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ABSTRACT 

 

EFFICIENT PRIMER DESIGN FOR GENOTYPE AND SUBTYPE 

DETECTION OF HIGHLY DIVERGENT VIRUSES IN LARGE SCALE 

GENOME DATASETS 

 

Demiralay Burak 

Ph.D., Department of Medical Informatics 

Supervisor: Assist. Prof. Dr. Aybar Can Acar 

 

March 2024, 65 pages 

 

 

Identification of microorganisms is a crucial step in diagnostics, pathogen 

screening, biomedical research, evolutionary studies, agriculture, and 

biological threat assessment. While progress has been made in studying larger 

organisms, there is a need for an efficient and scalable method that can handle 

thousands of whole genomes for organisms with high mutation rates and 

genetic diversity, such as single stranded viruses. In this study, we developed 

a method to extract sequences that would detect the presence of a given 

species/subspecies using the PCR method. Species detection in any analysis 

depends highly on the measurement method and since thermodynamic 

interactions are critical in PCR, thermodynamics is the main driving force 

behind the proposed methodology. We applied our method to three highly 

divergent viruses: 1) HCV, where the subtypes differ in 31%-33% of 

nucleotide sites on the average; 2) HIV, for which, 25-35% between-subtype 

and 15-20% within-subtype variation are observed; and 3) the Dengue virus, 

whose respective genomes (only DENV 1–4) share 60% sequence identity. 

Using the proposed method, we were able to select oligonucleotides that can 

identify 99.9% of 1657 HCV genomes, 99.7% of 11838 HIV genomes, and 

95.4% of 4016 Dengue genomes in silico. We also show subspecies 

identification on genotypes 1-6 of HCV and genotypes 1-4 of the Dengue 

virus with >99.5% true positive and <0.05% false positive rate, on average. 

None of the state-of-the-art methods can produce oligonucleotides with this 

specificity and sensitivity on highly divergent viral genomes like the ones we 

studied in this thesis.  

 

Keywords:  viral diagnostics, genome analysis, primer design, 

metagenomics 
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ÖZ 

 

 

BÜYÜK ÖLÇEKLİ GENOM VERİ KÜMELERİNDE 

FARKLILAŞMA ORANI YÜKSEK VİRÜSLERİN GENOTİP VE 

ALTTİP TESPİTİ İÇİN ETKİLİ PRİMER TASARIMI 

 

Demiralay Burak 

Doktora, Sağlık Bilişimi Bölümü 

Tez Yöneticisi: Yrd. Doç. Dr. Aybar Can Acar 

 

Mart 2024, 65 sayfa 

 

 

Mikroorganizmaların tanımlanması; tanı çalışmaları, patojen taraması, 

biyomedikal ve evrimsel çalışmalar, tarımda ve biyolojik tehdit 

değerlendirmesinde çok önemli bir adımdır. Daha büyük organizmaların 

incelenmesinde ilerleme kaydedilirken, tek sarmallı virüsler gibi yüksek 

mutasyon oranlarına ve genetik çeşitliliğe sahip organizmalar için binlerce 

genomun tamamını işleyebilecek etkili ve ölçeklenebilir bir yönteme ihtiyaç 

vardır. Bu çalışmada, PCR yöntemini kullanarak belirli bir türün/alt türün 

varlığını tespit edecek dizilerin çıkarılmasına yönelik bir yöntem geliştirdik. 

Tüm analizlerde tür tespiti büyük ölçüde ölçüm yöntemine bağlıdır ve PCR'da 

termodinamik etkileşimler kritik olduğundan, termodinamik önerilen 

metodolojideki ana itici güçtür. Yöntemimizi kendi içinde oldukça 

farklılaşmış üç virüse uyguladık; 1) Alt tiplerin nükleotid bölgelerinin 

ortalama %31-%33 oranında farklılık gösterdiği HCV, 2) Alt tipler arası %25-

35 ve alt tip içi varyasyonun %15-20 olduğu HIV ve 3) Genomları (yalnızca 

DENV 1-4) birbiriyle %60 dizi özdeşliğini paylaşan Dang virüsü. 

Yöntemimizi kullanarak, 1657 HCV genomunun %99.9'unu, 11838 HIV 

genomunun %99.7'sini ve 4016 Dang virüsü genomunun %95.4'ünü in silico 

olarak tanımlayabilen oligonükleotidleri seçebildik. Ayrıca ortalama olarak 

>%99.5 gerçek pozitif ve <%0.05 yanlış pozitif oranıyla HCV'nin 1-6 

genotipleri ve Dang virüsünün 1-4 serotipleri üzerinde alt tür tanımlamasını 

da gösteriyoruz. En gelişmiş yöntemlerin hiçbiri, bu tezde incelediğimiz gibi 

kendi içinde oldukça farklılaşmış viral genomlar üzerinde bu özgüllük ve 

hassasiyete sahip oligonükleotidler üretememektedirler.  

 

Anahtar Sözcükler: virüs tanılama, genom analizi, primer tasarımı, 

metagenomik 
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CHAPTER 1 

 

INTRODUCTION 

 

 

Identification of viruses and bacteria is crucial in various fields. In healthcare 

and clinical studies, virus and bacteria identification plays a significant role 

in characterizing pathogens, diagnosing and enabling timely responses to 

infectious diseases, guiding appropriate treatment strategies, and monitoring 

disease outbreaks [1]. Identifying viral and bacterial pathogens is necessary 

to develop new treatments and instrumental in advancing scientific 

knowledge about infectious diseases. Pathogen identification is also integral 

to biodefense efforts, enabling the rapid detection of biothreat agents in the 

event of bioterrorism or biological warfare. Kits developed for this purpose 

are crucial for surveillance and early warning systems [2]. It is also important 

in environmental monitoring to detect and identify pathogens in various 

settings, such as water sources, food production facilities, and agricultural 

environments to ensure the safety of the environment [3]. Pathogen 

identification is needed in industrial settings for quality control purposes, 

particularly in sectors like pharmaceuticals and biotechnology. Identification 

kits help ensure product safety and compliance with regulatory standards [4]. 

Overall, accurate and fast virus and bacteria identification is needed in 

applications in various fields, including healthcare, research, biodefense, 

environmental monitoring, industrial quality control, and veterinary 

medicine. It is a must for detection and surveillance across various sectors. 

 

Accurate and timely diagnosis is another critical factor for effective disease 

management. Traditional diagnostic methods, while valuable, often face 

limitations in sensitivity, speed, or applicability. In this context, the 

Polymerase Chain Reaction (PCR) has emerged as a revolutionary technique, 

transforming the field of diagnostics. PCR boasts remarkable sensitivity, 

amplifying minute quantities of target DNA or RNA into detectable levels [5]. 

This surpasses traditional methods like culture-based assays, which can 

struggle with pathogens that are slow-growing or difficult to cultivate in vitro.  

Furthermore, PCR delivers results significantly faster, often within hours, 

than culture methods that may take days or weeks. This rapid turnaround time 

allows for earlier intervention and improved patient outcomes. 
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Moreover, PCR paves the way for the development of multiplex assays. These 

assays can simultaneously detect multiple targets within a single reaction, 

streamlining the diagnostic process and reducing testing time. This is 

particularly beneficial when a broad range of potential pathogens must be 

considered. By overcoming the limitations of traditional methods, PCR has 

become an indispensable tool in modern diagnostics. Its exceptional 

sensitivity, speed, and versatility empower healthcare professionals to make 

informed decisions rapidly, ultimately improving patient care and paving the 

way for a future of personalized medicine. 

 

Diagnosing viral infections has traditionally posed a challenge due to 

limitations in sensitivity and differentiation between closely related viruses. 

This thesis presents a novel approach that significantly enhances our ability 

to detect and distinguish viruses. This advancement will pave the way for 

more accurate and timely diagnoses, ultimately improving patient outcomes. 

Subsequent PCR confirmation can then be employed for definitive 

identification of the specific viral strain. 

 

Firstly, in the introduction, we will briefly go through necessary biology. 

Then, in Chapter 2, we look at previous studies in the literature and discuss 

the shortcomings of previous approaches. In Chapter 3, we describe our 

proposed method. Chapter 4 is Experimental Results; most of the details of 

our proposed method are discussed there, and we think it is the most important 

chapter. Then, in Chapter 5, we discuss future work and conclude. Also in the 

appendix is the outline of our method’s implementation. 

 

1.1 Background  

 

1.1.1 DNA  

Deoxyribonucleic acid (DNA) is the molecule that carries genetic information 

for the development and functioning of an organism. DNA is made of two 

linked strands that wind around each other to resemble a twisted ladder — a 

shape known as a double helix. Each strand has a backbone made of 

alternating sugar (deoxyribose) and phosphate groups. Attached to each sugar 

is one of four bases: adenine (A), cytosine (C), guanine (G) or thymine (T). 

