (FASTA file) to a full reagent list output which can be exported either by copy and paste or into a csv file. Five major steps are performed by OLAgen to reduce design burden (Figure 4.2). First, the user uploads the FASTA file with reference and target sequences surrounding their known SNP(s) of interest. For example, if the user wants to differentiate between SARS-CoV-2 variants, the optimal FASTA set up contains the DNA sequences for the receptor binding domain (RBD) of the Wuhan Reference strain and the variant targets (e.g., Delta and Omicron strains). The current version of OLAgen requires a minimum sequence length of 52 bases. In providing this length of sequence, it is assumed that the user knows which base is being targeted, and the mutation of interest should be centered. However, longer sequences, on the order of a few hundred bases, remain preferable for accuracy of alignment for design. OLAgen recognizes distinct sequences provided in the file, denoted by their sequence header which is led with the > character, and provides the user the opportunity to select a reference sequence to align all other sequences against. Following sequence alignment, the tool recognizes any changes between the reference and other sequence, effectively identifying single nucleotide polymorphisms (SNPs) that reside in the other sequence. OLAgen then automatically generates oligonucleotide ligation assay probes that hybridize to the region surrounding the identified SNP. Yet, before providing the assay probes, OLAgen screens dimerization events between ligation probes and disqualifies any ligation sets that have a high likelihood of dimerizing, based on Gibb’s Free Energy (. The user then is provided the option to export the sequences of the OLA reagents or may prompt the tool to concatenate PCR primers and hydrolysis regions for coupling PCR detection to the end of their oligonucleotide ligation assay. If the user chooses to include PCR reagents, the software screens a provided primer library for their dimerization potential to the ligation reagents to minimize spurious ligation and spurious PCR. Successful primer sets, as determined by the in-silico screening, are then all provided, allowing for up to nine primer options per ligation set. The output when designing OLA-PCR reagents includes the wild-type variable OLA probe (for competitive binding), the mutant variable OLA probe to detect the SNP of interest, the common OLA probe, the forward and reverse PCR primers, and the hydrolysis probe. The user is then able to directly order the synthesis of DNA reagents for laboratory validation of the OLAgen generated assays. A detailed overview of the workflow showing where the user engages with the tool is provided (Figure 4.3). Several key features were included in the initial implementation of OLAgen to maximize access, user-friendliness, simplicity, and breadth of applications (Table 4.1). Of note, the OLAgen tool is packaged with an intuitive GUI for ease of use (Figure 4.4). Additional details regarding the key features and dependencies are provided in Appendix C. 
[bookmark: _Ref181360457][bookmark: _Toc186454788]Figure 4.2. The OLAgen tool designs oligonucleotide ligation assay and subsequent polymerase chain reaction reagents. The design process undergoes five main steps. (1) The tool processes the user input file (FASTA) and recognizes the various sequences within the input. (2) OLAgen then aligns the recognized sequences to determine single nucleotide polymorphisms (SNPs) between a reference sequence and target sequences. (3) Variable and common probe sequences are then generated to detect the determined SNPs. This step also checks for dimerization that may cause false ligation. (4) If the user wishes to couple OLA to PCR, OLAgen will work through a pre-established primer and hydrolysis probe library for candidates for the combined assay. (5) Full reagents for OLA and PCR are generated and provided to the user for export.




[bookmark: _Ref181362650][bookmark: _Toc186454789]Figure 4.3. The OLAgen software uses a linear and intuitive pipeline for reagent design. The simple OLAgen workflow works stepwise from start to finish (green, rounded rectangles) to develop OLA reagents and, if desired, PCR reagents. The OLAgen system automates burdensome design tasks (gray rectangles) with user feedback and engagement (blue diamonds) that enables greater breadth for particular use cases. OLAgen is dependent on pre-designed tools and libraries (gray, double-bar rectangles).



[bookmark: _Toc186454740]Oligonucleotide Ligation Assay (OLA)
For laboratory validation of OLAgen designed reagent sequences, the oligonucleotide ligation assay was performed followed by sequential polymerase chain reaction amplification and detection in a multi-reaction workflow (Figure 4.1). Oligonucleotide ligation assays were conducted with HiFi Taq DNA Ligase (cat. #M0647, New England Biolabs, Ipswich, MA), a high-fidelity, thermostable ligase. All assays contained 0.5x HiFi Taq Ligase, 1x HiFi Taq Ligase Buffer, and 1nM each of mutant variable probe, wild-type variable probe, and common probe. Each reaction was performed at a final volume of 20µL. Samples were spiked with either synthesized wild-type or mutant target or, for no target controls, molecular grade water. The ligation assays were performed for 10 minutes at a single temperature with a Rotor-Gene Q (Qiagen, Hilden, Germany). Each assay temperature was determined with New England Biolabs’ Thermostable Ligase Reaction Temperature Calculator (https://ligasecalc.neb.com/#!/ligation (accessed August 16, 2024)). The Mycobacterium Tuberculosis katG S315T assay was performed at 71°C. The human JAK2 V617F, BRAF V600E, and Factor V R534Q assays were performed at 58°C, 63°C, and 67°C, respectively. All OLA probes and targets were synthesized at Integrated DNA Technologies (Coralville, IA) and are presented in Appendix Table C.1. Reagent cost and consumption for the OLA is provided in Appendix Table C.2.Feature
Description
Dependencies
Standard File Use 
Open-source file type easily editable in text editors make user submissions intuitive and simple.
FASTA, Biopython
Multiple Alignment Options
Two alignment tools are provided for the user to prioritize speed or power, dependent on their use case. Expands breadth of applications for OLAgen.
MAFFT, Clustal Omega
User Selected Reference Sequence
Enables the user to determine which sequences they wish to distinguish between for the OLA reagents. Provides a means to do multiple target sequences simultaneously.
PyQt5
Automatic Dimer Screening
OLA probes are tested against one another for dimer events that could lead to spurious ligation. A Gibb’s Free Energy cutoff is used to disqualify likely problematic reagents.
Primer3-py
Alternate Orientation Generator
Users are provided the opportunity to generate the alternate orientation, including the base shifts necessary to align variable and common probes properly. Improves breadth of applications, including design for use on reverse transcription created complementary DNA (cDNA).
Biopython
Downstream PCR Reagent Generator
PCR primers and hydrolysis probes are provided and added to generated OLA designs to enable PCR sensitivity enhancement and detection. Primers are tested against the ligation probes to minimize spurious ligation and spurious PCR amplification.
Biopython, Primer3-py, Primer library
Graphical User Interface
Improves user-friendliness so users do not need to be familiar with Python or other bioinformatics tools.
PyQt5
[bookmark: _Ref181363364][bookmark: _Toc186454803]Table 4.1 . Key features and dependencies of OLAgen. The OLA reagent generator tool was designed to maximize user-friendliness while maintaining versatility. These key features, made possible by their respective dependencies, highlight the practicality and breadth of OLAgen.





[bookmark: _Toc186454741]Polymerase Chain Reaction (PCR)
Real-time PCR was used to detect ligated probes following OLA via concatenated primer and hydrolysis probe binding regions (Figure 4.1). For each of the prospective OLAgen designs, mouse Rpl32 primers and their respective hydrolysis probe were used for PCR detection. The reagents are as follows. Forward primer: 5’- CACCAGTCAGACCGATATGTGAAAA-3’, reverse primer: 5’-TGTTGTCAATGCCTCTGGGTTT-3’, hydrolysis probe: 5’-/56-FAM/CCGCCAGTT/ZEN/TCGCTTAA/3IABkFq/-3’. For the software to be readily usable, OLAgen is pre-packaged with a vetted primer library within the system for varied designs (Appendix Table C.3)19,119,134,213. Users may modify the primer library to include additional primer sets of interest (Supplementary Text). Notably, only mutant ligation products included hydrolysis probe binding regions for PCR detection (Appendix Table C.2). Reactions were performed using the Luna Universal Probe qPCR Kit (cat. #M3004, New England Biolabs, Ipswich, MA). Each 20µL PCR reaction contained 1x Luna Universal Probe Master Mix and 200nM of the mouse Rpl32 forward primer, reverse primer, and hydrolysis probe. Ten percent (2µL) of the OLA product was transferred directly to the PCR reaction mix. Following an initial 1-minute hold at 95°C, two-step PCR cycling was performed for 40 cycles of 95°C for 15 seconds and 60°C for 45 seconds. The PCR reactions were performed with a Rotor-Gene Q (Qiagen, Hilden, Germany). Samples that produced amplification within less than 40 cycles were considered test positive. Amplification analysis and quantification cycle (Cq) determination was performed with the Rotor-Gene Q Series software (version 2.0.3).  Reagent cost and consumption for PCR is provided in Appendix Table C.2.

[bookmark: _Ref181363537][bookmark: _Toc186454790]Figure 4.4 The OLAgen graphical user interface is simple and streamlined for maximizes user-friendliness. The standard workflow of OLAgen progress through three primary windows: (1) a main window to begin user submission or read help documentation, (2) a window to select reference targets and alignment type, and (3) a tab-facilitated window to manage output sequences for user export.



[bookmark: _Toc186454742]Assay Performance Analysis
Each newly designed, OLAgen-generated ligation set was tested against ligation probe success criteria. The four criteria were (1) ligation occurs when the SNP/SNV containing target is present, (2) ligation does not occur spuriously when the target is absent, (3) final OLA-PCR assay results in clear output differences (Cq) between the presence of target containing the SNP/SNV of interest and the presence of the target without the SNP/SNV of interest, and (4) PCR amplification does not occur when ligation product is absent from the PCR reaction. Quantified metrics from the PCR results were used to determine criteria satisfaction. The new ligation assays were tested on synthesized oligonucleotide sequences representative of (1) the accepted reference sequence (wild-type (WT)) and (2) the SNP/SNV-containing sequence (mutant (MUT)). Additionally, each assay was tested for its performance with no target present (NTC) to ensure spurious ligation or spurious PCR amplification would not occur. For each target, 20 samples for MUT, WT, and NTC were tested by their respective OLAgen-generated OLA-PCR assay (n = 20 per sample type, n = 60 samples per ligation assay). All MUT or WT samples were spiked with a final concentration of 1pM (105 copies/µL) of target. OLA-PCR test positive instances when testing the mutation of interest were considered true positives. Test positives of wild-type and no target control samples were considered false positives. Conversely, OLA-PCR test negatives of mutant samples were false negatives, and test negatives of wild-type and no target control samples were labeled true negatives. Sensitivity and specificity of each assay were determined corresponding to these labels. Previously validated, manual OLA designs including from our laboratory (HIV-1 and SARS-CoV-2) and other laboratories (HIV-1 and human KRAS) were not re-tested in the laboratory. Limit of detection data and clinical testing data from the HIV-1 and SARS-CoV-2 publications, respectively, were newly analyzed with respect to the criteria presented in this work.134,135 Raw PCR data for the laboratory experiments is provided in Appendix Figure C.3. 
To demonstrate the potential applicability of the OLAgen-generated assays for heterogenous clinical samples, the prospective ligation sets were also subjected to proof-of-concept variant frequency studies with OLA-PCR. Ligation sets were tested for various MUT target frequencies spiked into WT target background (percent MUT in WT). Target mixes (MUT in WT) were prepared in nuclease-free water. The MUT target frequencies investigated were 1%, 5%, 10%, 50%, and 100% (n = 6 per MUT frequency, n = 30 per ligation assay). The total final target concentration was conserved across all frequencies at 106 copies/µL (MUT + WT). Each assay study was performed with two OLA-PCR negative controls and two PCR negative controls.

[bookmark: _Toc186454743]Statistical Analysis
	Statistical and data analyses were performed in Python (version 3.9.6) equipped with the SciPy (version 1.13.1), Matplotlib (version 3.9.2), Seaborn (version 0.13.2), Pandas (version 2.2.2), and NumPy (version 2.0.2) packages.

[bookmark: _Toc186454744]Data Availability
Access to all software, original data, and analysis files, including FASTA files used for the OLAgen system, can be found at github.com/daltonjay (accessed Septemeber 23, 2024). 

[bookmark: _Toc186454745]Results
[bookmark: _Toc186454746]Software Predicted Target Designs
	To demonstrate the range of possible OLAgen applications, reagents designed for example targets including humans, bacteria, and viruses were generated with the tool. For these various applications, OLAgen was used to generate four ligation assays previously designed by manual methods from our group, four manually designed ligation assays from other groups’ publications, and four novel prospective designs. Among the previously validated OLA designs, the virus targets were human immunodeficiency virus (HIV-1) and severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2).128,129,131,133–135 Seven ligation sets were generated for viruses, targeting three SARS-CoV-2 variant-specific SNPs and four drug resistant mutations in HIV-1.133–135 Notably, three of the ligation assays for HIV-1 drug-resistance mutations were designed using OLAgen by inputting clinical sequencing data (GenBank IDs MH623786.1 and MH509761.1) (Table 4.2).133 Each OLAgen design was compared for their accuracy to previously validated manual designs.133 OLAgen generated highly concordant sequences to the manually designed and previously validated OLA probes with the exception of minor length differences and a few clinical sample sequence specific base changes (Appendix Table C.4). 
	Further, one previously designed ligation assay for the human KRAS gene was used as a comparator for OLAgen design performance.141 The OLAgen ligation assay design for KRAS G12D (c.35G>A) (GenBank ID NM_004985.5) is shown in Table 4.2. The design comparison yielded nearly identical sequences to the original report with minor differences in length (Appendix Table C.4).
Among the newly investigated targets was the bacterium Mycobacterium tuberculosis (M. tb). Mycobacterium tuberculosis is known to incur mutations that result in drug resistance.193,201,214–220 One such resistance is the resistance to Isoniazid (INH), a first-line therapeutic drug, which is often induced by a single nucleotide base change. Over 75% of all INH-resistant cases of tuberculosis can be identified by a single SNP, S315T, in the catalase-peroxidase gene (katG) (GenBank ID NC_000962.3:2153889...2156111).193,194,219–222 The considerable effect of the S315T mutation on INH-resistance made for an ideal target by the OLA. Also of note, the M. tb genome is highly GC-rich (66% GC-content), making it a difficult target for hybridization-based approaches with multiple probe sequences such as the OLA. Therefore, OLAgen was used to generate assay reagents for the S315T mutation in the katG gene (Table 4.2).
Additionally, three human targets were newly investigated. The SNV V617F (c.1849G>T) in the Janus kinase 2 (JAK2) protein-encoding gene (GenBank ID NM_004972.4) is clinically associated with gain of function that results in myeloproliferative neoplasms.23,199,223–225 The single point mutation is targeted for diagnosis and classification of disorders such as polycythemia vera (PV) (81-99% frequency), essential thrombocythemia (ET) (41-72% frequency), and primary myelofibrosis (PMF) (39-57% frequency).23 The second human target explored was the V600E (c.1799T>A) polymorphism in the BRAF gene (GenBank ID NM_004333.6), which encodes for one of the RAF kinases.47,226 The SNV results in gain of function for several neoplasms, but is associated with oncogenic effects, particularly for colon cancer and melanoma.24,25 Third, OLA reagents were designed for the R534Q (c.1601G>A) SNP, historically denoted as R506Q, in the gene for the Factor V (GenBank ID NM_000130.4) coagulation protein.227–229 This variant is present in a relatively large proportion of the general population, inducing an inherited form of thrombophilia.200 Due to their clear disease associations, each of these variants are tested frequently in the Molecular Diagnostics Laboratory at Vanderbilt University Medical Center and, therefore, served as ideal candidates to validate the OLAgen platform. The OLA-specific reagents are provided in Table 4.2. 
Target
Variable Probe (MUT)
Variable Probe (WT)
Common Probe
SARS-CoV-2



