
UC San Diego
UC San Diego Electronic Theses and Dissertations

Title
Optimum primer design to perform targeted genome sequencing

Permalink
https://escholarship.org/uc/item/56h8s5f6

Author
Sadatmousavi, Parastou

Publication Date
2012
 
Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/56h8s5f6
https://escholarship.org
http://www.cdlib.org/


 

 

 

 

UNIVERSITY OF CALIFORNIA, SAN DIEGO 

 

 

Optimum Primer Design to Perform Targeted Genome Sequencing 

 

Thesis submitted in partial satisfaction of the requirements for the  

degree Master of Science 

 

in 

 

Bioengineering 

 

by 

 

Parastou Sadatmousavi  

 

Committee in charge: 

 Professor Shankar Subramaniam, Chair 
 Professor Vineet Bafna 
 Professor Michael Heller 
 

2012 



 

 ii 

  



 

 iii 

 

 

 

 

 

The Thesis of Parastou Sadatmousavi is approved, and it is acceptable in 

quality and form for publication on microfilm and electronically.  

 

 

 

 

 

 

Chair 

 

 

University of California, San Diego 

2012 

  



 

 iv 

DEDICATION 

 

I would like to dedicate this work to my parents, Hadi and Farzin, who 

supported me through the challenging journey of my life, and always encouraged 

me to follow my dreams.  

  



 

 v 

 

TABLE OF CONTENTS 
SIGNATURE PAGE ............................................................................................. III 

DEDICATION ....................................................................................................... IV 

TABLE OF CONTENTS……………………………………………………………….V 

LIST OF FIGURES ............................................................................................ VIII 

LIST OF FILE SAMPLES .................................................................................. VIII 

ACKNOWLEDGEMENTS .................................................................................... XI 

1. INTRODUCTION ............................................................................................... 1 

1.1 SIGNIFICANCE ............................................................................................... 1 

1.2 WORK FLOW ................................................................................................. 1 

1.2.1 Fragmentation ...................................................................................... 1 

1.2.2 Primer Determination ........................................................................... 2 

1.2.3 Secondary Structure Formation Detection ........................................... 2 

1.2.4 Primers’ Local Alignment against the Entire Genome .......................... 2 

1.2.5 Primer Interaction Detection ................................................................. 3 

1.2.6 Primer Tube Distribution ....................................................................... 3 

1.2.7 PCR Results ......................................................................................... 4 

1.2.8 Future Improvements ........................................................................... 4 

2. FRAGMENT LOCATION DETERMINATION ................................................... 6 

2.1 INTRODUCTION .............................................................................................. 6 



 

 vi 

2.2 METHOD ....................................................................................................... 6 

2.2.1 Gene Identification ............................................................................... 6 

2.2.2 Exon Localization ................................................................................. 7 

2.2.3 Fragmentation ...................................................................................... 9 

2.3 RESULTS AND FINDINGS .............................................................................. 10 

3. PRIMER DETERMINATION ........................................................................... 13 

3.1 INTRODUCTION ............................................................................................ 13 

3.1.1 Primer3 Parameters ........................................................................... 13 

3.2 METHOD ..................................................................................................... 15 

3.3 RESULTS AND FINDINGS .............................................................................. 20 

4. SECONDARY STRUCTURE FORMATION DETECTION WITHIN THE DNA 

TEMPLATE ..................................................................................................................... 22 

4.1 INTRODUCTION ............................................................................................ 22 

4.1.1 The mFold Software Package ............................................................ 22 

4.1.2 Vienna RNA Software Package ......................................................... 24 

4.1.3 The sFold Software Package ............................................................. 24 

4.1.4 The UNAFold Software Package ....................................................... 25 

4.2 METHOD .................................................................................................. 27 

4.3 RESULTS AND FINDINGS .............................................................................. 28 

5. PRIMERS’ LOCAL ALIGNMENT AGAINST THE ENTIER GENOME ........... 29 

5.1 INTRODUCTION ............................................................................................ 29 

5.2 METHOD ..................................................................................................... 30 

5.3 RESULTS AND FINDINGS .............................................................................. 32 



 

 vii 

6. PRIMER INTERACTON DETERMINATION ................................................... 34 

6.1 INTRODUCTION ............................................................................................ 34 

6.2 METHOD ..................................................................................................... 38 

6.3 RESULTS AND FINDINGS .............................................................................. 41 

7. PRIMER TUBE DISTRIBUTION ..................................................................... 42 

7.1 INTRODUCTION ............................................................................................ 42 

7.2 METHOD ..................................................................................................... 42 

8. PCR RESULTS ............................................................................................... 47 

9. FUTURE IMPROVEMENT .............................................................................. 49 

9.1 INTRODUCTION ............................................................................................ 49 

9.2 APPROACH .................................................................................................. 50 

REFERENCES: ................................................................................................... 52 

 

 

 

  



 

 viii 

LIST OF FIGURES 

Figure 1. Part of Otogenetics’ list of 535 cancer genes …………………………… 7 

Figure 2. Ensembl Biomart tool - selecting input options to get exons' locations list 
corresponding to the input gene ID list ………………………………..…………………...... 8 

Figure 3. List of exons (partially shown) . The list includes the gene ID, chromosome #, 
start and end index, and length of the exons…………………………………………………9 

Figure 4. A. The left primer forms a hairpin, an intramolecular structure. B. Intermolecular 
dimerization between two copies of left primer. C.  Another intermolecular dimerization 
between left and right primer. This would make both primers non-functional during PCR 
process …………………………………………………………………………...14 

Figure 5. Primer-primer homo dimerization: Two copies of same primer dimerized in this 
example with corresponding score of 6.00. ………………………………………………...18 

Figure 6. A Left primer binding to the right primer on the 3' end with corresponding score 
of 7.00. . ………………………………………………………………………………………...18 

Figure 7. Histogram demonstration of number of candidate primers that fail because of 
their GC content. A. shows histograms for left and right primers that did not pass the GC 
content of 40 to 60%. B. shows the potential left and right primers that did not have GC 
content between 30 to 70% ……………….......................................................................21 

Figure 8. Energy Dot Plot  for a RNA strand. Four colors are used to display four optimal 
energy levels of base pairs. Most of the variability in foldings occur in the sub-triangle 
with vertex (90, 200)[1] ……………………………………..…...........................................23 

Figure 9. The structure graph, mountain plot and probability dot plot of the secondary 
structure of a RNA strand. As displayed, there are two equally stable structures 
predicted[2]. ……………………………………..…............................................................24 

Figure 10. Simple schematic visualization of primers binding to different locations in the 
genome and producing unintended amplicons……………………..……………………….30 

Figure 11. The histogram of alignment scores  of BLAST hits along the DNA 
template………………………………………………………………………………………….33 

Figure 12. Sliding algorithm for screening intramolecular (hairpin) secondary structure. 
The single stranded DNA is folded on itself and evaluated by Watson-Crick base paring 
rules[3]. ………………………………………………….......................................................35 

Figure 13. Illustration of the intermolecular homodimer formation between two copies of 
a single stranded DNA. ………………………………………..….......................................36 



 

 ix 

Figure 14. Basic sliding algorithm to determine intermolecular interactions and dimer 
formation….………………………..…...............................................................................37 

Figure 15. The screenshot of Autodimer output. As shown, the score, melting 
temperature, and free energy of the structures are reported along with visual 
presentation of the dimers. ……………………………………………....…........................38 

Figure 16. The matrix demonstration of Autodimer run for large number of primers. This 
matrix would be symmetric, so only half of it (green shaded cells) is considered. The red 
diagonal cells are not considered since they are included in the other runs…………….39 

Figure 17. PCR gels reflecting results of multiplex and monoplex PCR experiments…..47 

Figure 18. PCR gels showing that the multiplex PCR for fragments of same exon 
works…………………………………………………………………………………………….48 

Figure 19. Schematic demonstration of intended fragment selection based on the 
previous fragment’s primer selection. The first amplicon is assumed to be extended to 
the leftmost right primer……………………………………………………..…………………51 

  



 

 x 

LIST OF FILE SAMPLES 

File Sample 1.  Fragments file that includes amplicons of intended size (shown 
partially here). The introductory line for each amplicon has the format 
GeneID_Exon#_Fragment#, Chromosome#, Start index, End index. The second 
line is the sequence of the amplicon pulled out from chromosome FASTA 
file……………………………………………………………………………..………...11 

File Sample 2. Sample of primer3 input which includes the fragment ID, 
sequence and input tags. …………………………………………………………….16 

File Sample 3. Primer3 output sample. In this sample 2 pairs of primers passed 
all constraints and reported with their characteristics. ………………………..…..19 

 Sample File 4. A portion of BLAST output that shows two 100% matching 
identity alignments and one with 91% identity that includes two 
mismatches…………………………………………………………………………….31 

Sample File 5. Autodimer output file sample. For each comparison, the program 
reports number of base pair matches, a score, melting temperature, and free 
energy in the selected PCR temperature of 60.5 in this sample………………….40 

 

 

  



 

 xi 

ACKNOWLEDGEMENTS  

I would like to appreciate endless support and invaluable guidance of Dr. 

Shankar Subramaniam from the very first days I entered the bioengineering 

department as an undergraduate student.  