The two strands are connected by chemical bonds between the bases: adenine 

bonds with thymine, and cytosine bonds with guanine. The sequence of the 

bases along DNA’s backbone encodes biological information [6].   
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Figure 1: Structure of DNA  

 

As shown in Figure 1, a critical aspect of DNA is that single-stranded DNA 

string has an asymmetry; two ends called 5’end and 3’end are chemically 

different, and in PCR, in the presence of a template strand, DNA Polymerase 

enzyme adds new bases only to the 3’end of the opposing chain. 

 

 

1.1.2 PCR  

 

Polymerase Chain Reaction (PCR) is a molecular biology technique that 

amplifies a specific segment of DNA through a series of temperature-

dependent enzymatic reactions. This method revolutionized genetic research 

and diagnostic applications by enabling the rapid and precise replication of 

DNA sequences.  

The PCR process involves three main steps: denaturation, annealing, and 

extension. Initially, the double-stranded DNA template is heated to a high 

temperature (typically around 95°C), causing the DNA strands to separate or 

denature into single strands. This step exposes the target DNA region for 

subsequent amplification. 
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Next, the reaction mixture is cooled to a temperature optimal for the binding 

of short DNA primers to complementary sequences on each strand of the 

target DNA. This step, known as annealing (typically around 50-60°C), 

allows the primers to anneal or bind to their specific target sites on the 

template DNA. 

Once the primers are bound, DNA polymerase enzyme, typically Taq 

polymerase or a thermostable polymerase, extends the primers by adding 

nucleotides to the 3' end of each primer, synthesizing new DNA strands 

complementary to the template. This extension step occurs at around 72°C, 

which is the optimal temperature for DNA polymerase activity. 

By repeating these denaturation, annealing, and extension cycles in a 

specialized thermal cycler machine, the target DNA sequence is exponentially 

amplified, resulting in a significant increase in the amount of the desired DNA 

fragment. Each cycle approximately doubles the amount of DNA, allowing 

for rapid and efficient amplification. 

PCR plays a pivotal role in various fields, including medical diagnostics, 

forensic analysis, evolutionary biology, and genetic engineering. Its 

unparalleled sensitivity, specificity, and versatility have made PCR an 

indispensable tool for exploring complex biological processes at the 

molecular level. 

 

Figure 2: Polymerase Chain Reaction Method 
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In PCR, there may be a second kind of oligonucleotide other than primers, 

called probes. Hybridization probes are oligonucleotides designed to attach 

to the inside of the amplicon region bounded by 3’ ends of amplification 

primers. Only in the presence of amplification they release light. 

 

As shown in Figure 3, TaqMan probes are a type of hybridization probe 

commonly used in molecular biology and genetics for the specific detection 

and quantification of nucleic acid sequences in the context of PCR assays. 

These probes consist of a fluorophore attached to the 5' end and a quencher 

molecule attached to the 3' end, with a short oligonucleotide sequence 

complementary to the target DNA or RNA sequence located between them. 

 

During the PCR amplification process, these probes hybridize to the target 

DNA or RNA template. When the polymerase enzyme encounters the probe-

bound target sequence and begins synthesizing new DNA strands, it cleaves 

the probe, separating the fluorophore from the quencher. This cleavage 

releases the fluorophore from its proximity to the quencher, resulting in the 

emission of a fluorescent signal that can be detected in real-time by the PCR 

instrument and confer quantification of target oligonucleotide reporting light 

intensity in every cycle. 

 
Figure 3: An example of a hybridization probe  
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1.1.3 Nucleic Acid Thermodynamics  

 

DNA thermodynamics refers to the study of the energetics and stability of 

DNA molecules and their interactions, particularly focusing on the principles 

governing the stability of DNA duplexes, hybridization, and nucleic acid 

secondary structures. 

 

The stability of DNA duplexes, formed by the complementary base pairing of 

two DNA strands, is influenced by various factors, including temperature, salt 

concentration, and the sequence and length of the DNA strands. 

Thermodynamic parameters such as melting temperature (Tm), enthalpy 

(ΔH), entropy (ΔS), and Gibbs free energy (ΔG) play crucial roles in 

characterizing the stability of DNA duplexes and predicting their behavior 

under different experimental conditions. Pioneering work started in the early 

1960s as mentioned in the remarkable study by SantaLucia [7]. 

 

Understanding DNA thermodynamics is essential for various molecular 

biology techniques and applications, including polymerase chain reaction and 

primer design. 

 

For primer/probe interaction with the DNA of the target genome, the melting 

temperature (Tm) is the most helpful variable. The melting temperature of 

oligonucleotides, which represents the temperature at which half of the DNA 

duplexes are denatured into single strands, can be calculated by nearest-

neighbor method, which takes into account the sequence composition of the 

oligonucleotides and considers the contribution of individual base pair 

interactions to the overall stability of the duplex. 

 

For thermodynamic calculations, base pairs are used and values of parameters 

are extracted from extensive studies run by different laboratories [7]  

 
Figure 4: An example of free energy calculation  

 

.  
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Calculation of Tm of an oligonucleotide with a different non-complementary 

oligonucleotide is far more complex, and an optimization problem must be 

solved recursively with fractional programming where the set of all possible 

alignments of two sequences, and the enthalpy and entropy differences of the 

corresponding chemical reactions are variables [8]. This calculation is 

extremely slow; for practical purposes, it is ten thousand times slower than 

the simple calculation of Tm of an oligonucleotide with its complementary 

strand. Overall, this calculation is the bottleneck of our proposed method. 

 

Essential practical knowledge that can be derived is that, although not 

absolutely true and also related to entropy change of interaction, if the 

oligonucleotide whose Tm of interaction with a target is higher than the same 

oligonucleotide’s Tm of interaction with another target, then the binding 

affinity of an oligonucleotide with former target is higher at any given 

temperature.  

 

So, in general, for the PCR method, when we want to design 

oligonucleotide(s) to amplify one target genome among other similar 

genomes selectively, we want the Tm of that oligonucleotide with the target 

to be around or higher than the annealing temperature of PCR, while the Tm 

of the oligonucleotide with other similar genomes is lower. The critical Tm 

difference to avoid a false positive result is about 10 °C degrees below the 

annealing temperature in PCR. However, it depends on the protocol used; 

annealing time, type of the enzyme, and some reagents have significant 

effects.   

 

 

1.2 Problem Statement 

 

A critical challenge in PCR-based diagnostics lies in identifying highly 

specific primer-probe sets. These sets must fulfill two crucial criteria: 1) 

Efficient binding and amplification of each target genome within a defined 

set, and 2) Complete lack of interaction with non-target genomes from a 

separate background set. This distinction allows for the accurate identification 

of target organisms. 

 

Our proposed method addresses this challenge by searching for a specific 

combination of three oligonucleotides.  These oligonucleotides consist of one 

fluorescent probe and two amplification primers. The method seeks to 

achieve: 1) Target Specificity: The interaction temperature (Tm) between any 

oligonucleotide and a target genome must fall within a user-defined range 

suitable for PCR amplification. This ensures efficient amplification even with 
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potential variations and non-complementary sequences within the target 

genomes. 2) Background Rejection: The Tm of any oligonucleotide 

interaction with a non-target background genome must be below a minimum 

threshold. This ensures no amplification of unintended background DNA. 

 

Our method aims to identify highly specific primer-probe sets for accurate 

target virus detection using PCR by achieving these criteria. 

 

 

1.3 Contribution of the Thesis  

 

This thesis presents a novel virus subtyping method designed to enhance the 

accuracy of PCR confirmation studies significantly. 

 

The proposed method leverages a simple yet powerful approach to address 

limitations faced by existing techniques, particularly their inability to 

differentiate within highly variable viral landscapes.  We will delve into the 

methodology, showcasing how this simplicity translates into success.  

Furthermore, we will explore the shortcomings of alternative methods in 

capturing stable regions within this complex viral environment.  This 

innovative subtyping method represents a significant leap forward in 

knowledge and paves the way for further optimization and potential 

applications beyond its current use in PCR confirmation. 
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CHAPTER 2 

 

LITERATURE REVIEW 

 

 

2.1 Previous Studies 

 

DNA signatures are sequences that can distinguish a group of interest from a 

background group of sequences [9]. While differences in more conserved 

regions, such as rRNA sites, are still used for species identification, species-

specific oligonucleotide strings can be found anywhere in the genome and 

can serve as better discriminators. Therefore, processing the entire genome is 

crucial to identifying species-specific oligonucleotide sequences. The ability 

to distinguish one organism or subtype from others has various useful 

applications in public health, biomedical research, agriculture, evolutionary 

research, and combating bioterrorism; therefore, there is a large body of 

research in this area. Notable studies are discussed below. In 2001, Li and 

Stormo proposed a method for selecting optimal DNA oligos for gene 

expression arrays [10]. Their algorithm involved creating a suffix array of 

coding sequences, choosing probe candidates from every gene based on 

sequence features, and determining the positions of matched sequences in all 

genes. They calculate the free energy (ΔG) and melting temperatures (Tm) of 

the potential candidate sequences and select the most discriminating probes 

based on free energy. In the same year, Rose et al. developed a unique 

approach called CODEHOP to solve the problem of PCR amplification of 

distantly related species [11]. They aligned amino acid sequences and 

employed motif programs, considering codon usage preferences, thereby 

encoding the conserved amino acid sequences to amplify distantly related 

species. After finding motifs, they turned amino acid blocks into degenerate 

primers. In 2004, Gadberry et al. developed the Primaclade tool for 

identifying conserved PCR primers across multiple species [12]. They used 

multiple sequence alignment (MSA) of the target sequences, compared 

individual oligonucleotides to alignment consensus sequences, and scored 

them according to degeneracy. Because MSA does not work well with a high 

number of inputs, they suggested preliminary clustering of similar sequences. 