   S gene | E484K19
5’ ggt agc aca cct tgt aat ggt gtt a 3’
5’ ggt agc aca cct tgt aat ggt gtt g 3’
5’ aag gtt tta att gtt act ttc ctt ta 3’ 
   S gene | L452R19,*
5’ agg ttg gtg gta att ata att acc g 3’ 
5’ agg ttg gtg gta att ata att acc t 3’
5’ gta tag att gtt tag gaa gtc taa tc 3’
   S gene | G339D19
5’ ata tta caa act tgt gcc ctt ttg a 3’ 
5’ ata tta caa act tgt gcc ctt ttg g 3’
5’ tga agt ttt taa cgc cac cag att tg 3’
HIV-1



   pol gene | K103N28
5’ tca tcc tgc agg att aaa aaa gaa c 3’
5’ tca tcc tgc agg att aaa aaa gaa a 3’
5’ aaa tca gta aca gta cta gat gtg gg 3’
   pol gene | V106I17
5’ gca ggg tta aaa aag aaa aaa tca a 3’
5’ gca ggg tta aaa aag aaa aaa tca g 3’
5’ taa cag tac tgg ata tag gtg.atg ca 3’ 
   pol gene | M184V17
5’ cca gaa ata att atc tat caa tac g 3’ 
5’ cca gaa ata att atc tat caa tac a 3’
5’ tgg atg att tgt atg tag cat ctg ac 3’
   pol gene | G190A17
5’ aat aca tgg atg att tgt atg tag c 3’ 
5’ aat aca tgg atg att tgt atg tag g 3’
5’ atc tga ctt aga aat agg gca gca ta 3’
M. Tuberculosis



   katG gene | S315T
5’ ttc gtc cat acg acc tcg atg ccg g 3’
5’ ttc gtc cat acg acc tcg atg ccg c 3’
5’ tgg tga tcg cgt cct tac cgg ttc cg 3’
Human



   JAK2 | V617F
5’ cca gaa tat tct cgt ctc cac aga a 3’
5’ cca gaa tat tct cgt ctc cac aga c 3’
5’ aca tac tcc ata att taa aac caa at 3’
   BRAF | V600E
5’ tgg gac cca ctc cat cga gat tac t 3’
5’ tgg gac cca ctc cat cga gat tac a 3’
5’ ctg tag cta gac caa aat cac cta tt 3’
   F5 | R534Q
5’ atg tct gct gcc ctc tgt att cct t 3’
5’ atg tct gct gcc ctc tgt att cct c 3’
5’ gcc tgt cca ggg atc tgc tct tac ag 3’
   KRAS | G12D22
5’ ata aac ttg tgg tag ttg gag ctg a 3’
5’ ata aac ttg tgg tag ttg gag ctg g 3’
5’ tgg cgt agg caa gag tgc ctt gac ga 3’

[bookmark: _Ref181365516][bookmark: _Toc186454804]Table 4.2 Oligonucleotide Ligation Assay probe sequences generated from OLAgen. All sequences are shown in 5’ to 3’ orientation. The common probe and variable probes, both mutant (MUT) and wild-type (WT), necessary to perform OLA are provided for pathogen and human targets. Ligation reagents that were previously validated are cited. For ligation reagents corresponding to [17] and [22], comparison between the literature design and the OLAgen design is shown in Table S3. Full sequences, including PCR primers, hydrolysis probes, and their respective binding regions are included in the supplement for the experimentally validated ligation reagents. For implementation, all common probes need a 5’ phosphate addition (/5PHOS/).
* The L452R sequences reported in [19] were unable to be corrected by the publisher’s erratum process so far, however, the corrected sequences fully validated in [19] match those presented here.

[bookmark: _Toc186454747]Laboratory Validation of Predicted OLA-PCR Assays
	Performance of the previous manual designs from our laboratory, which the OLAgen software generated identically in this study, have already been reported.134,135 The new, software designed OLAgen assay reagents were tested in a controlled proof-of-concept setup to verify the tool produces viable assay sequence designs. Each of the four new OLA assays were coupled with PCR for detection with OLAgen added PCR reagents (Appendix Table C.3). Each assay, tested in singleplex, classified synthesized mutant oligonucleotide targets as SNP/SNV-positive for 20/20 assay trials. Also, for all the new assays, 0 of 20 wild-type synthesized targets and 0 of 20 no target controls were misclassified as SNP/SNV-positive. Thus, every assay resulted in 100% sensitivity and 100% specificity (Table 4.3). Raw PCR plots are provided for every sample for new ligation sets (Appendix Table C.3). These data suggest that the OLAgen tool generates reagents that have potential to perform effectively in the laboratory setting, as desired. 
Both previous manual design and newly designed assays evaluated using four major performance criteria. Data from the SARS-CoV-2 and HIV-1 assays were re-analyzed from previous publications with respect to the four criteria presented here.134,135 As shown in Table 4.4, each of the eight internally tested assays (four previously validated, four newly tested) satisfied the metrics of success for the four criteria. For example, the newly generated JAK2 assay achieved an average Cq of 24.48 cycles when known V617F target was spiked into the OLA-PCR reaction (n = 20), which satisfies criteria 1. When JAK2 target was absent from the ligation reaction, no signal was generated during subsequent PCR and criteria 2 was satisfied. Samples containing JAK2 V617F (MUT) generated positive signals for all 20 samples (average Cq = 24.48 ± 1.15) and no signal was produced for the samples containing JAK2 V617 (WT) at the same concentration (n = 20). Thus, criteria 3, which requires a difference of ∆Cq > 2σ, was satisfied. None of the 40 PCR samples without ligation product resulted in amplification (Cq < 40) and, therefore, criteria 4 was also satisfied. Each of the other seven assays performed similarly. 


M. tb katG S315T
Human JAK2 V617F
Human BRAF V600E
Human Factor V R534Q
True Positive
20
20
20
20
False Positive
0
0
0
0
True Negative
40
40
40
40
False Negative
0
0
0
0
Sensitivity 
100%
100%
100%
100%
Specificity
100%
100%
100%
100%
[bookmark: _Ref181366002][bookmark: _Toc186454805]Table 4.3. The OLA-PCR assay reagents generated by OLAgen yield high performance. Each designed assay was evaluated for the capacity to detect the SNP/SNV of interest.  Testing was performed with synthesized oligonucleotide targets representative of wild-type and mutant as well as no target controls (n = 20 per target type, n = 60 per assay). True positives were designated as mutant sequences detected as SNP/SNV-positive. True negatives were designated as wild-type or no target controls that were not detected as SNP/SNV-positive. Wild-type or no target control samples determined to be SNP/SNV-positive were designated as false positives. Mutant targets that went undetected by the SNP/SNV assays were classified as false negatives.



Criteria
(1)
(2)
(3)
(4)
Metric of Success
Cq < 40 when SNV+ Target present at high concentration
Cq > 40 when no target is present during OLA
∆Cq > 2σ between SNV+ and SNV- targets
Cq > 40 when no target is present during PCR. 
SARS-CoV-2 *




     S gene | E484 19
Cqaverage = 23.85
(n = 30 clinical)
CqOLA NTC > 40
(n = 10 clinical)
∆Cq > 11.94
(n = 59 clinical)
CqPCR NTC > 40
(n = 69 clinical)
     S gene | E484K 19
Cq < 40
(n = 40 contrived)
CqOLA NTC > 40
(n = 10 clinical)
∆Cq > 11.94
(n = 195 clinical)
CqOLA NTC > 40
(n = 205 clinical)
     S gene | L452R 19
Cqaverage = 20.72
(n = 32 clinical)
CqOLA NTC > 40
(n = 10 clinical)
∆Cq > 8.55
(n = 58 clinical)
CqPCR NTC > 40
(n = 68 clinical)
     S gene | G339D 19
Cqaverage = 21.10
(n = 30 clinical)
CqOLA NTC > 40
(n = 10 clinical)
∆Cq > 8.10
(n = 59 clinical)
CqPCR NTC > 40
(n = 69 clinical)
HIV-1 **




     pol gene | K103N 28
Cq < 40
(n = 30)
CqOLA NTC > 40
(n = 6)
∆Cq > 2.12
(n = 30)
CqPCR NTC > 40
(n = 6)
M. Tuberculosis




     katG | S315T
Cqaverage = 29.98
(n = 20)
CqOLA NTC > 40
(n = 20)
∆Cq > 1.074
(n = 20)
CqPCR NTC > 40
(n = 40)
Human




     JAK2 | V617F
Cqaverage = 24.48
(n = 20)
CqOLA NTC > 40
(n = 20)
∆Cq > 2.299
(n = 20)
CqPCR NTC > 40
(n = 40)
     BRAF | V600E
Cqaverage = 26.64
(n = 20)
CqOLA NTC > 40
(n = 20)
∆Cq > 3.001
(n = 20)
CqPCR NTC > 40
(n = 40)
     F5 | R534Q
Cqaverage = 25.30
(n = 20)
CqOLA NTC > 40
(n = 20)
∆Cq > 3.142
(n = 20)
CqPCR NTC > 40
(n = 40)
[bookmark: _Ref181366669][bookmark: _Toc186454806]Table 4.4. Laboratory validation criteria for successful oligonucleotide ligation probes generated by OLAgen. All four criteria are required for design success. Each of the assays, including both previously validated and newly designed assays, satisfied the following four criteria for success.
Ligation occurs when the target containing the single nucleotide polymorphism / variant of interest is present.
Ligation does not spuriously occur when target is not present.
Real-time PCR measurement results in clear & discernable differentiation (Cq > 2σ / 95% Confidence Interval) between targets present with and without the single nucleotide polymorphism of interest.
Amplification does not occur during PCR when ligation product is not present.
* SARS-CoV-2 data was originally included in Nelson, et al. (2023) from singleplex studies.19 The data was subject to new analysis based on the present criteria. Except for E484K positive samples, all data was collected on human-derived clinical samples. Positive E484K samples were contrived with gamma-irradiated virus due to lack of presence in the clinic region. Standard deviations were based on the entire clinical data set per assay type, hence larger variations.
** HIV-1 data was originally included in Nelson, et al. (2022).28 Presented data was selected from the pipette OLA-PCR study to mimic the current study most closely.

The new, prospective ligation assays were subjected to proof-of-concept variant frequency studies to demonstrate assay performance in heterogenous samples. Each assay demonstrated dynamic response to varied MUT frequency in WT background (Figure 4.5). The M. tb katG S315T assay detected as low as 1% variant frequency for three of six replicates. Additionally, the assay detected all replicates at higher MUT frequencies with corresponding Cq values resulting in predictive a log-linear model of Cq = -1.90log2(% MUT) + 35.18 with R2 = 0.88. The human JAK2 V617F assay detected all replicates with variant frequencies down to 5% MUT in WT and resulted in a predictive log-linear relationship of Cq = -2.07log2(% MUT) + 32.92 with R2 = 0.87. The prospective BRAF V600E assay detected two of six replicates at 1% frequency and all replicates with higher frequencies. The Factor V R534Q assay detected all six replicates at 1% MUT in WT. The BRAF and Factor V assays yielded log-linear relationships of -2.62log2(% MUT) + 36.33 (R2 = 0.93) and -1.72log2(% MUT) + 32.01 (R2 = 0.92), respectively. For these experiments, the relationships between mutant concentration and Cq are characterized in Appendix Figure C.4.
[bookmark: _Ref181366825][bookmark: _Toc186454791]Figure 4.5. OLAgen-generated ligation assays exhibited dynamic sensitivity to mutant frequencies in wild-type background. Proof-of-concept variant frequency detection was performed for the four prospective ligation assays using OLA-PCR across five mutant (MUT) frequencies in wild-type background (1% (red), 5% (orange), 10% (yellow), 50% (green), 100% (blue)) (n = 6 replicates per % MUT, n = 30 samples per assay). All assays demonstrated sensitivity to low-frequency variants and produced robust responses to changes in MUT frequency. Each assay exhibited a strong, predictive log-linear relationship (black line, shading = 95% confidence interval) between variant frequency and quantification cycle (Cq) values, indicating consistent assay performance across a range of target concentrations. All sample data is presented and shown with a jitter in the x value for visual clarity. No target controls are not shown.