  I also would like to thank the wonderful counselors Margene Wight 

and Janet Lenington for their helpful advices and support. Without their help, I 

wouldn’t be able to reach this point. In addition I like to acknowledge the 

generous support offered to me by all the staff specifically, Risa Shibata, at the 

bioengineering department.   

I appreciate working with all people who helped me in this project, 

specifically Daniel Blake, Daniel Roach, Romelia Salmon, Vipul Bhargava, and 

Chris CN van Schie for all their contributions.  

  



 

 xii 

ABSTRACT OF THE THESIS 

 

Optimum Primer Design to Perform Targeted Genome Sequencing 

 

by  

 

Parastou Sadatmousavi  

 

Master of Science in Bioengineering 

 

University of California, San Diego, 2012 

 

Professor Shankar Subramaniam, Chair 

 

In spite of the numerous advances in the area of sequencing, the actual 

procedure is still expensive, with the price increasing with portion of the genome 

to be sequenced and the accuracy required. The Polymerase Chain Reaction 

(PCR) method has been the way to enrich particular genomic regions of interest 

for next generation sequencing. However, the challenge is to design a large 

number of primers that work together to amplify a large number of regions in the 

multiplex PCR process. This study addresses all different issues that may 

happen in multiplex PCR process and outlines a procedure to design primers to 
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amplify exon regions of genes, which would increase the accuracy and decrease 

the cost of sequencing. 
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1. INTRODUCTION 

1.1 Significance  

Although the next generation sequencing (NGS) technologies now 

produce large scale of sequencing data in a short time, the cost of entire human 

genome sequencing is still very high. Also, there are more and more genes being 

discovered that are connected with diseases like cancer and dystrophies. As a 

result, if the sequencing experiments can be narrowed down to specific genes 

and even exonic regions in the genes, not only the cost of sequencing drops 

dramatically, but also the accuracy increases. This project designs primers to 

enrich exonic regions of genes in multiplex PCR process and be prepared for 

next generation sequencing procedure.  

1.2 Work Flow 

1.2.1 Fragmentation 

The sequencing machines have their own protocols and a certain range 

for read lengths. As a result, the DNA sample prepared for sequencing should be 

chopped to the appropriate length. In traditional methods, DNA is chopped 

randomly through sonication or restriction enzyme digestion. However, in this 

method, the desired exons are being fragmented using designed primers and the 

fragments are being enriched for sequencing through PCR process.  
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Since this methods targets exons for sequencing, longer exons need to be 

fragmented to the size compatible with the sequencing machine read lengths. 

The fragmentation is done in a way that every single base-pair is being 

sequenced and enough buffer length around the intended piece is considered to 

allow a primer pair with appropriate aspects to be found in the next steps.  

1.2.2 Primer Determination 

The study uses Primer3 software package to determine set of potential 

primer pairs that would bind to buffering region and amplify the intended region 

during the PCR process. The program receives specific parameters such as the 

desired primer size range, PCR temperature, and GC content range to eliminate 

the potential primers that fail the criteria. Primer3 also eliminates primers that 

form inter and intra molecular interactions in the pair.   

1.2.3 Secondary Structure Formation Detection 

The single stranded DNA template may form secondary structures in 

certain regions in the particular PCR temperature, and it is difficult for the 

designed primers to bind to this regions and the PCR process would not be as 

efficient. As a result, these regions need to be identified and we need to avoid 

primers that are supposed to bind to these regions. These primers need to be 

replaced by the other potential primer pairs designed to amplify the region.  

1.2.4 Primers’ Local Alignment against the Entire Genome 

The designed primer by Primer3 may bind to multiple locations along the 

genome with different strengths. Utilizing the BLAST program we can locate 
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where and with what intensity the primer bind to the DNA template. The local 

alignment of the potential primers against the genome is required to avoid two 

problematic cases. First, if a particular primer binds too many times along the 

genome, it is being wasted and does not serve PCR well. Second, non-specific 

bindng  along the genome may amplify the unwanted pieces with similar read 

lengths with the sequencing. This would introduce a huge amount of error to our 

final results. As a result, the primers in the first case need to be eliminated and 

the left and right primers in the second case  should not present in the same PCR 

tube.  

1.2.5 Primer Interaction Detection 

The potential primers designed to amplify different regions of DNA may 

interact with each other and form stable dimers. In this case, they become non-

functional and cannot serve their roles in the PCR process. In order to make sure 

that the PCR efficiency is not compromised, we need to separate primers that 

form stable dimers in different PCR tubes. Autodimer software package is used 

to inter-compare all the primers and determine any stable dimerizations.  

 1.2.6 Primer Tube Distribution 

One of the main purposes of this study is to decrease the cost of human 

genome sequencing. All the steps of this project lead us to this final aspect that 

would reduce the cost of multiplex PCR process in sample preparation.  If we can 

maximize the number of fragments being amplified in a single PCR tube, we 

would minimize the total number of PCR tubes. Higher number of PCR tubes will 
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lead to additional cost to the user in terms of actual reagent cost, time to prepare 

samples and PCR mixes, amount of templates required for PCR, and difficulties 

in normalizing the amounts of DNA amplified by the PCR process.  In this step, 

we make sure that the primers entering the same tube do not interfere with each 

others functionality and do not form unwanted products. As a result, not only the 

number of PCR tubes is minimized, but also the amount of noise introduced to 

sequencing step is also minimized.  

1.2.7 PCR Results 

The PCR results proves that the designed primers produced amplicons of 

desired length (210-230bp) with minimum amount of noise. This shows that all 

steps in the sequence of our project worked well together to target and enrich 

specific regions of DNA template to be prepared for next generation sequencing 

step.  

1.2.8 Future Improvements  

To improve the current process, we can rearrange the steps and modify 

some of them to improve the run time and decrease the cost of sequencing. For 

example, the fragmentation step and primer determination can be done in a 

dynamic way simultaneously.  Also, the local alignment and detection of 

secondary structures can be done in after primer determination in each step to 

narrow down the list of primers as we approach for more fragments.  
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In addition, we need to write a program to check for dimerization that is 

more controllable by user to avoid calculation overlaps between different runs 

and reduce the run time and analysis time.  
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2. FRAGMENT LOCATION DETERMINATION 

2.1 Introduction 

The very first step to the targeted genome sequencing is to identify the 

intended regions to be sequenced. After the location determination, they need to 

be prepared for primer determination process. This preparation involves 

fragmentation in a way that after PCR enrichment, the length of DNA pieces is 

appropriate with the particular sequencing technology protocol.  

2.2 Method 

2.2.1 Gene Identification 

In this study, the 535 cancer genes is downloaded from “Otogenetics 

Corporation pre-defined pathway/disease genes” [4]. As the figure 1 shows a 

screenshot of the cancer genes downloaded from Otogenetics, the Excel file 

includes the gene symbol, name, chromosome location, whether of not there is a 

cancer somatic mutation or cancer germline mutation.  The first column that 

includes the gene symbols is important for the next step. However, we can return 

to this list in the future for some interpretations.  
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Figure 1. Part of Otogenetics' list of 535 cancer genes 

2.2.2 Exon Localization  

In the next step, the list of genes are imported to “Ensembl Biomart” tool in 

order to locate exons inside the genes [5].  In the Biomart tool, “Ensembl Genes 
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65” database, “Homo sapiens genes” dataset,  and “ID list limit: WikiGene 

Names” filter  are selected. Finally, the tool is asked to output the gene ID of 

exons, the chromosome start and end location. Figure 2 displays a screenshot 

from the Ensembl Biomart tool and selecting input parameters. 

 

Figure 2. Biomart tool: selecting input options to get exons' locations list corresponding 
to the input gene ID list 

The Biomart tool outputted 1176 exons for 535 genes; however, some of 

the exons are either repeated or overlapping with each other. Therefore, the list 

of exons is parsed and the repeated exons are removed from the list, and the 

overlapping ones are combined to form a longer exon. The exon list is reduced to 

613 from initial list of 1176 exons. Table 1 displays part of the exons list. Each 

line is composed of the gene ID, chromosome number, chromosome start 

location, chromosome end location, and length of the exon.  
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Gene ID Chromosome Start Index End Index Length 
ENSG00000157873 1 2487078 2487106 28 
ENSG00000157873 1 2487230 2487700 470 
ENSG00000157873 1 2487804 2488172 368 
ENSG00000157873 1 2489165 2489273 108 
ENSG00000157873 1 2489782 2491417 1635 
ENSG00000157873 1 2491993 2495268 3275 
ENSG00000157873 1 2496129 2496796 667 
ENSG00000157873 1 2496850 2497061 211 
ENSG00000197323 1 114935399 114940612 5213 
ENSG00000197323 1 114942079 114942231 152 
ENSG00000197323 1 114944011 114944085 74 
ENSG00000197323 1 114945382 114945505 123 
ENSG00000197323 1 114946948 114948381 1433 
ENSG00000197323 1 114949563 114949722 159 
ENSG00000197323 1 114951299 114951362 63 
ENSG00000197323 1 114952806 114952938 132 
ENSG00000197323 1 114963002 114963073 71 
ENSG00000197323 1 114964058 114964258 200 
ENSG00000197323 1 114967213 114967377 164 
ENSG00000197323 1 114968071 114968345 274 
ENSG00000197323 1 114969799 114969916 117 
ENSG00000197323 1 114970370 114970516 146 
ENSG00000197323 1 114973420 114973534 114 
ENSG00000197323 1 114976239 114976355 116 
ENSG00000197323 1 115005726 115005858 132 
ENSG00000197323 1 115006034 115006178 144 
ENSG00000197323 1 115006892 115007010 118 
ENSG00000197323 1 115053172 115053781 609 
ENSG00000143549 1 154127784 154130197 2413 

 Figure 3. List of exons (partially shown) . The list includes the gene ID, chromosome #, 
start and end index, and length of the exons. 

