
ά¢ƘŜ ŘƻǳōƭŜ ƘŜƭƛȄ ƛǎ ƛƴŘŜŜŘ ŀ ǊŜƳŀǊƪŀōƭŜ ƳƻƭŜŎǳƭŜΦ 
Modern man is perhaps 50,000 years old, civilization 
has existed for scarcely 10,000 years and the United 
States for only just over 200 years; but DNA and 
RNA have been around for at least several billion 
years.  
 
All that time the double helix has been there, 
and active, and yet we are the first creatures on Earth 
ǘƻ ōŜŎƻƳŜ ŀǿŀǊŜ ƻŦ ƛǘǎ ŜȄƛǎǘŜƴŎŜΦέ 
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ά5b! ƛǎ ŀ ǎǘǳǇƛŘ ƳƻƭŜŎǳƭŜέ  
Max Delbruck 

άbŜǾŜǊ ǳƴŘŜǊ-ŜǎǘƛƳŀǘŜ ǘƘŜ ǇƻǿŜǊ ƻŦ Χ ǎǘǳǇƛŘƛǘȅέ 
 

Robert Heinlein 

άLǘ ǿŀǎ ōŜƭƛŜǾŜŘ that DNA was a stupid 
substance, a tetranucleotide which couldn't do 
ŀƴȅǘƘƛƴƎ ǎǇŜŎƛŦƛŎέ 

 
Max Delbruck 

 



The first person to isolate DNA 

ÅFriedrich Miescher 
ïBorn with poor hearing 

ïFather was a doctor and refused 
to allow Friedrich to become a 
priest 

ÅGraduated as a doctor in 1868 
ïPersuaded by his uncle not to 

become a practising doctor and 
instead pursue natural science 

ï.ǳǘ ƘŜ ǿŀǎ ǊŜƭǳŎǘŀƴǘΧ 

 

Friedrich Miescher 



Biology PhD angst in the 1800s 

άL ŀƭǊŜŀŘȅ ƘŀŘ ŎŀǳǎŜ ǘƻ ǊŜƎǊŜǘ ǘƘŀǘ L 
had so little experience with 
ƳŀǘƘŜƳŀǘƛŎǎ ŀƴŘ ǇƘȅǎƛŎǎΧ CƻǊ ǘƘƛǎ 
reason many facts still remained 
ƻōǎŎǳǊŜ ǘƻ ƳŜΦέ  

Friedrich Miescher 

His uncle counselled: 
 
άL ōŜƭƛŜǾŜ ȅƻǳ ƻǾŜǊŜǎǘƛƳŀǘŜ ǘƘŜ 
ƛƳǇƻǊǘŀƴŎŜ ƻŦ ǎǇŜŎƛŀƭ ǘǊŀƛƴƛƴƎΧέ 



1869 - First isolation of DNA 

Å Went to work in Felix Hoppe-{ŜȅƭŜǊΩǎ laboratory 
in Tubingen, Germany 
ï The founding father of biochemistry and focussed on 

the study of protein 

ï The lab was one of the first to crystallise haemoglobin 
and describe the interaction between haemoglobin and 
oxygen using spectroscopy 

ï Also played host Paul Ehrlich who later went on to 
develop gram staining and immunological advances 

Å CǊŜƛŘǊƛŎƘΩǎ work on DNA was regarded as a side-
project  

Å Freidrich ŜȄǘǊŀŎǘŜŘ ΨnucleinΩ ƻƴ ŎƻƭŘ ǿƛƴǘŜǊ 
nights 
ï Initially from human leukocytes extracted from 

bandage pus from the local hospital filled with 
soldiers from the Austro-Prussian war  

ï Later from salmon sperm  

 

Friedrich Miescher 

Felix Hoppe-Seyler 



aŜƛǎŎƘŜǊΩǎ isolation technique 

Å Cells from surgical 
bandages or salmon 
sperm 

Å Alcohol to remove 
outer cell membrane 

Å Pepsin from pig 
stomachs 

Å Basic solution to 
dissolve nuclein in the 
nucleus 

Å Acid solution to 
precipitate the nuclein 

Å Difficult to do without 
also precipitating 
bound protein 
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Biology PhD angst in the 1800s 

άL Ǝƻ ŀǘ рŀƳ ǘƻ ǘƘŜ ƭŀōƻǊŀǘƻǊȅ ŀƴŘ ǿƻǊƪ ƛƴ ŀƴ 
unheated room. No solution can be left standing 
ŦƻǊ ƳƻǊŜ ǘƘŀƴ р ƳƛƴǳǘŜǎΧ hŦǘŜƴ ƛǘ ƎƻŜǎ ƻƴ ǳƴǘƛƭ 
ƭŀǘŜ ƛƴǘƻ ǘƘŜ ƴƛƎƘǘΦέ 

Friedrich Miescher 

His student remembered: 
 
άCǊƛŜŘǊƛŎƘ ŦŀƛƭŜŘ ǘƻ ǘǳǊƴ ǳǇ ŦƻǊ Ƙƛǎ ƻǿƴ ǿŜŘŘƛƴƎΦ  
We went off to look for him. We found him 
ǉǳƛŜǘƭȅ ǿƻǊƪƛƴƎ ƛƴ Ƙƛǎ ƭŀōƻǊŀǘƻǊȅΦά 



1874 - First hints to composition 

Å By 1874 Meischer had determined that 
nuclein was 
ï A basic acid 
ï High molecular weight  
ï Nuclein ǿŀǎ ōƻǳƴŘ ǘƻ ΨprotaminΩ  

Å Came close to guessing its function 
ïάLŦ ƻƴŜ ǿŀƴǘǎ ǘƻ ŀǎǎǳƳŜ ǘƘŀǘ ŀ ǎƛƴƎƭŜ 

substance is the specific cause of fertilisation, 
the one should undoubtedly first and 
foremost consider nucleinέ 

ï Later discarded the idea because he thought it 
unlikely that nuclein could encode sufficient 
information 

Å He returned to working on his former 
ǎǳǇŜǊǾƛǎƻǊΩǎ ƘŀŜƳƻƎƭƻōƛƴ ǿƻǊƪ ŀƴŘ ƳŀŘŜ ǘƘŜ 
discovery that carbon dioxide rather than 
oxygen regulated breathing 

Friedrich Miescher 



1881 - Discovering the composition of 
nuclein 

Å Kossel worked in the same lab as Freidrich 
Miescher  

ÅWanted to relate chemical composition to 
biological function 

 

Å Discovered fundamental building blocks of 
nuclein 
ïAdenine, Cytosine, Guanine, Thymine, 

and Uracil 

ï Identified histone proteins and that nuclein was 
bound to histone in the nucleus 

ïBy observing cell division inferred that  nuclein 
was not used for energy storage but was linked 
to cell growth 

 

 

Albrecht Kossel 



1890s ς Hints at the molecular basis of 
heredity 

Å How are characteristics 
transmitted between generations? 
 

Å Lots of theories 
ïStereo-isomers 
ïAsymmetric atoms  
ïComplex molecules 

Å Realisation that hereditary 
information is transmitted by one 
or more molecules 

Å 1893 August Weismann ς germ 
plasm theory  

Å 1894 Eduard Strasburger- άƴǳŎƭŜƛ 
ŦǊƻƳ ƴǳŎƭŜƛέ 
 
 
 
 

August Weismann 

Eduard Strasburger 



1900 - What we knew 

Unknown 

ÅaŜƴŘŜƭΩǎ ƭƻǎǘ ƭŀǿǎ 

ÅBase composition of nucleic 
acids 

ÅRole of the nucleus 

ÅDistinction between RNA 
and DNA  

ÅSignificance of 
chromosomes 

ÅThat enzymes were proteins 

ÅMost of biochemistry  

 

Known 

ÅDistinction between 
proteins and nucleic acids 

ÅSomehow nuclein was 
involved in cell growth 

ÅSomehow the nucleus was 
involved in cell division 



19001-1905: Re-ŘƛǎŎƻǾŜǊȅ ƻŦ aŜƴŘŜƭΩǎ 
laws and the birth of genetics 

ÅConcept of genes as independent 
particles of information  

Åbƻ ΨōƭŜƴŘƛƴƎ ƻŦ ǘǊŀƛǘǎΩ 
ïAlmost simultaneously 

rediscovered by de Vries, Correns 
and Von Tschermak  

Å.ŀǘŜǎƻƴ Ŏƻƛƴǎ ǘƘŜ ǿƻǊŘ ΨƎŜƴŜǘƛŎǎΩ 
ŦǊƻƳ ǘƘŜ DǊŜŜƪ ΨgennoΩ ς to give 
birth 

ÅBateson became known as 
ΨaŜƴŘŜƭΩǎ ōǳƭƭŘƻƎΩ ŀƴŘ 
ǇƻǇǳƭŀǊƛǎŜŘ aŜƴŘŜƭΩǎ ǿƻǊƪ 

 
 

 

Hugo de Vries Carl Correns 

Erich Tschermak William Bateson 



1902 ς Are chromosomes involved in 
heritability? 