[bookmark: _Toc186454748]Discussion
OLAgen is an open-source tool for automated design of OLA and OLA-PCR reagents, streamlining the design process by integrating existing and novel tools into a single, user-friendly platform. The tool automatically designs DNA reagent sequences based on user input sequences, including clinical sequencing data, and screens those designs for their molecular feasibility based on the likelihood to dimerize with other assay components. By packaging these features into one tool, OLAgen speeds up the design and build-test-learn cycles of OLA, maximizing the ease-of-use for users with minimal bioinformatics background. Additionally, OLAgen preserves assay-design flexibility for more advanced use. This first realization of an automated OLA reagents generator is a significant step toward simplifying and accelerating assay development for the diverse applications of characteristic SNV/SNP detection.
In this study, OLAgen demonstrated high performance when designing ligation probe sets for previously validated ligation assays. These included assays designed for SARS-CoV-2, HIV-1, and the human KRAS gene. OLAgen produced OLA reagents that closely matched previously published designs, with only minor mismatches in length and neighboring bases (Appendix Table C.4). Variations in length can be attributed to differences in reaction conditions and ligases between the published methods and OLAgen’s approach. Mismatches in the neighboring bases were observed only when clinical sequencing data was used as input, reflecting real mutations present in the clinical samples compared to database reference sequences. Notably, previous clinical studies have shown that neighboring mutations do not significantly affect the performance or sensitivity of OLA, underscoring its robustness compared to other SNP/SNV detection methods.133,134 
Furthermore, OLAgen was used to successfully design the ligation probe DNA sequences for previous clinically validated assays, including SARS-CoV-2 variant-typing and HIV-1 drug-resistance assays, both of which were extensively tested in clinical samples. OLAgen-generated probes demonstrated high concordance with these validated designs, supporting its potential for future clinical applications, though further laboratory validation beyond OLAgen design will be necessary.
Proof-of-concept studies for four newly designed assays confirmed OLAgen’s usefulness for creating functional ligation assays. These assays, along with a re-analysis of previously designed ligation assays, were evaluated using four key criteria: (1) proper performance of ligation reactions in the presence of SNV-positive targets, (2) absence of false ligation events, (3) successful discrimination between SNV-positive and SNV-negative targets, and (4) prevention of false positives in subsequent PCR assays. Both the new and retrospective assays from our laboratory met the criteria, suggesting that OLAgen can reliably design ligation assays for SNP/SNV detection. Although clinical validation was not conducted in this study, sequencing as a gold-standard comparator remains a necessary criterion for full assay development, as it ensures performance under the complex and heterogenous conditions of clinical samples. Previous applications demonstrate the importance of this final validation step in ensuring the accuracy and robustness in clinical settings.133,134 
The variant frequency studies demonstrate that the prospective ligation assays are both feasible and sensitive across a range of mutant (MUT) allele concentrations in a wild-type (WT) background. Each assay showed a strong log-linear relationship between Cq values and MUT frequency, indicating reliable quantitative detection. The katG S315T, JAK2 V617F, BRAF V600E, and Factor V R534Q assays consistently detected low-frequency variants, with detection thresholds as low as 1–5% MUT in WT for most assays. The assays also exhibited high predictive accuracy, as evidenced by strong correlation coefficients (R² ranging from 0.87 to 0.93). These results support the potential clinical utility of the assays for sensitive and precise variant detection across varying mutation frequencies.
It is important to note that the assays in this study were tested on simplified, single-stranded oligonucleotide targets rather than complex clinical samples, which can introduce interferents like non-nucleic acid components or competing nucleic acids. These interferents can reduce the efficiency of the assay but may be mitigated by optimized sample preparation, such as additional clean-up steps or pre-amplification, as demonstrated in prior SARS-CoV-2 assays. Moreover, OLAgen’s validation focused on detectable concentrations, and future work should explore the analytical sensitivity of the system for particular use cases.
The OLA is particularly useful when resources or technical expertise are limited, or when sequencing technologies are inaccessible or impractical, such as when targeting one or a few SNPs/SNVs. OLAgen offers two key advantages in these scenarios. First, it allows users without prior experience to design OLA ligation sequences quickly and with a high likelihood of success, broadening access for clinical and research labs. Second, OLAgen significantly reduces design time for users needing to generate multiple ligation probes, such as those tracking microbial variants or evolutionary changes, minimizing effort and errors in recurring applications.
OLAgen has certain limitations, such as not providing suggestions for reaction conditions or multiplex assays, and its reliance on user prepared FASTA files. Currently, users must create their own FASTA files for each target, and the tool works best when these files contain only the DNA sequences surrounding the specific SNP/SNV of interest. Using full genome or chromosome sequences may require additional preparation steps, which complicate the process. Future updates could address these limitations by incorporating features such as integrated temperature and concentration recommendations, the ability to design for specific ligases, direct sequence access from databases like NCBI, and algorithms for multiplexing. Additional future goals may include the addition of a rank ordering of ligation probe sets. The open-source nature of OLAgen also invites contributions from the broader bioinformatics community, enabling ongoing improvements and expanding the tool’s utility.
While some challenges remain, OLAgen also has potential to significantly improve the access to OLA. In this study, OLAgen successfully designed reagents for a range of targets, demonstrating its utility for rapid assay development. Its applications extend beyond the examples presented here, with potential in pharmacogenomics, personalized medicine, microbial lineage tracking, and more. Ultimately, OLAgen provides a streamlined, efficient solution for designing ligation-based assays, opening up possibilities for a variety of scientific innovations and clinical uses.

[bookmark: _Toc186454749]Conclusion
	OLAgen improves access to the OLA by reducing the technical difficulty associated with design and by minimizing the laboratory screening process. OLAgen simplifies and expedites the design process for the ligation probes of the OLA and their coupling to PCR for enhanced sensitivity and detection. 
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Conclusions and Future Directions

[bookmark: _Toc186454752]Summary
Through the work demonstrated in this dissertation, I have concentrated my research toward the critical need for accessible and affordable genetic testing technologies. To address this need, my efforts were focused on molecular diagnostics and their supporting innovations. In particular, the dissertation was dedicated to detecting known single nucleotide polymorphisms (SNPs) due to their high frequency in genetic variation and the profound implications they have for human health and disease. These single base changes are linked to traits ranging from disease susceptibility, in the context of the human genome, to drug resistances and virulence, in the context of infectious pathogens. Despite their significance in human well-being, modern research and clinical tools for SNP detection often require high-resource environments, limiting their global accessibility. Within this work, I focus on overcoming the challenge of accessibility by introducing innovative solutions tailored for resource-constrained settings.
To achieve accessible SNP detection and variant-typing, my dissertation work emphasized the application and development of the previously established Oligonucleotide Ligation Assay (OLA). Unlike the contemporary gold-standard SNP detection methods, the OLA does not rely on sequencing technologies, making it significantly more cost-effective and practical for resource-constrained settings. A major strength of the OLA is the remarkable specificity for single base discrimination, outcompeting other molecular methods for SNP detection when reaction conditions vary or when sequences incur additional surrounding mutations. Since many SNPs can have life-changing implications, this strength in specificity ensures robust performance when it matters most. This is particularly important in resource-constrained or rural settings where patients may only access the clinic on occasion and timely diagnosis may affect their ultimate health outcome. Furthermore, the OLA, in itself, can quickly produce ligated product indicative of a present SNP of interest – typically being performed in 10 minutes throughout my dissertation.
While the high specificity and speed of the OLA is desirable, the assay is imperfect – limiting its potential to expand access for SNP detection and genotyping. Where the OLA performs with unmatched specificity, it lacks in sensitivity for practical applications. In Chapter 2 of this dissertation, I demonstrate how the addition of PCR assays to amplify and detect the target DNA / RNA and ligated product can yield very high clinical performance. Conducted in the midst of the COVID-19 pandemic, I adapted the ligation-based assay to test for SARS-CoV-2 variants of concern – successfully identifying locally circulating variants quickly while sequencers were overburdened. With this work, I hoped to show the potential of the OLA to address genetic testing challenges in rapidly changing, real-world circumstances. This was also a unique situation that reasserted the “global” aspect of “global health” – showing that resource constraints can also become of significant concern within resource-laden countries and environments. Further, this implementation showed the high-throughput capabilities of the OLA, even with PCR assays added in the workflow. All the blinded clinical samples were tested as quickly as the clinical lab could extract and de-identify them – performing these experiments was only limited by the number of samples that can be put into the PCR instrument and the bandwidth of the scientist (in this case, me). Once multiplexing capabilities were added to the assay, the workflow was further streamlined, and all samples were tested within a single week. Through utilizing the OLA for SARS-CoV-2 variant-typing, I was able to exemplify the assay’s adaptability to clinical and research applications when coupled with the right tools and resources.
Yet, even with the success in clinical COVID-19 testing, some limitations in practical application of the OLA persist. One of which is the burden of performing the assay. The assay requires multiple steps (e.g., OLA then PCR) and, therefore, multiple touchpoints for the operator. While a single tube assay would be ideal to correct for this issue, the high-fidelity reagents selected in our design were incompatible and, as such, unable to be combined. These results are shown in chapter 3 and the corresponding appendix. An alternative plan is to adapt the assay workflow for automation – the ultimate goal from incorporating magnetic bead transfer in chapter 3. This magnetic bead transfer improved sensitivity and simplified the workflow, reducing the burden for users. In its published state, the magnetic transfer could be readily adapted for automated liquid handler systems and, in future works, can be adapted to a self-contained system.
Beyond experimental limitations, a difficulty in implementing the OLA for widespread use is the reagent design. For my efforts on the SARS-CoV-2 variant-typing assay, I was invited to speak at a European CDC and WHO meeting (albeit, virtually, so sadly there were no trips to Europe). Excited to share the quick adaptability of the ligation-based assay, I presented the new design of the ligation reagents step-by-step for the newest variant of SARS-CoV-2 that was just covered in the newspaper that morning (thanks to Professor Haselton for still reading the newspaper to catch this). At the end of my presentation, rather than being met with excitement from newly empowered researchers ready to use OLA themselves, the proctor remarked “well, those were quite complicated matters”. Deflated but inspired, this moment led to the computational advancements emphasized in this dissertation. A key contribution is OLAgen, a software tool designed to automate the development of reagents for OLA-based assays. By simplifying the design process, OLAgen reduces the expertise required to deploy SNP detection technologies. This tool further extends the accessibility of genetic diagnostics, (hopefully) empowering laboratories and healthcare providers with limited resources and familiarity to implement these powerful methodologies.
Together, the integration of computational and experimental innovations around the Oligonucleotide Ligation Assay ensures a robust framework for SNP detection for resource-constrained settings. Through publication and presentation, these efforts have potential to impact the field of molecular diagnostics and genetic sciences as well as produce broader societal impacts.

[bookmark: _Toc186454753]Impacts on the Field of Research
The contributions of my dissertation represent a notable advancement in molecular diagnostics and genetic research. Through the optimization of the Oligonucleotide Ligation Assay, the research within this body of work directly addresses the technological gaps that have constrained progress in the field of SNP detection. By iterative innovation that avoids the need for sequencing, these efforts should reduce the cost and equipment requirements for consistent, highly specific detection of meaningful genetic biomarkers. High performing, repeatable, and peer-reviewed methods employing the OLA for in demand clinically relevant genotyping were demonstrated during the rapid evolution of SARS-CoV-2. This publication, through detailed instruction for recapitulation and adaptation of the OLA with PCR-based readouts, paves the way for broader adoption of these SNP detection technologies in a variety of research settings, particularly when there is limited access to the high-end instrumentation. 
Additionally, the magnetic bead processing technique introduced is another key contribution to the field, offering a method to enhance assay sensitivity and streamline workflows. This magnetic processing technique not only benefits OLA-based SNP detection but also holds potential for greater applications in molecular diagnostics. As researchers continue to iterate upon these methodologies (some avenues for this I highlight later), the work outlined in this section of my dissertation will serve as a meaningful reference for innovation in the field. 
The development of OLAgen demonstrates the power of integrating computational tools into experimental workflows. Built upon the foundation of other specific software-based tools for molecular technologies, OLAgen opens the door for greater access to an additional molecular tool for researchers to leverage as we investigate and diagnose genomes. OLAgen simplifies and accelerates the design of assay reagents, ensuring that researchers can quickly and efficiently adapt the OLA for their specific needs. Hopefully, this tool will enable greater application of the OLA, as the potential for this assay has far reaching implications. The OLA is underutilized but has great potential for advancing studies in genomics, population genetics, personalized medicine, and pathogen variant and mutation screening. By providing the OLAgen platform, the work in this dissertation should empower researchers to address complex genetic questions in ways that were previously unattainable.

[bookmark: _Toc186454754]Broad Impacts
The broader societal impacts of this dissertation are potentially great, with meaningful implications for global healthcare equity, public health, and overall human well-being. As alluded to in the brief ethics section of this dissertation, by democratizing access to advanced genetic diagnostics, the research here works to address critical disparities in healthcare. With the constantly expanding databases of genetic knowledge, SNP data is a cornerstone of modern healthcare and medicine. As such, to best maximize human well-being and potentially save lives, we rely on the understanding of individual genetic variations, both within humans and within infectious pathogens, to tailor treatments and prevention plans. The innovations presented in this work make these necessary understandings more accessible in underserved and overburdened regions, where gold-standard genetic testing is unavailable.
Within the context of infectious diseases, as was a primary focus in the efforts of this dissertation, the ability to detect and monitor pathogen evolution is crucial for managing outbreaks. SNP detection plays an essential role in specifically identifying drug-resistant strains and emerging variants of concern. The scalability and affordability of the OLA-based methods in this work has potential to empower local healthcare systems to respond rapidly and effectively to outbreak challenges – improving disease surveillance and control efforts worldwide.
Furthermore, from an economic perspective, the reduced reliance on expensive technologies aligns with global sustainability goals. By minimizing costs and resource consumption, the methods proposed in my dissertation support the development of sustainable healthcare solutions. Also, the simplification of workflows and reduction in technical barriers promote local capacity building, allowing healthcare providers in resource-constrained settings to independently implement and maintain diagnostic tools.
Finally, in the true spirit of Biomedical Engineering, the interdisciplinary nature of the research in this dissertation exemplifies how science and engineering can address pressing societal challenges through thoughtful design, iteration, and openness to inspiration from all sources of information. In this dissertation, I used my engineering mindset to tackle the problem of access to advanced genetic technologies through exploration of the three irreducible elements that make up our world: the atom, the byte, and the gene. By combining experimental techniques, computational tools, and real-world clinical applications, this work has achieved a high potential for broad societal impacts. 
Here, I hope to have demonstrated that empathy-driven and science-powered innovation can drive meaningful change by bridging the gap between cutting-edge research and practical application. And with these innovative efforts, I have focused on accessibility and equity to ensure that the benefits of advanced genetic diagnostics are shared broadly, contributing to a healthier, more just world.

[bookmark: _Toc186454755]Future Directions
Despite the achievements detailed here, I acknowledge the limitations inherent in the presented technologies – there remains many ways to iterate in the future to further move the mission of accessible genetic technologies forward. There are five major future directions to improve upon the work outlined in this dissertation: (1) automation of the assay to reduce operator burden, (2) implementation of a comprehensive sample to result workflow, (3) further iteration to leverage the high inherent multiplexability of the OLA, (4) incorporation of isothermal amplification, and (5) additional performance of the assay in diverse clinical and environmental settings.
The developments in magnetic processing shared in the dissertation introduce the potential for future adaptation of the assay to automated workflows. By taking advantage of the magnetization of the RTOLAPCR assay, the multi-step assay workflow could be adapted to complete automation – freeing technicians from multiple transfer touchpoints. Our preliminary efforts to achieve this automation explored a self-contained system that transferred reaction products between the sequential reaction buffers of the assay (Figure 5.1). The self-contained feature additionally reduces the chance of laboratory contamination when performing target DNA amplification, a notable benefit of automation. Largely inspired and based upon previous efforts within the Haselton Lab, an automated device was designed.174,175,180,181,192 With standard electronics, heaters, neodymium magnets, and an off-the-shelf fluorometer, a first-iteration device was designed to move a chemically resistant tube containing the reaction buffers along a pair of magnets (Figure 5.2). This microcontroller-automated system moved the tube such that the magnets could capture the magnetized RTOLAPCR products and hold them as they passed through to the next buffer in the sequence. The motor would then operate to move the tube and relocate the reaction buffer with the necessary products into the heaters as needed per reaction. This heater operation also was built to cycle between two heat blocks to perform thermal cycling necessary to perform PCR.[image: ]
[bookmark: _Ref185592914][bookmark: _Toc186454792]Figure 5.1. Overview of the self-contained, automated approach for magnetically transferred RTOLAPCR. (A) By using a single length of chemical-resistant tubing, reaction products can be magnetically transferred between solutions in a self-contained manner. Transfer occurs through an air valve spacer to eliminate buffer interactions between each reaction. (B) The tubing containing the sequential RT, OLA, and PCR buffers is automated by a microcontroller operated system which includes a pair of magnets for product transfer, a set of gears attached to stepper motors, and Peltier heaters set to desired reaction conditions. Optics may also be included to monitor the progression of the assay.




[bookmark: _Ref185594050][bookmark: _Toc186454793]Figure 5.2. Automated ligation and PCR based assays for SNP detection are achievable with off-the-shelf components. (Top) A picture of the automated system, constructed with standard components and 3D printed materials. (Bottom) Circuit diagram of the first-iteration automated system for multi-reaction transfer to implement hands-off, self-contained performance of OLA-PCR based assays. The system was constructed with readily orderable electronic components to be maximally reproducible in resource-constrained settings. Credit for the circuit diagram and significant instrumentation efforts goes to Nick Spurlock.