 

2.2.3 Fragmentation 

Every sequencing technology has its own protocol, which indicates the 

length range of fragment insert that can be sequenced through their machine. 
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The fragmentation method needs to allow buffer region both on the left and the 

right side of the intended region for the designed primers binding. Once the 

region is amplified the amplicon size would be in the sequencing acceptable 

range.  

In this way the three different cases occur: 1. After adding the buffer 

region to the exon, the potential amplicon have the length in the acceptable   

range. 2. Exons that with the buffer region around them are smaller than the 

acceptable insert length range. 3. Exons that are longer than the insert length 

range.  

In order to prepare case 2 and 3 prepared for the sequencing machine, we 

need to expand the intended region around the too small exon and we need to 

design primers in a way to make multiple amplicons from the too large exon. It is 

important to make sure that all base pairs within the intended regions are 

sequenced with minimum noise introduced in the process.   

2.3 Results and Findings  

After editing the exons list, about 86% of the exons are below 500 base 

pairs and the rest of them have the length between 500 to 9500 base pairs. This 

exon list is used to create the fragment list using a Perl code. Each fragment is 

designed to have 100 base pairs as the target piece and 100 base pair on the left 

and right of it to allow potential primers being designed in the next steps to bind. 

Also, 10 base pair overlap is allowed in target sequence of continuous fragments 

to give them an identification address for assembly after sequencing. Totally 
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2652 fragments are created in this way.  In order to create distinct fragment 

name, the number of exon in the gene and the fragment number in that exon is 

added to the gene ID.  

ENSG00000157873_1_1,1,2487120,2487440 
TGGGCTTCCATTGACTGCATCACGTCCAGCAGCAGGAAGGGGCCACGGGGGCACTGGCGT
CGTCACGTGGGTCACGAGGTTCCATGTGATGCAGGGAGCGAGGCCGTCACGAGGGACTCA
CTGGTGCCTGCCTTGGGGCTCCGGGACTGTGGGCTGTCTCCATCCGGAGGTCTCCCTACCA
CCAGGCTCTGTGGGGCAGGGAAGCCCAGTGGGGTGCAGGGAGCCAGGAAGCTGGGGTGG
GGTCAGGGCAGGGTCCACAGGGAGACCGGGCGAGGCTGGCAGCCTTCCCAGTCCGCGCAG
CGTCTCTGCAGGGGGAGCAA 
 
ENSG00000157873_1_2,1,2487210,2487530 
GCAGGGAGCGAGGCCGTCACGAGGGACTCACTGGTGCCTGCCTTGGGGCTCCGGGACTGT
GGGCTGTCTCCATCCGGAGGTCTCCCTACCACCAGGCTCTGTGGGGCAGGGAAGCCCAGTG
GGGTGCAGGGAGCCAGGAAGCTGGGGTGGGGTCAGGGCAGGGTCCACAGGGAGACCGGG
CGAGGCTGGCAGCCTTCCCAGTCCGCGCAGCGTCTCTGCAGGGGGAGCAAGAGCTGCCCT
TCCACCCCTCCCAGGGGACGGGTAGGGGCACTCTGGGCTTTTCCCACCCCCTCACGCAGGG
ACACAGGCCTGGTGGGTCT 
 
ENSG00000157873_1_3,1,2487300,2487620 
ACCAGGCTCTGTGGGGCAGGGAAGCCCAGTGGGGTGCAGGGAGCCAGGAAGCTGGGGTG
GGGTCAGGGCAGGGTCCACAGGGAGACCGGGCGAGGCTGGCAGCCTTCCCAGTCCGCGCA
GCGTCTCTGCAGGGGGAGCAAGAGCTGCCCTTCCACCCCTCCCAGGGGACGGGTAGGGGC
ACTCTGGGCTTTTCCCACCCCCTCACGCAGGGACACAGGCCTGGTGGGTCTATGACTGAAAT
TGGCCAGACCGCATTCTGGTGGTTTTATTCGGAAGGGAAGTTTACCCTGTTCAGCAGAAGCT
GAGATGGGAACAGGAAA 
 
ENSG00000157873_1_4,1,2487390,2487710 
CGAGGCTGGCAGCCTTCCCAGTCCGCGCAGCGTCTCTGCAGGGGGAGCAAGAGCTGCCCT
TCCACCCCTCCCAGGGGACGGGTAGGGGCACTCTGGGCTTTTCCCACCCCCTCACGCAGGG
ACACAGGCCTGGTGGGTCTATGACTGAAATTGGCCAGACCGCATTCTGGTGGTTTTATTCGG
AAGGGAAGTTTACCCTGTTCAGCAGAAGCTGAGATGGGAACAGGAAACCCACAGGGCCCCT
TTATTCGGCAAAAATGTCAGTCAGCGCCCCGGGGAGCAGCCGAGGGTCCCTGAGTGTGTGA
GTGAGGTGGGGAAAC 
 
ENSG00000157873_1_5,1,2487480,2487800 
CTCTGGGCTTTTCCCACCCCCTCACGCAGGGACACAGGCCTGGTGGGTCTATGACTGAAATT
GGCCAGACCGCATTCTGGTGGTTTTATTCGGAAGGGAAGTTTACCCTGTTCAGCAGAAGCTG
AGATGGGAACAGGAAACCCACAGGGCCCCTTTATTCGGCAAAAATGTCAGTCAGCGCCCCG
GGGAGCAGCCGAGGGTCCCTGAGTGTGTGAGTGAGGTGGGGAAACACAGATGGACTTTGG
GGGGCTCCCCCTTCTACAGGAAACCCGGAGTGGACTGGAATGGTGCAGGGGGAGAACTCG
CCCCTCCCATCGGGC 
File Sample 1.  Fragments file that includes amplicons of intended size (shown partially 
here). The introductory line for each amplicon has the format 
GeneID_Exon#_Fragment#, Chromosome#, Start index, End index. The second line is 
the sequence of the amplicon pulled out from chromosome FASTA file.  
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ENSG00000157873_1_6,1,2487530,2487850 
ATGACTGAAATTGGCCAGACCGCATTCTGGTGGTTTTATTCGGAAGGGAAGTTTACCCTGTT
CAGCAGAAGCTGAGATGGGAACAGGAAACCCACAGGGCCCCTTTATTCGGCAAAAATGTCA
GTCAGCGCCCCGGGGAGCAGCCGAGGGTCCCTGAGTGTGTGAGTGAGGTGGGGAAACACA
GATGGACTTTGGGGGGCTCCCCCTTCTACAGGAAACCCGGAGTGGACTGGAATGGTGCAGG
GGGAGAACTCGCCCCTCCCATCGGGCGCCTCCTTCATACCGGCCCTTCCCCTCGGCTTTGC
CTGGACAGCTCCTGC 
 
ENSG00000157873_2_1,1,2487694,2488014 
AGTGAGGTGGGGAAACACAGATGGACTTTGGGGGGCTCCCCCTTCTACAGGAAACCCGGAG
TGGACTGGAATGGTGCAGGGGGAGAACTCGCCCCTCCCATCGGGCGCCTCCTTCATACCGG
CCCTTCCCCTCGGCTTTGCCTGGACAGCTCCTGCCTCCCGCAGGGCCCACCTGTGTCCCCC
AGCGCCGCTCCACCCAGCAGGCCTGAGCCCCTCTCTGCTGCCAGACACCCCCTGCTGCCCA
CTCTCCTGCTGCTCGGGTTCTGAGGCACAGCTTGTCACACCGAGGCGGATTCTCTTTCTCTT
TCTCTTTCTCTTCT 
 
ENSG00000157873_2_2,1,2487784,2488104 
GCCCCTCCCATCGGGCGCCTCCTTCATACCGGCCCTTCCCCTCGGCTTTGCCTGGACAGCT
CCTGCCTCCCGCAGGGCCCACCTGTGTCCCCCAGCGCCGCTCCACCCAGCAGGCCTGAGC
CCCTCTCTGCTGCCAGACACCCCCTGCTGCCCACTCTCCTGCTGCTCGGGTTCTGAGGCAC
AGCTTGTCACACCGAGGCGGATTCTCTTTCTCTTTCTCTTTCTCTTCTGGCCCACAGCCGCAG
CAATGGCGCTGAGTTCCTCTGCTGGAGTTCATCCTGCTAGCTGGGTTCCCGAGCTGCCGGT
CTGAGCCTGAGGCA 
 