ÅWalter Sutton using grasshopper gametes 

ÅTheodore Boveri using sea urchins 

 

Walter Sutton  and Theodore Boveri 

άΧǘƘŜ association of paternal and maternal 
chromosomes in pairs and their subsequent separation 
during  ώŎŜƭƭϐ ŘƛǾƛǎƛƻƴ ΧƳŀȅ constitute the physical basis 
of the Mendelian law of heredityΦέ 

 
- Theodore Boveri  Sutton, W. S. 1903. The chromosomes in heredity. Biological Bulletin, 4:231-

251. 
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1910s - More on the composition of 
DNA 

Å Determined relative composition of sugars, phosphate and 
sugars by hydrolysis of nucleic acids 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Close relative of TNT explosive 

Phoebus Levene  

Å Enabled the discovery of DNA and RNA bases 
Å Unfortunately, this method can destroy bases and biases results 
Å Made it impossible to compare composition between species 
Å Phoebus Levene proposed the tetranucleotide hypothesis 

Å DNA consisted of  repeating units of thymine, guanine adenine and cytosine  
Å E.g. GACT GACT GACT 
Å Convinced many that DNA could not be a carrier of hereditary information 
Å Led to the assumption that DNA was just a structural component of cells 

 



1910-30s - Chromosome theory of 
heredity 

ÅChromosome as a unit of 
heritability confirmed by 
Thomas Morgan by 1915 
 

ÅAlfred Sturtevant creates the 
first genetic linkage map 
 

ÅGenetic recombination 
shown to be caused by 
physical recombination of 
chromosomes by McClintock 
& Creighton 

 Barbara 
McClintock  

Thomas Morgan 



1928 - Inheritance of virulence 

Å Established that non-virulent 
pneumococci bacteria could be 
converted be made virulent by 
exposure to lysed virulent bacteria 

Frederick Griffiths 
 
ά/ƻǳƭŘ Řƻ ƳƻǊŜ ǿƛǘƘ ŀ ƪŜǊƻǎŜƴŜ 
tin and a primus stove than most 
men could do with a palaceέ 
 
Hedley Wright 

 

http://mic.sgmjournals.org/content/73/1/1.full.pdf 

Å²Ƙŀǘ ǿŀǎ ǘƘŜ ΨǘǊŀƴǎŦƻǊƳƛƴƎ ǇǊƛƴŎƛǇƭŜΩ 
which underlay this observation? 



1944 ς What is life? 

Å!ƴ ΨŀǇŜǊƛƻŘƛŎ ǎƻƭƛŘ ŎǊȅǎǘŀƭΩ 
could code for an organism 

Åά! ǿŜƭƭ-ordered association of 
atoms endowed with sufficient 
resistivity to keep its order 
ǇŜǊƳŀƴŜƴǘƭȅέ 

ÅAlso placed living systems into 
a thermodynamic framework 

 

ÅServed as inspiration for 
Watson & Crick  
 

Erwin Schrodinger 



1944 ς Establishing DNA as the 
transforming principle  

Å Separated cellular components and 
repeated Griffiths experiments 

Å9ƴŀōƭŜŘ ōȅ ƴŜǿ ΨǳƭǘǊŀ-
ŎŜƴǘǊƛŦǳƎŀǘƛƻƴΩ ǘŜŎƘƴƻƭƻƎȅ 

Å Extended Griffiths work to prove 
that nucleic acids were the 
ΨǘǊŀƴǎŦƻǊƳƛƴƎ ǇǊƛƴŎƛǇƭŜΩ 

Å  Also demonstrated that DNA, not 
RNA was the genetic material 

Å Incredibly small amounts ς 1 in 600 
million were sufficient to induce 
transformation 

Oswald Avery 

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2135445/ 
 

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2135445/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2135445/


1945 ς 1952 Critique   

ÅAlfred Mirksy was a pioneer of 
molecular biology  
ÅIsolated chromatin from a wide 

variety of cells  
ÅIŜ ǿŀǎ ŎƻƴŎŜǊƴŜŘ ǘƘŀǘ !ǾŜǊȅΩǎ 

results could be the result of 
protein contamination 
ÅConvinced the Nobel panel not 

to award a prize to Avery 
ÅLater, Mirsky would actually 
ŘŜƳƻƴǎǘǊŀǘŜ ǘƘŜ ΨŎƻƴǎǘŀƴŎȅΩ ƻŦ 
DNA throughout somatic cells 
 

Alfred Mirsky 



1950 ς Base composition between 
organisms 

 
Å Erwin Chargaff hit back at Mirsky 

and developed the base 
complementarity hypothesis with 
Masson Gulland 

Å Determined that the molar ratio of 
A:T and G:C were always very close 
to 1  

Å Relative proportions of bases 
varied between species but was 
the same within species 

Å Refuted [ŜǾŜƴŜΩǎ 30 year-old 
tetranucleotide hypothesis 

Erwin Chargaff 



1952- /ƻƴŦƛǊƳŀǘƛƻƴ ƻŦ !ǾŜǊȅΩǎ 
experiment 

Å Grow bacteriophage using 
radioactive substrates 
ï Protein with radioactive sulphur 
ï DNA with radioactive 

phosphorous 

 
Å Bacteriophages infected bacteria 

by injecting DNA, not protein 
 

Å Indicated that protein could not 
be the heritable genetic material 
 

Å Yet there was still the possibility of 
small amounts of protein 
contamination which led some to 
have doubts about the role of DNA 
 
 
 http:// en.wikipedia.org/wiki/Hershey%E2%80%93Chase_experiment 

Hershey Chase experiment 



1952 ς X-ray diffraction patterns of 
DNA 

ÅWilkins, Franklin and 
Gosling 

ÅMuch improved X-ray 
diffraction patterns of the 
B-form of DNA  

ÅWilkins developed a 
method to obtain 
improved diffraction 
patterns using sodium 
thymonucleate to draw 
out long thin strands of 
DNA 
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1953 ς Watson & Crick obtain a 
structure for DNA 

ÅB-model or wet-form of DNA 
ÅRelied upon data from Maurice 

Wilkins and Rosalind Franklin via Maz 
Perutz 
Å"It has not escaped our notice that the 

specific pairing we have postulated 
immediately suggests a possible 
copying mechanism for the genetic 
materialΦά 
ÅBroad acceptance of the structure and 

role of DNA did not occur until around 
1960 
 

Francis Crick & 
James Watson 



1958 ς Evidence for the mechanism of 
DNA replication  

http:// en.wikipedia.org/wiki/Meselson%E2%80%93Stahl_experiment 
 

Å Meselson & Stahl 
 

Å{ǳǇǇƻǊǘŜŘ ²ŀǘǎƻƴ ϧ /ǊƛŎƪΩǎ ƘȅǇƻǘƘŜǎƛǎ ƻŦ 
semi-conservative DNA replication 
 

http://en.wikipedia.org/wiki/Meselson%E2%80%93Stahl_experiment
http://en.wikipedia.org/wiki/Meselson%E2%80%93Stahl_experiment


1958 ς Evidence for the semi-
conservative mechanism of DNA 

replication  



Other developments in molecular 
biology 

Å 1954 - George Gamow proposed a 3-letter code  
Å 1955 ς Polynucleotide phosphorylase discovered 
ïEnabled synthesis of homogeneous nucleotide polymers 

Å 1957 ς /ǊƛŎƪ ƭŀȅǎ ƻǳǘ ΨŎŜƴǘǊŀƭ ŘƻƎƳŀΩ 
Å 1957-1963 
ïRNA structure 
ïWork on DNA-RNA hybridization  

Å 1960s 
ïCrystal structures of tRNAs 
ïRole in protein synthesis  
ïRole of ribosomes 
 

Å{Ŝǘ ǘƘŜ ǎǘŀƎŜ ŦƻǊΧ 
 



1961 - Deciphering the genetic code 

Å How did DNA code for proteins? 
 

Å Nirenberg and Matthaei 
 

Å Used polynucleotide phophorylase to 
construct a poly-uracil polymer 
 

Å Added to a cell-free system containing 
ribosomes, nucleotides, amino acids, energy 
 

Å This produced an amino acid chain of 
phenylalanine 
 

Å Completed in mid 1960s by Har Gobind 
Khohrana 

 



Other key figures 

Å Max Delbruck  
ï Physicist who helped found molecular biology 

 

Å Salvador Luria 
ïWŀƳŜǎ ²ŀǘǎƻƴΩǎ tƘ5 ǎǳǇŜǊǾƛǎƻǊ 
ï Demonstrated with Delbruck that inheritance in 

bacteria was Darwinian and not Lamarkian 
 

Å Linus Pauling 
ï Proposed triple helix model for DNA 

 
Å Lawrence Bragg  

ï Hosted Watson & Crick  
ïwƛǾŀƭ ƻŦ tŀǳƭƛƴƎΩǎ 

Å Jerry Donohue, William Astbury, Raymond Gosling, 
John Randall, Fred NeufieldΣ IŜǊōŜǊǘ ²ƛƭǎƻƴΧ 



Oswald Avery 

ÅAvery died in 1955  

ÅIt is unknown whether he learned of 
²ŀǘǎƻƴ ϧ /ǊƛŎƪΩǎ ǎǘǊǳŎǘǳǊŜ ƻŦ 5b! 