We successfully achieved serial RT, OLA, and PCR reactions for detection of drug-resistant mutations in synthetic HIV RNA targets in preliminary trails employing this automated platform (Figure 5.3). However, the system was limited by low throughput, only allowing one assay to run at a single time. Additionally, the tube-based implementation was difficult to set up and prone to sample loss due to motion. Meaning, if buffers were present in the tube and the tube was dropped or moved too quickly, the buffer surface tension would break, and the reactions would no longer be useful. These limitations were major concerns for point-of-care distribution and implementation. 
	To overcome these limitations while preserving the possibility of automation, we explored the use of a cassette-based system. The cassette was made circular with a main microfluidic channel for magnetic bead transfer and multiple reaction chambers, separated by air-fluid surface tension (Figure 5.4). Additionally, with this design, two assays could be performed at once by having two separated microfluidic sections in the cassette. With simple motor rotation, the reaction buffers within the cassette could be moved between heaters for thermal cycling. This system could move the assay product bound beads and could be manually cycled for ligation and PCR (data not shown). However, when heated at the high melting temperatures for performing PCR, the seal and cover used to contain the reactions would break, and the cassette was highly susceptible to leakage and buffer loss. This cassette-based system has high potential for future automation of ligation-based assays, but the challenge of fully realizing this system will remain for future iteration and design.
[bookmark: _Ref185595456][bookmark: _Toc186454794]Figure 5.3. The automated, self-contained system was successfully implemented for the detection of drug-resistance mutations in synthetic HIV RNA targets. The system was used to automate reverse transcription and the oligonucleotide ligation assay, and the system was used to transfer product into the PCR reaction, which was carried out on Rotor-Gene Q for real-time comparative analysis between the automated system (red) and standard pipette-based implementation of the assay (blue). 



[bookmark: _Ref185595628][bookmark: _Toc186454795]Figure 5.4. The cassette-based approach designed for automation of ligation-based assays. (Left, A-E) Iterations of the circular cassette to achieve a shared magnetic transfer track and separated reaction buffer wells. (Left, D) The highest performing cassette design prioritized the surface tension features of small microfluidic channels. (Right) A mockup of the platform to facilitate the magnetic transfer and heating of the cassette products and reactions. By moving a magnet on a simple axis (A-E) and rotation of the cassette by a central motor (F-H), the sequential reactions of the assay could be facilitated. Credit to Hannah Stepp, an exceptional mentee undergraduate, and Dr. Eric Spivey for their shared efforts and attention toward creating and testing the iterations of these designs.




[bookmark: _Ref185598042][bookmark: _Toc186454796]Figure 5.5. The simultaneous extract and capture method is performed directly in pooled nasopharyngeal matrix stored in universal transport media. The method takes place in seven steps: (1) sample pooling, (2) proteinase K treatment, (3) thermal shock and heat lysis, (4) capture strand hybridization, (5) magnetic bead isolation, (6) target elution by sodium hydroxide, and (7) detection by polymerase chain reaction (PCR). This method has potential for adaptation to the beginning of ligation-PCR based workflows in future developments.




	Another opportunity for future innovation is the adaptation of the ligation-based assays toward an all-in-one sample-to-result workflow. The current implementation established within this dissertation uses standard sample extraction workflows and kits (e.g., spin-column extraction methods). However, performing extraction can be laborious and add extra strain on the scientists and technicians hoping to use the ligation-based assays, particularly in high throughput use cases. Incorporating the sample extraction into a streamlined workflow would provide even greater high throughput, and, ideally, this would be coupled with the proposed automated platform. The magnetic bead processing provides an additional means for achieving this. Using the magnetic beads coated in specific capture sequences targeting the specific DNA / RNA of interest would provide a mechanism that could be readily added to the already proposed automation. I have explored preliminary work toward this specific capture and extraction using magnetic beads. This technology was established to screen for low-prevalence pathogenic variants of concern in pooled samples (i.e., multiple samples combined to reduce the cost of testing) (Figure 5.5). While the pooling may be a meaningful implementation for identifying circulating mutations of concern in local outbreaks for epidemiological data collection (e.g., low-prevalence drug-resistances in known HIV-positive cases), this technology could be directly adapted for specific extraction of target nucleic acids in the automated workflow. The preliminary investigations of the approach (called Simultaneous Extraction and Capture (SEC)) yielded promising results, demonstrating high enrichment of targeted DNA when being extracted from pooled nasopharyngeal matrix (Figure 5.6). Although this strategy has shown promising preliminary results, adaptation of this specific extraction and capture approach remains a space for future innovation. This future avenue provides a meaningful approach for an ideal, sample-to-result automated platform to perform SNP detection by OLA with minimal user touchpoints.

[bookmark: _Ref185598384][bookmark: _Toc186454797]Figure 5.6. The simultaneous extraction and capture method has potential to be adapted to the beginning of ligation and PCR based assays for a comprehensive sample-to-result workflow while improving sensitivity. The SEC method maintains sensitivity as target concentration decreases as compared to Qiagen spin-columns. For both 20x and 50x sample pools, the approach isolates and detects target DNA a few orders of magnitude lower than the standard single-sample spin-column approach, as shown by higher DNA yield as measured by percent of total DNA spiked into sample.



	The final two future technological advances to make the OLA-based SNP detection platform ideal for resource-constrained settings and practical implementation are higher multiplexability and isothermal amplification. While using PCR for detection of ligated product is a highly sensitive and specific method, the multiplex capabilities of modern PCR are limited by the number of fluorescence channels measurable by a given instrument – typically ranging from 4 to 6 channels in current instruments. Therefore, for a given sample and given reaction, only 4 to 6 SNPs can be detected with the methods as outlined in this dissertation. Higher order multiplexing may be achievable by splitting the OLA product into multiple multiplexed PCR reactions during the final step of the assay, however, this reduces scalability and the throughput. Future designs to improve the multiplexing, by means other than more expensive and specialized microarray technology, would significantly improve the usefulness of the OLA-based SNP detection methods. Additionally, altering the assay design to replace PCR amplification, which requires a thermal cycler to perform, to an isothermal amplification and detection method would improve the accessibility of the OLA-based methods significantly. But the currently established isothermal amplification methods remain limited. The most established isothermal amplification approach is Loop-Mediated Isothermal Amplification (LAMP). LAMP requires larger amplicons as well as more primers and target-specific sequences, making the interfacing with the OLA a difficult design challenge that is likely to lack the adaptability achieved by OLA-PCR coupling. Recombinase Polymerase Amplification (RPA) is a promising isothermal amplification method that has simpler, standard primer design. Yet, the necessary components of RPA are currently owned by a single company, causing a significant chokepoint in the use of this assay. Future designs that establish methods to incorporate isothermal amplification and detection strategies into the OLA-based SNP detection methodologies would majorly improve the accessibility of SNP detection in resource-constrained settings. 
	I hope that the developments shared toward the future improvement of the OLA and SNP detection technologies provide a meaningful pathway forward. By addressing these areas of future research and innovation, the ligation-based approaches outlined in this dissertation can continue to evolve, driving progress in genetic diagnostics and SNP detection – contributing to a healthier, more equitable world. 
	The research established in my dissertation work are just another piece to the puzzle of genetic sciences. I used my interdisciplinary biomedical engineering training to strive for more accessible genetic detection and diagnosis technologies. Innovating and designing to improve the lives of all, not just those that are wealthier or luckier, I believe is the most impactful mission an engineer can embark on. While it is possible that my efforts during the years of my PhD work do not reach the levels of improving lives globally, I am certain that the skills, way of thinking, and established mission will be carried with me as a I move forward. Perhaps, with these rewards of pursuing this dissertation, the future work I engage in will be capable of moving the meter and improving overall human well-being. 
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Ligation-based Variant Assay Workflows 

[bookmark: _Ref186455556]Appendix Figure A.1. Overview of the two separate workflows for the variant assay. The singleplex workflow (top) separated the RT-PCR reactions by the targeted region of interest, and subsequent reactions were performed in separate pathways for each contained variant-specific SNPs. The singleplex workflow is the most modular and readily adaptable format for future applications. The ligation-based assay is also highly multiplexable (bottom). By multiplexing the workflow, the assay workflow is decreased to just three pipette transfers and the technical burden for conducting the assay is reduced.





[bookmark: _Toc120020911]Variant Assay Reactions Setup

RT-PCRComponent
[Stock]
[Final]
Volume/Reaction (µL)
Molecular Grade Water
-
-
1.8
SensiFAST One-Step Mix
2x
1x
10
Reverse Transcriptase
100x
1x
0.2
RNase Inhibitor
50x
1x
0.4
Forward Primer
10µM
400nM
0.8
Reverse Primer
10µM
400nM
0.8
Extracted RNA Target
-
-
6
[bookmark: _Ref186455817]Appendix Table A.1. Experimental setup for the pre-ligation amplification step by RT-PCR using the SensiFAST SYBR No-Rox One-Step kit. Total volume used for each RT-PCR reaction was 20µL.




Oligonucleotide Ligation Assay
[bookmark: _Hlk111814825]Component
[Stock]
[Final]
Volume/Reaction (µL)
Molecular Grade Water
-
-
13.4
HiFi Taq Ligation Buffer
10x
1x
2
HiFi Taq Ligase
1 reaction/µL
5 reaction/µL
0.2
Wild-type Variable Probe
1µM
10nM
0.2
Mutant Variable Probe
1µM
10nM
0.2
Common Ligation Probe
10nM
1nM
2
RT-PCR Product
-
-
2
Appendix Table A.2. Experimental setup for the singleplex oligonucleotide ligation assay using the HiFi Taq DNA Ligase. The total volume of the reaction is 20µL. The reaction was conducted on 10% of the RT-PCR product containing amplicons of the region of interest containing the characteristic SNP. For the E484 and E484K combined ligation reaction, the mutant and wild-type probe final concentrations were adjusted to 1nM.





Endpoint PCRComponent
[Stock]
[Final]
Volume/Reaction (µL)
Molecular Grade Water
-
-
6.8 (6.4†)
Luna Universal Probe Mix
2x
1x
10
Forward Primer
10µM
200nM
0.4
Reverse Primer
10µM
200nM
0.4
SNP of Interest Hydrolysis Probe
10µM
200nM
0.4
WT / Competing SNP Hydrolysis Probe†
10µM
200nM
0.4
Ligation Product
-
-
2
Appendix Table A.3. Experimental setup for the endpoint PCR reaction following the oligonucleotide ligation assay. The total volume for the PCR reaction is 20µL. †The wild-type / competing SNP hydrolysis probe may not be used in all cases. For our application, this was only employed in the duplexed E484 / E484(K) assay. If a hydrolysis probe is not used, the volume for the probe should be replaced with molecular grade water as denoted in the table.



Low Viral Load Detection with Endpoint PCR
[bookmark: _Ref186455617]Appendix Figure A.2. The endpoint PCR detection strategy enables detection of ligated products of low viral load SARS-CoV-2 samples. Most samples with higher viral load (> ~3 Log10 IUs / mL) result in a very low variant-specific endpoint PCR quantification cycle (Cq) (~12-17) due to the pre-ligation amplification step by RT-PCR. However, as shown by representative samples DN57 (red) and DN58 (orange) with viral loads of 2.13 and 2.37 Log10 IUs / mL, respectively, low viral load samples are detected at late cycles. These results are still clearly differentiable from No Target Controls (NTC, gray dotted) and, therefore, can still be interpreted as positive signals.





Ligation Target False Signal
[bookmark: _Ref186455650]Appendix Figure A.3. Representative PCR curves showing false signal generated by self-hybridizing ligation probes. Ligation probes designed to recognize the Q498R spike mutation presented in the Omicron variant were susceptible to spurious ligation events that resulted in false positive signals in endpoint PCR when no target was present in the ligation reaction. Spurious ligation likely occurred due to a hybridization event that bridged the junction (red arrow) of the variable and common ligation probes, as shown by the OligoAnalyzer results (top). While the ligation reaction is highly specific, these events need to be screened during the variant-typing assay design process.





Limit of Detection Estimates

[bookmark: _Ref186455908]Appendix Figure A.4. Estimations of the variant-typing assay limits of detection for each variant of concern. Approximations were based on a logarithmic-linear regression from experimental data presented in Table 2. The limit of detection was determined as the viral load for which 95% or more samples are detectable. For each variant, contrived samples were generated by spiking known-variant inactivated virus into pooled negative nasopharyngeal matrix. Extracts from contrived samples were tested by the variant-typing assay to determine the analytical sensitivity. Two concentrations were evaluated for each variant surrounding the limit of detection and each concentration was evaluated with n = 20 independent samples.





Variant-Specific Detection Estimates
[bookmark: _Ref186455921]Appendix Figure A.5. Estimations of the variant-typing assay detection performance for untyped, population-level positive COVID-19 clinical samples for each variant-specific platform. Approximations were based on the limit of detection determined by a logarithmic-linear regression from experimental data presented in Table 2. The percentage of samples detectable per variant-specific ligation platform (shaded) was determined by comparison to the probability distribution function of the untyped, historically collected clinical samples (black line, n = 5160).




Clinical Sample Viral Load Calculations

The viral load of clinical samples evaluated in the variant-typing assay studies were determined by RT-PCR performed on a Hologic Panther platform. Each RT-PCR run on the Panther platform included five calibrators of known viral load as internal standards for quantification. The quantification cycle (Cq) values and viral loads for each independent run as well as the linear approximation calculations are provided in the provided Excel (.xlsx) file ‘Panther Calculated Viral Loads’ in the online repository open to the public following publication.