ENSG00000157873_2_3,1,2487874,2488194 
CCCAGCGCCGCTCCACCCAGCAGGCCTGAGCCCCTCTCTGCTGCCAGACACCCCCTGCTGC
CCACTCTCCTGCTGCTCGGGTTCTGAGGCACAGCTTGTCACACCGAGGCGGATTCTCTTTCT
CTTTCTCTTTCTCTTCTGGCCCACAGCCGCAGCAATGGCGCTGAGTTCCTCTGCTGGAGTTC
ATCCTGCTAGCTGGGTTCCCGAGCTGCCGGTCTGAGCCTGAGGCATGGAGCCTCCTGGAGA
CTGGGGGCCTCCTCCCTGGAGATCCACCCCCAAAACCGACGTCTTGAGGCTGGTGAGCCCC
CGAGCCTCCTCTC 
 
ENSG00000157873_2_4,1,2487963,2488283 
CACAGCTTGTCACACCGAGGCGGATTCTCTTTCTCTTTCTCTTTCTCTTCTGGCCCACAGCCG
CAGCAATGGCGCTGAGTTCCTCTGCTGGAGTTCATCCTGCTAGCTGGGTTCCCGAGCTGCC
GGTCTGAGCCTGAGGCATGGAGCCTCCTGGAGACTGGGGGCCTCCTCCCTGGAGATCCACC
CCCAAAACCGACGTCTTGAGGCTGGTGAGCCCCCGAGCCTCCTCTCCGTCTGCTCGCAGAT
CCCAGTTCTGACCCCAGGGCCTCCCACAGATCTCTTCCCCATGCCCCTGTCCTGGCCGTTGC
TGGCTCCGGCGT 
 
ENSG00000157873_3_1,1,2489055,2489375 
CTGCCGCTCCTCCCCATTGCACAGAGGGAGATTCAGGCTGTGGGGCCAAGCCTGGCAGAGC
CCACAGGGCAGCCAGGGCATCTCCCAATGCCTGTCCTGACCCCCTTAGGTGCTGTATCTCAC
CTTCCTGGGAGCCCCCTGCTACGCCCCAGCTCTGCCGTCCTGCAAGGAGGACGAGTACCCA
GTGGGCTCCGAGTGCTGCCCCAAGTGCAGTCCAGGTAGGTGCAGCCCTTTGGCGGGCCAG
CTCTGTGGGCCGAGGGCAGACACTCTTGCCCCCTTCTGCCCCAGACACCCCTGTGTTCTCT
GCCCCCACAGCCATG 
File Sample 1.  Continued 

 



 

13 

 

3. Primer Determination  

3.1 Introduction  

 In order to determine the appropriate pair of primers to amplify 

intended regions, it is essential to go over the buffer region assigned the intended 

region in the fragmentation step and find a subsequence as the primer’s binding 

location.  The pair of primers found in this way need to binds well to the DNA 

strand in the PCR temperature, and should not form a stable inter and intra 

structures. They also should not contain interspersed repeat pattern to avoid 

binding to ALUs or LINEs regions. One of the best free source programs that 

serve all these purposes and more is Primer3 that is used in this project.  

3.1.1 Primer3 Parameters 

Primer3 program is used to find primer candidates to amplify fragments in 

PCR reactions. This program considers certain constraints such as 

oligonucleotide melting temperature, GC content, PCR size range, salt and DNA 

concentration, and some other factors[6]. The program considers the possibility 

of primer-dimer formation, positional constraints within the fragment template, 

and the possibility of ectopic priming. Primer3 returns primers that more likely do 

not amplify undesirable sequences such as interspersed repeats.  

The program estimates the formation of secondary structure of the primers 

to eliminate the candidates that form stable intra-structures such as hairpins. It 

1
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also avoids candidates that two copies of the primer form dimers or primer pairs 

that form dimers with each other.  

 

Figure 4. A. The left primer forms a hairpin, an intramolecular structure. B. Intermolecular 
dimerization between two copies of left primer. C.  Another intermolecular dimerization 
between left and right primer. This would make both primers non-functional during PCR 
process 

The melting temperature of the forward and reverse primers would be 

closed to the PCR optimum temperature and both primers are located in the 

buffer region to make sure that the area of interest is being amplified. The other 

factor considered is referred as “Max End Stability”, which is the measurement of 

maximum stability for the five 3’ bases of the primer candidate. The value is the 

maximum delta G for duplex disruption for the five 3’ bases, which is calculated 

using nearest neighbor parameters[7]. The larger the value, the more stable the 

3’ end and the more efficient polymerization reactions.  
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In addition, primer3 balances two left and right primers equally in their 

length, melting temperature, and product size. However, the optimality calculation 

is objective, and the user can use the Objective Function Weights to tell the 

program if some factors like the difference in melting temperature of the two 

primers is more important that the other factors.   

Since more than 35% of human genome is composed of interspersed 

repeats such as ALUs and LINEs, source sequences may include these repeats. 

As a result, there are also Pair Max Mispriming input fields and the user either 

needs to replace interspersed repeats in the source sequence with N’s or 

chooses Mispriming Libraries.  

3.2 Method 

Primer3 would return the list of primer pairs that could work to amplify the 

fragment. For the purpose of this study, it is better to ask the program to output a 

larger number of primers because some of the pair would be eliminated in the 

next steps for different reasons.  

Since in this study, primer3 selects primers for a large number of 

sequences, primer3_core program was preferred to primer3’s WWW interface. 

The version used in this study is primer3-2.2.3.  Figure blow includes the sample 

input file we used in this study.  
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SEQUENCE_ID=ENSG00000157873_1_1 
SEQUENCE_TEMPLATE=TTGACTGCATCACGTCCAGCAGCAGGAAGGGGCCACGGGGGCA
CTGGCGTCGTCACGTGGGTCACGAGGTTCCATGTGATGCAGGGAGCGAGGCCGTCACGAG
GGACTCACTGGTGCCTGCCTTGGGGCTCCGGGACTGTGGGCTGTCTCCATCCGGAGGTCTC
CCTACCACCAGGCTCTGTGGGGCAGGGAAGCCCAGTGGGGTGCAGGGAGCCAGGAAGCTG
GGGTGGGGTCAGGGCAGGGTCCACAGGGAGACCGGGCGAGGCTGGCAGCCTTCCCAGTCC
GCGCAGCGTCTCTGCA 
PRIMER_NUM_RETURN=15 
TARGET=100,100 
PRIMER_MAX_SIZE=36 
PRIMER_MIN_SIZE=10 
PRIMER_OPT_TM=60.5 
PRIMER_MAX_TM=61 
PRIMER_MIN_TM=60 
PRIMER_MAX_GC=60.0 
PRIMER_MIN_GC=40.0 
PRIMER_NUM_NS_ACCEPTED=0 
PRIMER_PRODUCT_SIZE_RANGE=210-230 
PRIMER_SALT_CONC=50.0 
PRIMER_DIVALENT_CONC=0 
PRIMER_DNTP_CONC=0 
PRIMER_DNA_CONC=50.0 
PRIMER_TM_SANTALUCIA=1 
PRIMER_SALT_CORRECTIONS=1 
PRIMER_FILE_FLAG=0 
PRIMER_PICK_INTERNAL_OLIGO=0 
PRIMER_EXPLAIN_FLAG=1 
= 
SEQUENCE_ID=ENSG00000157873_1_2 
SEQUENCE_TEMPLATE=AGGCCGTCACGAGGGACTCACTGGTGCCTGCCTTGGGGCTCCG
GGACTGTGGGCTGTCTCCATCCGGAGGTCTCCCTACCACCAGGCTCTGTGGGGCAGGGAAG
CCCAGTGGGGTGCAGGGAGCCAGGAAGCTGGGGTGGGGTCAGGGCAGGGTCCACAGGGA
GACCGGGCGAGGCTGGCAGCCTTCCCAGTCCGCGCAGCGTCTCTGCAGGGGGAGCAAGAG
CTGCCCTTCCACCCCTCCCAGGGGACGGGTAGGGGCACTCTGGGCTTTTCCCACCCCCTCA
CGCAGGGACACAGGCC 
PRIMER_NUM_RETURN=15 
TARGET=100,100 
PRIMER_MAX_SIZE=36 
PRIMER_MIN_SIZE=10 
PRIMER_OPT_TM=60.5 
PRIMER_MAX_TM=61 
PRIMER_MIN_TM=60 
PRIMER_MAX_GC=60.0 
PRIMER_MIN_GC=40.0 
PRIMER_NUM_NS_ACCEPTED=0 
PRIMER_PRODUCT_SIZE_RANGE=210-230 
PRIMER_SALT_CONC=50.0 
PRIMER_DIVALENT_CONC=0 
PRIMER_DNTP_CONC=0 
File Sample 2. Sample of primer3 input which includes the fragment ID, sequence and 
input tags. 
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PRIMER_DNA_CONC=50.0 
PRIMER_TM_SANTALUCIA=1 
PRIMER_SALT_CORRECTIONS=1 
PRIMER_FILE_FLAG=0 
PRIMER_PICK_INTERNAL_OLIGO=0 
PRIMER_EXPLAIN_FLAG=1 
= 
File Sample 2. Continued 

The output of primer3 includes the sequence ID and the constraints given 

in the input. Next, it states the number of left and right primer candidates 

considered. It also includes the number of candidates that failed and the reason 

of failure such as low or high melting temperature and wrong GC contents. It also 

explains why pair candidates failed. If the primer pair candidate does not produce 

desirable product length, the pair would fail. The output gives the sequence of 

accepted primer pairs, their position in the sequence and their length, the GC 

content, melting temperature, dimerization likelihood, and 3’ end stability.  