In 2006, Jabado et al. proposed a method for designing degenerate primers 

for viruses [13]. To decrease the negative implications of degeneracy, they 

modeled the problem as a set cover problem and sought the minimum number 

of primer sets. Their main algorithm is to extract small subalignments of the 

multiple sequence alignment to be used as primers and build a phylogenetic 

tree. They identify the consensus sequences for every branch, score them 

against all others, and find the minimum number of primers to amplify all 
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sequences. In 2009, Duitama et al. developed PrimerHunter, a tool that 

differentiates target and non-target virus sequences [14]. They emphasize that 

degenerate primer approaches ignore primer specificity, which prevents their 

use in direct viral subtyping assays. PrimerHunter exhaustively generates 

primers from target sequences by searching and counting user specified seed 

sequences. It then performs filtering by several constraints, including the 

melting temperature (Tm). Their method used a minimal set cover approach 

when a single primer set could not amplify all sequences. In 2010, Vijaya 

Satya et al. introduced the Tool for PCR Signature Identification (TOPSI), a 

pipeline for discovering real-time PCR signatures [15]. TOPSI uses pairwise 

alignments, extracts common sequences among target genomes, incorporates 

various constraints to generate candidate primers and probes, and uses 

BLAST against non-target genomes for specificity analysis. Because the tool 

needs to find conserved regions to generate oligonucleotides, it works well 

on bacteria but not for highly variable viruses. In 2012, Hysom et al. proposed 

a method that extracts k-length oligonucleotides from all targets and counts 

them [16]. Their tool picks the most conserved k-mers and realigns them to 

targets while allowing mismatches. Then, they iteratively find other primer 

pairs for the remaining targets. In 2014, Lee and Sheu proposed an algorithm 

and employed a divide-and-conquer strategy and a parallel signature 

discovery approach [17]. They define a signature, a fixed length l with 

allowed mismatches d, and this (l,d) pattern, which must occur only once. 

They recursively divide a given genome into pieces until a full pattern search 

can run directly on that piece. After finding patterns in each piece, they merge 

and eliminate the ones found on any other piece. In 2017, Marinier et al. 

developed Neptune to identify differentially abundant genomic content in 

bacterial populations [18]. It uses fixed size k-mer matching with a 

probabilistic model to find the best cardinality of k. They use BLAST for 

further refinement. In 2019, Karim et al. developed a primer design pipeline, 

Uniqprimer, to distinguish target genomes from non-target genomes [19]. 

They first align one target genome to all non-target genomes and extract non-

aligned regions. Then, they align these regions with another target region and 

iteratively align common regions with all target genomes. They design 

primers from these conserved regions. In 2022, Metsky et al. developed a 

pipeline for virus amplification, where they use multiple sequence alignment 

and then, with neural networks, solve a complicated scoring function for the 

activity of a probe [20]. 
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2.2 Comparison with Previous Approaches  

 

We think interaction analysis to reveal whether two given DNA strands will 

hybridize must be based solely on thermodynamics because thermodynamics 

governs interactions of sequences in a laboratory setting. Sequence similarity, 

either suffix array or k-mer based, must only be an intermediate step to reduce 

running time because of the complexity of thermodynamic analysis; 

therefore, a small number of non-stringent parameters must be used.  

 

We also emphasize that oligonucleotide design based on the number of 

mismatches may be very misleading. As presented in more detail in the 

Appendix, a random 25 bp oligonucleotide has a 0.086 probability that its 

interaction with its complementary sequence with five mutations has higher 

Tm than its interaction with its complementary sequence with three 

mutations, and this probability increases to 0.203 when Tm difference is 

within 5°C which cannot be an accepted difference for differentiating 

subtypes. In Fig. 5, we show an example of this condition.  

 
Figure 5: Melting temperatures for different number of mismatches 

 

Fig. 5 shows that an oligonucleotide’s interaction with its complementary 

sequence has a much higher binding affinity when there is two vs three 

mismatches, with a 15°C difference.  
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The 3’ end of oligonucleotide conservation is also used by various methods 

to reduce the large search space. The rationale for this heuristic is that 

polymerase enzymes add new bases from 3’end of the oligonucleotide, and it 

is possible that stable binding of the 3’ end of the oligonucleotide may be 

enough for polymerases to start extension even though the rest of the 

oligonucleotide binds weakly [21]. 

 

This heuristic has more potential and for a random 25bp oligonucleotide, the 

interaction with its complementary sequence, with a mutation outside the first 

five bases of the 3’end, has about 0.025 probability of having a higher Tm 

than the interaction with its complementary sequence with a mutation in last 

base of the 3’end. However, this probability increases to 0.30 when the Tm 

difference is kept at 5°C. Therefore, this heuristic also carries the inherent 

probability of generating false positives in differentiation studies and could 

reduce true positive rate. We argue that any similarity-based heuristics cannot 

capture these binding affinities. We have simulated different mutation 

conditions and show the results in Appendix A, Number of Mutations and 

Melting Temperature Relation.  

 

We believe that our method of local alignments based on more lenient 

sequence similarity is devoid of these shortcomings, as supported by the 

results presented in this study. In addition, accurate multiple sequence 

alignment of multiple whole genome sequences is computationally 

expensive, and common/consensus region approaches do not work on 

divergent sequences, as we also show in the results section. Degenerate 

primers work on amplifying common regions at the cost of introducing false 

positives in subtype detection. We believe our method also addresses these 

shortcomings. Being dependent on sequence similarity heuristics, none of the 

methods in the literature can efficiently produce oligonucleotides with high 

specificity and sensitivity on thousands of divergent viral genomes. 
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CHAPTER 3 

 

PROPOSED METHOD 

 

 

Our problem involves identifying primer-probe sets that can specifically bind 

and amplify each genome in a given set of target genomes, T, for PCR, while 

not binding to any genomes in another set of background genomes, B, thereby 

identifying the organisms in T. Figure 6 shows the steps of our proposed 

solution, which are subsequently described in the following subsections.  

 

 
Figure 6: The steps of the proposed method 
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Pre-filtering  

 

Users can filter the given genomes based on the number of non-ACGT bases 

they contain or the length of the input. When the number of input genomes is 

very high, which is the case in many surveillance and diagnostics studies 

involving various strands of viruses, a tool that can work on them would 

significantly impact global public health. It is good practice to only choose 

complete or almost complete genomes for such tasks. 

 

 Constructing a Consensus Genome  

 

This is an optional step in which a consensus genome is generated from the 

common regions of a given subset of the genome set. In this step, common 

regions are extracted and reassembled using Mummer4 [22]. This process is 

repeated via stepwise pairwise alignment. The stage of finding common 

regions among all or a subset of target genomes is primarily added to shorten 

the running time for organisms with large genomes, such as bacteria, or 

organisms with low mutation rates. For viruses with high mutation rates, it 

would be more suitable to include only a single genome for execution so that 

the consensus genome would be the single provided genome.  

 

The variable in this step is the shortest oligonucleotide length of consensus 

subregions. As default, we look for at least 15 bp long oligonucleotides. We 

also convert all non-consensus bases to ‘N’ to avoid missing the location 

information because amplicon length will be important in next stages. 

 

Extracting Oligonucleotides  

 

This step extracts oligonucleotides that satisfy the given constraints from 

input genomes. This stage is an oligonucleotide scan in a sliding window 

fashion. We scan the genome in both strands because oligonucleotides 

extracted from one strand may fit given constraints while complementary 

oligonucleotides may not. The variables that we use in this stage are: 1) 

acceptable melting temperature ranges for primers and probes, 2) length 

ranges of oligonucleotides, and 3) laboratory variables such as concentrations 

of monovalent cations, divalent cations, primer, probe, and the DNA. 
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Generating Amplicons and Choosing Oligonucleotides 

 

We generate the amplicons formed by the oligonucleotides identified in the 

previous stage. Generally, 100-300 base pair amplicons in PCR are amplified 

more easily because common DNA Polymerases tend to hang and fall from 

longer stretches of DNA. So, before querying the presence of 

oligonucleotides on other genomes, we make sure that those oligonucleotides 

form valid amplicons that can be validated in laboratory conditions, and we 

discard oligonucleotides that are not used in any formed amplicon.  