Singleplex Clinical Results
	Sample
	Yellow Channel (E484 / Alpha / Pos. Cont)
	Green Channel (E484K / Beta / Pos. Cont)
	Red Channel (L452 / Delta)
	Orange Channel (G339D / Omicron)
	Assay Classification
	Actual Classification
	GISAID
	Cq Value
	Viral Load       (IU / mL, Log10)

	Blind Trial #1 - 5 April 2022

	2928
	+
	-
	+
	-
	Delta
	Delta
	hCoV-19/USA/TN-VUMC-002928/2021
	22.6
	5.87

	2930
	+
	-
	+
	-
	Delta
	Delta
	hCoV-19/USA/TN-VUMC-002930/2021
	16.2
	7.79

	2942
	+
	-
	+
	-
	Delta
	Delta
	hCoV-19/USA/TN-VUMC-002942/2021
	16.3
	7.76

	839
	+
	-
	-
	-
	Alpha
	Alpha
	hCoV-19/USA/TN-VUMC-000839/2021
	N/A
	 

	840
	+
	-
	-
	-
	Alpha
	Alpha
	hCoV-19/USA/TN-VUMC-000840/2021
	N/A
	 

	854
	+
	-
	-
	-
	Alpha
	Alpha
	hCoV-19/USA/TN-VUMC-000854/2021
	N/A
	 

	Blind Trial #2 - 10 June 2022

	DN1
	+
	-
	+
	+
	Omicron
	Omicron
	EPI_ISL_15856706
	19.6
	6.86

	DN2
	+
	-
	+
	+
	Omicron
	Omicron
	EPI_ISL_15856707
	19.7
	6.83

	DN3
	+
	-
	-
	+
	Omicron
	Omicron
	In Processing for GISAID Submission
	21.9
	6.17

	DN4
	+
	-
	+
	+
	Omicron
	Omicron
	EPI_ISL_15856708
	16.8
	7.70

	DN5
	+
	-
	+
	+
	Omicron
	Omicron
	EPI_ISL_15856709
	17.3
	7.55

	DN6
	+
	-
	+
	+
	Omicron
	Omicron
	EPI_ISL_15856710
	19
	7.04

	DN7
	+
	-
	-
	+
	Omicron
	Omicron
	EPI_ISL_15856711
	24.8
	5.30

	DN8
	+
	-
	+
	+
	Omicron
	Omicron
	EPI_ISL_15856712
	21.3
	6.35

	842
	+
	-
	-
	-
	Alpha
	Alpha
	hCoV-19/USA/TN-VUMC-000842/2021
	N/A
	 

	2937
	+
	-
	+
	-
	Delta
	Delta
	hCoV-19/USA/TN-VUMC-002937/2021
	21
	6.35

	2927
	+
	-
	+
	-
	Delta
	Delta
	hCoV-19/USA/TN-VUMC-002927/2021
	21.1
	6.32

	Blind Trial #3 - 24 Jun 2022

	DN9
	+
	-
	-
	-
	Alpha
	Alpha
	hCoV-19/USA/TN-VUMC-000715/2021
	21.2
	6.35

	DN10
	+
	-
	-
	-
	Alpha
	Alpha
	hCoV-19/USA/TN-VUMC-000723/2021
	31.1
	3.32

	DN11
	+
	-
	-
	-
	Alpha
	Alpha
	hCoV-19/USA/TN-VUMC-000717/2021
	19.8
	6.78

	DN12
	+
	-
	-
	-
	Alpha
	Alpha
	hCoV-19/USA/TN-VUMC-000725/2021
	18.9
	7.06

	DN13
	+
	-
	-
	-
	Alpha
	Alpha
	hCoV-19/USA/TN-VUMC-000704/2021
	28.1
	4.24

	DN14
	+
	-
	+
	-
	Delta
	Delta
	hCoV-19/USA/TN-VUMC-003001/2021
	24.8
	4.80

	DN15
	+
	-
	+
	-
	Delta
	Delta
	hCoV-19/USA/TN-VUMC-003002/2021
	24.8
	4.80

	DN16
	+
	-
	+
	-
	Delta
	Delta
	hCoV-19/USA/TN-VUMC-003005/2021
	18.8
	6.59

	DN17
	+
	-
	+
	-
	Delta
	Delta
	hCoV-19/USA/TN-VUMC-003006/2021
	17.2
	7.06

	DN18
	+
	-
	+
	-
	Delta
	Delta
	hCoV-19/USA/TN-VUMC-003007/2021
	20.9
	5.96

	DN19
	+
	-
	+
	+
	Omicron
	Omicron
	EPI_ISL_15856713
	23.3
	5.75

	DN20
	+
	-
	-
	+
	Omicron
	Omicron
	EPI_ISL_15856714
	28.2
	4.29

	DN21
	+
	-
	+
	+
	Omicron
	Omicron
	EPI_ISL_15856715
	19.9
	6.77

	DN22
	+
	-
	-
	+
	Omicron
	Omicron
	EPI_ISL_15856716
	19.4
	6.92

	DN23
	+
	-
	+
	+
	Omicron
	Omicron
	EPI_ISL_15856717
	15.9
	7.97

	Blind Trial #4 - 28-29 Jun 2022

	DN24
	+
	-
	-
	-
	Alpha
	Alpha
	hCoV-19/USA/TN-VUMC-000708/2021
	23.5
	5.67

	DN25
	+
	-
	-
	-
	Alpha
	Alpha
	hCoV-19/USA/TN-VUMC-000714/2021
	17.7
	7.43

	DN26
	+
	-
	-
	-
	Alpha
	Alpha
	hCoV-19/USA/TN-VUMC-000720/2021
	17.9
	7.37

	DN27
	+
	-
	-
	-
	Alpha
	Alpha
	hCoV-19/USA/TN-VUMC-000712/2021
	25.2
	5.16

	DN28
	+
	-
	-
	-
	Alpha
	Alpha
	hCoV-19/USA/TN-VUMC-000705/2021
	30.1
	3.67

	DN29
	+
	-
	+
	-
	Delta
	Delta
	hCoV-19/USA/TN-VUMC-003008/2021
	17.4
	7.00

	DN30
	+
	-
	+
	-
	Delta
	Delta
	hCoV-19/USA/TN-VUMC-003009/2021
	16.8
	7.18

	DN39
	+
	-
	-
	-
	Alpha
	Alpha
	hCoV-19/USA/TN-VUMC-000622/2021
	(-) on Hologic
	 

	Blind Trial #5 - 5 Jul 2022

	DN31
	+
	-
	+
	-
	Delta
	Delta
	hCoV-19/USA/TN-VUMC-003010/2021
	19.9
	6.26

	DN32
	+
	-
	+
	-
	Delta
	Delta
	hCoV-19/USA/TN-VUMC-003011/2021
	19.3
	6.44

	DN33
	+
	-
	-
	-
	Alpha
	Delta
	hCoV-19/USA/TN-VUMC-003015/2021
	34.5
	5.16

	DN34
	+
	-
	-
	+
	Omicron
	Omicron
	EPI_ISL_15856718
	14.7
	8.33

	DN35
	+
	-
	+
	+
	Omicron
	Omicron
	EPI_ISL_15856719
	23.2
	5.78

	DN36
	+
	-
	-
	+
	Omicron
	Omicron
	EPI_ISL_15856720
	28.3
	4.26

	DN37
	+
	-
	+
	+
	Omicron
	Omicron
	EPI_ISL_15856721
	27.1
	4.61

	DN38
	+
	-
	+
	+
	Omicron
	Omicron
	EPI_ISL_15856722
	24
	5.54

	Blind Trial #6 - 7 Jul 2022

	DN40
	+
	-
	+
	-
	Delta
	Delta
	hCoV-19/USA/TN-VUMC-002375/2021
	N/A
	 

	DN41
	+
	-
	-
	-
	Alpha
	Delta
	hCoV-19/USA/TN-VUMC-002350/2021
	(-) on Hologic
	 

	DN42
	+
	-
	+
	+
	Omicron
	Omicron
	EPI_ISL_15856732
	16.6
	7.78

	DN43
	+
	-
	+
	-
	Delta
	Delta
	hCoV-19/USA/TN-VUMC-002364/2021
	17.6
	7.43

	DN44
	+
	-
	+
	-
	Delta
	Delta
	hCoV-19/USA/TN-VUMC-002370/2021
	N/A
	 

	DN45
	+
	-
	+
	-
	Delta
	Delta
	hCoV-19/USA/TN-VUMC-002366/2021
	N/A
	 

	DN46
	+
	-
	+
	-
	Delta
	Delta
	hCoV-19/USA/TN-VUMC-002356/2021
	16.5
	7.76

	DN47
	+
	-
	-
	-
	Alpha
	Alpha
	hCoV-19/USA/TN-VUMC-000449/2021
	15.8
	8.01

	Blind Trial #7 - 11 Jul 2022

	DN48
	+
	-
	-
	+
	Omicron
	Omicron
	EPI_ISL_15856729
	20.4
	6.66

	DN49
	+
	-
	+
	+
	Omicron
	Omicron
	EPI_ISL_15856730
	17.5
	7.51

	DN50
	+
	-
	+
	+
	Omicron
	Omicron
	EPI_ISL_15856734
	24.3
	5.51

	DN51
	+
	-
	-
	-
	Alpha
	Alpha
	hCoV-19/USA/TN-VUMC-000518/2021
	19.9
	6.80

	DN52
	+
	-
	-
	-
	Alpha
	Alpha
	hCoV-19/USA/TN-VUMC-000528/2021
	18
	7.36

	DN53
	+
	-
	-
	-
	Alpha
	Alpha
	hCoV-19/USA/TN-VUMC-000445/2021
	17.2
	7.60

	DN54
	+
	-
	+
	+
	Omicron
	Omicron
	EPI_ISL_15856731
	23.2
	5.83

	DN55
	+
	-
	-
	-
	Alpha
	Alpha
	hCoV-19/USA/TN-VUMC-000513/2021
	28.3
	4.33

	Blind Trial #8 - 20 Jul 2022

	DN56
	+
	-
	-
	-
	Alpha
	Alpha
	hCoV-19/USA/TN-VUMC-000426/2021
	25
	5.24

	DN57
	+
	-
	-
	-
	Alpha
	Alpha
	hCoV-19/USA/TN-VUMC-000457/2021
	35.4
	2.13

	DN58
	+
	-
	-
	-
	Alpha
	Alpha
	hCoV-19/USA/TN-VUMC-000441/2021
	34.6
	2.37

	DN59
	+
	-
	-
	-
	Alpha
	Alpha
	hCoV-19/USA/TN-VUMC-000526/2021
	22
	6.14

	DN60
	+
	-
	+
	-
	Delta
	Delta
	hCoV-19/USA/TN-VUMC-002361/2021
	16
	7.91

	DN61
	+
	-
	+
	-
	Delta
	Delta
	hCoV-19/USA/TN-VUMC-002358/2021
	17
	7.61

	DN62
	+
	-
	+
	-
	Delta
	Delta
	hCoV-19/USA/TN-VUMC-002137/2021
	24
	6.31

	DN63
	+
	-
	-
	-
	Alpha
	REDACTED DUE TO PROCESSING ERROR
	 

	Blind Trial #9 - 21 Jul 2022

	DN64
	+
	-
	+
	+
	Omicron
	Omicron
	EPI_ISL_15856741
	28.2
	4.29

	DN65
	+
	-
	+
	-
	Delta
	Delta
	hCoV-19/USA/TN-VUMC-002127/2021
	22
	6.14

	DN66
	+
	-
	-
	-
	Alpha
	Alpha
	hCoV-19/USA/TN-VUMC-000408/2021
	28.1
	4.32

	DN67
	+
	-
	+
	+
	Omicron
	Omicron
	EPI_ISL_15856740
	26
	4.94

	DN68
	+
	-
	+
	+
	Omicron
	Omicron
	EPI_ISL_15856739
	16.1
	7.91

	DN69
	+
	-
	-
	-
	Alpha
	Alpha
	hCoV-19/USA/TN-VUMC-000522/2021
	18.4
	7.22

	DN70
	+
	-
	-
	-
	Alpha
	Delta
	hCoV-19/USA/TN-VUMC-002183/2021
	27.6
	4.47

	DN71
	+
	-
	+
	+
	Omicron
	Omicron
	In Processing for GISAID Submission
	16.8
	7.70

	Blind Trial #10 - 22 Jul 2022

	DN72
	+
	-
	-
	-
	Alpha
	Delta
	hCoV-19/USA/TN-VUMC-002179/2021
	(-) on Hologic
	 

	DN73
	+
	-
	+
	-
	Delta
	Delta
	hCoV-19/USA/TN-VUMC-002154/2021
	20
	6.68

	DN74
	+
	-
	+
	-
	Delta
	Delta
	hCoV-19/USA/TN-VUMC-002123/2021
	24.4
	5.42

	DN75
	+
	-
	-
	-
	Alpha
	Alpha
	hCoV-19/USA/TN-VUMC-000500/2021
	30
	3.75

	DN76
	-
	-
	-
	-
	No Signal
	Omicron
	EPI_ISL_15856737
	(-) on Hologic
	 

	DN77
	+
	-
	-
	-
	Alpha
	Alpha
	hCoV-19/USA/TN-VUMC-000405/2021
	18.5
	7.19

	DN78
	+
	-
	+
	+
	Omicron
	Omicron
	EPI_ISL_15856736
	18.2
	7.28

	DN79
	+
	-
	-
	-
	Alpha
	Alpha
	hCoV-19/USA/TN-VUMC-000401/2021
	19.9
	6.77

	DN80
	+
	-
	+
	+
	Omicron
	Omicron
	EPI_ISL_15856735
	20.1
	6.71

	DN81
	+
	-
	-
	-
	Alpha
	Alpha
	hCoV-19/USA/TN-VUMC-000505/2021
	31.7
	3.24

	DN82
	+
	-
	+
	-
	Delta
	Delta
	hCoV-19/USA/TN-VUMC-002198/2021
	19.1
	7.01

	DN83
	+
	-
	-
	-
	Alpha
	Delta
	hCoV-19/USA/TN-VUMC-002168/2021
	(-) on Hologic
	 

	DN84
	+
	-
	+
	-
	Delta
	Delta
	hCoV-19/USA/TN-VUMC-002197/2021
	22.8
	5.90

	DN85
	+
	-
	-
	+
	Omicron
	Delta
	hCoV-19/USA/TN-VUMC-002402/2021
	20
	6.74


[bookmark: _Ref186456012]Appendix Table A.4. Summary of clinical trials with the singleplex variant-typing assay.


Multiplex Clinical Results
	Sample
	NGS Classification
	Multiplexed Classification
	Multiplexed Experiment / Date
	Sample
	NGS Classification
	Multiplexed Classification
	Multiplexed Experiment / Date

	2928
	Delta
	Delta
	8/23/2022
	DN39
	(-) on Hologic
	 
	 

	2930
	Delta
	Delta
	8/23/2022
	DN40
	Delta
	Delta
	8/22/2022

	2942
	Delta
	Delta
	8/23/2022
	DN41
	(-) on Hologic
	 
	 

	839
	Alpha
	Alpha
	8/23/2022
	DN42
	Omicron
	Omicron
	8/22/2022

	840
	Alpha
	Alpha
	8/23/2022
	DN43
	Delta
	Delta
	8/22/2022

	854
	Alpha
	Alpha
	8/23/2022
	DN44
	Delta
	Delta
	8/22/2022

	DN1
	Omicron
	Omicron
	8/23/2022
	DN45
	Delta
	Delta
	8/22/2022

	DN2
	Omicron
	Omicron
	8/23/2022
	DN46
	Delta
	Delta
	8/22/2022

	DN3
	Omicron
	Omicron
	8/23/2022
	DN47
	Alpha
	Alpha
	8/22/2022

	DN4
	Omicron
	Omicron
	8/23/2022
	DN48
	Omicron
	Omicron
	8/22/2022

	DN5
	Omicron
	Omicron
	8/23/2022
	DN49
	Omicron
	Omicron
	8/22/2022

	DN6
	Omicron
	Omicron
	8/23/2022
	DN50
	Omicron
	Omicron
	8/22/2022

	DN7
	Omicron
	Omicron
	8/23/2022
	DN51
	Alpha
	Alpha
	8/22/2022

	DN8
	Omicron
	Omicron
	8/23/2022
	DN52
	Alpha
	Alpha
	8/9/2022

	842
	Alpha
	Alpha
	8/23/2022
	DN53
	Alpha
	Alpha
	8/9/2022

	2937
	Delta
	Delta
	8/23/2022
	DN54
	Omicron
	Omicron
	8/9/2022

	2927
	Delta
	Delta
	8/23/2022
	DN55
	Alpha
	Alpha
	8/9/2022

	DN9
	Alpha
	Alpha
	8/23/2022
	DN56
	Alpha
	Alpha
	8/9/2022

	DN10
	Alpha
	Alpha
	8/22/2022
	DN57
	Alpha
	No Signal
	8/9/2022

	DN11
	Alpha
	Alpha
	8/22/2022
	DN58
	Alpha
	No Signal
	8/9/2022

	DN12
	Alpha
	Alpha
	8/22/2022
	DN59
	Alpha
	Alpha
	8/9/2022

	DN13
	Alpha
	Alpha
	8/22/2022
	DN60
	Delta
	Delta
	8/9/2022

	DN14
	Delta
	Delta
	8/22/2022
	DN61
	Delta
	Delta
	8/9/2022

	DN15
	Delta
	Delta
	8/22/2022
	DN62
	Delta
	Delta
	8/9/2022

	DN16
	Delta
	Delta
	8/22/2022
	DN63
	Processing Error
	 
	 