The output includes the contribution of each primer and the pair of primers 

to the objective function stated by PRIMER_PENALTY and 

PRIMER_PAIR_PENALTY respectively. The lower number is better. 

The dimerization evaluation divides into two categories:  

1. Self-dimerization, which is tagged by PRIMER_SELF_ANY and 

PRIMER_SELF_END. The first tag refers to the score of primer binding to itself in 

ANY location within the entire primer sequence. The second tag indicates the 

best score that can be find when 3’ end of the primer binds to the other copy of 

the primer 3’ end. In the example shown in the figure below, the score is 6.00 
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since 6 base pairs are complementary. Therefore, the scores are non-negative 

and the score of 0.00 means no binding in the 3’ ends[8].   

 

Figure 5. Primer-primer homo dimerization: Two copies of same primer dimerized in this 
example with corresponding score of 6.00. 

2. Complementary dimerization. This characteristic is tagged by 

PRIMER_COMPL_ANY and PRIMER_COMPL_END.  These terms describes 

the tendency of the left primer to bind to the right primer in ANY location or at the 

3’ END. These scores are also non-negative numbers.  

 

Figure 6. A Left primer binding to the right primer on the 3' end with corresponding score 
of 7.00. 

As the sample output file shows, primer3 considers all potential primers in 

the priming region with all possible lengths between the PRIMER_MIN_SIZE and 

PRIMER_MAX_SIZE and reports the statistics explanation of what could happen 

for primers to be failed.  
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SEQUENCE_ID=ENSG00000157873_1_4 
SEQUENCE_TEMPLATE=AGCCTTCCCAGTCCGCGCAGCGTCTCTGCAGGGGGAGCAAGAG
CTGCCCTTCCACCCCTCCCAGGGGACGGGTAGGGGCACTCTGGGCTTTTCCCACCCCCTCA
CGCAGGGACACAGGCCTGGTGGGTCTATGACTGAAATTGGCCAGACCGCATTCTGGTGGTT
TTATTCGGAAGGGAAGTTTACCCTGTTCAGCAGAAGCTGAGATGGGAACAGGAAACCCACAG
GGCCCCTTTATTCGGCAAAAATGTCAGTCAGCGCCCCGGGGAGCAGCCGAGGGTCCCTGAG
TGTGTGAGTGAG 
… 
PRIMER_LEFT_EXPLAIN=considered 2457, GC content failed 2313, low tm 91, high tm 52, ok 1 
PRIMER_RIGHT_EXPLAIN=considered 2457, GC content failed 1124, low tm 326, high tm 990, 
ok 17 
PRIMER_PAIR_EXPLAIN=considered 17, unacceptable product size 15, ok 2 
PRIMER_LEFT_NUM_RETURNED=2 
PRIMER_RIGHT_NUM_RETURNED=2 
PRIMER_INTERNAL_NUM_RETURNED=0 
PRIMER_PAIR_NUM_RETURNED=2 
PRIMER_PAIR_0_PENALTY=5.641466 
PRIMER_LEFT_0_PENALTY=5.150766 
PRIMER_RIGHT_0_PENALTY=0.490701 
PRIMER_LEFT_0_SEQUENCE=TCTGGGCTTTTCCCA 
PRIMER_RIGHT_0_SEQUENCE=CTCACTCACACACTCAGGGA 
PRIMER_LEFT_0=81,15 
PRIMER_RIGHT_0=299,20 
PRIMER_LEFT_0_TM=60.651 
PRIMER_RIGHT_0_TM=60.009 
PRIMER_LEFT_0_GC_PERCENT=53.333 
PRIMER_RIGHT_0_GC_PERCENT=55.000 
PRIMER_LEFT_0_SELF_ANY=4.00 
PRIMER_RIGHT_0_SELF_ANY=3.00 
PRIMER_LEFT_0_SELF_END=3.00 
PRIMER_RIGHT_0_SELF_END=1.00 
PRIMER_LEFT_0_END_STABILITY=9.7000 
PRIMER_RIGHT_0_END_STABILITY=9.4000 
PRIMER_PAIR_0_COMPL_ANY=4.00 
PRIMER_PAIR_0_COMPL_END=3.00 
PRIMER_PAIR_0_PRODUCT_SIZE=219 
PRIMER_PAIR_1_PENALTY=6.559317 
PRIMER_LEFT_1_PENALTY=5.150766 
PRIMER_RIGHT_1_PENALTY=1.408552 
PRIMER_LEFT_1_SEQUENCE=TCTGGGCTTTTCCCA 
PRIMER_RIGHT_1_SEQUENCE=CTCACTCACACACTCAGGGAC 
PRIMER_LEFT_1=81,15 
PRIMER_RIGHT_1=299,21 
PRIMER_LEFT_1_TM=60.651 
PRIMER_RIGHT_1_TM=60.909 
PRIMER_LEFT_1_GC_PERCENT=53.333 
PRIMER_RIGHT_1_GC_PERCENT=57.143 
PRIMER_LEFT_1_SELF_ANY=4.00 
PRIMER_RIGHT_1_SELF_ANY=3.00 
PRIMER_LEFT_1_SELF_END=3.00 
File Sample 3. Primer3 output sample. In this sample 2 pairs of primers passed all 
constraints and reported with their characteristics.  
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PRIMER_RIGHT_1_SELF_END=1.00 
PRIMER_LEFT_1_END_STABILITY=9.7000 
PRIMER_RIGHT_1_END_STABILITY=9.1000 
PRIMER_PAIR_1_COMPL_ANY=4.00 
PRIMER_PAIR_1_COMPL_END=2.00 
PRIMER_PAIR_1_PRODUCT_SIZE=219 
File Sample 3. Continued  

3.3 Results and Findings 

 Total number of 2652 fragments was inputted to primer3 and 

requested the program to return maximum number of 15 primer pairs with size 

range of 10 to 36 base pairs, melting temperature between 60oC and 61oC, and 

GC content of 40% to 60%.   

The GC content range has very important rule on the primers being 

selected to amplify the intended regions. If higher GC content is allowed, shorter 

primers with high GC content would reach the desired melting temperature. This 

would make a dramatic increase in non-specific binding throughout the genome 

as well as the probability of dimer formation increases. As the histograms below 

show, when the GC content constraint is more relaxed, the number of primers 

failing because of wrong GC content drops severely.  As a result, the number of 

primers passing all constraints increases affectedly, but it introduces more 

problems.  
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Figure 7. Histogram demonstration of number of candidate primers that fail because of 
their GC content. A. shows histograms for left and right primers that did not pass the GC 
content of 40 to 60%. B. shows the potential left and right primers that did not have GC 
content between 30 to 70% 
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4. SECONDARY STRUCTURE FORMATION DETECTION WITHIN THE DNA 

TEMPLATE 

4.1 Introduction 

The single stranded DNA fragment can form stable internal structures 

such as hairpins or loops, When these structures are formed in the area that the 

designed primer is supposed to be bound, the chance of binding is low. As a 

result, the polymerization process does not happen often, and the amplification 

process would not be very efficient.  

There are multiple software packages that predict secondary structures 

within single stranded nucleic acid chains such as mFold, Vienna RNA, sFold, 

and UNAFold. All these software approximate the stability of these intramolecular 

structures by estimating the free energy.  

4.1.1 The mFold Software Package 

The mFold program computes a set of optimal and suboptimal foldings 

using energy dot plot (EDP). EDP is a triangular shape plot of dots. There is a dot 

in the ith row and jth column (i<j), if base pair i and j is included in a folding within 

the allowable free energy increment from the minimum[9][10]. The plot below 

demonstrates and example of the energy dot plot for RNA strand at 37oC.   

1

9 
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Figure 8. Energy Dot Plot  for a RNA strand. Four colors are used to display four optimal 
energy levels of base pairs. Most of the variability in foldings occur in the sub-triangle 
with vertex (90, 200)[1]  
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4.1.2 Vienna RNA Software Package 

Differently from mFold, the Vienna RNA software package computes 

partition function instead of minimum free energy consideration[2]. It calculates 

base pair probabilities referred as “boxplots” or Probability Dot Plots(PDP).  This 

means that all base pairs with probabilities above a certain threshold are 

displayed as boxes with area proportional to their probabilities[9]. In this way all 

possible foldings close to the optimal are predicted. The figure below illustrates 

secondary structure prediction for the RNA strand 

GCGUAAGGCGCGGCACCUUGUGC produced by RNAfold service which is one 

of the three CGI scripts of the package[2].   

 

Figure 9. The structure graph, mountain plot and probability dot plot of the secondary 
structure of a RNA strand. As displayed, there are two equally stable structures 
predicted[2].  

