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1869:	  discovery	  of	  DNA	  

Friedrich	  Miescher:	  	  isolated	  unknown	  substance	  from	  leukocyte	  nuclei	  
•  Contained	  carbon,	  hydrogen,	  oxygen,	  nitrogen…	  
•  and	  high	  amounts	  of	  phosphorus,	  but	  no	  sulfur	  (so,	  it	  wasn’t	  protein)	  
•  Called	  it	  “nuclein”	  

Dahm	  2005	  



DNA	  as	  the	  hereditary	  material	  

1928:	  Frederick	  Griffiths	  shows	  that	  dead	  virulent	  
bacteria	  can	  transform	  living	  non-‐virulent	  bacteria,	  
making	  it	  virulent	  
	  

What	  is	  the	  hereditary	  material	  that	  allows	  this?	  



DNA	  as	  the	  hereditary	  material	  
1944:	  Oswald	  Avery	  isolates	  many	  different	  substances	  
from	  virulent	  bacteria	  and	  applies	  them	  to	  nonvirulent	  
bacteria	  
	  

“Prepara]on	  44”	  transforms	  the	  nonvirulent	  bacteria.	  
	  

It	  is	  high	  in	  phosphorus,	  and	  more	  tests	  show	  it	  is	  DNA.	  



1953:	  the	  Double	  Helix	  

Watson	  and	  Crick,	  1953	  



DNA	  replica]on	  
“It	  has	  not	  escaped	  our	  no]ce	  that	  the	  specific	  
pairing	  we	  have	  postulated	  immediately	  
suggests	  a	  possible	  copying	  mechanism	  for	  the	  
gene]c	  material.”	  

haps://www.news-‐medical.net/life-‐sciences/DNA-‐Replica]on-‐and-‐Repair.aspx	  



1977:	  Sanger’s	  Chain-‐Termina]on	  
method	  

Denatura]on	  
&	  priming	  

Polymeriza]on	  

Arrest	  



1977:	  Sanger’s	  Chain-‐Termina]on	  
method	  



1977:	  Sanger’s	  Chain-‐Termina]on	  
method	  

“sequencing	  by	  synthesis”	  



1977:	  Sanger’s	  Chain-‐Termina]on	  
method	  

“The	  electrophoresis	  
was	  on	  a	  12%	  acrylamide	  gel	  
at	  40	  mA	  for	  14	  hr.”	  

Sanger	  et	  al.	  1977	  



Improvements	  to	  the	  Sanger	  method	  

•  Fluorophores	  instead	  
of	  radio-‐labelling	  

•  Capillary	  
electrophoresis	  
instead	  of	  acrylamide	  
gels	  

•  Discovery	  of	  more	  
useful	  enzymes	  

•  Automa]on	  

www.neogenomix.com/products/sanger-‐sequencing	  





Shotgun	  Sequencing	  



Human	  Genome	  Project	  
•  Ini]ated	  in	  1990	  
– Goal:	  finished	  genome	  by	  2005	  

•  Hundreds	  of	  labs	  in	  18	  countries	  
– Sequences	  made	  available	  immediately	  aier	  
assembly	  

•  Compe]tors:	  J.	  Craig	  Venter	  and	  Celera	  



Sequencing	  RNA	  

hap://fairbrother.biomed.brown.edu/data/diseases/Research%20Explana]on.html	  

haps://www.thermofisher.com/be/en/home/life-‐science/cloning/cloning-‐learning-‐center/invitrogen-‐school-‐of-‐molecular-‐biology/rt-‐educa]on/reverse-‐
transcrip]on-‐setup.html	  

Reverse	  transcrip]on	  to	  cDNA	  is	  (almost)	  always	  necessary.	  



Second	  Genera]on	  Sequencing 	  	  
•  AKA	  “next	  genera]on	  sequencing”	  or	  NGS	  
•  Massively	  parallel	  sequencing	  
•  Short	  read	  length	  



~2005:	  454	  Pyrosequencing	  

Margulies	  et	  al.	  2005	  



454	  Pyrosequencing	  

Margulies	  et	  al.	  2005	  



Genome	  Sequencing	  with	  454	  
“Here	  we	  report	  the	  DNA	  sequence	  of	  a	  diploid	  
genome	  of	  a	  single	  individual,	  James	  D.	  Watson,	  
sequenced	  to	  7.4-‐fold	  redundancy	  in	  two	  
months	  using	  massively	  parallel	  sequencing	  in	  
picolitre-‐size	  reac]on	  vessels.”	  