	DN17
	Delta
	Delta
	8/22/2022
	DN64
	Omicron
	Delta
	8/8/2022

	DN18
	Delta
	Delta
	8/22/2022
	DN65
	Delta
	Delta
	8/8/2022

	DN19
	Omicron
	Omicron
	8/22/2022
	DN66
	Alpha
	Alpha
	8/8/2022

	DN20
	Omicron
	Omicron
	8/22/2022
	DN67
	Omicron
	Omicron
	8/8/2022

	DN21
	Omicron
	Omicron
	8/22/2022
	DN68
	Omicron
	Omicron
	8/8/2022

	DN22
	Omicron
	Omicron
	8/22/2022
	DN69
	Alpha
	Alpha
	8/8/2022

	DN23
	Omicron
	Omicron
	8/22/2022
	DN70
	Delta
	Delta
	8/3/2022

	DN24
	Alpha
	Alpha
	8/22/2022
	DN71
	Omicron
	Omicron
	8/8/2022

	DN25
	Alpha
	Alpha
	8/22/2022
	DN72
	(-) on Hologic
	 
	 

	DN26
	Alpha
	Alpha
	8/22/2022
	DN73
	Delta
	Delta
	8/8/2022

	DN27
	Alpha
	Alpha
	8/22/2022
	DN74
	Delta
	Delta
	8/8/2022

	DN28
	Alpha
	Alpha
	8/22/2022
	DN75
	Alpha
	No Signal
	8/8/2022

	DN29
	Delta
	Delta
	8/22/2022
	DN76
	(-) on Hologic
	 
	 

	DN30
	Delta
	Delta
	8/22/2022
	DN77
	Alpha
	Alpha
	8/8/2022

	DN31
	Delta
	Delta
	8/22/2022
	DN78
	Omicron
	Omicron
	8/3/2022

	DN32
	Delta
	Delta
	8/22/2022
	DN79
	Alpha
	Alpha
	8/2/2022

	DN33
	Delta
	Delta
	8/22/2022
	DN80
	Omicron
	Omicron
	8/8/2022

	DN34
	Omicron
	Omicron
	8/22/2022
	DN81
	Alpha
	No Signal
	8/8/2022

	DN35
	Omicron
	Omicron
	8/22/2022
	DN82
	Delta
	Delta
	8/2/2022

	DN36
	Omicron
	Omicron
	8/22/2022
	DN83
	(-) on Hologic
	 
	 

	DN37
	Omicron
	Omicron
	8/22/2022
	DN84
	Delta
	Delta
	8/8/2022

	DN38
	Omicron
	Omicron
	8/22/2022
	DN85
	Delta
	Omicron
	8/3/2022


[bookmark: _Ref186456193]Appendix Table A.5. Summary of clinical trials with the multiplex variant-typing assay. Multiplex trials were performed following the singleplex trials, therefore, known negative samples were not peformed on the multiplex platform as indicated by black boxes.




Chapter 3 Supplementary Materials

Reproduced with permission from the supplementary materials of:

Nelson DJ, Leelawong M, Pask ME, Wester CW, Aliyu MH, Haselton FR. Magnetic Bead Processing Enables Sensitive Ligation-Based Detection of HIV Drug Resistance Mutations. Analytical Chemistry, 2022, 94, 5, 2625-2632.


The RTOLAPCR assay combines the specificity of the ligation reaction followed by PCR amplification originally described as LigAmp in Shi et al.1 However, LigAmp was limited to DNA applications, which limits its utility for detecting mutations in viruses with RNA genomes like HIV. The assay presented in this work links a RT step with successive OLA and PCR reactions, denoted RTOLAPCR, for the detection of HIV single-nucleotide DRMs. [bookmark: _Hlk84962147]
[bookmark: _Ref181345269]Appendix Figure B.1 The performance of the OLA reaction (shown here) is critical for RTOLAPCR detection of DRMs. cDNA of an HIV mutated sequence (dotted red line) aligns a common ligation probe with 5’ base complement to the drug resistance site X. Simultaneous alignment of a variable ligation probe results in ligation of the two pieces. In a subsequent PCR reaction, probe signal is produced during the PCR reaction, if and only if, ligation was successful.






Our assay is designed to identify mismatched nucleotides in a target sequence and takes advantage of the high nucleotide specificity of a high-fidelity ligase at the junction of two contiguous probes and the high sensitivity of the subsequent PCR amplification.1 An initial reverse transcription (RT) reaction is used to make complementary DNA (cDNA). For any particular target DRM, labelled X in Appendix Figure B.1, its location and the surrounding consensus sequence information (dashed red line) is known to within 1 or 2 mismatches from which we were able to design representative target sequences for assay validation and probes to conduct the OLA reaction.2 In the OLA, a high-temperature ligase joins two “ligation probes” after they hybridize on either side of the DRM site (gray regions). A high-fidelity ligase preferentially ligates DNA if and only if there is a perfect match at the 3’ end of the “variable” ligation probe. And finally, in a third step (not shown), PCR is used to amplify and detect successfully ligated products through incorporation of ligation probes with primer binding sites (blue) and a PCR detection probe region (green) (Appendix Figure B.1). 


Oligonucleotides
 [bookmark: _Hlk85555265]Name
Description
Sequence (5’  3’)
ML257
K103 wild-type RNA target
taggaatacctcatcctgcaggattaaaaaagaaa aaatcagtaacagtactagatgtgggggatgcatat
ML258
K103N mutant RNA target
taggaatacctcatcctgcaggattaaaaaagaac aaatcagtaacagtactagatgtgggggatgcatat
ML277
K103 wild-type cDNA target
atatgcatcccccacatctagtactgttactgattt tttcttttttaatcctgcaggatgaggtattccta
ML278
K103N mutant cDNA target
atatgcatcccccacatctagtactgttactgattt gttcttttttaatcctgcaggatgaggtattccta
ML255
K103N wild-type ligation positive control
gttaagggagtgaagacgatcaga-cgc-ctagtcggcatagtttatggttaagattacgacggt-tcatcctgcaggattaaaaaagaaa-aaatcagtaacagtactagatgtggg-ttatgagaaatcaaagtctttgggtt
ML150
K103 wild-type specific variable ligation probe
gttaagggagtgaagacgatcaga-cgc-ctagtcggcatagtttatggttaagattacgacggt-tcatcctgcaggattaaaaaagaaa
ML151
K103N mutant specific variable ligation probe
gttaagggagtgaagacgatcaga-cgc-agtcatctttcgaggtgacttttagattgct-tcatcctgcaggattaaaaaagaac
ML152
K103 common ligation probe
/5Phos/aaatcagtaacagtactagatgtggg-ttatgagaaatcaaagtctttgggtt/3BioTEG/
ML259
Reverse transcription primer K103N
atatgcatcccccacatc
ML139
Plasmodium HEX-ZEN K103 wild-type probe
/5HEX/accgtcgta/ZEN/atcttaaccataaactatgccgactag/3IABkFQ/
ML043
Falciparum FAM-ZEN K103N mutant probe
/56-FAM/agcaatcta/ZEN/aaagtcacctcgaaagatgact/3IABkFQ/
ML164
Plasmodium falciparum Forward PCR primer K103
gttaagggagtgaagacgatcaga
ML165
Plasmodium falciparum Reverse PCR primer K103
aacccaaagactttgatttctcataa
[bookmark: _Ref186462355]Appendix Table B.1. Oligonucleotide sequences designed for the RTOLAPCR assay. Single nucleotide polymorphisms of interest, whether mutant or wild-type, are indicated in red.



Component
[Stock]
[Final]
Volume (µL)
Nuclease-free Water
-
-
13.4
10x HiFi Taq Ligation Buffer
10x
1x
2
K103N ML150: wt-specific oligo
1000 nM
10 nM
0.2
K103N ML151: mutant-specific oligo
1000 nM
10 nM
0.2
K103N ML152: common oligo (biotin)
10 nM
1 nM
2
HiFi Taq Ligase
200,000 U/mL
40 U
0.2
RT Product (cDNA)
10x
1x
2


Total Volume
20
[bookmark: _Ref186462544]Appendix Table B.2. Example of an OLA reaction for K103N mutation. The ligation assay is performed for 10 minutes at 60ºC.  


Oligonucleotide Ligation Assay (OLA) Optimization
Our assay successfully detected the K103N mutant target DNA (ML278) without off-target amplification (Appendix Figure B.2). Occasionally, small, noticeable amounts of linear amplification occurred in the off-target channel, as shown in the representative trial in the right panel of the figure.
[bookmark: _Ref181348272]Appendix Figure B.2. Ligation assay oligonucleotides designed for K103N are highly specific. When in the presence of mutant DNA target (ML278), the oligonucleotide ligation assay followed by PCR detection yields successful discrimination in the mutant channel (FAM fluorescence) without off-target detection of the wild-type target (HEX fluorescence).  Although variable probes for both wild-type and mutant K103N are always present in the ligation assay, off-target ligation does not occur. The figure shows a representative trial.



 
Here, we outline investigations performed to determine optimal conditions for the OLA component of our assay. Varying common probe (CP) and variable probe (VP) concentrations of the oligonucleotide ligation assay were investigated for optimal specificity and sensitivity of the assay. These studies were conducted with the oligonucleotides designed for the K103 mutation. The assay performed best when VPs were kept at the same concentration (data not shown). Concentrations were then evaluated between VPs, which were made the same as each other, and the CP. The assay had the highest analytical performance when the VPs were at a concentration of 10 nM and the CP was at either 10 nM or 1 nM in the reaction (data not shown). However, slight off-target amplification occurred when the CP was at 10 nM concentration. Thus, VPs at 10 nM and CP at 1 nM was determined to have the best performance with respect to sensitivity and specificity. 

OLA+PCR Combined Reaction
	The combination of any of the serial reactions into one singular reaction would make the assay performance easier on the technician, which is an important consideration for resource-constrained settings. Here, we investigated the combination of ligation and PCR by combination of the off-the-shelf ligation and PCR kits employed in our assay. The OLA+PCR combined reaction was unsuccessful as the combined reaction induced amplification of both target channels (wild-type and mutant) in the presence of only the wild-type target. Also, amplification occurred in both channels without the presence of ligase (Appendix Figure B.3). Further, linear amplification occurred in the no template controls.

[bookmark: _Ref181348323]Appendix Figure B.3. Combination of the oligonucleotide ligation assay (OLA) and PCR components into a single tube reaction failed to perform as desired. The combined reaction did not discriminate the wild-type target from a mutant target, resulting in off-target amplification (bottom). Additionally, the combination reaction produced signal without the presence of the high-fidelity ligase and generated linear amplification without the presence of any targets (NTC).






Ligation Transfer Amount by Pipette
The SNP assay is limited by the transfer of only a fraction of the ligation product to the PCR reaction. In an attempt to improve detection capabilities of the assay, transfer of greater amounts of ligation reaction volume was investigated for performance. Pipette transfers of 10%, 15%, 20%, 25%, 30%, and 35% of the ligation product were compared. The highest transfer amount was limited by the amount of nuclease free water in the PCR reaction that could be replaced while maintaining the amount and concentrations of our PCR reaction recipe. Minor improvements of assay performance were observed with increasing product transfer up to 20%. Further increase in ligation product transfer resulted in later and less efficient amplification (Appendix Figure B.4). The 35% ligated product transfer group had an average Ct increase of ~2 cycles and presented with notably more linear amplification. 
[bookmark: _Ref181349204]Appendix Figure B.4. Ligation buffer has an inhibitory effect on the following PCR reaction. Increasing amounts of ligation buffer yields greater inhibition even in the presence of greater amounts of ligation product, which serves as the target. Inhibition is clearly demonstrated by the 35% ligation product transfer, which exhibits an ~2 cycle delay and linear amplification while providing 3.5x the ligation product for amplification.







Minimum Ligation Time 
The SNP detection assay was first assessed by use of synthesized cDNA target rather than performing the reverse transcription step. Here, the highly specific ligation assay was further optimized by determining the minimum amount of time required for the ligation reaction to occur. Ligation was performed in a heat block at 60ºC for the manufacturer recommended 30 minutes, 10 minutes, 5 minutes, 1 minute, and 0 minutes. The reaction was performed on 1.2 x 109 copies (100 pM) of K103 wild-type target cDNA. The 10-minute ligation test group had lower average Cq values than the 30-minute group, suggesting that 10 minutes is sufficient for performance of the reaction (Appendix Figure B.5). 
[bookmark: _Ref181349510]Appendix Figure B.5. Effective ligation time on product formation. The shortest time for OLA to be performed without a negative impact on assay performance was determined to be 10 minutes. 10 minutes performed as well as a 30-minute ligation reaction. Therefore, 10 minutes was used for OLAPCR and RTOLAPCR assays.








RT+OLA Combined Reaction
	We combined the reverse transcription (RT) and oligonucleotide ligation assay (OLA) reactions (RT+OLA) to simplify our RTOLAPCR assay by minimizing the number of reactions required in the workflow. Typically, the two reactions would be conducted in serial denoted as RTOLA. RT and OLA buffers were combined in one-to-one ratios at either 1x for each buffer (data not shown) or 0.5x for each buffer (Appendix Figure B.6). Samples were run first at 45ºC for 10 minutes followed immediately by 60ºC for 10 minutes to match the reaction conditions for RT and OLA, respectively. Data suggested that RNA was effectively reverse transcribed and ligation occurred in positive samples, however, negative controls consisting of molecular grade water spiked into the combined RT+OLA reaction followed by transfer to PCR resulted in linear amplification. This negative control amplification reduced specificity of our assay and limits the number of PCR cycles that can be observed for true positive signals in cases where high sensitivity is necessary. 
[bookmark: _Ref181350461]Appendix Figure B.6. Combining reverse transcription (RT) and the oligonucleotide ligation assay (OLA) into a single reaction (RT+OLA) resulted in successful amplification of the RNA target (blue), however, also resulted in linear amplification of the negative control (gray, dashed). The standard serial reaction (RTOLA) strategy is included in the figure as reference with both the positive control RNA target (red) and the negative control (light gray, solid). The figure shows a representative trial.