4.1.3 The sFold Software Package 

Similar to Vienna RNA package, the sFold package also computes 

partition functions using a simpler algorithm. In this algorithm, the statistically 
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valid sample(Gibbs sample) is computed instead of exact probabilities. This 

would estimate probabilities of any desired motif(s) in addition to the base pair 

probabilities[9]. This statistical sampling algorithm guarantees the generation of a 

statistically representative sample of structures[11]. 

4.1.4 The UNAFold Software Package 

The “Unified Nucleic Acid Folding” , UNAFold,  software package 

simulates folding, hybridization, and melting pathways for one or two single-

stranded DNA or RNA sequences.  This package combines methods used in 

other packages to make better predictions; therefore, in this study UNAFold 

package is used to predict the secondary structures of the single stranded DNA 

in the areas that designed primers are supposed to bind. Using dynamic 

programming and energy-based methods, the program predicts the folding of 

single stranded nucleic acid sequence by minimizing free energy, stochastic 

sampling, and calculating partition function. For the purpose of melting 

simulations, the entire melting profile is computed in addition to melting 

temperature. The stochastic sampling is used to compute the ensemble enthalpy 

and ensemble heat capacity for single sequence folding[9]. 

The nearest neighbor free energies and enthalpies from published sources 

can be simply added to calculate free energy, ΔG, and enthalpy ΔH of the 

structure.  Then using the fundamental thermodynamics formula the entropy can 

be calculated.  
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𝛥𝑆 = 1000 ∗
𝛥𝐻 − 𝛥𝐺

𝑇  

The factor 1000 expresses the ΔS in entropy unit (1 e.u. = 1cal/mol/K). 

However, this calculation does not consider the “random coil state”, which is a 

large ensemble factor.  Although the free energy and enthalpy of such ensemble 

can be set to zero, the entropy term is computed by Rln(N/Nref) , where R is the 

universal gas constant (1.9872 e.u.) and N is the number of states corresponding 

to hybridization and Nref is the total number of states. The simplified hybridization 

model assumes two possible states: hybridized , and random coil. Then, the 

melting temperature, Tm, when half of the dimers are hybridized can be 

calculated using the following equation.  

𝑇! = 1000 ∗
𝛥𝐻

𝛥𝑆 + 𝑅𝑙𝑛 𝐶!
𝑓

 

The term Ct represents the total strand concentration, and f =4 when two 

strands are different and f=1 when self-hybridization is the case. In this formula, it 

is assumed that both strands are in equal concentration and there is no 

competition for folding. Also, other types of hybridization, such as homodimer 

formation, are ignored[9]. When UNAFold uses this formula the hybridization is 

computed by minimizing the free energy. Finally, UNAFold utilizes a number of 

sophisticated methods to compute melting temperatures, entire melting profiles. It 

also determines UV absorbance at 260 nm, heat capacity (Cp ), and mole 

fractions of various single and double-stranded molecular species as a function 

of temperature.  
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UNAFold considers several important assumptions:  

1. The simulations are for molecules in the solution. The method cannot be 

used for microarrays.  

2. The system contains one or two different molecules. For example, imagine 

the solution contains three different oligos A, B, and C. If there were no 

interaction between A and B, then the hybridization between A and C 

would be simulated separately from hybridization between B and C. It also 

assumes that the concentration of the C is about double of the 

concentration of A and B. In the other words, C is not short in amount.  

3. The system is considered to be at equilibrium and the temperature 

changes very slowly, so the system remains constantly at equilibrium 

state.  

4.2 Method 

In order to catch all possible secondary structures that may form along the 

DNA template in the priming site, the window around the priming site is divided to 

pieces of 50 nucleotides to estimate structures within the small regions. These 

pieces are sliding with 1 nucleotide throughout the specified region. For example, 

if the first piece is from index 1 to 50, the next piece is located from index 2 to 51 

and so on. In this way no small stable structures would be missed. Also, if some 

neighbor pieces are part of a larger structure, the negative free energy pattern is 

observed in all of them. As a result, if we have a region of 100 base pairs to slide 

through, we will have UNAFold input with 50 fragment entries and the output 
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would gives us 50 free energy values corresponding to the entries. Analyzing this 

data we can find where the free energy is below the threshold that we define and 

if our potential primer is supposed to bind in that area, we need to switch to 

another alternative primer that binds to the template away from the stable 

structure.  

UNAFold may also predict multiple structures for a single fragment; 

however, we consider the most stable structure with minimum free energy.  

4.3 Results and Findings 

Since PCR is running in a pretty high temperature, the secondary 

structures forming within the DNA template are not very strong and stable. We 

found only 7% of our fragments have buffer ranges around them that have free 

energy below -5 kCal/mol.  

 



 

29 

 

5. PRIMERS’ LOCAL ALIGNMENT AGAINST THE ENTIER GENOME 

5.1 Introduction 

In order to target specific regions in the genome by multiplex PCR 

technique, and prepare acceptable fragment sizes for the sequencing machine, it 

is necessary to avoid unwanted products. Since the primer lengths are relatively 

short, the probability that they bind to multiple locations in the genome is high. 

Also, the primer does not have to match the binding region on DNA perfectly, as 

long as the 3’ end is stably bound, the polymerase reaction would happen. If the 

unintended amplicon size is closed to intended size, noise is introduces to the 

sequencing results. However, if the size is distinctively different, amplicons with 

the unwanted size can be separated before sequencing. As a result, all primer 

candidates should go through Basic Local Alignment Search Tool (BLAST) to 

predict where and with what intensity they bind to the DNA strand. In this way, all 

unintended amplicons can be identified.  

As explained earlier, in this study Primer3 was asked to output 15 primer 

pairs candidates for each intended fragment. As a result, if there is an 

complication with one primer pair, it can be replaced with another. In order to 

eliminate unintended amplicons, either one of the primer pairs causing the 

problem should be replaces with an alternative, or the two pairs should be 

distributed into different tubes.  
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Figure 10. Simple schematic visualization of primers binding to different locations in the 
genome and producing unintended amplicons 

In general, pairwise alignments allow us to describe the percent identity 

and similarity that two sequences share. The scoring system would assign 

positive values to matches, negative scores penalty or zero for mismatches and 

gaps. In this study, utilizing Blast’s local alignment method, we look for small 

regions of strong similarity to our designed primers within the entire human 

genome.    

5.2 Method 

In this study we used NCBI Basic Local Alignment Search Tool (BLAST) 

version 2.2.25+ to find the regions of local similarity between the potential 

primers and the human genome. The input file is prepared in FASTA format and 

the output file provides the locations of similarity along with score and percent 

identity as displayed in Sample File 5.  
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Query= ENSG00000116128_1_3_0_L 
 
Length=21 
                                                                      Score     E 
Sequences producing significant alignments:                          (Bits)  Value 
 
  chr1                                                                39.2    0.015 
  chr15                                                               33.7    0.65 
  chr2                                                                33.7    0.65 
  chr18                                                               31.9    2.3 
  chr11                                                               31.9    2.3 
  chr9                                                                31.9    2.3 
  chr8                                                                31.9    2.3 
  chrX                                                                31.9    2.3 
  chr7                                                                31.9    2.3 
  chr6                                                                31.9    2.3 
  chr4                                                                31.9    2.3 
  chr22                                                               30.1    8.0 
  chr19                                                               30.1    8.0 
  chr17                                                               30.1    8.0 
  chr14                                                               30.1    8.0 
  chr13                                                               30.1    8.0 
  chr12                                                               30.1    8.0 
  chr10                                                               30.1    8.0 
  chr5                                                                30.1    8.0 
  chr3                                                                30.1    8.0 
 
 
> chr15 
Length=102531392 
 
 Score = 33.7 bits (36),  Expect = 0.65 
 Identities = 18/18 (100%), Gaps = 0/18 (0%) 
 Strand=Plus/Plus 
 
Query  2              GGAGTCAGAAGAAAAACA  19 
                             |  |  |  | | |  | |  | |  |  | |  | |  | |  | 
Sbjct  62208042  GGAGTCAGAAGAAAAACA  62208059 
 
 
 Score = 30.1 bits (32),  Expect = 8.0 
 Identities = 16/16 (100%), Gaps = 0/16 (0%) 
 Strand=Plus/Minus 
 
Query  5              GTCAGAAGAAAAACAG  20 
                             |  | | |  |  | |  |  | |  | |  | | |  | 
Sbjct  62016749  GTCAGAAGAAAAACAG  62016734 
 
 
Sample File 4. A portion of BLAST output that shows two 100% matching identity 
alignments and one with 91% identity that includes two mismatches.  
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 Score = 30.1 bits (32),  Expect = 8.0 
 Identities = 19/21 (91%), Gaps = 0/21 (0%) 
 Strand=Plus/Minus 
 
Query  1              GGGAGTCAGAAGAAAAACAGA  21 
                             |  |  | |  |  | | |  |  | |  |    | |  |    |  | |  | 
Sbjct  67923896  GGGAGTCAGAAGCAAAGCAGA  67923876  
Sample File 4. Continued 

All these data from output should be analyzed and interpreted. 