ÅHowever his 1944 paper is cited 
around 40 times a year and has  
cited over 2000 times 

Oswald Avery 



Further reading 

ÅEighth day of creation ς Horace Freeland Judson 

 

Å[ƛŦŜΩǎ DǊŜŀǘŜǎǘ {ŜŎǊŜǘ ς Matthew Cobb 

 

ÅOswald Avery,  DNA, and the transformation of 
biology. Cobb, M. Current Biology. Volume 24, Issue 2, 20 January 

2014, Pages R55ςR60 

 

http://www.sciencedirect.com/science/journal/09609822/24/2
http://www.sciencedirect.com/science/journal/09609822/24/2
http://www.sciencedirect.com/science/journal/09609822/24/2
http://www.sciencedirect.com/science/journal/09609822/24/2
http://www.sciencedirect.com/science/journal/09609822/24/2
http://www.sciencedirect.com/science/journal/09609822/24/2
http://www.sciencedirect.com/science/journal/09609822/24/2


First generation sequencing 

 



The development of sequencing 
methodologies 

Å²Ƙŀǘ Řƻ ǿŜ ƳŜŀƴ ōȅ ΨǎŜǉǳŜƴŎƛƴƎΩΚ 

 
ÅDetermining the order and identity of chemical units in 

a polymer chain 
 
ïAmino acids in the case of proteins 
ïNucleotides in the case of RNA and DNA 

 
ÅWhy do we do it? 
ï3D structure and function is dependent on 

sequence 

 



1949 ς Amino acids 

ÅSequenced bovine insulin 

ÅDeveloped a method to 
label N-terminal amino 
acids 
ïEnabled him to count four  

polypeptide chains 

ÅUsed hydrolysis and 
chromatography to 
identify fragments 

 
 

Fred Sanger 



1965 -  RNA sequencing and structure 

ÅSequenced transfer RNA of alanine 

ÅUsed 2 ribonuclease enzymes to 
cleave the enzyme at specific 
motifs 

ÅChromatography  

 

Å1968 Nobel prize 

 

 http:// www.sciencemag.org/content/147/3664/1462 
 

Robert Holley 

http://www.sciencemag.org/content/147/3664/1462
http://www.sciencemag.org/content/147/3664/1462


1975 - The dawn DNA sequencing 

ÅBetween 1975-1977 three methods of DNA 
sequencing were published  

 

ÅCǊŜŘ {ŀƴƎŜǊΩǎ tƭǳǎκaƛƴǳǎ ƳŜǘƘƻŘ 

ÅMaxam-Gilbert 

ÅCǊŜŘ {ŀƴƎŜǊΩǎ ŎƘŀƛƴ ǘŜǊƳƛƴŀǘƛƻƴ ƳŜǘƘƻŘ 



 
 

Maxam-Gilbert sequencing is performed by chain 
breakage at specific nucleotides. 

G 

G 
G 

G 
G 

A 

G 
G 

A 
G 

A 
A 

C 
T 

T 
C 

T 
C 

C 
T 

C 
C 

C 

C 

Maxam-Gilbert Sequencing 
Dimethyl 
Sulfate 

Hydrazine  

Dimethyl Sulfate 
              + 
Formic Acid 

Hydrazine 
       +  
     NaCl  

Radio label 



Maxam-Gilbert Sequencing 



 
 

Sequencing gels are read from bottom to top (5  to 3 ). 

   G        G+A     T+C     C 

3  
A 
A 
G 
C 
A 
A 
C 
G 
T 
G 
C 
A 
G 
5  

Longer fragments 
 
 
 
Shortest fragments 

G 

A 

Maxam-Gilbert Sequencing 



Sanger di-deoxy sequencing method 



 
 

Sanger DNA Sequencing 

Å Uses two classes of de-oxy 
nucleocide tri-phosphate  
ï Regular de-oxy NTP nucleotides (i.e 

dATP, dGTP, dCTP and dTTP) 
ï di-deoxy NTP molecules which are 

radio-ƭŀōŜƭƭŜŘ ŀƴŘ ƭŀŎƪ ŀ оΩ ƘȅŘǊƻȄȅƭ  
group 

Å ¢ƘŜ ƭŀŎƪ ƻŦ оΩ ƘȅŘǊƻȄȅƭ ōƻƴŘ 
prevents extension of growing 
strand  

Å With addition of enzyme (DNA 
polymerase), the primer is 
extended until a ddNTP is 
encountered. 

Å The chain will end with the 
incorporation of the ddNTP 

Å With the proper dNTP:ddNTP ratio 
(about 100:1), the chain will 
terminate throughout the length 
of the template. 

Å All terminated chains will end in 
the ddNTP added to that reaction 



 
 

ddATP +        ddA 
four  dNTPs        dAdGdCdTdGdCdCdCdG  

ddCTP +         dAdGddC 
four  dNTPs         dAdGdCdTdGddC 

              dAdGdCdTdGdCddC 
              dAdGdCdTdGdCdCddC 

ddGTP +         dAddG 
four  dNTPs         dAdGdCdTddG 

              dAdGdCdTdGdCdCdCddG 

ddTTP +       dAdGdCddT 
four  dNTPs       dAdGdCdTdGdCdCdCdG 

A 
 
 
 
 
 

C 
 
 
 
 
G 
 
 
 
T 

Sanger sequencing  

AGCTGCCCG Possible fragment lengths 

1 or 9bp 

3, 6, 7 or 8bp  

2, 5, or 9bp 

4 or 9bp 



Sanger di-deoxy method 

 ddG     ddA     ddT     ddC 

3  
G 
C 
C 
C 
G 
T 
C 
G 
A 
5  

Longer fragments 
 
 
 
Shortest fragments 

G 

A 

рΩ !D/¢D///D оΩ 



1985: Automating Sanger Sequencing 

ÅDisadvantages of manual Sanger sequencing 
ïLabour intensive  
ïUsed radioactive labels 
ïInterpretation/analysis was subjective 

ÅDifficult to scale up 
ÅLeroy Hood, Michael Hunkapiller developed an 

automated method utilising:  
ïFluorescent labels instead of radioactivity 
ïUtilise computerised algorithms to analyse data 
ïRobotics 

ÅDevelopment of PCR by Kary Mullis (NGS would be 
impossible without it) 



 
 

AC 
GT 

The fragments are 
distinguished by size and 
άŎƻƭƻǊΦέ 

Dye Terminator Sequencing 

Å! ŘƛǎǘƛƴŎǘ ŘȅŜ ƻǊ άŎƻƭƻǊέ ƛǎ ǳǎŜŘ ŦƻǊ ŜŀŎƘ ƻŦ ǘƘŜ ŦƻǳǊ 
ddNTP. 

ÅSince the terminating nucleotides can be 
distinguished by color, all four reactions can be 
performed in a single tube. 

 
A 

T 

G 

T 



 
 

  

Capillary 
  

G 
T   
C   
T 
G   
A   

Slab gel 

GATCAC 

    G        A          T             C   

Dye Terminator Sequencing 

  The DNA ladder is resolved in one gel lane or in 
a capillary 



ÅThe DNA ladder is read on an electropherogram. 

 

 
 

 

Capillary Slab gel 

  

  

  

5  AGTCTG 

Electropherogram 

Dye Terminator Sequencing  

  



 
 

 

5  A G T C T G 5  AG(T/A)CTG 5  A G A C T G 

T/T                            T/A                                    A/A 

Automated Sequencing 

ÅDye primer or dye terminator sequencing on capillary 
instruments. 

ÅSequence analysis software provides analyzed sequence in 
text and electropherogram form. 

ÅPeak patterns reflect mutations or sequence changes. 

 



Sanger Sequencing  
Useful videos 

Åhttp://www.youtube.com/watch?v=91294ZAG
2hg&feature=related 

Åhttp:// www.youtube.com/watch?v=bEFLBf5W
Etc&feature=fvwrel 

 

 

http://www.youtube.com/watch?v=91294ZAG2hg&feature=related
http://www.youtube.com/watch?v=91294ZAG2hg&feature=related
http://www.youtube.com/watch?v=bEFLBf5WEtc&feature=fvwrel
http://www.youtube.com/watch?v=bEFLBf5WEtc&feature=fvwrel
http://www.youtube.com/watch?v=bEFLBf5WEtc&feature=fvwrel


Features of Sanger Sequencing 

Å96-384 sequences per run 

Å500bp-1kb read lengths 

Å$100 per megabase 

ÅAccuracy decreases with length (99.999% at 
500bp down to 99% at 900bp)  

ÅStill the most accurate technique for 
sequencing 

 

 



Limitations of Sanger Sequencing 

ÅCloning/Sub-cloning  
ïDNA must be compatible with biological machinery of 

host cells and can introduce bias 
ïLabour and/or machines to prepare clones requires 

significant capital 

ÅDifficult to distinguish allele frequency 
ïUsually 10% is the limit of detection for clinical 

variants 

ÅCost  
ï$10,000,000 to sequence a 1Gbase genome to 10x 

coverage 



Human genome project 



Human Genome Project 

¸ One of the largest scientific endeavors 
¸ Target accuracy 1:10,000 bases 

¸ Started in 1990 by DoE and NIH 

¸ $3Billion and 15 years 

¸ Goal was to identify 25K genes and 3 billion bases 

¸ Used the Sanger sequencing method 

¸ Draft assembly done in 2000, complete genome 
by 2003, last chromosome published in 2006 