We hypothesized that the amplification of the no template controls may be due to the ligation reaction occurring during the reverse transcription step, which is performed at a lower temperature and may allow binding of the off-target variable probe to the target. To explore this hypothesis, the combined RT+OLA reaction was performed at a constant 60ºC – the optimal temperature for the ligation reaction as determined by NEB’s reaction condition calculator and empirical studies. However, ProtoScript II reverse transcriptase is not active above 48ºC per the manufacturer. Thus, the Thermo Scientific Maxima Reverse Transcriptase kit, an RT kit our lab had readily accessible, was used due to its high thermostability at 60ºC. The combined reaction in this study resulted in no amplification of target, suggesting that the different RT kit was not compatible with the ligation reaction and that the 60ºC strategy would not enable the single tube reaction to be used (data not shown). Alternatively, we hypothesized the spurious amplification may be a result of a carryover product from the RT+OLA reaction to the downstream PCR. As such, the magnetic bead strategy was employed to capture the RT+OLA product as performed with the m(OLAPCR) assay. To ensure no unwanted carryover was added to the PCR reaction, the RT+OLA product bound beads were washed 3 times with Invitrogen’s prescribed Binding and Washing buffer at 1x concentration. The magnetically processed RT+OLAPCR assay resulted in amplification of the no template controls (data not shown). Therefore, the final assay design did not include the combined RT+OLA reaction.


Sequence Heterogeneity 
Molecular assays have been investigated for mutation detection, however, a common feature limiting many methods is their dependence on nucleic acid hybridization which must overcome the presence of mismatches in the target sequence. These mismatches are critical to overcome as HIV populations vary within a given individual.3 Direct detection of individual SNPs using highly sensitive multiplexed polymerase chain reaction (PCR)-based methods have been proposed, but have had limited success due to the presence of mismatches in the primer regions flanking the SNP that reduce primer binding and efficient PCR amplification and increase assay complexity.3,4 An interesting melt curve approach has also been reported to have a high success rate by incorporating variants in SNP flanking regions on a biosensor chip surface.5 Given adequate resources it is theoretically possible to expand the multiplexing capabilities of these methods by incorporating multiple background mismatches anticipated around the known DRMs.3 However, this is not economically feasible, given the expensive detection probes and instrumentation required, especially in resource-limited settings.  Name
Description
Sequence
ML277
K103 wild-type cDNA
ata tgc atc ccc cac atc tag tac tgt tac tga ttt  ttt ctt ttt taa tcc tgc agg atg agg tat tcc ta
ML278
K103N mutant cDNA
ata tgc atc ccc cac atc tag tac tgt tac tga ttt  gtt ctt ttt taa tcc tgc agg atg agg tat tcc ta
ML227
Mutant N-1 TA  
ata tgc atc ccc cac atc tag tac tgt tac tga ttt  gat ctt ttt taa tcc tgc agg atg agg tat tcc ta
ML228
Mutant N-2 TA  
ata tgc atc ccc cac atc tag tac tgt tac tga ttt  gta ctt ttt taa tcc tgc agg atg agg tat tcc ta
ML229
Mutant N-2 TG  
ata tgc atc ccc cac atc tag tac tgt tac tga ttt  gtg ctt ttt taa tcc tgc agg atg agg tat tcc ta
ML230
Mutant N-2, N-4  
ata tgc atc ccc cac atc tag tac tgt tac tga ttt  gta cat ttt taa tcc tgc agg atg agg tat tcc ta
ML231
Mutant N-2, N-4, N-6 
ata tgc atc ccc cac atc tag tac tgt tac tga ttt  gta cat gtt taa tcc tgc agg atg agg tat tcc ta
ML232
Mutant N+1 TA  
ata tgc atc ccc cac atc tag tac tgt tac tga tta gtt ctt ttt taa tcc tgc agg atg agg tat tcc ta
[bookmark: _Ref181350729]Appendix Table B.3. Sequences for evaluation of the oligonucleotide assay (OLA) tolerance for flanking region polymorphisms. Single nucleotide polymorphisms indicative of the drug resistance mutation of interest are shown in red. Alterations in the flanking region as compared to the ‘perfect match’ (ML278) for mutant ligation probes are highlighted in yellow.


To characterize the assay’s performance, heterogenous sequences containing various combinations, locations, and numbers of polymorphisms were tested with our designed ligation assay at controlled concentrations (Appendix Figure B.7). The variants evaluated in this study and the location of their flanking region polymorphisms are shown in Appendix Table B.3. These mutations were selected based on their theoretical differences (e.g., purine vs. pyrimidine or mutation on variable probe vs. on common probe) rather than based on expected actual HIV sequences. Each of the six designed variants were successfully detected with high specificity, although with varying alterations to assay performance as determined by PCR Cq value (Appendix Figure B.7). Notably, the variant with the greatest number of polymorphisms (ML231) was detected the latest as compared to the variant designed to match our common and variable probes (ΔCqavg = 6.58 ± 1.52). Performance was impacted the least by the presence of a polymorphism in the common probe even when at the tail end of the probe (ML232) with a change in average Cq of 0.31 ± 0.61 cycles. A
Name
Description
ML278
K103N mutant cDNA
ML227
Mutant N-1 TA
ML228
Mutant N-2 TA
ML229
Mutant N-2 TG
ML230
Mutant N-2, N-4
ML231
Mutant N-2, N-4, N-6
ML232
Mutant N+1 TA
B

[bookmark: _Ref181350834]Appendix Figure B.7. Sequences with polymorphisms in the flanking regions surrounding the mutation of interest (K103N) were tested with the OLAPCR assay for tolerance. A) Sequence names and corresponding SNPs investigated. Minus (-) indicates mutations downstream of K103N. Plus (+) indicates mutations upstream of K103N on the target strand. B) OLAPCR tolerance of various polymorphisms surrounding the mutation of interest as measured by difference in Cq. Positive difference implies later Cq values.





Optimization of m(RTOLAPCR) 
In the m(RTOLAPCR) assay, the common probe (CP) for the OLA reaction was employed as a capture probe for cDNA generated during the RT reaction. As such, CP was added to the RT reaction rather than the OLA reaction so magnetic beads could interact following the RT reaction with minimal additional steps. We hypothesized that capture of cDNA would be limited in part by diffusion and interaction of the CP. Our hypothesis was supported with magnetic bead capture performing worse than the pipette reaction as measured by PCR at the endpoint of RTOLAPCR (data not shown).
With prior experiments suggesting enhanced signal from the OLAPCR magnetic processing, it was thought that the assay performance was compromised in the RT to OLA transfer, with specific concern regarding the capture strategy. Given that the RT product contains hybridized target RNA and cDNA, we tested whether a heat step would enable greater access for the CP-bead to capture the cDNA for transfer. The heat step did not improve the m(RTOLAPCR) assay performance (data not shown). An increase in DynaBeads™ used for the magnetic processing protocol was also investigated in which increased number of magnetic beads did not result in a performance gain (data not shown).
In the worse performing magnetic assay, the RT reaction contained CP at a concentration of 10 nM, which was the concentration used in our typical OLA reaction. Therefore, we investigated if 100 nM CP in the RT reaction would improve the capture of the cDNA. By increasing the common probe concentration in the RT reaction by an order of magnitude, the magnetic processing method outcompeted the pipette transfer by ~3.5 cycles (Appendix Figure B.8). With this observed enhanced performance, increased CP in the RT reaction was employed for our final assay. 
[bookmark: _Ref181351572]Appendix Figure B.8. Increasing the common probe (CP) concentration in the RT reaction improved m(RTOLAPCR) performance. With higher CP concentration, magnetic processing (red) resulted ~3 cycle earlier amplification (Cqavg = 26.29) than pipette processing (blue) (Cqavg = 29.83). The figure shows a representative trial.



Additionally, the use of RNase H post-RT was investigated for its potential to improve assay performance by improving the cDNA capture efficiency of the CP-bead complex. The study compared the capture of cDNA from the RNA-DNA hybrid with and without an RNase H step with a maximum efficiency control of cDNA target spiked into RT reaction mix. The addition of an RNase H step decreased cycle number for amplification by ~4 cycles (Appendix Figure B.9). 
[bookmark: _Ref181351591]Appendix Figure B.9. RNase H improves assay performance by increasing magnetic capture of cDNA. With the addition of RNase H and incubation (green), the CP hybridizes to RT produced cDNA without RNA impedance in m(RTOLAPCR) to improve analytical performance compared to not using RNase H (blue). cDNA was spiked into the RT buffer to show maximum performance (red).



With the capture strategy depending on two diffusive kinetic reactions, one between cDNA capture by the common probe and one between the common probe biotin and the magnetic beads, we investigated various mixing strategies. RT was performed with CP already added to the reaction. Experimental groups consisted of 60-minute agitation, 30-minute agitation, 15-minute agitation, and vortex agitation (0-minutes). For all groups except the vortexed samples, agitation was performed on a rotator as prescribed by the Invitrogen guide for the DynaBeads™ MyOne™ Streptavidin T1. Immediately after the RT reaction, magnetic beads were added to the 60-minute samples. The sample tubes were then placed on the rotator. After 30 minutes, magnetic beads were added to the 30-minute samples, and the samples were placed on the agitator. The 15-minute group was treated in similar fashion 45 minutes after the initiation of 60-minute group. After removing the samples from the rotator and removing the supernatant, the 0-minute samples were vortexed briefly (~10 seconds) and the supernatant was immediately removed. A vortex mixing approach with 0-minute wait time (i.e., immediately pull off supernatant) yielded a Cq of 28.64, demonstrating ~4 times improvement over the other agitation times (Figure S10).
Appendix Figure B.10. Vortex agitation resulted in the greatest capture of cDNA-CP hybrids following the RT reaction. The vortexed (0-minute) samples amplified earlier than all samples agitated on the rotator regardless of agitation time.
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Model-View-Controller (MVC) Design Pattern for OLAgen


[bookmark: _Ref186463490]Appendix Figure C.1. All files in OLAgen are encapsulated using Model-View-Controller (MVC) architecture. MVC is a design pattern that separates OLAgen’s application logic, user interface, and data management to promote codebase organization, enhanced program scalability, and simplified maintenance. The application entry point, OLAgen_main.py, initializes the Controller, which handles the program’s application logic. The Controller responds to user actions from the View, OLAgen’s dynamic user interface, and commands the View to update when necessary. Simultaneously, the Controller exchanges data with the Model, ensuring that system inputs and outputs are properly stored and processed. The Controller also calls upon Utility Files for specialized tasks like screening primers and aligning sequences, creating a streamlined workflow during ligation-assay component generation.



























	



Appendix Figure C.2. OLAgen employs the Model-View-Controller (MVC) Architecture throughout its main programming files to streamline genetic data analysis and generation of ligation-assay components. OLAgen_main.py initializes the application by activating main_window.py, the primary Controller file. Each Controller file has access to its own user interface (UI) file, interface logic, and the overall system Model and Utility Files. User interactions with main_window.ui prompt its corresponding Controller to call upon fasta_window.py. Here, users upload a .fasta file for sequence analysis, allowing for the generation of the finalized ligation-assay components in output_window.py. The Model file global_state.py serves as the application’s main way to store and access data, while Utility Files like alignmentSource.py and olagenprocess.py provide specialized data analysis functions. Together, OLAgen’s MVC file structure allows for better workflow visualization, programming organization, and project scalability, laying a strong foundation for future enhancements and updates.
































Software Key Features and Dependencies
	Several key features were included in OLAgen to maximize access, user-friendliness, simplicity, and breadth of applications while achieving the production of high-quality ligation sets (Table 4.1). The first key feature of OLAgen is its utilization of FASTA files as the user input (Figure 4.4, window 1). By using FASTA formats, which are an open-access, near-universal file types, the user can simply engage with the system and easily make sequence compilations or sequence edits in a standard text editor. The FASTA file is readily interpreted by OLAgen due to its employment of Biopython, an open-access Python tool package for computational molecular biology. Further, Biopython enables near-seamless transition between amino acid and nucleotide sequences, providing OLAgen a means to determine non-synonymous changes induced by SNPs and provide the amino acid-based title, as is the standard for SNP reporting in literature. Therefore, the interplay between the nucleotide FASTA file and Biopython within the OLAgen interface standardizes and simplifies user-engagement with the tool.
	Second, OLAgen is equipped with two sequence alignment tools: MAFFT and Clustal Omega (Figure 4.4, window 2). Both alignment methods are fast and powerful C-based programs that have been used extensively in bioinformatics. OLAgen was designed with both methods to enable the user to leverage each method’s distinct advantage over the other. MAFFT performs at a greater speed, which is particularly useful if the user intends to screen many target sequences at once or if the user wants their design process to move as quickly as possible when their sequences are known to have minimal changes. While Clustal Omega performs slower than MAFFT, it still operates on the order of seconds to a few minutes, depending on the computer, when a practical number of sequences are screened for OLA reagent design. However, Clustal Omega is significantly better when aligning sequences that have a high number of changes (e.g., SARS-CoV-2 spike protein of Omicron variant compared to the reference strain). Therefore, by providing multiple alignment tools, OLAgen is fit for broad applications ranging from simple mutations and few sequences to many sequences containing a high abundance of changes. Having two alignment methods also enables users to confirm the system output in-silico.  
	The third key feature of OLAgen is its capacity to accept user-selected reference sequence (Error! Reference source not found., window 2). This provides the benefit of enabling the user to determine what sequences they wish to distinguish between. Further, this allows the system to analyze multiple other target sequences in comparison to a reference in a single workflow.
	Once the system has determined the potential SNP targets and their respective OLA probes, OLAgen automatically determines any likely dimerization events between the probes. This is done to reduce the likelihood of the system providing reagents that will invoke spurious ligation and, as a result, false positive signals in the assay. The spurious ligation phenomenon is explored in more detail in previous studies. Dimerization is determined using Primer3-py. This feature has the potential to significantly minimize the laboratory testing process when designing ligation-based assays.
	Additionally, the OLA reagent generation permits the user to add the “alternative orientation” for any SNP-specific ligation set (Figure 4.4, window 3). This feature gives flexibility to produce reagents for either strand-sense of a double-stranded DNA target or to selectively target the complementary DNA (cDNA) generated by a reverse transcription step prior to OLA. The alternative orientation, denoted with (-) in the system, is then stored in the list of SNP targets and can be stored and tabulated as a “Set of Interest” along with any other target-specific or SNP-specific target from the same workflow (Figure 4.4, window 3).
	Since the oligonucleotide ligation assay is often coupled with PCR for enhanced sensitivity or for detection, OLAgen contains a feature to add primer sets to the OLA reagents. A primer library is provided within the system and can be added to by the user by accessing the csv file called ‘primer_library’ (Appendix Table C.3). The library contains a short list of validated and published primer and hydrolysis probe sets. Using Primer3-py, the primers and hydrolysis probes and their complements are screened for invoking spurious ligation when concatenated to the OLA probes. Additionally, all reagents are screened for dimers that could lead to spurious PCR amplification and detection. These key features are built-in to reduce the burden of the still necessary empirical laboratory validation of the probe and primer design.
	The final highlighted key feature is the graphical user interface (GUI). Built using PyQt5, an open-source GUI toolkit for Python, the OLAgen GUI is comprised of three primary windows (Figure 4.4). The GUI is intended to simplify the workflow in an intuitive manner by including minimal buttons while still containing options for broad application. Of note, the output window (Figure 4.4, window 3) contains a tab-driven management system where the user can perform stepwise storage and reagent manipulation. Within each tab, a table with different features is provided, and those can be exported at any point by either copy and paste or by using the “export to .csv” button.
New Target Reagents for OLA and OLA-PCRM. tb | katG | S315T

