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What was known about the hereditary material 
in the 1940s?

• Chromosomes (polytene) could be seen under a light microscope

First drawings of polytene chromosome 
made by Balbiani in (a) 1881 and (b) 1890. 
(a) Salivary gland cells of Chironomus 
plumosus and (b) Loxophyllum meleagris. 

(a) (b)
Zhimulev and Koryakov. (2009) Polytene Chromosomes. In: Encyclopedia of Life 
Sciences (ELS). John Wiley & Sons.

• chromosomes contained multiple loci responsible for a hereditary traits 
• recombination of chromosomes was understood

Schrödinger. (1944) What is Life?.



What was known about the hereditary material 
in the 1940s?

• The Tetranucleotide hypothesis:  
• DNA was a sequence of four repeating nucleotides that provided 

structural support to chromosomes 
• Genes were proteins contained within each locus of the chromosome

Hargittai. (2009) The tetranucleotide hypothesis: a centennial. Structural Chemistry, 20:753–756.





Schrödinger: What is Life? (1944)

Chromosomes: The Hereditary Code-script

“How can we, from the point of view of statistical physics, reconcile the 
facts that the gene structure seems to involve only a comparatively small 

number of atoms (of the order of 1,000 and possibly much less), and 
that value nevertheless it displays a most regular and lawful activity - 
with a durability or permanence that borders upon the miraculous?”

“The gene has been kept at a temperature around 98°F during all that 
time. How are we to understand that it has remained unperturbed by the 

disordering tendency of the heat motion for centuries?”

“These material structures can only be molecules.”



Schrödinger: What is Life? (1944)
“We shall assume the structure of a gene to be that of a huge molecule, 

capable only of discontinuous change, which consists in a 
rearrangement of the atoms and leads to an isomeric molecule. The 
rearrangement may affect only a small region of the gene, and a vast 

number of different rearrangements may be possible. The energy 
thresholds, separating the actual configuration from any possible 

isomeric ones, have to be high enough (compared with the average heat 
energy of an atom) to make the change-over a rare event. These rare 

events we shall identify with spontaneous mutations.”



Schrödinger: What is Life? (1944)

“[T]hink of the Morse code. The two different signs of dot and dash in 
well-ordered groups of not more than four allow thirty different 

specifications. Now, if you allowed yourself the use of a third sign, in 
addition to dot and dash, and used groups of not more than ten, you 

could form 88,572 different ‘letters'.”



1944: DNA is responsible for the 
Transforming Principle

Madeleine Price Ball, https://commons.wikimedia.org/wiki/File:Griffith_experiment.svg

Griffith's experiment (1928):

Avery, MacLeod, and McCarty (1944) showed that DNA was  
the transforming substance. 



1953: the structure of DNA is elucidated
• Watson and Crick solve the 3-dimensional 

structure of DNA by model building

• Relied on the crystallographic data of 
Franklin and Watkins

• Intuitively provided a model of how DNA 
can be read and replicated

http://www.thehistoryblog.com/archives/25193

http://www.bbc.co.uk/science/0/22270604



Steps on the road to sequencing
• 1949-1955: Sanger and colleagues sequence the first protein 

molecule: insulin

• 1959: Sinsheimer purifies the first homeogenous DNA
• Bacteriophage ΦX174 aka PhiX, 5000bp circular chromosome 

• 1965: First alanine tRNA molecule sequenced
• It required five people working three years with one gram of 

pure material (isolated from 140 kg of yeast) to determine 76 
nucleotides

• 1970: First discovery of type II restriction enzymes
• Cleaved DNA at specific 4-6bp sequence - first general 

method to cleave DNA 

• 1971: First DNA sequence determined (12bp!) - phage lambda

• 1972: sequencing of the first gene from RNA by Walter Fiers (E. 
coli lac operon) 

• 1976: sequencing of the first complete genome by Fiers 
(Bacteriophage MS2 which infects E.coli)

• 1975: Sanger first publishes his plus/minus method of sequencing 
Hutchison. (2007) DNA sequencing: bench to bedside and beyond. Nucl. Acids Res. 35(18): 6227-6237



Sanger ‘Plus and Minus’ Sequencing

• Used E. coli DNA polymerase I and DNA polymerase from 
bacteriophage T4 to synthesize sequence

• Round 1: Generate variable length molecules by 
synthesis in poor (variable) conditions.

• Round 2: split reactions into ‘plus’ and ‘minus’ vessels

• Plus vessel gets a single nucleotide

• minus vessels get the other three nucleotides

• Run the eight plus and minus reactions on the same gel in 
adjacent lanes

• Molecules that were 1bp different could be identified in 
the adjacent gel lanes.

• ‘Plus and minus’ sequencing is unable to handle 
homopolymers runs



ΦX Genome
1977

Sanger, et. al. (1977) Nucleotide sequence of bacteriophage φX174 DNA. Nature 265(5596): 687-695.