¸ Still being improved 



Human Genome Project 

http://bit.ly/q3Qsd5 



How it was Accomplished 

¸ Public Project 
¸ Hierarchical shotgun approach 

¸ Large segments of DNA were cloned via BACs and 
located along the chromosome 

¸ These BACs where shotgun sequenced 

¸ Celera 
¸ Pure shotgun sequencing 

¸ Used public data (released daily) to help with 
assembly 



Method 1: Hierarchical Sequencing 

http://www.icb.uncu.edu.ar/upload/dnasequencing.pdf 



Using Bacterial artificial chromosomes 
(BACs) to aid assembly 

Nature Reviews Genetics  5 , 578 -588  (August 2004)  |  doi:10.1038/nrg1404   Genetics, Genomics and Breeding of Oilseed Brassicas, Page 134 



Using optical mapping approaches to 
aid assembly 

Christopher Aston, Bud Mishra, David C Schwartz, Optical mapping and its potential for large-scale sequencing projects,  

Trends in Biotechnology, Volume 17, Issue 7, 1 July 1999, Pages 297-302, ISSN 0167-7799, 

 http://dx.doi.org/10.1016/S0167-7799(99)01326-8  



Using genetic maps to improve 
assemblies 

 

http://catchenlab.life.illinois.edu/chromonomer/ 



Using hybridisation probes to aid 
assembly 



Method 2: Celera Shotgun Sequencing 

¸ Used paired-end strategy with variable insert 
size: 2, 10, and 50kbp 



Outcome of the HGP 

¸ Spurred the sequencing of other organisms 

¸ ос άŎƻƳǇƭŜǘŜέ ŜǳƪŀǊȅƻǘŜǎ όϤнрл ƛƴ ǾŀǊƛƻǳǎ ǎǘŀƎŜǎύ 

¸ мтлп άŎƻƳǇƭŜǘŜέ ƳƛŎǊƻōƛŀƭ ƎŜƴƻƳŜǎ 

¸ нсур άŎƻƳǇƭŜǘŜέ ǾƛǊŀƭ ƎŜƴƻƳŜǎ 

¸ Enabled a multitude of related projects: 

¸ Encode, modEncode 

¸ HapMap, dbGAP, dbSNP, 1000 Genomes 

¸ Genome-Wide Association Studies, WTCCC 

¸ Medical testing, GeneTests, 23AndMe, personal genomes 

¸ Cancer sequencing, COSMIC, TCGA, ICGC 

¸ Provided a context to organize diverse datasets 

20110813 http://www.ncbi.nlm.nih.gov/sites/genome 



HGP Data Access 

Results in GenBank, UCSC, Ensembl & others 



ED Green et al. Nature 470, 204-213 (2011) doi:10.1038/nature09764 

Achievements Since the HGP 



Economic Impact of the Project 

¸ Battelle Technology Partnership Practice 
released a study in May 2011 that quantifies 
the economic impact of the HGP was $796 
billion! 

¸ Genomics supports: 

¸ >51,000 jobs 

¸ Indirectly, 310,000 jobs 

¸ Adds at least $67 billion to the US economy 

http://www.genome.gov/27544383 



2004 onwards:  
Beyond 1 species, 1 genome 

ÅCost of producing a single genome could vary 
from $100,000s to $10s of millions using 
capillary sequencers 

ÅLabour intensive methodology 

 

ÅNew methods were required to lower the 
overall cost per genome 



Second generation short read 
technologies 



Common features 

ÅGeneration and sequencing of monoclonal 
populations of DNA molecules 

ÅRely on polymerases to re-synthesise 
complementary strands of DNA 

ÅTypically rely on either fluorescently-labelled 
nucleotides or monitoring of hydrogen release 
upon incorporation 

  

 



Sequencing ï 1990s-2007 

74x Capillary Sequencers 
10 FTEs 

15-40 runs per day 
1-2Mb per instrument per day 
120Mb total capacity per day  

SEQUENCING 

Rooms of equipment 
Subcloning > picking > prepping  

35 FTEs 
3-4 weeks 

PRODUCTION 



Sequencing today 

 



Sequencing today? 



 

Key advantages over Sanger 
Sequencing 

ÅHugely reduced labour 
requirements 
ïNo need to perform cloning 

ÅReduced cost per sequence 
ÅReduced time to result 
ÅDecentralisation 
ÅEnabling new techniques 

(e.g. gene expression 
profiling) 
 
 



Platform comparison 

http://www.nature.com/nrg/journal/v17/n6/fig_tab/nrg.2016.49_T1.html 



Illumina Sequencing By Synthesis  

Illumina HiSeq Illumina NextSeq Illumina MiSeq 



The workhorse of modern genomics 



http://www.gosreports.com/global-sequencing-instrument-industry-2015-market-research-report/ 

80% 

15% 

2% 3% 

Approximate Market Share 2015 

Illumina Thermo/Life Tech PacBio Other



Fun fact 

ÅClive Brown 

ÅFormerly director of 
Computational Biology at 
Solexa (Illumina) 

ÅChief Scientific Officer at 
Oxford Nanopore 



Step 1: Sample Preparation 

1 

mRNA 

Small RNA 

Other Apps ChIP-Sequencing 

Genomic DNA Active Chromatin 

min 1ng 
  

1 ug total RNA 

10 ng 

0.5ug total RNA 



Step 2: Clonal Single Molecule Arrays 

~1000 molecules per ~ 1 um cluster  
~2 billion clusters per flowcell 
 
1 cluster = 1 sequence 

Modified DNA (adapters on 
both ends) 

Attach single molecules to surface  
Amplify to form clusters 

    Random array of clusters  

100um 



рΩ 

G 

T 

C 

A 

G 

T 

C 

A 

G 

T 

C 

A 
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оΩ 

рΩ 
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A 

G 

T 

C 

A 

T 

C 

A 

C 

C 

T 

A 

G 

C 

G 

T 

A 

 First base incorporated 

Cycle 1:  Add sequencing reagents 

 Remove unincorporated bases 

 Detect signal 

Cycle 2:  Add sequencing reagents and repeat 

Step 3: Sequencing By Synthesis (SBS) 

 Deblock and defluor T 

PPP Base Fluor 



https://www.yout
ube.com/v/HMyC
qWhwB8E 



Under the hood: 



2 BILLION CLUSTERS  
PER FLOW CELL 

20 MICRONS 

100 MICRONS 

Illumina Sequencing : How it looks 
 

A C 
G T 



T T T T T T T G T Χ 

The identity of each base of a cluster is read off from sequential images. 
 

1 2 3 7 8 9 4 5 6 

T TG TGC T G C T A C G A T Χ 

Base calling from raw data 



Illumina platforms 

Illumina HiSeq Illumina NextSeq 500 Illumina MiSeq 
Å 500Gbase/flowcell  
Å 8 human genomes 
Å 6 day run time 
Å High output or rapid run mode 
Å Read lengths up to 250bp 
Å Requires large numbers of samples 

(or large genomes) to obtain lowest 
cost 
 

Å 4 colour chemsitry 
Å £650,000 incl 3 year servicing 

Å 90 - 120Gbase/flowcell  
Å 1 human genome 
Å 2 day run time 
Å High output or rapid run mode 
Å Read lengths up to 150bp 

 
Å 2-colour chemistry  

 
Å £250,000 incl 3 year servicing 

Å Up to 15Gbase/flowcell  
Å 2 day run time 
Å Read lengths up to 300bp 

 
Å 4 colour chemsitry 

 
Å £90,000 incl 3 year servicing 

 



Types of Illumina reads 

ÅSingle-end 

ÅPaired-end 

ÅBarcode/index 

ÅMate-pair  

ÅLong synthetic reads 

Å10X Genomics Linked Reads 



Single-end reads 

Å This would be a 16bp single-end read from a 500bp fragment 
Å Most common Illumina read lengths are 50, 75bp, 100, 125 or 150bp 
Å Usually cheapest but may not always be available for small projects  
Å Useful for counting applications   (e.g. gene expression profiling in bacteria) 

ACTGATTCTTATTATC!/¢!¢¢DD¢!D/¢DD¢!¢¢DDD¢!¢ΧΦΦ Read 1 

DNA fragment in a monoclonal cluster  
Read 1 

~500bp 
Flowcell binding and polymerase 
priming region (~76bp) 

Flowcell binding and polymerase 
priming region (~76bp) 



Paired-end reads 

ACTGATTCTTATTATC!/¢!¢¢DD¢!D/¢DD¢!¢¢DDD¢!¢ΧΦΦ 

Å This would be a 16bp paired-end read from a 500bp fragment 
Å Most common Illumina read lengths are 50, 75bp, 100, 125 or 150bp 
Å Some facilities will mostly run paired-end reads   
Å Often a requirement for de-novo assembly or isoform quantification 
Å For some applications its desirable to have read 1 and read 2 overlap to increase 

accuracy (e.g. 16S amplicon sequencing) 
Å This is achieved by careful design of the amplicon or size selection to ensure 

it is shorter than read 1 + read 2 

Read2 

Read 1 

GCCTATCATCTGTATCD¢/¢!¢!¢D¢D!DD¢/D¢!D///¢!ΧΦΦ Read 2 

Read 1 

~500bp 



Paired-end reads are important 

Repetitive DNA 
Unique DNA 

Single read maps to  
multiple positions 

Paired read maps uniquely 

Read 1 Read 2 

Known Distance 



Barcodes/index reads 

Read2 

ACTGATTCTTATTATC!/¢!¢¢DD¢!D/¢DD¢!¢¢DDD¢!¢ΧΦΦ Read 1 

GCCTATCATCTGTATCD¢/¢!¢!¢D¢D!DD¢/D¢!D///¢!ΧΦΦ Read 2 

Index read ACTGTGTA 

Å This would be a 16bp paired-end read  with an 8bp index from a 500bp fragment 
Å Achieved by adding one or more priming sites for the polymerase 
Å Enables multiplexing (mixing) of samples on the same physical space on the 

flowcell 
Å Virtually all libraries are indexed today even if they are 
Å Barcodes can also be introduced in-line as part of read 1 or read 2 (e.g. some RAD 

libraries, amplicons)  