Sometimes, there are too many hits for a single primer all over the genome. In 

these cases, the particular primers with their corresponding pair should be 

eliminated and there is no need to even analyze the data. To address this issue, 

we created a single input file for each primer and ran BLAST in a loop in order to 

have a single output file for each. In this way, during analysis we skipped too 

large output files and recorded the corresponding primer.      

In the analysis, we create a simple comparable score value s, 0≤s≤1. This 

score would estimate the strength of binding of the primer to the template. This 

score is calculated as: 

s = %𝑖𝑑𝑒𝑛𝑡𝑖𝑡𝑦 ∗ !"#$!  !"#$%&'%(  !"#$%!
!"#$%%"  !"#$%!

  

5.3 Results and Findings 

Blast found 13 hits on average for the query sizes of 10 to 36 nucleotide 

primers. The figure below displays a histogram, which demonstrates the score 

distribution of the hits found by blast.  
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Figure 11. The histogram of alignment scores  of BLAST hits along the DNA template 
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6. PRIMER INTERACTON DETERMINATION 

6.1 Introduction  

The main purpose of this project is to design primer that bind to specific 

locations in the genome, so the multiplex PCR can be performed efficiently.  If a 

primer forms an intramolecular hairpin structure, or dimerizes to itself or to 

another primer, the binding site on the DNA strand would need to compete to 

bind to the primer and the PCR efficiency would decrease. Although Primer3 

estimates potential dimerization possibilities between two copies of a single 

primer and between left and right primers in a single pair, it is very important to 

check for all primer pairs for any cross-activities. As a result, for a n-plex PCR 

that employs 2n = N primers, N(N+1)/2 number of comparisons needs to be 

done. This number grows very fast as N increases, so an efficient program is 

required. The Autodimer software package applies a sliding algorithm to compare 

two strands of DNA in an overlapping fashion to reduce the time of screening for 

all potential cross-activities. The program evaluates primer-primer interactions 

applying the traditional Watson-Crick base pairing rules and assigns a score 

corresponding to the level of integration to each potential dimer or hairpin 

structure and reports the ones above the user-defined threshold. It also reports 

the melting temperature and free energy of melting (ΔG) for the structure[3].  

As figure 9 displays, the sliding algorithm utilized in Autodimer packages 

screens for the formation of intramolecular hairpin structure. This structure forms 
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when two regions in the primer strand are complementary to each other and bind. 

The hairpin consists of a stem (duplex region) and a single stranded loop and it is 

formed usually at low salt and low strand concentrations. Since the formation of 

single stranded loop is unfavorable and contributes positive free energy, the 

duplex structure should be stable enough with a high negative free energy to 

overcome the destabilizing positive free energy of the loop. Studies show that the 

loops of 4 to 5 base pairs are more stable[12], so the Autodimer’s hairpin 

screening algorithm allows for loops of this size with at least 2 base pairs in the 

stem[3].  

 

Figure 12. Sliding algorithm for screening intramolecular (hairpin) secondary structure. 
The single stranded DNA is folded on itself and evaluated by Watson-Crick base paring 
rules[3].  

The Autodimer’s primer-primer screening algorithm would determine the 

intermolecular cross-interactions. When the DNA strand includes two regions that 
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are complementary to each other, it can form a homodimer. The homodimer is a 

duplex structure with a mismatch budge in the center.   

 

Figure 13. Illustration of the intermolecular homodimer formation between two copies of 
a single stranded DNA.  

The figure 3 demonstrates the basic sliding algorithm, which 

intercompares two duplexes for all possible Watson-Crick states. A score is 

assigned to each structure. The score is determined by adding (+1) for all 

matching base pairs and (-1) for mismatches. Gaps and N’s are not considered 

in score determination. The score simply identifies the level of complementarity 

and the score of 7 or 8 threshold is appropriate for multiplex PCR experiment. 

The program needs to make N*M number of comparisons when intercompares 

two fragments of size M and N. The nearest neighbor thermodynamics 

parameters are used to calculate free energy as a more precise measurement of 

structures’ stability.   
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Figure 14. Basic sliding algorithm to determine intermolecular interactions and dimer 
formation  

As the next figure shows a screenshot of Autodimer’s output, the program 

reports score, free energy ΔG, and melting temperature Tm of all potential 

structures. It also provides the visual presentation of the structure, so the user 

can check for 3’ end stability to determine if the resulting structure is 

significant[3].  The user can specify the PCR temperature, score threshold and 

salt concentration.  
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Figure 15. The screenshot of Autodimer output: as shown, the score, melting 
temperature, and free energy of the structures are reported along with visual 
presentation of the dimers. 

6.2 Method 

The Autodimer software can only handle 1000 primers at a time. 

Therefore, when we need to investigate dimer formation of  larger number of 

primers, we need to divide them into smaller groups and send them to Autodimer. 

If the total set of primers divide to groups of 500 primers, then two groups can be 

combined as an input for a single Autodimer run.  As figure below illustrates, if we 

have 4 groups of primers, we will need to run Autodimer six times. However, it is 
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important to notice that the output results overlap. For example, if in one run 

group 1 and 2 are combined and in the other run group 1 and 3 are combined, 

both runs include inter-comparison of primers within group 1. This would increase 

the run time and decrease the efficiency of the program, but it is not avoidable so 

far.  

 

Figure 16. The matrix demonstration of Autodimer run for large number of primers. This 
matrix would be symmetric, so only half of it (green shaded cells) is considered. The red 
diagonal cells are not considered since they are included in the other runs.  

As figure 12 displays, Autodimer allows user to define certain parameters. 

In this study, the minimum score requirement is selected to be 7, and the 
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temperature is 60.5oC. Finally, after all runs, all the results are concatenated and 

the overlap portions are removed. Autodimer reports all dimers with score more 

than threshold 7, but not all of them form very stable bonding with very negative 

free energy and high melting temperature. The results are analyzed and a results 

matrix of 0s and 1s is created to indicate whether or not primer in column i form a 

dimer with primer j in row j with a free energy, ΔG, and high melting temperature.  

Although the PCR temperature is about 60oC, we considered all structures 

forming with Tm above 30oC. This matrix is used in the future steps to avoid 

stable dimers by separating corresponding primers and distribute them in 

different tubes. Below is a sample output file that shows a dimer formation with 

score 8 with a very low melting temperature, and a positive ΔG.   

ENSG00000165025_3_2_2_L CTGTTTCAGCTGTTTTCCTT versus 
ENSG00000116128_1_3_0_L GGGAGTCAGAAGAAAAACAGA 
Matches = 10 
Score = 8 
NCTGTTTTNCTT 
est. tm =  13.0 oC 
DeltaG 60.5 degrees =  greater than zero 
 
                               3'-AGACAAAAAGAAGACTGAGGG-5' 
                                    x |  | | |  | | |  x |  | |  
            5'-CTGTTTCAGCTGTTTTCCTT-3' 
 
ENSG00000165025_3_2_3_L TCTGTTTCAGCTGTTTTCCT versus 
ENSG00000116128_1_3_0_L GGGAGTCAGAAGAAAAACAGA 
Matches = 9 
Score = 7 
NCTGTTTTNCT 
est. tm =  6.2 oC 
DeltaG 60.5 degrees =  greater than zero 
Sample File 5. Autodimer output file sample. For each comparison, the program reports 
number of base pair matches, a score, melting temperature, and free energy in the 
selected PCR temperature of 60.5 in this sample.  
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                           3'-AGACAAAAAGAAGACTGAGGG-5' 
                                     x |  |  | |  | |  | x | | 
            5'-TCTGTTTCAGCTGTTTTCCT-3' 
  
ENSG00000181163_11_4_0_L GCACTTTCTTCTGACTGCTG versus 
ENSG00000116128_1_3_0_L GGGAGTCAGAAGAAAAACAGA 
Matches = 13 
Score = 7 
NGNAGTCAGAAGAAANNNN 
est. tm =  26.1 oC 
DeltaG 60.5 degrees =  -0.15 kcal/mole 
 
 
                    5'-GGGAGTCAGAAGAAAAACAGA-3' 
                        x  | x |  |  | |  | |  | | |  | | | x x x x 
                  3'-GTCGTCAGTCTTCTTTCACG-5' 
 
ENSG00000131759_3_6_2_L TCTGCCTCCCTTCTGACT versus ENSG00000116128_1_3_0_L 
GGGAGTCAGAAGAAAAACAGA 
Matches = 9 
Score = 8 
GGGAGNCAGA 
est. tm =  14.0 oC 
DeltaG 60.5 degrees =  -1.39 kcal/mole 
 
                             5'-GGGAGTCAGAAGAAAAACAGA-3' 
                                  |  |  | |  | x | |  | | 
          3'-TCAGTCTTCCCTCCGTCT-5' 
Sample File 5. Continued  

6.3 Results and Findings 

 Overall, not too many stable dimerization occur between short primers of 

length 10 to 36 nucleotides. Running Autodimer on total of 1678 primers, we 

have a 1678x1678 matrix with total of 623 number of 1s corresponding to dimers 

with melting temperature above 30oC. This means that the only 0.02% of primers 

form dimers that can cause problems.   
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7. PRIMER TUBE DISTRIBUTION 

7.1 Introduction 

One of the main purposes of this study is to decrease the cost of human 

genome sequencing. All the steps explained in the previous chapters lead the 

study to this final aspect that would reduce the cost of multiplex PCR process in 

sample preparation.  If we can maximize the number of fragments being 

amplified in a single PCR tube, we would minimize the total number of PCR 

tubes. Higher number of PCR tubes will lead to additional cost to the user in 

terms of actual reagent cost, time of prepare samples and PCR mixes, amount of 

templates required for PCR, and difficulties in normalizing the amounts of DNA 

amplified by the PCR process.     