Hutchison. (2007) DNA sequencing: bench to bedside and beyond. Nucl. Acids Res. 35(18): 6227-6237

• The chemical properties of different DNA molecules were 
so similar that it appeared difficult to separate them

• The chain length of naturally occurring DNA molecules is 
much greater than for proteins and made complete 
sequencing seem unapproachable.

• The 20 amino acid residues found in proteins have widely 
varying properties that had proven useful in the 
separation of peptides. 


✦ Only four bases in DNA made sequencing a more 
difficult problem for DNA than for protein.

• No base-specific DNAases were known. 

✦ Protein sequencing had depended upon proteases 

that cleave adjacent to certain amino acids

• DNA was considered boring compared to proteins

15 Years from structure to sequencing
Why did it take so long?



Maxam-Gilbert Sequencing



Maxam-Gilbert Sequencing

Sequencing by Chain Breakage

• Thousands of copies of the 
genomic sequence in each reaction 
vessel

• Chemicals cleave at particular 
nucleotides

• Chemical concentration is controlled 
to create, on average, one break per 
molecule

• Sequencing occurs simultaneously 
at all bases — one per molecule 

• Highly toxic and dangerous reactions
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Sanger Sequencing



Sanger Sequencing
Sequencing by Synthesis (SBS)

• Reactions are catalyzed with a 
polymerase

• Thousands of copies of the genomic 
sequence in each reaction vessel

• Sequencing occurs simultaneously 
at all bases — one per molecule 

• a tiny fraction of ddNTPs are mixed 
proportionately with dNTPs
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Automating Sanger Sequencing

• Moved from radio labeled DNA to fluorescent-labeled 
DNA

• Moved from a single fluorescent label to four different 
colored labels — enabled move from a four lane gel to a 
single lane gel

• Gels were replaced by capillaries 

• PHRED scores were introduced so computers could 
determine florescence

• The ABI PRISM 377 could sequence 96 molecules per 
run, two runs per day.
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Sequencing Costs after Sanger

https://www.genome.gov/sequencingcostsdata/
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Human Genome Project

• One of the largest scientific endeavors

• Target accuracy 1:10,000 bases

• Started in 1990 by U.S. 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



Human Genome Project

International Human Genome Sequencing Consortium (2001) Initial sequencing and analysis of the human genome. Nature. 409:860–921



Human Genome Project
Hierarchical shotgun sequencing

International Human Genome Sequencing Consortium (2001) Initial sequencing and analysis of the human genome. Nature. 409:860–921



Human Genome Project
Celera Attempts Privatization

• Started in Sept 1999, goal was to do in $300M and 3 
years what the public project was doing for $3B and 15 
years!

• Whole-genome shotgun sequencing 

• At that time had only been used for bacterial genomes 
of 6Mb

• Celera sought patent protection on 200 to 300 genes

• Eventually filed preliminary ("place-holder") patent 
applications on 6,500 whole or partial genes



Human Genome Project
Celera Attempts Privatization



Human Genome Project
Celera Attempts Privatization

• [T]he venture would outstrip and…make redundant the Government's $3 
billion program to sequence the human genome

• The director of the Federal human genome project at the National Institutes 
of Health, Dr. Francis Collins, first heard of the new company's plan on 
Friday. 

• Dr. Collins expressed confidence that they could persuade Congress to 
accept the need for this change in focus.

• [I]t would make possible almost overnight many developments that had 
been expected to unfold over the next decade.

• The possession of the entire human genome by a single private company 
could become an issue of public concern.

• The new venture was conceived only a few months ago. The two men 
concluded in January that it would be possible to sequence the three billion 
letters of human DNA within three years.

• Congress…might ask why it should continue to finance the human genome 
project…if the new company is going to finish first.

• ''It's not impossible at all that [Venter] could succeed''

• Dr. Venter and his new colleagues plan not just to sequence the human 
genome but to construct a ''definitive'' data base that will integrate medical 
and other information with the basic DNA sequence.

• The new company's data base seems likely to rival or supersede Genbank, 
the data bank operated by the National Institutes of Health.



Human Genome Project

Venter, et al. (2001) The sequence of the human genome. Science. 291:1304–1351

Pure Shotgun SequencingUsed data from Public Project



Human Genome Project
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Second Generation Sequencing

• Performing huge number of reactions on a micrometer 
scale

• Enabled by improvements in microfabrication and high 
resolution imaging

• Sequencing is done on clusters of molecules

• enabled with various methods of PCR amplification

• requires the construction of libraries with adaptors

• Typically biological samples are highly multiplexed

• Read lengths are a fraction of Sanger, but data volume is 
massive

• Two remaining major methods after heavy competition



Aqueous droplets

in an oil emulsion

Clonally amplified,

bead-bound libraries

Heather, J. M., & Chain, B. (2016). The sequence of sequencers: The history of sequencing DNA. Genomics, 107(1), 1–8.