 

Since the location and length of each oligonucleotide are known, this step is 

not computationally intensive. The variables that we use in this stage are the 

length range of amplicons, the desired minimum Tm difference between 

primers and probes, and the maximum allowed Tm difference between two 

primers.  

 

Note that the number of sequences to be extracted from the first input genome 

could be extremely high. A 9000-base pair HIV virus yielded approximately 

400,000 short oligonucleotides that can be used as primers or probes. 

Querying each of these oligonucleotides individually for every genome would 

require a significant amount of time. To reduce this to an acceptable running 

time, we group oligonucleotides that have close starting locations on the 

genome. When we take an oligonucleotide string that cannot be assigned in a 

group, we assign this oligonucleotide as a key string and give it a group ID, 

and every other oligonucleotide whose starting point is between the start and 

end points of that key string is assigned to that group. Later, we randomly 

selected a user-defined number of sequences for each group. This randomness 

assures a uniform coverage of amplicons through the genome.  

 

In the results section, we report the effects of choosing a different number of 

representative sequences.  

 

There is also an optional filtering step for oligonucleotides that have a high 

possibility of self-interaction or interacting with oligonucleotides with other 

oligonucleotides within the same amplicon. This filtering is performed based 

on maximum allowed Tm values for homo- or hetero- dimerization. We also 

use maximum allowed temperature values where the free energy of 

interaction becomes zero for pairwise 3’ end oligonucleotide interactions (Tm 

where ΔG=0). We find this filtering more reliable than others in vitro. These 

filtering steps can significantly reduce the number of oligonucleotides and 

shorten running time.  
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However, it is recommended to use this filtering if a large number of potential 

results are anticipated because many unwanted interactions of short 

oligonucleotides can be avoided by optimizations in PCR protocol.  

 

At the end of this step, every single oligonucleotide is ready to be searched 

across target and background genomes. 

 

Querying Oligonucleotides 

 

We construct suffix arrays for each genome using the Mummer4 program and 

store them. For each individual oligonucleotide, a query is performed against 

these suffix arrays in different CPU cores. For each individual 

oligonucleotide, there may be none or many hits on the queried genomes, and 

we keep a list of start and end positions of hit regions that we later use 1) to 

understand how these oligonucleotides form amplicons in these other 

genomes, 2) to find true interaction strength between these regions and given 

string. The main reason we first use approximate hit locations of possible 

oligonucleotides is that finding true interaction strength is computationally 

expensive, so we reduce possible true interaction locations before going on to 

the next stage. Finding an approximate location is based on finding a short, 

exact common string between oligonucleotide and genome and extending it 

based on local alignment. The effects of these parameters are extremely 

important and will be discussed in detail in 4.6.1 Effects of Sequence Search 

Parameters. 

 

Subsequently, we use the tool, Primer3 [23], and find interaction properties 

of every oligonucleotide and its possible hit regions. This step is extremely 

important and using the results of this step, we decide whether an 

oligonucleotide can be used to discriminate a genome or not. This decision is 

based on given allowed temperature values and is the same as in extracting 

oligonucleotides from the seed genome. This thermodynamic interaction 

analysis step is the most computationally intensive stage and is also 

parallelized, so the operations performed on each genome are executed on 

separate CPUs.  

 

Post-filtering 

 

After finding all oligonucleotides that can hybridize to the target genome in 

PCR conditions, all amplicons for each genome are calculated and assembled, 

and we decide whether an oligonucleotide set would amplify given target and 

non-target genomes.  
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To accept or reject an oligonucleotide set, first, we decide 1) the maximum 

allowed Tm difference between the interaction of the seed target genome and 

the oligonucleotide and the interaction of the input target genome and the 

oligonucleotide, 2) the minimum allowed Tm difference between the 

interaction of the seed target genome and the oligonucleotide and interaction 

of the input non-target background genome and the oligonucleotide. Then, 

the results are filtered according to the required false positive and true positive 

rates. 

 

The Appendix outlines our method’s implementation, focusing on key details. 
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CHAPTER 4 

 

EXPERIMENTAL RESULTS 

 

 

4.1. The Dataset 

 

We applied our method to three highly divergent viruses: 1) HCV, where the 

subtypes differ on average in 31%-33% of nucleotide sites [24]. 2) HIV, 

which exhibits variations of about 25-35% between subtypes and 15-20% 

within subtypes [25], and 3) the Dengue virus, whose respective genomes 

(only DENV 1–4) share 60% sequence identity [26].  

 

All complete HIV and HCV genomes have been downloaded from the 

https://www.hiv.lanl.gov/ website. For HIV, entries without sampling year 

information or with a sampling year prior to 2005 have been removed. Then, 

genomes with a size above 8500bp have been selected. No recombination or 

subtype filtering has been performed on the sequences. After the filtering, 

13838 HIV sequences have been provided as input to the program. For HCV, 

genomes with lengths above 9300bp have been selected. Also, genomes with 

non-ACGT bases have been removed. 1657 sequences have been provided as 

input to the program. Dengue virus genomes are downloaded from the NCBI 

virus database https://www.ncbi.nlm.nih.gov/labs/virus/vssi/#/ with no non-

ACGT bases and genome lengths longer than 10500, resulting in 4037 

genomes.  

 

We chose these viruses because they propose challenges due to their high 

mutation rate and extensive variability in their genomes. The reference 

genome of HIV in the NCBI database is 9181bp, the longest of HCV reference 

genomes is 9711bp, and the longest of Dengue virus reference genomes is 

10735. We chose length limits of 8500, 9300, and 10500 to have close-to-

complete input genomes in our dataset. 

 

The raw input genome files, along with the output result files, are provided in 

Supplementary Data and at the following link: 

https://github.com/Burak1Demiralay  

 

 

https://github.com/Burak1Demiralay
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4.2. In Silico HIV Common Region Study 

 

In our HIV dataset, there are 156 different subtypes and recombinant forms. 

We aimed to find three oligonucleotides, two primers, and one hybridization 

probe to amplify the highest number of input genomes. 

 

Table I: Amplicon region and their detection performance on the HIV genome  

 

 

Table I shows that the identified oligonucleotides can amplify 13801 of 13838 

HIV genomes with a true positive rate of 0.997, and this is a remarkable result. 

When we inspect the false negative results, we see that up to 3 of the 

remaining 37 genomes could still be amplified depending on the PCR 

protocol; because their amplicon lengths are about 365-431bp. Results are 

presented with high resolution in the Supplementary Data. The identified 

amplicon is in a region that codes Integrase, which is shown to be the most 

conserved protein in HIV [27]. 
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4.3 In silico HCV study 

 

In this experiment, our dataset includes 936 labeled genomes of genotypes 1-

6 with further defined subtypes, and 721 genomes are non-labeled. In the first 

HCV experiment, we aimed at finding a primer and probe set that can amplify 

genomes maximally. Then in the second part, we then attempted to find a 

primer and probe set that can differentially amplify only given target genotype 

or subtype while not amplifying any of the other non-target genotypes and 

subtypes. Table II lists the amplicon regions and shows their 

detection/differentiation performance. Using our tool, researchers can also 

extract unique or defining regions of target species/subspecies for further 

evolutionary, drug design, or similar studies. We envision the proposed 

method to be especially useful for less studied organisms.  

 

Table II: Amplicon regions and their detection/differentiation performance on the HCV 

genome 

 

The non-labeled genomes are only included in the common region study. Similarly, ten ‘genotype1’ 

genomes with no subtype information are not included in differentiation studies of subtypes 1a and 1b. 
Detailed results are present in Supplementary Data.  
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The key point here is how the presence or absence of a light signal from three 

short oligonucleotides (primer pairs and the probe) in laboratory conditions 

is defined. In our in-silico HCV study, we required that the melting 

temperature of each primer and probe to non- target genomes be a maximum 

of 45 and 50 degrees, respectively. That allows us to search for short regions 

mutated in at least three different subregions compared to other subtypes. 

Since every subregion is distinctive and defining, the analysis is highly 

reliable.  

 

However, we could not achieve this for HCV subtype 6; the true positive rate 

was around 80%, and the false positive rate was close to 20%, which is not 

acceptable. So, HCV subtype 6 genomes do not have clear cut short regions 

that have three distinct mutated subregions conserved among them. However, 

because hybridization probes emit signals from one region in PCR, we 

thought it is still possible to find a single, highly different region while 

ignoring primer binding sites. The effect of this change would be, if the 

amplicons were run on a gel using the old electrophoresis system, it could be 

observed that they amplify fragments from various other subtypes. Therefore, 

we lifted restrictions of primers and set the maximum allowed Tm of 

fluorescent probes binding to non- target genomes to 0 degrees. A probe that 

binds to this vastly different region would not emit light in PCR under any 

condition for other subtypes. Thus, we can analyze subtypes based on at least 

three moderate differences multiplicatively or based on a single significant 

major difference.  