Index Read 1 

~500bp 



Mate pair libraries 

ÅMaximum DNA fragment size for Illumina is ~800bp 

 

20kb DNA fragment 

= Biotin moiety 

Å Purify fragments containing biotin moiety using Streptavidin beads 
Å Create a standard Illumina library and sequence using paired-end reads 
Å Physical fragment size is 500bp  
Å Genomic distance between read 1 and read 2 is 19.5kb 
Å Valuable for de-novo assembly 

Circularise Fragment 



Long synthetic read libraries 

Å Generate 2-10kb reads 
by partitioning DNA 

Å Dilute bulk DNA into 
wells  

Å ~3000 molecules/well 
Å Create individual 

barcoded libraries for 
the molecules in each 
well 

Å Assemble reads from 
each well separately 

Å Reduces complexity 
and enables assembly 
of long synthetic reads  
from standard paired-
end reads 
 

Å Useful for denovo 
assembly, haplotyping 
and phasing  

http://i2.wp.com/nextgenseek.com/wp-content/uploads/2014/06/Moleculo-
TruSeq-Synthetic-longreadkit.jpg 



10X Genomics 

Å A third-party system which 
provides additional 
capabilities 
ïΨ[ƛƴƪŜŘ-ǊŜŀŘǎΩ ǘƻ ŜƴŀōƭŜ ǘƘŜ 

formation of haplotypes and 
improve genome assemblies 

ïSingle-cell gene expression 
profiling 

Å £150k purchase price and 
approx £500 per library 

 

http://www.nature.com/nrg/journal/v17/n6/pdf/nrg.2016.49.pdf 



Illumina technological developments 

ÅNextSeq  
ïUtilises 2-colour instead of 4-colour chemistry to 

reduce sequencing time 

ÅHiSeq 2500, NextSeq and MiSeq  
ï Clusters formed randomly on the surface of the 

flowcell  

ÅHiSeq 3000, 4000, X series 
ïClusters only form within nanowells  

ïPatterned flowcells 

 

 



2-colour chemistry 

ÅInstead of using 4 different dyes for each 
nucleotide, use 2 

ÅLabel T as green and C as red 

ÅLabel A as green and red 

ÅLabel G with no dye 

ÅRely on cluster position to call G bases 

 



2-colour chemistry 

http://core-genomics.blogspot.cz/2014/01/nextseq-500s-new-chemistry-described.html 



Advantages/disadvantages 

ÅAdvantages 
ïSpeed  
ïOnly two pictures need to be taken each cycle instead 

of four  

ÅDisadvantages 
ïHigher likelihood of errors  
ïDifficult to calibrate guanine quality scores  
ïWith fragments shorter than read length, tendency is 

to call G with high quality scores 
ïNote recommended for low-diversity samples (e.g. 

16S amplicons) 



Patterned flowcells 

Randomly clustered flowcell  
(2500) 

Patterned flowcell 
(3000/4000) 



Comparison 



Advantages 

ÅRemoves the need to detect cluster location 
during first 4 cycles of sequencing 

 

ÅLower sensitivity to over-clustering 

 

 



Advantages 

ÅAllows for exclusion amplification to reduce the 
number of polyclonal clusters 
ÅUtilises an electric field to transport labelled 

dNTPs to wells faster than amplicons can diffuse 
between wells 
Å1 sequence per well  
ÅWhichever sequence starts replicating first within 

a well will rapidly out-compete other sequences 
ÅRemoves upper poisson-limit on random flowcell 

clustering  (~37%) 
 

 
http:// www.google.com/patents/WO2013188582A1?cl=en 
 

http://www.google.com/patents/WO2013188582A1?cl=en
http://www.google.com/patents/WO2013188582A1?cl=en


Disadvantages 

ÅPossibility to obtain large number of 
duplicated sequences across wells 

ïCaused by seeding of adjacent wells 

ïCan be caused by under-clustering  

ïStill important to load correct concentrations  

ÅLimits on DNA fragment length 

 



Potential issues with Illumina 
sequencing 

ÅSpecific motifs which are difficult to sequence  
ïGGC motif 
ïInverted repeats 

 
ÅNow mostly resolved 
ïLow diversity sequences 
Å16S/amplicon sequences 
Å/ǳǎǘƻƳ ŀŘŀǇǘƻǊǎ ǿƛǘƘ ōŀǊŎƻŘŜǎ ŀǘ рΩ ŜƴŘ 
ÅNow a much reduced problem thanks to software updates 

ïGC/AT bias 
ÅGC clusters are smaller than AT  
ÅGC bias during amplification is still a problem 

Nakamura, K., Oshima, T., Morimoto, T., Ikeda, S., Yoshikawa, H., Shiwa, Y., Ishikawa, S., et al. (2011). Sequence-specific 
error profile of Illumina sequencers. Nucleic acids research, gkr344ς. Retrieved from 
http:// nar.oxfordjournals.org/cgi/content/abstract/gkr344v1 

 

 
 

 

 

http://nar.oxfordjournals.org/cgi/content/abstract/gkr344v1
http://nar.oxfordjournals.org/cgi/content/abstract/gkr344v1


Why do quality scores drop towards 
the end of a read? 



3 main factors 

Schematic representation of main Illumina noise factors. 

(aïd) A DNA cluster comprises identical DNA templates (colored boxes) that are attached to the flow cell. 

Nascent strands (black boxes) and DNA polymerase (black ovals) are depicted.  

(a) In the ideal situation, after several cycles the signal (green arrows) is strong, coherent and corresponds to 

the interrogated position. 

(b) Phasing noise introduces lagging (blue arrows) and leading (red arrow) nascent strands, which transmit a 

mixture of signals.  

(c) Fading is attributed to loss of material that reduces the signal intensity (c).  

(d) Changes in the fluorophore cross-talk cause misinterpretation of the received signal (blue arrows; d). For 

simplicity, the noise factors are presented separately from each other. 

Erlich et al. Nature Methods 5: 679-682 (2008)  

Phasing Loss Cross-talk 

http://arep.med.harvard.edu/pdf/Fuller_09.pdf 

http://arep.med.harvard.edu/pdf/Fuller_09.pdf


Limits to Illumina technology 

ÅLimitations: 
ïReagent degradation 
ïDephasing 
ÅLeads to higher error rates 
ÅA 1% loss of signal or polymerase error every cycle leads to only 

35% correct signal after 100 cycles 

ïSequencing time is always governed by the cyclic nature of 
the instrument (one base at a time) 
ÅIdeally dispense with incorporate, image, wash cycles 

ïSize of fragments which can be clustered on the flowcell 
ÅRead lengths beyond the size of the DNA fragment are useless 
ÅInefficient clustering >800bp 
ÅPlaces limits on denovo assembly 



Features of Illumina Sequencing 

Å1 ς 300 million sequences per run/lane 
(depending on platform and configuration) 

Å36-300bp read lengths 

Å$0.01 - $0.1 per megabase 

ÅAccuracy decreases along read length but 
~0.1-0.3%  

 

 



Other second-generation technologies 

Å454  

ÅLife Tech/Ion Torrent 

ÅBGI-Seq 500 

ÅComplete Genomics (primarily a service for 
human genomics) 

ÅQiagen Genereader (gene panels) 

 



Third generation sequencers 



Third generation sequencers 

ÅSingle-molecule DNA sequencing 

 

ÅSome rely on detecting the incorporation of 
complementary bases to single-stranded DNA 
(PacBio) 

ÅSome rely on changes in electrical current as 
DNA passes through a sensor (Oxford 
Nanopore) 

 