~2006:	  Solexa/Illumina	  

haps://bitesizebio.com/13546/sequencing-‐by-‐synthesis-‐explaining-‐the-‐illumina-‐sequencing-‐technology/	  



2012	   2016	  

Variant	  analysis	  



Paired-‐end	  sequencing	  

haps://bitesizebio.com/13546/sequencing-‐by-‐synthesis-‐explaining-‐the-‐illumina-‐sequencing-‐technology/	  

Vollan	  and	  Caldas	  2011	  



Metagenomics	  



ChIP-‐Seq	  
RIP-‐Seq	  

…	  



Single	  molecule	  sequencing	  

•  Some]mes	  called	  “third	  genera]on	  
sequencing”	  

•  Long	  read	  lengths	  (like	  Sanger	  sequencing)	  
and	  high	  throughput	  (like	  second-‐genera]on	  
sequencing)	  

	  



~2013:	  PacBio	  SMRT	  sequencing	  

Similar	  to	  454	  sequencing,	  but	  op]cs	  can	  detect	  
the	  flash	  of	  a	  single	  dNTP	  being	  incorporated	  	  

Rhoads	  &	  Au	  2015	  



PacBio	  SMRT	  sequencing	  

Reads	  are	  much	  longer	  than	  Illumina	  reads	  

Rhoads	  &	  Au	  2015	  



Beaer	  resolu]on	  of	  
genomic	  sequence	  

(especially	  in	  repeat/
expansion	  regions)	  



Much	  beaer	  
resolu]on	  of	  RNA	  
sequences	  (e.g.	  
splice	  variants)	  



~2014:	  Nanopore	  sequencing	  

Not	  sequencing	  by	  synthesis:	  direct	  reading	  of	  
the	  sequence	  

Magi	  et	  al.	  2017	  



Nanopore	  sequencing	  

Quick	  et	  al.	  2016	  





DNA	  sequencing	  types:	  summary	  

Method	   Read	  Length	   Single	  pass	  
error	  rate	  

(%)	  

Reads	  per	  
run	  

Time	  per	  
run	  

Cost	  per	  
million	  

bases	  (USD)	  

Sanger	  (ABI)	   600-‐1000	   0.001	   96	   0.5	  –	  3h	   500	  

454	   700	   1	   1e6	   23	  h	   8.57	  

Illumina	  (HiSeq)	   2	  x	  125	   0.1	   8e9	  (paired)	   7	  –	  60	  h	   0.03	  

PacBio	  (RS	  II)	   1-‐1.5e4	   13	   3.5-‐7.5e4	   0.5	  –	  4	  h	   0.40-‐0.80	  

Oxford	  Nanopore	  
(MinION)	  

2-‐5e3	   38	   1.1-‐4.7e4	   50	  h	   6.44-‐17.90	  

Adapted	  from	  Rhoads	  &	  Au	  2015	  	  



Data	  processing	  

Base	  calling	  (A/C/T/G)	  

Quality	  Scoring	  

Adapter	  trimming	  

Assembly	   Alignment/mapping	  
to	  reference	  

???	  

FASTA/FASTQ	  files	  

Performed	  by	  
sequencing	  

team	  

Performed	  by	  
researcher	  



FASTA/FASTQ	  



Current	  challenges	  
•  Repeats,	  especially	  homopolymers,	  are	  s]ll	  difficult	  
to	  sequence	  
–  Lower	  quality	  scores,	  less	  coverage	  

•  Read	  lengths	  are	  s]ll	  significantly	  shorter	  than	  
some	  RNA	  transcripts	  

•  Most	  technologies	  require	  amplifica]on	  before	  
sequencing,	  which	  can	  introduce	  errors	  and	  biases	  

•  Most	  technologies	  don’t	  provide	  informa]on	  about	  
base	  modifica]ons	  

•  Some	  technologies	  require	  large	  amounts	  of	  input	  
material	  

•  Cost,	  ]me,	  convenience	  



haps://www.genome.gov/sequencingcostsdata/	  
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