 

The amplicon that can amplify 0.999% of all HCV genomes in silico lies in 

5’UTR region of HCV. These sequences and the predicted secondary 

structures are highly conserved among HCV genotypes and subtypes [28].  
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4.4 In Silico Dengue Virus Study  

 

We also ran our method on the Dengue Virus, another virus that has extensive 

variation and whose respective genomes (DENV 1-4) share 60% sequence 

identity [25]. Table III shows the results of this study.  

 

Table III: Amplicon regions and their detection/differentiation performance on the Dengue 

Virus genome 

 

 

For the identification of all input genomes, our results show that the most 

common region that can host three oligonucleotides lies in the 3’-UTR region. 

Alvarez et al shows that the 3′ end of the flavivirus genomes folds into a 

highly conserved stem–loop (3′SL) and detailed analysis of the structure–

function of the 3′SL in dengue virus revealed an absolute requirement of this 

RNA element for viral replication [29]. We did not further inspect the 

percentage of 4.6% false negative rate due to genetic variation, low quality 

sequencing, or even complete or partial lack of 3’UTR region in input 

genomes.  For differentiation studies, we achieved a minimum of 99.7% true 

positive rate with 0% false positive rate for all serotypes.  
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4.5 Application of the Proposed Method for Validation of Data Quality 

 

In the differentiation study of serotype 1 of Dengue Virus, our original dataset 

contained 1530 input genomes, and our method could not differentiate 18 

genomes from the same source. Then, we looked deeper and used the original 

genotyping tool the submitters used, Genome Detective  [30]. That tool 

assigns those genomes to serotype 3, so we removed these genomes from the 

dataset; however, because none of those genomes appeared as false positives 

in the differentiation study of serotype 3, we aligned them, and it appears that 

they are the same sequence submitted 18 times. They are still available as a 

result of Supplementary Data. Likewise, one single genome given as serotype 

4 appeared as a false positive in the differentiation run of serotype 2 and a 

false negative in the differentiation run of serotype 4. 

 

Moreover, two other genomes given as serotype 3 appeared as false positives 

in the differentiation run of serotype 1 and false negatives in the 

differentiation run of serotype 3. We again used Genome Detective, and they 

assigned these genomes to serotype 2 and serotype 1, respectively.  We also 

removed these three genomes that came from the same source. This shows 

that because the sensitivity and specificity of our method are very high, 

potential errors in a genome dataset become more visible. In other instances 

of false negatives or positives, when either the Genome Detective tool could 

not assign or there was a conflict between their assignment and our analysis, 

we did not take any action.  

 

We found one result very intriguing. In the differentiation run of serotype 3, 

the proposed in silico method could identify 887 of 889 input genomes. One 

false negative is the reference genome, and the other is the genome the 

reference genome is constructed upon [31]. However, all subspecies having a 

common region except their reference genome is extremely strange and we 

think that the reference genome of Dengue Virus serotype 3 must be 

reexamined.  

 

We want to emphasize that analyzing data and understanding the cause of the 

observed variation is extremely important. Like many other programs, our 

method does not require any human intervention; however, when data quality 

is questionable, human intervention might be necessary depending on the 

context and outcome of the study. Human intervention may be necessary even 

with high-quality data. We will discuss this in section 5.2, Effect of 

Transcription Profile of Viruses, and in Appendix, HPV In Vitro Study 

Results. 
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4.6 Searching Oligonucleotides on Genomes 

 

4.6.1 Effects of Sequence Search Parameters 

 

A crucial part of our proposed algorithm is finding hit locations with a suffix 

array. Simple measures like the edit distance, 3’ end heuristics, or k-mer 

counting cannot capture the complexity of variation in genomes. The 

locations and the number of matches or mismatches, deletions, gaps, and 

combinations of these affect Tm differently; therefore, we must use lenient 

constraints on sequence similarity.   

 

However, we still need similarity constraints to reduce the number of results; 

since, Tm and free energy calculation of two non-complement 

oligonucleotides is computationally expensive. Here, we used Mummer4’s 

nucmer command. With that command, we can choose the minimum number 

of consecutive matches and using those matches as anchors, Mummer4 can 

perform Smith-Waterman alignment with a specified minimum length.  

 

We investigated the effects of sequence search parameters used with nucmer: 

the minimum length of exact matches and the minimum length of local 

alignment around those matches, on two small datasets and performed in 

silico differentiation studies. We chose two different sets to show seemingly 

opposite effects of both variables and required 100% sensitivity and 

specificity to amplify these effects. The first set is 60 randomly selected 

Dengue virus serotype 1 genomes as the target genomes and 60 randomly 

selected Dengue virus serotype 4 genomes as the non-target genomes. The 

second set comprises 11 genomes of HIV CRF 85_BC against randomly 

selected 120 HIV genomes. Results are presented in Supplementary Data and 

the raw input files are provided.  
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Table IV: Effects of sequence search parameters in the differentiation study of Dengue 1 

 
 

Table V: Effects of sequence search parameters in the differentiation study of HIV CRF 

85_BC 
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In Table IV and Table V, we investigate the effect of the minimum length of 

exact matches and the minimum length of local alignment around those 

matches on two different datasets. In the upper first part of the tables, we show 

the effect of anchor length while keeping the minimum length of local 

alignment constant. In the second half of the tables, we show the effect of the 

minimum length of local alignment while keeping the anchor length constant. 

Here, n denotes the length of oligonucleotides. As we have discussed, 

oligonucleotides are extracted from the seed genome according to constraints, 

and one such constraint is the length range. Therefore, in a typical study, the 

length of oligonucleotide length changes 15bp to 40bp, when we can keep 

this variable as n-8, the minimum length of local alignment changes 7bp to 

32bp accordingly.  

  

It is obvious that a smaller length conserved region is found more times than 

a longer length conserved region. So, as the minimum length of the exact 

match increases, fewer hit locations are found, which leads to the filtering of 

possible amplicons in the target genomes phase. As the number of target input 

genomes increases, and target and non-target genomes differ more, this effect 

becomes more prominent. We see this clearly in Dengue1 versus Dengue4 

study in Table IV. In such studies between divergent genomes, allowing for 

shorter exact matches mainly promotes sensitivity. However, when the 

number of target input genomes is small, and target and non-target genomes 

are phylogenetically closer, as in the HIV CRF 85_BC subtype study, a 

completely opposite outcome is observed, as shown in Table V. That is when 

we increase this minimum match length and find hit locations, many of the 

found locations that are reported as unique to the target set could actually still 

be present in the background genomes. This effect is also present in more 

divergent genome differentiation, as shown in Table IV. It is possible that 

found locations may be present in background genomes. However, it is less 

important than the differentiation of phylogenetically closer genomes. 

 

We further investigated the effects of minimum length of local alignment 

around small exact matches. Here Mummer4 only returns results, if minimum 

length of local alignment equals or exceeds a specified length. We gave 

predetermined values for this variable and also parameterized it based on the 

oligonucleotide length that is queried. Not giving the alignment length, a 

predetermined value is important; because primer length may be as small as 

10s of bases while probe lengths can extend to 40s of bases. A predetermined 

value would either miss many short oligonucleotides’ hit locations or would 

produce a high number of non-specific regions for long oligonucleotides and 

increase running time. We used the -maxmatch- option, which ensures we use 

all anchor sequences regardless of their uniqueness in genomes. Also, it is 

important to use the -nooptimize- option; by default, Mummer4 optimizes the 
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alignment, which we find that it does not work well for primer search in our 

method.  

 

In the Dengue 1 vs Dengue 4 differentiation study in Table IV, we see that as 

the alignment length requirement increases, the number of amplicons found 

decreases. It is the same logic with the exact match requirement; although 

these amplicons are valid, because of alignment length requirements, they are 

mostly filtered in the target genomes phase. However, in the HIV CRF 85_BC 

differentiation study in Table V, we see that as the alignment length 

requirement increases, the number of found amplicons also increases. In fact, 

again, more amplicons are formed with smaller alignment requirements; 

however, this time, because non-target genomes are very close to the target 

genomes, these amplicons are more and more likely to be found in non-target 

genomes and filtered in the non-target genome phase. In these types of 

studies, requiring a small length of general match mainly promotes 

specificity. Again, this effect is also present in more divergent genome 

differentiation; as in Table IV, it is possible that found locations may be 

present in background genomes. However, as input genomes become 

divergent and the number of input genomes gets smaller, this effect plays a 

more important role.  

 

Both effects of both variables are in play, and using a very small length of 

match similarity is mandatory when differentiating highly divergent viruses. 

This is why many of the existing methods are not able to handle highly 

divergent viruses or cannot reach this level of sensitivity and specificity. 

 

We have also added two constant values 10 and 15 instead of parameterized 

minimum length of local alignment around anchor. We know that as this 

length decreases, analysis become more reliable. However, in both types of 

studies when we compare constant 10 and n-12, results are very close, 

however there is huge difference between running times. This is another 

innovation and contribution to this field. 
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4.6.2 Effect of Number of Queried Oligonucleotides per Group 

 

We also investigated how choosing different numbers of oligonucleotides for 

the queries from every group of oligonucleotides affects the results.  