7.2 Method 

The tube distribution algorithm is based loosely on a Markov Random 

Field model.  At its most basic, the problem is simply defined:  a set of gene 

fragments F can be primed by a group of Primer Sets P, with each fragment f in F 

having a known list P{f} of primer sets which can be used to capture g.  

Furthermore, there is a set of scores denoting the strength of interaction between 

any two primer sets, represented as S(P1, P2).  For our purposes, scores are 

defined as a decimal value on [0,1), with values 1 and up representing infinity in 
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the case of interactions which the algorithm may never permit.  Finally, the 

algorithm is given a value T, the number of PCR tubes to be used. 

Chemically, the scores S are a designed as a composition of all possible 

PCR products of non-specific binds between either primer in both primer sets, 

with increasing score representing more significant interactions, and thus a 

higher calculated impact on intended product formation. Similarly, scores of 1 

denote either primer dimerization which is calculated to be significant enough to 

completely eliminate production of the two primer sets’ intended products or non-

specific product formation predicted to be significant enough that the intended 

products will not be abundant enough to detect reliably on a sequencer.  The 

scoring system for calculating the severity of these interactions are both highly 

application-specific and highly dependent on specific PCR conditions, so the 

algorithm assumes that scores conforming to this specification have been pre-

calculated in the previous steps. 

Given all this information, the algorithm has a simple goal:  for each 

allowable T, produce a distribution D over all fragments which contains an 

assignment for each fragment of one primer set p from that fragment’s 

acceptable list P{f} and an integer tube assignment from 0 to T-1.  Distributions 

are then scored as a whole based on a scoring formula SD(D), which is again 

highly application-specific. 

Initially, D is composed by randomly assigning all fragments a primer set 

choice from their P{f} and a tube assignment, regardless of their interaction 
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scores.  D is then optimized via successive generations (we use 20 generations, 

currently) of calculation, with each generation following the same pattern: 

• Calculate an attenuation factor a for this generation, which is the 

percentage likelihood that we will follow the optimal course rather than 

distributing according to an individual fragment’s probability 

distribution.  We simply use a linear increase from 0 to 100% over the 

first half of the generations, followed by 100% optimization for the 

second half of the generations. 

• For all fragments f, simultaneously: 

o For each P{f} p 

 Calculate a probability distribution for tube selection on all 

tubes in the previous D.  This is calculated based on p’s  

interaction scores with all previously-assigned primer 

sets, and the exact formula used is application-specific. 

o Calculate a probability distribution for f over P{f}, based on each 

individual primer set’s tube assignment distributions.  The 

manner of this composition is again application-specific.  We 

simply choose the highest individual tube probability calculated 

for each p in P{f}. 

o Randomly roll against the attenuation factor to determine 

whether to optimize or randomize this fragment during this 

generation 



45 

 

 Optimization branch:  select the calculated ‘best’ primer 

set and tube assignment for this fragment 

 Randomization branch:  roll against the primer set and 

tube assignment probability distributions for this 

fragment, and accept the results chosen. 

• Simultaneously accept all choices for primer set and tube assignment 

for all fragments. 

For comparing between multiple distributions (for example, comparing a 3-

tube distribution to a 4-tube distribution), we have two methods available.  First, a 

simple score composition is possible, via such methods as simply logging the 

highest single interaction score remaining in the distribution, adding all calculated 

interaction scores remaining after the final generation, or various more complex 

approaches.  Even simple methods have real-world application – the single worst 

score is a reasonable indicator of the lowest relative abundance that any 

intended product will have (which has a direct impact on normalization ability for 

sequencing), whereas the sum-of-all-scores method can be a reasonable 

indicator of non-specific product abundance (which has a direct impact on the 

amount of amplicons that need to be sequenced to obtain high quality data on 

the intended products, and thus an impact on the price of sequencing if samples 

are being barcoded and sequenced simultaneously). 

Additionally, we use one final layer of distribution analysis to prepare for 

physical PCR.  We take the distribution generated by the above algorithm and 
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run through a differential model PCR simulation, with the aim of predicting the 

relative abundances of every intended product and every non-specific product.  

This gives us both a library of expected sequences to compare sequencing data 

against and the consumption rates of the assorted PCR primers.  Specifically, if 

PCR is being run to exhaustion as opposed to with an abundance of primers, 

these consumption rates can be used to determine the starting concentration 

required of each primer to obtain the most even relative abundances of the 

various products, which makes pre-sequencing concentration normalization 

possible and simple. 
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8. PCR RESULTS 

 The PCR results proves that the designed primers produced amplicons of 

desired length (210-230bp) with minimum amount of noise. This shows that all 

steps in the sequence of our project worked well together to target and enrich 

specific regions of DNA template to be prepared for next generation sequencing 

step. In this experiment the effect of number of cycles and primer concentration 

was tested on the signal. With higher number of cycles, we have less amount of 

noise.  

 

Figure 17. PCR gels reflecting results of multiplex and monoplex PCR experiments 

Mul$plex(PCR(Dec8(
30step;([94(15s,(60.5(15s,(68(15s],(NEB(Mul$plex(PCR(kit(

1                       2                       1                      2 

Primers (uM each)      0.2      0.05       0.5      0.05       0.2      0.05       0.5      0.05 
Primers (uM total)        70      17.5        50        5           70      17.5        50        5 

35 cycles                                  45 cycles 
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1; 175-plex 
2; 50-plex 
3; 14-plex 
4; mono-plex 

35 cycles                  45 cycles 

Primers (uM each)      0.1  0.01   0.1     x    0.1   0.01  0.1     x 
Primers (uM total)        3     0.3    0.2     x     3      0.3   0.2     x    

 3           4                  3          4 
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In another experiment, we included primers to amplify fragments from a 

single exon. The gel results proves that multiplex PCR works since on mono-plex 

PCR to target each fragment separately, we get same bands in the same size. 

 

 

Figure 18. PCR gels showing that the multiplex PCR for fragments of same exon works. 
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9. FUTURE IMPROVEMENT 

9.1 Introduction 

In order to make the sequencing more efficient and less expensive, the 

process can be slightly modified. Currently the fragmentation step is done by 

allowing some buffer region around the intended sequence and some overlap 

between intended regions. However, if fragmentation and primer determination 

steps are performed in parallel and interactively, we can eliminate sequencing 

the overlapped regions. This improvement can be done when long exons are 

divided to smaller pieces. If the primer pair for the first piece is selected, the 

second intended fragment could start right after the right primer for the first piece. 

This process can happen until all the exon is covered.  

In addition, it is beneficial to get rid of primers that get too many BLAST 

hits earlier in the process or the primers that bind in the area with very stable 

secondary structure. As a result, running BLAST and UNAFold spontaneously 

after Primer3 run would save some run time.  

So far, we have been avoiding duplicate primers. In the other words, if a 

single primer is selected by Primer3 to amplify more than one fragment, the 

primer pair from all those fragments is discarded. The reason is that we are not 

sure if the two (or more) binding locations compete equally for the primer or not. 

If they do, it saves some cost to use a single primer to amplify multiple fragments. 

However, if the competition is not equal the efficiency of PCR for some fragments 
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is decreased.  For the future improvements, such cases need to be tested and 

the results can make a difference.   

The Autodimer software package is not efficient enough since the software 

take a small size input and you cannot dictate the software to skip some 

comparisons that have already being performed. The run time is the bottle neck 

for the whole project. We need to re-write the program in a way that enables the 

user to input two sets of primers X and Y and selects desired types of 

interactions. For example, the user may only select interaction (x,y) for all x∈ 𝑋 

and all y ∈ 𝑌. This would skip interactions within X or with Y group.  

9.2 Approach 

Primer3 outputs multiple potential pairs for each fragment. Depending on 

which pair is finally selected for the actual PCR process, different amplicons may 

be produced. To be on the safe side and not miss sequencing a part of the 

intended fragment, we need to imagine the left most right primer is going to be 

selected. As a result, the intended region for the next fragment starts right after 

the left most right primer.   
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Figure 19. Schematic demonstration of intended fragment selection based on the 
previous fragment’s primer selection. The first amplicon is assumed to be extended to 
the leftmost right primer.  

There are two different approaches that can be taken to incorporate 

utilization UNAFold steps in the simultaneous fragmentation and primer 

determination steps.  First, UNAFold can be done prior to all the steps all over 

the exonic regions of the desired genes. Then Primer3 can be carefully called to 

avoid priming in the regions with the stable secondary structures. In the second 

approach, UNAFold can be called in the current priming region after primer 

determination step and discard the primers located in the region with stable 

secondary structures. The first approach is a lengthy process but it is done only 

one time and the database corresponding to its result can be used in all the runs. 

However, the second approach would run UNAFold on small sections each time.    
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