Pacific Biosciences RS II and Sequel 
 



Key features 

Å10-15x more expensive than Illumina per base 
ÅSequences single molecules of DNA 
ÅRead lengths 500-90,000bp 
ÅDoes not require amplification 
ÅCan directly detect base modifications (DNA 

methylation) 
ÅFor many applications it requires high quality 

DNA and high amounts of DNA (>20ug) 
ïWhere amplification is involved prior to sequencing 

this requirement is relaxed somewhat 



AAGAAACTGATCAGGGATAGCGGTCAGGTGTTTTACAACCACTAAACCCACAGTACCAATGATCCCATGCAATGAGAGTTGTTCCGTTGTGGGGAAAGTT 

CCTAGCAAACTCGGAAGATTTTTTCAGAGGGATCTAGAATATGATGAAAGATAGAAAATTACGACGCTTATCGGAAGTGACGAATACTTTTATATGAGGAGGGCTGTTTTTACAAAATCCGGTAGTAACTTGCTAACCAATTCCTAGGCAGGTCATTGGCAACAGTGGCATGCACCG
AGAAGGACGTTTGTAATGTCCGCTCCGGCACATAGCAGTCCTAGGGACAGTGGCGTACAGTCATAGATGGTCGTGGGAGGTGGTACAATTCTCTCATGCAAAAATATGTAAAACGGTAGCAACTGGAAATCATTCAACACCCGCACTATCGGAAGTTCACCAGCCAGCCGCAGCAC
GTTCCTGCATACGACGTGTCTGCGGCTCTACATATCTCCTATGAGCAACGTGTTAGCAGAGCCAAGCACAACTCTAATTTTAATACATAATGATGATAATATAATATTAAAAATTTCCTGTGTACTAATTTTACTATGGTTTCTGATAAGAATCATTGCAAAGATCAACAACTTGTATTA
CATTGACAGTTAAGCAGTTAATTTTATCACCTCTAAAATATATCAGCATCTAGCATGCAACTATCAAAATGGAGAGTTTTATGACTAAAAACCATGGGAAAGAAGACTTAAAGATTTATCGCACTTGCTCAAATGCTGCATTGATACATATTTTGACCCTGAATTATTTCGCTTGAATTT
GAATCAATTCCTCCAAACCGCAAGAACAGTAACATTTATTATTCAAAAAAACAAAAAACAAGATTATAGGATATGACATTTGGTATAAAATAATGTTATTGAAAAATGGAAAAATGATCATTAATGGCTTGGGCTAAAAATTCTCGGCAATAGCGATAGAAAAACAAGGCGATTTAG
AAATGTATAGCGAGGCAAAGGCTACTCTTATTTCATCTTACATTGAAGAAAATGACATTGAGTTTATTACAAATGAAAGTATGTTAAACATTGGTATAAAAAGTTAGTCAGACTTGCACAAAGAAATTACCTTCATATTTAACTGAATCATCTATTATTAAATCAGAAAGACGATGGGT
CGCTAATACGCTAAAAGATTACGAATTATTACATGCTTAGCTATAATTATGGCAGAATGTATACTGCTGTAACTCTCTTGGCATACAAAACAATCCAATGGGTGACGATGTGATTTCGCCAACATCATTCGACTCTTTATTTGATGAAGCCAGGAGAATAACTTATTTAAATTAAAAGA
TTACTCCATAAGCAAATTGTCATTTAGCATGATACAATATGACAATAAAATAATTCCTGAAGATATTAAAGAGCGTCTAAAACTGGTAGATAAGCCTAAAAATATCACTTCGACAGAAGAGTTAGTTGACTATACAGCCAAGCTTGCAGAAACGACTTTTTTAAAGGACGGTTATCAC
ATTCAAACATTAATTTTTTATGATAAACAATTCCATCCAATTGATTTAATCAATACAACATTTGAAGATCAAGCAGATAAATTATTTTTTGGCGTTATGCAGCTGACAGAGCCAAAATAACAAATGCCTATGGCTTCATTTGGATATCAGAGCTATGGCTCAGAAAAGCAAGCATCTACT
CCAATAAACCAATACATACAATGCCAATTATAGATGAAAGACTTCAGGTAATTGGAATTGATTCAAATAATAATCAAAAATGTATTCATGGAAAATAGTTAGAGAAAACGAAGAAAAAACCGACTTTAGAAATATCAACAGCAGACTCAAAATGACGAAAACCATATTTCATGCGTT
CAGTCTTAAAAGCAATTGGCGGTGATGTAACACTATGAACATTGAGTCATAGAACTTCCATTATTCTCCTGAAGATAATAATGCGCCAATAAACAATACTCAGCTTTACAATATACTAACTAACCGCAGAACGTTATTTCATACAACGTTTTGGGGCATATCACAAAACGATTACTCCA
TAACAGGGACAGCAGGCCACTCAATATCAGGTGCAGTTGATGTATCACACGGTTCAGCAACACCCGATACTTTTCCAGGCTTCCAGCAACGAGGTTTCTTCTTCGTTGCAATTTCCAGATCTGCAGCATCCTGAAGCGGCGCAATATGCTCACTGGCTACCTGCATCAGGCTTTTTTTG
TTTCTTCCGCCTCCGGATCCGGAACAGTTTTTCTGCTTCCGTATCCTTCACCCAGGCTGTGCGTTCCACTTCTGATATTCCCTCCGGCGATAACCAGGTAAAATTTTCCGGTAACGGACCGAGTTCAGAATAAATAACGCGTCGCCGGAAGCCACGTCATAGACGGTTTTACCCCGATG
GTCTTCAACGAGATGCACGATGCCATCACTGTTGAAAACAGCCACAAGCCAGCCGGAATATCTGGCGGTGCAATATCGGTACTGTTTGCAGGCAGACCGGTATGAGGCGGAATATATGCGTCACTTCACCAATAAATTCATTAGTTCCGGCCAGCAGATTATAATTTTTATGGTCGT
GGTTGTTCACTCATTCTGAATGCCATTATGCAAGCCTCACATATAGTTAAATGCATGTTTTTGACGGTGTTTTCCGCGTTACCGCAGCGTTAACGGTGATGGTGTGTCCGTGTGAACCAATACTGAAAGAATGGGCATGAGCACCGATAACAACCGGATGCTGGTGCGCACCAATACA
ACTGTATGCGCATGTGCACCGGCACTCACGGCTGTACCGGACAATGAGTGACTGTGGCTGCCCTGACTGTCCGTTTTCGATAAATAAGCAATACCTGTGTGCTGGTTCCTTTAACTGTGGATAAACTTCCTGTAATGGTTGCTGTTCATACTGACTCCAGCAGAACTGTTCATCCTTAA
ACCACTTGTGTGGGCATGAGCACCCGCGGCCCCTGTTGAACCGCTCAGACTGTGAGCATGAGCCCCGTGTTATTCGTCGATTTGGTGCGTAATCGAAACTGCTGTTGTTTTCGTCCCGTAATCAAACGACGATGTGGTTTTCGTCCAAATCCGTACCGGATGCACTGGCACTGTGGGT
GTGCGACTTAATTCCATCCTGTTCCTGAGACAATACAGCACGACCGCTGGCGGGTTTCCCCTTGATTGTCCAGCCTCGCATATCAGGAAGCACCCGATGGATACGCGACAGCAAGTTTTGGGTAGGCTGATTTGTCAAACGCCTGCCCCTGCATCAGGACGTAGCCAGACGGAACGA
TATCTGATGGCCACGGGATCGGCGCACCTGCCGGAAAGGCCGAATTCTCACCGGCCCAAGGTATTCAAGACATCTGCAACGGAATTTTTTGCCAGAATATCCTGCCAACCTGAGTCAGTTCAGTCAGGCTGGCGGCATCATTTTCCGCAAAATACGGTAATTTATTTTTCGCCGTGGA
AAGCCTGCCAGCGCCGTCAGTGTCGCATTCTTCGGTTGTTTACCCGCAAGCGCGTTAGTCATGGTGGTAGCAAAATCTGGATCATTCCCGAGCGCTGCGGCCAGTTCATTCAGCGTATTCAGTGCGTCAGGTGACGCGTCGATAACATCTGCAATCGCGGCCAGTAAAAAGCGGTGT
TCGCAATCTGGGTATTGTTTGTTCCCCTGAGCGCGGTTGGTGCTGTTGGCGTTCCGGTCAGTGCCGGACTGTCCAGTGGCTTTTTTTCTGTTCGTTTCATCCATTACACCTTAACCGCCTTTGGCGTTGCAGCAAGCGTTTCAGACGTGCGTTGGTTGCACTGCTGAGCTGCACTATCCC
TTTCTCGTTGTGTCGCGCATCCTCAAGCGCGACAGCTGAAGCTATATCTTCTGCACGTTTTGCCGAATTTTTTGCACGTATTGCCGCCGTTCTGCCGCACTTTTGCTCTGCGATGCTGATACCGCACTTCCCGCAGCTCTGTCGCCTTCGTGGATGCCGTTGACGCACTCCCCGCCGCCG
CTGTTTTTGCGTCTGCCGCGGCAGAGGCGCTCCGTTCCGCTGCTGTTTCAGATGACTGGCATTCGTCTCGGACGTTTTTGCCGCCCTGGCAGAATTTTCTGCCGCCGTTGCCGAGGAAGCTGCACGACCGGCACTTGATGATGCGTTCGTTTCTGATGATTTTGCTGCCTCTTTGAGGC
CACCGCATCTCGTGCTGAAGTGGCGGCCTCTGACGCTTTCGTGGCCGCGGTGGAGGCAGACGTGGCGGCTGATTGTTGTGACGCTGCAGCATTCGTTTCTGACGTTTTCGCCGCACCGGCACTGGTGGCCGCCGCGTTTTTTGAGGACTCTGCGGCTGCGGCACTTTTTTCGCGCTT
CAGTGGCCTTTGCTGATGCGCTTCTGCGCCGGAGGACGCTTCCTGAGCTGACGATGCAGCCTGTCCGGCGGACGTGCTGGCGGCGTGCTGAGTCAGTTGCATCAGTCACAAGGGCGCGACCTGAGCAGCTGATGCACTGGCATCGCCGGCTGATTTCTTCGCGTCTGCCGTACTCT