 

Table VI: Effect of number of queried oligonucleotides per group 

 

 

In Table VI, we see that randomly choosing a single oligonucleotide from 

every group (1x) already gives satisfactory results because every part of a 

genome and all amplicon regions are analyzed. Base differences in that 

oligonucleotide region make that slight distinction as to whether it can bind 

to some missed genomes. This effect is clearly visible when we compare 1x 

and 3x runs. Here, we also see that different runs may output different regions 

for subtype discrimination. We only reported the best discriminating regions 

for every run; however, all amplicons above target true positive and false 

positive rates are reported in the output, and these regions and others are also 

present in other runs. So, combining these two facts as future work, it could 

be possible to analyze genomes faster with a slightly lower true positive rate 

limit and then extract amplicons and surrounding regions from the seed 

genome and run the analysis again, choosing a larger number of 

oligonucleotides. We tried this manually, and true positive rates of HIV 

identification study increased from 99.6% to 99.7%, the HCV identification 

study increased from 99.8% to 99.9%, and the HCV 1b study increased from 

98.7% to 99%. So, although small, it increases sensitivity and specificity 

while significantly reducing running time. As expected, running time is 

almost linear with the number of oligonucleotides. 
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4.7. Using Common Regions of Reference Genomes 

 

We wanted to assess the performance when our method is used only on 

common regions. For this purpose, we think the most appropriate inputs are 

reference genomes. So, from four reference genomes for every serotype of 

Dengue Virus, NC_002640, NC_001474, NC_001475, and NC_001477, we 

extracted common regions longer than 15bp in the optional first step of our 

method. 

 

78-94 TAGAGAGCAGATCTCTG 

132-149 TCAATATGCTGAAACGCG 

10488-10503 GGTTAGAGGAGACCCC 

10563-10590 AAGGACTAGAGGTTAGAGGAGACCCCCC 

10599-10620 AAACAGCATATTGACGCTGGGA 

10622-10643 AGACCAGAGATCCTGCTGTCTC 

 

Designing three oligonucleotides from these regions can maximally only 

amplify approximately 37% of all genomes in silico. The common region 

approach loses variation and therefore beneficial information and the results 

are significantly below an acceptable threshold. We also want to emphasize 

that, for an important diagnostic work, designing primers only from reference 

genomes is inefficient because it does not reflect and capture variation. For 

HCV and HIV, of input genomes there is no single common region >15bp. A 

motif like representation for reference genomes could be valuable for studies 

that rely on reference genomes of highly divergent species. 

 

 

4.8. Experimental Settings 

 

For the experiments, we used a 64-core computer using 60 of them, so it 

would be appropriate to limit the input genome count to one-tenth for a 

similar study to be completed in similar durations on a regular home 

computer. The HIV study lasted 48 hours (about 2 days) and our general 

parameters, inclusive, are as follows; 

• primer length range: [19, 30] 

• primer Tm range: [56, 67] 

• probe length range: [19, 42] 

• probe Tm range: [59, 74] 

• amplicon length range: [80, 350] 
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• anchor length for queries: 5 

• minimum alignment length for queries: max (10, length of oligo-8) 

• maximum Tm difference between primers: 4 

• minimum Tm difference between primers and probe: -5 

• minimum primer Tm for target genomes: 50 

• minimum probe Tm for target genomes: 55 

• maximum primer Tm for non-target genomes: 45 

• maximum probe Tm for non-target genomes: 50 

• number of random oligonucleotides chosen from every group to be queried: 

4 

• Concentrations of monovalent cations, divalent cations, dNTP, primer, 

probe, and the DNA: 50mM, 3mM, 0.8mM, 800nM, 400nM, 50nM 

 

Instead of minimum and maximum Tms for target and non- target genomes, 

we also implemented minimum/maximum allowed Tm differences between 

oligonucleotides (primer/probe) and the seed genome, and between 

oligonucleotides and target/non-target genomes; however, we did not use it. 

The default values we chose are 10 and 15 degrees difference for primers and 

probe, respectively for both target and non-target genomes. 

 

 

4.9.  Comparison With Other Studies  

 

We first compared our results to Hysom et al. [15]. They tried their method 

on 2863 Dengue virus genomes. Their method does not take a non-target 

genome set and instead they use BLAST for assessing specificity; so, we 

compared the performance on identification of all genomes. Since the dataset 

they used is not directly available, we were not able to conduct a direct 

comparison. However, as shown in the Experimental Results section, our true 

positive rate is 95.4% on 4016 genomes, while the true positive rate of their 

best performing three oligonucleotide set is 82.3%. 

 

We then compared our method to PrimerHunter[13]. It is a tool specifically 

designed to differentiate between variable virus subtypes. It could not 

produce a result on our complete dataset in reasonable time; so, we used a 

smaller dataset consisting of 50 HCV 1a genomes and 50 HCV 1b genomes. 

Its run lasted about 18 hours while our method finished in about 30 minutes 

for these genomes. Our parallel architecture is the main reason behind this 

running time performance difference. Moreover, PrimerHunter was able to 

generate 38 different amplicons from 2 non-overlapping regions with 
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maximum true positive rate of 98%, while our method generated 2816 

amplicons from 15 different non-overlapping regions, all of them with true 

positive rates of 100%. Results are presented with high resolution in 

Supplementary Data. 

 

We also compared our method to the method by Metsky et al. [19]. For 

amplification primers, they do not use the machine learning approach 

proposed in their study, and instead, they use simple heuristics with mismatch 

similarity. Their best-performing two oligonucleotides to be used as primers 

achieve 92% accuracy for the HCV dataset, while our method achieves 99.9% 

using the three oligonucleotides given in the Experimental Results section. 

 

 

4.10.  In Vitro Validation  

 

We carried out a HPV subtyping study in collaboration with a commercial 

firm. We are requested to find primers to detect and differentiate HPV 

subtypes 16, 18, 45, 31, 33, 35, 39, 51, 52, 56, 58, 59, 68, 69 in multiplex 

PCR where probes to detect different subtypes are tagged with different 

fluorescent dyes, so it is possible to detect a specific subtype in the presence 

of other oligonucleotides.  

Because subtypes 16, 18 and 45 are more prevalent [32], oligonucleotides to 

find these three subtypes are expected to run in one PCR well together while 

others in second well and it is sufficient to confirm presence of any one of 

second subtype set without differentiating any further.  

 

In our first try, we found out that there is no region in HPV that would be 

present in genomes of these given subtypes while not present in all other HPV 

subtypes that we used as background genomes, so there is no single 

oligonucleotide set that can detect given HPV subtypes without generating 

false positive results. Therefore, we used the phylogenetic tree to cluster 

different subtypes and repeated the clustering many times on different 

branches until the subtypes uniquely shared a common amplicon region that 

is not present in other background subtype genomes whether among studied 

or not. So as studies like this, human intervention is necessary not to generate 

false-positive results. 
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Figure 7: Phylogenetic tree of studied Human Papillomavirus subtypes [33] 

 

We found different oligonucleotides set from three regions to uniquely 

identify HPV-16 (regions E1, E7, L1), two regions for HPV-18 (regions E7, 

L1) and two regions for HPV-45 (regions E2, E6) and oligonucleotides for all 

other subtypes are extracted from E1 region. We designed one common set 

for detecting subtypes 33-52-58, one set for 31-35, one set for 51-69, one set 

for 39-59-68 and one for subtype 56. 

 

Positive control mixtures containing subtypes 16, 18 and 45 are obtained from 

Triplex International Biosciences (Fujian, China) and Microbiologics (Saint 

Cloud, Minnesota).  The PCR amplification was performed in a 20-μl volume 

containing 4x SensiFAST™ Probe No-ROX Kit, 500nM concentration of 

each primer and 100nM probe. Amplification and detection were performed 

by using the Biorad CFX 384 detection system (Applied Biosystems). The 

amplification ramp included an initial hold step of 10 min at 95°C, followed 

by a two-step cycle consisting of 15 s at 95°C and 1 min at 57°C, a total of 

35 cycles.  

 

At the writing of this thesis, preliminary experiments were just performed and 

this section was added at the very end of the thesis writing deadline. 

Therefore, we did not perform a thorough validation including copy number 

analysis. We think preliminary results are very promising.  Here we show one 

result of one positive control containing subtypes 16, 18, and 45. All other 

results are shown in the Appendix section. As a follow up study analysis of 
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swap samples from patients are performed, where selected primer-probe sets 

were successful to distinguish among subspecies (unpublished data through 

personal communication).  

 

For this study, we designed two tubes, one containing four primer-probe sets 

differentially targeting and detecting subtypes HPV-16, HPV-18, HPV-45, 

and all of HPV 39-59-68. The probe of each set was tagged with a different 

dye emitting in a non-overlapping wavelength range.  The second tube 

contains primer-probe sets differentially targeting and detecting subtypes all 

of HPV 31-35, all of HPV 33-52-58, all of 51-56-69, and internal control 

RNase P gene. Because it was not possible to add HPV-56 to any existing 

cluster without generating false positives, we designed a unique 

oligonucleotide set for this subtype. However, an existing dye was used for 

its probe.  