     Mutant Variable Probe
CACCAGTCAGACCGATATGTGAAAAcgcCCGCCAGTTTCGCTTAAttcgtccatacgacctcgatgccgg
     Wild-Type Variable Probe
CACCAGTCAGACCGATATGTGAAAAttcgtccatacgacctcgatgccgc
     Common Probe
/5Phos/tggtgatcgcgtccttaccggttccgAAACCCAGAGGCATTGACAACA
     Forward Primer
CACCAGTCAGACCGATATGTGAAAA
     Reverse Primer
TGTTGTCAATGCCTCTGGGTTT
     Hydrolysis Probe
CCGCCAGTTTCGCTTAA
     Mutant Target
CTC GTA TGG CAC CGG AAC CGG TAA GGA CGC GAT CAC CAC CGG CAT CGA GGT CGT ATG GAC GAA CAC CCC GAC GAA ATG GGA CAA CAG TT
     Wild-Type Target
ATC TGG TCG GCC CCG AAC CCG AGG CTG CTC CGC TGG AGC AGA TGG GCT TGG GCT GGA AGA GCT CGT ATG GCA CCG GAA CCG GTA AGG ACG CGA TCA CCA GCG GCA TCG AGG TCG TAT GGA CGA ACA CCC CGA CGA AAT GGG ACA ACA GTT TCC TCG AGA TCC TGT ACG GCT ACG AGT GGG AGC TGA CGA AGA GCC CTG CT
Human | JAK2 | V617F

     Mutant Variable Probe
CACCAGTCAGACCGATATGTGAAAAcgcCCGCCAGTTTCGCTTAAccagaatattctcgtctccacagaa
     Wild-Type Variable Probe
CACCAGTCAGACCGATATGTGAAAAccagaatattctcgtctccacagac
     Common Probe
/5Phos/acatactccataatttaaaaccaaatAAACCCAGAGGCATTGACAACA
     Forward Primer
CACCAGTCAGACCGATATGTGAAAA
     Reverse Primer
TGTTGTCAATGCCTCTGGGTTT
     Hydrolysis Probe
CCGCCAGTTTCGCTTAA
     Mutant Target
TCT CAC AAG CAT TTG GTT TTA AAT TAT GGA GTA TGT TTC TGT GGA GAC GAG AAT ATT CTG GGT CAG GAG TT
     Wild-Type Target
TCT CAC AAG CAT TTG GTT TTA AAT TAT GGA GTA TGT GTC TGT GGA GAC GAG AAT ATT CTG GGT CAG GAG TT
[bookmark: _Ref186463564]Appendix Table C.1. All assay reagents for the newly designed and laboratory validated SNP assays. The Mutant Variable Probes contain the forward primer with a ‘cgc’ spacer, the hydrolysis probe binding region, and the OLA variable probe. Wild-type Variable Probes contain the forward primer and the OLA variable probe sequence. The Common Probe contains a 5’ phosphate, the OLA common sequence, and the reverse primer reverse complement sequence. Single base mutations in the targets are shown in red font. Sequences are in the 5’ to 3’ orientation. Sequence segments are differentiated by capitalization. For example, the mutant variable probe contains the forward primer sequence (upper case), ‘cgc’ linker (lower), hydrolysis probe sequence (upper), and OLA hybridization sequence (lower).



Human | BRAF | V600E

     Mutant Variable Probe
CACCAGTCAGACCGATATGTGAAAAcgcCCGCCAGTTTCGCTTAAtgggacccactccatcgagattact
     Wild-Type Variable Probe
CACCAGTCAGACCGATATGTGAAAAtgggacccactccatcgagattaca
     Common Probe
/5Phos/ctgtagctagaccaaaatcacctattAAACCCAGAGGCATTGACAACA
     Forward Primer
CACCAGTCAGACCGATATGTGAAAA
     Reverse Primer
TGTTGTCAATGCCTCTGGGTTT
     Hydrolysis Probe
CCGCCAGTTTCGCTTAA
     Mutant Target
ACA GTA AAA ATA GGT GAT TTT GGT CTA GCT ACA GAG TAA TCT CGA TGG AGT GGG TCC CAT CAG TTT GAA CA
     Wild-Type Target
ACA GTA AAA ATA GGT GAT TTT GGT CTA GCT ACA GTG TAA TCT CGA TGG AGT GGG TCC CAT CAG TTT GAA CA
Human | Factor V | R534Q

     Mutant Variable Probe
CACCAGTCAGACCGATATGTGAAAAcgcCCGCCAGTTTCGCTTAAatgtctgctgccctctgtattcctt
     Wild-Type Variable Probe
CACCAGTCAGACCGATATGTGAAAAatgtctgctgccctctgtattcctc
     Common Probe
/5Phos/gcctgtccagggatctgctcttacagAAACCCAGAGGCATTGACAACA
     Forward Primer
CACCAGTCAGACCGATATGTGAAAA
     Reverse Primer
TGTTGTCAATGCCTCTGGGTTT
     Hydrolysis Probe
CCGCCAGTTTCGCTTAA
     Mutant Target
CTT CTA ATC TGT AAG AGC AGA TCC CTG GAC AGG CAA GGA ATA CAG AGG GCA GCA GAC ATC GAA CAG CAG GC
     Wild-Type Target
CTT CTA ATC TGT AAG AGC AGA TCC CTG GAC AGG CGA GGA ATA CAG AGG GCA GCA GAC ATC GAA CAG CAG GC
Appendix Table C.1 (continued). All assay reagents for the newly designed and laboratory validated SNP assays. The Mutant Variable Probes contain the forward primer with a ‘cgc’ spacer, the hydrolysis probe binding region, and the OLA variable probe. Wild-type Variable Probes contain the forward primer and the OLA variable probe sequence. The Common Probe contains a 5’ phosphate, the OLA common sequence, and the reverse primer reverse complement sequence. Single base mutations in the targets are shown in red font. Sequences are in the 5’ to 3’ orientation. Sequence segments are differentiated by capitalization. For example, the mutant variable probe contains the forward primer sequence (upper case), ‘cgc’ linker (lower), hydrolysis probe sequence (upper), and OLA hybridization sequence (lower).

OLA-PCR Assay Reagent Costs
Reagent
Total Cost
Total Volume
Volume per reaction
Reactions
Cost per reaction
Ligation Buffer
$173.00
500uL
2uL
250
$0.692
HiFi Taq Ligase

50uL
0.2uL
250

Variable Probe MUT
$47.85
40,000uL of 100nM
0.2uL
200,000
$0.00024
Variable Probe WT
$9.04
250,000uL of 100nM
0.2uL
1,250,000
$0.0000072
Common Probe
$29.93
250,000uL of 100nM
0.2uL
1,250,000
$0.0000239
Universal Probe PCR Master Mix
$263.00
500 reactions
1 reaction
500
$0.526
FWD Primer
$4.52
2,500uL of 10uM
0.4uL
6,250
$0.000723
REV Primer
$3.98
2,500uL of 10uM
0.4uL
6,250
$0.000637
Hydrolysis Probe
$158.00
500uL of 10uM
0.4uL
1,250
$0.1264




Total Cost per reaction
$1.346
[bookmark: _Ref186463580]Appendix Table C.2. Total cost of the oligonucleotide ligation assay coupled with subsequent polymerase chain reaction is under ~$1.50 per sample. Sequence specific reagents total costs are estimates based on true costs for the DNA oligonucleotides for the human JAK2 ligation assay.




Primer Library in OLAgenForward Primer
Reverse Primer
Hydrolysis Probe
Target Type
Source [Citation]
5’ CAA AAG GAA GTC GCG CAA TA 3’
5’ CTG AGT GAA TTC TCT CTG CTG AAC 3’
5’ CAT GTG GCT GGG AGC GCG C 3’
Dengue
[213]
5’ CAG CTG GCA TCA TGA AGA ACC 3’
5’ CAC CTG TCC CAT CTT TTT CTC C 3’
5’ CCG TTG TGG ATG GAA TAG TGG 3’
Zika
[213]
5’ GTT AAG GGA GTG AAG ACG ATC AGA 3’
5’ AAC CCA AAG ACT TTG ATT TCT CAT AA 3’
5’ AGC AAT CTA AAA GTC ACC TCG AAA GAT GAC T 3’
P. Falciparum
[134]
5’ TGG TAA ATG TGC TCA TGT GTT T 3’
5’ AGT TTC GGA TGT TAC AAA ACT ATA GT 3’
5’ TGT GTA ATG AAT AAA ATT TTT GCT AA 3’
P. Falciparum
[119]
5’ TAC AGG GCT CAT ACC GCA TC 3’
5’ AAA GGT GTC CAG GCT GAA GA 3’
5’ CGA CCA TGC CGT CAC AGT TAA GGA 3’
Chikungunya
[213]
5’ CAC CAG TCA GAC CGA TAT GTG AAA A 3’
5’ TGT TGT CAA TGC CTC TGG GTT T 3’
5’ CCG CCA GTT TCG CTT AA 3’
Mouse Rpl32
[19]
5’ GGT GGT TGA AGA TAA GGT TGA AGG T 3’
5’ CTT TGA GTT TCT TGA GCA GCT GAA 3’
5’ CAG CCT CCT TGG TCT TC 3’
Mouse Rpl4
[19]
5’ CTT TGA GGA AAC GGT GGA TGT C 3’
5’ TCC CTT CAT CGG GTC ACT CT 3’
5’ ATG TGC TGC TGC TTC C 3’
Mouse Polr2a
[19]
5’ CGT ATC CGC ATC ATG AAC AGT GA 3’
5’ TCA TCC ATC TTA TCC ACC ACC TCT T 3’
5’ CCT CCT CCT GCAT CTT G 3’
Rat Polr2a
[19]
[bookmark: _Ref181785884]Appendix Table C.3. Primers and hydrolysis probes are pre-packaged with OLAgen to enable easy coupling of polymerase chain reaction (PCR) to the oligonucleotide ligation assay (OLA). Target type for each of the primer and hydrolysis probe sets is provided so users can ensure minimal cross-reactivity of their primers with their specific sample.   





Raw OLA-PCR Data for OLAgen Designed Assays


[bookmark: _Ref186463673]Appendix Figure C.3. The four newly validated OLAgen assay designs fulfilled the criteria for success. PCR curve data for all individual samples (n = 20 per target, n = 60 per assay) are shown. Columns represent the oligonucleotide target in the data plot and rows represent the assay type tested. Data was collected for each assay across two or three independent experiments. Each experiment contained equal counts of MUT, WT, and NTC samples tested. All data was normalized and baseline shifted.




OLAgen Assay Design Comparison to Published Assays Target
Source
Variable Probe (MUT)
Variable Probe (WT)
Common Probe
Reference Sequence
HIV-1





   pol gene | V106I
[17]
5’ CCA GCA GGG TTA AAA AAG AAA AAA TCA A 3’

5’ CCA GCA GGG TTA AAA AAG AAA AAA TCA G 3’
5’ TRA CAG TAC TRG ATG TGG GGG ATG CAT AT 3’ 
MH623786.1 *

OLAgen
5’ GCA GGG TTA AAA AAG AAA AAA TCA A 3’
5’ GCA GGG TTA AAA AAG AAA AAA TCA G 3’
5’ TAA CAG TAC TGG ATA TAG GTG ATG CA 3’ 







   pol gene | M184V
[17]
5’ ATC CAG AAA TAR TTA TCT ATC AAT AYG 3’ 

5’ ATC CAG AAA TAR TTA TCT ATC AAT AYA 3’
5’ TGG ATG AYT TGT ATG TAG GAT CTG A 3’
MH509761.1 *

OLAgen
5’ C CAG AAA TAA TTA TCT ATC AAT ACG 3’ 
5’ C CAG AAA TAA TTA TCT ATC AAT ACA 3’
5’ TGG ATG ATT TGT ATG TAG CAT CTG AC 3’







   pol gene | G190A
[17]
5’ CAT GGA TGA YTT GTA TGT RGC 3’ 

5’ CAT GGA TGA YTT GTA TGT RGG 3’
5’ ATC TGA CTT AGA AAT AGG GCA GCA 3’
MH509761.1 *

OLAgen
5’ A ATA CGT GGA TGA TTT GTA TGT AGC 3’ 
5’ A ATA CAT GGA TGA TTT GTA TGT AGG 3’
5’ ATC TGA CTT AGA AAT AGG GCA GCA TA 3’

Human 





   KRAS | G12D
[22]
5’ TTG TGG TAG TTG GAG CTG A 3’

5’ TTG TGG TAG TTG GAG CTG G 3’
5’ TGG CGT AGG CAA GAG TGC C 3’
NM_004985.5 **

OLAgen
5’ ATA AAC TTG TGG TAG TTG GAG CTG A 3’
5’ ATA AAC TTG TGG TAG TTG GAG CTG G 3’
5’ TGG CGT AGG CAA GAG TGC CTT GA CGA 3’

[bookmark: _Ref186463726]Appendix Table C.4. Oligonucleotide Ligation Assay probe sequences generated from OLAgen match with high correspondence to published ligation probes from other laboratories. All sequences are shown in 5’ to 3’ orientation. Bolded letters in the sequences highlight matching parts of the sequence. Underlined letters highlight differences between ligation sequences. Sequence bases that are not underlined and not bolded that occur at the 5’ or 3’ ends of the sequences are differences in length. Sequence length differences can be attributed to different ligase enzymes and reaction conditions between previously published ligation probes and OLAgen generated probes. The OLAgen designed ligation probes were created using either provided clinical sample sequences (HIV-1 targets) or the NCBI reference sequence for the mutation of interest (Human KRAS target). The differences between bases within the ligation probe sequences are attributable to utilization of clinical sequencing data rather than reference data. The HIV-1 clinical sample sequencing data was aligned to reference sequences provided from Stanford’s HIV database for ligation probe generation within OLAgen.
*HIV-1 reference sequences were clinical data provided in reference [17]. Mutations were identified and cross-checked with Stanford’s HIV database to build FASTA files for OLAgen input.
**Human KRAS reference sequence was not provided within the publication from reference [22]. The appropriate reference sequence was identified on the ClinVar tool within NCBI.


Dynamic Sensitivity of OLAgen Assays
[bookmark: _Ref186463821]Appendix Figure C.4. OLAgen-generated ligation assays exhibited dynamic sensitivity to mutant concentrations in wild-type background. Proof-of-concept variant frequency detection was performed for the four prospective ligation assays using OLA-PCR across five mutant (MUT) frequencies in wild-type background that correspond to various mutant concentrations (1x104 copies/µL (red), 5x104 copies/µL (orange), 1x105 copies/µL (yellow), 5x105 copies/µL (green), 1x106 copies/µL (blue)) (n = 6 replicates per % MUT, n = 30 samples per assay). All assays produced robust responses to changes in MUT concentration. Each assay exhibited a strong, predictive log-linear relationship (black line, shading = 95% confidence interval) between mutant concentration (shown here in log2) and quantification cycle (Cq) values, indicating consistent assay performance across a range of target concentrations. All sample data is presented. No target controls are not shown.
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