GTGCCACCACGGACGCGTTACGCGCCACCTCTTCCACATCAGTTCAAGACGACGCAGCACCTCCGGCCGGGCATCATCCTCCGTCATGGCACAGAGAAAATCATTCAGCGTCCCGGGTTGTGAATCTTCATACACGGTGATGGTCCCGGGCGTGCGATGGTGGAAAACCGTCAACC
TGCAGGATGACACTGTACTGACCGTACTCACATCCATGCTGTAACGCCCGGCTTCATCCGGATTCTCTGAGCCCCGTGTTCACCACCACCGTGGTGCTGTTACGTCTGGCTTTCAGCTGAATGGTGGCAGTTCTGTACCGGTTTTCCTGTGCCGTCTTTCAGGACTCCTGAAAATCTTTA
CTGCCATATTCACCCCACAAAAAGCCGGTTCCGGCGGGCTGTCATAACACTGTGTTACCTGGCTAATCAGAATTTATAACCGACCCAACGATGAATCCGTCAGTACGCCAGTCGCCACTGCCGGAGCCTTCATAAGCAATATCAACAACGACGGACGCTGCCGGATTAATCTGTATA
CCTGCACTCCACGCCACTGAGGTATGCCGCATTGCACTTTCGTCCCTGGCAGTGGTCGTCTCTTTCATATACCGGGGAGTGATTTCCGTCTTACGGTAATCCATTGTACTGCCGGACCACGACTGTGAGCCACTCCGGCCATGGCGTACGCACTGACCTGCTTACTGATTTGTAAAACC
GGTCCGGCCATCACGCTCACATAACGTCCACGCAGGCTCTCATAGTGAAACGTATCCTCCCCGGTCATCACTGTGCTGCTCTTTTTCGACGCGGCGAACCCCAGGGAAGCCATCACCCCCACACTGTCCGTCAGCTCATAACGGTACTTCACGTTAATCCCTTTCAGATGACTCACACC
GGTATCCCCGCCGACAACGACGGCAATGTACCGGTTTCACTTGAAAATAGCCCACGTAAACGTACATGTCCACCTTCCGCACGGGCCGGAGTGACTGTCACCGCAAGTGCGGCAAAGACAGCAACGGCAATACACACATTACGCATCGTTCACCTCTCACTGTTTTATAATAAAACG
CCCGTTCCCGGACGAACCTCTGTAACACACTCAGACCACGCTGATGCCCAGCGCCTGTTTCTTAATCACATAACCTGCACATCGCTGGCAAACGTATACGGCGGAATATCTGCCGAATGCCGTGTGGACGTAAGCGTGAACGTCAGGATCACGTTTCCCCGACCCGCTGGCATGTCA
ACAATACGGGAGAACCTGTACCGCTCGTTCGCCGCGCCATCATAAATCACCGCACGTTCATCCAGTACTTTCAGATAACACATCGAATACGTTGTCCTGCGCTGACAGTACGCTTACTTCCGCGAAACGTCAGCGAAGCACCACTATCTGGCGATCAAAGGATGGTCATCGGTCACG
GTGACAGTAGGGTACTGACGGCCAGTCACACTGCTTTCACGCTGGCGCGGAAAAGCCGCGCTCGCCGCCTTTACAATGTCCCGACGATTTTTTCCGCCCTCAGCGTACCGTTTATCGTACAGTTTTCAGCTATCGTCACATTACTGAGCGTCCCGAGTTCGCATTCACACTGCACTGAT
ATCGCATTTTTAGCGGTCAGCTTTCCGTCCGGTGTCAGGGAAAAGGCCGGAGGATTGCCGCCGTGGTAATGGTGGGGGCCGTCAGGCGCTTCAGGAACACGTCGTTCATGAATATCTGGTTGCCCTGCGCCACAAACATCGGCGTTTCATTCCCGTTTGCCGGGTCAATAAATGCG
ATACGATTGGCGGCAACCAGAACTGGCTCAGTTTGCCTTCCTCCGTGTCCTCCATGCTGAGGCCAATACCCGCGACATAATGTTTGCCGTCTTTGGTCTGCTCAATTTTGACAGCCCACATGGCATTCCACTTATCACTGGCATCCTTCCACTCTTTCGAAAACTCCTCCAGTCTGCTGG
CGTTATCCTCCGTCAGCTCGACTTTTCCCAGCAGCTCTTTGCCGAGATGGGATTCGGTTATTTGCTTTGAAAAATCCAGGTAACTTCCGCATCATCGCTCGCCCGACGACGGCCTCCACGAATGCGATTTTGCCAACGGTGTTCAACTGCGGATATAAAAGTAATAATCATGGCCCGGT
TTGATATTGATACTGGCGGCTATCCAGTACAGCGCCGTACCAAGATAACGCGTGCTGGTTTCAACCTGTCTGATATCCGCAATCTGCTTTTCCGAGAACAGAACTCAAACTGTACCGTCGGGTCATAAACGGCAAGATGCGGCGTGGCGGTTATCTGAAAATAGCCCGGCGTCAGCT
CAATCCTCGACGGTGCTGCCGGTGCGGCAATCGGAACGATACCGACGCGGATCGCCCTGCTGCCCCACGCATTTACCGCCCGGACTGTCAGCCTGTAGTTCCCCAGCGCCAGTTGCGTGAAGCGGTATGTGGTTTCCGTCGTCCGGGCCGTGCTGACCAGCCGCTCACTGCGTCGT
CCGCTGTTACGGTCAGACGGAGCAGGAACTCACGCCTTCACCACCTTCGGTGTGTCCATCGCGCCAGCACCTGATATTCCGCTGTCTGCAGTGACTTCTGCGGTCAGGTGCTGCACGCTGGCGGCGTGACACCATTCACCGTGCCACTCTGTTCGCCGTCAAAGTGCGCCCGTTATCC
ACGATGGCTCTTTTCCGGCACATGCTGCACGGCGGTGATGGCATACGTGCCGTCGTCGTTCTCACGGATACTCACGCAGCGGAACAGTCGCTGGCGCAGCGTCGGCAGCTTCAGCTCCCATACGCTGTATTCAGCAACACCGTCAGGAACACGGCTCACTTTTACCTTCACGCCGTC
GGTGACGGACTGAACCTCCACGCTGACCGGATTGCCACTTCCGTCAACAGGCTTATCAGCGCGGTACGGAGGATGGCAGCGTGATTTCACGGTCGAGCGTCAGCGTCCGGGTCTGGCTGTTCACCGCCAGCACACGACCACCGGTGCTGATACCGGCATAGTCATCATCGAGATTT
CAATAACATCGCCCGGTACATGGCGAAGCCTTCTGCGCCGACGCTGAAATCCACGGTCTGCGTTTCCAGCAGTTCTGTTTTAATCAGCCACAGCCCGGCGCGGTGTGCCTGCCCCCGGCTGGTACAGCCAAAGGCATCATCTTCGTAACATTACGACGTAACGGGCAATGGCCTGCG
TATCTTCAACAAGCTCTGTCGCCGTCTCCCAGCCGTTGTTCGGGTCAATCAGTTCACCTCAACGGCATTTATGGGCGGTCTTCAGGGCGCTGAGCTGTAGCGGAACGGCGCGCCATCATCCGGCATCACACATTACTGCGGTTATAGGTCACGTCTTATCCGACGGTCGGTCCTGCAC
GAACGTCAGCGTCTGCCGTTCATACCGGCATACAGCGCATCGCCGAGCAGAAATCGCTGAGCACTACGCCTTACGCTGTGTGTCAGGTACGCATTACAGGTGATGCGCGCTCCGTGCGCCAAAGCGTCGGCACTGACTGGTCGCAGTACTGGCCGATGACATACAGCGCCCATTTA
TCCACATCCGCCGCACCAAGACGTTTCCCCATGCCGTAGCGCGGATGGGTCAGCATATCCCACAGACACCAGGCCATGTTGTTGCTGTATGCCGGTTTAAACGTTCCGTCCCAGATACGCGCTGTATTGCCGCGTCTGCGGGTTATAGTTCGACGGCACCTGCAGAATACGCCCGCG
CAGATGATAATTACGGCTCACCTGCTGGCTGCCGAACTGCTCCGAGTCCCCTGCACGCCGACCAGTGCCGTGTTCGGGTAGCACTGTTTCACATCGATGATTTCAGTGTATGACGACAGAGCGTTTTGTTCTGCAGCTGGTCTGTGGTGCTGTCCGGCGTCATCCTGCGCATCGGATA
TTAAACGGGCGCGGCGGCAGGTTACCCATCACCACCGAGGCAGATACTGCGAGGTGGTTTTGCCTTATGGTGATGTCTTTTTCCGTCACCCAGCACCGTTACGTTGTATCTGAACCAGCAGGCGACTTCCGACGGATTCCTGTCACCCTTTGAGGTGGTTTCCACAGTGCTGTACACC
GAAGGTAAAGCGCAGACGGTCGATGTTTGCAGACGTAATGGTGCGGGTGATCGGCGTGTCATATTTCACTTCCGTACCAGCACCGTCTCGGAGCCGGAGGATTCAAATCCTCCGGCGGAGTCTGCTCCTGCTCACCGCCCGGAACACCACGTGACACCGGATATGTTGGTATTCCC
CTCAGTGTCCAGCACCGGCGTACTGTTCAGCAGCACGCTTTTTAAGCCATCCACCGGACCTTCATCGGCCTTCGCTGATGGCATCGATCACACTCAGCAACTGCGTGGACTTCAGGTTGTCCTTCGCTTCGCGCGGGGTATGCCTTACTGCTTCCTTTACCCATTCTCACGCTCCATAAA
TGACAAACGCCGCAGGCGGTTTCACATAAAACATTTTGCATCAGCGACAAATCACCCAACCTGACCACGTCCCTTCGTCTGCGTGCTGATCTCCTGAGAAACACGCGTGACCACGCGCATTTCCGTACAGAACAGGCAGAAATTGCCCTGGGCAACCATGTTATCCAGTGAGGAGA
AATAGGTGTTCTGCTTACGTTATCCGTTGTCTGTATACGGGAGTTCTGGCTTTCGGTGCCAGCATCTGCGCACACCACCGAGCACCATACTGGCACGAGAGAAAACAGGATGCCGGTCATACCACCGGCCCAATGGCTGCCCCATGCTGCAAGGGTGGCCCGGCGGTAAAGATGAT
CCGGCAATGGCGGCAGCCCCCAGGACATCTGGAATACGCACTGACTTGGCCCGGGCGACTCTGGGAACAATATGAATTACAGCGCATCAGGCAGAGTCTCATGTAACTGCGCCGTTAACCCGGACGTGCTGACGTCCGCGCAATCCGTACCTGATACCAGCCGTCGCAGTTTCTGA
CGAAAACGCCGGGAGCTGTGTGGCCAGTGCCGGATGGCTTCAGCCCC 