 
Figure 8: Positive Control Sample, oligonucleotide sets of Tube 1 
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Figure 8 shows the output of multiplex study of Tube 1 on a positive control 

sample which contains mixture of subtypes HPV-16, HPV-18 and HPV-45. 

Every oligonucleotide set differentially amplifies its corresponding target 

except oligonucleotide set of HPV-39-59-68. 

 

 
Figure 9: Positive Control Sample, oligonucleotide sets of Tube 2 

 

Figure 9 shows the output of the multiplex study of Tube 2 on a positive 

control sample, which contains a mixture of subtypes HPV-16, HPV-18, and 

HPV-45. The amplified signal is from the internal control gene Human RNase 

P. Control genes are used to check the validity of PCR protocol and sample 

collection.  
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CHAPTER 5 

 

DISCUSSION AND CONCLUSION 

 

5.1 Scalability and Future Work  

 

Although our method outputs high-resolution results, it cannot yield results 

within acceptable running times for organisms that are significantly larger 

than viruses. We have used Mummer4[22] for string matching, and it is an 

efficient program that constructs a suffix array with time and space linear in 

the length of the genome. To identify a match, it uses a sublinear approximate 

string matching algorithm [34] in time proportional to the length of the query 

sequence and then utilizes a banded Smith-Waterman alignment algorithm 

[35], which computes the score matrix along a small band around the diagonal 

to extend match region with time complexity proportional to longer string. 

After finding a possible interaction region between the queried 

oligonucleotide and the target genome, we use Primer3[23] to find the exact 

melting temperature. As we briefly mentioned in the Nucleic Acid 

Thermodynamics section, extensive calculation is required. 

 

However, all calculations are the same for viruses or any other organism, and 

the main effecting difference is genome length and, therefore, the number of 

possible oligonucleotides that can be extracted from the genome. The average 

size of RNA viruses is about 10 kb [36], while a typical bacterial genome is 

around 5 million bp [37]. So, an in-silico experiment involving a bacterium, 

on average, would take 500 times more time than an in-silico experiment 

involving an RNA virus. And every added unique genome increases time 

additively. Even if we utilize all CPU cores efficiently for all genomes, we 

can only decrease this time increase in proportion to the number of cores. So, 

for huge data sets involving organisms much larger than viruses, this very 

detailed analysis becomes infeasible. 

 

Because thermodynamic analysis with Primer3 is very slow, Leber et al. 

developed a fast method for Tm calculation, which is especially useful for 

large-scale calculation [3]. We believe fast thermodynamic calculation is 

necessary to step into larger genomes. We can argue that there are many 

successful programs that work better on large genomes, yet a fast Tm 

calculation can help process hundreds of thousands of virus genomes or 

process tens of thousands of genomes with reasonable running times on 

personal computers.  
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We also think that the structure of our method can be improved for subtype 

analysis. We can combine suffix array query and Tm analysis, and instead of 

querying every single oligonucleotide to a single target genome in a CPU, we 

can query one oligonucleotide against every genome. In that case, as soon as 

the hit count violates the required limits, the program would proceed to 

another oligonucleotide. For example, if we have a thousand background 

genomes and our false positive rate limit is 0.005, a sixth hit is enough to 

eliminate that oligonucleotide. Moreover, since the purpose of subtype 

analysis is to find a small region that is vastly different and a substantial 

portion of genome regions are similar, this would reduce running times 

significantly. As explained in the results section, it could also be possible to 

analyze genomes faster with a slightly lower true positive rate limit and then 

extract amplicons and surrounding regions from the seed genome and run the 

analysis again choosing a larger number of oligonucleotides. Potentially, in 

addition to reducing the running time, this strategy can improve true positive 

rates.  

 

As implemented in the various tools, generating oligonucleotides from 

multiple genomes can be beneficial. 

 

Finally, our methodology can be a basis for a novel and very powerful 

genotyping/subtyping tool that incorporates information from all genomes. 

Now, for the PCR method, we extract three distinctive subregions in close 

proximity. However, for that purpose, we can extract every distinctive 

subregion higher than the desired sensitivity and specificity for every 

subspecies. Then, given an input genome and predefined oligonucleotides for 

every subspecies, this problem will turn into a simple classification problem. 

 

 

5.2 Effect of Transcription Profile of Viruses  

 

While our method generates oligonucleotides for identifying or subtyping 

viruses, found oligonucleotides may not reflect the mRNA profile of viruses, 

and output would only or mainly depend on the genome. In that case, the 

amplification signal may be lower than that of primers targeting highly 

transcribed genes.   

  

We observed this effect on SARS-CoV-2. Because sequenced genomes of 

Sars-COV-2 have reached millions, we have taken five random genomes from 

every subtype from the beginning of the pandemic outbreak (1955 subtypes). 

After analyzing these genomes, it is revealed that the best regions that can, in 
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theory, successfully be used to identify all subtypes are in nsp3, nsp4, nsp5A, 

nsp13 and nsp16 regions. However, cq -the signal threshold cycle- values of 

these primers are about 10-15 cq higher than primers that were published by 

NIH at the beginning of the outbreak, and they are constructed from the N 

gene. Although in time, this region is not totally conserved among all subtypes 

and the true positive rate is lower, mRNA of this gene is present in most open 

reading frames of the virus, so the amplification signal is very high and cq 

values are low. This effect has also been observed and reported in various 

studies. [38,39] In cases like this, using more than one primer-probe set may 

be necessary. 

 

So, for screening studies, knowing inner mechanisms of target pathogen is 

highly important.  

 

 

5.3 Conclusion 

 

In this study, we presented a methodology that addresses the design of PCR 

primers and hybridization probes, specifically designed to differentiate 

specific species or a set of subspecies from another set of subspecies. What 

sets this method apart from the existing methods is its unique capability to 

handle highly divergent viruses. The sensitivity and specificity of our method 

are also superior to existing state-of-the-art methods. This achievement is 

made possible through the parallelization of multiple steps and the 

optimization of intermediate processes. Due to its efficiency, our 

implementation can process tens of thousands of viral genomes. The 

significance of this method extends to various fields that require virus 

discrimination. These include crucial areas such as public health, screening 

and tracking viral strains, biomedical research, agriculture, evolutionary 

studies, and biothreat identification. With some modifications, the 

methodology can be extended to support oligo array assays and be used as a 

virus genotyping/subtyping tool.  
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APPENDICES 

 

APPENDIX A 

 

Number of Mutations and Melting Temperature Relation 

 

 

Here we randomly generated a random 25bp oligonucleotide and introduced 

different number random mutations and calculated Tm’s of interaction of 

original oligonucleotide with mutated oligonucleotides. For every mutation 

number pairs we generated 50000 oligonucleotides. We simulated variability 

in genomes; in general we would expect smaller number of mutations 

accumulated in a region in target genomes than in same region in background 

genomes, however in subtype differentiation studies of phylogenetically close 

highly variable genomes, this distinction becomes blurred.   

 

In Table VII, we report the probability when Tm of oligonucleotide with more 

mutations is higher. For example an oligonucleotide has 0.053 probability that 

its interaction with its complementary sequence with 7 mutations has higher 

Tm than its interaction with its complementary sequence with 4 mutations. 

 

In Table VIII, we report the ratio when Tm of oligonucleotide with more 

mutations is within 5°C. For example an oligonucleotide has 0.106 

probability that its interaction with its complementary sequence with 7 

mutations has Tm that is within 5°C of its interaction with its complementary 

sequence with 4 mutations. 
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Table VII: Probability of fewer mutations having higher Tm 

 

 

 

 

 

 

Table VIII: Probability of fewer mutations having Tm within 5°C              

 

 

 

 

 

 

 

 

 

            # 

of 

mutations     

                                              

# of 

mutations     

2 3 4 5 6 7 8 9 10 

1 0.127 0.037 0.012 0.005 0.002     

2  0.182 0.063 0.023 0.011 0.006    

3   0.22 0.086 0.038 0.018 0.01   

4    0.251 0.114 0.053 0.026 0.016  

5     0.28 0.142 0.073 0.038 0.023 

           # of 

mutations     

# of 

mutations 

2 3 4 5 6 7 8 9 10 

1 0.521 0.156 0.044 0.015 0.005     

2  0.469 0.184 0.063 0.024 0.011    

3   0.454 0.203 0.084 0.036 0.017   

4    0.449 0.225 0.106 0.049 0.027  

5     0.449 0.249 0.132 0.068 0.038 
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Figure 10: Melting temperatures for different mismatch conditions               

                                           

Figure 10 shows two cases, left side of figure is an example of mismatch 

disparity that we have shown in simulation that an oligonucleotide with 

higher number of mutations can bind to its target much more efficiently.  