Second Generation Sequencing: Pyrosequencing 



Aqueous droplets

in an oil emulsion

Clonally amplified,

bead-bound libraries

Heather, J. M., & Chain, B. (2016). The sequence of sequencers: The history of sequencing DNA. Genomics, 107(1), 1–8.

Second Generation Sequencing: Pyrosequencing 



Aqueous droplets

in an oil emulsion

Clonally amplified,

bead-bound libraries

Heather, J. M., & Chain, B. (2016). The sequence of sequencers: The history of sequencing DNA. Genomics, 107(1), 1–8.

Picotitre wells containing DNA-bearing microbeads

Second Generation Sequencing: Pyrosequencing 



Second Generation Sequencing: Pyrosequencing 

https://commons.wikimedia.org/wiki/File:DNTP_nucleotide_incorporation_reaction.svg

• Sequencing By Synthesis (like Sanger) 

• ATP sulfurylase is used to convert pyrophosphate into ATP, which is then used as the substrate 
for luciferase, thus producing light proportional to the amount of pyrophosphate.

• Produces reads 300-500bp in length

• Its major flaw: can’t handle homopolymer runs



Second Generation Sequencing: Pyrosequencing 

https://commons.wikimedia.org/wiki/File:DNTP_nucleotide_incorporation_reaction.svg

• Ion Torrent

• Uses a silicon chip to host beads, does not use optics to detect florescence 

• The chip, like a pH meter, detects when a Hydrogen atom is released after the incorporation 
of a nucleotide

• Each nucleotides are washed over the chip every 15 seconds, cycling.



Sequencing Costs after Pyrosequencing

https://www.genome.gov/sequencingcostsdata/
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Solexa (Illumina) Sequencing



Heather, J. M., & Chain, B. (2016). The sequence of sequencers: The history of sequencing DNA. Genomics, 107(1), 1–8.

Solexa (Illumina) Sequencing



Solexa (Illumina) Sequencing

https://www.illumina.com/content/dam/illumina-marketing/documents/products/illumina_sequencing_introduction.pdf

• Sequencing By Synthesis (like Sanger) 

• Uses fluorescent ‘reversible-terminator’ 
dNTPs 

• cannot immediately bind further 
nucleotides as the fluorophore 
occupies the 3′ hydroxyl position

• Fluorophore is cleaved away to allow 
polymerisation to continue

• Allows the sequencing to occur in a 
synchronous manner

• A digital camera captures the 
fluorescence 

• Reads up to 150bp in length (300bp 
on the MiSeq)

• Can do paired-end sequencing

• 400 million reads per run (25 million on 
MiSeq)



Solexa (Illumina) Sequencing

Schadt, et al. (2010) A window into third generation sequencing. Human Molecular Genetics. 19(2). 

Incorporate all four 
nucleotides,


each labeled with a 
different dye.

WashWash

ImageCleave dye



Solexa (Illumina) Sequencing

Flow Cell Patterned Flow Cell
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Solexa (Illumina) Sequencing
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Solexa (Illumina) Sequencing
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Solexa (Illumina) Sequencing
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Solexa (Illumina) Paired-end Sequencing



Solexa (Illumina) Sequencing

Error model: clusters come out of phase on the flow cell



Sequencing Costs after Illumina

https://www.genome.gov/sequencingcostsdata/
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Solexa (Illumina) Sequencing + 10X Genomics

Goodwin, et al. (2016) Coming of age: ten years of next-generation sequencing technologies. Nature Reviews Genetics. 17:333–351. 



Third Generation Sequencing

• Those capable of sequencing single molecules

• With no requirement for DNA amplification. 



PacBio Single Molecule Sequencing
Zero Mode Wave Guide
(Holes half the wavelength of light)

Eid, et al. (2009) Real-Time DNA Sequencing from Single Polymerase Molecules. Science. 233. 

Use DNA 
polymerase as a 

“real-time 
sequencing engine” 



PacBio Single Molecule Sequencing



PacBio Single Molecule Sequencing



PacBio Single Molecule Sequencing



PacBio Single Molecule Sequencing

Korlach, et al. (2010) Real-Time DNA Sequencing from Single Polymerase Molecules. Methods in Enzymology. 472. 



PacBio Single Molecule Sequencing

http://www.pacb.com/smrt-science/smrt-sequencing/read-lengths/



PacBio Single Molecule Sequencing

Chin, et al. (2013) Nonhybrid, finished microbial genome assemblies from long-read SMRT sequencing data. Nature Methods.

• Error model: indels from polymerase slippage 

• Errors are independent and random

• can be corrected by piling-up multiple reads.



Nanopore Sequencing



Nanopore Sequencing

Eisenstein, An Ace in the Hole for DNA Sequencing. (2017) Nature, 550:285-288
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Lex Nederbragt, Developments in High-Throughput Sequencing, http://dx.doi.org/10.6084/m9.figshare.100940