Illumina Read 100bp 

PacBio read 9700bp 



https://www.youtube.com/watch?v=NHCJ8PtYCFc 



SMRT Cell 



Free nucleotides 

Immobilised DNA 

polymerase 

Zero mode 

waveguide 

Laser and detector  



Reducing noise in the Zero Mode 
Waveguide (ZMW) 

ÅSequencing takes place in the ZMW 

ÅSequencing can only take place if one and only one 
DNA/polymerase complex is present in each ZMW 

ÅEach ZMW is just 70nm wide 

ÅWavelength of laser light used to illuminate ZMW 
~500nm 

ÅTherefore light incident on ZMW will act as an 
evanescent wave and only penetrate the first ~30nm 

ÅThis reduces the amount of noise from fluorescence of 
non-incorporated fluorophores 

 



Free nucleotides 

Immobilised DNA 

polymerase 

Zero mode 

waveguide 

Laser and detector  



Observing a single polymerase 



Library preparation steps 

Circular consensus sequencing 

Polymerase + Primer  



PacBio nomenclature 

Å Polymerase read length  
ï Lifetime of the polymerase (how many kilobases it sequences) 
ï Directly impacts both quality and length of reads 

Å Read of insert length 
ï Length of the DNA fragment between adaptor sequences 
ï Ultimate limit on read lengths 
ï Short fragments will tend to load preferentially so size selection is important to remove these 

Å  Subread 
ï The data from a single pass of a polymerase across the DNA fragment between the adaptors 

Å Circular consensus  
ï The consensus of multiple subreads from a single piece of DNA 

Å P0, P1 and P2 
ï Occupancy of Zero-Mode-Waveguides ς we want to maximise P1 (one DNA/polymerase 

complex) 



Circular consensus sequencing 

 



Read lengths 



Note on read length and accuracy 
Å Longer reads are more error prone because they are read fewer times 

Å Error rate of a single read has a phred quality score of approximately 9 (~12% error rate) 

Å Therefore to obtain a phred quality above 30 we need to have  at least 2-3 passes of the 
molecule 

Å With a median polymerase read length of 12kb, this is achievable with for 3kb 
fragments 

 

 

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4152597/  
 

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4152597/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4152597/


Note on read length and accuracy 

ÅIn summary: 
ïShorter reads will tend to be higher quality 

ïLonger reads will tend to be lower quality 

 

ÅDepending on the application this may or may 
not be a problem 
ïLong, error prone reads are good for scaffolding 

genome assemblies 

ïMay not be suitable for long amplicons 



 

Clean and high quality DNA 
is CRUCIAL 

ÅOptimising a DNA extraction to achieve obtain 
clean, high quality DNA is the most time 
consuming step for non-model organisms  

ÅAvoid:  
ïDNA damage: alkylation, oxydation, UV-crosslinks, AP-sites, 

intercalating agents   

ïDNA binders: polyphenols, secondary metabolites , pigments, 
polysaccharides 

ïPolymerase inhibitors: salts (EDTA), phenol, alcohols 

ïDNA Fragmentation: If your DNA is fragmented during extraction 
then you will not obtain long reads 



Example: Effect of contaminants  

Sample with contaminants 
Same sample without 

contamination 

This is native DNA sequencing as opposed to PCR-cleaned sequencing  



You need a lot of DNA 

 

7ug  8.5ug  

Template = 
0.475 ug  

Template = 
0.46 ug  

% % 



Fragment DNA  

Shearing: hydro-shear, g-tube, needle, sonication etc. 



Types of libraries 

ÅNon-size selected  
ïSequencer will tend to load shorter fragments so best 

avoided unless material is of a uniform length 

Å10, 20, 30kb libraries 
ïIncreasingly difficult to size select sufficient material 

beyond that 
ïMolar concentration of long DNA fragments tends to 

be much lower than shorter fragments  

ÅIsoSeq libraries 
ïBased on clontech polyA libraries 

ÅBarcoding/multiplexing is possible 



ÅDenovo assembly 

ÅHybrid assembly 

ÅComplex regions and structural variation 

ÅPCR Amplicon  

ÅIso-seq 

ÅTargeted capture of regions 

ÅHaplotype phasing 

ÅDNA modifications 

PacBio applications 



Genome assembly methods 

http:// www.sciencedirect.com/science/article/pii/S1369527414001817 
 

http://www.sciencedirect.com/science/article/pii/S1369527414001817
http://www.sciencedirect.com/science/article/pii/S1369527414001817


 

Sequencing of Pseudomonas aeruginosa 
(6.3Mb) 
1 contig 



How much data do we need from a 
20kb library? 

 



Fungal de-novo assemblies 

ÅMagnaporthe oryzae 

Å~40 Mbase genome 

http://www.nature.com/nrmicro/journal/v7/n3/abs/nrmicro2032.html 



Structural variation 



Sequencing of complex regions 
Major histocompatibility complex 

CCCCGTCACAGCCCCCCAGACCCCCGCCCCGTGGCTCGGCCCCCGCCCTCCGCACACACCT

CCCGCCCCCACCCGGGACCCCGCAAGTAACCCCCCAGCACTGGCCCTGAGCCCTCCCGGCC

CCCGCCTCCGGCGCAGCCCCCTCGCCACCCCCGCTTCCCTCCCGTCTCAGGCCCCCTCCCCC

CGCCGCCCCCGCCCCCGGGGAAGGCAGGCGCCGAGCTGAGCCGGGGCCGATGCAGCTG

AGCCGCGCCGCCGCCGCCGCCGCCGCCGCCCCTGCGGAGCCCCCGGAGCCGCTGTCCCCC

GCGCCGGCCCCGGCCCCGGCCCCCCCCGGCCCCCTCCCGCGCAGCGCGGCCGACGGGGC

TCCGGCGGGGGGGAAGGGGGGGCCGGGGCGCCGCGCGCGGAGTCCCCGGGCGCTCCG

TTCCCCGGCGCGAGCGGCCCCGGCCCGGGCCCCGGCGCGGGGATGGACGGCCCCGGGG

CCAGCGCCGTGGTCGTGCGCGTCGGCATCCCGGACCTGCAGCAGACGGTGAGCCCCG 



 

Isoform sequencing 



Full length transcript sequencing 
(IsoSeq) 

ÅRequires polyA 
RNA 

ÅUses SMRTer 
approach 

ÅAbility to 
sequence full 
length 
transcripts with 
no need for 
assembly 



 

Iso-seq example 



Amplicon sequencing  

Concept RET gene: phasing of two mutations  BCR-ABL : 
Finding mutations in a transcript  

Sequence 

Cluster 
Length (Bp) 

Estimated 

Accuracy 

Subreads 

Coverage 

BCR-ABL 1,579 99.994%           500 

Amplicon Consensus  Summary 



 

Epigenetic modifications  



Types of modifications 

http://www.pacb.com/applications/epigenetics/ 



RSII vs Sequel 

RSII Sequel 

Cost of instrument (with service 
contract) 

$800k $450k 

Cost per library $300-$400 $400-500 

Cost per SMRT cell $175 $600 

Median polymerase read length 12-15kb 7-8kb 

Maximal polymerase read length 90-100kb 30-40kb 

Number of reads/cell 50,000-100,000 300,000-600,000 

Data volume 750Mbase-2Gbase 3-6Gbase 

Cost per megabase (inc library) 
assuming lower limits of 
throughput  (approx) 

$0.67 $0.37 

Consumable costs only 



Initial chemistry issues with Sequel 