 

Right side of figure shows an example that, an oligonucleotide having 

mutations at 3’ end of an oligonucleotide, mutated even at the very tip of 

oligonucleotide, can bind to its target much more efficiently compared to an 

oligonucleotide having mutations further from 3’ end.  

 

Therefore, all sequence similarity based methods are inherently prone to 

generating false positive and false negative results.  
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APPENDIX B 

 

Detailed Outline of the Implementation of the Proposed Method 

 

 

Implementation of our method is an automated pipeline with no human 

intervention from beginning to end. We designed it in parts so after finishing, 

one could restart from any middle step. However here we focus on some key 

points that we think either algorithmically or practically will be useful to 

anyone who wishes to rewrite and improve our method.  

 

We will step by step go over the implementation on the same dataset that we 

used in the comparison study; 50 HCV 1a genomes as target genomes and 50 

HCV 1b genomes as non-target genomes, however with tighter Tm ranges. 

Also, here we use three seed genomes only to show generation of consensus 

genome.  

 

After pre-filtering, we want to construct a consensus genome. It is an iterative 

process that with Mummer4, we align the result with the new genome in a 

pairwise manner. We find common regions of length >15bp with the mummer 

command: # mummer -maxmatch -l 15 -n save location+id ref_file qry_file 

# save command will generate files as id.aux id.isa id.kmer id.lcp id.sa, after 

the first run, instead of ‘save’ we use ‘load’ with the same id.  

 

 
Figure 11: Common regions of first two genomes  
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After some scripting, we extract all common subregions and locations. If 

there are more than two seed genomes, later it is important not to batch query 

all strings because we noticed that Mummer4 has a bug that may miss already 

present strings, but this bug is present only in the batch command. So, we 

query all distinct strings separately, then combine them.  

 

 

 
Figure 12: Common regions of first three genomes 

 

As we mentioned previously, this common region forming step is optional 

and if one seed genome is used, that whole genome becomes the consensus 

string that oligonucleotides will be extracted from. Not constructing 

consensus genome must be default choice for highly variable viruses because 

constructing consensus genome may and will lose very important 

information.  
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Then we extract oligonucleotides from the common consensus region. It is 

simply a two-way string scan. We report all primers and probes with their 

orientation information along with the Tm and locations. Then we group 

similar strings together and give them a group id. We used a simple logic, 

when we extract a string whose starting point is not between start and end 

points of previous key string (first string of a group), that string becomes a 

key string. There may be better ideas than this for forming groups. Because 

we used tight Tm ranges in this demo study, Figure 11 shows a small number 

of strings in every group, however number of oligonucleotides in a group can 

be high up to hundreds. Grouping is done separately for primers and probes, 

also separately for orientations. 

 

 
Figure 13: Extracted oligonucleotides 
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Then very carefully with start and end locations, we construct possible 

amplicons considering different constraints such as maximum allowed primer 

Tm difference, probe-primer Tm difference, amplicon length and some dimer 

constraints. 

 

  
Figure 14: Constructed amplicons on seed genome 

 

In the next important step, we choose a fixed number of oligonucleotides from 

every group and we look for amplicons that are formed by these 

oligonucleotides in both target and non-target genomes. Here is one important 

detail, we do not pick amplicons from all possible amplicons and then query 

those oligonucleotides in other genomes; but we pick oligonucleotides from 

previously formed oligonucleotide groups. The reason is the following: as 

seen in Figure 11 some oligonucleotide groups may have many more 

oligonucleotides. As an extreme example, one primer_a (orientation a) group 

and one primer_b group in close proximity allowed by amplicon length both 
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may have 1 single string and those two groups would generate 1 amplicon. 

However other two groups having each 100 strings will generate 10000 

amplicons. So, sampling randomly from amplicons may generate a very non-

uniform search space. We could have sampled a fixed number of amplicons 

from combinations of groups and it would be needlessly complicated and it 

already is close to what we did. However, there may be other ideas. Now we 

have all oligonucleotides to be queried on all other genomes, target or non-

target. 

 

 
Figure 15: Chosen oligonucleotides to be queried 
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We now query every oligonucleotide separately to every single target and 

non-target genomes. This process is done parallel, every CPU studies one 

genome and switch to one other unprocessed genome when finished.  

Now instead of the mummer command, we query with nucmer command that 

allows mismatches. We use the command: # nucmer —maxmatch -l 

minimum_length_of_anchor -c minimum_length_of_alignment –nooptimize 

–save location+id ref_file qry_file #. All variables are explained in detail in 

experimental results section. This part is the heart of the algorithm and the 

most important reason why our method is so successful.  

 

Here we first generate dummy out files for every query string and then 

concatenate to one file for each genome.  

 

 
Figure 16: Suffix array result of queries 

 

Explanation of output file shown in Figure 11 is as follows; 7240 7265 21 1 

10 10 0 # start location of hit in reference; end location of hit in reference; 

start location of hit in query, end location of hit in query. If end location of hit 

in query is smaller than start, then alignment is in complementary strand. 

Until we see a single 0 in a row, other numbers in rows mean; if  >0; insertion 

in reference/deletion in query and <0; vice versa.  

 

So, we now can extract hit locations, sometimes multiple hit locations for 

every oligonucleotide for every genome. 
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After extracting all hit locations for every oligonucleotide, we can look at 

their interaction thermodynamically, most important factor. We generate a file 

for every genome, target or non-target, that which oligonucleotide interacts at 

0.5 probability at what temperature and locations and to which strand. This 

process is also fully parallel and every CPU holds one genome and switches 

to next after finishing.   

 

 
Figure 17: Thermodynamic interaction results of oligonucleotides with an input genome 
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Now in the final step, according to desired true and false positive rates, we 

output a final report file that contains every single amplicon in every genome 

if there is an amplification in silico. This process is also parallelized on every 

CPU and there are even multiple threads on every CPU because this process 

is very reading and writing intensive.  

 

 
Figure 18: End Result  
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APPENDIX C 

 

HPV In Vitro Study Results 

 

 

 
Figure 19: Positive Control Sample, different oligonucleotide sets of HPV-16 

 

Figure 19 shows overlay of three different PCR wells in same run. Because 

HPV-16 is the highest risk HPV subtype, we wanted to be sure of its 

amplification and signal quality, so we designed three oligonucleotides set 

targeting three different regions of HPV. Sample is positive control mixture 

of HPV-16, HPV-18 and HPV-45. 

 

Here there is no amplification from E7 region and we see better amplification 

from E1 compared to L1. This shows importance of virus dynamics 

information before designing primers and probes. 
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Figure 20: Positive Control Sample, different oligonucleotide sets of HPV-45 

 

Figure 20 shows overlay of three different PCR wells in same run. Sample is 

positive control mixture of HPV-16, HPV-18 and HPV-45.  
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Figure 21: Positive Control Sample, different oligonucleotide sets of HPV-18 

 

Figure 21 shows overlay of three different PCR wells in same run. Sample is 

positive control mixture of HPV-16, HPV-18 and HPV-45.  

 

 

 

 

 

 

 



 

 

61 

 

 
Figure 22: Positive Control Sample, oligonucleotide set of HPV-39-59-68 

 

Figure 22 shows overlay of three different PCR wells in same run. Sample is 

positive control mixture of HPV-16, HPV-18 and HPV-45. We used 

oligonucleotide set targeting E1 region that is uniquely conserved in all of 

HPV 39, HPV-59 and HPV 68. Our expectation was not to observe any 

amplification. 
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Figure 23: Positive Control Sample, corresponding oligonucleotide sets of Tube 2 

 

Figure 23 shows positive control mixture of HPV-16, HPV-18 and HPV-45. 

We used oligonucleotide sets differentially targeting E1 regions of HPV-51-

56-69, HPV 33-52-58 and HPV 31-35.  Only internal control is amplified as 

expected.  
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APPENDIX D 

 

Supplementary Data 

 

 

We report all results in high resolution in Supplementary Data. For common 

region and differentiation studies of HIV, HCV and Dengue Virus; files 

named as Supplementary_virusname_subtype.txt files include NCBI id of 

genomes sequenced, subtypes they belong to, location of oligonucleotides in 

that specific genome and hybridization melting temperatures with that region 

and whether it is an accepted interaction or not. Files also include chosen 

oligonucleotides, their locations in seed genome, false positive and true 

positive rates. In case of false positives, every genome individually is reported 

with mentioned properties.  

 

We also report the results of the sequence parameter analysis on Dengue Virus 

and HIV. These files are named as 

Supplementary_virusname_lengthofseedgenome_lengthofalignment.txt. 

They include every found oligonucleotide set with the mentioned properties 

for common regions and differentiation studies based on the chosen seed 

genome length and alignment length. We have included result files comparing 

our method with PrimerHunter, which we tested for distinguishing between 

HCV subtype 1a and subtype 1b. 

 

All output result files and all raw input genome files, are provided in 

Supplementary Data and at the following link: 

https://github.com/Burak1Demiralay  

 

 

 

 

 

 

 

 

 

 

 

 

https://github.com/Burak1Demiralay
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